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Abstract

SUBPICOSECOND TIME RESOLVED ABSORPTION 

AND TRANSIENT GRATINGS IN GaAs

by

Alvin Katz 

Advisor: Professor Robert R. Alfano

Carrier-carrier and intervalley scattering has been studied in 

submicron thick GaAs under intense photoexcitation by time resolved 

absorption and four wave mixing techniques using a femtosecond laser 

and amplifier system which was constructed as part of this thesis.

The laser oscillator is a colliding pulse ring cavity passively 

modelocked (cpm) Rhodamine 6G dye laser. The saturable absorber is 

DODCI (3,3’- diethyloxodicarbocyanine iodide). The oscillator 

produces pulses of 100 femtosecond duration and pulse energies of 50 

picojoules at 620 nm and 115 megahertz repetition rate. The oscillator 

is pumped by a cw argon ion laser operating at a single line (514.5 

nm). The amplifier system is a four stage amplifier pumped by a 

frequency doubled Q-switch Nd Yag laser. The electronics were 

constructed so as to allow the dye laser to trigger the pockel’s cell 

of the Nd:Yag laser. The amplifier has a gain of 5 x 108; with an 

output pulse energy of 500 microjoules and a pulse width of 450 fs at 

a 20 hertz repetition rate.

Pump and probe absorption techniques were used to measure the



time evolution of the photoexcited carrier distribution function in 

GaAs. These measurements show that the electrons and holes do not 

achieve a Fermi-Dirac distribution until 800 femtoseconds after 

excitation.

Time resolved four wave mixing techniques were used to study 

intervalley scattering in GaAs. Both the dispersive (real part of n) 

and absorption saturation (imaginary part of n) of the free carrier 

contributions to the dielectric function is included to correctly 

explain the data. For energies high above the band gap, the interband 

(bleaching) contribution is strongly dependent on the distribution of 

electrons among the different valleys (T, L or X) of the conduction 

band and is opposite in sign from the intraband (dispersive) term. By 

using a three pulse transient grating experiment under the conditions 

of high pump intensity and probe energy (2.0 eV) much greater than the 

band gap (1.424 eV at room temperature), the effective time for 

intervalley scattering of electrons from the L-valleys back to the 

T-valley is directly measured. From the grating decay time of ~ 9 

picoseconds, a L T time of 3 ps is estimated which is in good 

agreement with other recent work using time resolved 

photoluminescence.
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Chapter 1 Introduction

1.1. Background

There has been a long history of theoretical and experimental

studies on carrier dynamics in GaAs, both for its technological value

and for a greater understanding of the physics of polar 
1-3semiconductors. There has been extensive studies of the

electron-LO-phonon interaction. Much experimental work has been done

on measurements of carrier cooling rates from either 
4-6 7-9photoluminescence or absorption spectroscopy. When this thesis 

work was begun, there were few optical measurements of the intervalley 

or e-e, e-h, h-e and h-h scattering rates on this time scale. Most of 

the measurements of electron transport gave results that varied over
—14 —12two orders of magnitude (from 10 to 10 seconds) and were at low 

carrier density where polar optical phonon emission dominates rather 

than carrier-carrier interactions.

The intervalley scattering rates have only recently been
10 11measured by optical methods. Taylor et al ’ using an equal pulse 

correlation method and a 90 fs pulse, measured the T -> L intervalley
12 13time to be 40 fs in GaAs. Lin et al ’ using pump and probe 

absorption have measured the electron-electron scattering time in GaAs
14and found it to be on the order of 35 fs. Shah et al using 

up-conversion, time-resolved the photoluminescence in GaAs. By

comparing the photoluminescence rise time to similar semiconductors

1
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(without intervalley scattering at the excitation frequency), they 

determined the effective L -» T intervalley return time to be 9 ps.
15Deveaud et al then used Ensemble Monte Carlo calculations to 

determine that the L -> r scattering time is 2.7 ps with an electron 

making an average of 3 T L scatters before relaxing to the bottom of 

the band.

16Oudar et al using pump and probe absorption, determined the 

momentum relaxation time for electrons in GaAs to be 190 fs. They 

excited the GaAs less then one LO-phonon energy above the band edge 

and measured the rotation of the polarization of the transmitted probe 

as a function of delay time. By this technique they were able to 

measure the momentum relaxation time by electron-electron scattering 

without intervalley scattering or LO-phonon emission.

2
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Scattering process Time

Electron - electron12’13 
scattering time 35 fs

Unscreen LO-phonon 
emission time (holes) 
(electrons)

130 fs 
110 fs

1 6Momentum relaxation time 140 - 
190 fs

T -> X intervalley 
scattering time 55 fs

T -» L intervalley10’11 
scattering time 80 fs

1 4L -> T intervalley 
scattering time 3 ps

X -> T intervalley24 
scattering time 0.5 ps

Electron-hole recombination 
time (low density)

19 — 3(high density ~ 10 cm
10 sec
..-10 10 sec

Table 1.2.1. Summary of excited carrier 
scattering times in GaAs.

3
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1.2. Thesis objectives

There are three objectives of this thesis work. The first is 

to study the time evolution of the carrier distribution function. The 

second is to study the effective L T scattering times by time 

resolved four-wave mixing. The third objective is to measure the 

electron momentum relaxation time.

In chapter 2 of this thesis, I will review some of the band 

structure and carrier statistics of GaAs at high carrier density 

including band non-parabolicity. Conduction band non-parabolicity 

must be included in any attempted to calculate a quasi-Fermi level 

from the carrier density and temperature at the densities involved in 

the thesis work.

At the time this work was begun, femtosecond laser systems were 

not readily available. It was necessary to construct most of the 

laser and amplifier system used for this thesis work. The modelocked 

laser was a colliding pulse passively modelocked ring cavity dye laser 

with Rhodamine 6G as the lasing dye and DODCI as the modelocking dye. 

The amplifier is a four stage system pumped by a Q-switch Nd:YAG 

laser. This system was modelled on a design developed by Fork et
17al. Chapter 3 will contain a discussion of passively modelocked dye 

lasers, and a description of the laser system with a discussion of 

those parameters important to the operation of this laser system.

4
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As part of this thesis, I measured the time evolution of the

carrier distribution function within the first picosecond of optical

excitation. It was necessary to construct the entire optical

experimental setup for this experiment as part of this thesis. These

are the first measurements to directly measure the carrier

distribution function with sub-picosecond resolution. Recently,
18-22theorists, using Ensemble Monte Carlo calculations have been able 

to calculate the time evolution of the distribution function. Their 

results show that it does not evolve into a thermalized (Fermi-Dirac 

or Maxwellian) distribution until 2 ps after excitation. In chapter 4, 

I will describe the experimental apparatus constructed for the pump 

and probe absorption experiment and present the results of the 

absorption measurements which show a non-thermalized distribution in 

the first 800 fs after excitation.

The transient grating technique for doing time resolved 

four-wave mixing is discussed in chapter 5. In this chapter, I 

calculate the interband and intraband contributions to 5c for freel
carriers in GaAs and show how depends on the distribution of

electrons between the T and L valleys of the conduction band. 

Although, I was not able to time resolve the T -» L intervalley 

scattering time, I was able to measure the L -» T return time. In 

chapter 5, the transient grating data will be discussed. From these 

measurements, I have determined the effective L -» T scattering in GaAs 

to be 9 ps. As part of this thesis, it was also necessary to

5
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construct the entire experimental apparatus.

The last part of this thesis will discuss the results of the 

orientation grating measurements of the momentum relaxation time in 

GaAs. Although the temporal resolution of the laser system was not

short enough to accurately measure this time, estimates of the 

momentum relaxation time have been made from the data taken in the 20 

and -0 directions from a two pulse grating experiment. From these 

results, the momentum relaxation time in GaAs is measured to be 150 

fs.

6
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Chapter 2. Review of electron and hole statistics 

and band non-parabolicity in highly excited GaAs

2.1 Review of GaAs lattice

The following material lays the background for my research.

The GaAs lattice has cubic sphalerite structure. The unit cell is

face centered cubic with a basis of one Gallium atom at (0,0,0) and
1 1 1one Arsenic atom at (/4,/4,/4). The length of a side of the unit cell 

is 5.65325 A and the nearest neighbor distance is 2.44793 A at 300 K.2 
The reciprocal lattice is body centered cubic and thus has inversion 

symmetry. The distance from the center to the edge of the first 

Brilluoin zone in the (1,0,0) direction is 1.111 x 108 cm 1 and in the 

(1,1,1) direction is 0.962 x 108 cm-1. The band structure2 of GaAs is 

shown in figure 2.1.1.
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2.2 Conduction band

The lowest conduction band and the three highest valence bands

are the most significant ones in most optical experiments involving

photoexcitation in the visible and near infrared wavelength region.

The conduction band has a minimum at the zone center (T point), four

secondary minima at the zone edge in the (1,1,1) direction (L point)6
and three secondary minima in the (1,0,0) direction (X point). Since6
the valence band maximum is also at the zone center, GaAs is a direct

gap semiconductor. The temperature dependent band gap can be 
3 4described by ’

„ _ , 5.406 x 10"4 T2
g ~ 1-519 ~ (T + 204)----  eV‘ (2.2.1)

At room temperature the band gap is 1.424 eV. The two lowest

temperature dependent indirect band gaps, from the uppermost valence

band to the L and X conduction band minima were determined by Aspnes 6 6
2 5—8from UV electroreflectance measurements to be modeled by ’

El = 1.815 - =V ‘2 2 '2>

E x -  1 -9 8 1  -  4 i l V 2 0 4 ) 4 1 2  e V ' ( 2 - 2  3 )

and the energy difference is

a -  IT tr -  n o n e  6 . 4 5  X  10 S T2 ,, Co O /1 •>
A fL ~  El -  E f  =  ° ' 2 9 6  ~ (T + 2 0 4 )----- e V  ( 2 ‘2 -4)

A = E - E = 0 462 - x 10 T „ (2 2 5)fx x 4b^ (T + 204) V- 12.2.5J
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At room temperature, the L minima are 0.285 eV and the X minima, 0.476

eV above the r minimum. The direct gaps to the L and X points are6 6
both in the ultraviolet (3.1 eV and ~ 5 eV) and will not be observed 

at the probe energies involved in the experimental part of this thesis 

work.

The room temperature effective mass at the T point is given by

m = 0.063 m . (2.2.6)e o

See references 2 and 9 for a review of measurements of the conduction 

band-edge effective mass. The T-valley deviates significantly from 

being parabolic for k not equal to zero. At the high carrier 

densities and temperatures in this work, conduction band

non-parabolicity must be considered in any effort to fit an electron 

density from a measured quasi-fermi level and carrier temperature.

The relationship between carrier density, quasi-Fermi level and 

carrier temperature is

N = 2 d3k 
(2ir Y

1
(1 + exp E " ^1K T JL B J

(2.2.7)

where is the carrier density, E is the energy of electrons at state

k, p is the electron quasi-Fermi level and T is the carrier
h2k2Temperature. For a parabolic band, (E - E ) = and by changing

9 e
the variable of integration from momentum to energy in Eq. 2.2.7, the 

relationship between electron density, temperature and Fermi level is
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N = —  
6 27T2

r „ * 12me 2 *°° (E -
. 2 (1 +h J J

1,/2 dE
:i + expf E - n ]

[~rTi
(2.2.8)

fi - E_  e gA change in variables to £ = and defining tj = , givesIv 1 K 1

N = 1 f2m*K Tle B 2 co 1
C/2 d? _ 2

r *m K T 1 e B
2n2 . ^ % 1 + exp(^-r))

0 . 2nflZ
(2.2.9)

where 3T (tj) is the Fermi Integral of order X/2 . /2

Blakemore has included non-parabolicity by expanding E(k) to 

terms in k4 in a k*p perturbation model,10,11 and gets a band 

non-parabolicity factor given by

a = - (0.824 + 2.0 x 10 T) (2 .2 .1 0)

In this case, the energy - momentum relation is

.2 2
E = E ♦ 5 4  *

9 2m ‘~'g t 2me e

(2 .2 .11)

The relationship between carrier density, temperature and quasi-Fermi 

level then becomes

N =e

m*K Te B

2nh
f r 15aK T, -v} (2.2.12)
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3where !?3 (tj) is the Fermi function of order - /2 2

2 3can be approximated reasonable well by

9i (rj) = . 7} < 1 (2.2.13a)/2 1 + exp(r))
and

exp(r))

4 /-  ̂3 / 4

[V2 + 1.7J^/2(7,) = 3iAT I77 + 1,7I V > 1 • (2.2.13b)

3An approximation for the Fermi function of order /2 can be derived 

from the relationship

d { ? 3  ( D ) }

^ 2  (,1) " Tfij—  ' (2214)

Using Eqs. 2.2. 13a, b and 2.2.14, ^3^(7)) can be approximated by

^3 (t)) = 3.70 In (1. +0. 27exp(T})) n < 1 (2.2.15a)

and
s

^  ( t| )  = 0. 30 ( tj /2 + 6. 18 T t) ) 7} > 1 . (2. 2. 15b)

The quasi-Fermi levels for a parabolic and non-parabolic 

conduction band are calculated as a function of electron temperature 

at a density of 1.2 x 1019 cm 3 and are shown in figure 2.2.1. The 

quasi-Fermi levels as a function of electron density at carrier 

temperatures of 600 K and 1400 K are calculated and shown in figures 

2.2.2a and 2.2.2b. These calculations only consider the T-valley 

population. In a non-parabolic band, as the electron density 

increases, the increase in p is much less than for a parabolic band.e
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The position of the Fermi level is important in interpreting the near 

band edge transient grating data in chapter 5.

The effective mass for the four L-valleys can be described by
6transverse and longitudinal components

and

m * 1.9 m (2.2.16)1 O

m ~ 0.075 m , (2.2.17)t o

respectively. The density of states effective mass for the four 

L-valleys is

m = (16 m m2 )1/3 ~ 0.56 m . (2.2.18)L i t  o

The factor of 16 is to account for the 4 L-valleys. The density of 

states at the L-valley minima is about 26 times greater then the 

density of states of the T-valley minimum.

Similarly for the three X valleys, the longitudinal and
5  13transverse components of the effective mass are ’

m = 1.9m (2.2.19)1 o
and

m = 0.19 m . (2.2.20)t O

The density of states effective mass for the three X-valleys is
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1/32m = (9 m m ) x i t 0. 85 mO ( 2 . 2 . 2 1 )

The density of states at the X-valley minima is about 50 times greater 

than the T-valley minimum. The factor of 9 is to account for the 3 

X-valleys.

Non-parabolicity in X and L-valleys can be neglected in this 

work because of the large density of states and the higher energy of 

these valleys.

The total electron population is the sum of the population in 

the f, X and L valleys:

When the r, X and L-valleys are in thermal equilibrium with each other 

(which occurs a couple of picoseconds after excitation), the electrons 

reach a common temperature and quasi-Fermi level. In this case, the 

total electron population in the conduction band is given by

N Nj, + Nl + N. (2.2.22)x

N
r j-. *\ r 15aK T -v r

f e )  - ( -vr- ]e 2irh2

(2.2.23)

where m„, m and m are the density of states effective masses in the T l x  j
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T, L and X valleys, Ep, El and E^ are the energies at the bottom of T, 

L and X valleys, respectively, p is the quasi-Fermi level and T ise

the carrier temperature. The fraction of electrons in the T, L and X 

valleys, as function of carrier temperature is shown in figure 2.2.3 

for a total density of 1.2 x 1019 cm-3.
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22

2.3 Review of valence bands statistics

Holes from the three uppermost valence bands can make 

transitions to the conduction band under the range of photon 

excitation and/or probe energies used in this thesis work and

therefore the heavy-hole, light-hole and splitoff bands must be 

considered in the interpretation of the data. The heavy-hole and

light-hole valence bands have a degenerate maximum at k = 0. The

splitoff band has a maximum at k = 0, and is 0.341 eV below the

heavy-hole and light-hole bands.

The heavy-hole band can be considered parabolic with a room
14temperature effective mass given by

m* = 0.5 m . (2.3.1)h o

The light-hole and splitoff bands both deviate considerably

from being parabolic and are strongly anisotropic (the effective mass
2is a function of direction in k-space). The room temperature

2  14band-edge effective mass for the light-hole band is given by ’

m = 0.076 m . (2.3.2)1 O

2The dimensionless non-parabolicity parameter is given by

(3 = -(3.87 -.001 T) . (2.3.3)

For measurements taken at band edge, the effect of the light-hole band



is small and can be included by a small correction to the heavy-hole 

effective mass and neglecting its non-parabolicity. As soon as one 

moves a few tens of millivolts below the band-edge, the light-hole 

band is generally parallel to the heavy-hole band and displaced about 

80 to 100 meV below the heavy-hole band.

The band-edge effective mass of the splitoff band at room 

temperature is given by1S

m =0.145 m (2.3.4)SO o

2and the non-parabolicity factor is

y = +10.8 . (2.3.5)

Note that y is positive, the density of states decreases as one moves 

away from k = 0. The splitoff band has a small effect on the hole 

statistics but transitions from the splitoff to the conduction band 

are clearly evident in the pump and probe absorption measurements of 

chapter 4.

The relationship between hole density, temperature and

quasi-Fermi level is derived in a similar way as the conduction band. 
Ev-Mh

With C = —  for the heavy-hole band, this relationship is given by
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For the heavy-hole and light-hole bands (including light-hole

non-parabolicity) the relationship between carrier density,
2temperature and quasi-Fermi level is given by

• (2-3-7>
g

The hole quasi-Fermi levels have been calculated for a single 

parabolic heavy-hole band and for a heavy-hole and non-parabolic 

light-hole bands for the range of temperatures and densities 

corresponding to the experimental conditions of this thesis. The 

temperature dependence of p is shown in figure 2.3.1 for a holeh
19 —3density of 1.2 x 10 cm . The density dependence of p for a holeh

temperature of 1000 K is shown in figure 2.3.2. The influence of the 

light-hole non-parabolicity on hole statistics is less significant 

since the holes are not degenerate under the experimental conditions.

N 2h =
K TB

2nh {[
t ‘ >2,/ *i2(m) +(m,)n 1
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2.4 Description of GaAs samples studied in this thesis

The GaAs samples studied in this thesis were grown by molecular 

beam epitaxy by Paul Enquist of Professor Eastman’s group at Cornell 

University. The samples were of 0.25 and 0.75 micron thickness. Each 

sample was grown with an A1 Ga As cover layer to reduce the number
X 1-x

of surface states. The front cover layer is 2 micron thick and the 

back cover layer is 1 micron thick. The mole fraction of A1 is 0.5 

for the 0.75 micron samples and 0.5 for the 0.25 micron samples. The 

samples were grown on a GaAs substrate which was subsequently etched 

off and then mounted on glass cover slips. The A1 Ga As direct bandX 1-x
16gap at 293 K is given by

E = 1.424 + 1.247x (0 i x £ 0.45) (2.4.1a)g

E = 1.424 + 1.247x + 1.147(x-0.45)2 (0.45 £ x * 1) . (2.4.1b)g

For x i 0.45, the T minimum (and also the L minima) is above the X 

minima and the A1 Ga As band gap is indirect. The indirect gap isx 1-x
, 16 given by

E = 1.900 + 0.125x + 0.143 x2 (0.45 < x ^ 1) . (2.4.2)g

The indirect and direct band gaps for x = 0.5 (0.7) is 2.0 eV

(2.06 eV) and 2.05 eV (2.37 eV) respectively. In either case the

absorption edge of the A1 Ga As is greater than the excitation laserX  1-x

photon energy of 2.01 eV used in this thesis. The samples were doped



GaAs AlxGai-xAs
thickness dopant concentration cover layer

#1 0.75 M Be 5 x 1018 cm 3 X = 0.5

#2 0.75 M Be 5 x 1017 cm 3 X = 0.5

#3 0.75 Be c in16 -35 x 10 cm X = 0.5

#4 0.25 M Si . _ 1 8  -31 x 10 cm X = 0.7

#5 0.25 fJ- Si „ _ 1 6  -31 x 10 cm X = 0.7

#6 0.25 V Be 1.5 x 1018cm"3 X = 0.7

#7 0.25 V Si 1 x 1 0 17 cm 3 X = 0.7

Table 2.4.1. GaAs samples studied in this thesis work.
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A1 Ga As GaAs A1 Ga As Glass
X  1-x X 1-x

2 microns 0.25 or 1 micron 100 microns
0.75
micron

Figure 2.4.1. Structure of GaAs samples used in this 
thesis. The thickness of the GaAs was either 0.25 microns 
with x = 0.7 or 0.75 microns with x = 0.5.
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intentionally with either silicon (n-type) or beryllium (p-type). The 

dopant concentration is much less than the density of the photoexcited 

carriers. The sample characteristics are summarized in table 2.4.1 

and the samples are drawn schematically in figure 2.4.1.

The absorption curve for one of the 0.75 micron thick GaAs 

samples (#2) is shown in figure 2.4.2. The data is uncorrected for 

sample reflectivity. The index of refraction of GaAs is 3.3 and for 

A1 Ga As is 3.6. The reflectance at the A1 Ga As-air interface isX 1-X X 1-x

32% and the A1 Ga As-glass interface is 17%. The reflectance at the
X 1-x

glass-air interface is 4%. The reflectance at the GaAs-Al Ga AsX 1~X
-1interface is «  1%. The 400 cm oscillations in the below band gap 

region of the spectrum is caused by an etalon effect in the sample. 

The etalon effect is also evident in the photoluminescence spectrum. 

The sharp rise in the absorption at 2.06 eV is the onset of absorption 

by the cover layer. Absorption from the splitoff band is observed at 

energies greater than 1.765 eV. In the experimental part of this 

thesis, the excitation wavelength is 6170 A (2.01 eV) and the probe 

wavelengths are in the range of 8000 A to 6170 A (1.55 to 2.01 eV).

The absorption coefficient, a, of this sample can be calculated 

from the uncorrected optical density by equations 2.4.3 and 2.4.4. The 

0 .D. (uncorrected for reflection) is given by

I = I 10-0'0, . (2.4.3)t O
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While the absorption coefficient is given by

I = I (1-R )(1-R )2(1-R )(1-R ) exp(-a£) (2.4.4)t o 1 2 3 4

where R , R , R , and R are the reflection coefficients at thel 2 3 4
Air-AlGaAs, AlGaAs-GaAs, AlGaAs-glass and glass-air interfaces 

respectively and I is the sample thickness (0.75 p). Combining eqs 

2.4.3 and 2.4.4 gives

a = {ln[(1-R )(1-R )2 (1-R )(1-R )] + 0. D. ln(10)}/£ (2.4.5)1 2  3 4

and using the appropriate values for the reflectivities and sample

thickness gives

a = 8.2 x 103 + 3.07 x 104 (0.D) cm-1 . (2.4.6)

The absorption coefficient is plotted in figure 2.4.3 over the energy 

range of 1.424 to 2.05 eV. Above 2.05 eV, the different contributions 

from the GaAs and the A1 Ga As would have to be separated to. 5 . 5
correctly determine a.

In pump and probe absorption experiments, one measures the 

change in the intensity of the transmitted beam. The change in

transmission depends on Aa£. For a given change in absorption, a 

thicker sample gives a greater change in transmission but the absolute 

transmitted intensity is reduced. In absorption experiments the 

optical thickness of the sample should be thin in order to allow the
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detected transmitted signal to be greater than the background light 

and detector noise level but thick enough so that there is a 

detectable change is transmission. Most of the absorption data was 

taken with the 0.75 micron thick sample (a£ = 3.0 at 2.01 eV).

In the transient grating experiments, the signal is detected in 

the background free direction and thus in a thinner sample there will 

be less absorption of the diffracted signal by the sample. For this 

reason most of the transient grating data was taken with the 0.25 

micron thick samples although data was taken on all samples.
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Chapter 3 Femtosecond laser system

3.1 Oscillator

3.1.1 Introduction

Organic dyes make an excellent broadband gain medium for
\passively modelocked lasers. Typical dye emission bands span 300 nm. 

Dyes have a large quantum efficiency. CW rhodamine 6G (Rh6G) dye

lasers can be made to lase from 560 nm to 640 nm.

2 3The first modelocked dye lasers ’ used a modelocked Nd:glass

or argon laser to synchronously pump Rh6G. The first passive
4 5modelocking ’ of an organic dye used Rh6G as the gain medium and 

3,3’-diethyloxadicarbocyanine iodide (DODCI) as the modelocking dye. 

