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Metallophthalocyanines and related conjugated ring 

molecules have attracted recent interest because, as confined, 

reduced-dimensionality (2D) decolaized electronic systems, 

large electronic nonlinearities are expected. This has led to 

interest in: 1) developing a fundamental understanding of the 

mechanisms which contribute to the nonlinear optical response, 

2) obtaining well defined and accurate measurements of the 

refractive and absorptive contributions to the observed 

nonlinearities, and 3) identifying means of enhancing and 

maximizing the nonlinear susceptibilities. This dissertation 

deals with the characterization of the nonlinear absorption 

and refraction of two representative metallophthalocyanine 

dyes: chloro aluminum phthalocyanine dissolved in methanol, 

referred to as CAP, and a silicon naphthalocyanine derivative 

dissolved in toluene, referred to as SiNc. Using the Z-scan 

technique, the experiments are performed on both the 

picosecond and nanosecond timescales at a wavelength of 0.532 

nm. 

The Z-scan technique separates nonlinear absorption and 

nonlinear refraction by measuring both the total transmittance 



and far field axial transmittance of a focused Gaussian beam 

as a function of the position (z) of the material relative to 

the beam waist. 

In the picosecond regime, Z-scan experiments using pulses 

of different widths indicate that both nonlinear absorption 

and refraction are fluence dependent. Therefore, we determine 

the dominant nonlinear it ies are excited state absorption (ESA) 

and excited state refraction (ESR). Through nanosecond Z-scan 

measurements, we see additional nonlinear absorption and 

nonlinear refraction. By power limiting measurements using 

single picosecond pulses and trains of picosecond pulses 

separated by 7 nanosecond, this additional nonlinear 

absorption is determined due to intersystem crossing to the 

triplet state with subsequent triplet state ESA. Therefore, 

a five state model is used to explain the nonlinear 

absorption. On the other hand, axial Z-scans with pulse 

trains show a negative nonlinear refraction which is opposite 

to that observed with single picosecond pulses. We therefore 

propose a thermal effect to explain the nonlinear refraction 

observed with nanosecond pulses. 

To improve the limiting capabilities of CAP and SiNc, we 

hybridize them with ZnSe which is a good picosecond limiter at 

0.532 nm. 
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CHAPTER 1 

INTRODUCTION 

1.1. Subject of Investigation 

This dissertation deals with the characterization of 

optical nonlinear absorption and nonlinear refraction occuring 

in metalloorganic dye solutions. In particular, we fully 

characterize chloro aluminum phthalocyanine dissolved in 

methonal, referred to as CAP, and a silicon naphthalocyanine 

derivative dissolved in toluene, referred to as SiNc. The 

experiments are performed on both the picosecond and 

nanosecond timescales at a wavelength of 0.532 ^m. By 

nonlinear absorption we mean that the absorption coefficient 

a in the standard Beer's law equation: 

d I — a J, (1.1) 
dz 

increases with the incident irradiance I (defined as energy 

per unit area per unit time) or fluence F (defined as energy 

per unit area). Eq.(l.l) normally describes linear losses 

with depth z' in a material. By nonlinear refraction, we mean 

the refractive index n changes with the incident irradiance I 
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or fluence F. This change of n, denoted by An, determines the 

change in the phase front curvature of the electric field of 

a laser beam. An optical interaction of light with matter can 

be mathematically expressed by the polarization driving term 

in the wave equation 

P-e0x (2?) E, (1.2) 

and recognized by the specific form of the susceptibility %. 

Here, by characterization, we mean measurement, verification 

and evaluation of the various susceptibilities or analogous 

quantities responsible for the nonlinear absorption and 

nonlinear refraction in these materials. In Eq.(1.2) P is the 

macroscopic polarization of the medium induced by the applied 

electric field E , e0 is the free space permitivity and x(E) 

denotes the electric susceptibility— generally a tensor of 

complex quantities. If x(E) in Eq.(1.2) is E dependent, the 

process is categorized into nonlinear optics; otherwise if % 

is E independent, the optical process is linear. The 

susceptiblity x(E) is physically related to the microscopic 

structure of the medium and can be properly evaluated only 

with a full quantum mechanical calculation. Simple models 

are, however, often used to illustrate the origin of an 

optical nonlinearity and some characteristic features of x(E) • 

As will be discussed in Chapter 4, the proposed five state 

model for the organic materials well explains the nonlinear 



absorption and nonlinear refraction we observe experimentally. 

Once the % is assumed for a given medium, the effect of the 

optical phenomena in the medium can be, at least in principle, 

predicted by solving Maxwell's equations. The solution of 

Maxwell's equations is readily compared with experimental 

results. 

1.2. Purpose of the Investigation 

This work is to investigate possible picosecond and 

nanosecond passive optical limiting applications utilizing the 

nonlinear absorption and nonlinear refraction properties of 

metalloorganic dyes such as CAP and SiNc. By "passive" , we 

mean the achievement of optical limiting without external 

stimulation on the medium, i.e., the light itself changes the 

optical properties of the materials. Optical limiting devices 

are of interest for protecting sensors and eyes from high 

irradiance laser light.1 The response of an optical limiter 

is illustrated in Fig. 1.1 with the horizontal axis showing 

the input fluence or irradiance and the vertical axis showing 

the throughout fluence . We show the fluence out (i.e., 

transmitted) since this is normally the important parameter 

for producing damage to a detector. At extremely low input 

fluence, Fin « FL, (FL is defined as the input fluence at 

which the transmittance falls to one half of the low-energy 

transmittance) the throughput fluence Ft is linearly 
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Fig. 1.1 Fluence output of an ideal optical limiter as a 

function of the input fluence or irradiance. 
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proportional to Fin. For Fin exceeding FL, Ft gradually becomes 

clamped until some phenomena destroy the limiting at Fin = FD 

or the device itself is damaged (FD stands for the fluence at 

damage). 

To safely protect the sensors or eyes, an ideal limiter 

should have a low limiting fluence FL and a large dynamic 

range DR which is defined as the ratio of F to F . 
D L 

We also note that nonlinear optical properties of these 

materials was not well understood prior to this work. 

Specifically it was thought that these materials would only 

limit for nanosecond pulses where the triplet states would be 

significantly populated. We found that limiting occured for 

picosecond pulses prior to triplet state formation. In 

addition, it was expected that any nonlinear refraction 

observed in these molecules would be of electronic origin. We 

found that the nonlinear refraction was dominated by 

population redistribution. These results put into question 

the results of many prior studies of the nonlinear properties 

of organics. 

1.3. Occurance of Nonlinear Absorption 

and Nonlinear Refraction 

To see how nonlinear absorption and nonlinear refraction 

occur t we need to solve Maxwell's equations: 



VXH-J+JLD (1.3a) 

- • f)"R 
Vxi?-||, (1.3b) 

V-2>p, (1.3c) 

V-J5-0. (1.3d) 

with D = e0E + P and x ( E ) in Eq.(1.2) expressing the 

interesting nonlinear absorption and nonlinear refraction. In 

the equations J represents the source current density; p 

stands for the source charge density. We restrict ourselves 

to media with p = 0 and J = 0 for simplicity since the matter 

we are working on does not have external currents and charge 

sources. By taking the curl of Eq.(1.3b) and substituting in 

Eq.(1.3a) to eliminate B, we clearly see the propagation of 

the electromagnetic wave driven by the medium's polarization 

as: 

VxVxg(i, t) +n0e0 d 2 ^ ' t] — d 2 ^ ' , (1.4a) 
ot at 

or 

t.) t\ + _L PEif, t) __ FPif, t) M.4b) 

c2 dt2 0 dt2 
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where we have assumed the medium is nonmagnetic and used to 

denote the permeability. Here we have collected all the E 

terms on the left hand side and P terms on the right hand 

side. The left hand side deals with the propagation of the 

electromagnetic field and exists even if the electromagnetic 

field in vacuum is described (i.e., P = 0). The source term 

on the right hand side represents the influence of the medium 

and drives the propagation of E in the medium. Substituting 

in the specific e0x(E)E for P and solving Eq.(1.4) with the 

initial conditions that specify the wave before interaction, 

we can see the occurence of optical phenomena in matter. 

Nonlinear absorption and nonlinear refraction result from 

a variety of different mechanisms with various materials; thus 

no unique x(E) can be used to generally denote them. However, 

while E is expressed as a sum of monochromatic plane waves, 

E{f, t) - £ E[ {£IT to i) e"*'*-'*, (1 • •5) 
i 

we can expand x(E)E into a power series of E to express the 

polarization 

p(f, e) ?<"> <£„«,) (1.6) 
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with 

P(1) (£i,oi) -e0x
(1) {£itto ±) {£it Qjj), 

P*12' dci# (Oj) -y^J2e0x
<2) (^-iCj+ic^/Wi-tOj+Q^) lis' Jis' (£k,v>J 

j k 
t 

P/(3> (^-J^+^+^Wi-Oj+Ojt+Wj) 
j k 1 

: E ' (£jt to j) E U£k, to k) E ' (£2, to 2) 

P/l3) (ici/0)i)-J^ J) £eoX(3) 

j k 1 

iE* {£jfto j) E** (k:k,to k) 0? (£]_,<*> 2) (1.7) 

Then the nonlinear absorption and nonlinear refraction (as 

well as other nonlinearities) can be represented using 

different terms or the combination of the susceptibility in 

Eg. (1.7). x < n ) in Eg. (1.7) is the nth-order nonlinear 

susceptibility and is E independent. Examples can be seen in 

reference [2]. 

In particular we look only at self nonlinearities, that 

is, where we restrict ourselves to a nearly plane wave of 

freguency o> with a very small spread and all | ©i | = | uj | = 

• • • •= |(i)| in Egs.(1.6) and (1.7). This fields is referred to 

as a guasi monochromatic plane wave when it can be represented 

as 



E(f, t) -r(f, t) e . (1 •8) 

This is a good representation to use when the electric field 

E(r,t) falls in a narrow frequency range A©*© around ©, i.e., 

I 0 i - » l < - ^ (1.9) 

and a narrow wave vector range |Ak|<|k| around k, i.e., 

(l-io) 

within which the dispersion of is negligible. Since 

|A©|<© and |Ak|<|k|, is a slowly varying function of r 

and t in comparison with the fast varing exp[i(k-r-©t)] and is 

given by 

t) exp [i (£^-.6 o>) t] . (1.11) 
i 

Owing to the negligible dispersion of x(n)(^rw) over the 

Ak and A© range, we can simply relate the induced P(r,t) 

P(r, fc) t) (l. 12) 
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to E(r,t),in terms of xla)(k,a), a s 

JP(1>Jc,« (?' _eoX(1> (£ ®) t) ' 

•P<3)£«(^' t) "eoX<3> (£<«>) :̂ (f/ t) 
(1.13) 

Here we omit P(n> with n even since they cannot contribute to 

the self action (i.e., at the same frequency and wave vector) 

effect. For example, %<2) leads to new frequencies such as 

second harmonic generation at 2<o. Here P<n)2k #(r,t) and &(r,t) 

are both slowly varying amplitudes. Based on the discussion 

above, the TEM00 laser pulses used in our measurements can be 

dealt with as quasi monochromatic plane waves. Assuming the 

propagation of a TEM00 laser pulse is along the z direction, 

the input field is given by3'4 

E(z, r, t)-E0(t)—^2_*exp[-———-
0 o><z) * L tf(z) 2R(z) (1-14) 

t) ] 

where ®(z) - ©0( l+z
2/z0

2)1/2 is the beam radius (HWl/e2M) , R(z) 

= z[l+z2/z0
2] is the radius of curvature of the wavefront at z 

, k « 2n/X is the wave vector, and X is the laser wavelength 

in free space. We are now using cylindrical coordinates. 
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Appearing in the expression of <i>(z) and R(z), «0 denotes the 

beam radius (HWl/e2M) at focus and zQ = na>0
2/X is the Raleigh 

distance. E0(t) denotes the axial electric field at the focus 

and contains the temporal envelope of the input pulse, exp [-

i<£x] - exp [-i(kz-wt) ] • exp[i tan_1(z/z0) ]is the longitudinal 

phase. In our measurements, <o0 is focused down to = 10-40 pim. 

Under this circumstance, the variation of E(z,r,t) with r (the 

radial distance from the axis) with respect to A. = 0 . 5 3 2 pim is 

slow; thus E(z,r,t) is regarded as quasi planar. As will be 

discussed in Chapter 2, E0(t) for the pulses we used has a 

Gaussian shape and can be represented as 

with rp denoting the pulse duration (HWl/eM). For the 

shortest pulse duration used, rp « 20 picosecond, the 

variation of E0(t) with t with respect to l/w = 1.78- 10"
15 sec. 

is still slow; therefore E(z,r,t) is regarded as quasi 

monochromatic. 

Overall, at each z Eq.(1.14) is regarded as a quasi 

monochromatic plane wave and denoted as 

E(z,r, t) fc)exp[-i {kz-utt) ] . 
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This assumption, referred to as slowly varying envelope 

approximation (SVEA), is always valid for our experimental 

analysis. 

We now give three examples of susceptibilities. 

Substituting them into Maxwell's equations, we will see how 

they cause nonlinear (or linear) absorption and refraction. 

In these examples, the SVEA are assumed. As well, the thin 

sample condition will be introduced and used. 

1.3.1. First Order Polarization Resulting 

from Two Level Transitions: 

In Eq.(1.13) 

P(f, t) -P(1) (f, t) -e0x
(1) (ic, to) t) (1.17) 

denotes the first order absorption (X <1>Im)
 anc* refraction 

(X(1>Re) (i«e« / the linear absorption is « X
a)

lm and the linear 

refraction is « x(1)Re) • The footnote Im denotes the imaginary 

part and Re denotes the real part. For input fluence low 

enough so as not to cause saturation, a two level transition 

simply yields a x(1) process as described by Eg. (1.17). A two 

level transition, as depicted in Fig. 1.2, occurs in a 

collection of two level atoms with a spread of resonant 

frequencies given by p"so(w). The microscopic property of xIn 

derived using the rotating wave approximation shows5 
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Fig. 1.2 Diagram of a two energy level system. The energy 

difference between the two levels S0 and S1 is assumed close 

to the input photon energy hu. 
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Fig. 1.3 Diagram of a three energy level system. The energy 

differences between S0 and S, and that between S, and S2 are 

both assumed close to the input photon energy hw. 
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, (NS0-NSi)%9
2 „ (1 .18) 

where 9 is the magnitude of the electric-dipole matrix 

element, Ns0 denotes the population density of the lower-energy 

state, NS1 denotes the population density of the excited state 

and n0 is the linear index of refraction resulting from the 

nonresonant states. The %Re can be related to Xim through the 

Kramers-Kronig relation6 

X,.(£,o)- ̂ Pr'fxa l'i_J d a ' 

(Nsc-Nsl)nS* l „ 7 p" „,(<•>') , 

JlnCn'h 11 XlJ to'-to 

(1.19) 

with Pri denoting the principal part of the integral. Denoting 

the integral in the second line by nrp'(ti), xRe
 c a n b e 

represented as 

xM(ir,o»-
 <Ns°~N°inS*p'soM • i1-20) 

Ii0C'o
n 

Egs.(1.18) and (1.20) can be put together as 

X(£,<o)-%fie(£<j)+i%Jin(ic,ta)-
 ( " ) T C P Pso(<o) (1-21) 
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with p • ps0' + ips0* • 

The effects of absorption and refraction by Eqs.(1.18) 

and (1.20) can be seen by plugging them into Eq.(1.4b) giving 

vg-2L*i.*L%*£ (i-22) 
c2 dt2 c2 dt2 

where we assume 

V\E« 0 (1.23) 

since the Gaussian beams are nearly plane waves. n0
2 is 

introduced into Eq.(1.22) to express the linear effect of the 

nonresonant states to slow the speed of light. We further 

restrict ourselves to the thin sample condition in order to 

simplify the Laplacian of E. A sample is considered "thin" if 

its thickness is small enough that any change in the beam 

diameter within the sample due to either diffraction or 

nonlinear interaction can be neglected. Under this condition 

the Laplacian of E with respect to x or y « 0 since the 

Gaussian beam varies slowly and the thin sample does not allow 

nonlinear propagation effects. Therefore, Eq.(1.22) can be 

simplified for the slowly varying field % as 

^ r u l . 2 ^ a r ( z i . „ j V ^ r ( z , ) . ( 1. 2 4 ) 

dz'"' dz' c 
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Since the change of % is usually significant only after the 

waves travel a distance much longer than their wavelengths 

(SVEA), we expect 

lifflill < IfcW^Ll. (1.25) 
SzK dz' 

Therefore, the first term in Eq.(1.24) can be ignored. 

Writing % as 

g-Ae** (1-26) 

with the irradiance given by I = (n0e0c/2)A
2, Eq.(1.24) can be 

separated, giving 

"to" ! (1.27) 
dz' c2k c 

for absorption and 

dA<j> - %Reno*0 (1.28) 
dz' 2c2k 2c 

for refraction in the medium. Defining the absorptive 

crossection a on as 
aSO 
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tccdPsqV^o^) n0%Im (1.29) 
°a5° ce0>i (NS0-NS1) o ' 

the refractive crossection as 

U0)PS0
2PSO7(«) _

 no%Re (1.30) 
°lS°m 2ce0>i " 2 (NS0-NS1) (0 

and substituting Eqs.(1.18) and (1.20) into Eqs.(1.27) and 

(1.28) we obtain 

d-31) 
dz' c 

and 

^.mkLn-is^--(Nso-Nsl)<lIso. (1-32) 
dz' 2c 

For irradiance low enough that saturation can be ignoredr 

i.e., N - Ne1 is independent of I and assuming Nso »NS1, we can 
' SO SI 

simplify Eqs.(1.31) and (1.32) as 

dl , X(1)imno<*__ N T fl.33> 
— — • - a 0i- " aasoiVsoJ- v ' 
dz' c 
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and 

Îm 

(I-3*) 

dzt 2c 

and %R are constant (independent of I) according to 

Eqs. (1.18) and (1.20) and approximated as x(1)
In
 a n d X(1)Re 

respectively. aQ in Eq.(1.33) indicates the absorption is 

linear. The I independent An in Eq.(1.34) indicates linear 

refraction. The integral of Eq.(1.33) over the sample 

thickness from z' equal 0 to L simply yields 

Xll)InPo" L (1.35) 
T mm T T e C 

l-out 1oe 20e / 

which indicates a linear dependence of the throughput Iout on 

input I0. The integral of Eq.(1.34) gives A0 = <7 r S o N s o L = 

v(1> wnL/(2c) which simply shows the altered speed of light. 
A Re 0 x ' 

1.3.2. Cascading Process 

Associated with the two level transition mentioned in the 

last section, there is a population redistribution governed by 

dNS0_ dNsl (NS0-NS1) oaS0I (1.36) 
dt " dt fcw 
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Note that for Eqs. (1.33) and (1.34) such a redistribution 

(eg. saturation) was ignored. If the population of the 

excited state (denoted by Sx) can further be excited to a 

second excited state (denoted by S2) with the same input field 

as depicted in Fig. 1.3, Eq.(1.24) becomes 

[zt) _
 incX so* p{„t) +

 irtoXsi"ff(z/) 
dz' 2c 2c 

i(Nso-Nsl)™&so
2 p50(») r p (<*) y <

1'37 > 
2 2 c ® 0 t i 

using SVEA and thin sample approximation, with 

dNsom_
 aasoI ( N N \ + decay (1.38) 

dt fcu 80 S1 

and 

{Nso~NsJ {nsi~nS2)
 + ^ a y . (1*39) 

a denotes the absorptive crossection of the first excited 

aSl 

state. For irradiances low enough that saturation can be 

ignored, thus Ns0» NS1»NS2 and pulse durations short enough that 

the decay can be ignored Eq.(1.39) becomes 

-1^iLNs1. (1.40) 
dt so tico 
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Further assuming aMNso»aaS1Nsl, Eq.(1.40) can be approximated as 

a*soINso. (!-41) 
dt so 

Integrating Eq.(1.41) over time and using the definition 

Q{t) •jfl(t/) dt' (1*42) 

we obtain 

NS1- °
aflNsoQ(t) . (1.43) 

S1 ti(0 

Here Q(°°) is simply the fluence of the beam. Substituting 

(1.43) into (1.37), we obtain 

{J±g 
dz' 2ce0% ( 1 . 4 4 ) 

t •*
CFagoffisô ( **) ftPgI

2p gl (o>) g> 

2ce0tf 

Substituting Eq.(1.29) into the second line of Eq.(1.44) and 

using the relation 
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x,1)s ( u , ( 1 . 4 5 ) 

fl0e0V 

simplified from Eq.(1.21) for irradiance low enough not to 

cause saturation, Eq.(1.44) can be rewritten as 

«0<t)*(z') . (1.46) 

The second term of Eq.(1.46) indicates the so called 

process. The first term is a x < : > process representing the 

transition between ground state (S0) and first excited state 

(S1); the second term is a x(1)ln:x
(1> process representing the 

transition from SQ to Sx and then from Sx to S2. To decouple 

the nonlinear absorption (X(1)Im
IX<1)IJ and nonlinear refraction 

(X(1>Im:X
(1)

Re) into two independent equations, we substitute 

Eq.(1.26) into Eq.(1.46) and obtain 

SI 

and 

9A4> _ <*n0 (d (1) (1) n 48) 
dz' 2CX S0Re 2CNS1^

X S0-rmZ SlRe&^Z) • 1 
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Substituting I = (nQe0c/2)A
2 into Eq.(1.47) we obtain 

®n° V (1) J- n02(O y(l) Y(i) o( t) I (1 49) 
Qzl c SOlnr- C2N SOImX w 

SI 

The second terms of Eqs.(1.49) and (1.48) clearly indicate 

f o r nonlinear absorption and X(1)Im
:X(1,Re

 for nonlinear 

refraction. Similar to Eqs.(1.33) and (1.34) we can represent 

the nonlinear absorption and nonlinear refraction in terms of 

absorptive crossections and refractive crossections. 

Replacing % by a according to Eqs.(1.29) and (1.30), 

Eqs.(1.49) and (1.48) can be represented in terms of 

crossections as 

~ ^S0®aS01 Xsi°asil (1.50) 
dz' 

and 

dAd> »T 
qzi ~NsooZso+NsiozSi • (1.51) 

with 

_ aaS{>Z fj i i *•., 
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The processes shown in Eqs.(1.50) and (1.51) are referred to 

as excited state absorption (ESA) and excited state refraction 

(ESR). By integrating Eq.(1.50) over the pulse duration and 

exhibiting Eq.(1.51) at t = oo, as will be derived in Appendix 

1, with fluence F=Q(t=<»), we obtain 

- w - ' " y "* ** - ( 1 * ) 
dz, so aso 2^(0 

and 

^ T - ' -Nso°rso+ F (1.53) 

which obviously indicate fluence dependent nonlinearities. 

Note that Eq.(1.52) is analogous to the equation for two 

photon absorption (2PA) as will be shown in Eq.(1.58) except 

that F replaces I. 

1.3.3. The Third Order Polarization Due to 

Two Photon Transitions 

In Eq.(1.13) 

P(f, t) -p*3) {f, t) ei{^~ot) ,154, 
-e0x

<3> (£,«) :Z(f, fc)2*(f, t) ei{e'f-ac) 
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denotes the third order nonlinear absorption (x(3)I]B) and third 

order nonlinear refraction (x<3)
Re) • The %<3)Im represents 2PA 

and X<3>Re represents Kerr nonlinear refraction. Substitution 

of Eq.(1.54) into Eq.(1.4b) yields 

aru') .ifVg. a)g(z/} +igog.xo)|gr(z/)py(z/), (1.55) 
2 c 2 c 

after making the same SVEA etc. approximation made to obtain 

Eq.(1.24). In Eq.(1.55) we have included a %(1> effect. 

Again, the linear effects of the nonresonant states are 

involved in the expression of n0 and contribute no absorption. 