These systems were flash lamp pumped and produced 6 ps pulses although
5pulse width measurements indicated incomplete modelocking. The first

Q_Q
cw passively modelocked Rh6G dye lasers used the 514.5 nm output of 

a continuous argon ion laser to pump Rh6G. DODCI was the modelocking 

dye. The cavity consisted of the Rh6G flowing in one cell and the 

DODCI in another cell. This allowed tighter focusing in the saturable 

absorber. A prism was inserted in the cavity for tunability of the dye 

laser over the range of 590 to 620 nm.

A simple cavity design for passively modelocking this system 

was a 2 dye cell, 5 mirror linear cavity consisting of the lasing dye
g

flowing in one cell and the saturable absorber in the other cell. A 

prism was inserted in the cavity for tunability. Two curved mirrors
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were used to focus and recoilimate the pulse at each dye cell. One of 

the focusing mirrors served as the output mirror (typical reflectivity 

~ 95 - 99%, the other mirrors had 100% reflectivity over the gain 

bandwidth of the laser). This arrangement allows independent control 

of the laser intensity at the Rh6G and the DODCI by using mirrors with 

different radii of curvature. This configuration also allows for 

astigmatic compensation in the cavity by controlling the angle of
gincidence at the focusing mirrors. Variations on the cavity design

included: mounting the saturable absorber cell on an end mirror;10
11 12inserting an acousto-optical cavity dumper in the laser cavity ’ 

(this increased the output pulse energy but the repetition rate was
greduced to 10 Hz); and extending the cavity design to 6 mirrors. An

Astigmatically compensated design was later extended to a six mirror 
13ring cavity. Other improvements consisting of replacing the dye 

cells with free flowing jet streams. This reduced group velocity 

dispersion effects by decreasing the optical path length in the gain 

and absorbing media. The jet stream thickness can be reduced to 10
_3to 10 cm. These systems typically produced pulses that were about 1

ps in duration but highly chirped and unstable. Using external pulse
14 15compression or by mixing malachite green into the DODCI the pulses

could be compressed to 0.3 ps. In 1981, the colliding pulse
10modelocked (CPM) ring cavity laser was developed. The output pulses 

from this system were about 100 fs in duration and very stable. This 

cavity design is the one used in this thesis work and will be 

discussed in detail in section 3.1.4.
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3.1.2 Modelocking and ultrashort pulse generation

Unlike modelocked solid state lasers, where the pulse width is 

determined by the recovery time of the saturable absorber, the pulse 

width of passively modelocked dye lasers is considerably faster than
1 17—22the recovery time of the DODCI; ’ which was measured to be 0.3

17 23 1ns ’ to 1.2 ns. The passive modelocking of this system is

accomplished by a combination of bleaching of the absorption of the

DODCI and gain saturation in the Rh6G. The absorption and fluorescence

spectra of Rh6G and the absorption spectra of DODCI are shown in fig.

3.1.1, 3.1.2 and 3.1.3 respectively. The absorption peak of the DODCI

(585 nm) is close to the emission peak of the Rh6G (560 nm). The gain

curve of this combination is flat over a broad range of wavelengths

allowing the laser pulses to have a bandwidth of a 6 nm (corresponding
2to 70 femtoseconds for a transform limited sech pulse envelope

24centered at 620 nm).

That the Rh6G - DODCI combination can only modelock in the red 

and not near the absorption peak of the DODCI is strong experimental 

evidence that a photoisomer exists in the DODCI with an absorption
1 17 23 25 26peak at 620 nm. ’ ’ ’ ’ The photo isomer has been observed in the

17 27 1fluorescence ’ and absorption spectra of DODCI and is believed to

play an important role in the bleaching of the DODCI by increasing the

longer wavelength absorption in the DODCI. It is the cause of an

observed bistable mode in the laser cavity. It has been observed that

the laser system can operate completely modelocked in the red
PR—30(615-630) or lase cw in the yellow (560-570 nm). Minor changes

in alignment or pumping power can cause the system to switch modes.
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Figure 3.1.1. Absorption spectrum of the oscillator gain dye (Ehodamine 
6G). Ihe concentration is 1.5 x 10'3 molar in ethylene glycol. CDCD
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curves, for Eh 6G and the other gain dyes, are not corrected for 
self-absorption or detector response.
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Figure 3.1.3. Absorption spectrum of the modelocking dye, DODCI. The 
modelocking dye is a 10'4 molar solution of DODCI in ethylene glycol.
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The formation of ultrashort pulses in a passively modelocked 

Rh6G, DODCI combination can only be explained in terms of both gain 

saturation and a saturable absorber. Streak camera measurements show 

that a well modelocked laser pulse evolves from intensity fluctuations 

over the course of a few cavity round trips and is not limited by the
15relaxation time of the saturable absorber. When a pulse enters the 

saturable absorber the leading edge of the pulse is absorbed but the 

center part of the pulse where the intensity is greater bleaches the 

dye and is transmitted with less loss. This steepens the leading edge 

of the pulse. The pulse is now amplified in the RhBG jet. However, the 

leading edge of the pulse depletes the excited states of the dye and 

the trailing edge of the pulse in not amplified.21 Other cavity

losses contribute to reducing the trailing edge. It has been shown 

that if the saturable absorber cross section is much larger than the

gain cross section, pulse shortening will occur, independent of input
21 31pulse shape. ’ This process is sensitive to the relative gain of 

the Rh6G and the absorption in the DODCI, therefore the dye

concentrations, pumping power and laser spot sizes must be carefully 

controlled.

3.1.3 Laser cavity and frequency chirp

The ultimate limit on the output pulses of this dye laser 

system is determined by the gain bandwidth of the Rh6G and DODCI
32combination and is « 20-25 fs. That this pulse width is not achieved 

is the result of dispersion inside the laser cavity, and in order to 

minimize the pulse width, the number of dispersive elements in the 

cavity must be minimized. The sources of dispersion in the laser
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cavity are the saturation of the absorbing dye, self-phase modulation
33—37in the dye solvent, group velocity dispersion in the dye

30 36—41solvent the dielectric coatings of the cavity mirrors, as well

as any glass or other passive dispersive elements in the optical path. 

All of these sources of frequency chirp serve to broaden the pulse. 

Since the gain and the absorption saturation is not linear throughout 

the pulse duration, chirp can also reduce the bandwidth. The extent 

of pulse chirping is determined by the actual cavity configuration. 

Slightly different cavity designs can have different degrees of pulse
37chirp. Fontaine et al report a cavity with negative chirp (i.e.

14 42shorter wavelengths lead) while Shank et al ’ report a cavity with 

positive chirp. In my laser cavity, the chirp was found to be a 

function of DODCI concentration. At low DODCI concentrations, the 

chirp is negative and insertion of the proper length of glass in the 

laser (external to the cavity) results in a narrower pulse. At higher 

DODCI concentrations the chirp is positive and the glass only serves 

to broaden the pulse; while a grating pair (as described in section

3.2.3) shortens the pulse width.

The role of the saturable absorber jet stream is complicated by 

the fact that frequency chirp is produced by saturation of absorption 

in the DODCI and self-phase modulation (SPM) in the solvent as well as 

group velocity dispersion in both.35’36 The different contributions 

to the frequency chirp in the DODCI jet have been discussed in
36references 35 and 36. De Silvestri et al calculate the chirp due to 

the normal absorption of the DODCI as well as the photoisomer. They 

find that the two contributions are opposite in sign; the normal
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absorption gives negative chirp and the photoisomer gives positive 

chirp at their laser wavelength of 610 nm. For a laser operating at 

620 nm (which is the absorption peak of the photoisomer) the 

photoisomer contribution would be significantly less. They also find 

that the contribution from the Rh6G to be considerably less than the 

DODCI.

35Miranda et al have calculated the chirp produced in the DODCI 

jet stream for different DODCI concentrations, pulse energy and pulse 

width; examining both self-phase modulation in the solvent as well as 

the absorption saturation of the dye. Their results are summarized 

below.

The high peak intensity produced in the DODCI causes large 

changes in the solvent contribution to the index of refraction through 

self phase modulation (SPM). The solvent contribution to the index of 

refraction is given by

The contribution to the index of refraction due to resonant 

absorption of the DODCI is given by

n = n + n Is o 2
2 (3.1.1)

nr ^(w - w) - ag(w)
eL o u)

(3.1.2)
o

where a is the saturated absorption coefficient given by
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a(t) = a exp
' -J !(€><*€

(3.1.3)

E is the absorber saturation energy density, and g(w) is theS

absorption line shape given by

g(w) = 2
■ 4 CCO -Id)2 -

2-ttAu 1+ ---2---- .

1

N3<■

(3. 1.4)

The time dependent phase delay is given by

n wl
$(t) = - —  I(t) - G(w) - a(t) c c (3.1.5)

n d$Where G(w) = jj^)' The frequency shift is Sco = and is given by

s.. _ 2 dl  ̂ idl da(t)ou = - ---- —  - G(id) —  -tt—c dt c dt (3. 1.6)

and the pulse chirp, defined as C = — - = - is given byii_ 2 Q Ldt

C =
n  i2. , ,2 / . ,2 2. i w  \ Ml d a(t)UlldJ
C dt2 C dt"

(3.1.7)

The extent of the pulse chirp depends on the pulse width, pulse

energy and the absorber concentration. If we consider a gaussian 

pulse, I(t) = I_ exp —2j; the chirp is given by

C =
47m II2 o

X x
l-2 t

2 exp
2rrl G(id)ao

Xe
2 t

: " 2s T
expCS) ■

(3.1.8)
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The solvent contribution to the chirp is positive in the

central part of the pulse (|t| < half width at half maximum) and

negative and small in the wings of the pulse where the pulse intensity 

is considerably less. The amount of chirp from the solvent increases 

with shorter pulse widths or greater pulse intensity. The absorber 

dye contribution to the chirp is always negative except in the extreme 

wings of the pulse where the pulse intensity is small. The amount of 

negative chirp generated by the dye increases as the pulse energy

increases relative to the saturation energy. At lower dye 

concentrations, the threshold for bleaching is less and the amount of 

negative contribution to the chirp is greater. The optimum 

concentration of DODCI is when the two terms cancel. This 

concentration depends on the intracavity pulse energy, focused spot 

size in the jet and the thickness of the jet stream. Experimentally 

the absorber dye concentration for minimum pulse width was determined 

by measuring the pulse width as the concentration was slowly

increased. At each concentration, glass rods of varying lengths were 

inserted in the laser path to determine when the chirp changed from 

negative to positive.

In the cavity design used in this thesis work, where there are 

no prisms or other transmission optics, the other significant source 

of chirp is the cavity mirrors. High reflectivity dielectric coated 

mirrors are made of alternate layers of high and low index of 

refraction material with a thickness of ^/4- A typical narrow band 

reflection coating consists of about 19 layers. A broadband 

reflection coating consists of many different layers and can add
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considerably to the chirp. The calculations in references 36 and 38, 

show the phase shift of a narrow band dielectric coating to be zero at 

the center frequency of the coating, the phase shift rapidly becomes 

positive (negative) as one moves to shorter (longer) wavelengths. The 

phase shift varies much more rapidly if the reflectivity of the mirror 

is smaller or if the angle of incidence is different than the intended
41angle of the coating. Bourkoff et al calculate changes in pulse

shape due to dispersive mirrors. Considerable pulse distortion and 

broadening has been shown for a variety of commercially available 

broadband dielectric mirrors.40

3.1.4 Colliding pulse modelocked ring cavity dye laser

To reduce the pulse width and improve the stability of the 

laser, a ring cavity design was developed by Fork et al.16,43 This 

cavity supports two counter propagating pulses. The cavity losses are 

a minimum when the two pulses overlap in the DODCI jet stream. The 

position of the rhodamine jet stream is one quarter of the cavity 

length from the DODCI. This insures that excited population in the 

rhodamine has equal time to build up between the counter propagating 

pulses and each pulse experiences equal gain. This colliding pulse 

modelocking (CPM) laser, without any additional dispersion correcting
43devices, can produce pulses of as short as 60 fs duration.

The oscillator design constructed for this thesis work is shown 

in figure 3.1.4. The oscillator is pumped by the 514.5 nm line of a 

Spectra Physics model 171 Argon Ion laser operating at 2.5 watts 

output power. The Argon laser is rotated to P polarization to match
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ARGON LASER 514.5 nm

Ml: R-100X (514.5 nm)
M2: R-100X (620 nm)
M3: R-100X (620 nm): r~5 cm
M4: R-100X (514.5 S 620 nm); r«10 cm
M5: R-100X (620 nm); r-10 cm
M6: R-99X (620 nm)
P: Quarter wave for 514.5 nm

Figure 3.1.4. Femtosecond colliding pulse mode-locking ring cavity 
dye laser oscillator. The dye concentrations are 1.5 x 10 molar for 
the Rhodamine 6G and 10 4 for the DODCI.
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the polarization of the dye laser. The cavity consists of seven 

mirrors and two jet streams plus three mirrors and a rotator for 

aligning the pump. Two curved mirrors of 5 cm radius of curvature (M3 

in figure 3.1.4) are used to focus the beam into the DODCI. The 

mirrors labeled M4 and M5, of 10 cm radius of curvature, focus the 

beam into the Rh6G. M4 also focuses the Argon laser into the RhBG. 

M6 and M2 are flat mirrors used to complete the ring. M6 is also the 

output mirror with a transmission of 1%. All the other mirrors are 

100% reflectors. The jet streams are aligned at Brewster’s angle to 

the laser path, eliminating reflection losses for P polarized light.
_ 4The DODCI concentration is 10 molar and the Rhodamine concentration

— 3is 1.5 x 10 molar. The center wavelength of the laser output is 620 

nm. The temporal duration of the output of this laser is 100 - 150 

fs. The pulse energy is 50 - 100 picojoules per pulse at a repetition 

rate equal to the cavity round trip time of 114 MHz. The average 

output power is 5 to 10 milliwatts.

The advantage of the ring cavity over the linear cavity is the

result of the standing wave produced by the interference pattern of

the counter propagating pulses in the saturable absorber jet stream.

It has been shown that colliding pulse modelocking has a more

favorable stability region and leads to increased pulse shortening
44-48when compared to a linear cavity arrangement. When the pulses

spatially overlap in the jet stream, the electric fields of the pulses 

are in phase over the coherence length of the pulse. In this case the 

intensity is 4 times that of a single pulse and the bleaching is 

greatly enhanced. Additionally, if the absorber jet is thinner than
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the pulse width, the spatial wings of the chirped pulse will be out of 

phase and therefore the effective bleaching will be less than the 

bleaching for the coherent portion of the pulse. This will dechirp 

the pulse and eliminate the spatial wings of the pulse.

It is possible to improve the stability and shorten the pulse 

width of the CPM laser by the insertion of tuneable dispersion 

correcting elements in the cavity. Although not incorporated into the 

laser system used for this thesis, the addition of four Brewster angle 

prisms in the laser cavity give an adjustable source of negative 

dispersion which can be used to balance the other dispersive elements
49-51of the cavity and give pulses as short as 25 fs.
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3.2 Pulse measurement and compression

3.2.1 Pulse measurement by second harmonic generation

Subpicosecond laser pulses are too short to be measured by 

electronics but must be measured by nonlinear optical methods.

generation (SHG) is an effective method to measure the pulse width of

When a laser beam is incident on a uniaxial crystal a

polarization at twice the laser frequency is produced. If the indices 

of refraction of the crystal axes, crystal orientation and laser 

polarization are such as to satisfy conservation of energy and 

momentum, a significant fraction of the laser beam can be converted to 

its second harmonic. This condition is known as phase-matching and 

the requirements are

For a light wave propagating at an arbitrary angle 0 to the

Autocorrelation measurements by non-collinear second harmonic

ultrashort, high repetition rate lasers.52’53

(3.2.1)

o) + u> = 2  w

optic axis the index of refraction is given by'54

1 2_ C O S  0 2sxn 0 (3.2.2)
n2(0) 2n 2ne o o
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where n is the index of refraction along the ordinary axes and n iso e
the index along the extraordinary (optic) axis. Eqs. 3.2.1 becomes

° + -7— -rr = (3.2.3)n(w,k) n(w,k) n(2w,K)

n = n . (3.2.4)U> 20)

For most crystals with normal dispersion, phase matching

requires the fundamental and second harmonic waves must be of a

different type. In a KDP (Potassium diHydrogen Phosphate) crystal, two
55-57types of phase matching are possible. Type I phase-matching

consists of two ordinary waves summing to produce an extraordinary 

wave at twice the frequency. Type I is also designated o-o-e. Type II 

phase matching consists of an ordinary wave and an extraordinary wave 

summing to produce an extraordinary wave at twice the frequency. Type 

II is also designated o-e-e. The phase matching angle for type I SHG 

can be calculated by Eqs. 3.2.2 and 3.2.3 and is given by

n2 (2w ) {n2 (2w ) - n2 (w)}
sin20 =--— -------- ----------   . (3.2.5)

n2 (w) (n2 (2w) - n2(2w)}o e o

For 6200 A the type I phase matching angle is 57.7° in KDP. The
58indices of refraction were taken from the CRC Handbook of Lasers.

The non-collinear type I phase-matching geometry (fig. 3.2.1) 

is background free, relatively easy to align and does not require a 

half-wave plate in one of the pulse trains. For a non-collinear
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PMT

KDP

B.S.
4 \

4 \

i  taw)

OpticAxis

I (w) I (W)

Figure 3.2.1. Second harmonic correlator for monitoring the laser 
pulse width. The KDP crystal is cut for type I phasematching. The 
input beams are P-polarized and the second harmonic is S-polarized.
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geometry, the fundamental waves do not propagate as a true o-wave but 

at a slight angle to the ordinary axes and therefore the phase 

matching angle for the non-collinear geometry is slightly different 

than for single beam SHG. The propagation direction is also different 

for the mixing signal than for the individual beam second harmonic. 

Apertures can reduce the single pulse SHG to below the detector noise 

level. By using the proper geometry, almost all transmission optics 

can be removed from the apparatus, eliminating pulse broadening due to 

dispersion. The temporal resolution of this system is then limited
59-64only by the phase matched bandwidth of the nonlinear material.

The phase matched bandwidth is given by

In KDP, for a 6200 A fundamental wavelength and a 50 A bandwidth, the 

maximum interaction length in the crystal is 0.2 mm. A non-collinear 

geometry with tight focusing limits the interaction length in the 

crystal to

where d is the focused spot diameter and 20 is the angle between the 

beams in the nonlinear crystal. If the two beams are separated by 1 

cm and focused by a 5 cm lens to a 25 micron spot size, the 

interaction length is 0.180 mm.

. r 1.39 A dnw 1 dn ± I 1 o -
L 2re1 dX 2 dX

(3.2.6)
l 2
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For pulses less than 100 fs, group velocity mismatch as well as
61-6Sphase velocity mismatch must be considered. A calculation of

the group velocity dispersion of the fundamental pulse shows that 

broadening is negligible. Using the value of the index given in

reference 58 for an ordinary wave, the broadening of a 50 fs gaussian 

pulse in 200 microns of KDP is about 1 fs. However, the group 

velocity mismatch between the fundamental and the second harmonic must 

be considered. If phase-matched, the fundamental and second harmonic 

have the same phase velocity but not necessarily the same group 

velocity. The broadening of the second harmonic pulse has been

considered in ref. 60-64. The resultant effects on SHG pulse

measurements is considered in ref. 65. The measured autocorrelation 

will, in general, be a function of the input pulse shape and chirp.

3.2.2 Pulse autocorrelation

If a variable delay is introduced to one of the pulse trains, 

the second harmonic intensity will change as a function of the delay. 

Let the envelope of the field of the pulses be E^t) and E2(t+x). The 

polarization at 2w is

P(t,r) = x2 E (t) E (t+r) . (3.2.8)

A slow detector will integrate P(t,r) over time and the detected 

signal is
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.00
G(t ) E (t)E (t+r)E*(t)E*(t+x) dt 1 2  1 2 (3.2.9)

-00

G(t ) I (t) I (t+T)dt . 1 2 (3.2.10)
-oo

The pulse convolution G(t ) is related to the pulse width but

has lost knowledge of the pulse shape or chirp. To get the correct 

pulse width, the pulse shape must be determined independently, i.e. 

from the product of the pulse’s spectral bandwidth and temporal width.

For a gaussian pulse, the ratio of the autocorrelation FWHM to
TTGthe pulse FWHM, —  , is 1.41 and 5r5t = 0.44. The autocorrelation is 

also a gaussian. For a pulse with a hyperbolic secant squared
TGintensity envelope, —  =1.55 and <5i>St =0.315.TP

2Consider a sech pulse with an intensity full width at half

maximum, Tp. The intensity profile is given by

I(t) = IO (3.2.11)

The electric field of this pulse is given by

(3.2.12)

and the spectrum of the electric field is given by



57

&(u>) = TCI Tpo«1.76 sech
Tp7l(w-W )

1.76 (3.2.13)

The intensity spectrum is given by

I(u) = ttI
~2°  [lT76]

2 2 
sech

Tp7r(w-wL)
2(1.76) (3.2.14)

The FWHM product of Ii/2(t) • Ii/2(u) is

dvSt = ~1 2(1.76)'
2n TiTp Tp = 0.315 (3.2.15)

The pulse intensity autocorrelation given by Eq. 3.2.10 for a
2sech pulse shape can be calculated by using the convolution theorem. 

The fourier transform of the intensity profile, given by Eq. 3.2.16, 

can be evaluated using the Cauchy Residue Theorem.

9 [I(t),£] = I sechO dt (3.2.16)

The contour of integration is a semicircle in the upper half plane 

with a radius equal to infinity. All the poles are of order two and 

located on the imaginary axis at the points given by

4. t p t ■ •
1 = 1 /7 6  + 2 ’ n = 0,1,2,3 (3.2.17)

and the residues are given by
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C = — ^ Tp-... exp f-fT-̂ R(n+|) n) 1
(1.76) I 1-76 2 J

(3.2.18)

The sum of the residues, multiplied by 2ni, is:

(3.2.19)

f[I(t),€l = ■ — -gTp~ exp
(1.76) (21X76)) |i-eXp^H&§j (3.2.20)

f[I(t),€] = 2TtgTp csch 
(1.76)2

f-ngxp] 
[ 1.76J (3.2.21)

Using the convolution theorem, the autocorrelation of the pulse is 

given by

G(0) = J S(£) ?(£)e 1?0d? (3.2.22)

GO)  = csch2(£t)e I^0 d£ (3.2.23)

where t = . . Again the contour is a semicircle of infinite radius1. ib
in the upper half plane. The poles are of second order and located on 

the imaginary axis at the points = 2nni; n=l,2,3 . . . .  The 

residues are given by

4 14 f2mri _ nZn2id "I f -TtSnl
7r2 I t3 " t4 J eXPl ” J '

(3.2.24)
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In order to evaluate the sum of the residues, Eq. 3.2.24 is separated 

into two terms, which are:

271 i£c = -JT 16nt expf j + 8̂7rn20expj" -y~l • (3.2.25)
n n n ^ ■*

The first summation on the right hand side of Eq. 3.2.25 can be 

rewritten and summed to give:

n - 1

16t exp£-^j £ n|exp£-^jj = 16t exp -710' f
t _ ;xp

& \ r -
(3.2.26)

The second summation in 3.2.25 can be evaluated by rewriting n as
n(n+l) n(n-l) , ,, .. , . . ...— =—  + — =--- and then the summation can be written as:

8̂7in20 exp |
n

f-7i0n"| cn(n+l) f-7r0')n cnfn-l) f-n9ln[ — J - 8"e 1 - 2 -  e xp[ T) L 2 e x p [ T) (3.2.27)

The first summation on the right hand side of Eq. 3.2.27 is equal to:

0 r> n(n+l) f—ir0"1n 0 r_7I0l r n(n+l) f-n0ln 1 f
L — 2--- eXf> il = 6Xp ~T” L — 2--  eXp ~tl (3.2.28)

which is equal to:

8710
-3

(3.2.29)

Similarly, the second summation on the right hand side of Eq. 3.2.27 

is given by
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0 y n(n-l) f- rc0l n 0 a f-n0") r> (m+l)m f-7r0")m_ .
L — 2--- exp t- = eXp I- L — 2--- 8Xp (3.2.30)

where the index is changed to m; m=n-l. Eq. 3.2.28 is summed to give:

2 “ 3
8n0 exp|-^j — exp^-|^jj . (3.2.31)

The autocorrelation is the sum of the three terms (Eqs.3.2.26, 3.2.29 

and 3.2.31) and is given by

G(x) = 3 f - _ L _ 1  (3.2.32)
 ̂sinh3(r) sinh2(x)J

710where t = and G(r) is normalized such that G(0) = 1. The FWHM of 

G(t), rg, is 2.7196. Therefore the ratio of the FWHM of the sech2
1 7R

pulse to the FWHM of the autocorrelation is —  = ' = 0.648.Tg 2. 12

One has the option of slowly varying the delay line by 

translating a stepping motor and recording G(t ) averaged over a long 

time period. Or one can rapidly vary the delay by mounting the corner 

cube on an acoustic modulator.88,67 The second harmonic

autocorrelation can be displayed on an oscilloscope in real time to 

assist in the laser alignment. An autocorrelator is permanently 

installed for monitoring the laser output. The voltage of the acoustic 

modulator (shaker) that drives the corner cube is also used to drive 

the time base (plug-in 7B50) of an oscilloscope (Tektronix model 

7904). This insures that the time axis of the oscilloscope trace is 

linear although the shaker movement is sinusoidal. Normally, two 

pulses would be observed on the oscilloscope, corresponding to each
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direction of the shaker travel. A square wave pulse, at the shaker 

frequency, is applied to the "z-axis" of the oscilloscope to reduce 

the intensity of the CRT during one half of the shaker cycle. Proper 

adjustment of the oscilloscope triggering level and relative phase of 

the oscilloscope and shaker will block one of the pulses on the CRT.

A typical pulse autocorrelation and spectrum are shown in
2figures 3.2.2 and 3.2.3. Assuming a sech pulse envelope the FWHM is

140 fs and 8X = 35 A giving 5r<5t = 0.38, indicating that the pulse is
2slightly chirped. The convolution of a sech pulse shape of FWHM = 140

fs is shown for in fig. 3.2.2 for comparison. The laser pulse
2convolution looks like a sech pulse with wings. The actual pulse

2shape is probably a combination of sech and exponentials with some 

chirp. Note, for a two sided exponential pulse given by

I = Io exp --- < 1 (3.2.33)

the autocorrelation is given by

G(t ) = (1+2 It I)e 2IT ' (3.2.34)

with Gi/2 = 0.413 11/2 and dvdxp = 0.142. The two sided exponential 

autocorrelation exhibits much larger wings than either a gaussian or 

sech2 pulse.
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Figure 3.2.2. A typical oscillator autocorrelation. The autocorrelation 
FWHM is 220 fs. For a sech? pulse shape the FWHM of the pulse is 140 fs. 
The autocorrelation of a 140 fs sech2 pulse is shown for comparison.



Int
ens

ity
 

(a.
1.00

0.00
0  . 6 1 0  . 6 2 0 . 6 3

W a v e l e n g t h  ( m i c r o n s )
Figure 3.2.3. Typical oscillator spectrum. The laser is centered at 6195 
A and its bandwidth is 61ambda = 35 A => <Sv = 2.73xl012 sec*1 . For a 140 fs 
pulse, StSv = 0.38. The amplified pulse spectrum has the same width, 
although the pulse broadens to 450 fs in the amplifier.
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3.2.3 Pulse compression

As discussed in section 3.1.3, the output pulses of the CPM 

laser can have a frequency sweep (chirp) that can be either positive 

or negative depending on the actual cavity design. The linear 

component of the frequency sweep can be eliminated with the proper 

dispersive elements in the beam path (external to the cavity).

If the chirp is negative (i.e. the short wavelength components 

lead the pulse, that is, blue light is in the front and red is in the 

tail), the insertion of the proper length of a transparent material 

such as glass or water can compress the pulse. Most non-absorbing 

materials have normal dispersion, therefore, the group velocity in the 

material is faster for longer wavelengths and the red components of 

the pulse catch up with the blue, compensating for the negative chirp 

and compressing the pulse.

The index of refraction of a transparent medium can be
68described by the Cauchy formula

2 A + A A (3.2.33)n o 1

The group velocity, defined as

vg
dw
dk (3.2.34)

is given by



If one is far from any absorption regions, n varies slowly with A and 

from Eq. 3.2.12, the refractive index can be approximated by

(3.2.36)O
o  2 2 a 8tt c Ao

JThe frequency dependence of the relative time delay is d( /v )/dw;g

d(Vv ) 2 dng + (3.2.37)

d(Vv ) 3A wl
n 2 a 34u A c

(3.2.38)
O

which, in first order, is linear in frequency.

This method of pulse compression has many drawbacks. The delay 

line is not easily adjustable. At high power densities non-linear 

optical effects can occur such as SPM or stimulated raman scattering. 

The most serious drawback to this technique is the laser pulses rarely 

have negative chirp. If the oscillator has a small negative chirp, it 

is usually cancelled by the normal dispersion of other optics in the 

beam such as lenses, dye amplifiers, beam splitters etc.

The more common case, is that the laser pulses have positive 

chirp, either from the cavity elements, amplifier system (see section
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3.3) or experimental apparatus. A pair of gratings can be used to 

give a negative chirp to the pulse cancelling the linear positive 

chirp.14,69 71 A pair of gratings aligned parallel to each other can 

give a quadratic phase correction (linear frequency sweep) to the 

pulse. Consider fig. 3.2.4, if two wavelengths, A and A+5A are 

incident on a grating at the blazing angle, the optical path length, P 

is given by

P = b(l+cos0) = D(l+cos(0) (3.2.39)
cos(0-$)

where $ is the angle of incidence, 0 is the diffracted angle, b is the 

slant distance and D is the normal distance between the two gratings. 

The spacing between grooves is d. The relationship between 0 and A is

A = d [sin(0-<J?) +sin(0)] . (3.2.40)

The wavelength dependence of the optical path is

dP
dA

fsin(0) l+cos(0)sin(0-$) d0l
lcos(0-$) 2 . . dAjL cos (0-$) J

The time delay is

dt bA
dA ,2r, /A, . _.2->cd [l-( /, - sin0) ] d

(3.2.42)

The large losses in pulse energy (15 - 30%) at each grating)
72can be reduced by the use of holographic gratings or by the use of
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prisms made of Tellurium Oxide (Te02).73 The high material dispersion 

of the Te02 allows a linear frequency correction as a reasonable 

separation distance between the prisms. Using Brewster angle prisms 

and P-polarized light, reduces losses to less than 1%.
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X +

X: X+ X

Figure 3.2.4. Geometry for pulse compression by a grating pair. The 
optical path difference between ABD and AB'D' is linear in 5A.
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3.3 Femtosecond laser amplifier system

3.3.1 Introduction

To observe bleaching of the absorption or four-wave mixing in 

semiconductors it is necessary to increase the peak power of the laser 

output. Therefore a laser amplifier system was constructed.

In order to have uniform gain over the entire bandwidth of the 

laser pulse, the amplifier system must have a broad gain profile 

around the oscillator wavelength of 6200 A. Any non-linear frequency 

gain in the system will distort and broaden the pulse. For this 

reason, the organic dyes, sulfarhodamine B (kiton red 620) and 

sulfarhodamine 640, dissolved in H20, were selected as the gain media 

for the amplifier system. A four-stage amplifier is used to prevent 

gain saturation, by successively increasing the pumping volume in each 

stage.

A dye laser amplifier system must be designed to deal with the 

short energy storage times, < 5 ns, and the high stimulated emission
74—79cross section leading to amplified spontaneous emission (ASE). 

Since the excited state lifetime of the rhodamines is 3-5 ns, the 

ideal pump source for the amplifier should be less than 3 ns and high 

intensity near the absorption peak of the amplifier dyes. Longer pump 

sources would only add to the background fluorescence of the amplifier 

dyes without improving the gain. Also if the pump duration was longer 

than the oscillator pulse separation (the cavity round trip time, 8.8 

ns) multiple pulses would be amplified. For this reason the second
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harmonic of a Q-switched Nd:YAG laser was chosen as the pump for the 

amplifier. The Nd:YAG laser selected was manufactured by Quanta-Ray 

(Spectra Physics), model DCR-2A. The laser consists of a flashlamp 

pumped Nd:YAG rod as the oscillator and one flash lamp pumped Nd:YAG 

rod as an amplifier. The Nd:YAG laser is Q-switched by a KDP crystal 

used as a Pockels cell. A type II KDP crystal for second harmonic 

generation in a sealed housing is located at the output of the laser. 

When properly aligned and with the correct Q-switch voltage and delay, 

the laser outputs 750 millijoules of 1.06 micron light in a 4 ns 

pulse. The second harmonic pulse at 0.532 microns is 2 ns in duration 

and 250 millijoules of energy. Details of the amplifier cells are 

given later.

3.3.2 Synchronization of the dye and ND:YAG lasers

In order to insure temporal overlap of the Nd:YAG and dye

lasers, it is necessary to control the firing of the YAG laser. The

timing of the Nd:YAG is complicated and not easy to externally 
80control. The 8.8 ns spacing of the oscillator pulses is fixed by the 

cavity length. Three milliseconds before the Nd:YAG is fired, 3200 

volts is applied to the Q-switch, preventing lasing action; 

approximately 210 microseconds before the Q-switch is fired, the flash 

lamps are fired. The voltage on the Q-switch is then rapidly reduced 

to zero and 75 nanoseconds later the laser pulse is emitted. The 

internal jitter between the discharging of the Q-switch voltage and 

the emission of the laser pulse is 250 ps.



I----------------------------------------
Flash lamps fired 
— 210 m i c r o s e c o n d s

3200 volts

— 3.5 m i l l i s e c o n d s

Pockel's call vo ltage Nd: YAG 
Laser fired

O sc il lator train (pulse sp acing = 3.3 ns}

Figure 3.3.1. Timing sequence of the NdrYAG laser. Voltage is applied to 
the Pockel's cell 3.5 milliseconds before the flash lamps are fired. The 
flash lamps are fired 210 /its before the Pockel's cell voltage is reduced to 
zero and the laser pulse is emitted.
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Dye Laser 
100 Fs

Pulse Train 
114 MHz
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20 Hz BO ps 
114 MHz

« r

20 Hz > f
114 MHz

20 Hz

Synchronized 
Trigger pulse

Nd: YAG
Q-Swi tch
Tr igger

Delay
Line

Var i able

Pulse Ge

Avtech
AVK-133A
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Variable Widt Broadband

Ampli f ier

Comlinear
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Lecroy 365 AL
Coincidence
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Nd: YAG Output

Fast Photodio

for Experiments TTL Pulse 250 ps total jitter

Figure 3.3.2. Triggering circuit for the firing of the Nd:YAG laser 
in synchronization with the dye laser. The jitter between the dye 
laser and the Nd: YAG is less than 500 ps.
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The most effective way to control the firing of the Nd: YAG 

laser was to use the internal 20 Hz clock of the Nd: YAG to apply 

voltage to the Q-switch and fire the flashlamps while letting the dye 

laser pulse train control the discharging of the Q-switch and firing 

of the Nd:YAG laser. This is accomplished by the use of a coincidence 

counter, a variable delay line and various pulse generators and a 

broadband amplifier, shown schematically in fig. 3.3.1.

The Nd:YAG pulse that would ordinarily trigger the Q-switch is 

directed to a pulse generator (model AVK-V-N, manufactured by Avtech 

Inc.) whose output is a square pulse of -0.8 volts and duration

adjusted to be 9 ns. The 9 ns width of the pulse generator was

selected to insure an overlap with one of the dye laser pulses. The 

jitter of this pulse generator is not relevant to the laser 

synchronization. This pulse is applied to one input of a Lecroy 

coincidence unit, model 365 AL. Part of the oscillator pulse train is 

detected by a fast photodiode (~ 80 ps rise time) and amplified to 

-0.8 volts by a wide band amplifier, manufactured by Comlinear Inc., 

model CLC100 . This pulse is applied to the second input of the

coincidence unit. When the oscillator pulse train and the Nd:YAG 

pulse overlap in the coincidence unit, the unit outputs a pulse of 

-1.6 volts and low jitter. Another low jitter pulse generator (Avtech 

model AVK-133A) triggers on the risetime of output pulse of the

coincidence unit and emits a 5 volt TTL pulse. This pulse is passed 

through a passive, zero jitter variable delay line with 250 ps 

resolution and then triggers the discharging of the Q-switch. The 

total jitter of this system is less than 500 ps (see fig. 3.3.2). The



74

variable delay line is used to insure the Nd:YAG and dye laser pulses 

arrive at the amplifier cells at the same time.
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M H

Fieure 3.3.3. Jitter between the Nd:YAG and dye lasers. The dye 
laser pulse train, detected by a fast photodiode is displayed ° *
Techtronix 7104 oscilloscope, triggered by the °utPut of the AVK 1 
pulse generator. The exposure time is 30 seconds (300 pulses).
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Spot Pump Output
Cell Dye Cone. size Length Gain Energy Energy

#1 SRB 5 X 10"4 400 p 3.5 cm 600 12 mJ 50 nj

#2 SR640 8 X io'5 2 mm 3.5 cm 50 25 mJ 2.5 |xj

#3 SR640 5 X io-5 5 mm 3. 5 cm 15 50 mJ 40 pj

#4 SR640 2 X io-5 1 cm 12 cm 12 160 mJ 0.5 mj

Table 3.3.1 Summary of Amplifier dye cells.
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3.3.3 Amplifier cells and optics

The amplifier is a four stage system (see fig. 3.3.3 and table 

3.3.1). The first three cells are pumped transversely. The 

polarization of the Dye laser and Nd: YAG are both P, although this 

gives less gain than if they were both S; there is less background 

emission in this configuration. Since the first three cells are pumped 

transversely, if both lasers are S polarized, their polarizations are 

parallel to each other but the Nd:YAG polarization is perpendicular to 

the propagation direction. If both lasers are P polarized, they are 

polarized perpendicular to each other but the Nd:YAG polarization is 

parallel to the direction of propagation.

-4The first stage amplifier consists of a concentrated (5 x 10 

molar) solution of sulfarhodamine B (also known as Kiton Red 620) 

flowing in a 3.5 cm long quartz cell. The windows of the cell are 

tilted 8° with respect to the propagation direction to prevent the 

lasing of luminescence reflected from the cell windows. 

Sulfarhodamine B was selected as the first amplifier dye because its 

absorption peak (5640 A) is close to the 5320 A pump; and the 

absorption at 6200 A is small in the 3.5 cm long cell. The absorption 

curve for sulfarhodamine B is shown in fig. 3.3.4. This allows a 

small laser spot size (400 microns) at the cell. Approximately 5% of 

the Nd:YAG (12.5 mj) is focused to a line by a 25 cm focal length 

cylindrical lens.

The first cell is the greatest source of background light in 

the amplifier system and the hardest to eliminate. The emission from
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620 nm 150 fs
1.06
BSSR B

BS
R-95X

KDP

f-25cm
SR640 as”7R-10X=5f-2.5cm

Malachite'Green
: ̂  f«5cm

SR640

-'f-2.5cm
Malachite'Green

;:f-7.5cm
1/20 Hz 

BS / 500fs 0. 5mJSR640

Figure 3.3.4. Schematic of the femtosecond amplifier system.
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Figure 3.3.5. Absorption spectrum of the dye in the first amplifier stage. 
The concentration of the sulfarhodamine B solution is 5 x 10'4 molar dissolved in H20.
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the first cell is also amplified by the later stages. The

fluorescence peak of the sulfarhodamine B is at 5940 A (see fig.

3.3.5). Although the emission cross section at 6200 A is smaller for 
sulfarhodamine B than for sulfarhodamine 640, most of the ASE can be 

eliminated by the use of glass filters, R62 and RG630, and apertures 

to block the ASE of the first cell. Because of the low initial pulse 

energy and the high concentration of the dye, the first cell gives the 

highest gain, « 600.

The second and third stages of the amplifier are also 

transversely pumped cells as in the first stage. The amplifier dye is
-5 -Ssulfarhodamine 640 (8 x 10 molar in the second stage and 5 x 10 m

in the third stage). The higher gain at 6200 A and lower absorption at 
5320 A allows the use of larger beam sizes and lower concentrations 

without the problems of lasing in the cells. The absorption and

emission spectra for sulfarhodamine 640 is shown is figures 3.3.6 and 

3.3.7. The pump power and spot size for these stage are 25 mj, 2mm 

and 50 mj, 5 mm respectively. The gain is 50 and 15, respectively.

In order to prevent the amplification of the spontaneous

emission (ASE), saturable absorbers are placed after the second and

third stages. The saturable absorbers consist of two flowing jet
—3streams of malachite green (1 x 10 m). The laser is tightly focused

into the jet stream by a 2.5 cm lens. The concentration is the minimum 

needed to absorb the ASE. The collimating lenses were selected to give 

the proper spot size for the next amplifier stage. The absorption 

spectra of the malachite green is shown in figure 3.3.8. The fast
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Figure 3.3.7. Absorption spectrum for Sulfarhodamine 640. 
concentrations are 8 x 10'5, 5 x 10'5, 2 x 10’5, molar in the second, 
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81relaxation time of the malachite green (10 ps. ) makes it an 

effective shutter for blocking the nanosecond long emission from the 

amplifier dyes.

The final stage consists of a dilute solution of sulfarhodamine 
—s640 (2 x 10 m) flowing in a 12 cm long cylindrical cell. The dye is 

longitudinally pumped by the remaining 160 mj of the Nd:YAG pulse. The 

pump pulse and dye laser are aligned parallel and counter propagating. 

This geometry helps even out the intensity variations in the laser 

cross section caused by transverse pumping. The gain in the last cell 

is 12. A dielectric beam splitter is used to separate the femtosecond 

laser pulse and the Nd:YAG pulse.

0
The total gain of this system is 5 x 10 , giving a pulse energy 

of » 0.5 mj. The gain of the system is very sensitive to the input 

wavelength and small changes in the oscillator wavelength due to 

realignment require major corrections to the amplifier dye 

concentrations for maximum gain. During alignment, the dye laser 

pulse width and spectra is measured after each stage of the amplifier. 

The pump intensity, spot size and alignment were adjusted to insure 

the spectral shape of laser pulse did not change during amplification, 

and the only pulse broadening was due to dispersion in the dye solvent 

(« 22 cm of water), and to glass lenses and windows (» 5 cm). Without 

the grating compressor, the output pulse width of the system is 460 fs 

and the pulse energy is 500 microjoules. An autocorrelation of the 

amplified pulse is shown in figure 3.3.9, the autocorrelation width is 

720 fs which corresponds to a pulse width of 460 fs if one assumes a
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2sech pulse. The output pulse width is not that strongly dependent on 

the oscillator pulse width; a narrower oscillator pulse has a larger 

bandwidth and therefore experiences more broadening in the amplifier 

system. The chirp is linear and the pulse can be compressed to

under 100 fs by a grating pair as described in section 3.2.3. However 

the extend of pulse compression by the gratings is limited by the 

initial oscillator pulse width and spectra.
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Figure 3.3.10. A typical amplified laser pulse autocorrelation. The 
autocorrelation FVJHM is 720 fs. For a sech2 envelope, the pulse FWHM is 460 
fs. The autocorrelations for a gaussian and a sech2 pulse are shown.



88

3.4 Notes 

1C. V. Shank and E. P. Ippen, Mode-locking of Dye Lasers in Topics in 
Applied Physics, Vol 1. ed. by F. P. Schafer (Springer-Verlag Berlin 
1977).
2W. H. Glenn, M. J. Brienza, A. J. Demaria, Appl. Phys. Lett. 12, 54
(1968).

3B. H. Soffer and J. W. Linn, J. Appl. Phys. 39, 5859 (1968).

4W. Schmidt and F. P. Schafer, Phys. Lett. 26 A, 558 (1968).

SD. J. Bradley and F. 0. O’Neil, J. Opto-electron. 1, 69 (1969).

6E. P. Ippen, C. V. Shank and A. Dienes, Appl. Phys. Lett. 21, 348
(1972).
7C. V. Shank. E. P. Ippen and A. Dienes, Digest of Technical Papers,
VII International Quant. Elect. Conf., Montreal 1972.

8F. O’Neill, Opt. Commun. 6, 360 (1972).

9H. W. Kogelnik, E. P. Ippen, A. Dienes and C. V. Shank, IEEE J.
Quantum Electron. QE-8, 373 (1972).

10I. S. Ruddock and D. J. Bradley, Appl. Phys. Lett. 29, 296 (1976).

11C. V. Shank and E. P. Ippen, Appl. Phys. Lett. 24, 374 (1974).

12C. V. Shank and E. P. Ippen, Laser Focus, Pg. 44, July 1977.

13K. K. Li, Appl. Optics, 21, 967 (1982).

14E. P. Ippen and C. V. Shank, Appl. Phys. Lett., 27, 488 (1975).

1SE. G. Arthurs, D. J. Bradley and A. G. Roddie, Appl. Phys. Lett.,
23, 88 (1976).

16R. L. Fork, B. I. Greene and C. V. Shank, Appl. Phys. Lett. 38, 671
(1981).
17D. J. Bradley, in Methods of Generation in topics in Applied Physics
Vol. 18. ed. by S. L. Shapiro, (Springer-Verlag Berlin 1977).

18G. H. C. New, IEEE J. Quantum Electron., QE-10, 115 (1974).
19H. H. Haus, IEEE J. Quantum Electron., QE-11, 736 (1975).
20Z. A. Yasa, 0. Teschke, L. W. Braverman and A. Diennes, Optics
Commun., 15, 354 (1975).



89

21Z. A. Yasa, 0. Teschke, and L. W. Braverman, J. Appl. Phys., 47, 174 
(1976).
22N. J. Frigo, IEEE J. Quantum Electron., QE-19, 511 (1983).
23E. G. Arthurs, D. J. Bradley, A. G. Roddie, Chem. Phys. Lett. 22,
230 (1973).
24At optimum alignment of the laser, the oscillator bandwidth was 60 
A, however the output pulse width was 100 fs, indicating that the
pulses were chirped and not transform limited.
25D. N. Dempster, T. Morrow, R. Rankin, and G. F. Thompson, J.C.S.
Faraday II 68, 1479 (1972).

26E. G. Arthurs, D. J. Bradley, A. G. Roddie, Appl. Phys. Lett. 20,
125 (172).
27E. G. Arthurs, D. J. Bradley, and A. G. Roddie, Opt. Commun., 8, 118
(1973).
28E. P. Ippen and C. V. Shank, unpublished. This bistable mode is
discussed in ref. 1.
29A. Katz and Y. Budansky, unpublished
30G. R. Jacobovitz, C. H. B. Cruz, N. P. Mansur and M. A. Scarparo,
Optics Commun. 59, 233 (1986).

31P. G. Kryukov and V.S. Letokhov, Sov. Phys. Uspekhi, 122, 641
(1970).
32Mode-locking of this laser can be accomplished between 610 nm and 
630 nm. If the laser output was a transform limited pulse with a 
bandwidth of 20 nm, the temporal pulse width would be 20 fs, assuming 
a sech pulse envelope (5v <5t =0.316).
33W. Rudolph and B. Wilhelmi, Optics Commun., 49, 371 (1984).
34J.-C. Diels, W. Dietel, J. J. Fontaine, W. Rudolph and B. Wilhelmi, 
J. Opt. SOc. Am B, 2, 680 (1985).
35R. S. Miranda, G. R. Jacobovitz, C. H. B. Cruz and M. A. F. 
Scarparo, Optics Lett., 11, 224 (1986).
36S. De Silvestri, P. Laporta and 0. Svelto, IEEE J. Quantum 
Electron., QE-20, 533 (1984).
37J. J. Fontaine, W. Dietel and J.-C. Diels, IEEE J. Quantum 
Electron., QE-19, 1467 (1983).
38W. Dietel, E. Dopel, K. Hehl, W. Rudolph and E. Schmidt, Optics 
Commun., 50, 179 (1984).



90

39S. De Silvestri, P. Laporta and 0. Svelto, Optics Lett., 9, 335
(1984).
40A. M. Weiner, J. G. Fujimoto and E. P. Ippen, Optics Lett. , 10, 71
(1985).

41D. N. Christodoulides, E. Bourkoff, R. J. Joseph and T. Simos, IEEE 
J. Quantum Electron., QE-22, 186 (1986).
42C. V. Shank, R. L. Fork and R. T. Yen, in Picosecond Phenomena III, 
edited by K. B. Eisenthal, R. M. Hochstrasser, W. Kaiser and A. 
Laubereau (Springer-Verlag, Heidleberg, 1982) P. 2.
43R. L. Fork, C. V. Shank, R. Yen and C. A. Hirlimann, IEEE J. Quantum 
Electron., QE-19, 500 (1983).
44W. Dietel, E. Dopel, D. Kiihlke and B. Wilhelmi, Optics Commun., 43, 
433 (1982).
45D. Kiihlke, W. Rudolph and B. Wilhelmi, Appl. Phys. Lett., 42, 325
(1983).
46D. Kiihlke, W. Rudolph and B. Wilhelmi, IEEE J. Quantum Electron.,
QE-19, 526 (1983).
47G. R. Jacobovitz, C. H. B. Cruz and M. A. Scarparo, Optics Commun. 
57, 133 (1986).
48M. S. Stix and E. P. Ippen, IEEE J. Quantum Electron. , QE-19, 520
(1983).
49J. P. Gordon and R. L. Fork, Optics Lett., 9, 153 (1984).
50J. A. Valdmanis, R. L. Fork and J. P. Gordon, Optics Lett., 10, 131
(1985).