Substituting Eq.(1.26) into Eq.(1.55), we separate the field 

strength and the phase as 

(!) , _nof! ( 3 ) ( 1 . 5 6 ) 
dz' 2 c 2C 

and 

dA<|>_ (1) , n o a
r ( 3 ) Ja|2 (1.57) 

dz' 2cX 2c X 

Substitution of I = (n0e0c/2)A
2 into Eqs.(1.56) and (1.57) 

yields 
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§L — £ o ^ x ( i ) J . i w x ( 3 ) J 2 ( 1 . 5 8 ) 

5z/ C C6r 

and 

dA<t> _ •"o^ (1) Cl) (3) J e g . 

3z' 2C "• c2C„X *" ( 1 - 5 9 ) 

The second term on the right hand side of Eq.(1.58) expresses 

2PA and the coefficient 2wx<3)In/ce0 will be denoted by (3 in 

this dissertation. Expressing Kerr nonlinear refraction by 

kyl = n2/2|E|
2, the coefficient y [MKS] is wx(3,Re/c

260 and the 

more familar n2 [esu] can be related to y through 

* [ESU] <JF' • (1-60) 

2PA represented by Eq.(1.58) is similar to ESA represented by 

Eg.(1.52) but the intermediate state is virtual as opposed to 

the real intermediate state (SJ for ESA and ESR which can 

carry real population. 

Besides the examples shown above, other various 

combinations of the susceptibilities can result in nonlinear 

absorption and nonliner refraction. For example, in sec. 1.5 

we will show other researchers' work on limiting using 2PA 
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plus photogenerated free carrier absorption (X<3>Im
:X(1)Im) as 

well as 2PA plus photongenerated free carrier refraction 

/y( 3) ,v(l) \ 
IX im*X Re® • 

1.4. Limiting Effects by Nonlinear Absorption 

and Nonlinear Refraction 

Because of nonlinear absorption and nonlinear refraction, 

the amplitude and the phase of the input field vary 

nonlinearly with the input irradiance. After a free space 

propagation of the field following the nonlinear interaction, 

limiting effect shown as Fig. 1.1 will be observed at the 

sensor position. In this section, we combine the nonlinear 

interaction equations obtained in the last section with the 

subsequent free space propagation to simulate the limiting 

effect at the sensor position. The geometry for this 

simulation is shown in Fig. 1.4. Using Eqs.(1.27) and (1.28) 

for the interaction of linear absorption and linear 

refraction, as well as Huyngen's integral equation (which will 

be shown and explained in sec. 3.3.2 for free space 

propagation, we simulate the fluence out versus fluence in as 

shown in Fig. 1.5. No limiting effect is seen for linear 

absorption and refraction as they donot depend on irradiance 

or fluence. When we switch, for example, to Eqs.(1.50) and 

(1.51) for ESA and ESR, we obtain the curves as shown in Fig. 

1.6 which clearly indicate the limiting effect. 
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Aperture 
Sample 

Beam Splitter 

Attenuator 

Fig. 1.4 Power limiting experimental geometry. D4 monitors 

the input energy and D5 monitors the throughput fluence. 
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Fig. 1.5 Simulated output fluence through the aperture versus 

the input fluence onto a linear material. 
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Fig. 1.6 Simulated output fluence through the aperture versus 

the input fluence onto a nonlinear material with ESA and ESR. 
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The limiting effect by 2PA and Kerr nonlinear refraction 

can be simulated in a similar way as that for v(1> 'v*1* 
A. i n * A • 

1.5. Historical Background of Power Limiting Studies 

Using some of the mechanisms mentioned in sec. 1.3, power 

limiting has been reported. In 1969, Geusic et al. reported 

limiting behavior in Si attributed to excited state absorption 

(ESA), i.e, a X<1,Im:X
<1,in process, at 1.06 jjm.

7 Later, Boggess 

et al. showed fluence limiting in Si at 1.06 ^m was a x(1>lm:x
(1> 

process due to a combination of ESA with a refractive 

contribution induced by the photoexcitation of free carriers 

(ESR). The first 2 PA induced power limiting with 

semiconductors such as CdS, GaAs, and CdSe were, to our 

knowledge, first conducted by Ralston and Chang.9 In Ralston 

and Chang's studies, nanosecond pulses were used where 

absorption by 2PA-generated free carries was significant. In 

addition, although this was not noted at the time, the 

refractive index change caused by photo-generated carriers is 

strong and also useful in the limiting process. For the 

semiconductors mentioned here, since their damage-prone 

surfaces are subjected to the maximun fluence of the pulses, 

for nanosecond pulses, the range over which these devices 

function without incurring damage is low. But still their 

large nonlinearities have been used for picosecond limiting 

aplications. For example, ZnSe has been proven to be a good 
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picosecond limiter at 0.532 ptm, utilizing two photon 

absorption plus free carrier absorption (X<3>Iin
sX{1>Im)

 a s well as 

self-defocusing due to Kerr nonlinear refraction X<3)Re
 ant* that 

occuring from free carrier refraction ( X ( 3
I > 5 X < 1 ,

R - ) • This free 

carrier refraction is the same as excited state refraction 

discussed previously in sec.1.3 except here the carriers are 

produced by 2PA (x'3'^) rather than by linear absorption 

(X(1,iJ. A ZnSe limiter with a dynamic range > 104 has been 

demonstrated by Hagan Stryland et al.10 

Permanent optical damage is a disadvantage of 

semiconductor limiters and brought us to the study of 

metalloorganic solutions. The observed linear absorption of 

CAP peaks at 670 nm and 350 nm with a minimun near 550 nm. 

This minimun absorbance is small but nonzero and is due to 

transitions from the ground state to higher excited 

vibrational levels of the CAP molecules. Both CAP and SiNc 

are organic dyes and, as we have found from the experimental 

results given later in this dissertation, can be described by 

a 5-level model system similar to that used to describe laser 

dye molecular systems. This 5-level model is described in 

detail in chapter 4. As we will see , the nonlinear 

absorption and refraction are associated with a two step 

(cascaded X < 1 >
I A

! X < 1 ) ) process: the initial weak linear 

absorption ( X ( 1 )
I M ) followed by excited state nonlinearities, 

either excited state absorption (X ( 1 )
1 B

! X < 1 >
I b)

 o r excited state 

refraction ( X ( 1 >
I M : X ( 1 )

R E ) • While for picosecond pulses the 
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processes procede directly to the excited singlet state, for 

longer nanosecond pulses there can be partial intersystem 

crossing to the triplet state as explained in chapter 4, where 

there can also be strong excited state absorption. 

For optical limiting applications these metallophthalo-

cyanine dyes in solution have the advantage over ZnSe in that 

they self heal (i.e., optical damage in a liquid is not a 

problem). However, for picosecond pulses, we find that the 

limiting threshold for these dyes is too high and 

semiconductors work better. 

To fully utilize the advantage of ZnSe's picosecond 

limiting capability, we propose a hybrid limiter which can 

simutaneously limit both picosecond and nanosecond pulses. 

The idea of a hybrid optical limiter, which is a tandem device 

with the dye preceeding the semiconductor in the optical path, 

opens an opportunity to enhance the limiting capability of the 

individual materials making up the tandem device geometry. In 

our application of picosecond hybrid optical limiters, we take 

advantage of ZnSe's low limiting threshold and wide two photon 

absorption spectrum as well as utilize CAP or SiNc to protect 

the ZnSe from being damaged. In nanosecond applications, we 

expect CAP and SiNc to limit the energy and protect the ZnSe. 

By putting CAP or SiNc in tandem with ZnSe, we find that the 

latter can be protected by the solutions from being damaged by 

nanosecond pulses with high fluence. 
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1.6. Techniques for our investigations 

The investigations are both experimental and theoretical. 

Through this dissertation, we 1) obtain well defined and 

accurate measurements of the refractive and absorptive 

contributions to the nonlinearities for various pulsewidths, 

2) develop a fundamental understanding of the mechanisms which 

contribute to the nonlinear optical response, 3) identify 

means of enhancing the limiting effects. 

The experimental techniques we used are the newly 

developed Z-scan method and power limiting at a wavelength of 

0.532 ptm, both of which will be introduced in the following 

chapters. Using these experimental techniques, we determine 

the mechanism of nonlinear absorption and refraction in CAP 

and SiNc and measure those quantities with supporting 

numerical analysis. Measurements of nonlinear refraction had 

been difficult before the Z-scan was developed, especially 

while nonlinear absorption was present. Since the Z-scan was 

developed, more than 50 laboratories around the world have 

used its capabilities to measure the nonlinear absorption and 

nonlinear refraction including the sign of nonlinear 

refraction. 

1.7. Structure of This Dissertation 

Following this introductory chapter, there are five 
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chapters detailing our experimental and theoretical work. In 

chapter 2, we introduce the experimental apparatus—lasers. 

First of all we discuss the laser systems used for our 

studies. Accompanied with the discussion of the system, we 

describe how we monitor the laser pulses to fit our 

experimental requirements. In chapter 3, we introduce our 

experimental methods— the Z-scan and the power limiting 

technique. Since Z-scan is newly designed, we test it with 

well known x < 3 ) materials. The test is shown in this chapter. 

In chapter 4 we show our theoretical studies of the five state 

model which is designed to interprete the nonlinear absorption 

and nonlinear refraction occuring in CAP and SiNc. In chapter 

5, we first present our experimental results of CAP and SiNc. 

And then we present the limiting applications. Combining 

power limiting and Z-scan techniques, we will illustrate the 

dependence of the limiting effect on the sample position with 

respect to the focal position. We will also exhibit the 

characteristics of the hybrid limiter. 

Two Appendicies are written following the chapters for 

the detailed mathematical work and computer programing. 

1.8. Self-Expecation of This Dissertation 

This dissertation is expected to provide experience for 

studies of other organometallic solutions in the future. 

Comprehensive studies of various metallophthalocyanine 
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solutions will help to thoroughly categorize the influence of 

the microscopic structure, such as central metals and benzine 

rings, to the nonlinearities and then build a criterion for 

materials selection for different limiting applications. Also 

these studies serve to show how to optimize the optical 

geometry to best utilize the nonlinear optical properties of 

materials. 

Overall, under the SVEA and thin sample approximation, 

the equations for nonlinear absorptions and nonlinear 

refractions by various mechanisms can be generally presented 

as 

(I, t) I, (1-61) 
dz' 

and 

-^k-jcAn-fcAn(I, t) . (1.62) 
dz' 
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CHAPTER 2 

EXPERIMENTAL APPARATUS 

2.1. Introduction 

Nonlinear absorption and refraction of CAP and SiNc in 

the picosecond and nanosecond temporal regimes are the 

subjects of our investigation. The main experimental 

apparatus used to perform this investigation includes a mode-

locked Neodymium-doped ytrium aluminum garnet (abreviated as 

Nd:YAG) laser for picosecond pulses and an injection seeded Q-

switched Nd:YAG laser for nanosecond pulses. In this chapter 

we discuss the laser systems as well as the methods of energy 

monitoring, beam radius measurements and pulse width 

monitoring which are all needed for quantitatively studying 

the nonlinearities in the materials. 

2.2. Laser Systems 

The Nd:YAG laser is one of the most commonly used high 

power laser. Nd:YAG has the following properties favorable 

for laser operation1: 1) hardness high enough for normal 

fabrication without serious breakage problems, 2) a high 

thermal conductivity maintaining the YAG structure stable from 

37 
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the lowest temperature up to the melting temperature, 3) cubic 

structure which favors a narrow fluorescence linewidth thus 

resulting in high gain and low threshold for laser operation. 

Nd:YAG crystals grown by the Czochralski techniques containing 

about 1.1% to 1.4% Nd3+ concentrations substituting for Y3+ are 

used for both of our systems introduced in the following. 

2.2.1. Q-Switched Mode Locked Nd:YAG Laser 

The laser system used in our picosecond studies is a 

Quantel model YG401C laser consisting of an oscillator, a 

single pulse selector and a laser amplifier. The scheme of 

this laser system is shown in Fig. 2.1. The output wavelength 

of the system is 1.06 jjm and a type I KD*P phase matched 

crystal is used to double the frequency to 0.532 pna for our 

measurements. 

The laser oscillator contains a 93 mm long by 7 mm in 

diameter Nd;YAG rod cut at Brewster's angle and polished at 

both ends, surrounded by two Xenon linear discharge 

flashlamps. The high reflectivity rear mirror of the 

oscillator cavity is contained in a mode-locking dye cell 

filled with a solution of 1,2 dichloroethane and Eastman Kodak 

9740 mode-locking dye ( a mode-locking dye is a saturable 

absorber with a relaxation time shorter than the cavity round-

trip time used as a time-varying loss modulator. For Kodak 

9740 dye the relaxation time ® 20 psecond) .2 A diverging lens 
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CD 

(11) 

(1) Rear Mirror. (2) Mode Locking Dye. 

(3) and (5) - 1.5 mm Pinhole. (4) Laser Head. 

(6) Active Acoustic Mode Locker. (7) Output Coupler. 

(8) Pulse Selector. (9) and (10) Mirrors. 

(11) Amplifier. 

Fig. 2.1 The scheme of the Q-switched Mode locked Nd:YAG 

laser. 



40 

is placed between the dye cell and the laser head to reduce 

the risk of damage. In addition to the saturable absorber 

that passively Q-switches and mode-locks the cavity, an 

acousto-optic mode-locker, Quantel's AML-1, is positioned 

between the YAG rod and the output coupler. The acousto-optic 

mode-locker which modulates the loss in the Bragg regime 

supports the action of the passive mode-locker. This results 

in a stabilization of the output energy.3 The output coupler 

can be chosen to be one of four Fabry-Perot etalons that 

determine the actual temporal width of the laser. The four 

etalons are made of quartz of different thickness, from sub 

millimeter to millimeter, and modulate the gain spectrum by 

reflecting each longitudinal mode differently. The 

reflectivity is a periodical function of the ratio of the 

etalon thickness to the wavelength. The resultant lasing 

spectrum is determined by the product of the fluorescence 

spectrum and the reflectivity. Since the thinner etalons 

supress fewer longitudinal modes under the fluorescence 

spectrum than the thicker ones, the output pulsewidth 

increases monotonically with the etalon thickness. For the 

laser we use, widths can be selected to be approximately 42, 

83, 166 and 333 picosecond(FWHM). The etalons are optically 

contacted to a quartz plate which is mounted on a micrometer 

controlled translation stage. By rotating the plate, each 

etalon can be placed on its optical axis without major 

misalignment of the laser cavity. Once a specific eatlon has 



41 

been chosen, the length of the cavity must be modified in 

order to achieve maximun shot to shot energy stability. Two 

apertures of approximately 1.5 mm in diameter are positioned 

on either side of the laser rod to serve as TEM00 mode 

selectors. For the shortest pulsewidth, the output of the 

oscillator usually consists of a train of 9 to 11 pulses 

separated by the cavity round trip time of approximately 7 

nanoseconds. After the most energetic pulse has been selected 

by the electro-optic switch, the total output energy of this 

Gaussian pulse is on the order of 0.5 to 0.7 mJ. After the 

oscillator has been carefully aligned and mode-locked, a shot 

to shot energy stability of approximately 4% can be achieved. 

The single pulse selector allows the selection of a 

single pulse from the mode-locked train exiting the 

oscillator. It consists of a Pockels Cell in between two 

crossed Glan-Tayler polarizers. The output of the oscillator 

which is horizontally polarized is allowed to traverse the 

first polarizer and the Pockels Cell. From the second 

polarizer, light is reflected to a photodiode detector where 

it generates a trigger signal. This trigger signal activates 

the Pockels Cell for a few nanoseconds and at this moment the 

fast switching electronics apply the half-wave voltage to the 

electro-optic crystal to rotate the polarization of the 

selected pulse by 90° so it can pass through the second 

polarizer.4 The detail of the Pockell Cell function can be 

seen in sec .2.2.2. It is crucial to control the timing of the 
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electrical pulse to ensure the switching of only one of the 

pulses. 

The laser amplifier is made up of a Nd:YAG rod 9.52 mm in 

diameter by 115 mm long with both ends cut at 2° and AR 

coated. Four linear flashlamps surround the amplifier. The 

heat generated by the flashlamps in the laser head (oscillator 

and amplifier) is dissipated by a flow of deionized water. 

The maximun output energy from the amplifier is approximately 

5 mJ per pulse for the shortest etalon, and the maximun 

repeation rate that this laser can be operated at 10 pulses 

per second. 

2.2.2. Injection Seeded Q-switched Nd:YAG laser 

Injection seeding refers to the process of achieving 

single longitudinal mode operation of a pulsed laser by 

injection from a very narrow linewidth laser into the pulsed 

laser cavity during the time the Q-switch opens. Because of 

the random phase relations among the lasing modes the temporal 

profiles of a conventional Q-switched Nd:YA6 laser show 

considerable modulation. Using the injection seeding 

technique to reduce the number of lasing modes the temporal 

profile can be smoothed. For the nanosecond laser we use— 

Continuun model YG 661-10 seeded Q-switched Nd:YAG laser, the 

operation of the injection seeding narrows the linewidth down 

to AA — 3.6- 10"7 pirn (Ak = 0.003 cm-1) from AA, = 1.2- 10~4 p.m (Ak 
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= 1 cm"1) without injection seeding. Because of the reduction 

to one lasing mode, the laser is also called a "single-

longitudinal-mode (SLM) Q-switched Nd:YAG laser". 

Before injection seeding, single longitudinal mode 

operation of Q-switched Nd:YAG lasers proved difficult to 

achieve, primarily because of the high gain and the resultant 

short buildup time.5 Interferometric line narrowing 

techniques such as intracavity etalons have been used with 

some success6, but the short pulse buildup time reduces the 

effectiveness of etalons. Active Q-switch control7'8 to 

produce a long (~ 1 jjs) prelase period allows many passes 

through the etalon and generally results in consistent single-

mode operation, although the same mode may not lase each 

pulse. Combining active Q-switching with passive Q-switching 

can eliminate mode hopping and provide reliable single-mode 

operation9, but this approach requires strict temperature 

control of the resonator, and long-term frequency drift is a 

problem. Spatial hole burning is an additional complication 

that must be eliminated to produce reliable single-mode 

output.10 For linear polarized light, a longitudinal mode 

represents a standing wave in the laser resonator. In the 

active medium this standing wave produces nodes at which gain 

is unsaturated and available for stimulated emission by other 

modes (i.e, spatial hole burning). Thus, single mode 

operation is not sustained. By changing the linear 

polarization to circular polarization in the medium, the 
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spatial hole burning effect will be prevented and the 

development of any other axial modes from spontaneous emission 

will be supressed. 

Injection seeding a Q-switched NdrYAG laser is a 

convenient and reliable method of achieving single mode 

operation. Injection seeding is accomplished by introducing 

light from a low power (~ 1 mW) stable single-frequency master 

cavity into the high power Q-switched slave laser cavity 

during the pulse buildup period. Both the injected seeding 

light and the spontaneous emission will be regeneratively 

amplified in the slave cavity until the active medium is 

saturated. If the injected signal has enough power on a slave 

cavity resonance, the corresponding single axial mode will 

eventually saturate the homogeneously broadened gain medium. 

Making the polarization in the medium circular, the hole 

burning effects will be prevented and the single mode will 

sustain. 

Model YG 661-10 was originally designed as an unstable 

cavity laser using a Gaussian spatial profile reflection 

output coupler. Since our measurements require excellent beam 

quality, we put two *1.5 mm apertures in the cavity to convert 

it to a stable cavity, thus generating good TEM00 spatial 

profiles. Fig. 2.2 shows a scheme of our model YG 661-10 

laser system followed by a brief description of the 

operational principles. 
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(1) Piezoelectric Translator. (2) Rear Mirror. 

(3) Q-switch. (4), (6) and (11) A./4 Plates. 

(5) Dielectric Polarizer. 

(8) Laser Head. 

(7) and (11) « 1.5 mm Pinholes. 

(11) Output Coupler. 

(12), (13), (14), (15), and (16) Mirrors. 

(17) MISER. 

Fig. 2.2 The scheme of the seeding injection Q-switched 

NdrYAG laser. 
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2.2.2.1. Laser Head and Cavity 

The model we are using is a unique laser system that 

utilizes one head as both an oscillator and amplifier. The 

oscillator rod and amplifier rod are both 6 mm in diameter and 

115 mm in length sitting on opposite sides of the flashlamp in 

a close coupled pump chamber. For our experiments, the light 

is directed to our set-up before the amplifier rod (i.e., we 

didn't need all the energy). With 2 apertures « 1.5 mm in 

diameter inside the 45 cm long cavity, we get 18 /xJ/per pulse 

output energy for input of 20 to 30 electrical joules per 

pulse. The rear mirror is mounted on a piezoelectric 

translator: an electronic servomechanism which automatically 

fine tunes the cavity length to match the resonator 

oscillating frequency with the frequency of the injected 

seeder signal. Two quarter wave plates are used on each side 

of the active medium so that the polarization in the medium is 

circular polarized while it is orthogonally linear on both 

sides of the laser medium. Circular polarization in the 

medium prevents spatial hole burning effect. Once after the 

cavity length best matches the seeding frequency, the buildup 

time of the pulse is minimized. 

2.2.2.2. Q-Switch 

Electrooptical effects in crystals make very fast 
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electronically controlled optical shutters possible. By 

introducing a proper time delay between this shutter and the 

flashlamp firing an electrooptical Q-switch can be made. In 

our system, the Pockels effect in a KD*P crystal is used. By 

applying a longitudinal electrical field (field parallel to 

the direction of the optical beam) Q-switch is performed. The 

KD*P crystal, located between the polarizer and rear mirror, 

is an uniaxial crystal and has its optical axis alligned 

parallel to the optical path. Under the influence of the 

applied longitudinal electrical field the crystal becomes 

birefringent for the traversing beam and thus causes a phase 

difference between the two polarizations parallel and 

perpendicular to the induced fast (or slow) axis. Depending 

on the voltage applied, the throughput of a linear polarized 

input can be circular, elliptical or linear polarized. In our 

geometry, a quarter-wave voltage (3.6-4 kV) is applied to the 

KD*P during the 190 JJS (the spontaneous lifetime of Nd:YAG's 

upper state is about 230 fjs) after the flashlamp pulse, so 

that the linearly polarized light passed through the polarizer 

becomes circularly polarized. After being reflected at the 

mirror, the radiation again passes through the KD*P and 

undergoes another A/4 retardation, becoming linear polarized 

but at 90* to its original direction. 

2.2.2.3. Seeder Option 
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The seed laser employed in the seeder is a monolithic, 

laser diode pumped, unidirectional ring resonator termed the 

MISER (Monolithic Isolated Single-mode End-pumped Ring) .11 The 

features of the MISER are the incorporation within a 

monolithic structure of an effective half wave plate 

polarization rotator, Faraday rotator and a polarizer. The 

combined effect of the three optical components is to yield 

lower losses for a complete transit of the ring resonator in 

one direction than for the other. This forces the ring 

resonator to lase in one direction only. The ring resonator 

is then a travelling wave resonator in contrast to a standing 

wave resonator. Because it is a travelling wave resonator, 

the MISER does not suffer from the effect of spatial hole 

burning and consequently will only lase in a single 

longitudinal mode (linewidth LX < 3.8- 10"11 jum) in contrast to 

the standing wave resonator. The seeder beam is injected into 

the oscillator by reflection off the dielectric polarizer. At 

this point, the seeded beam is vertically polarized. A double 

pass of the quarter-wave plates, to and from the rear mirror, 

rotate the polarization to horizontal allowing the beam to 

pass back through the polarizer, the rod and the output 

coupler. The power of the seeded beam is about 1 mW, six 

orders larger than the on-axis power initially built up from 

the spontaneous emission noise in the slave laser.12 Hence, 

the Q-switch pulse builds up sooner out of the seed emission 

than the spontaneous emission (30 ns versus 45 ns) and the 
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linewidth is reduced to AA=3.6-10~7 /im from AA=1.2-10"4 fm. 

2.3. Measuring and Monitoring Pulse Parameters 

To characterize materials' nonlinearities, the energy, 

pulsewidth and spotsize of each single laser pulse need to be 

known. Because of fluctuation, energy and pulsewidth of each 

shot need to be monitored during measurements. Since the 

spotsize variation is vanishingly small provided that the 

power supplied to the laser rod is maintained unchanged, we 

simply need to measure the spotsize once before the 

experiments and maintain same flashlamp energy throughout the 

experiments. This was verified by vidicon traces of the 

output spatial profiles for a series of individual pulses. In 

this section, we describe the experimental techniques we use 

to measure and monitor these quantities in our experiments. 

2.3.1. Pulseswidth 

2.3.1.1. Nanosecond Pulsewidth 

Optoelectronic detection systems such as fast photodiodes 

and sampling oscilloscopes have time resolution on the order 

of 10*10 second.13 The overall time resolution of the 

combination then follows roverall = (Tscope
2 +rdetector

2)1/2 and falls 

in the range of 10"10 second. For the example of our 400 Mhz 
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Textronics model 7834 oscilloscope (whose risetime is rscope is 

0.35/400-106 = 8.75*10 10 seconds) and the silicon made P-I-N 

fast detector (whose risetime is several hundred picoseconds) 

used in our pulse measurements, the total rise time is about 

1 nanosecond. This combination is good for nanosecond pulses. 

However, for picosecond pulses there is a need for methods 

with a time resolution on the picosecond time scale. 

2.3.1.2. Picosecond Pulsewidth 

To my knowledge, there are three primary techniques 

available for picosecond pulsewidth measurements and they are 

• 14 

using streak camera , fluorescence measurements of two-photon 

excitation15 and second order autocorrelation techniques. With 

a subpicosecond time resolution the second order 

autocorrelator is the most widely used technique. For its 

capability of monitoring shot by shot pulsewidths as described 

below, it has been used with a personal computer in our 

laboratories. 

In our experiments, this technique serves as a tool to 

measure the average pulsewidth of the system and then as an 

indicator of the shot by shot pulsewidth in the form of an 

energy ratio. The setup for this technique, called 

autocorrelator, consists of a 1.064 fm 50%/50% beam spliter, 

delay optics, a type I second harmonic generator (SHG) (in our 

case a phase matched and temperature tuned CD*A), and three 
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photodetectors, one for the 1.06 jum pulse ( referred to as Dt) 

and two for 0.532 jum pulses (referred to as D2 and D3) . Fig. 

2.3 shows this setup accompanied by the following explanation. 

A small percentage of the beam out of the switchout («4%) is 

directed to the autocorrelator. It first hits the beam 

spliter at 45° incidence. The coated front surface (the left 

one in Fig. 2.3) equally reflects and transmits the input 

energy. The rear surface is a regular glass-air interface 

which highly transmits the light. Because of multi 

reflections between the two interfaces, more than one 

transmittance and reflectance occur. For our measurements, we 

utilize the first reflected beam from the front surface, and 

the first two transmitted beams through the rear surface 

referred to as beam 1, beam 2, and beam 3 in Fig. 2.3. 

Normally reflected by the fixed mirror, beam 1 passes the beam 

spliter and interferes with beam 2 normally reflected by the 

mirror on the translational stage and by the front surface of 

the beam spliter. While both beams carry « 25% of the input 

energy, energy of beam 2 is slightly less than that of beam 1 

because it transmits the rear surface twice more than beam 1. 

However, we ignore this slight difference (» 4%) in our 

analysis. Let's denote the instaneous irradiance of beam 1 

and beam 2 before hitting the SHG by It(ort) = 1/2 E, 

(o,t)E1*(u,t) (the proportionality constant (ne0c/2) is 

ignored) and I2(«,t) = l,,(«,t+rd) where E is the electric field 

and rd is the variable time delay of beam 2 with respect to 
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Fig. 2.3 The scheme of the autocorrelator. 
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beam 1. The delay change of beam 2 is achieved by the delay 

optics (a mirror sitting on a stage). Since the irradiance of 

the second harmonic wave is proportional to the square of the 

total fundamental irradiance16, we obtain 

J(2w, t,Td) -.alt#! (<«>/t) +jB2(a>, t) ]
2¥ (2*1) 

where A is a constant for the proportionality. This relation 

holds for the assumption of undepleted input17 which is 

reasonable for our low irradiance autocorelations. Since the 

detectors in our system read the integrated energy of each 

pulse, the function that is recorded is the total energy <* 

jjl(t) dtda where da is the area integral over the 

crosssection. Thus the integration of Eq.(2.1) over time and 

crosssection area gives the second harmonic recording as 

E(2A>)-FL(2A>, t,xd) dtda 

-AJ\[E0 (t) e
IWT+E0 (t+x d) e

iw(t+td)] 2¥dtda 

-AJ* [FQ (t) +#o (T+ TRF) +4JBo (fc) Eo ( d ) + 4 F IO (t)E0( t+x d) -cos (QT D) + 

4JE0 (t) E% (t+x d) 'cos (ax d) +2EQ (t)E%( t+x d) 'cos (2&>T D) ] dtda 

InEq.(2.2) E1(o,t) =E2(»,t) = E0(t)e
i8t where E0 is the slowly 

varying part of the electric field and eiBt is the phase. If 

the interference between the two fields is averaged out, which 

is generally the case and is achieved by tilting one of 
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interfering beam, all the cos( ) terms vanish. (An 

alternative method of diminishing the interference is to 

orthogonalize the polarization of the two beams). 

Experimentally, this can be verified by counting the 

interference fringes. While the delay is near 0, we tilt the 

angle and start observing interference patterns. Before the 

angle gets too large and the interference pattern disappears, 

the two beams are in a good overlap condition for 

autocorrelation measurements. After the interference is 

averaged out, Eq.(2.2) becomes 

E{2u>) - t,x d) dtda 
-aJJ [2i?o (t) +4El (t) El (t+x d) ] dtda (2.3) 

-8aJ{[Ii (t) +2 J-L (t) Ix (t+T d) ] dtda 

Blocking one beam or the other , we have 

F/(2w) SAjjli («, t) dtda (2.4) 

Division of Eq.(2.3) by Eq.(2.4) yields the normalized 

autocorrelation signal, denoted by I , as 

2 f fl, (w, t) J. (ft), t+Trf) dtda 
Ic( Td)-1+ JJ 2 (2.5) 

JJ Ji (<o, t) dtda 
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To measure Eqs.(2.3) and (2.4) for the same pulse, we use 

detector D2 to measure the energy of beam 2 reflected by the 

rear surface of the beam spliter and D3 to record the energy 

of the interfering beam 1 and beam 2 reflected by the front 

surface of the beam spliter. D2 reading which differs from 

Eq. (2.4) by a constant can be fixed to give Eq. (2.4) by a 

simple calibration of the transmittance of the beam spliter*s 

two surfaces. The autocorrelation signal Ic(fd) ranges from 

1 to 3 depending on Td. Ic(»"d) has its maximun equal to 3 

while rd = 0 and approaches a constant background value equal 

to 1 as rd -• oo. Fig. 2.4 shows an autocorrelation result of 

the pulses generated by our mode locked laser. Assuming every 

shot has the same irradiance I(u,t) = I0* exp-(t/rp)
2 with rp= 27 

picoseconds (HWl/eM) we have best fit the curve using least 

square fitting method. In Fig. 2.4, I0 variation caused by 

energy fluctuation does not affect the autocorrelation result 

because D2 experiences the same percentange of energy 

fluctuation as D3 and the fluctuation is divided out in 

Eq.(2.5). To get a trace like Fig. 2.4 we have measured the 

energy of the 0.532 /m autocorrelated signal (Dj) and the 

reference signal (D2) at 100 different rd points covering both 

positive and negative time delays. 10 shots averages are made 

at each rd. This trace determines the average pulsewidth of 

our laser system. In order to monitor the pulsewidths of each 

individual shot, we need to additionally monitor a f t e r 

the averaged pulsewidth is obtained. While I(w,t)=I0-exp[-
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(t/r__)2] presents the irradiance of any fundamental reference 
rr 

pulse, sending it through the SHG, we get I(2w,t)= 

16A-I0
2-exp[-(2-t2/Tpp2) ]. Consequently, by integrating the 

irradiance over time and crossection we can get the ratio 

D.,2/D2 = C-tpp where C is a proportionality constant. Comparing 

D1/D2
2 with <D1/D2

2> = D.,/D2
2 = C-Tp, the average ratio of the 

system, we simply obtain the pulsewidth of that shot fpp = 

D1
2/D2/<D1

2/D2> -Tp. In pratice we put a window on this ratio so 

that the computer accepts data for pulsewidth within that 

determined by this ratio. This greatly reduces our error 

bars. 

2.3.2. Spotsize 

Spotsize measurements rely on the beam profile measuring 

techniques. While numerous methods have been employed to 

18 

profile a laser beam, we normally categorized them into 3 : 

l)Beam profilers, 2) Detector array, 3) The M2 (or the beam 

quality) meter. 

Beam profilers are the least expensive systems among the 

three methods. Three techniques are commonly used in beam 

profiler method—the scanning slit, the scanning pinhole, and 

the scanning knife-edge. All slice the beam in the transverse 

plane and use a detector (usually a silicon diode for visible, 

germanium photodiode for near infrared or a pyroelectric 

detector for the far infrared) to measure the fluence to 
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obtain a profile of the fluence versus position within the 

beam. 

At the other end of the price/performance spectrum are 

the detector arrays. These use a two-dimensional or one-

dimensional array of detectors, typically a monolithic array. 

A complete system measures the impinging laser light energy at 

each pixel position, digitizes it and send the digital data to 

a computer for analysis and presentation to the user. Arrays 

are typically available in a 2n- 2n format; for example, our 

vidicon tube has 512 rows of 512 active elements. This 

technique determines the profile of each single shot. Limited 

by the resolution, this technique can only measures diameters 

larger than tens of pm, 25 pm in our vidicon. 

The beam profilers and detector arrays form two ends of 

the spectrum of measurement tools, both in terms of analysis 

capability and price. Entering the middle of the range is the 

M2 (or beam quality) meter for cw lasers. Interfaced with a 

power meter, this technique provides a tool capable of 

measuring not only the profile of the beam, but also the beam 

quality. Fig. 2.5 shows the apparatus accompained by the 

following explanation. Align the scan head to the beam's axis 

and focus the the beam's waist to the rear of the rotating 

drum inside the detector head by the servo-driven lens. 

Measure the beam's waist diameter at the rear of the drum and 

the beam width at the front of the drum using two orthogonal 

knife edges. With two orthogonal knife edges, the beam can be 
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Fig. 2.5 The scheme of the M2 meter. 
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scaned along two orthogonal directions. The results of the 

scan show the beam profiles and thus define the sizes. 

As shown in Fig. 2.6 when this beam contains a mixure of 

modes, or shows diffraction, its radius measured at the front 

of the drum is larger than that of a diffraction limited TEMQ 0 

mode beam with equal beam1 s waist diameter focused at the rear 

of the drum. The beam quality M2 is defined as the measured 

beam divergence, normalized by dividing by the divergence for 

a pure T E M Q Q mode beam19 of equal focused waist radius at the 

rear of the drum to indicate the beam quality. M2 is alway 

greater than one and is equal to one only if the light has a 

perfect TEM^ profile. 

Since this technique requires the input beam to be 

accurately focused to the rear of the drum, it is appropriate 

for nearly collimated inputs. 

In our experiments, we use the pinhole scan technique to 

measure the beam profiles of our lase pulses. We perform the 

measurements at various z positions around the focus so that 

we can check the beam quality at each z and obtain the 

relation of beam radius versus z based on which we evaluate 

the beam quality using M2 parameter. The high TEM^ beam 

quality needed by the Z-scanmethod can be examined by the the 

pinhole scan technique. 

The complete expression of the radial dependence of the 

fluence for a TEM^j mode is 
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respect to the perfect TEMp0 beam. 
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F{z, r) -F(z, r-0) exp [--|£i-] (2. 6 a) 
o2(z) ' 

where 

0) (z) -6)0 [1+ ( ) 2] 1/2 _ 
1t0)„2 (2.6b) 

Scanning a square pinhole, with side length - 2s, horizontally 

through the center of the beam, the energy through the pinhole 

gives 

x+s s -2V -2y„* 
g(x,y-Q,s) - J dx0 jdy0F(z,r-0) e 4,2 (z> e 6,2 (z) 

X-S -S 
00 00 2 -2y 2 

-/^o/dy 0 •F'(^,r-0)rect(^^)rect(-^2£) (2.7) 
-« -• 2s 2 s 

~2y0
2 

(F(z,r-0) tt2<*> *rect(-^)) ( f d y 0 r e c t ( °~J° ) e ^ ) 

where 

reCt^"2s^™1 ^ -s<x<s; otherwise 0, (2.8a) 

^ -s<y<si otherwise 0 (2.8b) 
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and * means convolution. In our pinhole scans we have 

restricted s«w(z) so that s can be assumed to be a delta 

function and the pinhole shape assumption can be removed and 

Eq.(2.7) equals Eq.(2.6a) with y = 0. Fitting the horizontal 

beam scan data with Eq. (2.6a) with y = 0, we can then 

determine w(z). By vertical pinhole scans, in principle, we 

get the same w(z). However, sometimes horizontal scans and 

vertical scans become both necessary because of the 

ellipticity of the beam profile. Fig. 2.7 shows the beam 

scans at an arbitrary z position of our Z-scan geometry with 

our mode-locked laser. Theoretical fits with Eq. (2.6a), using 

"least square fitting" method, indicate the horizontal 

(symbal) spotsize = 48.7 pm (HWl/e2!!) and the vertical 

spotsize = 49.3 fm. Since the spotsizes difference is only 

2%, we can ignore the ellipticity. Repeation of the process 

at various z positions indicates the beam profiles highly 

agree with the Gaussian profiles and M2 is determined to be 

one by theoretical fitting as shown by the solid line in Fig. 

2.8. The radius at focus is «0= 25 jum. 

2.3.3. Energy 

In our experiments, Si photodiodes are used to monitor 

the energy. For example, in Z-scan geometry, as will be shown 

in Fig. 3.1, D4 and Ds are the photodiodes used to monitor the 

energy incident on the sample and the energy through the 
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sample. After being energy calibrated with a thermal 

detector, D4 and D5 readings indicate the absolute input and 

throughput energies. 

To do the energy calibration, we first need to set up the 

experimental geometry and have all the components firmly fixed 

on the optical table. The neutral density filters used to 

prevent D4 and D5 from saturation are also required to be fixed 

firmly before D4 and Dg. Afterwards, we read the energy at the 

sample's position using Gentec ED-100 pyroelectric detector 

while D4 reads the energy deflected by the wedge. Since the 

wedge splits a small but fixed fraction of the energy into 

detector D4, the D4 reading (volts) is linearly proportional 

to the energy experienced by the Gentec. Dividing the energy 

read by the Gentec by the D4 reading on the corresponding 

shot, we get the proportionality constant. The 

proportionality constant determined by the energy calibration 

converts the D4 reading to real energy experienced by the 

sample. In real performance, detector D4 is connected to an 

A/D converter, which reads the analog D4 voltage and digitize 

it for display and manipulation by the computer hooked up to 

the the A/D converter. On the other hand, the Gentec reading 

can be directly read by the oscilloscope. Once after D4 is 

calibrated with a Gentec detector, D5 can be calibrated with 

it. 

The purposes and functions of the two kinds of 

detectors should not make any confusion here. The detectors 
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D4, D5 ( as well as Dx, D2 and D3 shown in Fig. 2.3) are 

potodiode detectors which have high sensitivity. This 

capability is good for monitoring small energy in the order of 

juJ with accuracy; however, these detectors are not good for 

directly measuring the absolute pulse energy in our 

experiments because of the wavelength and input angle 

dependent sensivity. The thermal detectors, on the other 

hand, have much lower wavelength sensivity (approximately 

constant and equal to 150 volt/Joule over visible and infrared 

regimes). The low sensitivity stops them from being good 

energy monitor for our measurements performed in the order of 

juJ. However, because of their wavelength independent 

sensitivity, thermal detectors are useful for calibration 

purposes, i.e., for absolute measurements of energy of laser 

pulses29. Among all the room temperature thermal detectors, 

we have chosen pyroelectric detectors because they outperform 

all the others in sensitivity. 

2.4. Discussion of Experimental Error Sources 

We have shown in this chapter that both lasers give 

Gaussian temporal profiles and TEM00 spatial profiles. Pulse 

duration, beam radius and energy measurements will then give 

the irradiance of each pulse as 

2 E 
Jo 57T1TT' (2-9) 

x Bn3/2u>2 (z) 



68 

and the fluence as 

po ITT- (2-10) 
11 Ci)2 ( z ) 

The error with measurements of pulse duration, beam radius and 

energy will together affect the precision of the measured 

nonlinearities. Assuming the pulse duration measurements 

carries a eD uncertainty, the beam radius measurements carries 

a eR uncertainty and the energy measurement carries an eE 

uncertainty then the irradiance determined in Eq.(2.9) carries 

an uncertainty 

e (eD)
 2+4 (eR)

 2+ (eE)
2 . (2*11) 

This uncertainty will result in the same percentage of 

uncertainty for the measured irradiance dependent 

nonlinearities such as TPA coefficient (i and Kerr nonlinear 

refraction coefficient y. The fluence determined in Eq.(2.10) 

carries an uncertainty 

( 2 . 1 2 ) 
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This percentage of error will come with the measured fluence 

dependent nonlinearities such as absorptive crossection aa and 

refractive crossection ar. 

The uncertainty of the pulse duration results from the 

measurement of average pulseduration as well as D1
2/D2 window 

we set in the measurement. The energy uncertainty results 

from the calibration error of the gentec detector and the 

energy windows we set in the measurement. The beam radius 

uncertainty result from the least square fitting. Based on 

our experience e ^ 15% and e2- 10%. In the following chapters, 

the estimated error with each nonlinearities are based on the 

discussion here. 

2.5. Summary 

In this chapter, we first introduced the laser systems we 

used. Secondly, we introduced the pulsewidth monitoring, 

spatial quality measurement and energy calibration used with 

our experiments. And we finally introduced the experimental 

error sources. 
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CHAPTER 3 

EXPERIMENTAL METHODS 

3.1. Introduction 

The experimental techniques used in this dissertation 

include Z-scans and power limiting. Both determine the 

nonlinear absorption and nonlinear reffraction by measuring 

the transmitted energy and beam distortion of the input TEMp0 

mode pulses. When a pulse with a TEMQ0 spatial profile 

interacts with a nonlinear medium, the irradiance dependent 

change of the field strength and the phase are radially 

nonuniform. The spatial center of the input pulse produces 

larger field strength and phase changes than in the spatial 

wings. These radially nonuniform changes together alter the 

beam pattern after the sample, which is often referred to as 

beam distortion. By both techniques this beam distortion is 

monitored by measuring the axial transmittance. While both 

nonlinear refraction and nonlinear absorption respond to the 

axial transmittance, to decouple their contribution, we 

compare the measured result with the total transmittance 

energy result which is sensitive to nonliner absorption alone. 

In sec. 3.2 we will qualitatively introduce the operation 

of Z-scan experiments. In sec. 3.3 we test this technique 

73 
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with well known x(3) materials. With the test, we introduce 

the approach to calculate the nonlinearities. In sec. 3.4 we 

explain power limiting technique in terms of Z-scan. Sec. 3.5 

is for the chapter summary. 

3.2. Z-scan Measurement 

The "Z-scan" technique , as shown in Fig. 3.1, involves 

measurements of the far field sample transmittance of a 

focused Gaussian beam as a function of the sample position z 

relative to the beam waist1'2. The beam splitter BS in Fig. 

3.1 directs a small but fixed fraction of the input energy 

onto detector D4 as the energy reference. A lens tightly 

focuses the rest of the light. Detector D5 placed in the far 

field of the focused beam, collects the energy transmitted 

through the sample. For a fixed input energy, this 

transmitted energy is measured as a function of the sample 

position z. 

Measurements can be made of the total transmitted pulse 

energy, which depends only on nonlinear absorption, as well as 

on the energy transmitted through a finite aperture placed in 

the far field in front of Ds. The transmittance then depends 

on nonlinear absorption and nonlinear refraction as described 

by the following example. 

First assume the nonlinear refraction is negative and 

there is no nonlinear absorption. As the sample is moved 
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BS 

SAMPLE APERTURE 

Fig. 3.1 Z-scan experimental geometry. D5/D4 is measured as 

a function of the sample position z with respect to the focal 

plane. 
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toward the focus, the increased irradiance leads to a negative 

lensing effect which tends to collimate the beam, thus 

narrowing the beam in the far field as indicated in Fig. 3.2a. 

The beam narrowing effect results in an increased apertured 

transmittance. As shown in Fig. 3.2b, with the sample on the 

+z side of focus, the negative lensing effect tends to augment 

diffraction and broaden the beam in the far field. This beam 

broadening effect results in a decreased apertured 

transmittance. For still larger +z the irradiance is reduced 

and the beam broadening effect gradually diminishes. A 

positive nonlinear refraction results in the opposite effect, 

i.e., lowered apertured transmittance for the sample at -z and 

enhanced aperture transmittance for +z. Fig. 3.3 shows the 

evolvement of two Z-scan curves, the dashed line for the 

negative nonlinear refraction (self-defocusing) and the solid 

line for positive nonlinear refraction (self-focusing). 

When nonlinear absorption and nonlinear refraction are 

both present, the open aperture (i.e., no aperture present and 

the detector collects all the energy transmitted) Z-scan is 

only sensitive to nonlinear absorption. Since the z 

dependence of the input irradiance is symmetrical about the 

focus (Z=0), the transmittance for thin samples is also 

symmetrical about the focus as shown by the square symbols in 

Fig. 3.4a. The cross curve shows the apertured Z-scan for 

positive nonlinear refraction in the presence of nonlinear 

absorption shown by the square curve. This curve can be 
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-OX % 
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v / J a 

L-

-z +z 

Fig. 3.2 (a) Beam narrowing in the far-field caused by self-

defocusing when the sample is before the focus. (b) beam 

broadening when the same sample is after the focus. 
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±0.25 

Fig. 3.3 Calculated Z-scan transmittance for a negative 

nonlinear refraction (dashed line) and a positive nonlinear 

refraction (solid line). 
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(a) 
1.15 

Z(mm) 

(b) 

Z(mm) 

Fi9» 3.4 Z—scans of a sample with nonlinear absorption and 

positive nonlinear refraction. In (a) (O) symbol shows the 

open aperture Z-scan result and (•) symbol shows the closed 

aperture 2-scan result. The division of (•) curve by the (O) 

curve is shown in (b). 



80 

understood as the surpression of the solid line in Fig. 3.3 by 

nonlinear absorption. Since the nonlinear absorption is 

symmetrical about the focus, the surpressed curve is lopsided 

favoring the +z side. The apertured Z-scan for negative 

nonlinear refraction with nonlinear absorption will have a 

trend opposite to the one mentioned above. To separate the 

nonlinear refraction and nonlinear absorption, we simply need 

to divide the "apertured" Z-scan by the one with open 

aperture. The result is a new Z-scan with the nonlinear 

absorption effectively divided out. Fig. 3.4b shows the 

division of the two curves shown in Fig. 3.4a. While a 

complete numerical calculation of the beam propagation shows 

that this division process is only approximate, the 

approximation is excellent unless the AT caused by nonlinear 

absorption is much larger than that due to the nonlinear 

refraction.2 Here AT denotes the difference between the 

transmittance measured in the linear regime and that measured 

at focus. 

3.3. Z-Scans on Well Characterized x(3) Nonlinear Materials 

Since the Z-scan is newly developed, before we use it to 

characterize the nonlinear absorption and nonlinear refration 

in CAP and SiNc, we tested it with three well known Kerr 

nonlinear refractive materials: CS2, BaF2 and MgF2 as well as 

a well characterized two photon absorber: ZnSe.3 All tests 



81 

were performed at 0.532 fjm with picosecond pulses. By "well 

known Kerr nonlinear refractive materials", we mean An(I,t) in 

Eq.(1.62) = nQ+yI (MKS) with y known and a(I,t) in Eq.(1.61) 

= aQ, a constant for the materials. By "well characterized 

two photon absorber", we mean a(I,t) = aQ + y8X with /3 

carefully characterized for that material. 