51J. A. Valdmanis and R. L. Fork, IEEE J. Quantum Electron. , QE-22, 
112 (1986).
52E. P. Ippen and C. V. Shank, in Techniques for Measurements in 
Topics in Applied Physics Vol. 18. ed. by S. L. Shapiro,
(springer-Verlag Berlin 1977).
53M. Maier , W. Kaiser, J. A. Giordmaine, Phys. Rev. Lett. , 17, 1275
(1966).
54A. Yariv, Quantum Electronics, (John Wiley and Sons, New York, NY, 
(1975) P 88.
5 5
J. A. Giordmaine, Phys. Rev. Lett., 8, 19 (1962).

56P. D. Maker, R. W. Terhune, M. Nisenoff, C. M. Savage, Phys. Rev.
Lett., 8, 21 (1962).



91

57B. Green, J. C. Liu, R. R. Alfano and D. Anafi, Optics Commun., 22, 
119 (1977).

58CRC Handbook of Lasers, (Chemical Rubber Co. Cleveland Ohio, 1971) P 
516.
qqR. C. Miller, Phys. Lett., 26A, 177 (1968).
60J. Comly, E. Garmine, Appl. Phys. Lett., 12, 7 (1968).
61S. A. Akhmanov, A. P. Sukhorukov and A. S. Chirkin, Sov. Phys. JETP, 
28, 748 (1969).

62W. H. Glenn, IEEE J. Quantum Electron., QE-5, 284 (1969).

63R. Y. Orlov, T. Usmanov and A. S. Chirkin, Sov. Phys. JETP, 30, 584 
(1970).
64Y. N. Karamin and A. P. Sukharov, Sov. J. Quant. Electron. , 5, 496 
(1975).
RRA. M. Weiner, IEEE J. Quantum Electron., QE-19, 1276 (1983).
RRR. L. Fork and F. A. Beisser, Appl. Optics, 17, 3534 (1978).
67A. Kalpaxis, A. G. Doukas, Y. Budansky, D. L. Rosen, A. Katz and R. 
R. Alfano, Rev. Sci. Instrum., 53, 960 (1982).
68Born and Wolf, Principles of Optics, 6th ed. (Pergamon Press, New 
York, NY 1980) Pg. 95.
69E. B. Treacy, Phys. Lett., 28A, 34 (1968).
70E. B. Treacy, Appl. Phys. Lett., 14, 112 (1969).

71E. B. Treacy, IEEE J. Quantum Electron., QE-5, 454 (1969).
72T.-Y.Yang, P. P. Ho, A. Katz, R. R. Alfano and R. A. Ferrante, Appl.
Optics, 24, 2021 (1985).
73M. Nakazawa, T. Nakashima, H. Kubota and S. Seikai, J. Opt. Soc. Am.
B, 5, 215 (1988).

74R. S. Adrain, E. G. Arthurs, D. J. Bradley, A. G. Roddie and J. R.
Taylor, Optics Commun., 12, 140 (1974).
75U. Ganiel, A. Hardy, G. Nuemann, D. Treves, IEEE J. Quantum 
Electron., QE-11, 881 (1975).
76G. Dujardin and P. Flamant, Optics Commun., 24, 243 (1978).

77A. Migus, C. V. Shank, E. P. Ippen and R. L. Fork, IEEE J. Quantum
Electron., QE-18, 101 (1982).



92

78T. Sizer, J. D. Kafka, I. N. Duling, C. W. Gabel and G. A. Mourou, 
IEEE J. Quantum Electron. QE-19, 506 (1983).
79A. A. Hilno, 0. E. Martinez and E. J. Quel, IEEE J. Quantum 
Electron. QE-22, 20 (1986).
80The firing of the flash lamps and the discharging of the voltage on 
the Pockels cell can be externally controlled but the Nd:YAG laser has 
no provisions for externally applying the initial voltage to the 
Pockels cell before firing of the lamps. This must be done by the 
internal clock of the Nd: YAG.
81P. P. Ho, A. Katz, R. R. Alfano and N. Schiller, Optics Commun. ,54, 
57 (1985).



Chapter 4 Time resolved pump and probe absorption 

studies of carrier kinetics in GaAs

4.1 Introduction

4.1.1 Background

When a semiconductor is photoexcited by interband absorption 

from an ultrashort laser pulse, the carriers are excited into a narrow 

distribution of energies at different k states determined by the 

exciting laser’s bandwidth and the band structure of the material. 

The well localized distribution of carriers at k̂  immediately begins 

to change by carrier-carrier scattering and phonon emission.1 16 

Carrier-carrier scattering depends on the density of carriers and 

dominates at high density. Carrier-carrier scattering, while 

conserving the total energy of the carriers, evolves the distribution 

function into a Fermi-Dirac-1ike distribution at a carrier temperature 

hotter than the lattice temperature. The various transitions for 2.01 

eV (6200 A) photoexcitation of GaAs are shown in figure 4.1.1 and 

table 4.1.1.

Initially the electrons and holes can form separate 

distributions at different temperatures, the electrons being hotter 

than the holes. For direct transitions and parabolic bands the energy
17distribution between the excited electrons and holes is given by
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Figure 4.1.1. Band structure of GaAs with the three possible 
transitions at 2.01 eV shown. Electrons excited from the heavyhole can 
scatter to the L and X-valleys while electrons excited from the 
lighthole only have enough energy to scatter to the L-valleys.



electron hole 
excess excess k (cm ) k (cm )

transition energy energy (parabolic (non-para
HH - Cond 520 meV -66 meV 9.3 x 106 1.5 x 107

LH - Cond 432 meV -154 meV 8.5 x 106 1.4 x 107

SO - Cond 171 meV -74 meV 5.3 x 106 5 x 106

Table 4.1.1. 2.01 eV transitions in GaAs. The excess 
energy is given relative to the band edge. The 
non-parabolic values for k are estimated from figure 
4. 1.1.



where m and m are the electron and hole effective masses and hw ise h

the excitation photon energy. The larger effective mass for the holes 

results in most of the absorbed photon’s energy being transferred to 

the electrons. In the case of GaAs, for heavy-hole to conduction band 

transitions, m = 0.063 m and m = 0.50 m , therefore about 87% ofe o h  o

the excess energy is given to the electrons and 13% to the holes. 

Electron - hole interactions then bring the electrons and holes to a 

common temperature, hotter than the lattice. The electron and hole 

quasi-Fermi levels are determined by the carrier density and 

temperature. Phonon emission is the mechanism for energy loss by the 

excited carriers to the lattice. At low carrier density, the 

electron-phonon interaction dominates resulting in a distribution 

function exhibiting peaks at energies displaced by an optical phonon 

energy. At high density, carrier-carrier scattering redistributes the 

energy among the carrier population and screening of the 

electron-phonon interaction becomes active. The electron and hole 

distributions are shown schematically in figures 4.1.2a-d.

The shape and time evolution of the non-equilibrium 

distribution depends on how the e-e, e-h, h-e, h-h, e-ph and h-ph 

interactions influence the form of the distribution function. The 

standard distributions: Fermi-Dirac or Maxwel1-Boltzman can not be
13assumed until the system is thermalized. Osman and Ferry using 

Ensemble Monte Carlo calculations find that a smooth but not standard 

distribution (Maxwellian or Fermi-Dirac) forms within 0.5 ps. They
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Figure 4.1.2a. For an ultrafast excitation pulse, at t = 
carriers are excited into a 6-function distribution. The 
energy of the electron and hole distributions is determined 
effective masses of the conduction and valence bands.

0, the 
initial 
by the
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Figure 4.1.2b. In the case of high intensity excitation, tLOPh > tee, 
thh and the. The electrons and holes form thermalized distributions. 
When the > tee, thh, the electron distribution is much hotter than the 
hole distribution. The distribution is shown schematically for t > 
tee. thh but t < the.
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Figure 4.1.2c. In the case of high intensity excitation, tLOPh > tee, 
thh and the. The electrons and holes form thermalized distributions.
When the < tee, thh, the electrons and holes come to a common 
temperature as they thermalize.. The distribution is shown 
schematically for t > the.
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Figure 4.1.2d. In the case of low intensity excitation, tLOPh < tee, 
thh and the. The electron and hole distributions show peaks at 
energies that are multiples of hwLOPh below the excitation energy. 
The electrons and holes loose most of their initial energy to the 
lattice before the thermalize. The distribution is shown
schematically for t > tLOPh.
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find that a standard form of the distribution function is obtained 

only after 2.0 ps. The work of Osman and Ferry show that at high 

concentrations the e-h interactions as well as the e-e interaction is 

an important factor in determining the thermalization rate of the 

carriers. The expressions for the e-h, h-e, e-e and h-h scattering
, 13rates are:

r (k ) = ppeeh o —
rd3k F (k) Q uh eh

„ 2-3
2  tic h |32(Q2 +/32)eh

(4. 1.3)

r (k ) = npehe o
2ne2h3 '

d k F (k) Qe eh

/32(Q2 +/32)he

(4.1.4)

T (k ) = n fieee o ------
rd3k F (k) Qe ee

2ne2h3 J |32(Q2 +/32)e e

(4. 1.5)

rhh(k J = Pfie hh o —
2irc2h3 '

d°k F (k) Qh hh

/32(q 2 +/32)hh

(4.l.B)

where

Q e h =  ^
k kO ”
m me h

(4.1.7)

Q h e =  ^
k kO “
m mh e

(4. 1.8)

Q = 2pee
k ko —
m me e

(4. 1.9)



102

Qh h =
k kO —
m mh h

(4.1.10)

and n and p are the electron and hole concentrations, p is the reduced 

mass (m m /[m +m ] for T and T , ^  for T and -h for T ) and £e h e h eh he 2 ee 2 hh

is the inverse screening length. Osman and Ferry used an ensemble 

Monte Carlo technique to calculate the different scattering rates 

assuming a Maxwellian distribution. Their results are shown in 

figures 4.1.3.a-c Because of the smaller density of states (and 

therefore the greater likelihood of a final state being occupied) of 

the conduction band the h-h and e-h scattering rates are faster than 

the e-e and h-e scattering rates.

From Eqs. 4.1.3 through 4.1.6, we see that the e-e, e-h, h-e 

and h-h scattering rates depend on the shape of the distribution 

function. The conventional methods using the Boltzman Transport 

Equation require the a priori knowledge of the form of the 

distribution function, which is not known for the non-equilibrium 

situation during the first few picoseconds. Ensemble Monte Carlo 

techniques do not assume a form for the distribution function and 

therefore are necessary to accurately calculate the time evolution of
gthe non-equilibrium distribution function. For an initial 5-function 

excitation, we see from eqs. 4.1.5 and 4.1.6, that e-e and h-h 

scattering can only occur within the bandwidth of the excitation and 

under these conditions e-h interactions dominate in the thermalization 

of the distribution, although the efficiency of energy transfer is 

weak due to the larger mass of the holes compared to the electrons.
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Figure 4.1.3a. Ensemble Monte Carlo calculations of Osman and Ferry 
of the electron distribution at 250 fs after excitation by a 1.71 eV 
laser. The density is 1018 cm-3. Taken from reference 13.
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Figure 4.1.3b. Ensemble Monte Carlo calculations of Osman and Ferry 
of the electron distribution at 500 fs after excitation by a 1.71 eV

1 8  *“3laser. The density is 10 cm . Taken from reference 13.
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Figure 4.1.3c. Ensemble Monte Carlo calculations of Osman and Ferry 
of the electron distribution at 1000 fs after excitation by a 1.71 eV18 —3laser. The density is 10 cm . Taken from reference 13.
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Experimental evidence has shown that under high excitation the
18-25rate of energy loss to the lattice is slowed due to screening.

18 —3At high concentrations (>10 cm ) e-e as well as e-h interactions

are important factors which determine the cooling rates and electron

thermalization. The electrons lose energy to the holes. The holes,

because of their heavier effective mass, are less screened and lose

energy to the lattice at a faster rate than the electrons.

Furthermore, in a multi-valley semiconductor such as GaAs, electrons,

with sufficient energy, can rapidly scatter to other valleys by

deformation potential LO-phonon emission or absorption.26,27 This

process will reduce the electron population in the direct valley and

complicate the dynamics. The electrons that scatter to the upper

valleys lose kinetic energy when they scatter. Through e-e

scattering, these electrons form a distribution in the side valleys at

a lower temperature than the central valley. The LO-phonon

interaction in these valleys is less screened because of their larger 
28effective mass. When these electrons scatter back to the central 

valley they gain kinetic energy and can reheat the electron in the 

T-valley. Under high photoexcitation, when the electron-polar LO 

phonon interaction is screened, more than 80% of the electrons can
14scatter to the L and X-valleys. Previous work at lower densities
29—32using pump and probe absorption or using pulse correlation

33—38techniques have measured the time for electrons to scatter from 

their initial state of excitation by intervalley or electron-electron 

scattering. They have found these times to be on the order of less 

than 50 femtoseconds. The evolution of the distribution from a 

6-function into a thermal distribution involves a large number of
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carrier-carrier collisions and will occur on a slower time scale than 

the time for a single electron-electron scattering event. 

Experimental knowledge of the shape of the distribution function on a 

short time scale can then be compared with Ensemble Monte Carlo 

theory, taking in account the influences and activity of e-e, e-h, 

h-e, h-h and e-ph interactions on the shape of the distribution.

4.1.2 Transient absorption

Consider above band gap absorption in a semiconductor with 

parabolic bands. The absorption coefficient for allowed direct 

transitions is17

_ poce2(2pr)3/2f (hw - E )1/2 (1 - F -F ) M i n i<X —   vc a e h  I 4. 1. 11 J24momrh

where pr is the reduced effective mass, f is the oscillator strength
V C

and F (F ) is the occupation number for electrons (holes) in thee h

conduction (valence) band at states separated by hw. If the sample 

is not heavily doped then F and F are both zero for hu more than ae h
few KT^ above bandgap. However intense optical excitation creates a 

large number of excited electrons (holes) in the conduction (valence) 

band at a temperature hotter than the lattice. The change in 

absorption is given by

5a(w) = -5a + 5a + 5a (4. 1. 12)BL FC BR

where -5a is the decrease in interband absorption due to theBL

photoexcitation carriers; 5a is intraband free carrier absorption,FC
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which is negligible compared to interband absorption; and 5a is theB R

change in absorption due to band gap renormalization. A large excited 

population screens the coulomb interaction which reduces the band
37gap. This increases the joint density of states resulting in an 

increase in absorption (a decrease in transmission). The change in 

the absorption coefficient due to band gap renormalization is given by

5a = aBR o
(hw-(E +5E ))1/2 .______g g -1.
(hw -E )1/2

(4.1.13)

where 6E is the change in band gap due to renormalization. The band g
gap change at high densities and low carrier temperature can be

. . .  25.38,39approximated by

5E = - T (n1/3+ p1/3) (4.1.14)g

_  g  g g
The measured value of T is 2.1 x 10 cm eV. For carrier densities in

19 *"3 19 —3the range of 1 x 10 cm to 2 x 10 cm , 5E is in the range ofg
-80 to -115 meV. At higher carrier temperatures the band gap shift

5will be less. For hw -E >> 5E , 5aRR is approximately given by

5a = -a 5E = a T(n1/3+ p1/3) (4.1.15)BR o g o
2 (hw-E ) 2(hw-E )g g

The change in absorption due to bleaching is given by:

5a = -(a+5a ) (F + F ) . (4.1.16)BL o BR e h
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Pump and probe absorption techniques can be used to measure the 

changes in a (and thus F + F ) as a function of delay time between thee h
pump and probe pulses. If Sa(w) is measured over a large range of 

energies at different delay times, information about the time 

evolution of the excited carrier distribution function can be 

obtained.

In practice one measures the change in transmission, which is 

related to the absorption by

where R is the sample reflectivity, which is separately measured and I 

is sample thickness. The reflectivity changes under photoexcitation

are small compared to absorption changes. For my samples, with an

AlGaAs cover layer, the reflectivity is dominated by the AlGaAs - air 

interface not the GaAs - AlGaAs interface.

By taking the ratio of the excited transmission to the

unexcited transmission,

T(t) = I (l-R)2exp-[(a + 5a )£(1-F (t)-F (t))]o  o BR e h (4.1.17)

T(t) I (l-R)2exp-[(a +Sa )£(1-F (t)-F (t))]o o BR e h (4.1.18)
T I (l-R)2exp-[a i]O O

the relationship between the measured change in transmission and the 

occupation probability in the optically coupled region is



Solving for F + F , givese h

F + F = [ ln(T(t)/T ) ]/{(a + 5a U> - 5 a  t . (4.1.20)e h  o o BR BR

The unexcited absorption, a , must be independently measured.O

If more than one transition is allowed at a given probe 

frequency, as in GaAs, where absorption can occur from the heavy-hole, 

light-hole and splitoff valence bands, the absorption coefficient is 

the sum of the absorption coefficients for each transition. For each 

transition, the initial and final states have different Fermi factors. 

In order to correctly interpret the data, a for each transition must 

be known as well as the occupation number of all the states involved.

4.1.3 Electron and hole contributions to 5a

Both the excited electrons and holes contribute to the 

absorption changes. For a semiconductor, such as GaAs, with a much 

smaller conduction band effective mass than the valence band effective 

mass, the relative contribution of electrons and holes depends on the 

probe energy. The conduction band, with its smaller density of states 

will be degenerate under moderate or intense photoexcitation while the 

holes will be degenerate only at extremely intense excitation levels. 

At probe energies near band gap, the conduction band, being 

degenerate, will have a higher occupation number than the valence band
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and the electron dynamics will dominate the transient absorption. If 

one probes with higher frequencies, the optically coupled states in 

the conduction band will be further from band edge than the coupled

valence band states; therefore the Fermi factor for the electrons will

decrease faster than the hole Fermi factor as the probe energy is

increased.

The occupation probability for electrons and holes at a carrier
19 — 3density of n = n = 2 x 10 cm is shown in figures 4.1.4a ande h

4.1.4b for carrier temperatures of 1400 K and BOO K, respectively. 

Since, in GaAs, at high carrier temperatures, the electron population

in the central valley can be considerably less than the hole

population, the electron and hole occupation probabilities are also
19 -3 19 —3plotted for n = 2 x 10 cm and n = 1 x 10 cm in figuresh e

4.1.5a and b for carrier temperatures of 1400 K and BOO K

respectively. The conduction and valence bands are taken to be
* * 

parabolic with effective masses m = 0.063 m and m = 0.50 m . Thee o h  o

x-axis (energy) in figures 4.1.4a,b and 4.1.5a,b is scaled to show the 

energy for vertical transitions (see Eq 4.1.1 and 4.1.2).

From figures 4.1.4a and b and 4.1.5a and b, we see that for 

probe energies less than 0.3 eV above gap, F >> F and the inducede h

absorption changes are dominated by the electrons. At higher 

energies, more than 0.8 eV above gap, F >> F and the holes dominateh e

the absorption changes. For energies in the range of 0.3 to 0.8 eV

above band gap both the electrons and holes contribute. The relative

contribution of electrons and holes will change as carriers cool and
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as electrons scatter back from the side valleys. At higher energies, 

as the carrier temperature decreases, F decreases rapidly while Fe h

decreases less. At energies closer to the band edge, F and F bothe h

increase but F remains greater than F . The relative electron and

hole contributions to the bleaching will also change with carrier

density. The occupation probabilities, F and F at a carrier densitye h
19 —3of 1 x 10 cm is plotted in figures 4.1.6a and b at T = 1400 K andc

600 K respectively.

4.1.4 Heavy-hole, light-hole and splitoff 

contributions to the absorption coefficient

In the experimental data of this thesis, absorption from the 

splitoff band to the conduction band is evident. The relative 

contributions of the heavy-hole, light-hole and splitoff bands will be 

approximated from the measured steady state absorption of the sample 

and the joint density of states of each of the three valence bands 

with the conduction band, assuming the bands are parabolic and 

isotropic. The light-hole band in the region of interest (1.65 to 2.0 

eV) is approximately parallel to the heavy-hole band and displaced 

about 100 meV below the heavy-hole band. The effective masses used 

were: conduction band mass =0.063 m , the heavy-hole and light-holeO
masses =0.5 m and the splitoff mass =0.145 m . The correspondingO O
reduced masses are 0.056 m (HH-cond. and LH-cond.) and 0.044 mO O
(SO-cond.).

The absorption coefficient depends on the joint density of
3/2states (which has a p 4(hw-E ) dependence) and the optical matrixr g
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element coupling the conduction and valence bands. In the Kane band

model the conduction is S like and the valence band is P like. Near

k=0, the conduction band wave function is |c, - ,± - > and the valence' ’ 2 2
3 3 3 1band wave functions are |v, - ,± - > (heavy-hole), |v, - ,± - >

1 1(light-hole) and |v, - ,± - > (splitoff). The corresponding square of
40the optical matrix elements are in the ratio of 3:1:2. The

absorption coefficients are then in the ratio

Heavy-hole: 3 (0.056)3/2 (hw-1.424)1/2

Light-hole: 1 (0.056)3/2 (hw-1.524)1/2 (4.1.21)

Splitoff: 2 (0. 044)3/2 (hw-1. 765)1/2 (hw > 1.765 eV)

0 (hw < 1.765 eV) .

Non-parabolicity of the conduction band will increase the

relative contribution from the heavy-hole and light-hole bands since
2the conduction band density of states will increase faster than k .

The non-parabolicity of the splitoff band will decrease the relative

contribution from the splitoff band since the density of states
2increases slower than k in the splitoff band. The precise

contributions from each valence band transition would require detailed

knowledge of the band curvature and electron wave functions at K away
7 — 1from the zone center (« 10 cm for 2.01 eV excitation).

Since, in this thesis an exact fitting of the data to a 

distribution function can not be done except to show that within the
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first 800 fs the distribution is neither a Fermi-Dirac nor Maxwellian 

distribution, the relative strengths of the three transitions will be 

approximated by considering the bands to be parabolic. A complete

detailed analysis of the data would require fitting an electron 

density and temperature and a hole density and temperature (in each 

band) with an unknown distribution. The electron density (in the 

central valley) and the hole density are not equal since a significant 

fraction of the electrons scatter to the other valleys.

At the laser photon energy of 2.01 eV, using eq. 4.1.21, 62% of 

the electrons are excited from the heavy-hole band and 19% from each 

of the light-hole and splitoff bands. The inclusion of band 

non-parabolicity will reduce the splitoff band transitions to 5 - 10%. 

The experimental pump and probe absorption results of this thesis 

indicate the splitoff contribution is much less than calculated from a 

model of simple parabolic bands and that reducing the splitoff 

contribution in eq. 4.1.21c by a factor of about 4 is more consistent 

with the experimental results (see section 4.4).

Although the number of carriers excited from the splitoff band 

is small compared to the number excited from the heavy-hole and 

light-hole bands, Its relative contribution to the bleaching is not 

necessarily small. Transitions from the splitoff band probe states at 

lower energies in the conduction band, which have a much higher 

occupation number than the states probed by transitions from the 

heavy-hole and light-hole bands which are at higher energies. As an 

example, consider the change in absorption seen by a 2.01 eV probe.
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19 ~3Assume the hole density, n = 2 xlO cm and the electron density,h
19 —3n = 1 xlO cm (T-valley) with a carrier temperature of 1000 K. Thee

calculated quasi-Fermi levels are p = 0.087 meV and p = 0.200 meV.h e

(band gap renormalization is neglected). The energies of the optically 

coupled states of a 2.01 probe are given by

g = 0.50 (2.01-1.424) 
0.5+0.063

gHH
0.063 (2.01-1.424) 
0.5+0.063

= 0.520 eV

= -0.066 eV

(HH - C) (4.1.22a)

g =

LH

0.50 (2.01-1.524)
0.5+0.063

0.063 (2.01-1.524) 
0.5+0.063

= 0.432 eV

(LH - C) 

■0.1= -0.154 eV

(4.1.22b)

* _ 0.145(2.01-1.765) _
gc - 0T~145+0. 063----- - 0.171 ev

(SO - C) (4.1.22c)
g = _ 0-063 (2.01-1.765) =
h h  0.145+0.063 U'J4i ev

The occupation probabilities (assuming a Fermi-Dirac distribution) in 

the optically coupled region are

-1 /- r -1
F + Fe h

r f. 520-. 200H (■„ f.087+.066'|'|
= [1+eXP [ 08617 J J +  [ 1 + e x p [  .08617 J J

0.024+0.145=0.169 (HH-C) (4.1.23a)

r , T? f. 432-. 200'] I * f.087+. 15411 1
e h [  6 X p [  .08617 J J  [ eXp[ .08617 J J

= 0.063 + 0.057 = 0.120 (LH-C) (4.1.23b)
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T7 <. e1 _ f. l y i - ^ O O l l " 1  ̂ f. f . 0 8 7 + . 4 1 5 H  1
e h [  e x p [  .08617  J J  [  e X p [  .08617  J J

= 0.583 + 0.003 = 0.586 (SO-C) (4.1.23c)

and the change in absorption is

5a = 6a + 6a +5a = -(4.21+0.91+4.39) x 103cm_1 . (4.1.24)H H — C LH-C SO-C

For a 2.01 eV probe, transitions from the splitoff band account 

for 46% of the change in a although less than 20% of the carriers are 

excited from the splitoff band. The splitoff contribution to the 

bleaching is caused by excited electrons occupying states in the 

conduction band and will depend strongly on the fraction of electrons 

in the T-valley. On the other hand, at 2.01 eV, the heavy-hole 

contribution to the bleaching is primarily due to holes and will not 

be very sensitive to the electron distribution. Taking the splitoff 

contribution to be 5% of a at 2.01 eV, results in the splitoff 

transitions accounting for 17% of 5a.

Similar calculations for a 1.8 eV probe give 

5a = 5a +Sa +6a = -(7.76 + 2.78 + 2.68) x 103 cm-1 (4.1.25)HH-C LH-C SO-C

while for 2.2 eV probe, the absorption change is given by

5a = 5a +Sa +Sa_ = -(5.09 + 0.72 + 3.41) x 103 cm"1. (4.1.26)HH-C LH-C SO-C

In these cases, the splitoff contribution to 6a is 20% and 37% for 1.8
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and 2.2 eV probes respectively.

Inclusion of band gap renormalization in the above calculations 

would require accurate knowledge of how the band structure changes 

with carrier temperature. Using the room temperature change in band 

gap (given by Eq. 4.1.14) and assuming a rigid shift in band 

structure, the change in absorption at 2.01 eV can be calculated.

The change in band gap as given by Eq. 4.1.14 for a carrier

Eqs. 4.1.22a,b and c must be adjusted to reflect the renormalized band 

gap. The change in a from Eq. 4.1.13 isBR

19 —3density of n = 2 x 10 cm and nh
1 q1 x 10 cm , is 100 meV.e

.153+.056+0.105) x 104 c m 1 (4.1.27)

The energy of the optically coupled states becomes:

0.50 (2.01-1.424+.1) 
0.5+0.063 = 0.609 eV

(HH - C) (4.1.28a)

HH
0.063 (2.01-1.424+.1) 
0.5+0.063 = -0.066 eV

0.50 (2.01-1.524+. 1) 
0.5+0.063 = 0.432 eV

(LH - C) (4.1.28b)

8LH
0.063 (2.01-1.524+.1) 
0.5+0.063 0.1 = -0.154 eV

0. 145(2.01-1.765+.1) 
0.145+0.063 = 0.171 eV

(SO - C) (4.1.28c)
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= _ 0.063 (2.01-1.765+. 1) _ 0 341 = - 0 415 eV 
hh 0.145+0.063 U.J41 u.4ib ev

and the occupation probabilities are given by

it A  =■ f. 609-. 20011-1 f\ f. 087+. 077") V
e h [ 6XP[ .08617 J J  [ 6 X P [  .08617 J J

0.009+0.130=0.139 (HH-C) (4.1.29a)

T7 a. tr fia. f. 520-.20011"* f. f. 087+. 166") 1 1
e h [  e x p [  .08617 J J  [ e X p [  .08617 J J

= 0.024 + 0.050 = 0.074 (LH-C) (4.1.29b)

c- a. U- fia. f. 241-. 200l 1 1 [\ f.087+. 44511-1
e h = [1+exp[— 08617-JJ + [1+exp[— 08M7-JJ

= 0.383 + 0.002 = 0.385 (SO-C) . (4.1.29c)

The change in absorption is calculated from Eq. 4.1.16 and is now 

given by

5a = 5a +5a +Sa = (-.127 +.014 -.0151) x 103 cm-1. (4.1.30)HH-C LH—C SO —C

In this case, 5a is a factor of 4 less than 5a given by Eq. 4.1.24 

(without renormalization) and the splitoff band transitions account 

for 57% of 5a.
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4.2 Experimental procedure for time resolved pump and probe absorption

4.2.1 Optical setup

The pump and probe absorption technique involves the use of two 

laser pulses, a high intensity pump pulse and a weak probe pulse. The 

high intensity pump should have a photon energy great enough to 

photoexcite the sample in the region of interest. The pump pulse 

should be intense enough to excite a population sufficient to produce 

a measurable change in absorption. The second (probe) pulse’s 

intensity should be weak so as to not induce any changes in 

absorption. The photon energy (or energies) of the probe pulse should 

be such that it optically couples states in the regions of interest. 

The transmitted intensity of the probe pulse is measured as a function 

of the delay time between the pump and probe pulses. From the 

measured changes in transmission, one calculates the change in 

absorption as a function of delay time at the probe frequencies. 

These absorption changes then give information about the excited state 

population.

The experimental apparatus for pump and probe absorption 

measurements is shown in fig. 4.2.1. The laser is split into two 

equally intense pulses by a beam splitter. A variable optical delay 

line, consisting of a corner cube mounted on a stepping motor, is 

inserted in the pump pulse’s path. The other pulse is focused into a 

cell of CCL^ to produce a broadband continuum probe. The probe pulse 

is attenuated and its polarization is rotated 45 degrees with respect 

to the pump. Filters are used to select discrete probe energies and
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Figure 4.2.1. Experimental setup for the pump and probe absorption 
experiment. The Photomultiplier tubes can be replaced by an OMA.
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reduce the probe intensity. A polarizer is inserted in the probe path 

which can be rotated to allow the probe polarization to be either 

parallel or perpendicular to the pump without changing the optical 

path length of the probe. A thin glass plate is inserted in the probe 

path to reflect a small portion of the probe pulse energy to serve as 

a reference for normalization of laser intensity fluctuations. The 

two pulses are aligned to be parallel but not col linear and then 

focused to overlap on the sample. Then the transmitted intensity of 

the probe and the reference pulses are detected. Initial alignment 

and data were taken without the continuum cell. Later, data was taken 

with the continuum probe pulse.

4.2.2 Spatial and temporal alignment of pump and probe pulses

Accurate measurements of the time dependence of the induced 

absorption requires precise spatial overlap of the two pulses as well 

as an accurate measurement of the optical delay between the pulses.

In order to accurately determine the temporal overlap of the 

pump and probe pulses, the sample was removed and replaced with a KDP 

crystal, mounted at the phase matching angle for second harmonic 

generation of the pump and probe pulses (see chapter 3). The delay 

between the pulses was adjusted to maximize the second harmonic 

produce by the mixing of the two pulses. The delay between pump and 

probe could be adjusted by translating the corner cube by a stepping 

motor. The resolution of the stepping motor is 2 p (4 p round trip) 

which corresponds to 13.33 fs.
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To ensure that the entire probe pulse was within the excited

region, the probe pulse was focused to a smaller spot size than the

pump spot size. An aperture, the size of the pump spot, was placed at

the sample site and it was verified that the entire probe pulse was

incident within the aperture. A more accurate test of the spatial

overlap was then made. The transmitted intensity of the pump was

measured as a function of incident pump intensity (fig. 4.2.2). The

probe was blocked. The percentage increase in pump transmission, due

to self bleaching, was equal to the change in transmission of the

perpendicularly polarized probe (at the pump frequency) at zero time

delay. The perpendicular polarization reduced the coherent artifact
-2by a factor of < 10 . At zero time delay, the pump and probe pulses

both see the same absorption coefficient and therefore the induced 

transmission changes [5T/T] for the probe and pump will be equal if 

the two are spatially overlapped.

4.2.3 Detection equipment - monochromatic probe

In pump and probe absorption with a broadband probe pulse, one 

has the option of monitoring the transmission at a fixed wavelength 

while varying the time delay. This can be repeated at different 

wavelengths. Alternately one can measure the entire transmitted 

spectrum at a fixed time delay and then repeat at other time delays.

Varying the time delay while fixing the probe wavelength gives 

more averaging and is better suited for studying the population at 

specific energies of interest; i.e. at the point were electrons would 

scatter back to the T-valley from the X or L-valleys. In this
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technique it is much more difficult to determine the carrier 

distribution since fewer wavelengths are available. Additionally, 

data is taken over a longer period of time and long term laser 

fluctuations can distort the results. In this configuration the probe 

and reference pulses are focused into different spectrometers and 

detected by identical photomultipliers. The output voltages of the 

photomultiplier tubes were integrated by two identical gated boxcar 

integrator. The boxcars were manufactured by Stanford Research 

Systems Inc., model number SR280. The triggering of the boxcar gate 

was controlled by the circuitry that triggered the Nd:YAG laser. The 

jitter was less than 0.5 ns and if the laser did not fire, the boxcar 

would not be triggered. The gate width was set to 20 ns, which was 

wide enough to insure that the 10 ns wide output signal of the 

photomultiplier was entirely within the gate. The averaging time of 

the boxcars was selected by the number of triggering events rather 

than a fixed time constant so an equal number of laser pulses would be 

detected within each time constant. The averaging time was set in the 

range of 10 to 30 pulses. The temporal resolution of the detection 

apparatus is determined by the distance the stepping motor moves 

within the boxcar averaging time, in addition to the pulse width.

The analog output of the two boxcar integraters were directed 

to the input of a signal averager, Tracor Northern model number TN 

1710. The signals were digitized and stored in memory. The signal 

averager had the capability to simultaneously digitize the two input 

signals and store them in separate memories. After each scan was 

completed, the data was transferred to a PC XT. The dwell time of the
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signal averager was adjusted so that each scan took from 10 to 20 

minutes. The number of scans averaged was between 4 (for 2.01 eV 

probe) and 16 (for the continuum probe).

The optical path delay was varied by a microprocessor 

controlled stepping motor, manufactured by Aerotech Inc. The stepping 

motor is model number ATS 302MM and the controller is a Unidex III. 

The Unidex III was programmed to trigger a signal averager scan at the 

start of each motor translation and to coordinate the motor speed with 

the signal averager dwell time and the number of motor sweeps with the 

number of scans. The Unidex was programmed to vary the motor 

translation speed during a scan. The motor was moved at a slower 

speed near zero delay to allow more averaging without broadening the 

temporal resolution beyond the pulse width within the first 

picoseconds. At greater delay times the motor speed was increased. 

This reduced temporal resolution but shortened averaging time and 

reduced the amount of data that had to be rejected due to long term 

fluctuations of the laser. The Unidex program also halted data 

acquisition and motor translation after each scan so data could be 

transferred to the PC XT.

The PC XT program to accept the data examined each individual 

data point of the reference signal. If it did not fall within 

predetermined limits that point was not included in the averaging. 

After the selected number of scans, the ratio of probe to reference 

was plotted on the monitor and the data could either be written to 

disk for further analysis or additional data could be collected. The
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averaging program was weighted by the number of accepted data points 

so the rejected points did not influence the data.

4.2.4 Detection equipment - continuum probe

In the second technique the broadband probe and reference 

pulses are detected by an Optical Multichannel Analyzer with a flat 

field spectrometer. In this method one simultaneously measures 5a 

over a broad energy range and then determines the excited carrier 

distribution. The measurements are repeated at different delay times 

between pump and probe.

In this technique, the probe and reference pulses were aligned 

parallel but at a different height, and focused into the slit of a 

flat field spectrometer and imaged onto two separate tracks of an 

Optical Multichannel Analyzer. A low resolution grating was selected 

to allow measurements to be taken in the range of 6000 A to 7600 A. 
The slit width was 250 p; this sacrificed spectral resolution but 

insured that the entire probe and reference pulses were focused into 

the slit.

The 0MA III is manufactured by Princeton Applied Research, 

model number 1460. The detector is a Silicon Intensified Target (SIT) 

camera with an S-20 response, model number 1254E. The controller for 

the SIT is model number 1216. The 0MA detector has a 1 cm2 target 

area. It can be divided into 500 channels vertically and 500 tracks 

horizontally. Each channel corresponds to different wavelengths. The 

spectral resolution of the 0MA is determined by the spectrometer
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grating and slit width, with the ultimate resolution of the OMA being 

5 channels. The resolution of this system was 3 nm. The OMA detector 

was divided into 2 tracks, each 2 mm in height and separated by 3 mm. 

The Probe was imaged onto one track and the reference onto the other 

track. Care was taken to insure that the probe and reference did not

overlap onto each other’s track. A neon lamp was used to calibrate

both tracks of the OMA. The collection optics, spectrometer and 

detector were aligned to insure that each channel corresponded to the 

same wavelength on both tracks. This was done to within an accuracy 

of less than 3 channels ( 1 nm). The number, size and positions of the 

active tracks is programmed using the OMA III operating system

software.

Spectrum was taken at different delay times. At each delay, 

about 1200 laser pulses were averaged. The probe and reference were 

written to separate files on disk. At regular intervals, a background 

(dark current and ambient room light) curve and an unexcited

transmission curve were taken.

Later, the data was transferred to a PC XT for processing. 

Software was used to correct for the small misalignment of the probe 

and reference tracks. The background signal was subtracted out and 

the probe signal was normalized to the reference signal. The data was 

then divided by the unexcited transmission data to give (T+5T)/T.

4.2.5 Measurement of pump pulse energy

For direct band to band photoexcitation, if free carrier and
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two photon absorption is small, the number of electron-hole pairs 

produced is equal to the number of photons absorbed. Determining the 

number of absorbed photons involves measuring the pulse energy and 

spot size at the sample. The number absorbed is equal to the total 

number of photons less the number reflected and transmitted. 

Therefore, the laser pulse energy and spot sized were measured.

An accurate measurement of the femtosecond laser pulse energy

is not easy. Most commercially available energy meters can not

measure the combination of very high peak power (gigawatts) and very

low average power ( < 5 milliwatts) of femtosecond lasers operating at

a few hertz. Pyroelectric detectors, which have a sensitivity of less
6 —2than a microjoule damage at intensities greater than 10 watts cm . 

They also pick up a large amount of noise (both optical and 

electronic) generated during the firing of the amplifier system and 

are therefore not suitable for measuring the pulse energy. Attempts 

to measure the pulse energy with a pyroelectric detector failed to 

give reasonable and consistent results. Volume calorimeters, which 

can handle large peak intensities as well as large average power, have 

a noise level of a few milliwatts. The average laser power is 

estimated to be on the order of 5 milliwatts (0.25 millijoules per 

pulse at 20 Hz). Measurements of pulse energy using a Scientech 

volume calorimeter gave an average pulse energy of 300 microjoules 

with an error or ± 300 microjoules and was therefore unacceptable for 

consistent or accurate measurements of pulse energy.

For consistent and accurate measurements of the pulse energy, a
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photodiode was calibrated and used to measure pulse energy. The diode 

was a Hamamatsu vacuum photodiode, model R1328-03, with an S-20 

spectral response. The photodiode is linear in incident pulse energy 

below its saturation level of 10 volts output. The diode was 

calibrated with the second harmonic output of a high powered

modelocked ND:YAG laser. The infrared output of the Nd:YAG was blocked

by filters and the output was adjusted to give a second harmonic of 5 

millijoules per pulse (50 milliwatts average power). The output

energy was measured by a Scientech volume calorimeter. A glass slide 

inserted in the laser, at close to normal incidence reflected 0.4 

millijoules (4% from each surface) into the photodiode. Neutral

density filters were placed in front of the photodiode to attenuate 

the light until the output voltage was 1 volt. A large number of ND 

filters (ND 50’s and ND 70’s) were used to slowly attenuate the laser 

rather then ND 3’s which were more likely to be bleached. It was 

verified that the output voltage increased linearly when an ND filter 

was removed. This confirmed that the filters were not being bleached 

and that the output voltage was linear up to about 15 volts. The 

measured sensitivity of the photodiode at 5300 A was 50 

volts/microjoule. The calibration of the diode was uncorrected for 

its spectral response. At 6200 A, the sensitivity of an S-20 detector 

falls by a factor of two from 5300 A. The photodiode sensitivity was 

consistent with the calibration using the signal from the 114 MHz 

train. The cw power of the train was measured with a Newport power 

meter to be 9 milliwatts ( 80 picojoules per pulse) and the oscillator 

signal on the photodiode was 3-4 millivolts.
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The pump pulse spot size at the sample site was accurately

measured by replacing the sample with a razor blade mounted on a

stepping motor. The pump intensity was measured as the razor blade

was translated, first horizontally then vertically, in the plane of

the sample. The horizontal and vertical spot sizes (from the 10% to

the 90% transmission points) were 0.7 and 0.5 mm respectively. The
2total excitation area was 0.27 mm .

The maximum pump energy was 100 microjoules as measured by the 

calibrated photodiode. The number of photons in the pump pulse is 3 x
1410 photons. The reflected intensity was measured to be about 35% of

the incident beam and the transmission is about 3% (under high

excitation). The sample thickness is 0.75 p (this is the thickness

reported by the source of the samples. This is the same thickness as

determined by steady state absorption using the absorption data
41reported by Sell and Casey. Assuming uniform concentration through

21 -3the sample, the density of photons absorbed is 10 cm . This

carrier density is totally inconsistent with the experimentally
19 —3determined carrier density of 2 x 10 cm . The discrepancy (a 

factor of 50) is far greater than can be accounted for by experimental 

error and I can offer no explanation. The thin (0.75 p) sample and 

large (0.5 mm) spot size rule out diffusion as a mechanism for 

reducing carrier density.

4.2.6 GaAs sample description

The GaAs (sample #2) used in this experiment was 0.75 p thick.
17 -3The sample is p-type, doped 5 x 10 cm . The sample was grown by
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molecular beam epitaxy with a 2 p Al5GasAs cover layer on the front 

face and 1 p layer on the back face. The sample was mounted onto a 

glass cover slip of approximately 100 p thickness. The steady state 

absorption spectra is shown in chapter 2. The AlGaAs eliminated the 

surface states reducing surface recombination.
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4.3 Time resolved absorption measurements with a monochromatic probe

4.3.1 Introduction

Time resolved absorption measurements were made on GaAs with

2.01 eV excitation. The excitation pulse excited carriers from the 

heavy-hole, light-hole and splitoff bands. The room temperature band 

gap is 1.424 eV. For the electrons excited from the heavy-hole band, 

the excess energy given to the electrons is 520 meV, and 66 meV is 

given to the holes; for excitation from the light-hole band, 432 meV 

is given to the electrons and 154 meV to the holes and for excitation 

from the splitoff band, 171 meV is given to the electrons and 74 meV 

to the holes. Electrons excited from the heavy-hole band have 

sufficient energy to scatter to the X-valleys (486 meV) by emission or 

absorption of a phonon. Electrons excited from the heavy-hole and 

light-hole bands have enough energy to scatter to the L-valleys (286 

meV). About 80% of the total excess energy is given to the electrons 

and 20% to the holes. Data was taken with probe energies in the range 

of 1.75 eV to 2.01 eV.

4.3.2 Discussion of experimental data

The 2.01 eV time resolved transmission data at three different 

pump fluences (4 x 10 2 J cm 2, 2 x 10 2 J cm 2 and 8 x 10 3 J cm 2) 

is shown in figures 4.3.1 and 4.3.2 for parallel and orthogonally 

polarized pump and probe beams. The transmission data at probe 

energies of 1.75 eV and 1.82 eV are plotted in figures 4.3.3a, and b. 

Intervalley scattering, LO - phonon emission, e-e, h-h and e-h 

interactions all occur with in the pulse width. The rapid relaxation
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Figure 4.3.1. Time resolved transmission data at 2.01 eV for pump fluences
of 4 x 10'2 J cm*2, 2 x 10'2 J cm'2 and 8 x 10'3 J cm*2 at 2.01 eV. The
pump and probe are parallel polarized.
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Figure 4.3.2. Time resolved transmission data at 2.01 eV for pump fluences 
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Figure 4.3.3a. Time resolved transmission data at 1.82 eV for a pump
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Figure 4.3.3b. Time resolved transmission data at 1.75 eV for a pump 
fluence of 4 x 10'2 J cm'2 at 2.01 eV.
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in the initial 2 ps is a combination of e-h and h-e interactions 

cooling the electrons and heating the holes as well as energy loss to 

the lattice and intervalence band scattering of holes from the 

splitoff to the heavy-hole band. The longer relaxation is the result 

of carrier cooling, recombination and increased absorption resulting 

from increased band gap renormalization as the carriers cool.

Within the first 0.5 psec, the coherence spike is clearly 

evident in the parallel polarization data but not in the orthogonally 

polarized data. At t = 0, ST is approximately linear with pump 

intensity, the coherence spike does not have the expected . quadratic 

dependence on I of four-wave mixing. This departure frompump
quadratic dependence is the result of large changes in both the real 

and imaginary parts of the index of refraction and is discussed in 

detail in chapter 5 of this thesis.

The increase in transmission after 4 ps is clearly evident in 

all data taken with a degenerate pump and probe and is not evident at 

the other probe energies. Since this increase in transmission occurs 

only at this probe energy it can not be explained by changes in the 

temperature or density of the distribution. This transmission 

increase has not be reported in other absorption work on GaAs.

At delay times greater than about 20 ps, the normalized 

transmission falls below unity (5a > 0) This increase in absorption is 

the consequence of band gap renormalization. The data taken with a 

higher intensity pump exhibits a greater absorption increase due to
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band gap renormalization.

The temperature dependence of the induced change in

transmission at 2.01 eV has been calculated in GaAs over a range of

densities consistent with the experimental results and shown in

figures 4.3.4a,b through 4.3.6a,b. The calculations are done with the

splitoff band transitions taken to be 18%, 9% and 0% of the absorption

coefficient at 2.01 eV. In figures 4.3.4a, 4.3.5a and 4.3.6a, band

gap renormalization has been neglected. In figures 4.3.4b, 4.3.5b and

4.3.6b, the transmission change is calculated from Eq. 4.1.19 with the

change in band gap due to renormalization assumed to be independent of

carrier temperature. The electron and hole densities are taken to be

equal. These results are not very dependent on carrier temperature

and inconsistent with the experimental data (see figures 4.3.1 and

4.3.2 although the calculated transmission changes are on the same

order as those observed. A better model would require including a

temperature dependent SE , as well as allowing the electron and/org
hole concentrations to change on a ps time scale. The greater 

inconsistency is between the carrier density inferred from the
19 —3measured St (» 10 cm ) compared to the carrier density determined

20 ”3by the number of photons absorbed (>5 x 10 cm ).



Nor
ma

li
ze

d 
tr

an
sm

is
si

on
n  =  1.8 x  1CEL9

x  K E L 9

0 10 20
C a r r i e r  t e m p e r a t u r e  ( x  1 0 0 K )Figure 4.3.4a. Calculated transmission change at 2.01 eV as a function of 

Tc. Split-off band transitions are assumed to account for 18% of the 
unexcited absorption coefficient. Band gap renormalization is not included.

145



Nor
mal

ize
d 

tr
an

sm
is

si
on n  =  1.8 x  ifKlQ

,n=s 1.4xlfE19
n  =  1 x

0 10 20
C a r r i e r  t e m p e r a t u r e  ( x  1 0 0 K )

Figure 4.3.4b. Calculated transmission change at 2.01 eV as a function of
Tc. Split-off band transitions are assumed to account for 18% of the
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Figure 4.3.5a. Calculated transmission change at 2.01 eV as a function of
Tc. Split-off band transitions are assumed to account for 9% of the
unexcited absorption coefficient. Band gap renormalization is not included.
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Figure 4.3.5b. Calculated transmission change at 2.01 eV as a function of
Tc. Split-off band transitions are assumed to account for 9% of the
unexcited absorption coefficient. Band gap renormalization is included.
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Figure 4.3.6a. Calculated transmission change at 2.01 eV as a function of
Tc. Split-off band transitions are neglected. Band gap renormalization isnot included.
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Figure 4.3.6b. Calculated transmission change at 2.01 eV as a function of
Tc. Split-off band transitions are neglected. Band gap renormalization is
included.
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4.4 Time resolved measurements of the carrier distribution function

4.4.1 Direct experimental evidence of a 

non-thermal carrier distribution function

As discussed in section 4.1.2, the induced absorption changes 

allow a determination of the carrier distribution function. In this 

section, the results of time resolved absorption measurements, taken 

at room temperature in GaAs over the energy range of 1.6 to 2.0 eV, 

are presented and discussed. The excited transmission at probe delays 

of -117, +117, +500, and +833 femtoseconds are shown in figures 4.4.1a 

through 4.4.Id in the energy range of 1.63 to 2.00 eV. The respective 

carrier populations (F + F ) as calculated from eq 4.1.20 for ae h

parabolic conduction band and a single parabolic valence band are 

shown in figures 4.4.2a through 4.4.2d. The value of a was thatO
measured in chapter 2.4. At the high carrier temperatures encountered 

in the first picosecond, the change in band gap because of 

renormalization is small and therefore, are not included in these 

calculations.