In the test, we 1) have performed Z-scan measurements on 

the four materials and 2) theoretically analyzed the Z-scan 

curves to extract y and /3 to compare with the accepted values 

obtained with established techniques. 

In this section we describe our test and divide the 

discussion into two subsections: sec. 3.3.1 for Kerr nonlinear 

refractive materials and sec. 3.3.2 for two photon absorber. 

In addition to X(3)Im effect in sec. 3.2 we will include 

X(3)im:X<1>Re
 an£* X<3)Re effects observed with 0.532 ptm pulses at 

several irradiance levels in our measurements. As well, we 

will introduce the division process. 

3.3.1. Kerr Nonlinear Refractive Materials 

3.3.1.1. Samples 

The three Kerr nonlinear reractive materials used in this 

test, CS2, BaF2 and MgF2 are all transparent, i.e., aQ » 0, in 

the visible to near infrared regimes. 

For CS2, the nonlinear index for picosecond pulses 
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incident in the visible to near infrared regimes is attributed 

to the molecular reorientational Kerr effect.4 CS2 molecules 

have an elongated shape as shown in Fig. 3.5. They are highly 

anisotropic but have no perment dipole moments because the two 

sulfur atoms are equally distant from the carbon atom. 

However, sulfur atoms have a stronger electronegativity than 

carbon atoms (i.e. during molecule formation, some electrons 

are partially transferred from carbon to sulfur). 

Consequently, the two ends of the molecules carry a net 

negative charge but the center carries a net positive charge. 

Because the double bonds are loose, CS2 molecules have a high 

polarizability along the long axis. Hence, upon interaction 

with the electric field the cloud of positive charge (centered 

around the C atom) moves towards one direction and the two 

negative charge clouds (located around S atoms) move in the 

oppsite direction. This process separates the positive and 

negative charge centers and thus induces a dipole in each 

molecule 

p-m-E. (3.1) 

where p denotes the microscopic dipole, the tensor m denotes 

the molecular polarizability and E is again the field. The 

tensor m shows that the polarizability is large along the long 

axis and small in the direction perpendicular to it. Since 

the molecules are oriented randomly, the charge displacements 
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Fig. 3.5 An elongated CS2 molecule. 
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alone cannot yield a nonzero mascroscopic polarization, which 

is a quantity equal to the sum of the microscopic dipoles per 

unit volume. However, to minimize the potential between the 

field and the molecules, the interaction of the field and the 

dipoles causes a torque tending to align the dipoles in the 

direction of the field to change the angle 0 that cause the 

polarizability to increase. (Here 0 is used to denote the 

angle between the field and the molecular axis as shown in 

Fig. 3.5) This process, referred to as molecular 

reorientation, causes a nonzero macroscopic polarization. Due 

to thermal randomization, the dipoles cannot be perfectly 

lined up with the field. Instead, their orientation follows 

the Maxwell's distribution law.5 While summing up the dipoles 

to get a net polarization, the effect of the angle 

distribution can be dealt with using Claussius-Mossotti 

relation. Based on the above discussion, the molecular 

reorientation can be regarded as a two step process. The 

field induces dipoles and the induced dipoles reorient giving 

an anisotropic index of refraction. The reorientational time 

= 2 picosecond is much less than the 27 picosecond (FWHM) used 

in our experiments. The mechanism is then regarded as a Kerr 

effect. Using interferometry technique Moran et. al measured 

n2 of CS2 equal to (1.1±0.3) • 10~
n esu at 1.06 pm.6 Since both 

0.532 fjm and 1.06 ^m are far away from any resonance of CS2, 

which is verified by the measured linear spectrum of CS2, the 

n2 dispersion in this range should be very small. This 
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assumption was experimentally verified by Williams et. al7 

using axial power limiting measurements at both wavelengths 

and beam distortion measurements with a vidicon tube at 1.06 

pim. The power limiting measurements will be reviewed in sec. 

3.3. In addition, their n2 value of CS2 is in good agreement 

with that obtained with interferometric techniques. 

Therefore, we will use the n2 value obtained with 

interferometry at 1.06 jum as our reference for 0.532 ̂ m Z-scan 

measurement. Reference [8] and [9] list n2 measurements of CS2 

by various groups. Their measurements again show good 

agreement. 

For BaF2 and MgF2 the Kerr effect results from the 

anharmonic motion of the bound electrons in response to the 

applied electric field. Therefore, we call this Kerr effect 

"electronic". Adair et. al have carefully studied the 

nonlinear index of a variety of materials including BaF2 and 

MgF2 using a nearly degenerate three wave mixing technique ( 

often called four-wave mixing) at =1.06 fim. Assuming BaF2 and 

MgF2 are isotropic, their studies showed n2 = 0.9- 10~
13 esu for 

BaF2
10'11 and 0.25- 10"13 esu for MgF2.

12 Based on the theoretical 

model for the frequency dispersion of n2 recently developed by 

Sheik-Bahae et. al13 for solids we will use the n2 values 

obtained at 1.06 ^m as our reference at 0.532 jum. This model 

predicts n2 for any material at any wavelength given the band 

gap energy and linear refractive index nQ. Since 0.532 JIm and 

1.06 jim are both much below the band gap energy of BaF2 and 
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MgF2, (both in the UV region), according to this model, the 

dispersion of n2 between 0.532 ^m and 1.06 ytm is negligible. 

Recent survey by Desalvo et. al at CREOL shows orientation 

dependent n2 for BaF2. This indicates isotropic molecular 

structure for BaF2. 

3.3.1.2. Theoretical Analysis 

In our analysis we deal with 1) nonlinear interaction 

between the light and the medium and 2) the propagation of the 

distorted beam after the sample. The two processes will give 

the electric field on the aperture plane from which we can 

calculate the "apertured" transmittance. 

3.3.1.2.1. Nonlinear Interaction 

The input field at the sample position Z is given by 

Eg.(1.14). Under the thin sample approximation, the 

longitudinal phase term exp(-i(^1(z,t))) » exp{-i[kz-tan" 

1(z/z0)-ot]> is influenced uniformly within the sample and does 

not contribute to the beam distortion. Thus it is ignored in 

our analysis. For the same reason, the linear refraction is 

ignored. 

Egs.(1.61) and (1.62) for light-matter interaction are 

then specified as 
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( 3- 2 ) 

for linear absorption and 

(3.3) 

for Kerr nonlinear refraction. Here A# denotes the radial 

phase change, z' is the propagation depth inside the sample, 

and it should not be confused with the sample position z. By 

integrating Eq.(3.2) we obtain the irradiance within the 

medium as 

I(z') -J(z,r, t) e~a°z'. (3-4) 

Substituting Eq.(3.4) into the right hand side of Eq.(3.3) and 

then integrating it over the sample thickness, we obtain the 

phase change at the sample's exiting surface 

A<J)(z,r, t) -kyLeffI(z,r, t) (3.5a) 

where Leff = [ l-exp(-a0L) ] /a0 with L denoting the sample 

thickness. In terms of the on axis phase change A0o(z,t) = 

kyl(z,r=0,t) Eq.(3.5a) can be written as 
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A<|>(z,r, t) -A<J>0 (z, t) -exp(
 2r* ) . (3.5b) 

a>2(z) 

Using A$0(t) to denote the on-axis phase change at focus, 

Eq.(3.5b) can be rewritten as 

... .. A$0(fc) 2r2 x A<j>(z,r,fc) °__-exp( ) 
l+_Ei « 2 U ) (3.5c) 

7 2 *0 

where A$0(t) - kyLeffI0(t) = A^0(z,t) • (l+z
2/z0

2) and I0(t) • 

I(0,0,t). Combining Eqs.(3.4) and (3.5) we obtain the 

electric field at the sample's rear surface as 

- g°'k 1-1 £1 
Ea(z, r, t)-E(z, r, t) e

 2 •e_iA*(r'r't) * * ' 

3.3.1.2.2. Free Space Propagation 

In our analysis of Kerr nonlinear refraction, we use 

Gaussian Decomposition Method given by Weaire14 et. al to 

manipulate the propagation of Eq.(3.6) to the aperture plane. 

By expanding exp[-iA0(z,r,t)] in Eq.(3.6) into a Taylor 

series 
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c-iA*iz.z. t) _y^ [-iA<j>0(z, t) ]
 m
c-2mx

2/w2(z) (3.7) 
m! m-o ™ 

Eg.(3.6) can be presented as 

Ee{z,r,t)-E{z,t)e
 2 £ 
-"nl - [-iA<fr0(z,t)]» 

S=o m ! (3.8) 
r2 ilcr2 

with E(z,t) = E(z,r=0,t), «2m(z) = ©
2(z)/(2m+l) and Rm(z) = 

R(z) defined in Eq.(1.14). Each exponential term in the 

summation behaves as a TEM00 mode beam whose propagation to the 

aperture can be individualy dealt with using standard Gaussian 

propagation methods. Summing the fields of each component at 

the aperture plane gives the total field to be used to 

calculate the transmittance through the aperture. 

For the propagation of each Gaussian component, we follow 

the treatment by Kogelnik and Li.15 Denoting each Gaussian 

component in Eq.(3.8) by Em, i.e., 

r2 ikr2 
E - - e X P l - l S J * - 2 W ] (3-9» 
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and expressing Em as 

,alz,x) -exp [-i [pm(z) + 2^z) 3 ] e~i<|,(z), (3.10) E'u ~ ~ y <dJB 

after propagating to the aperture, which is distance d after 

the sample, the field can be presented as 

Em(z+d, r) -exp [-i [Pm(z+d) + 2q
k*z+d) 3 3 (3.11) 

maintaining the mathematical form of Eq.(3.10) except that 

Pm(z), gm(z) and <f>( z) are replaced by Pn(z+d), qm(z+d) and 

$(z+d). In Eqs.(3.10) and (3.11) Pm and qm are given by 

dPm i 
d z Qm 

(3.12) 

and 

qa(z+d)-gm(z)+d (3.13) 

where q is defined in terms of the beam radius <•> and radius 

m 
of curvature R through16 
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7 T " ~ F " — ( 3 . 1 4 ) 
Rm ™ m

2 v ' 

Using Eqs.(3.12), (3.13) and (3.14) we can present Rm(z+d) 

and ©m(z+d) in terms of Rn(z) and «m(z) and thus present 

Em(z+d,r,t) by Em(z,r,t). First, through Eg.(3.14) we can 

present l/gm(z+d) in terms of Rn(z+d) and ©m(z+d) as 

1 1 ik 
gm(z+d) " Rm(z+d) ~ nam

2(z+d) ' (3.15) 

Secondly, using Eg.(3.14) in combination with Eg.(3.13) we can 

express l/g^z+d) in terms of Rn(z) and «m(z) as 

qm(z+d) qm(z) +d f dm-iRm{z) (3.16) 

dAiz) 

with dm denoting n<&n
2 (z)/A. Thirdly, comparison of Eg. (3.16) 

with Eg.(3.15) indicates 

RJz+d) -d[ 1- 2__] -i 
cr2+_di (3.17) 

dj 
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and 

<*m(z+d)-om(z) (g
2+-ji)1/2 (3.18) 

where g denotes l+d/R^z). Substituting Eqs.(3.17) and (3.18) 

into Eq.(3.14) for qm(z+d,r,t), the integral of Eq.(3.12) 

gives 

Pm(z+d) — iln(flr
2+-ji)1/2-tan-1(-4-) . (3.19) 
dm

2 9dm 

Here we have used the mathematical identity ln(a+bi) = In 

(a2+b2)1/2 + i tan_1(b/a). Substituting Pm(z+d) and qm(z+d) into 

Eq.(3.11) we obtain the field at the aperture plane as 

En(z+d,l) - (g2 + JL-) "1/2 

2 2 (3.20) 
•exp [ S.—— - 2f r . +i Wm-kd) ] 

to 2(z+d) 2 Rjz+d) 

with 0m = tan
_1(d/dmg). Replacing the exponential term in the 

summation of Eq.(3.8) by Eq.(3.20) we obtain 

[-iA<J>0 (z, t) ]
 m 

Ea(z,z, t) -E(z, t) e
 2 52 
m-0 m• (3 21) 
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representing the field at the aperture plane with the sample 

at position z. The transmitted power through the aperture can 

be obtained by spatially integrating the irradiance up to the 

aperture radius r , 

a —a 

PT(A$0 (t)) ~2nJIa(z,r, t) rdr-%ce0n0f\Ea(z,z, t)l2rcfr(3*22) 
0 0 

with Ia = ce0n0|Ea|
2/2 denoting the irradiance on the aperture 

plane. The input power can be obtained by spatially 

integrating the input irradiance 

oo 

P± (t) -it ce0n0f\E0(t) "° exp (- r2 ) Prdr 
J <i>\Z) <£r iz) (3.23) 

The normalized transmittance is then presented as 

jfpT(A<&0(fc) )dt 

oo 

J Pi (t) dt 

T - ± — (3.24) 
S 

where S is the transmittance of the aperture in the linear 

regime given as 
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S- l-exp[ (3.25) 
o)2 (z+d) 

where w2(z+d) is the beam radius at the aperture in the linear 

regime. 

The above method of Gaussian summation is ideally suited 

for numerical evaluation and using Eg. (3.24) we can thoroughly 

fit an experimental Z-scan curve and thus determine the y 

value. However, to estimate y (or n2), a much simpler 

approach can be used. In this approach we can simply derive 

the y value in terms of the peak and valley transmittance 

difference. The peak and valley transmittance difference is 

denoted by T and defined as 
p—V 

Tp-vBTp-Tv (3-26) 

where Tp is the maximum transmittance in a nomarlized Z-scan 

curve and Tv is the minimum in tha same curve. The Z 

separation between the peak and the valley is denoted by AZp v 

and defined as 

AZp_v*\Z-Zj (3.27) 



95 

where Zp and Zv are the sample positions at which maximun and 

minimun transmittances are allowed respectively. 

To analytically estimate y ( o r n
2)' let's first derive 

the on-axis Z-scan (ra « 0) transmittance for a small phase 

distortion (A$0(t)<l). This is done by letting r = 0 and thus 

ignoring the spatial integral in Eq.(3.22). In the small 

phase distortion limit, only two terms need to be retained. 

The normalized on-axis transmittance can thus be expressed as 

f\Ea(z,r-0, A<|>0(z, t)$dt 

T ( z , A * 0 ) ~ 

JEa(z,r-0, A^-OPdt 
- e o 

d0
2 d* 

(\E0(t) [(gr2+-^)-i/2e
ie°-iA<|>0(t) (^2+-^-)-1/2ei01]Pdt 

J a2 H.2 

(3.28) 

flE0(t) (g*+*L)-U2ei*^dt 
_ dn 

In Eq.(3.28) 0m = tan"
1 d/dmg. Expressing the exponential 

terms exp(i0J - exp i [ tan"1 (d/gdj ] by (gdm+id)/[ (gdj
2+d2]1/2 , 

Eq.(3.28) can be rewritten as 

T{z, AO0)- — ^ - . (3.29) 

id, 
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For simplicity, let's assume E0(t) has a square temporal 

profile equal to E0 between -tp/2 s t 5 tp/2 and equal to 0 

otherwise. Then Eq.(3.29) becomes 

T(z,A90) =2 1 (3.30) 

0 

Because of the square temporal profile we have omitted the 

integral in Eq.(3.29). Using the far field condition d»zQ and 

the definition of Rm(z) and «m(z) and denoting z/z0 by x 

Eq.(3.30) becomes 

r(z, A»0) -I 1-
 i A*° X ' A p. (3.31) 

(1+x2) x-31 

Expanding the right hand side of Eq.(3.31) and keeping only 

terms to first order in A$0 we get 

T(z, A*0)-l
 4 A^° X . (3.32) 

0 (X2+9) (x2+l) 

The first derivative of Eq.(3.32) with respect to x equals 0 

at x = ± 0.858. Depending on the sign of the nonlinear 

refraction we define x = ± 0.858 or x = * 0.858 where the 
PfV p,v 

footnote p and v denote peak and valley. Therefore we can 

write the peak to valley separation as 
AZp_v«l. 7 z0. (3.33) 
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With this relation, it becomes easy to estimate the Raleigh 

distance and thus the beam radius at focus using the Z-scan 

curve. Substituting x into Eq.(3.32) we obtain 

rp-l+0.203lA$0l, (3.34a) 

2V-l-0.203lA$0l (3.34b) 

and 

rp_v«rp-rv-0.406lA$0l- (3.34c) 

The initial restriction of I A$0I « 1 for using the first two 

terms from the Taylor series expansion can be relaxed to I A$0I 

s n missing only 0.5% accuracy. This is observed after 

comparing the T measurement and point by point fitting using 

numerical calculation of Eqs.(3.21) through (3.24). In 

addition, for large phase distortion I > 1, we find from 

numerical fitting using Eqs.(3.21) through (3.24) that both 

the peak and valley shift toward the peak but keeps AZp v 

nearly constant. Eq.(3.34c) is derived for the square 

temporal profile. For pulses with Gaussian temporal profiles 

used in our measurements, Eq.(3.34c) should be rewritten as 



98 

Jte0(t)PA*0(t)dt J J0 (t) A«0 (t) dfc 

Ta -0.406— 0 .406— . (3.35) 
p-V oo 00 

f\E0(t)Pdt fl0(t)dt 

Here we pick up the integral omitted in Eq.(3.30). Plugging 

I0(t) = l0(t=0)- exp[-2(t/rp)
2] and A$0(t) - kyLeffI0(t) = 

A$0(t=0)•exp[-2(t/tp)
2] into Eq.(3.35) we obtain 

T - ^'406 lA$0 (fc-0) I- °-
406lA*0l. (3.36) 

J2 y/2 

Modification needs to be made on Eq.(3.36) before being 

used to measure our experimental results because the S used 

in our experiments (= 0.4) is much larger than the S assumed 

in the approximation. Based on the numerical fitting, the 

following relationship can be used to include such variations 

within a ± 2% accuracy17: 

°^P 6 (l-ff)°-25A$0 for lAOjsit. (3.37) 

The implication of Eq.(3.37) is quite promising in that it can 

be used to readily estimate the nonlinear index y. From 

Eq.(3.37) we learn that the observed T should be linearly 

proportional A$0 (A$0 = A$o(t=0)) and thus linear proportional 
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to I0(t=O) for xRe
<3> effect. 

3.3.1.3. Experiments 

3.3.1.3.1. Experimental Conditions 

Using the experimental geometry shown in Fig. 3.1, we 

performed apertured Z-scans on CS2, BaF2 and MgF2 at various 

irradiance levels. Before Z-scan measurements, energy 

calibration, autocorrelation and beam scans were performed to 

determine the parameters of the laser pulses. Fig. 2.7 shows 

the Gaussian spatial profiles obtained with the beam scan 

technique. Beam scans at various z's give the z dependence of 

the beam radius w(z). Fig. 2.8 shows the Gaussian propagation 

fitting of w(z) from which we determine w0 = 25 jLim. Fig. 2.4 

shows the autocorrelation result from which we obtain the 

pulse duration rp = 27 picosecond (FWHM) for the 0.532 jum 

pulses. 

The Raleigh distance z0 = (?rw0
2)/A = 3.6 mm for our 

geometry. According to reference [2] the thin sample 

condition is L/n^ z0. Therefore, the materials with L/n0 = 

1/1.63 mm for CS2, L/n0 = 2.4/1.47 mm for BaF2 and L/n0 = 

3.0/1.37 mm for MgF2 are all thin sample in our measurement. 

3.3.1.3.2. Experimental Results 
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Using 27 ps (FWHM) pulses at 0.532 jiim and a 40% aperture 

(S=0.4), we have performed Z-scan measurements on CS2 at 

different irradiance levels. The circle curve in Fig. 3.6 

shows the normalized experimental data taken at an input 

irradiance of I0 = 1.8 GW/cm2. The solid line shows the 

theoretical fit using Eg.(3.21) through Eg.(3.24). From this 

fitting we obtain y = (3.1±0.5)•10"u cm2/W (i.e.,n2 = 

(1.2±0.2) • 10"11 esu). 

Besides the point by point theoretical fitting, we also 

estimate y by measuring Tp_v. Tp_v shown in Fig. 3.6 is 0.18 

from which we obtain A$0 = 0.71 according to Eg. (3.37) . Based 

on A«0 = = k YLeffI0(
t=o) w e obtain y=(3.1±0.5)- 10"u cm2/W which 

is egual to what we obtain with the numerical fitting using 

the GD method. Since the peak occurs before the focus and the 

valley occurs after the focus, the nonlinear refraction is 

positive (i.e., self-focusing). 

Fig. 3.7 shows the I0 dependence of Tp„v. The linear 

relation between Tp_v and I0(t=O) confirms that the measured 

nonlinear refraction is third order. 

We also fit the Z-scan data for BaF2 and MgF2. The circle 

curve in Fig. 3.8 shows the Z-scan curve for BaF2 taken at 95 

GW/cm2 input irradiance with S = 0.5. n2 used in this fitting 

is (0.90±0.15) • 10"13 esu which is 3% different from the 

referred values. 

Using the Tp_v measurement, we calculate <A§> = 0.73 and 

n2 = (0.92±0.15) • *13 for the Z-scan curve shown in Fig. 3.8 
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which is within 3% different from that evaluated by the point 

by point fitting. Z-scans of BaF2 with S=0.4 between 

irradiance range I0 = 45.6 GW/cm2 and 95.4 GW/cm
2 indicate Tp.v 

linearly proportional to the peak irradiance as shown by (*) 

in Fig. 3.9; therefore, within the irradiance range, we know 

BaF2 shows Kerr nonlinear refraction with n2= (0.9±0.15) esu. 

To test the sensitity of the Z-scan technique, we 

purposely reduced the input energy and use a smaller S = 0.1. 

Down to « 4 #iJ we still get a resovable Z-scan curve (circle) 

shown in Fig. 3.10. From fitting, we obtain n2 « 

(0.8±0.15) • 10"13 esu (y = 2.4-10"13 cm2/W) . The phase change is 

< Y * 0 ( t ) > = 0.085 or A / 7 5 . 

Using the same method, we obtain n2 = 2.7-10"
14 for MgF2 which 

is 8% different from the referred value. 

3.3.2. Two Photon Absorber: ZnSe 

3.3.2.1. Sample 

Two photon absorption means an electronic transition 

completed by simultaneously absorbing two photons. In terms 

of macroscopic susceptibility, two photon absorption is a 

process and the coefficient p is related to x(3)
Im in sec. 1.3. 

For semiconductors, the condition for two photon absorption is 

Eg/2 < fcw < Eg where Eg is the band gap energy and ho is the 

input photon energy. The two photon absorber used in this 
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A phase distortion of k/75 is measured but the fluctuation in 
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test is ZnSe, a II-VI compound, with Eg = 2.67 ev. For 0.532 

Jim input fcw = 2.34 ev, the two photon absorption condition is 

met. 

One of the main approaches used to calculate /3 is the 

second-order perturbation18"20 calculation. Under this 

approach, intermediate states are introduced to interpret the 

two photon absorption as a two step transition process. Via 

one photon absorption, the valence electrons are excited to 

the intermediate states from which the subsequent one photon 

absorption excites the electrons to the conduction band. 

While the lifetime of the intermediate is extremely short (in 

comparison with the duration of the pulse duration) determined 

by the uncertainty principle, the absorption of the two 

photons are considered simultaneous. In the absence of 

excitonic effects and assuming a parabolic two-band structure, 

P is given by21 

P (2ti)) - 1-53.8 V^p F 2 [ J M ] (3.38) 
v/2mc2 n^E* Eg n*Eff

3 ' E, 9 

where E = 2mP2/,h2 « 21 ev for semiconductors and P is the kane 
P 

momentum.22 The frequency dependence is contained in the 

function F2. Assuming the intermediate states are degenerate 

with the initial or final states (i.e., the two-step 

transition is valence-»valence-»conduction or 

valence-*conduction-»conduction). The frequency dependence is 
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contained in F, which is given by,23 

(2X-1)3/2 (3.39) F2 (*) " , v (2x) 

Plugging Eg = 2.67 ev and *h<i>= 2.34 ev into Eq.(3.38) for 

ZnSe at 0.532 pim input, /3 is calculated to be 4.3 cm/GW. By 

power limiting measurements using 0.532 ym pulses of dual 

durations in the picosecond regimes, Van Stryland et. al 

observed irradiance dependent nonlinear absorption, thus 

determining the two photon absorption mechanisms. Their 

theoretical calculation showed /3 = 5.5 cm/GW which is 28% 

higher than the predicted value. Their investigation over a 

variety of semiconductors with Eg ranging between 1.42 ev and 

3.66 ev using either 1.06 \im and 0.532 jjm pulses verified the 

frequency dependence of /3 predicted by the theory. 

In principle, the two photon absorption generated free 

carriers in the conduction band can induce further nonlinear 

absorption (ESA) and nonlinear refraction (ESR) effects. In 

terms of susceptibilities they are referred to as 

and X(3)Im
:X<1)Re effects. For example, nonlinear effects in ZnSe 

were observed by Canto et. al.24 using time resolved picosecond 

degenerate four wave mixing measurements (DFWM) with 0.532 y.m 

picosecond pulses. In their measurements, two different 

effects with different decay times were seen: the fast 

nonlinearity having a third order dependence on the incident 
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irradiance (x<3> effect) and a slowly decaying one having a 

fifth order dependence on the incident irradiance (X<3>:X(1>)* 

Since the DFWM technique measures the square of the 

susceptibility, it cannot identify the nature (x(3)Im or X
<3>

Re) 

and the sign of the nonlinear refraction. Nonlinear 

refraction in ZnSe has also been measured at 0.532 pim by Van 

Stryland et. al using beam distortion techniques. Using a 

Vidicon tube, they measured the spatial distribution of the 

fluence transmitted through the sample in the near field. 

They first attributed the observed negative nonlinear 

refraction to the X ^ ^ X ' 1 ^ eff e c t which dominates the X(1>Re 

effect at the irradiance used in their experiments. 

3.3.2.2. Theoretical Analysis 

In our analysis we start with the inclusion of all Xi3)Int 

X(3)Re' X<3>
r.

!X<1)
r-

 a n d X'3' im • X'
11 xm effects in the nonlinear 

interaction. Because the nonlinear refraction effects (x (3) 
Re 

and X < 3 )
I m

!X ( 1 >
R e)

 a r e included, we again split the analytical 

process into two steps 1) nonlinear interactions between the 

light and the matter and 2) free space propagation of the 

distorted beams. 

3.3.2.2.1. Nonlinear Interaction 

Eqs.(1.61) and (1.62) for the light-matter interaction is 
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specified as 

-^--a0I-Pl
a-oJtff(fc)r (3.40) 

dz' 

and 

-^^--kyl+ko ̂ (t) (3.41) 
dz' 

with 

C 
N(t)~—fI2(t')dt' (3.42) 

2>iCO J 

denoting the carrier density excited from the valence band to 

the conduction band via two photon absorption. In the 

denominator, 2^© is the energy of two photons. In Eg.(3.40) 

a0 denotes the residual linear absorption (e.g., band-tail 

absorption, impurity absorption, etc.), aa denotes the 

absorptive crossection per carrier and ar denotes the 

refractive crossection per carrier. ar is defined in such a 

way that it is in units of cm3. In Eq. (3.41) we have ignored 

the loss of carriers due to recombination and diffusion. 

These processes occur on a much longer time scale than the 

duration of the pulses we used. 



109 

In Eq.(3.40) the two photon absorption effect is 

proportional to I2 and the free carrier effect is proportional 

to I3; therefore, there is a critical value of the irradiance 

below which the free carrier absorption is insignificant 

compared to the two photon absorption. This critical value 

depends on the magnitudes of /3 and aa. In our measurements we 

used 27 picosecond (FWHM) pulses at irradiances below 2.4 

GW/cm2, at which we verified the free carrier absorption is 

negligible. Thus, we drop the third term on the right hand 

side of Eq.(3.40) in the following analysis. The drop of free 

carrier absorption does not imply the free carrier refraction 

presented by the second term on the right hand of Eq.(3.41) 

should be neglected. Hence, we maintain the free carrier 

refractive consideration. Using the same input pulses 

described in Eq.(1.14) the integral of Eq.(3.40) and Eq.(3.41) 

give the irradiance and phase distribution at the exit surface 

of the sample as 

Ie(z,i,t)- 5
(2;f' t)e" ° (3.43) 

1+g {L,z,r,t) 

and 

A<j>(z, r, t)--^.ln[l+q{L,z,r, t) ] jFe(t
f) dtf, (3.44) 

2fai>P 
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with 

FAz,i, t) - fIe{z,z, t') dt' 
J (3.45) 

-a0ln[l+g(I.,,.r. t) ] -
 9<L^' C) H - t) 1 

where q(L,z,r,t) » j3I(z,r,t)Le££, with Leff * (l-exp(-a0L)) /aQ. 

First of all, let's study nonlinear absorption using 

Eq. (3.43). Integrating Eq. (3.43) over the beam crossection we 

get the transmitted power 

(3.46) 
C[Q (Z. t) 

where q0(z,t) = q(L,z,0,0) - /3l0(t)Leff/( l+z
2/z0

2) and P.(t) is 

defined in Eq.(3.23). Using the temporal dependence of the 

input electric field as Eq.(1.14), the integral of Eq.(3.53) 

over the pulse temporal profiles give the transmitted energy 

as measured in our experiments 

-2 ( )2 

E(z,S-l)- flntl+ pLeffJ°e —]dt. (3.47) 
V2P Leff> r, l+(_£)2 

*0 
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Integrating Pi(t)•exp(-a0L) over the pulse temporal profile we 

obtain the transmitted energy without nonlinear absorption as 

- 2 ( - - ) 2 

^ (z) I0e '» (3. 4 8 ) 

-- 2[1*< — )2] 2 

z o 

which is z independent. Division of Eq.(3.47) by Eq.(3.48) 

gives the normalized open aperture transmittance as a function 

of sample position Z as 

T(z, s-1) fln[l+g0(z,0) e
_t*] dtd. (3.49) 

E> y/Wq0(z,0)L 

We will use Eq.(3.49) to fit the open aperture (S^l) Z-scan 

curves. For I q0l <1/ this transmittance can be expressed in 

terms of the peak irradiance in a summation form: 

r(z,S-l)-V • (3.50) 
ki (J7H1)3/2 

To study nonlinear refraction we need to first get the 

electric field at the sample's exit surface Ee(z,r,t). This 

field is completely determined by Eqs.(3.43) and (3.44). 

Using Huygens-Fresnel propagation integral the field at the 
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aperture plane can be obtained to calculate the transmittance 

through the aperture. 

3.3.2.2.2. Huygens-Fresnel Propagation Integral 

Using Huygen's principle, the electric field at the 

aperture plane can be related to the field at the rear surface 

of the sample as25 

Ea(x,y,
 exp^Jcr°1* coS(*,f01)Ee(x',y<, t) dx'dy' (3.51) 

where 

r01-\/(x-x')
 2+ (y-y') 2+d2 . (3.52) 

Fig. 3.11 is made to indicate the parameters to avoid 

confusion. The aperture plane is parallel to the input plane 

at a normal distance of d. A coordinate system (x,y) is 

attached to the aperture plane, with the coordinate axes 

parallel with those in the input plane denoted by x' and y'. 

Ee in Eg.(3.51) denotes the field at the rear surface of the 

sample as has been shown in Egs.(3.43) and (3.44). While d is 

much larger than the input area and the observation region of 

interest, which is the case for all of our measurements, the 
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Input Plane Aperture Plane 

Fig. 3.11 Coordinates defined for the Huygens-Fresnel 

propagation integral. The coordinate used at the input plane, 

i.e., the rear surface of the sample is (x^y1) and that used 

at the aperture is (x,y). 
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cos ( ) term in the integral « 1 and r01 in the denominator 

can be replaced by d. As well, under this condition, we can 

approximate r01 in the phase term, according to the Fresnel 

approximation. Expanding r01 into a binomial expansion and 

taking the first 3 terms we have 

r01-d[i+
 2 + (y-yO2j ,3 5 3 ) 01 2d2 2d2 (J.SJ) 

Eq.(3.51) then becomes 

B - t) 

-00 

7 If" 
'ex£>~2d [ ( x~ x / ) 2 + i y~ y / ) 2 ] d x ' d y ' 

(3.54) 

Changing the Cartesian coordinate to the polar coordinates, 

Eq.(3.54) can be simplified as 

tf.fr, fc)-.SSLtip.9*p< t)exp( l k z " ) 
o 2 a 

2% 

• f dB'cos (- kr'rsinQ') 
J d 

" 6XPAr 0XP ( ]
 ]X'dr'Ee <r'') e XP < ) 

'2ft J"o ( •——— ) 

2d 
kr'z 
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where 

2tc 
J0 (x)Jcos (x'siniB*)) d0'. (3.56) 

Integrating Eq. (3.55) over the aperture radius we can get 

the through-aperture transmittance from which we can obtain 

the Z-scan curves. 

3.3.2.2.3. Experiments 

i) Experimental Conditions 

With the same experimental geometry for Kerr nonlinear 

refractive materials, we use a 2.7 mm polycrystalline ZnSe 

grown by the chemical vapor deposition method. The linear 

index n0 for ZnSe is 2.7 thus L/n0 < 3.6 mm, the Raleigy 

distance, and thin sample assumption holds. 

ii) Experimental Results 

We have performed both open aperture Z-scans and 40% 

aperture (S=0.4) Z-scans at different irradiance levels on 

ZnSe sample. The open aperture Z-scans are performed to 

measure /3 and the 40% aperture Z-scans are used to study 

nonlinear refraction in addition to /3. The nonlinear 

refraction and nonlinear absorption can be decoupled using /3 

obtained with open aperture Z-scans. 
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In Fig. 3.12a we show the open aperture (S=l) Z-scan 

result taken at IQ = 0.21 GW/cm
2 and the theoretical fit using 

Eq.(3.49) with /3 = 5.8 cm/GW. This is is in good agreement 

with that measured by Van Stryland et. al. 

In Fig. 3.12b we showed the 40% aperture Z-scan taken at 

the same irradiance. This result contained both two photon 

absorption and nonlinear refraction. Assuming all the 

nonlinear refraction is due to Kerr nonlinear refraction, we 

fit the curve using Eg.(3.61) with y = -6.8-10"14 cm2/W (i.e., 

n2 = -4.4-10"
11 esu). 

At IQ = 2.4 GW/cm
2, we performed the same measurements and 

found n2 obtained from 40% aperture Z-scan at IQ = 0.21 GW/cm
2 

can not successfully explain the observed data. We then 

expected free carrier nonlinear refraction (X<3)lm
!X<1)Re) comes 

into play. Repeating the same measurement at three more 

irradiances between 0.21 GW/cm2 and 2.4 GW/cm2 guantitatively 

separated the contribution from the Kerr nonlinear refraction: 

n, = - 4.0-10"11 esu from the free carrier refraction a — -
2 r 

0.8- 10"21 cm3. Fig. 3.13 shows the data taken at IQ = 0.57 

GW/cm2 and IQ = 2.4 GW/cm
2. That is, the one taken at IQ = 

0.21 GW/cm2 contains some small contribution from free carrier 

effects. 

As was done for the purely refractive effect, it is 

desirable to be able to estimate y without having to perform 

a detailed fitting of the experimental data. While g0(0,0)£l 

and j3/2kysl, we find the division process effectively divides 
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Fig. 3.12 (a) is 100% aperture Z-scan result and (b) is for 

40% aperture Z-scan of a 2.7 mm ZnSe sample. 0.532 urn pulse 

of 27 picosecond duration (FWHM) are focused down to 25 /m for 

both measurements. I0 equals 0.21 GW/ci^ for the measurements. 

The solid lines show the theoretical fitting using p - 5.8 

cm/GW and n2 - -4.4* 10*
11 esu. 
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Fig. 3.12 c The result of the division of the closed aperture 

by the open aperture Z-scans of Fig. 3.11; experimental 

(diamonds) and theory (solid line). The dashed line shows the 

calculated Z-scan with the same n2 but 0 = 0. ATp_v of the 

broken line is within 3% of the solid line. Thus it is 

possible to estimate n2 by the division process. 
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Fig. 3.13 (a) 40% aperture (S = 0.4) Z-scan data and 

theoretical fit (solid line) of the ZnSe sample taken at high 

irradiance (I0 =2.4 GW/cm
2) where free-carrier refraction is 

significant. The data was fit with 0-5.8 GW/cm2, n2 = -

4.0- 10"11 esu and ar « - 0.8* 10"
21 cm3, (b) Z-scan data and fit 

at I0 = 0.57 GW/cm
2 using the same fitting parameters used in 

(a). 
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out the nonlinear absorption, so that the resultant new Z-scan 

curve agrees to within 10% of that obtained from a purely 

refractive Z-scan2. For example, Fig. 3.12c shows the 

division of the two curves in Figs. 3.12b and 3.12a. At this 

irradiance level q„ = 0.31 and /8/2ky = 0.36. Now, we fit the 

divided Z-scan curve assuming >3=0 and maintaining the value 

7=6.8-10"u cm2/W as shown in Fig. 3.12c by the broken line. 

The Tp_v of the broken line agrees with that of the solid line 

fit to within 3%, making it possible to quickly estimate y. 

With the division and Tp_v measurement method, an 

irradiance-dependent Z-scan study of the ZnSe indicates that 

for an irradiance I0 < 0.5 GW/cm
2, the nonlinear refraction is 

dominated by a third-order effect. This is depicted in Fig. 

3.14 where the measured nonlinear index An varies linearly 

with the irradiance. At higher irradiance levels, however, 

the nonlinear refraction caused by 2PA generated free carriers 

makes An deviate from a linear relation with I0 which holds at 

lower irradiances. 

3.4. Interpretation of Power Limiting by Z-scans 

Power limiting technique is also referred to as nonlinear 

transmission measurement. Turning up the input energy 

incident on a nonlinear material sitting near or at focus, the 

measured total transmittance and axial transmittance shows the 
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effects of nonlinear absorption and nonlinear refraction. 

Let's use the Z-scan experimental geometry to interprete 

the power limiting technique. Open aperture Z-scan curves 

generated at low input energy Ein = 0 and at high input energy 

Ein = are presented in Fig. 3.15a. At any z position 

around the focus, say zx, the transmittance changes from T = 

1 to T a Êmax(zi) * Selecting zx = 0, power limiting shows the 

same sensitivity as Z-scan for nonlinear absorption 

measurement. Axial power limiting can be interpreted using 

closed aperture Z-scan curve in a similar way. Fig. 3.15b 

shows an example for pure Kerr nonlinear refraction. At zx we 

can observe AT = 1 - TEmax(z1). The most sensitive z position 

for axial transmittance measurement is at around z = ±1.7 z . 
0 

At z = l'7z0f
 w e c a n observe AT, with the power limiting 

technique, as much as = 50% of that obtained with Z-scan 

method. 

In the power limiting technique, the sample experiences 

various intensities at a fixed position in the beam (i.e., 

same wave front fixed); however, in the Z-scan technique, the 

sample experiences various intensities and wave fronts. In 

terms of nonlinear absorption, which depends only on input 

irradiance, the two techniques give essentially the same 

information. For nonlinear refraction, on the other hand, the 

input phase (wavefront curvature) of the beam is a sensitive 

parameter that influences the beam distortion at the 

observation plane. This sensitivity to the input wavefront 
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curvature allows the nonlinear refraction to be measurable 

even if the nonlinearly induced phase distortion is less than 

X / 1 0 0 with standard laboratory laser systems. 

In power limiting application, the Z-scan allows us to 

adjust the placement of the nonlinear sample in the beam to 

optimize the optical limiting. For a material with both 

nonlinear absorption and nonlinear refraction, the valley of 

apertured Z-scan curve (before division) is the best limiting 

z position. We will exhibit our measuremental results in 

chapter 5. 

3.5 Summary 

In this chapter we have introduced our experimental 

methods of measuring nonlinear absorption and nonlinear 

refraction: Z-scan and power limiting. The introduction of 

the former includes nonlinear interaction between the 

materials and the light under thin sample approximation and 

free space propagation after the materials. Moreover, test of 

this technique with well known materials is discussed. The 

latter is then interpreted in terms of the former. 
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CHAPTER 4 

THEORY 

4.1. Introduction 

Our interest in CAP and SiNc lies in their nonlinear 

absorption and nonlinear refraction on picosecond and 

nanosecond time scales because of the demand for optical 

limiters working in both regimes. In this chapter we will 

explain why we expect these nonlinearities to occur using our 

theoretical model— the five state model.1 Although this 

model has been widely used to describe the electronic 

2 • 3 

transitions in organic dye laser materials and porphorines , 

its application to CAP and SiNc will be justified before being 

used. 

In this chapter we first discuss the molecular structures 

and electronic properties of CAP and SiNc in sec. 4.2. Based 

on these properties, we verify the five state model in sec. 

4.3. In sec. 4.4 we discuss the excitation and decay occuring 

among the five states. Time scales of the decays surveyed by 

other researchers will be given. In sec. 4.5 we 

mathematically model the five state transitions discussed in 

sec. 4.4. This model will be used to describe the picosecond 

and nanosecond nonlinear absorption and nonlinear refraction. 

128 
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Sec. 4.6 is the chapter summary. 

4.2. Molecular Structures and Electronic 

Properties of CAP and SiNc 

In this section we introduce the molecular structures and 

electronic properties of CAP and SiNc based on which the five 

state model is established and used to explain the electronic 

transitions responsible for the picosecond and nanosecond 

nonlinearities. Starting from the properties of organic 

compounds, we narrow down our discussion step by step to CAP 

and SiNc. At the end of this section we will see that both 

CAP and SiNc are aeromatic organic dyes. 

4.2.1. General properties of organic compounds 

Organic compounds are defined as hydrocarbons and their 

derivatives. (A derivative means a substance related 

structurally to another substance and theoretically derivable 

from it according to Webster's Ninth New Collegiate 

Dictionary.) Depending on the bonding structures of carbon 

atoms in the molecules they can be subdivided into saturated 

and unsaturated compounds. 

A bond in a molecule is formed between two atoms 

composing the molecule by the interference of their individual 

atomic wavefunctions. While two atoms approach each other, 



130 

their orbitals gradually overlap and interfere. By 

interference, redistribution of the electronic probability 

density around the nuclei occurs. Depending on whether the 

redistributed probability density is symmetrical about the 

line connecting the nuclei, the bond can be categorized into 

either a or TT. If the probability density is symmetrical 

about the line, we have a a bond. If the probability density 

is not symmetrical in this way, a TT bond results.4 Fig. 4.1 

shows examples of a and ti bonds. For carbon atoms, the 

electrons involved in bonding have principally P orbitals 

characters and more than one bond can simutaneously exist 

between the same two atoms. If the overlap is head-to-head, 

the bond is a a bond. For example, single bonds (e.g., C-C 

and C-H) are always formed this way and result in a bonds. 

While double or triple bonds are formed (e.g., C-C and C=N for 

double bonds and CsC for triple bond), one pair of electronic 

orbitals still forms a a bond and the other one (or two) form 

a TT bond by sidewise overlap of the electronic orbitals as 

shown in Fig. 4.2. 

If an organic compound contains no double (or triple) 

bond it is categorized into the saturated group; otherwise, 

the unsaturated group. Saturated compounds usually absorb at 

wavelengths below 160 nm due to the decomposition of o bonds. 

This energy is higher than the dissociation energies of most 

chemical bonds; therefore, photochemical decomposition is 

likely to occur. In unsaturated compounds all single bonds 
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(C) 

Fig. 4.1 Examples of a and v bonds. (a) a a bond formed by 

s and p orbitals interference, (b) a a bond formed by p and p 

orbital interference, and (c) a v bond formed by p and p 

orbital interference. 
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Fig. 4.2 Orbitals and bonds in ethane, ethylene and 

acetylene. 
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are a bonds. A double (or a triple) bond also contains a a 

bond, but in addition, one (or two) n bond is formed by the 

sidewise overlap of two (or four) atomic p orbitals. The p 

orbital electron wavefunctions are rotationally symmetric 

about the line linking the nuclei. Since the TT bonds are 

weaker than the a bonds because of5, less orbital overlap, 

they absorb at longer wavelengths in the visible. If two 

double bonds are separated by a single bond, the two double 

bonds are conjugated. Compounds with conjugated double bonds 

absorb light at wavelengths longer than 200 nm. If a compound 

possesses several conjugated double bonds, strong absorption 

in the visible range is expected and the molecule is called a 

dye.6 

An example of dyes is planar benzene molecule, whose o 

bonds result from sp2 hybrid orbital interference. Since sp2 

orbitals are planar and the angle between two bonds is 120°, 

6 C-H can interfere to give a planar molecule C6H6 as shown 

in Fig. 4.3a. Benzene units can be further put together to 

form larger planar molecules. A planar molecule containing at 

least one benzene unit is aromatic. As will be shown in next 

section, CAP and SiNc are aromatic. The 6 p orbital electrons 

in a benzene molecule form three conjugated rr bonds as shown 

in Fig. 4.3b assuming the n bonds are localized. Since a 

normal C-C bond is 1.54 A and a normal C=C bond is 1.34 A , 

Figs. 4.3b predicts a distorted structure with three long and 

three short bonds. However, all measurements on benzene show 
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(b) 

:va 

Fig. 4.3 Benzene molecule. (a) The a bonds are used to 

describe the skeleton of the benzene molecule, and (b) the 

assumed delocalized n bonds in benzene. 
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that it has the structure of a regular hexgon in which all 

carbon-carbon bonds have the same intermediate length of 1.40 

A . It would then appear from this that the true structure of 

benzene is the resonance between the two in Fig. 4.3b. In 

another words, the p orbital electrons can move around the 

whole benzene and the n bonds are delocalized. 

4.2.2. Phthalocyanine and Naphthalocyanine 

Characterized as aromatic organic conjugated compounds, 

phthalocyanines and naphthalocyanines are members of the 

tetraazaporphines— a macrocyclic compound containing four 

pyrole units linked by four aza (-N=) in the a-carbon position 

as depicted in Fig. 4.4. Fusion of four benzine rings to the 

pyroles make a phthalocyanine as shown in Fig. 4.5a. Fusion 

of another two benzine rings to two of the existing benzine 

rings on the opposite sides form a naphthalocyanine as shown 

in Fig. 4.5b. 

It is improbable that phthalocyanine or naphthalocyanine 

have ever been produced in nature because of the absence in 

nature of the principal phthalocyanine precusors. They are 

however best prepared by the removal of metal from suitable 

metallo-phthalocyanines.7 While we use "phthalocyanine" to 

denote the molecular structure shown above, "phthalocyanine" 

is quite often used by chemists to express the "phthalocyanine 

class of compounds". The phthalocyanine class of compounds 
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CH (P) 

CH (a) 

Fig. 4.4 Pyrole unit. 
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N——i( 

18 s 

Fig. 4.5 (a) Phthalocyanine molecule and (b) Naphthalocyanine 

molecule. 



138 

consists of metal derivatives of phthalocyanine. The two 

hydrogen atoms in the center of the molecule have been 

replaced by metals from every group of the Periodic Table to 

form the group of compounds known as the 

metallophthalocyanines. Fig. 4.6 shows the general structures 

of matallophthalocyanines and metallonaphthalocyanines. More 

than 40 metallophthalocyanines have been prepared and several 

thousand different phthalocyanine derivative compounds have 

been synthesized.8 All phthalocyanine compounds absorp light 

on both sides of the blue-green portion of the visible 

spectrum. 