The most evident fact in the distribution function at earlier 

delay times, is that it is neither Maxwellian nor Fermi-Dirac like. 

In fact the occupation number is greater at higher energy states than 

at lower energy states. Although the distribution function has

evolved from a 6-function like distribution on a faster time scale 

than the resolution of the experiment, at this density (>1 019) the 

distribution does not obtain a Fermi-Dirac like distribution until 800 

fs after excitation. The distribution evolves by e-e, h-h, h-e and
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e-h scattering. These scattering times were not resolved in this
29-36experiment but other experimental work have measured these times 

to be on the order of tens of femtoseconds.

My results show that a thermalized distribution forms on a 

slower time scale then the e-e or h-h scattering times because it 

takes many carrier scattering events to form a thermalized 

distribution. The data taken at 1. 17 ps delay can be fitted by a 

Fermi-Dirac distribution with an electron quasi-Fermi level of 230 

meV, a hole quasi-Fermi level of 200 meV and a carrier temperature of 

1400 ± 100 K (see figure 4.4.3). The corresponding carrier densities
1 0  . 1  I Q  _r>are n = 1.25 ± .1 x 10  ̂ cm and n = 1.9 ± .2 x 10 cm . Ine h

order to fit the data at any carrier reasonable temperature, the

contribution to 6a from splitoff band transitions had to be reduced by

a factor of 2 for all probe energies.

A more accurate fitting routine would require including band 

non-parabolicity into calculations of density of states and higher 

order corrections to the Kane band model in determining the optical 

matrix elements and band gap renormalization. The effect of these 

corrections would probably be less than the errors introduced by the 

poor signal to noise of the data and would not change the central 

thesis of this work showing the non-thermal distribution in the first 

800 fs of excitation.

Other significant features include an increase in the bleaching 

at probe energies greater than 1.765 eV; a bump in the transmission at
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1.96 eV and a decrease in transmission above 1.97 eV. An accurate 

understanding of this data requires inclusion of the light-hole, 

splitoff and heavy-hole valence bands as well as the L and X-valleys 

of the conduction band.

The range of probe energies was such that conduction band 

states, in the T-valley, above and below transitions from the splitoff 

band (1.765 eV) were interrogated as well as those states in the 

T-valley degenerate with the X and L-valleys. The probe energy 

corresponding to splitoff band edge transitions is marked on figs. 

4.4.1a-d as SO-C. The probe energies for transitions from the 

heavy-hole and light-hole bands to the conduction band degenerate with 

the X and L-valley minima are also shown as HH-L (1.75 eV), HH-X (1.97 

eV), and LH-L (1.85 eV). LH-X is greater than 2.0 eV and therefore 

not shown on these figures.

The increase in the transmission at probe energies greater than

1.76 ev is evident in figs. 4.4.1a-d. This increase is explained by a

contribution from the splitoff band. The splitoff contribution is

greater at earlier time delays when there is still a significant hole

population in the splitoff band. The initial kinetic energy given to

the holes in the splitoff band is about the same as the heavy-hole

band (75 mev). The initial density of holes in the splitoff band is

determined by the optical matrix element coupling the splitoff and
3 / 2conduction bands and the joint density of states which depends on pr

(p = 0.056 m for heavy-hole-conduct ion band and 0.044 m forr o o

splitoff-conduction band). However, the density of states in the
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3/2valence bands depend on m (m 0.5 m for the heavy-hole and 0.145 m^  h h o J o

for the splitoff band). Therefore, initially splitoff band states 

have a higher probability of being occupied than the heavy-hole and 

light-hole and the splitoff transitions are more strongly bleached. 

This is why for small time delays (fig. 4.4.1a and 4.4.1b at -117 and 

+ 117 fs) the splitoff contribution is greater than at longer time 

delays. As the holes scatter to the other valence bands the relative 

hole contribution of the splitoff band to the bleaching decreases to 

almost zero as the holes in the three valence bands reach equilibrium. 

The bleaching of the splitoff-conduction band transition at longer 

time delays is due only to electrons.

The bump in the transmission at 1.96 eV indicates an increase 

in the electron population at 0.470 eV above the bottom of the 

conduction band. This is the approximate energy of electrons 

scattering back from the X-valleys to the T-valley. It is also one 

phonon energy below the pump energy. At small time delays, this 

increase in the population at this energy is the result of excited 

electrons emitting an LO-phonon. At longer delays the increase is 

from electrons scattering back from the X-valleys. The decrease in 

transmission above 1.97 eV is also an effect of intervalley 

scattering. This decrease in transmission indicates that the high 

energy electrons scatter to the side valleys at a faster rate than the 

rate at which they maintain a Fermi-Dirac distribution.

A more accurate interpretation of the data would require 

increased time resolution and an extension of the range of probe
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Figure 4.4.3. Normalized transmission at 1.17 ps and the transmission 
calculated for a Fermi-Dirac distribution at 1400 K and quasi-Fermi levels,

= 230 meV (r̂  = 1.25 x 1019 cm’3) and ^ = 200 meV (i>, = 1.9 x 1019 
cm"3). Band gap renormalization is not included in calculations.
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energies to both higher and lower energies. The data could then be

compared to Ensemble Monte Carlo results to better understand

carrier-carrier and intervalley scattering. By studying other III-V 

semiconductors such as A1 Ga As, splitoff band transitions and/or
X 1 —X ^

intervalley scattering can be eliminated at the pump energy,

simplifying the analysis of the data and allowing for a more accurate 

determination of the different carrier scattering mechanisms.
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Chapter 5 Intervalley scattering times in GaAs 

measured by time resolved four-wave mixing

5.1 Transient gratings and four-wave mixing

5.1.1 Introduct i on

When two or more laser beams interact in a medium, an

interference grating is formed. The grating depends on the light

frequency and the angle between the directions of propagation (see

figure 5.1.1). The interference pattern gives rise to a spatial

variation in the intensity or polarization. The electric fields for

two beams of the same frequency and polarization propagating in the

directions k and k are given by 1 2 & J

E = E (t) z exp-ifwt-l"- cos(^)x + — sin(^)yl| l i o  l L n ^ n 2 JJ

(5.1.1)

E2 = Ea(t) z exp-i(wt-|| cos(§)x - £ sin(|)yj]

where the x axis is the bisector of the angle formed by k and k2> the 

x-y plane is the plane containing k and kg and 0 is angle between the 

two beams in the material. The intensity, for S polarized fields, is 

given by

I(t) = I + I + 2 / T T  i 2 v i : cos 2 si (5. 1.2)

For I = I , the intensity modulation varies between a maximum of 4 ^  

and a minimum of 0. For P polarization the intensity is given by



A

Figure 5.1.1. Interference pattern formed by two electric fields with 
parallel polarization. This geometry gives rise to a concentration 
(population) grating.
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I(t) = Î  + I2 + 2y  111'2 |cos2(|) - sin2(|)j cos|^2sin(®) ̂ yj . (5.1.3)

For I = I , the intensity modulation varies between a maximum of1 2  J

21 (1 + cos2(!|) - sin2(^)) and a minimum of 21 (l-cos2(^)+sin2(^)).1 <L tL 1 <L <L

The grating separation, d, between points of maximum intensity is

independent of the laser polarization. Using Snell’s law to express d

in terms of the incident angle in air, the grating separation is given

by

A
d =  (5.1.4)

2 sinC^O

where A is the excitation wavelength and 0 is the incident angle in e
o oair. The grating period is maximum when 0 = 0 or 180 and minimum

when 0 = 90?

If the index of refraction of the material is nonlinear with 

intensity, the resulting interference pattern gives rise to a spatial 

modulation of the index across the sample. This spatial modulation of 

the index acts as a grating which will self-diffract the excitation

beams as well as diffract a third laser beam that spatially and

temporally overlaps the grating. When the modulation is due to real 

part of the index, the grating is called a phase grating. When the

modulation is in the imaginary part of the index (change in
1—5absorption), the grating is called an amplitude grating.

In the experimental conditions of this thesis work, both an
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amplitude and phase grating exist. The scattered angle is given by

the grating equation. If $ is the angle the probe beam makes with the

normal to the grating plane and X is the probe wavelength then the
p

scattered angle, fi, is given by

2 X sin(^)
sin £2 - sin $> = m  ^ -----  (m = 0, ±1 , ±2 . . . . (5.1.5)A e

0
For self-diffraction, $ = ±̂ - , X = X and for small angles, the first£I e p

3 3order scattering is in the - 0 and -- 0 directions relative to the

angle bisector of the beams (relative to the beam direction the angles

are 20 and -0 ). Note, that the zeroth order self-diffraction is in

the forward direction and gives rise to the coherence artifact that
6—10has been observed in pump and probe absorption measurements. The

scattering directions for self-diffraction are shown in figure 5.1.2.

For the case of A * X , the scattering angles for different orders of p «
X are shown in figure 5.1.3. More details are given in sections
p
5.3.1 and 5.3.2 and f i gure 5.3.2.

5.1.2 Concentration and orientation gratings

When the change in the index of refraction is caused by a

spatial variation in the excited population density, the grating is
11 12referred to as a population or concentration grating. ’ A

concentration grating is formed by the interference pattern of 2 

parallel polarized laser beams as discussed in the previous section. 

For a pulsed excitation, the grating has a lifetime that depends on 

the pulse width and the relaxation processes in the material. The



Ks " 2 K 1 — KS

Figure 5.1.2. Scattering directions for self-diffraction in a two pulse 
grating experiment. The angle between the two beams is 0 and the first 
order diffraction in in the +20 and -0 directions.
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Figure 5.1.3. Scattering directions for a non-degenerate probe in a three 
pulse grating experiment. Hie angle between the pump beams is 8 and the 
angle the probe makes with the bisector of the pump beams is 0.
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concentration grating can decay by recombination of the excited

carriers or by diffusion of carriers from the peaks to the nodes of

the grating. Time resolved transient grating measurements have

studied relaxation processes in dyes,9 ’10’13 organic crystals,14,15 as
10—18 19 20well as free carrier recombination and diffusion in Ge, Si, ’

„ 21,22 , „ . 23-25CdS, and GaAs.

If the two equal intensity pump beams are orthogonally

polarized, the resulting electric field (figure 5.1.4) is given by

in(|)yjzj. (5.1.6)

The intensity is constant but the electric field varies in direction 

across the plane of the sample. If the selection rules favor 

excitation with one polarization over another then one still gets a 

modulation in refractive index. In this geometry, the grating 

strength depends on the orientation of the excitation and decays as 

the orientation of the excitation randomizes i.e. by momentum
18 27 25 28relaxation ’ or dephasing ’ . This type of grating is referred

1 12to as an orientation grating. ’

While the grating picture give a good understanding of the 

experimental setup and the different scattering angles, it does not 

necessarily give insight into the physics involved in the formation of 

the transient grating. The interpretation of transient grating 

signals in semiconductors have been varied and subject to
6 29controversy. ’ An alternate approach to the grating picture is to

E(t) = Eo(t)exp-i jwt-^|cos(|)x-sin(|)yj j fy +expi



Figure 5.1.4. Interference pattern formed by two electric fields with 
orthogonal polarization. Ihis geometry gives rise to an orientation 
grating.
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consider the problem as one of four-wave mixing.

When an intense electric field is incident on a non-linear 

material, the resulting polarization can be expanded in powers of the 

electric field.30’31

P = % m E + % (2>E E + *3) E E E + . . . . (5.1.7)1 ^lj J 1 j k j k i j k 1 J k 1

(2)The second order term, x . is responsible for second harmonic
(2)generation (see section 3.2) and parametric mixing. % produces a

polarization at either the sum or difference frequency, not at the
(2)source frequency and x vanishes if the sample has inversion

symmetry (such as GaAs). The phase matching conditions were discussed

in section 2.2. The third order term is non-zero in both
(3 )centrosymmetric and non-centrosymmetric materials. When the x term 

involves 3 source waves forming a fourth wave, the process is referred 

to as four-wave mixing. The phase matching conditions are given by

K = K + K - K (5.1.8)s 1 2  3

to = to + to - to (5.1.9)s 1 2  3

where i, j, k = 1, 2, 3. The phase matching conditions for four-wave
3 7mixing in a thin sample can always be satisfied. ’

In the four-wave mixing interpretation of an experiment, the 

intensity of the scattered signal is related to the changes in the
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dielectric function due to excitation by the source fields. In 

section 5.2, the free carrier contribution to the dielectric function 

in GaAs will be considered including the intraband term (Drude or free 

carrier population) and the interband term (contribution due to
32absorption saturation).
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5.2 Free carrier contribution to the dielectric function in GaAs

5.2.1 Introduction

Time resolved four-wave mixing has been used to study free 

carrier recombination and diffusion in semiconductors.16 24 Steady 

state measurements (and non-time resolved measurements using 

nanosecond pulses) of the electronic third order non-linearities have 

been used to study relaxation of free carrier energy and momentum and
33-36intervalley scattering in GaAs and other II1-V semiconductors.

Most of this work was at frequencies below band gap. One common
(3 )technique is to measure % as a function of the difference

frequency, 5w, between two laser beams as do) -» 0. Under these

conditions, carriers at lattice temperature and relatively low

density, the non-linearities are due to band non-parabolicity and

electron-phonon scattering. In this situation there is no bleaching

of absorption and most of the electrons remain in the T-valley
35although Kash and Wolff used this technique to study the

(3 )contributions to % due to intervalley scattering in n-GaAs and 

n-GaSb. They observed that the dependence on Sw of the strength of 

the four-wave mixing signal changed as the sample temperature was 

elevated, allowing conduction band electrons to scatter from the T to 

the L-valleys.

Theoretical discussions of the optical non-linearities in III-V 

semiconductors have considered the effects of band non-parabolicity
37-45and carrier energy and momentum relaxation. Most of these works

have only considered frequencies below or just at the band edge. Kahen



178

45and Leburton calculate the different contributions to the real part 

of the dielectric constant (e^ from the different valleys of GaAs and 

other III-V semiconductors assuming the valence band is filled and the 

conduction band empty. They find that the r-valley contributes only 

about 5 - 10% to ei(0) and the L and X-valleys contribute 90 - 95%. 

They do not consider the changes to due to optical excitation.
42Wherrett and Higgins first consider the effects of absorption 

saturation as well as changes in refraction for a two level system and 

then extend their model to a two band system. They find that

absorption saturation reduces the refractive index at frequencies 

below the band gap but at frequencies above the Fermi level the 

refractive change turns positive.

32In this section, using the standard expressions for the free 

carrier contribution to the dielectric function, Sc will bel
calculated in GaAs under the experimental conditions. The dependence 

of 5ei on carrier density, carrier temperature and the intervalley 

distribution of excited electrons will be examined. It will be shown 

that under the experimental conditions (subpicosecond time scale, 

probe photon energy high above band gap and high carrier density and 

temperature), the strength of the transient concentration grating 

signal is determined by the distribution of electrons between the r 

and L-valleys.

5.2.2 Intraband and interband contributions to 5cl
The electronic contribution to the dielectric constant is given

, 32,46-47by
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, > . 4iree (o> J = 1 - -----1 2 2 3h u)
d3k 
4n3 n

V F(E )V 2E (k)
La n k n

.2 2 h e
2 2 ,71 rn nn Ji:

d3k {F(E ) - F(E , )>Ip ,I2n n 1 nn 1
(E -E ,)[(hw)2- (E -E ,)2]n n n n

(intraband)

(5.2.la)

(interband)

, . 2jree (w) = ---2 2 2
r d3k

m  0) nn J 471
- (F(E )-F(E , )} p , f  8(hw-E -E , )3 n n ' nn 1 n n (5.2.lb)

2
where m is the free electron mass, |p .1 is the momentum matrix1 nn 1
element between bands n and n', E (k) is the energy of the nth bandn
and F(E) is the carrier distribution function in the nth band. The 

intraband term is a free electron like term which in the case of

parabolic bands reduces to the Drude expression for the polarizability

of a free electron gas. The interband term results from transitions 

between bands. Changes in the absorption coefficient caused by 

bleaching under conditions of high excitation results in changes in

the interband term in the electronic contribution to the dielectric

function.

In order to calculate the effects of the intervalley 

distribution of electrons, as well as carrier temperature to changes 

in the dielectric function under intense optical excitation, I 

initially assume a single parabolic valence band and a parabolic 

central valley for the conduction band.

The change in e due to optical pumping is given by
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Se^to) = 4ne
or2 23h to

d

471- f]3 IF (E )V2 E (k)-F (E )V2 E (k)e e k e  h h k h (Intraband) 

(5.2.2a)

r2 2h e
2 2 7i m

r d3k {F (E ) + F(E )} Ip , I2e e h h 1 nn 1
(E -E ) [(hto)2- (E -E )2]e h  e h

(interband)

* r  ̂ . 27reSe (to) = + ----2 2 2 m w
d3k 2—  {F (E ) + F (E )> Ip , I 5(hto-E -E ) . (5.2.2b). 3  e e  h h 1 nn 1 e h47T

For parabolic bands V 2E (K) = 3 ft2/m ; F and E (F , E ) are thek n n e e h h
carrier distribution function and energy in the conduction (valence) 

band. The hole distribution function, F = 1-F . The matrix elementh e 2
is taken from k-p perturbation theory ’ Ip . | = hw r • ; where1 nn ' g 4m
m is the reduced effective mass and m is the free electron mass.

The intraband term is negative in sign and proportional to the 

total excited population and is independent of the carrier temperature 

or distribution for parabolic bands. It is given by

5e (w) = -   f * * 1 = - — ----  (intraband) (5.2.3)1 2 m m  * 2to e h J m  tor

where n (p) is the number of electrons (holes) and m is the reducedr
effective mass. For photoexcitation, the total number of excited 

electrons and holes are equal.

Changing the interband part of Eq. 5.2.2 from an integral in k 

space to an integral in energy, where the joint density of states is



used in the interband term, gives

e2E (2m )U Z  f  
8c (w) = -- 1---  —

(E -E )[(hw)2-(E -Ek)2]e h  e h

(E-E )1/2dE(F (E)+F (E)>g e h (interband). (5.2.4)

The integral in Eq. 5.2.4 depends on the distribution of electrons 

among the different valleys of the conduction band through the 

distribution function of the electrons (F ) and the energy of thee

electrons (E ). The side valleys of GaAs have a much larger density e

of states than the T-valley, therefore the occupation probability, F ,e
for the L and X valleys will be less than for the T-valley. The 

electrons in the L and X valleys will also be at greater energy, E ,e
than electrons in the T-valley (A _ = 0.286 eV and A „ = 0.486 eV at

J L-r x-r
300 K). The evaluation of the interband integral in Eq. 5.2.4 will be

discussed in the next section. The evaluation of Sc will be

and the T- valley of the conduction band

Before evaluating the interband term in Eq. 5.2.4, I separate 

the integral into three regions: an integral from E to w-A; an

integral from w-A to w+A; and an integral from w+A to oo . The three 

integrals for the interband term are

2
discussed in section 5.2.5.

5.2.3 Interband contribution to 5c of the valence bandl

g

(E-E )1/2dE{F (E)+F (E)> (5.2.5a)5e (w) g r g e h
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+
e2E (2m )1/2 rhW+A (E-E )1/2dE(F (E)+F (E)> , . ,g r g e h (5.2.5b)
nh

2„ »1/2e E (2m )
nh

to-4 <E> [<to)2-(E)2]

■" (E-E )1/2dE(F (E)+F (E)}g e h

hw+A (E) [(hw)2-(E)2]
(5.2.5c)

In the first integral (5.2.5a) the integrand is always positive 

and hence 5.2.5a is positive. The integrand in the third integral 

(5.2.5c) is always negative and hence 5.2.5c is negative. When hw is 

greater than the energy separation of most of the electrons and holes 

(i.e. high above band gap) the interband term is positive and 

therefore will tend to cancel the negative intraband term, if all the 

electrons are in the T-valley. When hw is just above gap the 

interband term is negative and less than the intraband term. For hw 

below band gap, the only contribution to 5e is from Eq. 5.2.5clinter

(< 0); and for hw << E , the denominator in 5.2.5c is large and thusg
I5e I «  I Sc I.
1 1 inter 1 1 lintra '

In order to evaluate the interband contribution to Sc at hw,1
first consider Eq. 5.2.5b. If A is taken << k T , then F and F areB c e h

constant over the range of integration. It is assumed that on the 

time scale of the experiment (» 1-10 ps) the electrons and holes have 

reached a common temperature. E and hw + E are replaced by hw and 2hw 

respectively, then Eq.5.2.5b becomes

2. ,1/2r. , JlW+A (E_E  j l / 2 ^e E (2m ) [F +F ]
5c (w) = +  5-L-----

1 2nh(hw)2 hw-A
-2-------  (5.2.6)

(hw) -(E)
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and defining £ = E - E and £ = hw - E ; Eq. 5.2.6 reduces to
9 9

Se^w) = +

1/2
e2E (2m ) IF +F ] -S+i 1/2g r e h

27ih(hw) ‘ tf-A
(5.2.7)

The resonant part of 5ei becomesso

w)

1/2
e2E (2m ) [F +F ]g r e h

2jrh(hw)2
2 ■\/~£l - In

r.
—

1

i
#+A

#-A

(5.2.8)

which simplifies to

1/22re E (2m ) [F +FJ . /. „ '
s  f •\ , 9 r e h A v  hw-E , „ _ _.Se (w) = +     g . (5.2.9)

1 2nh(hu)2

The contribution to Se^ from carriers resonant with the probe energy

depends on the population in the coupled region (F +F ) and the probee h
energy. Closer to band gap, F and F are larger, but v'hw-E ise h  g

smaller, high above gap, Vhu-E is larger but F and F are smaller.g e h
The computer program used to calculate evaluates Eq. 5.2.3,

5.2.5a,c and Eq. 5.2.9 (in place of 5.2.5b) separately. The resonant 

part of Se^ (Eq. 5.2.9) is a smaller contribution then the rest of 

the conduction and valence bands.

5.2.4 L-valley contribution to

As discussed in chapter 4, when GaAs is photoexcited by photons 

of energy more than 0.325 eV above the band gap, the energy given to
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the electrons is greater than 0.286 eV, which is the energy separation 

between the conduction band minimum (located at k=0 in GaAs) and the 

L-valley minima. Electrons scatter from the r-valley to the L-valley
51 52 53in under 80 fs. ’ Theoretical calculations show at high density 

greater than 75% of the excited electrons scatter to the L valley for 

2.0 eV excitation. The electrons that scatter into the L-valley do 

not contribute to the absorption changes at the probe energies (1.5eV 

s hw £ 2.0eV). The bleaching of the absorption at 3.1 eV (direct 

transitions from the heavy-hole valence band to the L-valley minima at 

the zone edge) is small due to large density of states of the four
54L-valley minima and the absence of holes at the zone edge.

I assume that all electrons in L-valley are at the band minima,

with is reasonable since electrons lose 0.286 eV of kinetic energy

when scattering into the L-valley. Additionally, the carriers in the

L-valley are less screened due to the higher effective mass and
55therefore rapidly lose energy by polar optical phonon emission (the

19 —3carriers density is on the order of 10 cm ).

The L-valley contribution to Se^w) from Eq. 5.2.2 is then given by

**2 2 4h e n
Se (w) = + *-------- (L-interband) (5.2.10)

1 m [(hw)2- (El)2]

where n is the electron density in the L-valleys. The reduced mass
*

was taken to be the electron effective mass, m ; f = 0; E (valenceL h L

band to L minima) = 3.1 eV and the factor of 4 was added to account

for the 4 equivalent L-valleys. For hw < 3. 1 eV, (hw)2-(EL )2 < 0 and
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the L-valley contribution to the interband term is negative and much 

smaller than the r-valley contribution. The L-valley contribution is 

included in the computer calculations of Se^

The large anisotropy and non-parabolicity of the L-valleys 

also changes the contribution of electrons in the L-valley to the 

intraband component of Se^ through E(k) in equation 5.2.2a. The 

non-parabolicity will increase the magnitude of the intraband term 

while the larger effective mass of the L-valley will reduce the 

magnitude of the intraband term. In the calculations of Se^ the 

differences in the intraband contribution between electrons in the L 

or f-valleys was not considered.