4.2.3. CAP and SiNc 

Shown in Fig. 4.6 are the molecular structures of CAP (a) 

and SiNc (b). Each double bond denotes a pair of delocalized 

tt electrons as mentioned before. The most general method of 

producing metallophthalocyanine is the interaction of a metal 

or its salt with phthalonitrile or an analogous o-dinitrile 

derived from a dicarboxylic acid which readily forms the 

anhydrile. Using this method CAP can be formed by heating 

phthalocyanine with aluminum chlorides at 250°C: 

4C6H4 (CN) 2+ A1C13~ C^H^ClN^AlCl* HCl. (4.1) 
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(a) (b) 

N=? N—if 

Fig. 4.6 General structures of metallophthalocyanine (a) 

and metallonaphthalocyanine (b). 
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The chemical detail can be seen in The Chemistry of Synthetic 

Dyes by K. Venkataraman. As well, other alternative methods 

are described in this book. 

For our experiment CAP was purchased from Eastern Kodak 

Co.. SiNc was produced by M.E. Kenney at Case Western 

Reserved University. 

4.3. Verification of The Five State Model 

In order to determine the appropriate level structures, 

we solve the unperturbed Schrodinger equation, 

(4-2> 

to determine the state Tm and energy levels En of the system. 

For spectroscopy, the absorption coefficient is then 

determined by calculation of the transition dipole between 

states m and n: 

(4.3) 

where 

(4.4) 
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We use p to index nuclei and i to index electrons; -e is the 

electronic charge and Zpe is the nuclear charge. Properties 

of the states T are determined by 
m •* 

<«-5> 

where A is the operator for the property under consideration. 

Since Eq.(4.2) can not be solved exactly for even a small 

molecule, approximate approaches that provide insight for the 

spectral properties are needed. 

For the study of the electronic states, H0 is separated 

into three terms: 

HQ-HB+Hve+Hso (4.6) 

where He is the electronic Hamiltonian in the field of the 

fixed nuclei. Hve considers the effects of internal motions 

including nuclear vibration and rotation, and H introduces 
BO 

spin-orbital coupling. All three terms are needed to 

understand the energy levels. 

Let's first look at the electronic Schrodinger equation 

(4.7) 
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Eq.(4.7) can be written as, 

+E f1 • <4-8> 
p i<j ^~ij 

Here pi
2/2m is the kinetic energy of the electrons, Vp(r,,) is 

the potential between i and nucleus p shielded by any 

electrons omitted from consideration in Eg. (4.7), and e2/ri} is 

the electron-electron repulsion. 

Because of the mass difference, nuclear motion is very 

sluggish in comparison with electronic motion, so that in 

Eg. (4.8) the electrons are thought of as moving in the 

potential field of the static nuclei. This is called the Born 

Oppenheimer approximation. 

The electron-electron repulsion in many-electron systems 

of lower dimensionality is not negligible as they are in three 

dimensional bulk materials, e.g., semiconductors, because the 

Coulomb interactions between the electrons in lower dimension 

become markedly enhanced.9 In common three dimensional bulk 

materials, the many electron system behaves as a Fermi gas of 

weakly interacting particles. In the weak coupling regime, 

the electron motions are weakly correlated and well described 

by the single-particle approximation. However, for two 

dimensional materials the electron-electron repulsion needs to 

be considered to determine the energy levels. 

Let's look at the first two terms of Eg.(4.8). In our 
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approach we simplify Eq. (4.8) to a one-electron approximation: 

< 4 - 9 ) 

where Vef£ is the one electron potential. The ground state T0 

for closed shell molecules is then constructed as J 

0 * (4*10) 

By this we mean a Slater Determinant with the lowest energy 

orbitals 1 through N/2 doubly occupied, where N is the number 

of the electrons. Using to denote a singlet transition 

and (p-»v)T to denote a triplet transition, after taking 

explicit account of the term e2/ri;j, the excited state can be 

presented by the linear combination of these transitions; that 

is, excited states take the form 

• (4.11) 

and similarly for triplets. 

The construction of electronic states for a system 

involves, then, two steps: 

(1) determination of a one-electron Hamiltonian for 

Eq.(4.9) by which orbitals are constructed. 
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(2) determination of excited states in the form of 

Eq.(4.11). To provide a reasonable interpretation of 

metallophthallo-cyanine electronic states we will use a very 

simple model for both steps. This approach was first proposed 

by Simpson10, Kuhn11, and Piatt12 and later revised by Gouterman 

13,14,15 
• 

The conjugated tt bonds of planar CAP and SiNc molecules 

as shown in Figs. 4.6a and 4.6b provide the delocalized TT 

electrons traveling on the plane. These TT electrons are 

responsible for the optical interaction in the visible range. 

Since more likely they appear about half a bond distant from 

the plane, the electrostatic potential for any single n 

electron moving in the field of the rest of the molecules may 

be considered constant. Let's use CAP for our illustration. 

According to Kuhn's work, the benzene rings are considered as 

separated resonant systems and thus the electronic heart is an 

inner 16-membered ring with 18 electrons. Assuming the 

electrons freely move along the ring, the state of each n 

electron is described by a wave function of the form exp(ifx<f>) 

with DE BROGLIE wavelength A = h /(mv). Since an integer 

number of waves must extend over the circumference, A = 

2ttR/|^| with R denoting the radius of the ring and p « 0, +1, 

±2, ±3, etc, the orbitals will have energy Vju2/2mR2, where 

is Planck's constant divided by 2rr, m is the electron mass. 

Orbitals with fJ - 0, ±1, ±2, ±3, ±4 are occupied in the ground 

state. The lowest-energy excited state is constructed as a 
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transition from pi = ±4 •+ v = ±5. There are four transitions 

with angular momentum change ALz = ±1 and ±9. Under the one-

electron Hamiltonian by Eq.(4.9), all 16 excited states will 

have transition energy (ft2/2mR2) (52-42). For CAP, the radius 

of the ring R is 4 A and the transition should correspond to 

580 nm irradiation. However, including the electron-electron 

repulsion, through Eq.(4.11) the degeneracy of the energy 

levels are removed, the singlet states with Lz = ±1 have 

higher energy than those with Lz ±9. The states with L = ±1 

are defined as the B band and the states with L = ± 9 are 
z 

defined as the Q bands. The difference in angular momentum 

between the B and the Q bands was verified by Zeeman and MCD 

studies.16 The spectrum of CAP shows 670 nm for the Q band and 

350 nm for the B band. 

Next, we look at the second term of Eq. (4.6). This term 

deals with the nuclear vibrational and rotational states 

associated with the electronic states. While the electronic 

cloud is redistributed due to excitation, the bond strength is 

changed and the equilibrium separation of the nuclei is 

changed. Therefore, although the nuclei are too heavy to move 

with the electrons, they are at their excited states because 

of the shifted equilibrium nuclear geometry. Since the 

nuclear mass is much heavier than the electronic mass, the 

energy spacing of the internal motional states is much 

narrower than that of the electronic states. Therefore, each 

electronic state, say B or Q, possesses a group of sublevels 
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resulting from the vibrational degree of freedom. The 

vibrational states are predicted to have tens of nm 

separation. These were originally identified by Piatt17 on the 

basis of the relative consistancy of their spacing from the 

electronic origin, as the latter is shifted by a change in 

substituents or metal. The tens of nm discreteness in the 

absorption spectrum is expected to be smoothed by the 

rotational degrees of freedom. 

Thirdly, we look at the third term on the right hand side 

of Eq. (4.6). This term deals with the spin-orbit interactions. 

A spin state of an electronically excited state is 

conventionally expressed by its multiplicity which is defined 

by the expression 2s+l where s is the algebraic sum of the 

spin quantum number of the electrons in the system. The spin 

quantum numbers of an individual electron can either be +1/2 

or -1/2. The ground state of the organic molecules have all 

the electronic spins paired; therefore, s = 0 and the 

multiplicity = 1. Since only one electron per molecule (one 

of the outmost shell electron, i.e., p electrons from C) is 

involved in a transition, the s of any excited state can 

either be 0 or 1 depending on whether the spins are 

antiparallel or parallel. Hence the multiplicity of each 

state can either be 1 or 3. The states with multiplicity 

equal to 1 are called singlets denoted by "S" and those with 

multiplicity = 3 are called triplets denoted by "T". 

Transitions between singlet states and triplet states are not 
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dipole allowed but can occur weakly due to spin-orbit 

interactions. The occurance of spin-orbit interactions may be 

seen more clearly by basing the coordinate system on the 

electron. Seen from the electron, there is a charged nucleus 

in orbit around it which generates a magnetic field depending 

on both the nuclear charge Z and the distance r between the 

electron and the nucleus. Since the electron is charged and 

"spinning", it is expected to have not only spin angular 

momentum but also a magnetic moment. The magnetic field 

provided by the nucleus acts on the spin magnetic moment and 

causes a change. This action is called the spin-orbit 

interaction. Through this magnetic interaction, the magnetic 

moment needed for a S-»T transition is transferred from the 

orbital degree of freedom. This simple treatment implies that 

although the total angular momentum (spin and angular) is 

conserved, neither orbital nor spin angular momentum are 

individually conserved. Mathematically the Hso for each 

electron can be presented as18: 

Hso-kC(L-S) (4.12) 

where L is the orbital angular momentum operator, S is the 

spin angular momentum operator and C is a factor depending on 

the nuclear field. Perturbation theory shows that if T°s and 

7°t are the wavefunctions of pure singlet and triplet states 

obtained in the absence of spin-orbit considerations, the 
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triplet states produced under spin-orbit coupling can be 

written as 

E<Y° > 
,Hk „ v • (4.13) 

JC (Et-E ) 

A similar expression can be written for the singlet states. 

Thus the effect of the spin-orbit interaction is to mix a 

small amount of singlet character into the triplet states and 

vice-versa, so that pure singlet and triplet states no longer 

exist. S-»T transitions can then be thought of as occuring 

between the pure singlet components and triplet components of 

the S and T states. 

The energy states discussed above can be summarized using 

Fig. 4.7. In Fig. 4.7 SQ, Sx, S2/ Tx and T2 represent the five 

states. The five states are not simply isolated; rather they 

form bands or manifolds as illustrated. The "bands" result 

from the vibrational and rotational degrees of freedom 

associated with the binding of the atoms that make up the 

molecule. Sx and S2 represent the electronic transitions from 

the ground state to the Q and B bands respectively. Spin flip 

of S1 and S2 dominantly gives Tx and T2 respectively. As can 

be seen in Eg.(4.13), small contributions from other singlet 

states slightly adjust the Tx and T2 states in both energy and 

wavefunctions. Qualitatively, deduced from Hund's rule19: the 

triplet states are of lower energy than their singlet 
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strong absorption 

1 

weak 
absorption 

s 0 -

strong absorption 

Fig. 4.7 Five energy levels used to interpre the electronic 

transitions in CAP and SiNc at 532 rum. 
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counterparts because of the repulsive nature of the spin-spin 

interaction between electrons of the same spin. 

4.4. Transitions Among The Five States 

When a CAP or a SiNc dye molecule absorbs a pump photon 

at 0.532 pm, it raises the energy of the dye molecule by 

exciting the outermost electron (a delocalized n electron) 

into a new orbital. According to Fig. 4.7, the orbit is a 

higher vibronic state of the Sx band, referred to as Q(lr0). 

This absorption redistributes the electronic charge that binds 

the atoms of the dye molecule together. Under this new charge 

distribution, the binding forces acting on the atoms are not 

in equilibrium. This is called a Frank-Condon state.20 The 

nuclei quickly redistribute their positions to minimize the 

total binding potential. The dipolar interaction of the dye 

molecule with the solvent assists in the dissipation of this 

excess energy. A few fs after the absorption of the photon, 

the dye molecule decays to the lowest level or equilibrium 

state of SJf i.e., Q(0,0). Since this fs decay is fast 

compared to the duration of our picosecond and nanosecond 

pulses, it is ignored in our analysis. The population on 

Q(0,0) state, denoted by NS1, can either be further excited to 

the S2 state or decay to the ground state or Tx state. Those 

excited to the S2 state more likely soon decay back to Sa in 

a time scale ranging between 10"11 sec and 10"13 sec (Kasha's 
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rule21), although in exceptional cases of azulene radiative 

emission from S2 to S0 has been reported
22. Those decaying to 

Tx open furthear nonlinear absorption channels. 

Indeed, the S1-»T1 nonradiative transition is the only 

mechanism to populate the T2 state from which the excitation 

to T2 opens further nonlinear absorption channels. The T2 

population cannot be generated by direct absorption of a 

photon from the S0 state, because for most molecules the 

probability of a spin inversion occuring at the same time as 

absorption is extremely low.23 Therefore, the Q and B bands 

observed in the linear absorptive spectrum correspond to 

excitation to S states and the x(1>!X(1>
 process involves only 

transitions between singlet states. The triplet transitions 

occur only while the input pulses are strong and long enough 

(nanosecond) to significantly populate the Tx state. As has 

been mentioned in sec. 4.3, S-»T transitions are strongly 

forbidden because the transition moment « 0. They occur at 

all only due to the spin-orbit coupling. 

In order to quantitatively measure the contribution of 

TJ-»T2 transitions to the nanosecond nonlinearities, we need to 

know the population density of the Ta state— NT1 as the 

material interacts with the input light because the absorption 

and refraction by the triplet state are linearly proportional 

to Nt1. Therefore, for our purpose, we need to know the 

overall lifetime of the S1 state— r (or the overall decay 

rate ksl = l/rSi)
 a n d t h e branching ratio of the S1^T1 
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transition. Intramolecularly, the S1 decay can, in principle, 

undergo photochemistry, with rate constant kpc = l/rpc' 

intersystem crossing which is defined as a radiationless decay 

process involving a spin change, kiec, internal conversion 

which is defined to include a radiationless decay process 

involving no spin change, kic, and fluorescent decay which 

takes the molecules to the ground state with heat, krf. These 

decay channels are presented as following: 

Msl~products, k^ ( 4 . 1 4 a ) 

Msl-MT1+hea t ki8c ( 4 .14b) 

Msl~Mso+hea t kic ( 4 . 1 4 c ) 

Msi~Mso+hvf kxf ( 4 .14d) 

Here MS1 denotes the molecules at S: excitation, denotes the 

molecules at T1 excitation and Ms0 for the molecules at the 

ground state. Since, according to the Jet Propulsion 

Laboratory's preliminary test24, both CAP and SiNc maintain the 

same linear and nonlinear properties after experiencing 

thousands of shots, we ignore the photochemistry channel in 

our discussion. The three decay channels left are then all 
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photophysical. In the usual kinetic scheme these processes 

are independent, and the singlet excited state decays 

exponentially with a rate constant, 

k3l~kiSC+kiC+kXf (4.15) 

The relation can also be expressed in terms of the inversion 

of each term in Eq.(4.15) as 

1 — + — + — (4.16) 
*isc *rf 

where rsl is equal to the fluorescence lifetime rf directly 

measured using picosecond resolution photocounting techniques. 

Fig. 4.8 shows the fluorescence decay measurements of 

CAP/ethonal and SiNc/toluene by J.H. Brannon and D. Magde.25 

Their measurements indicated rc1 - z. - 7 nanoseconds for CAP 
SI £ 

and 3.15 nanoseconds for SiNc. z.„ can be derived from the 
1.SC 

triplet quantum yield defined as 

( 4 - 1 7 ) 

SI % isc 
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SiNc 

i = 3.15 ns t = 7.0 ns 

TIME (ns) 
4.20 8.41 12.61 16.82 

TIME (ns) 

Fig. 4.8 Fluorescence decays for CAP/ethanol and 

SiNc/toluene. Time resolution of apparatus < 70 ps. Points 

are experimental data and solid curve is the best fit to a 

single exponential convoluted with the response function. 
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This triplet quantum yield tells the ratio of the population 

transferred to the Tx state from Sx state. With rsl known, riBe 

can be obtained once is calculated. The triplet quantum 

yield <f>T of CAP and SiNc can be measured by observing the 

partial recovery of the ground state bleaching in a pump and 

probe experiment with picosecond pulses of a Ruby laser whose 

wavelength of 690 nm closely matches the S0->S1 absorption. The 

more energetic pulse, the pump, creates an excited state 

population in the S1 state. The probe pulse measures the 

ground state absorption at a time preceeding or following the 

arrival of the pump. The probe is too weak to cause ground 

state bleaching by itself. Since a certain fraction #T of 

molecules initially excited into the singlet state decay to 

the long lived triplet (on the order of ms), rapid recovery of 

ground state absorption is only partial. Denoting absorption 

of the probe at negative delay by A^ that at zero delay by A0 

and that measured at tens of nanoseconds after the pump pulse 

by A , then the triplet quantum yield is 

( 4 > l g ) 
Aa 

Since ^ > Aa > A0 the triplet quantum yield ranges between 0 

and 1. James H. Brannon and D. Magde's measurements using 

this technique gave - 0.4 for CAP. Similarly measurements 

on SiNc have been reported to give $ = 0.2.26 
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The fluorescence quantum yield measurements help to 

calculate r. and r O m i t t i n g the radiationless intraband 
1C rf 

decay (i.e., decays within the Sx band and T1 band), the 

fundamental definition of fluorescence quantum yield 

a No °f photon emitted (4.19) 
f No of photon absorbed' 

can be simplified using the parameters in Eq.(4.15) and (4.16) 

to give 

• (4-20> 
ASI T if 

The fluoresccence quantum yield <j>t can be measured using 

the thermal blooming method. A tightly focused 2 mW He-Ne 

laser is used as the excitation source. The incident power P£ 

must be equal to the sum of the transmitted power Pt plus the 

power emitted as luminescence Pf plus the power degraded to 

heat Pth: 

PrPt+Pt+Pth. (4.21) 
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An ordinary transmission measurement determines the ratio 

T-^±. (4.22) 
"i 

We define the fractional absorption as 

A-l-T. (4.23) 

Then, we may write, 

Pf-APi-Ptb (4.24) 

The fluorescence quantum yield is then, 

—l £*. (4.25) 
(PrPt) AP±

 V ' 

Because the refractive index decreases for a temperature 

increase in the solvent, the laser beam expands or "blooms" 

for a fraction of a second after the laser shutter is opened 

until a steady-state temperature distribution is approached. 

As the area blooms, the far field on axis photocurrent, 

monitored by an apertured fast photodiode detector in 
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connection with a scope with 400 MHz bandwidth, diminishes 

according to the expression.27 

I(t) -I0[1-0(1+-^)-
1+-|02(1+—J)"2]"1. (4.26) 

Here 0 is directly proportional to P th 

0-P L (4.27) 
th dT kk K ' 

where (dn/dT) is the temperature derivative of the refractive 

index , k is the thermal conductivity and tc is a 

characteristic time for thermal diffusion. By fitting 

Eq.(4.26) with 0 we can get Pth. Plugging Pth into Eq.(4.25) 

we can then get the fluorescence quantum yield <j>f and thus ric 

and rr£. Using this method <f>t = 0.58 ( or rr£ = 18 nanosecond) 

is obtained for CAP. For our interest, the overall Sx to SQ 

decay rate l/rsl̂ s0 • l/ric+l/rrf - 1/v^l/v^ is needed; 

however, l/ îe and l/rrf are not needed individually. As we 11^ 

we would like to define the singlet quantum yield of the Sx 

state as $s = 1-$T, including the fraction of population 

decaying from the Sx state to the ground state either 

radiatively or nonradiatively. That <pf - <f>B for CAP indicates 

the Sx to SQ is completely radiative. 
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4.5. Mathematical Modeling 

The five state model, as illustrated in Fig. 4.7, assumes 

the picosecond nonlinearities is a x(1>:X(1)
 process iniated by 

SQ to Sx excitation and completed by the subsequent Sx to S2 

transition. In addition to the fast nonlinear absorption, the 

intersystem crossing, which transfers electrons from S2 to Tx 

on a nanosecond time scale, facilitates an additional 

absorption channel through Ta-»T2 transitions for nanosecond 

pulses. This T ^ ^ transition is another x ( 1 ) process. Each 

X(1> process results in absorption and refraction as described 

by Eg. (1.18). The combination of these three x ( 1 ) processes 

for the same input pulses causes the nonlinear absorption and 

nonlinear refraction as shown by the eguations: 

~%—Q*s<Fso <t) I-oSS1NS1 (t) I-oaT1NT1 (t) J (4.28) 

and 

xscftso(+°rSl^Sl (t) +ozT1NT1 (fc) , (4.29) 
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® scfiso ( t ) X NS2(t) NS1 
— — — — T , 

dt S2~S0 tsi~, Sl-SO 
(4.30) 

dNsl(t) a S0NS0(t) I o si^si (t) I ^ Nsz ( t ) NS1(T) (4.31) 

dt fco) ' S2-S1 "SI 

dt ho) S2 
(4.32) 

and 

dN. T1 N, SI 
dt TS1-S1~T1 

(4.33) 

Eq.(4.28) deals with the nonlinear absorption and Eq 

deals with the nonlinear refraction accompanying each 

electronic transition. oa denotes the absorptive crossection 

and or denotes the refractive crossection. The population 

involved in Eq.(4.28) and Eq.(4.29) are listed in Eq.(4.30). 

£«,,/ denote the overall lifetimes of the S. and S, states. 
SI S2 * » 

.(4.29) 
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Given in sec. 4.3 zsl - 7 nanosecond for CAP and 3.15 

nanosecond for SiNc. With $T = 0.4 for CAP and 0.2 for SiNc, 

using Eq.(4.17) we obtain riec = 17.5 nanosecond for CAP and 

15.8 nanosecond for SiNc and tsl<s0 = 11.7 nanosecond for CAP 

and 3.9 nanosecond for SiNc. 

Nonlinear refraction due to other mechanisms such as the 

Kerr effect and thermal effect cannot be explained using the 

equations above. The Kerr equation has the form of Eq.(1.59) 

and the thermal nonlinear refraction resulting from the heat 

generated can be presented by the following equations: 

An-^AT, (4.34) 

where the temperature change AT results from the heat 

dissipated from decay, 

A T - — . (4.35) 

Assuming AH is due to the combination of radiationless 

internal conversion and intersystem crossing from Sx state, we 

obtain 

dH Nsl(r,t) •hv 
dt f" <4'36) 

^isc ^ic 
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Combining Eq.(4.30) and Eq.(4.31) we can study the thermal 

nonlinear refraction through Eq.(4.29). 

According to the five state model model, an ideal limiter 

needs to have a small ground state absorptive crossection aaS1 

to produce weak linear absorption and large excited state 

absorptive crossections oaS1 and aaT1 to clamp the throughput 

energy for low inputs. As well, large nonlinear refraction 

enhance the limiting effects. 

4.6. Summary 

Based on a qualitative study of the microscopic structure 

of CAP and SiNc, we develop a five state model. Using 

Eqs.(4.28) through (4.33) we have presented the governing 

equations for the nonlinearities of five state materials. 

While the absorptive crossections, refractive crossections and 

the might-be important nonlinear refraction such as Kerr 

nonlinear refraction and thermal nonlinear refraction are our 

experimental objectives, other parameters appearing in these 

equation have been surveyed out of other researchers' work and 

reported in sec. 4.4. We put all these parameters in the 

following table (table 4.1) for easy reference. 



Table 4.1 : Parameters Adopted from References 
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** 
T 

*s z. 
IS c 

rsi~so 

[ns] [ns] [ns] 

CAP 7.0 0.4 0.6 17.5 11.7 

SiNc 3.2 0.2 0.8 15.8 3.9 

te,: overall lifetime of S. state. 
SI 1 

$T: triplet quantum yield. 

$g: singlet quantum yield. ($s = 1 

r. : intersystem crossing time. 

- * T ) 

r„, : internal conversion time. 
S1-»S1 
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CHAPTER 5 

EXPERIMENTAL RESULTS AND DATA ANALYSIS 

5.1. Introduction 

In this chapter we present our Z-scan and power limiting 

experimental results of CAP and SiNc. Theoretical 

characterization is accompained. Besides, we exhibit two 

approaches to enhance the limiting effects of the dyes: 1) 

locating the sample at its best limiting position determined 

by Z-scan technique; 2) using hybrid geometry containing the 

dyes in front of ZnSe, a good picosecond limiter as introduced 

in chapter 1. 

The experimental results conducted using single 

picosecond pulses, picosecond pulse trains and nanosecond 

pulses are explained using the five state model proposed in 

chapter 4. Based on this model, we quantitatively measure the 

nonlinear absorption and picosecond nonlinear refraction. 

Nanosecond nonlinear refraction are qualitatively discussed. 

In sec. 5.2, we show our studies of picosecond 

nonlinearities. Our experiments using pulses of dual 

durations in picosecond regime indicate that the nonlinear 

absorption and nonlinear refraction are due to excited state 

absorption (ESA) and excited state refraction (ESR) 
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168 

respectively. Through theoretical fitting we measure the 

absorptive crossections and refractive crossections of S, 

state for both dyes. In addition, by saturating the nonlinear 

absorption, the lifetime of CAP's S2 state is measured with 

open aperture Z-scans. In sec. 5.3 we present the 

verification of the T.,-*T2 transition by comparing power 

limiting measurement with picosecond pulse trains and that 

with single picosecond pulses. In sec. 5.4 we present 1) the 

measurements of the absorptive crossection of T, state using 

both picosecond pulse trains and nanosecond pulses for both 

dyes and 2) the nonlinear refraction data observed with both 

picosecond pulses trains and nanosecond pulses. In sec. 5.5 

we discuss two approaches we have used to enhance the limiting 

effects of the dyes. First, we use SiNc as an example to 

exhibit z dependence of the limiting effects. This 

illustration determines the sample position with respect to 

the focal plane for best limiting result. Next, to make a 

liroiter working from picosecond to nanosecond regimes, we 

propose a hybrid optical limiter using ZnSe with CAP or SiNc 

in tandem. This device is shown in Fig. 5.1. So far we have 

tested the tandem limiters using picosecond pulses and seen an 

increase of the dynamic range over ZnSe alone. Sec. 5.6 is 

the chapter summary. 

5.2. Picosecond Studies 
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Incident Light 

yX-XvXv; 
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2.7 mm 
ZnSe 

Fig. 5.1 Scheme of a hybrid optical limiter. 
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Since the decay time of S1 state is in the nanosecond 

order for both CAP and SiNc, much longer than the duration of 

the picosecond pulses, the population redistribution due to 

the Sx state decay is ignored for picosecond measurements. 

Eqs.(4.28) through (4.33) can then be simplified as 

dJC 
™ - ® as cflso ( t ) ~ Qasi^si ( ( 5 . 1 a ) 

and 

with 

and 

(5.1b) 

— t w ( 5- l c ) 

' S2-S0 

<WSi(t) _ oaS0NS0(t) I oaS1Ngl(t)I NS2(t) 
dt B K + - T 7 - «5-ld» 

Oa3iNsl(t) I NS2(t) _ , . 
—at w ( 5 ' l e ) 
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for our picosecond studies. Assuming that S2 decay has two 

branches: one to the S1 state and the other to the SQ state, 

r is split into two contributions: 

1 + — — (5.2) 
XS2 ^ S2-S1 *S2-S0 

in Eqs .(5.1). In Eqs .(5.1) the unknown parameters are aaS1, 

°rsi' ZS2
 a n d rs2.si (

rs2.so i s dependent on the two). 

5.2.1. Z-scan Measurements 

To characterize the fast nonlinear absorption and 

nonlinear refraction of CAP and SiNc, we have performed open 

and closed aperture Z-scans using 18 picosecond and 37 

picosecond wide (HWl/eM) pulses tightly focused to «0 =18.9 pim 

(HWl/e2M). With Raleigh distance z0 = ttqq2/X = 2.1 mm, we used 

1 mm thick cell to contain the solutions in order to fit the 

thin sample condition, z0 > L/n0, and moved the sample = ± 20 

mm around the focus in our measurements to cover the linear 

and nonlinear regimes. For all the closed aperture Z-scans, 

we have put the aperture 22 cm after the focus and adjusted 

the radius to allow 40% on-axis linear transmission. Under 

this condition, 40% aperture requires a 0.99 mm radius of the 

aperture according to Eq.(3.25). For open aperture Z-scans, 

we then simply remove the aperture, or sometimes additionally 
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move the detector toward the sample in order not to miss the 

light diverged out of the 0.5 cm radius by the nonlinear 

refraction. 

5.2.1.1. Low Irradiance Z-scans on CAP 

By performing "low irradiance" Z-scans we expect to 

observe nonlinearities excluding saturation. As discussed in 

chapter 1, while the input irradiance is low enough that 

Ns2(t)<Nsl(t)«Nso(t) and <7aS1Nsl«7aS0Ns0, saturation can be ignored 

and Eg. (5.1) can then be approximated as Egs .(1.50) and (1.51) 

with the change rate of the S2 state population density 

expressed by Eq.(1.41). Since Ns0(t) remains nearly constant, 

the first term on the right hand side of Eq.(1.50) represents 

linear absorption with tf80NB0(t) referred to as the linear 

absorption coefficient, denoted by aQ. aQ can be related to 

the dyes * concentration c through the empirical Beer-Lambert' s 

law1 as 

ao-ln(10)«c (5.3) 

where e is the extinction coefficient of the dye and c denotes 

the concentration. Given c in unit of mole/liter, N„„ can thus 
SO 

be presented as 
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CN, 
so cm3 v (5 • 4) 

1000 (—y—) 

in unit of cm"3. NA in Eq.(5.4) is the Avgodero constant equal 

to 6 . 03- 1023 mole"1, e is reported to be (580 ± 40) 

liter/(cm-mole) for CAP and (780 ± 40) liter/(cm-mole) for 

SiNc at 0.532 ym. 

By integrating Eq.(1.50) over the pulse duration and 

exhibiting Eq.(1.51) at t «* «, we obtain Eqs.(1.52) and (1.53) 

to indicate that both picosecond nonlinear absorption and 

refration are fluence dependent. Our experiments showed that, 

bewteen energy ranges 0.4 pJ and 3.6 piJ, pulse durations 

switched between 18 and 37 picosecond yield no difference for 

equal input energy, thus suggesting fluence dependent 

nonlinearities for CAP. For example, Fig. 5.2 show the data 

taken at Ein = 1.16 pJ, the left graph for open aperture Z-scan 

and the right one for divided Z-scans with nonlinear 

absorption effectively eliminated. The input fluences, F.n = 

2Ein/rro
2
f are equal for both durations, but the input 

irradiances Iin = Fia/n
1/2zp, are different by factor of 2. 

Since the A curves (for 18 picosecond pulses) are on top of 

the • curves (for 37 picosecond pulses), both the nonlinear 

absorption and refraction are fluence dependent and agree with 

Eqs.(1.52) and (1.53). The fluence dependent nonlinear 

absorption and refraction implies X<1>Im
:X(1) process. According 
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to the discussion in sec. 1.3.2, x ( 1\ m«X
( 1 ) process results from 

excited state absorption (ESA) and excited state refraction 

(ESR) at irradiance low enough that the saturation is ignored. 

Since for equal input energy, the normalized open aperture Z-

scan curves and the 40% aperture Z-scan curves before division 

show nearly equal transmittance change AT, as shown in Fig. 

5.3, we claim that nonlinear absorption dominates the 

nonlinearity. 

To quantitatively measure the nonlinearities, we fit the 

data using Eqs.(1.50) and (1.51). The fitting parameters are 

aaS1 and ffrS1. In Eqs.(1.50) the unknown quantity is the 

absorptive crossection aaS1. To measure it, we simply need to 

fit the open aperture Z-scan results using Eq.(1.52). By 

integrating Eq.(1.52) over the sample thickness L and the 

pulse crosssection we obtain the output energy expressed by 

the input energy in a closed form as 

7I<00*(l+( )2)2>l0> 
E £o e'c°£ 

°aSl (l-e-"0*') 

•In [1 + °aSj£i (l-e"aoi) ] 
7ao2.(i + ̂ _)2)2>1(0 

zo 

(5.5) 

The E, is fixed in a measurement; E0 change with the sample 

positions z. Using this equation, we have well fit the data 

of CAP dissolved in methanol at concentration C= 1.3-10"3 

moles/liter (aQ = 1.7 cm"
1). For data taken from 0.4 juJ to 3.6 
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Fig. 5.3 Closed aperture (before division) and open aperture 

Z-scans taken at E{n = 1.16 /xJ using 18 picosecond pulses. 
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piJ we have used aaS1 = 2.3- 10~
17 cm2. Fig. 5.4 shows the results 

taken with 18 picosecond pulses. This absorptive crosssection 

of Sa state is nearly 10 times larger than that of the ground 

state a cn = 2.25-10"
18 cm2 obtained from a en = a„/Non. 

aSO aSO 0 SO 

The unknown quantity in Eq. (1.51) is arS1. To measure it, 

we need to fit the closed aperture Z-scan data. Theoretical 

fitting includes the integral of the nonlinear interactions 

over the sample thickness and the free space propagation 

between the sample and the aperture before the detector. 

Integral of Eqs.(1.50) and (1.51) over the sample thickness, 

z" = 0 to L, gives the field and phase information at the exit 

surface. Huygens-Fresnel integral detailed in chapter 3 is 

used for free space propagation since the accompained 

nonlinear absorption is strong. These two steps have been put 

together in a computer program written in Pascal and listed in 

Appendix B. This program is carefully justified as described 

in Appendix B, before being applied to theoretical evaluation. 

Using aaS1 = 2.3- 10~
17 cm2 obtained from open aperture Z-scan 

analysis and arS1 » 1.8- 10-17 cm2, we fit all the data taken 

within the same energy range as that for open aperture Z-scan. 

Fig. 5.5 shows those measurements using 18 picosecond pulses 

with nonlinear absorption effectively divided out. 

5.2.1.2. Low Irradiance Z-scan on SiNc 

We also investigated the fast nonlinearity of SiNc 
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Fig. 5.5 Divided Z-scans on CAP under the same condition as 

that for Fig. 5.4. 
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dissolved in toluene at concentration C = 1.0- 10"3 mole/liter 

(a0 = 1.8 cm"1) using dual pulse durations. Similarly, for 

pulses of equal energy but different durations, SiNc/toluene 

responds with equal nonlinear absorption. Fig. 5.6 shows an 

example for Ein = 1.89 i*J. Therefore, we learn that nonlinear 

absorption in SiNc is also fluence dependent. The best 

fitting of open aperture Z-scan on SiNc between 0.4 JJJ and 

1.89 PIJ are obtained with aaS1 - 3.9- 10~
17 cm2 as shown in Fig. 

5.7. The divided Z-scans taken with pulses of different 

durations, on the other hand, exhibit some discrepancy which 

indicates that the nonlinear refraction is not purely fluence 

dependent. For example, the o curve and the • curve in Fig. 

5.8 shows the results obtained with 18 and 37 picosecond 

pulses at Ein = 1.89 pJ. This discrepancy is found due to 

Kerr nonlinear refraction of the solvent toluene by separated 

measurements on toluene alone which gives n2 = 1.9- 10"
12 esu. 

This measurements are depicted in Fig. 5.9. By adding this 

contribution yl ( or n2/2 | E |2) into the right hand side of 

Eq.(1.51), we fit the data taken with both durations using orS1 

= 1.8- 10"18 cm2. This fits are shown by the solid line in Fig. 

5.8. Using this values we well fit the data taken with 18 

picosecond pulses from Ein » 0.4 FJJ to 1.89 PIJ as shown in Fig. 

5.10. Therefore, after extracting out the n2 effect by 

toluene, we again find SiNc give fluence dependent nonlinear 

refraction. 
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5.2.1.3. Picosecond Z-scan on CAP at High Irradiance 

In order to measure rs2 we perform open aperture Z-scans 

on CAP at input irradiance high enough to saturate the 

nonlinear absorption. While nonlinear absorption is 

saturated, the condition Ns0(t)»Nsl(t)»Ns0(t) does not hold 

anymore so that we have to use Eq.(5.1a) with Eqs.(5.1c) 

through Eq.(5.1e) to analyze the experimental data. 

Eqs.(5.1c) through (5.1e) include the saturation effect. From 

low energy Z-scans, we have obtained the values of a . 
&S1 

Plugging this value into Eqs.(5.1), the unknown to be 

determined by the high irradiance Z-scan is and 
S2 S2~*S1 

(consequently, rs2̂ s0 can be determined). In a tighter focusing 

geometry (u0 = 12.6 pm) we perform open aperture Z-scan at 

23.6 fuJ and obtain a unusual curve as shown in Fig. 5.11. The 

peak occuring at the focus is more than linear absorption 

saturation can explain. (According to our computer simulation, 

saturation of linear absorption alone can only flatten the 

curve, as shown in Fig. 5.12) Through theoretical fitting, 

the peak is determined due to saturation of nonlinear 

absorption. The solid line in Fig. 5.11 shows the best 

fitting using ts2<sl = rS2 = 0.9 picosecond. Repeation of the 

measurements at other high energies all give the same 

conclusion as shown in Fig. (5.13). 

5.2.1.4. Z-scan on CAP at various Concentrations 
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Fig. 5.12 Simulated z-scan including linear absorption 

saturation and excluding the nonlinear absorption saturation. 
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To confirm the intramolecular nonlinear processes 

prediceted by the five state model, we measure the nonlinear 

absorption of CAP/methanol at various concentration ranging 

from a0 = 0.65 cm"
1 to o0 = 1.8 cm"

1. Equal fitting parameters 

aaS1 and ars1 have been used as shown in Fig. 5.14, so that we 

believe the nonlinearities are intramolecular. It seems 

strange for not enlarging the concentration range. However, 

it needs to be noticed that CAP is not very soluble in 

methanol. Percipitation is found at higher concentration. 

5.2.2. Power Limiting Measurnets 

Beside open aperture Z-scans, we have also used power 

limiting techniques to study the fast nonlinear absorption of 

CAP and SiNc at 0.532 jum. We again used 18 picosecond and 37 

picosecond pulses (HWl/eM) switched out of the trains, both 

focused down to 18.9 |im (HWl/e2M) . With the sample at focus 

we have performed the total transmission measurements. Simply 

modifying Eq.(5.5) to 

rcOofctt e"a°L r o*a-,Ei „ r 
E0 5 — I n [1+ aS1 * (l-e 0 ) ] (5.6) 

aaSl (l-e~a°L) *>tDTCG)2c 
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1.3* 10"3 mole/liter and 5-10"4 mole/liter. Equal fitting 

parameter aaS1 has been used. 
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with Ej being the variable, we got the equation to describe 

the nonlinear absorption. Fig. 5.15 presents the results of 

CAP with vertical axis (y-axis) showing the reciprocal 

transmittance (unitless) and the horizontal axis (x-axis) 

showing the input energy in unit of /xJ. The results are 

presented in such a way that the linear transmission is 

revealed by the intersection of the curves and the y-axis and 

the nonlinear absorption by the slope of the curve at low 

irradiance regime. This can be understood by expanding the 

In term in Eq.(5.6) into Taylor series, maintaining the first 

two terms and presenting the reciprocal of transmittance as 

°*SlEl (l-e'"'1)]'1. (5.7) 
T Eq 2 'hGJTCCOo2 

From the overlap of the two curves taken at two pulsewidths (O 

for 18 picosecond and • for 37 picosecond), we confirm that 

the nonlinear absorption is fluence dependent. Solid line 

shows theoretical fitting using aas1 = 2.3- 10"
17 cm2, the same 

as that obtained with open aperture Z-scans. 

Similarly presented in Fig. 5.16 are the data of SiNc (O 

for 18 picosecond result and • for 37 picosecond duration). 

We fit the result with aaS1 = 3.9- 10"
17 cm2 as illustrated by the 

solid line. These values are in good agreement with those 

obtained with open aperture Z-scans. 
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5.3. Direct Experimenatal Verification of 

Triplet Transition 

By power limiting measurements using picosecond pulse 

trains, we observed more nonlinear absorption than the summed 

absorption of each individual pulse in the train assuming each 

pulse following the same X(1)im
:X(1)im process observed with 

single picosecond pulses. This additional nonlinear 

absorption is proposed due to T.,-»T2 transition with aaT1 > aaS0. 

The population of T1 state met by a specific picosecond pulse 

is created by the pulses in the same train before it; 

therefore, this additional absorption is referred to as 

accumulated effect. 

Utilizing 21 picosecond pulses (HWl/eM) with energies of 

up to 0.5 mJ and focusing to a 106 nm spot size (HWl/e2M) , a 

limiting throughput of approximate 60 /iJ has been achieved in 

5 mm CAP solution with linear transmission of 58%. The data 

are shown in Fig. 5.17a. Complete flattening of the response 

has not been achieved because the maximun input energy was 

limited by the output capability of the laser system. On the 

other hand, picosecond pulse trains of 8->10 21 picosecond 

pulses separated by 7 nanoseconds were also used in limiting 

experiments. The total input energy in the train was up to 1 

mJ; however, individual pulses typically contained 0.05-^0.2 

mJ. The irradiance distribution in the train had the usual 

symmetric character with pulse energies increasing to a 
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Fig. 5.17. Picosecond pulse optical limiting data on CAP. 

(a) single pulses. (b) pulse train. The incident radiation 

was a train of 10 to 11 21 picosecond (HWl/eM) pulses 

separared by 7 nanoseconds shown schematically in the figure. 

The horizontal axis represents the total input energy of the 

train and the vertical axis shows the throughput energy. Also 

shown is the linear transmission curve and a prediction of the 

transmission based on summing the expected transmitted 

energies ofthe individual pulses. 
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maximun and then falling off. The data from these 

measurements are shown in Fig. 5.17b. Limiting throughput of 

approximately 100 juJ has been achieved under the same linear 

transmission and focusing conditions described previously for 

the single picosecond pulse studies. It must be understood 

that the energies of the individual pulses in the train are 

much lower than was the case in the single pulse experiments. 

Prediction of the transmitted irradiance based on summing the 

effects of single weak pulses (determined in the picosecond 

pulse experiments) gives a transmitted irradiance much higher 

than that observed. Consequently, it is apparent that on the 

timescale of up to 100 nanosecond, there is some accumulative 

effect occuring which increase the extinction of the pulses in 

the train beyond what would be predicted on the basis of the 

single pulse experiments. To confirm our prediction, we 

monitored the temporal behavior of the train. Shown in Fig. 

5.18 are the data accquired with a fast photodiode detector 

and 400 MHz scope (the solid line for low input energy and the 

dash line for high input energy) . Data for higher input 

energy shows a tail cliped in comparison with that measured at 

low input energy. The clip of latter pulses in the trains 

confirms that the our predicted accumulation effects. 

The same techniques have been performed on SiNc and 

similarl accumulated are observed as shown in Fig. 5.19. 
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Fig. 5.19. Total transmission measurements of SiNc using 
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5.4. Open Aperture Z-scan Measurements Using Picosecond 

Pulse Trains and Nanosecond Pulses 

For quantitative measurements of CAP'S and SiNc's 

absorption crossections of T, states and qualitative study of 

their nanosecond nonlinear refraction, we performed Z-scans 

using picosecond pulse trains and nanosecond pulses. 

The picosecond pulse trains are produced by the same 

frequency doubled mode locked Nd: YAG laser used for the single 

picosecond studies shown in chapter 2. To get whole pulse 

trains through the switchout, we turn off the high voltage 

(about 5500 volt) across KD*P and place a half wave plate 

between the polarizers to rotate the polarization of the whole 

trains by 90° to pass the second polarizer. The duration of 

each individual single picoseconds pulse is assumed equal to 

that of the middle one which is 18 picoseconds according to 

our autocorrelation measurement. Therefore, the irradiance 

distribution can be presented as 

10 -<-£-)2 [ {-35-nl) -lQ-' j2 

I(fc)-£j0e
 Tp -e Te (5-8) 

n-Q 

where the first term on the right hand side having rp (HWl/eM) 

= 18 picosecond is for the irradiance of the middle pulse in 

the train and the second term modulates the first term to give 

the irradiance of the other pulses in the train. While the 
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middle pulse (n=5) is assumed at t=0, each pulse is separated 

by 7 nanosecond from the adjacent one. According to the 

pattern on the scope we determine each train has a Gaussian 

profile with rt (HWl/eM) = 21 nanoseconds. In Eq.(5.8) we 

include 11 picosecond pulses in each train and the peak 

irradiance of the middle pulse is presented by I0. Spatially 

the pulse trains are again tightly focused down to 18.9 fm for 

our measurements. 

Fig. 5.20 shows the open aperture Z-scan of CAP and SiNc. 

The left one for CAP taken at xx juJ and the right one for SiNc 

at yy /iJ. The governing equations become 

dJ. 
dz 

' «0^ 0aSl̂ Si ( £) J 0aTl^Tl^ (5.9a) 

where 

dNsl ( t ) a01 NSJ ( t ) 

dt fcti> xsl 

(5.9b) 

and 

dNT1 NS1 ( t ) 

d t ^iec 
(5.9c) 



201 

(a) 
8 § 
& mmmm 

E 
CO c 
CO 

H 
T3 0 
N 

• am 

*cc 
E 
o 

1.025 -

1.000 

.975 

.950 

.925 

.900 

Pulse train open aperture Z-Scan. 
Sample: CAP. 

Z (mm) 

(b) 
<D 
O 
c 
§ 
mmmmm 

E 
CO c 
CO 

"O 
a> 
N 

"co 
E 

1.05 Pulse train open aperture Z-scan. 
Sample: SiNc. 

Z (mm) 

Fig . 5 .20 . Open ape r tu r e Z-scan on CAP (a) and SiNc (b) us ing 

pu l se t r a i n s . 



202 

Here rjsc equals 18 nanoseconds for CAP and 16 nanoseconds for 

SiNc as shown in sees. 4.5 and 4.6. aaS1 equals 2.3- 10"
17 cm2 

for CAP and 3.9-10"17 cm2 for SiNc according to our picosecond 

measurements. The best fit are obtained with <JaT1 = 1.25- 10*
17 

cm2 for CAP and 9.0-10"17 cm2 for SiNc. 

Fig. 5.21 shows the divided Z-scans accompained with 

divided Z-scan taken with single picosecond pulses of equal 

input energies. Interestingly, we see the inversion of the 

sign while single pulses are replaced by pulse trains. For 

CAP, we can see the competion of positive and negative 

nonlinear refraction and the negative nonlinear refraction 

seems 5th order because of the peak-valley separation is 1.2z0 

.2 For SiNc, the curve goes up straightforward and then drop 

and seems 3rd order because the peak-valley separation is about 

1.7 z0.
3 

Using nanosecond pulses, we repeated the open aperture Z-

scan and got the same aaT1 for CAP and SiNc as that obtained 

with picosecond pulse trains. To have a more systematically 

understand of the nanosecond nonlinear refraction, we 

performed closed aperture Z-scans over an input energy range, 

within which the developement of the negative nonlinear 

refraction are shown in Fig. 5.22. SiNc shows self defocusing 

effects for all the energies used; CAP shows positive 

nonlinear refraction at lower input energy and competing 

positive and negative nonlinear refraction at higher input 

energy. Again, the self defocusing effect seems 3rd order for 
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refraction come into play. On the other hand, SiNc shows 

negative nonlinear refraction for all the input energies. 



205 

SiNc and 5th order for CAP according to the peak to valley 

separation. 

5.5. Power Limiting Application 

5.5.1. Z Dependent Limiting Effects 

SiNc contained in a 1 cm cell allowing 37% linear 

transmission at 0.532 im is used for this exhibition. We 

performed Z-scan using single picosecond pulses as shown in 

Figs. 5.23. Fig. 5.23a shows Z-scans with an aperture (A) and 

without aperture (+) . Fig. 5.23b shows the result of dividing 

the two curves (with/without aperture) . The result appears to 

indicate a positive nonlinear refraction. We then perform 

power limiting experiments as shown in Fig. 5.24. Fig. 5.24 

shows output versus input with an aperture infront of the 

detector, using single pulses. Three plots are shown, one (A) 

with the sample located at the position a shown in Figs. 5.23 

where the Z-scan, with aperture, indicates maximun nonlinear 

absorption, another (+) with the sample located at the 

position b shown in Fig. 5.23b where the Z-scan, the one for 

the division, indicates maximun nonlinear refraction and the 

third (x) with the sample at a position c in Fig. 5.24 on the 

opposite of position b with respect to position a. The fact 

that SiNc limits the power better at position b than at 

position c agrees with the Z-scan result which indicates 
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positive nonlinear refraction for single picosecond pulses. 