5.2.5 Calculation of Se
2

For a simple parabolic valence and conduction band, Eq. 5.2.2b

for Se simplifies to 2

Se (w) = +2
7re2E f (2m )3/2 1g r X

2 *2u m _ . 27r2fi3

dE(E-E )1/2{F (E )+F (E )}S(hu-E -E )g e e h h e h (5.2.11)

Se2 depends only on the probability of occupation of states in the 

probe’s optically coupled region and not on the entire excited 

population. For probe energies less than 3. 1 eV, electrons in the

L-valleys do not contribute to Se In the case of a nearly
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monochromatic probe, F and F in the optically couple region can bee h

taken as constant and Eq 5.2.11 becomes

5e (w) = + 2

ne2E
2 *

2o> mr-

(2m ) r
3/2

27T2h3
(hw-E )1/2{F (E )+F (E )} (5.2.12)

g e e n n

where E and E are given bye h

m
e m  + mv cmc

(hw - E ) g

(hw - E ) m +m g

(5.2.13a) 

(5.2.13b)

Eq. 5.2.12 for S e is evaluated by computer for a range of carrier 

densities and temperatures. The results are discussed in section 

5.2.7, as well as the changes in the real part of the dielectric 

function.

5.2.6 Effects of band non-parabolicity

Both the conduction band and the light-hole valence band of
54-56GaAs deviate strongly from being parabolic. The much larger

density of states of the heavy-hole band compared to the light-hole 

band reduces the effects of band non-parabolicity in the valence band 

but for the conduction band, the non-parabolicity can not be neglected
18 — 3 S4at densities greater than 10 cm . Blakemore derives the

non-parabolicity parameters, a for the conduction band and (3 for the
57light-hole band, for GaAs, by expanding the Kane band model to 

include the additional perturbations caused by the other bands (see 

reference 54 for details). Expanding E(k) to terms in k4, the
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dispersion relationship for the conduction band is

,2. 2
E - E  - +

 ̂ 2m g 2mc c

2, 2 ,2a  f h k  1E U *  J (5.2.14)

and for the light-hole band is

. -pv.1 - 4  fi¥ f
2m J g U r n  J (5.2.15)

The values of a and (B at 300 K are -0.83, -3.57 respectively. Since a 

< 0 and |3 < 0, the effective mass (and density of states) increases 

with greater energy. The relationship between electron density, 

temperature and quasi-Fermi level in the conduction band is given by

n = 2e

*m k Tc B

27ih
(5.2.16)

Where ?i/2 and ?3/2 are the Fermi functions of order 1/2 and 3/2.

The non-parabolicity of the conduction band effects both the 

interband and intraband part of 5e . The non-parabolicity appears in 

the intraband term (Eq. 5.2.4) through the V2E (k) term which nowk c

depends on k. The intraband term will have both a carrier temperature 

and a density dependence that is not linear in density since electrons 

at larger k (larger energy) will contribute more to the intraband 

term. The effects of higher carrier density will be mitigated 

somewhat by the fact that the non-parabolicity of the conduction band
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keeps the quasi-Fermi level less than in a parabolic band. The
2non-parabolic corrections to VfeE (k) require detailed knowledge of the 

band structure and will not be included in the thesis calculations.

The effect of band non-parabolicity on the interband term

depends on the probe frequency. Band non-parabolicity enters into the

interband term through its effect on the quasi-Fermi level. Because

of the non-parabolicity of the conduction band, the density of states
1/2increases faster than (E-E ) and this results in a significantlyg

lower quasi-Fermi level than in a parabolic band, this is most 

significant at high densities and at high carrier temperatures. Using 

Eq. 5.2.16, the quasi-Fermi levels for a parabolic and a non-parabolic 

bands were calculated, for a range of electron densities and 

temperatures. The effect of band non-parabolicity is most noticeable 

at probe energies near the quasi-Fermi level. If one examines the 

integrand in the interband term (in Eqs. 5.2.5a,b,c), one sees that 

electrons (holes) at energies less (greater) than the optically 

coupled states of the probe energy (i.e. hw > E -E ), give a positivee h

contribution to 5ei while higher (lower) energy electrons (holes) 

(i.e. hw < E -E ) give a negative contribution to <5e . The simpleste h  1

correction for band non-parabolicity would be to use a density
SBdependent effective mass. The computer program used to calculate 

Sei from Eq. 5.2.3 and 5.2.5a,b,c is adjusted to include the density 

dependent effective mass and the non-parabolic quasi-Fermi levels in 

both the interband and intraband terms . This procedure corrects for 

the non-parabolic effects on the distribution function of the excited 

carriers; it does not correct for the effects of band non-parabolicity
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on the response of excited carriers to the probe field through the 

V E (k) term. For the conduction band, I accomplish this byk n

calculating the quasi-Fermi level for a given density and temperature 

from Eq. 5.2.16 and then adjusting the effective mass such that this 

value of u gives the correct electron density for a parabolic band.e

The equation that determines the electron density dependent 
*

effective mass, p , is
C

3 1- f u . /■ 15ak T % r u ■ji
( , y [ * ' 4 k ^ ]  ' [ - a r 1 - ) Mis?)] ,5.2.17)(m r  =

A similar calculation for the valence band is made where the 

heavy-hole band is considered to be parabolic but the light-hole band 

is non-parabolic. The relationship between hole density, temperature

and hole quasi-Fermi level is given by

n =2 h
k TjB

2nh2
*1 .2m 2+m 2h l

r r u,n 3r15/3k T-. r u >

tv y  ] "m‘2 ("5Er_)?3/2 0 (5.2.18)

*
The valence band density dependent effective mass, p is given by

(py) -

m 2+ m 2 h 1

. (5.2.19)
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The computer program used to calculate Sei was adjusted to use
* *

the density dependent effective masses, p and p , in both thee h

intraband and interband terms (Eqs 5.2.3, 5.2.5a,and 5.2.5c). This

procedure corrects for the non-parabolic effects on the distribution

function of the excited carriers by allowing the use of the electron

and hole quasi-Fermi levels as calculated for non-parabolic bands; it

does not correct for the effects of non-parabolicity on the response
2of excited carriers to the probe field through the \7 E (k) term.k n

5.2.7 Calculations of the dependence of <5ei and 5e2

on the carrier distribution function

As seen from Eq. 5.2.4, the interband contribution to the

dielectric function depends on the carrier distribution function. In

this section, I calculate Sc and Sc due to optical excitation for1 2
different distributions of electron density between the T and 

L-valleys at a range of carrier temperatures . The total number of 

electrons is constant (and equal to the number of holes). The 

calculations are made for different probe frequencies above the band 

gap.

For the sake of comparison, I also calculate 5ei for hw = 0.8 

eV (well below band gap) although no data was taken at energies below 

band gap. All calculations assume a Fermi-Dirac distribution with the 

electrons and holes at a common temperature greater than the lattice 

temperature. This is a valid assumption on a 1 to 10 ps time scale 

although, it is not valid within the 500 fs width of the excitation
58pulses. The carrier densities and temperatures are consistent with
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the results of absorption measurements discussed in chapter 4.

The intraband and interband contributions to 5ei for probe 

energies of 0.8, 1.65, 1.71, 1.77, 1.84 and 2.0 eV are plotted in 

figures 5.2.1a-f (note the different ordinate scale for 0.8 eV). The
19 -3hole density is 1.2 x 10 cm and the carrier temperature is 900 K.

The total number of electrons in the T and L valleys is equal to the

number of holes. As seen in figures 5.2.1a-f, the intraband term is

negative and independent of the electron distribution between valleys.

The interband term is positive for hw > E and increases as electronsg
scatter back from the L to the T-valley. For a 0.8 eV probe, we see 

that the interband contribution to 5ei is negative and small. The 

frequency dependence of the interband and intraband terms of Se^ have 

been plotted in figure 5.2.2 in the energy range of 0.5 to 2.4 eV.
19 — 3The carrier temperature is 600 K, n = n = 1.2 x 10 cm with 83%e h

of the electrons in the T-valley. The intraband term is always

negative and decreases as (hw)-2 as expected from equation 5.2.2. The

interband term is negative for hw < E and becomes positive when hw isg
about 100 meV above E . The interband term increases as hw increasesg
until it reaches a maximum around 1.7 eV. The energy at which

5e is a maximum will change with carrier temperature,l i n t e r

5e has been calculated for the same conditions as 5e and 2 1

plotted in figures 5.2.3a-e corresponding to probe energies of 1.65, 

1.71, 1.77, 1.84 and 2.01 eV. Note that 5c = 0 for hw < E .
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2 2Since the diffracted intensity depends on |Se| = |SeJ +
2 2 |<5e2| , figures 5.2.4a-f show |Se| for the same frequencies as

figures 5.2.1a-f. At frequencies well above the electron quasi-Fermi

level (i.e. 1.77 eV, 1.84 eV and 2.0 eV), |5e|2 decreases to zero as

electrons scatter back from the L-valley to the V valley. At

frequencies closer to the band edge (i.e. 1.65 eV), the decrease in
2 2 |Se | is much less and |Se| falls by only a factor of <2 as the

number of the carriers in the L valley decreases from 75% to 25%.

Below band gap (0.80 eV), |5e| is almost independent of electron

distribution between valleys.

The dependence of Se on carrier temperature is also examined. 

When the probe optically couples states that are high above the

electron quasi-Fermi energy, the interband term is not very sensitive 

to the small changes in the Fermi energy, and |5c| decrease slightly 

as carriers cool. When the optically coupled states are close to the 

Fermi energy, the interband contribution is more sensitive to changes 

in the Fermi level. In this case, carrier cooling reduces |̂ e |2 much 

more significantly. Since the holes are not degenerate at these 

densities, the coupled valence band states are always far below the 

hole quasi-Fermi level.
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211

5.3 Experimental procedure

5.3.1 Experimental optics

The experimental apparatus used for time resolved four-wave 

mixing is shown in figure 5.3.1. The output of the amplified 

femtosecond laser system is split into three pulses. A variable delay 

line is placed in the optical path of each pulse. The direction of 

propagation of the pulses are aligned to be parallel and coplanar and 

then focused onto the sample. The angles that the pulses make with 

each other determine the direction of the scattered signal. In fig

5.3.1, the angle between pulses 2 and 3 is 0, while pulse 1 makes an 

angle $ with the bisector of pulses 2 and 3, $ > 0/2. Pulse 1 was 

chosen as the probe pulse and pulses 2 and 3 are the pump pulses. In 

each optical path a polarizer and a rotator, if necessary, was 

inserted to allow independent selection of each pulse’s polarization.

The grating spacing was adjusted by changing the separation of 

the two pump pulses before focusing. This was accomplished by moving

mirror M2 in fig. 5.3.1 and appropriately adjusting the delay in pulse 

2. Most of the data was taken with 0 = 4° and $ = 3°. This gives a 

grating spacing of 9 microns for an excitation wavelength of 620 nm. 

Apertures were placed after the sample to block all the scattered 

light except for the signal. Table 5.3.1 lists the angles for all 

possible first order scattering directions.

Initially data was taken with the two pump and the probe pulses 

at the same frequency (degenerate four-wave mixing). The beam
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Figure 5.3.1. Experimental setup for the three pulse transient grating 
experiments. Pulses 2 and 3 are the pump pulses and pulse 1 is the probe. 
Signal is detected in the K, + - 1% direction.
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splitters were selected to give 47% of the energy to each pump pulse 

and 6% to the probe pulse. Later, the split in laser energy was 

adjusted to give 33% to each pulse. A cell of CCl^ was inserted in the 

probe path and the probe pulse was focused into the cell to produce a 

broadband continuum probe. Filters were used to select different 

probe wavelengths. The total laser pulse energy was approximately 0.4 

millijoules. The laser was loosely focused to a 1 mm spot size on the 

sample.

5.3.2 Spatial and temporal alignment of the three pulses

To insure proper spatial and temporal overlap of the 3 pulses, 

the sample was replaced with a KDP crystal. The alignment and optical 

delay of the two pump pulses was adjusted to maximize the second 

harmonic produced by the two pulses. Next the alignment and optical 

delay of the probe pulse was adjusted to maximize the second harmonic 

produced by the probe pulse and one of the pump pulses. It was then 

verified that this also maximized the second harmonic produced by the 

probe and the other pump pulse. When properly aligned, six second 

harmonic pulses, were observed on a UV card in back of the KDP 

crystal. This determined the temporal overlap with a resolution of 

under 200 fs.

In order to improve the temporal overlap of the pump pulses, a 

more precise alignment technique was utilized. It consists of 

simultaneously monitoring the self-diffraction of the pump pulses, 

with two identical photodiodes in the 20 and -0 directions, as one of 

the pump pulses was delayed with respect to the other. The two curves
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are time reversed images of each other with a separation of 50 fs 

between peaks. The zero delay is the midpoint of the two peaks.

5.3.3 Detection apparatus

The degenerate four-wave mixing signal was detected by a 

Hamamatsu vacuum photodiode and a gated boxcar integrator. The boxcar 

integrator was manufactured by Stanford Research Systems Inc., model 

SR280. The triggering of the boxcar’s gate was controlled by the 

circuitry that triggered the Nd:YAG laser. The jitter was less than 

0.5 ns and if the laser did not fire, the boxcar would not be

triggered. The gate width was set to 5 ns, which was wide enough to 

insure that the 1 ns output of the photodiode was entirely within the 

gate. The averaging time of the boxcar is selected by the number of 

triggering events rather than a fixed time constant so an equal number 

of laser pulses would be detected within each time constant. The

averaging time was set in the range of 10 to 30 pulses.

The analog output of the boxcar integrator was directed to the 

input of a signal averager, Tracor Northern model TN 1710. The signal 

was digitized and stored in memory. The signal averager had the 

capability to simultaneously digitize four different input signals and 

store in separate memories. The signal averager could add a

preselected number of scans in memory and then output the data to an 

x-y plotter or to the serial port of a computer. The dwell time of the 

signal averager was adjusted so that each scan took from 5 to 15

minutes. The number of scans averaged was between 4 and 12.



215

The optical path delay was varied by a microprocessor 

controlled stepping motor, manufactured by Aerotech Inc. The stepping 

motor is a model ATS 302MM and the controller is a Unidex III. The 

resolution of the stepping motor is 2 microns (4 microns round trip) 

corresponding to 13.3 fs. The Unidex III was programmed to trigger a 

signal averager scan at the start of each motor translation cycle and 

to coordinate the motor speed and number of cycles with the signal 

averager dwell time and number of scans respectively. The Unidex

program also halted data acquisition and motor translation during data 

transfer to the PC-XT.

Because of the much weaker signal with the continuum probe, the 

photodiode was replaced by a photomultiplier tube. A spectrometer was 

installed in front of the PMT for wavelength selection of the signal. 

Both the time constant of the boxcar and the number of individual 

scans had to be increased considerably to improve the signal to noise 

due to the very large fluctuations in the intensity of the continuum.

5.3.4 Selection of the correct scattered pulse for 

measuring the transient grating relaxation time

When the KDP was removed and the GaAs sample inserted, pulses 

in 12 different directions were observed exiting from the sample. 

These twelve pulses correspond to the 27 different possible phase 

matching combinations, given by

K = K + K - K (i.J.k = 1,2,3)s i j k (5.3.la)
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o> = w + w - w (5.3. lb)s i j k

Fifteen terms are in the direction of the three transmitted 

pulses (the 15 terms for either i=k or j=k; and shown by directions E, 

F and I in fig. 5.3.2). Six of these terms (the terms where i=j*k, 

directions A, C, D, G, K and L in fig. 5.3.2) are from two pulse 

gratings and there would be no signal if either of the two source 

pulses were blocked but not if the third pulse was blocked. In each of 

this six terms, a laser pulse is self-scattered from itself and one of 

the other pulses so there is only signal when the two pulses 

temporally overlap. This two-pulse signal has a width that depends 

primarily on the pulse shape and coherence length. Information about 

the material relaxation time can only be obtained by deconvolution of 

the detected signal.

The other three diffracted pulses (the six terms for which 

i*j*k, directions B, H and J in fig 5.3.2) are the pulses of interest. 

They correspond to one pulse scattering from the interference pattern 

of the other two pulses. This is the geometry that allows the 

measurement of the relaxation time of the grating by measuring the 

scattered intensity as a function of the probe pulse delay.For most of 

the three pulse transient grating curves, pulse 1 is used as the probe 

and the signal was detected in the B direction (given by K = K + K -s 1 2
K3). These six terms are repeated in Eqs. 5.3.2a-f and 5.3.3a-c.



A -■ Ki+Ki-K3
B,- K1-T-K2-K3 X X

k2+K2-K3

K1+K1-K2
Kl: K1+K2-K2: K1+K3-K3
K2: k2+Ki-Kl: K2+K3-K3

K3.

9/2
K2. K1+K3-K2 XX
Ki K3; K3+K1—K i: K3+K2-K2

K2+K3-K1 xx

K3+K3-K2
Ki

Figure 5.3.2. The twelve different first order scattering directions in a 3 puls® grating 
experiment. Ecah direction corresponds to combinations listed in table 5.3.1. Directions B, H, 
and J, involve all three pulses. Most of the data was taken in direction B. The angle between 
pulses 2 and 3 is 0 while the angle between pulsel and the bisector of 2 and 3 is 0.

217



218

The source of the pulse scattering in direction B is

K = K + K - K (5.3.2a)s 1 2 3

K = K + K - K (5.3.2b)s 2 1 3

w = 0) + u - u) (5.3.3a)s 2 1 3

and the sources for direction H and J are, respectively

K = K + K - Ks 1 3 2

K = K + K - Ks 3 1 2

U) = (i) + 10 - 0)s 3 1 2

K = K + K - Ks 2 3 1

K = K + K3 2 - K

0) = 0) + U> - 0)s 2 3 1

(5.3.2c)

(5.3.2d)

(5.3.3b)

(5.3.2e)

(5.3.2f)

(5.3.3c)

In each case the last pulse in Eqs. 5.3.2a-f (the term with the 

- sign) acts as only a pump pulse while the other two pulses act as 

both pump and probe. Experimentally, if all pulses are at the same 

frequency, delaying pulse 3 (2, 1) while measuring the signal in

direction B (H, J) gives only the coherence length of the pulse. The
1
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Source terms Scattered angle 0sx 0sp
(first order) (x-axis) (probe)

Ks = Ki + Kl - Ki 4> + 4> -® +3.00 0.00
Ks = Ki + Ki - K2 + 4> -0/2 +4.00 + 1.00
Ks = Ki + Ki - K3 $ + 4> +0/2 +7.96 +4.96
Ks = Ki + K2 - Ki 4> +0/2 - 4> +2.00 -1.00
Ks = Ki + K2 - K2 4> +0/2 -0/2 +3.00 0.00
Ks = Ki + K2 - K3 4> +0/2 +0/2 +6.97 +3.97
Ks = Ki + K3 - K i 4> -0/2 - 4> -2.00 -5.00
Ks = Ki + K3 - K2 4> +0/2 -0/2 -1.00 -4.00
Ks = Ki + K3 - K3 4> -0/2 +0/2 +3.00 0.00
Ks = K2 + Ki - K i 0/2 + $ - 4> +2.00 0.00
Ks = K2 + Ki - K2 0/2 + $ -0/2 +3.00 1.00
Ks = K2 + Ki - K3 0/2 + 4 +0/2 +6.97 +4.97
Ks = K2 + K2 - K i 0/2 +0/2 - 4> + 1.00 -1.00
Ks = K2 + K2 - K2 0/2 +0/2 -0/2 +2.00 0.00
Ks = K2 + K2 - K3 0/2 +0/2 +0/2 +5.98 +3.98
Ks = K2 + K3 - K i 0/2 -0/2 -$ -2.99 -4.99
Ks = K2 + K3 - K2 0/2 -0/2 -0/2 -2.00 -4.00
Ks = K2 + K3 - K3 0/2 -0/2 +0/2 +2.00 0.00
Ks = K3 + Ki - K i -0/2 + $ -$ -2.00 0.00
Ks = K3 + Ki - K2 -0/2 + 4> -0/2 -1.00 + 1.00
Ks = K3 + Ki - K3 -0/2 + 4> +0/2 +3.00 +5.00
Ks = K3 + K2 - K i -0/2 +0/2 -4> -2.99 -0.99
Ks = K3 + K2 - K2 -0/2 +0/2 -0/2 -2.00 0.00
Ks = K3 + K2 - K3 -0/2 +0/2 +0/2 +2.00 +4.00
Ks = K3 + K3 - K i -0/2 -0/2 -$ -6.96 -4.96
Ks = K3 + K3 - K2 -0/2 -0/2 -0/2 -5.98 -3.98
Ks = K3 + K3 -K3 -0/2 -0/2 +0/2 -2.00 0.00

Table 5.3.1. The 27 combinations for four-wave mixing. 
The third column gives the first order scattering angles 
with respect to the x-axis. The last column gives the first 
order scattering with respect to the probe (the first pulse 
listed after^the equal sign in column one) calculated for 
$=3 and 0=4 . The combinations involving all three pulses 
are in bold.
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delay of either of the other two pulses gives the grating relaxation

time as well as the coherence spike.

The different scattering directions are summarized in table

5.3.1. The usual terminology is to give the angle relative to the 

probe beam’s incident direction (0sp in table 5.3.1) but in order to 

clarify the scattering directions, the angles (0sx in table 5.3.1) are 

given with respect to the bisector of pulses 2 and 3 (the x-axis in 

fig. 5.3.2) as well as the probe pulse. For example, the sixth term, 

Ks = Ki + K 2 - K3, in table 5.3.1 corresponds to pulse 1 scattering 

from the grating formed by pulses 2 and 3. The signal is diffracted 

by an angle of 3.97° with respect to the propagation direction of 

pulse 1 and 6.97° with respect to the x-axis. But the twelfth term in 

table 5.3.1, Ks = K2 + Ki - K3, corresponds to pulse 2 scattering from 

the grating formed by pulses 1 and 3. The scattering angle is 

different, 0sp = 4.97°, then for the sixth term because the pulses 1 

and 3 intersect at a different angle then pulses 2 and 3 (i.e.

different grating spacing). However since the incident direction of 

pulse 2 was different than pulse 1, the scattered signal emerges in 

the same direction as for the sixth term (0sx = 6.97°).

The expression for the transient four-wave mixing signal for a

three level system (excited state, ground state and reservoir) with 

the electric dipole approximation, in the direction K  =» ^  + Kg - K3>
, 28,31is given by
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+00 - 1
G(t ) = lEjtt+x)|2 E (0)E (0) A(t-0)d02 3

■-00 '-00
dt (5.3.4a)

+W r t 2

lE2(t)I2 Ei(0+t )E3(0) A(t-0)d0 dt (5.3.4b)
“00 *-00

where A(t-0) is the response of the medium. The variable delay is in 

pulse 1. The term 5.3.4a, is the source term for the signal with

as the probe field and E a n d  E3 as the source (pump) fields. Ej will

vanish if E and E are not coherent. The term 5.3.4b, when E is2 3 1

delayed, gives the coherence spike if and Eg are coherent. In this

case, E is also a source field while Eg is a probe field. In this

direction, Eg is always a source field. If A(t) is long compared to

the pulse width, then by delaying Ei one measures the grating

relaxation from term 5.3.4a (5.3.4b) and the coherence spike from 

5.3.4b (5.3.4a). The delay of E^ only gives the coherence spike. If 

A(t) is short compared to the laser pulse both 5.3.4a and 5.3.4b 

essentially gives the laser pulse width. Any information about A(t) 

must be learned from deconvoluting the curves.

The decision to select the pulse scattered in the direction

given by K + K - K was based on the ease of isolating the light in1 2  3

this direction by apertures. Based on this, pulse 1 was selected as 

the probe pulse and the pulse intensities were adjusted to give the

6%, 47%, and 47% energy distribution to pulses 1, 2 and 3,

respectively, as stated previously. When the probe pulse’s

polarization is parallel to the pump pulses’ polarization, one detects
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the grating signal (Eq. 5.3.4a) and the coherence spike (Eq. 5.3.4b) 

but if the probe polarization is perpendicular to the pump pulses’ 

polarization, the signal has the polarization of the probe while the 

coherence spike has the polarization of pump pulse 2. A polarizer in 

front of the detector can eliminate detection of the coherence spike. 

Initially, data was taken with all three pulses parallel and they 

clearly exhibit the coherence spike. Curves taken at a later date, 

had the probe perpendicularly polarized to the pumps and no coherence 

spike is evident in the data. In non-degenerate four-wave mixing,

(w * w = w ) there is no coherence spike at the probe frequency.1 2  3
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5.4 Discussion of experimental results

5.4.1 Three pulse concentration grating data 

with degenerate pump and probe pulses

In this section, the data was collected with all three pulses 

at the same wavelength (6200 A). The pump pulses were parallel 

polarized (P). Initial data was taken with the probe polarization 

parallel to the pumps, later the probe polarization was rotated to S. 