From the measurement we learned how to find the best limiting 

position determined by closed aperture Z-scan. 

5.5.2. Hybrid Optical Limiter 

For the demand for optical limiters for all pulsewidths, 

we have developed the hybrid geometry containing CAP or SiNc 

in front of ZnSe. ZnSe, a two photon absorber, has shown good 

picosecond limiting effect over a wide spectrum. While it 

suffers from nanosecond damage, the limiting effects of CAP 

and SiNc in nanosecond regime have been considered to protect 

ZnSe from been damaged by nanosecond pulses. Plus, the fast 

nonlinear absorption in CAP and SiNc should also improve the 

nonlinearities of the tandem limiters. To study the limiting 

effect of the tandem geometry, we have designed the geometry 

as shown in Fig. 5.1. A 2.7 mm ZnSe is leaned against the 

rear surface of a 1 cm long cuvett and CAP or SiNc were filled 

with the rest space in the cell. So far we have studied the 

limiting threshold and damage threshold of ZnSe alone, as well 

as hybrid CAP/ZnSe and SiNc/ZnSe in picosecond regimes. Our 

measuring procedure is as following: 1) determine the best 

limiting point for the tandem geometry by Z-scan, 2) leave the 

sample there and then perform the on-axis transmission 

measurements, 3) Start the measurement with small energy range 

and 4) repeat it with gradually increased range. Once the 
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sampe is damaged at some energy, the repeated measurement will 

show less transmission than that has been measured before 

damage. This reduction in transmission is due to scattering 

by the damaged spot. To get reliable values, we have keep the 

incremental of the energy as small as 25% and repeat the 

measurements at more than three different sample positions. 

Table 5.1 exhibits the result. 

Table 5.1 

Limiting and Damage Thresholds Measured Using picosecond 

Pulses at 532 nanometer. 

Limiting Damage Dynamic 

threshold Threshold Range 

ZnSe 0.15 jUJ 2 nJ 13 

CAP/ZnSe 0.8 fiJ 50 /iJ 63 

(CAP alone) 1.6 fiJ 

SiNc/ZnSe 0.25 HJ >80 nJ >320 

(SiNc alone) 0.45 /uJ 

pulse duration: 21 picosecond. (HWl/eM). 

soptsize: 12.6 nm. (HWl/e2M) 
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5.6. Summary 

Our picoseconds studies show that both nonlinear 

absorption and nonlinear refraction are fluence dependent, 

i.e., they are both due to excited state transition (S^Sj) . 

Experimentally observed fast nonlinear absorption agrees with 

the theoretically predicted X(1>SX(1> process. Experimentally 

observed fast nonlinear refraction determines that excited 

state nonlinear refraction dominates Kerr nonlinear 

refraction. 

Assuming the accumulated nonlinear absorption is due to 

T^T2 transitions, we measure aaT1 for both CAP and SiNc from 

nanosecond open aperture Z-scans. Interestingly, while we 

switched from picoseconds to nanoseconds we found the 

appearance of negative nonlinear refraction. For CAP this 

negative nonlinear refraction seems 5th order and that for SiNc 

seems 3rd order. 

Moreover, we learned that high energy picosecond Z-scan 

is an effective tool for measuring the life time of S2 state. 

Limiting and damage thresholds have been measured using 

picosecond pulses. In the future the same measurements can be 

performed using nanosecond pulses. 
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The governing equations for picosecond ESA and ESR at low 

irradiance have been given in Eqs.(1.50) and (1.51). Integral 

of Eq.(1.50) over the pulse duration shows the fluence 

dependence of ESA, as expressed by Eq.(1.52). Eq.(1.53), 

expressing Eq. (1.51) at t = «, indicates that ESR is also 

fluence dependent. 

In this Appendix, we will first show the detailed 

integral of Eq.(1.50) over the pulse duration and derive Eq. 

(1.53) from Eq. (1.51) . And then we will further integrate the 

nonlinear absorption equation over the pulse crossection and 

the sample thickness (z1 = 0 to L) to get the throughput 

energy represented by the input energy analytically. 

Letting aQ = Ns0* craS0 and ignoring the contribution of Ns0 

• arS0 to the linear refraction, the governing equations can be 

written as 

" 0CQT (A. la) 
dz' 

and 

(A. lb) 
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where 

dNsl(t) _a0I (A.lc) 
dt >1(1) 

First, let's work on the integral of Eg.(A.la). Combining 

Egs.(A.la) and (A.lc) we obtain 

dIU'Z''t) -a0Ur,z',t) 
dz' 

t (A.2) 
-oaS1I(r, z', t) fl(r, z', t') dt' 

where z' denote the depth inside the sample. Integral of 

Eg.(A.2) over time t gives 

dz' 
JI(r, z', t) dt—cc0f I(r, z', t) dt 

tt0 °aSl 

>10) 

+ OO t (A.3) 

J j I ( r , z', t) I(r, z', t') dt'dt. 

Defining 

dQ(r, z', t) - J(r, z', t) dt, (A. 4) 



216 

then by integrating both sides, we obtain 

(A. 5) 

At t = -oo, we have Q(r,z',t) = 0 and at t = +«o we denote 

Q(r,z',t) by F(r,z'). Substituting Eq. (A.5) into Eq. (A.3) we 

get 

z')~a0F(r, z') /I(r, z', t) Q(r, z<, t) dt 
-oo 

Q-F(r.z') 

-a 0F{l,z')-^p^ f QdQ (A. 6) 
n(i) J 

o o 

-~«0F(r,z')-
 a°°*sl F2(r,z/) . 
ZnO) 

•too 

Secondly, by substituting Eq.(A.lc) into Eq.(A.lb) we 

obtain 

dA<b(fc-«>) aQ °f , . 

(A.7) 

z ' ' 



In order to solve F(r,z') in Eq.(A.6), we assume 

By substituting it into Eq.(A.6) we get 

Dividing both sides by A2(r,z')/dz', we have 

from which we can solve out 

A(r, z1) 
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&{r, z') -A(r, z') e~a°z'. (A. 8) 

z aoaasi A2 tr z/\ e-*0z' (A . 
dz' 2fc<o A u ' z ) e • (A*9> 

ft,(r,Z2 — : ( A . 10) A2(r,z') 2*ia> ' 

C(r) - q*sl e"a°z/ (A-11) 
2̂ (0 

Substituting Eq.(A.11) back into Eq.(A.8), we obtain 

F{r,z') 
, , o=c, _ „/ ' (A. 12) 

C(r)-—^le~a°z 
2>i0) 
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Still there is a r dependent unknown C(r) to be determined by 

the boundary condition. Assuming the sample is L thick, from 

0-*L, at front surface we have 

F(r,0) 

C(r) -®aSl ^ ) 
2:ho> 

from which we can solve out C(r) as 

C ( r ) - — - + ̂ i . (A.14) 
F(r, 0) 

F(r,0) in Eqs.(A.13) and (A.14) is determined by the 

experiment. With this, we can express the fluence at the exit 

surface in terms of the fluence at the input surface as 

FU.L) FU,0)s-^ 
O c, M r (A. 15) 

1+F(r, 0) — ( 1 - e °L) 
2fcco 

Integral of Eq.(A.15) over the crossection of the pulse will 

give the the relation between the output energy and the input 

energy. Multiplying each side by 27rr and integrate them by 

dr over r=0 to r=°o we obtain 
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Eout~ f F{r,L)2nxdr 
r-0 

{T1)2 -a.L (A-16) 

/ -121 f 2ti r dr. 
r-0 1 + l^Sl p

 ( r,> (1_e-««i) 
2 n(i> 

Here we have assumed Gaussian spatial profile, and used F(r,0) 

= F0-exp[-(r/rz)
2] where rz = 1/J2a[0- (1+(z/z0)2)1/z] represents 

the beam radius (HWl/eM) at z position. Denoting 

(aaS1/(2
:hw) )F0(l-e"

a0L) by D, Eq. (A.17) can be rewritten as 

<-i)2 

Eovt-2^e-'
Lf F"e ' rdr. (A. 17) 

J f } r-0 , n lr ] 1+De 

Letting (r/rz)
2 = x thus dx = (2r/rz

2) dr Eq. (A.17) can be 

simplified as 

E t-%F0r
 2e~*°L f—^—dx. (A. 18) out 0 z J_0 1+De~

x 

Further assuming b = 1 + De'x and db = -De"x dx we rewrite 

Eq.(A.18) as 
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p- *ForzZe~a°L ) db 
OUT -D J b 

Jb-l+P 
%Forz2e ° [ln(l+D) -ln(l) ] (A. 19) 

2*r/h« e - ^ .in[i, gi(i-e-^)]. 
°asi (l-e"a°'L) 2nr/W 

where Ef = F0* ?rrz
2 represents the input energy. 

Eq.(A.6) shows the integral of Eg.(1.50) over the pulse 

duration and Eq. (A.7) shows Eq. (A. lb) at t = oo. They indicate 

that ESA and ESR are fluence dependent. Eq.(A.19) shows the 

output energy versus input energy for ESA. 
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B. 1. Introduct ion 

This Appendix is devoted to the discussion of the 

computer program written to fit the CAP'S and SiNc's 

picosecond closed aperture Z-scan results at low irradiance. 

We will explain how the program is made to execute the 

governing mathematical eguations and then describe how the 

program is tested. 

To analyze the closed aperture Z-scan results we need to 

deal with the nonlinear interaction of the light with the 

materials followed by the propagation of the transmitted light 

in free space between the sample and the aperture of the 

detector. As has been mentioned in chapter 3, our samples 

have all been made to fit the thin sample approximation 

condition, therefore SVEA is employed in my analysis to deal 

with the nonliner interaction. Since the nonlinear 

interaction between the light and the sample distorts the 

field, the beam at the output surface is not a Gaussian 

destribution any more; hence, Gaussian propagation formula can 

not be simply used to calculate the propagation of light in 

free space. Instead, Gaussian decomposition and the Huygen's 

principle are suggested. Gaussian decomposition method simply 

expands the field at the output surface into a complete set of 

Gaussian components in which each basis respectively 

propagates in the free space following the analytical Gaussian 
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propagation formula, and then be reconstructed at the aperture 

plane. While the distortion is not strong, the complete field 

can be represented by the first few terms of the expansion 

without losing significant accuracy; therefore, this method is 

simple and quick. Using this approach, Sheik Bahee et al. 

have succesfully analyzed Z-scan results of a series of 

samples as listed in reference [2] of Chapter 3. However, for 

strong distortion, the decomposition and reconstruction 

process become difficult because more and more terms are 

needed to express the distorted fields. On the other hand, 

the Huygens1 method is more timecomsuming but straightforward 

for all conditions. This method demands computer programming 

to deal with the integral for propagation between the sample's 

rear surface and the observation plane. 

Since the nonlinear absorption in CAP and SiNc strongly 

distorts the Gaussian fields (disscussed in Chapter 4) , we 

have written a computer program in "Turbo-Pascal" using 

Huygen's integral to deal with the free space propagation of 

the distorted beam. This program consists two modules, one 

for nonlinear interactions within the sample and the other for 

free space propagation after the sample. Before we put them 

together for our theoretical fitting, we have tested their 

individual function using some special processes which can be 

solved by recognized mathemtical methods. 
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B.2. Nonlinear Interaction Inside the Material 

B. 2.1. Programming 

In thin sample approximation, the irradiance change and 

phase distortion inside the sample can be decoupled into two 

equations as shown by Eqs.(A.la) and Eq.(A.lb) with Eq.(A.lc) 

for CAP and SiNc. In order to obtain the field at the rear 

surface of the sample, we need to integrate Eqs.(A.la) and 

(A. lb) over the sample thickness (z* = 0 to L) for our input 

specified by Eq.(1.14). We first slice the pulse along the r 

direction into Nr pieces and along t into Nt pieces. Each 

segment defines a (r,t) point, and is a discrete address to 

store the input irradiance and phase. To calculate the 

irradiance change and phase distortion occuring inside the 

sample, we further slice sample thickness into thin layers. 

Within each sample slice, AL, a multiplication is performed at 

each r and t (i.e., one address defined by a pair of r and t) 

of the pulse and give the change of the irradiance and phase 

of that segment. Addition of the change to the original gives 

the input of the next AL. To go through the sample thickness, 

we need Nr* Nt* Ns multiplications for both irradiance and phase. 

After going through the sample, we have Nr* Nt segments to store 

the irradiance and phase for further manipulation such as 

Huygen's propagation or total energy calculation. 
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B.2.2. Testing 

If we simply add up the irradiance over the Nr* Nt segments 

and multiply the summation by time interval At, spatial 

interval Ar and 2n, we get the transmitted energy. As has 

been derived in Appendix A, integral of the Eq.(A.la) over 

sample thickness, spatial direction and temporal direction of 

the pulse gives an analytical solution for the throughput 

energy. Comparison of the analytical solution with the 

numerical solution we should get the same result if the 

program is written correctly. Fig. B.l shows the comparison 

of the two approaches with equal a0, aaS1 and identical input 

pulse. We see close results yielded; therefore we know the 

program works correctly. 

B.3. Free Space Propagation 

Based on Huygens1 principle, the electric field at the 

observation plane can be related to the field at the input 

plane as Eq. (3.55). 

B. 3.1. Programming 

To propagate the electric field stored in N tN p discrete 

addresses from the sample's rear surface to the observatory 

plane, we need to convert the integral in Eq. (3.55) into 
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Fig. B.l Simulated open aperture Z-scan results for low 

irradiance ESA. The (O) curve is generated by numerical 

approach and the solid line represents the analytical solution 

expressed by Eq.(A.19). This comparison is used to justify 

the program of nonlinear interaction. 
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summation. At a specific point on the observatory plane, the 

summation of the propagation effects contributed by each point 

on the input plane give the electric field. A series of 

Hyngen's summation process will give the radial irradiance 

distribution on the observatiory plane. This radial 

irradiance distribution can be used for various application. 

Adding up the irradiance on the observatory plane over r' = 0 

to r' = rg area and then multiplies the result by time 

interval, we get the energy through S aperture where S = 1-

exp (~2r2a/w
2
a). 

B.3.2. Testing 

To test the free space propagation program we utilize the 

Gaussian propagation of a TEM^ field. Gaussian propagation 

theory analytically represents the radial field strength 

distribution of a TEM^ profile in terms of the beam radius at 

focus,u0, and the propagation distance z. Given a beam waist 

w0 at z = 0, the field ( thus the radial distribution of 

irradiance) at point a, b, c shown in Fig. B.2 can all be 

obtained using Gaussian propagation theory. If our program is 

written correctly, the radial distribution of the field 

obtained at b and c points from Gaussian propagation theory 

can be both input to the program and give the same radial 

irradiance distribution at point a as that obtained directly 

from Gaussian propagation. 
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Fig. B.2 Z dependence of the beam radius for a TEMQQ mode 

pulse with w0 = 28.28 jtxm. Point a is 20 cm after the focus, b 

is 2 cm after the focus, and c is 2 cm before the focus. 
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In our test process o0 = 28.28 /xm (this number is the 

beam radius (HWl/e2M) at the focus we used for Z-scans on 

those test samples mentioned in chapter 3), point a is 20 cm 

after the focus, point b is 2 cm after the focus and point c 

is 2 cm before the focus. In Fig. B.3 the solid line shows 

the radial irradiance distribution yielded by analytical 

Gaussian approach; (O) shows the radial irradiance 

distributions produced by our computer program with sample at 

b, (•) at c and (A) at focus. Since all the four curves agree 

well we are quite confident of our computer program. 

combining the two programs tested above we make a full 

program, as shown in sec. B.4, to analyze our closed aperture 

ps Z-scans. 

B.4. Program 

The following programing is written to analyze the low 

irradiance closed aperture Z-scan. 

var 

dl,dPhi,dCn,alpha,sigma,nO,sigmar,dt,c,h,omega,lamda,wO,rO,t 

au, to,radiusO,length,rr,rf,z,E,I0,t,r,rz,Rrz,zO,dl,1,ei, 

zmin,zmax,dz,efft,lp,lpp,ro,rom,rim,rrl,efc,efs,eff,effl,sub 

,subl,rd,n2:real; 

pfnl,chsl,pfn2:string[16]; 

nt,nr,ns,j 11,j r1,j t2,j r2,j 13,j r3,j c,k3,k4,nt1:integer; 
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Fig. B. 3 The calculated spatial profiles of the TEM^, mode 

pulse at point a defined in Fig. B.2. The (O) , (•) and (A) 

curves result from Huygens integral from point b, point c and 

the focus. The solid line is the theoretical curve. 
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lfnl,lfn2:text; 

Cn,jj:array[1..105] of real; 

I,Phi:array[l..33,1..105]of real; 

rn,V,VI,subn,subln,ei2:real; 

Function JO(value:real):real; 

label 2000,4000; 

var i,k:integer; 

x,y,z,kfac,Suml,Sum2,dS,A1:real; 

Begin 

IF (value > 15.0) then 

begin 

JO:=SQRT(2.0/Pi/value)*COS(value-Pi/4.0)*2.0*Pi; 

goto 4000; 

end; 

If (value = 0.0) then 

begin 

JO:=1.0*2.0*Pi; 

goto 4000; 

end; 

Sum2:=1.0; 

kfac:=l.0; 

z:=1.0; 
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For k:=l to 100 do 

begin 

Suml:=Sura2; 

kfac:=kfac*k; 

y:=SQR(value/2.0); 

y:=Exp(k*LN(y)); 

z:=z*(-1.0); 

Sum2:=Sum2+z*y/SQR(kfac); 

y:=ABS(Suml-Sum2); 

If (y < 1.0E-6) then goto 2000; 

end; 

2000: 

J0:=Sum2*2.0*Pi; 

4000: 

end; 

{********************** inside the medium *******************} 

{programing beginning} 

Begin 

ClrScr; 

lamda:=0.532e-4; {wave length} 

w0:=26.4e-4; { spotsize (HWl/e2M) at focus} 

tau:=16.26e-12; { pulse duration (HWl/eM)} 

r0:=w0/sqrt(2); 
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t0:=40e-12; { pulse width used in the program} 

radiusO:=80e-4;{spot radius at focus used in the program} 

length:=0.24; {sample thickness} 

rf:=0.0362; {front surface reflection} 

rr:=0.0362; {rear surface reflection} 

nt:=30; 

nr:=100; 

ns:=10; 

alpha:=0; 

sigma:=0; 

n0:=l.47; 

n2:=2.88e-16; 

sigmar:=0; {refractive crossection} 

E:=28e-6; 

zmin:=-2.8; 

zmax:=2.8; 

lp:=20; {distance between the focus and the aperture plane} 

ro:=0.0605; {aperture radius} 

rom:=0.00605; 

c:=3el0; 

dl:=length/ns; 

omega:=c*2 *pi/lamda; 

h:=6.63e-34; 

dz:=(zmax-zmin)/50; 

z:=zmin-dz; 

pfn2: =1 sum.dat•; 
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assign(Ifn2,pfn2); 

rewrite(Ifn2); 

while z<zmax do 

begin 

z:=z+dz; 

zO:=pi*sqr(wO)/lamda; 

rz:=sqrt(sqr(wO)*(1+sqr(z/zO)))/sqrt(2); 

IO:=(l-rf)*E/(sqrt(pi*pi*pi)*tau*sqr(rz)); 

Rrz:=z+sqr(z0)/(z+le-35) ; 

t:=-l*t0-2*t0/nt; 

for jtl:=l to (nt+1) do {While t<tO do) 

begin {Generate text files containing strength at different 

temporal positions} 

t:=t+2*t0/nt; 

r:=-(radiusO/nr*rz/rO); 

for jrl:=l to (nr+1) do {while rcradius do} 

begin {Store the strength at each r into the file of same 

temporal sec} 

r:=r+radiusO/nr*rz/rO;{changing radius and input the 

intensity} 

I[jtl,jrl]:=IO*exp(-sqr(t/tau))*exp(-sqr(r/rz)); 

Phi[jtl,jrl]:= -(2*pi/lamda)*sqr(r)/(2*Rrz);; 

end; {through the radius} 

end; {through the whole temporal sections} 

{***************** check the no of input 
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segments*****************} 

{* writeln('Total no of temporal sections:=',jtl); 

writeln('Total no of spatial sections:=',jrl); *} 
{*********************************************************** 

******} 

l:=0-dl;{Calculate the intensity change of each temp 

section on each sample sec} 

While 1<(length-1.l*dl) do 

begin {At each section of the sample) 

1:=l+dl; 

for jc:=l to nr+1 do 

begin {no of free carriers =0 along r} 

Cn[jc]:=0; 

end; {no of carriers generated =0} 

for jt2:=l to nt+1 do 

begin 

for jr2:=l to nr+l do 

begin 

dl: = (-alpha*I[j t2,j r2]-sigma*Cn[ j r2 ] *1 [ j t2, j r2 ])*dl; 

dPhi:=-2 *pi/lamda*(n2 *1[j t2,j r2]+sigmar*Cn[j r2])*dl; 

dt:=2*t0/nt; 

dCn:=alpha*I[jt2,jr2]*dt/(h*omega/(2*pi));{no decay is 

considered yet} 

1[j t2,j r2]:=1[j t2,j r2]+dl; 

Phi[jt2,jr2]:=Phi[jt2,jr2]+dPhi; 

Cn[j r2]:=Cn[j r2]+dCn; 
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end; 

end; 

end; 

I * * * * * * * * * * * * * * * * * * * F r e e S p a c e 

Propagation* *******************} 

lpp:=lp-z; 

rim:=radiusO/nr*rz/r0; 

efft:=0; 

rr1:=-rom; 

rd:=ro-l.l*rom; 

while rrl<rd do begin output 

radius*******} 

rrl:=rrl+rom; 

t:=-t0-2*t0/nt; 

effl:=0; 

r:=-radiusO/nr*rz/rO; 

for k3:=l to nr+1 do begin 

r:=r+radiusO/nr*rz/rO; 

jj[k3]:=J0(2*pi*r*rrl/lamda/lpp); 

jj[k3+l]:=J0(2*pi*(r+radiusO/nr*rz/rO)*rrl/lamda/lpp); 

end; 

for k41 =1 to nt+1 do Begin {*********for temp 

section************} 

efc:=0; 

efs:=0; 
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t:=t+2*t0/nt; 

r:=-radiusO/nr*rz/rO; 

for k3:=l to nr do Begin {**********for spatial 

section********} 

r:=r+radiusO/nr*rz/rO; 

rn:=r+radiusO/nr*rz/rO; 

ei:=sqrt(I[k4,k3]); 

ei2:=sqrt(I[k4,k3+l]); 

sub:=cos(-(Phi[k4,k3]-pi*sqr(r)/lamda/lpp))*j j[k3]; 

subn:=cos(-(Phi[k4,k3+l]-pi*sqr(rn)/lamda/lpp))*jj[k3+l]; 

subl:=sin(-(Phi[k4,k3]-pi*sqr(r)/lamda/lpp))*jj[k3]; 

subln:=sin(-(Phi[k4,k3+l]-pi*sqr(rn)/lamda/lpp))*jj[k3+l]; 

V:=sqr(rn)*ei2*subn-sqr(r)*ei*sub+l/3*(sqr(rn)+sqr(r)+r*rn)* 

(ei*sub-ei2*subn); 

VI:=sqr(rn)*ei2 *subln-sqr(r)*ei*subl+l/3 *(sqr(rn)+sqr(r)+r*r 

n)*(ei*subl-ei2*subln); 

V:=V/2; 

Vl:=Vl/2; 

efc:=l/lamda/lpp*V+efc; 

efs:=l/lamda/lpp*Vl+efs; 

end; {***************** ^ over*******************} 

eff:=sqr(efc)+sqr(efs); 

effl:=effl+eff; 

end; {***************** t over*******************} 

efft:=efft+effl*2*pi*abs(rrl+O.5*rom)*rom*2*t0/nt; 

end; {****************** rrl over ***************} 
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writeln(lfn2,z,efft); 

writeln(z,efft) ; 

end; 

close(lfn2); 

end. 
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