In this case, the coherence spike intensity was greatly reduced and 

its polarization (P) was orthogonal to the signal (S). The source of 

the coherence spike, in the signal direction, is pulse 2 scattering 

from the grating formed by pulses 1 and 3 and has the polarization of 

pulse 2. Also, if pulses 1 and 3 are orthogonally polarized, they 

form an orientation grating which, for GaAs, is much less efficient 

then the concentration grating formed by pulses 2 and 3. Most of the
O Odata was taken with a 4 angle between the pump pulses and a 3 angle 

between the probe and the bisector of the pump pulses.

Experimental data was collected over a range of pump

intensities, grating spacing and sample temperatures (from 4 K to 295

K). The signal decays in 5 ± 1 ps which corresponds to a grating

relaxation time of 10 ± 2 ps and is independent of pump intensity and

grating spacing. The diffraction efficiency is proportional to the

square of the index modulation. Using the model of only carrier

recombination and diffusion (neglecting changes in absorption), the
12grating lifetime is given by



where d is the grating spacing, D is the diffusion coefficient, and tr
is the carrier lifetime.

The experimental results are inconsistent with either 

recombination or diffusion as the relaxation mechanism of the grating.
59The radiative lifetime of GaAs is nanoseconds although at these 

carrier densities auger recombination dominates. At a carrier density
19 —3 60of 1 x 10 cm , with Auger and two-body recombination coefficients

of ~ 7 x 10 31 cm6 sec 1 and 3.4 x 10 11 cm3 sec 1, the effective

recombination time is several hundred picoseconds. Auger

recombination can be further ruled out by the lack of intensity

dependence to the grating relaxation. Typical curves are displayed

in figures 5.4.1a-d; the laser intensities are changed by a factor of

16 between the high intensity (fig. 5.4.1a) and the low intensity

(fig. 5.4.Id). The existence of a long (greater than 20 ps) component

to the grating signal in the non-degenerate case is further evidence

that the recombination time is longer than twice the 5 ps decay of the

grating.

For similar reasons, diffusion can be eliminated as the 

mechanism for the grating decay. The long component for near band 

edge measurements shows that the spatial modulation of the carriers 

exists for a time much longer than 10 ps. Data was taken with the 

angle between the pump beams equal to 2, 4 and 8 degrees corresponding 

to a grating spacing of 18, 9 and 4 microns.
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Figure 5.4.1a. Diffracted intensity from a three pulse concentration
grating. The pump pulses are at maximum intensity. The grating spacing is
9 microns and the probe photon energy is 2 eV.
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Figure 5.4.1b. Diffracted intensity from a three pulse concentration 
grating. Ihe pump pulses are attenuated by a factor of three. The grating 
spacing is 9 microns and the probe energy is 2 eV.
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Figure 5.4.1c. Diffracted intensity from a three pulse concentration
grating. The pump pulses are attenuated by a factor of five. The grating
spacing is 9 microns and the probe energy is 2 eV.
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Figure 5.4.Id. Diffracted intensity from a three pulse concentration
grating. The pump pulses are attenuated by a factor of sixteen. The
grating spacing is 9 microns and the probe energy is 2 eV.
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Figures 5.4.2a and b show the diffracted signal taken at 

grating spacings of 4 and 18 microns; the data in figures 5.4.1a-d 

were taken with a 9 micron grating spacing. The probe polarization 

was rotated 90° with respect to the pump pulses and a polarizer was 

used to block the coherence spike. For all three angles, the signal 

decayed in 5 ps, giving a different value for the diffusion 

coefficient at each grating spacing. The values of D given by 

Eq.5.4.1 would be 1.6 x 104, 4 x 103 and 8 x 102 cm2 sec-1 for the 18, 

9 and 4 micron spacings, respectively, if the grating decay mechanism 

was diffusion. There is no physical reason for different gratings 

spacings to have different diffusion coefficients. These values of D
33are also much larger than those in the literature. Ballistic

diffusion as the grating decay mechanism is contradicted by the lack 

of dependence of the grating decay time on the grating spacing or pump 

intensity.

5.4.2 Three pulse concentration grating data 

with non-degenerate pump and probe

Since the degenerate four-wave mixing data made it apparent 

that the source of the GaAs non-linearity was not a simple population 

grating but also depended on the carrier temperature and distribution 

function, additional transient grating data was taken over a range of 

probe energies.

The energy distribution of the three pulses was adjusted (by 

changing BS1 in figure 5.3.1) to be approximately equal. Neither the 

direction nor polarization of pump pulses 2 and 3 at 6200 A were
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Figure 5.4.2a. Diffracted intensity at a grating spacing of 4 microns. 230
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Figure 5.4.2b. Diffracted intensity at a grating spacing of 18 microns.
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changed. However a 1 cm cell of CCl^ was inserted in the path of 

probe (pulse 1). Pulse 1 was tightly focused into the cell by a 

convex lens of 5 cm focal length and then recollimated by a 2.5 cm 

focal lens. The direction of propagation of the probe was not 

changed. A 2-59 corning filter was inserted in the probe path to 

reduce the intensity of the probe at 6200 A but not at longer 

wavelengths. The delay line was adjusted to compensate for the longer 

travel time of the probe. The photodiode detector was replaced by a 

spectrometer and an R943 photomultiplier tube with a GaAs response.

The transient grating curves taken at probe energies of 1.84 eV 

(6750 A), 1.77 eV (7000 A), 1.71 eV (7250 A), 1.653 eV (7500 A), 1.60 

eV (7750 A),, and 1.55 eV (8000 A) are shown in figures 5.4.3a-f. 

The pump photon energy of 2.0 eV was not changed. The curves exhibit 

a two component relaxation, a short component of 4-6 picoseconds and a 

long component, longer than the experimental delay line. The 

amplitude of the long component relative to the short component 

increases as the probe energy is tuned closer to the band gap. This 

is consistent with the model in section 5.2, where, at energies high 

above band gap, the four-wave mixing signal in GaAs depends on the 

distribution of electrons between the different valleys (the fast 

component) but near (or below) band gap, the intraband term dominates 

and the grating decays by recombination and diffusion.
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Figure 5.4.3a. Diffracted intensity for a probe energy of 1.84 eV.
The pump energy is 2.0 eV. The grating spacing is 9 microns.
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Figure 5.4.3b. Diffracted intensity for a probe energy of 1.77 eV.
The pump energy is 2.0 eV. The grating spacing is 9 microns.
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Figure 5.4.3c. Diffracted intensity for a probe energy of 1.71 eV.
The pump energy is 2.0 eV. The grating spacing is 9 microns.
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Figure 5.4.3d. Diffracted intensity for a probe energy of 1.65 eV.
Ihe pump energy is 2.0 eV. The grating spacing is 9 microns.
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Figure 5.4.3e. Diffracted intensity for a probe energy of 1.60 eV.
The pump energy is 2.0 eV. The grating spacing is 9 microns.
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Figure 5.4.3f. Diffracted intensity for a probe energy of 1.55 eV.
The pump energy is 2.0 eV. The grating spacing is 9 microns.
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5.4.3 Determination of the effective L -> T intervalley 

scattering time in GaAs from transient grating data

In order to understand the grating decay under these

experimental conditions, one must examine the change in the dielectric

function under intense optical excitation. As discussed in section

5.2, the change in the dielectric function is caused by both changes

to the refractive index (real part of n) and to the absorption

(imaginary part of n). Using the model presented in section 5.2, the

grating decay is caused by the increase in the interband contribution

to Se and to 5e as electrons scatter back to the T-valley from the 1 2  J

L-valleys.

The scattering time for electrons to scatter from the T to the
51 52L-valleys has been measured to be under 80 fs. ’ The return time,

due to the smaller density of states in the T-valley is about 25 times

slower. Under the conditions of high carrier density and temperature,

a thermalized distribution will have a significant fraction of

electrons in the T-valley with enough energy to transfer to the

L-valley (0.286 eV). Therefore electrons can undergo multiple

scattering back and forth between the T and L-valleys before relaxing
6 1to the bottom of the T-valley. Shah et al using measurements of the 

photoluminescence risetime and the Ensemble Monte Carlo method have 

determined the intervalley return rate. Their results give an L to T 

intervalley scattering time of 2.7 ps.

The effective L -> r scattering time is determined by fitting 

the four-wave mixing signal with the calculation of |Se| in section
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5.2.7. Theoretical calculations of |<3e|2, assuming cooling rates of 

0, 50, 100, and 150 K/ps, were compared to the degenerate four-wave 

mixing curves. The carrier temperature at 1 ps is taken to be 1400 K 

and the final temperature is 500 K (this is consistent with the pump 

and probe absorption data of chapter 4). The excited population n =e
19 "3n = 1.2 x 10 cm . This is 60% of the estimated carrier densityh

determined in the pump and probe absorption of chapter 4; the smaller 

density was used since the grating spot size was 60% larger than the 

pump spot size in the absorption data. It is assumed that only 20%
53of the electrons are in the T-valley at 1 ps.

The proceedure used to fit the curves, consisted of first 

plotting |Se|2 at 2.0 eV, as function of the electron distribution (as 

in figure 5.2.4f) for temperatures in the range of 500 to 1400 K at 50 

K intervals. The curves were normalized such that |5e| = 0 . 9  for
19 —3the carrier conditions of: T= 1400 K, n = 1.2 x 10 cm , n „ = 2.5h el

19 —3 IS —3x 10 cm and n = 9.5 x 10 cm , as described in the previous

paragraph; 0.9 is the measured diffracted intensity relative to the

intensity at t=0 (see the curve in figure 5.4.1a). Next, the carrier 

temperatures were calculated at 1 ps intervals for cooling rates of 0, 

50, 100 and 150 K/ps. For each assumed cooling rate, at 1 ps

intervals, it was determined which T and L valley populations would 

give a relative value of |e|2 consistent with the measured decrease in 

the diffracted intensity. This gave nL(t). An exponential decay, for 

the L-valley population, was assumed, of the form

n (t) = n (0) expf— —L L [Teff (5.4.2)
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where Teff is the effective L -> T scattering time. A linear least 

squares fit was made for Lntn^t)] to give Teff. This was repeated 

for cooling rates of 0, 50, 100 and 150 K/ps. The L T times as

determined by this method were 6.2, 8.2, 10.5, and 13.5 ps

respectively. A typical grating signal curve is shown in fig 5.4.4
d T

as well as the grating signal calculated for: Teff = 6.2 ps, ^  = 0
jfp

K/ps; Teff = 8.2 ps, -jj = -50 K/ps; Teff = 10.5 ps, = -100 K/ps; 

and Teff = 13.5 ps, ^  = -150 K/ps.

The distribution and temperature dependence of Sc differs with 

probe frequency, hence the non-degenerate transient grating data can, 

in principle, be analyzed to separate the component of the grating 

relaxation due to carrier cooling from the component due to L -» T 

scattering. A combination of the poor signal to noise of the 

non-degenerate grating signal and other corrections omitted from the 

theoretical calculations (i.e. band gap renormalization, band 

non-parabolicity, etc) make it impossible to do a more precise 

separation of the L -» T grating component from the component due to 

carrier cooling. However, from the results of pump and probe 

absorption measurements, the carrier cooling rate is estimated to be 

between 50 and 100 K/ps. From this, the L -> T effective scattering 

rate is determined to be 9 ± 2 ps.

5.4.4 Orientation grating in GaAs

GaAs has cubic symmetry and therefore the 21 non-zero elements
(3)°f %1Jkl are those for which i=j=k=l, i=j and k=l, i=k and j=l, and

31i=l and j=k. The other 60 terms are zero.
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In a three pulse orientation grating experiment, with the two 

pump pulses polarized in the y and z direction, and the probe pulse 

polarized in the z direction, %(3) and are the source termszzyz yzyz
(3) Afor the nonlinear polarization. The x term is the y polarizedyzyz

pump pulse scattering from the grating formed by the other pump pulse

and the probe pulse. The signal is y polarized and is the population
(3)grating signal discussed previously. % is the source term for thezzyz

z polarized probe scattering from the orientation grating formed by 

the pump pulses. From symmetry, for a cubic material this term should 

be zero.

In GaAs, the conduction band is S-like and the valence bands

are P-like. Most (>60%) of the electrons photoexcited by a 2.0 eV

laser are excited from the heavy-hole band. These electrons are

excited with their momentum oriented perpendicular to the electric

field. The orientation of these planes change as the direction of the

electric field polarization rotates across the sample. This lowers

the symmetry of the GaAs by creating a preferred direction
(3)(perpendicular to the momentum planes) and r is no longer equal tozzyz

zero. This orientation grating decays as the electrons and holes 

randomize direction in k-space by carrier-carrier, polar phonon
27emission and intervalley (for electrons) scattering. Oudar studied

the polarization dependence of pump and probe absorption results to

measure the momentum relaxation time in GaAs. It was found to be 190

fs. This work was done close to band edge, where there was no phonon
17emission and at moderate carrier concentrations ( ~ 10 ).
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The three pulse orientation grating experiment did not resolve

the momentum relaxation time. Shorter pulses of less than 100 fs

should be used to determine t . The detected signal was approximatelyM

equal to the pulse autocorrelation and depended principally on the 

pulse width, and the exactness of the temporal overlap of the pump 

pulses. Deconvolution of the signal is impossible due to the poor 

signal to noise and the lack of information about the exact pulse 

shape (which was highly chirped).

Even though the temporal resolution was poor, an alternate 

attempt was made to estimate the momentum relaxation time from the 

orientation grating signal. The probe pulse was blocked and the 

signal in the 20 and -0 directions were detected simultaneously by two 

photodiodes. The signal was in directions "C" (K + K - K ) and "K"2 2 3

(K + K - K ) in figure 5.3.2. Using only two pulses simplified the3 3 2

temporal alignment. Since the two signals were detected

simultaneously, fluctuations in the laser bandwidth or pulse width 

would not distort the data. A typical set of curves are shown in 

figure 5.4.5. Pulse #2 was delayed from -1.7 to + 1.7 ps. In the 

+ - Kg direction, pulse #2 is both a pump as well as the probe

pulse and therefore this diffracted signal is temporally delayed 

slightly due to the response of the material. In the Kg + K3 - Kg 

direction, pulse #3 is both a pump and the probe pulse. The 

diffracted signal is slightly shifted to earlier times (a negative 

delay for pulse #2 is a positive time delay for pulse #3).

The shift in time between signals in the 20 and -0 directions



246

gives a measure of the momentum relaxation times. The temporal shift 

in the two curves in figure 5.4.5 at the intensity half maximum point 

is 65 fs. From this data and the analysis to be discussed in the next 

section, the momentum relaxation time is estimated to be 120 fs.

An expression for the diffracted signal in the Kg + - K3

direction is given by'.28,31

- t
G (x) = 2 |E2(t+x)|2

$
E (0+x)E (0) A(t-0)d02 3

-00 *-00
dt (5.4.3)

and in the K + K - K direction, the diffracted signal is given by3 3 2

_ t
G 3 (x ) = |E3(t-x)|2 E (0-x)E (0) A(t-0)d03 2

-00 *-00
dt (5.4.4)

where A(t), for an orientation grating, is the response of the GaAs to

the anisotropic momentum distribution. It is clear that G (t ) =2
G3(-t ). Any asymmetry in G(t ) is due to the finite response of the 

material. If A(t) were a 6-function, G(x) would be symmetric about x

Consider a gaussian pulse, 1 = 1  exp( ^ 2), and an exponentialo Tp
response, A(t) = A exp( z' ), where x m  is the momentum relaxationo XM
time. The inner integral in Eq 5.4.3 can be expressed in terms of an 

error function. Eq. 5.4.3 becomes

G(x) =
2 2  2 x_ _ x 2t +xP
2 2 2 Xp 2xp XM XM 2xm

H ° 2(- h  -2i? )dt • (s-4-5)
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Figure 5.4.6a. Calculated grating signal in the K, + and
+ 1% - Kg directions for a 450 fs gaussian pulse (FV3HM) and a

momentum relaxation time of 100 fs.
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This integral was evaluated for a 450 fs pulse (FWHM) and 

momentum relaxation times, tm, in the range of 50 to 500 fs, by
6 3approximating the error function and numerically integrating. The 

results (G(t ) and G(-t ) are plotted in figure 5.4.6a-c for x = 100,M
125, 150 fs respectively. In figure 5.4.7, the peak shift, Tshift, is

plotted as a function of t  . The shift in the curves is defined asH
the difference in the points of half maximum intensity between G(t ) 

and G(-t ). The half maximum points were chosen rather than the peak 

position because noise fluctuation in the data made a precise 

determination of the peak intensity very difficult. The intensity 

FWHM of G(r) is plotted in figure 5.4.8 as a function of i . As canM
be seen by figure 5.4.8, the FWHM of G(x) is not sensitive to x forM
x < x and therefore measuring the signal FWHM in not as accurate aM p
method as measuring the time shift of the peak position of the 

scattered signal.

A comparison of these calculations with the data in figure

5.4.5 show that the carrier momentum randomizes by carrier-carrier 

scattering in about 120 fs. A more accurate fit would require a 

detailed knowledge of the pulse shape, chirp and shorter pulses.
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Chapter 6 Conclusions and future research

The conclusions of this thesis work as well as areas for 

future related research are summerized below.

The femtosecond laser system constructed for this thesis work

is currently operational with a pulse width of 50 femtoseconds
0

duration. The femtosecond laser amplifier gain is 5 x 10 .

Optimization of the DODCI concentration and the use of the appropriate

mirrors can reduce the oscillator pulse width to ~ 30 fs. The

amplified pulse can be compressed by the use of either a grating pair

or four prisms to give output pulses of under 100 fs in duration and
9 —2greater than 100 microjoules per pulse (peak power > 10 watts cm ).

The results of the pump and probe absorption experiment show 

that the excited carriers achieve a thermalized distribution after 800 

fs. This time is much longer than the carrier-carrier scattering time 

indicating that it takes 30 to 40 carrier-carrier collisions to 

achieve a Fermi-Dirac distribution. Pump and probe absorption, as a 

direct measurement of the excited carrier distribution function is an 

excellent experimental technique for studying hot carriers in GaAs.

Future research requires a shorter pulse width (< 50 fs) to 

increase the temporal resolution and thereby clarify much of this 

work. These future efforts can be used study electron-hole energy 

transfer by probing at energies much greater than the pump photon 

energy. Studying the time resolved transmission changes at the onset
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of splitoff band transistions can yield information about intervalence 

band scattering (SO -> HH and SO -> LH).

In this thesis, the first measurements of both the dispersion 

and bleaching components of the free carrier contribution to 5e were 

studied by the time-resolved transient grating technique. These 

results were used to determine the L -» T intervalley scattering time 

in GaAs. This effective time was measured to be 9 ps indicating a L -> 

T time of 3 ps. The results of the orientation grating experiment, by 

comparing the four-wave mixing signal in the 20 and -0, were used to 

measure the momentum relaxation time. This time was determined to be 

140 fs.

Future efforts with a shorter pulse width ( <50 fs) can

contunue this work with increased temporal resolution and attempted to 

separate the electron and hole components of the momentum relaxation. 

Transient orientational grating experiments can also be used to study 

momentum relaxation of excited carriers in AlGaAs-GaAs superlattices.
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Appendix

Fdcond.for

c This program calculates the quasi-Fermi levels for the
c conduction band of GaAs correcting for band non-parabolicity.

dimension eln(30), xqfl(900) 
write(*,813)

813 format(lx,’use for non-para. cond. band ’)
write(*,815)

815 format(lx,’destination file for fermi-level’/)
open(3,file=’eflnp.dat’,status=’new’) 
write(*,96)

96 format(lx,’enter how many different densities to compute’)
read(*,*) inumb
write(*,98)

98 format(lx,’enter density of excited carriers’)
do 97 1=1,inumb 
read(*,*) eln(l)

97 continue 
write(*,21)

21 format(lx,’Enter Max. & Min. Temp. & Temp. Interval’)
read(*,*) itmx 
read(*,*) itmn 
read(*,*) itv 
ittn=(itmx-itmn)/itv+l 
write(3,109) inumb 
write(3,109) ittn

109 format(lx,14)
icqf1=0
xm=.063*sqrt(.063) 
eg=1.424
a=15.*.830/(4.*1.424)

102 do 95 1=1,inumb
do 1 i=itmn,itmx,itv
VJRITE(*,*) eln( 1), I
t=float(i)
tk=(8.617e-5)*t
ala=4.83E15*t*sqrt(t)/eln(1)
do 701 j=l,150
efg=float(J-l)*. 2/tk-3. /tk
if(efg.le.-80. ) efg = -80.
if(efg.ge.1.) goto 703
fg=exp(efg)/(1.+.27*exp(efg))
fge=(alog(1.+.27*exp(efg)))/.27
goto 704

703 fg=.752*((efg**2+l.7)**.75)
fge=.3*efg**2*sqrt(efg)+l.73*sqrt(efg)

704 continue
if(fg.le.le-35) fg=0.0 
at=ala*xm*(fg+a*tk*fge)-1. 
if(at.ge.O) goto 709

701 continue
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709

3

4

2
718

9

1
95

733
734 
732

do 2 j=l,500
efgl=efg-float(j-1)*.0005/tk 
if(efgl.ge.1.) goto 3 
fg=exp(efgl)/(1.+ .27*exp(efgl)) 
fge=(alog(1.+.27*exp(efgl)))/. 27 
goto 4
fg=.752*((efgl**2+l.7)**.75)
fge=.3*efgl**2*sqrt(efgl)+1.73*sqrt(efgl)
continue
at=ala*xm*(fg+a*tk*fge)-1. 
ab=at*at
if(ab.le.0.0001) goto 9
continue
write(*,718) t
format(lx,’fermi level not found’,f5.0)
efgl=-10000.
ef=efgl*tk
icqfl=icqf1+1
xqf1(icqf1)=ef
continue
continue
do 732 i=l,inumb
write(3,*) eln(i)
do 734 j=l,ittn
ix=ittn*(i-l)+j
temp=float(itmn+itv*(j-1))
write(3,733) temp,xqf1(ix)
format(Ix,f5.0,2x,f7.4)
continue
continue
end
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c
c

813

96 

98

97 

21

109

102

703
704

701
709

3
4

Fdcondp.for
This program calculates the quasi-Fermi level for the 
conduction band of GaAs assuming a parabolic band, 
dimension eln(30), xqf1(900) 
write(*,813)
format(lx,’use for parabolic conduction band’) 
open(3,file=’eflp.dat’,status=’new’) 
write(*,96)
format(lx,’enter how many different densities to compute’) 
read(*,*) inumb 
write(*,98)
format(lx,’enter density of excited carriers’)
do 97 1=1,inumb
read(*,*) eln(l)
continue
write(*,21)
format(lx,’Enter Max. & Min. Temp. & Temp. Interval’)
read(*,*) itmx
read(*,*) itmn
read(*,*) itv
ittn=(itmx-itmn)/itv+l
write(3,109) inumb
write(3,109) ittn
format(lx,14)
icqf1=0
xg=.063*sqrt(.063)
eg=1.424
do 95 1=1,inumb
do 1 i=itmn,itmx,itv
WRITE(*,*) eln(1),I
t=float(i)
tk=(8.617e-5)*t
ala=4.83E15*t*sqrt(t)/eln(1)
do 701 j=l,150
efg=float(j-1)*.2/tk-3./tk
if(efg.le.-80.) efg=-80.
if(efg.ge.1.) goto 703
fg=exp(efg)/(1.+.27*exp(efg))
goto 704
fg=.752*((efg**2+l.7)**.75)
continue
at=ala*xg*fg-l.
if(at.ge.O) goto 709
continue
do 2 j=l,500
efgl=efg-float(j-1)*.0005/tk 
if(efgl.ge.1.) goto 3 
fg=exp(efgl)/(1.+.27*exp(efgl)) 
goto 4
fg=.752*((efgl**2+l.7)**.75)
continue
at=ala*xg*fg-l.
ab=at*at
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2

718

9

1
95

733
734 
732

if(ab.le.0.0001) goto 9 
continue 
write(*,718) t
format(lx,’fermi level not found’,f5.0)
efgl=-10000.
ef=efgl*tk
icqfl=icqf1+1
xqf1(icqf1)=ef
continue
continue
do 732 i=l,inumb 
write(3,*) eln(i) 
do 734 j=l,ittn 
ix=ittn*(i-l)+j 
temp=float(itmn+itv*(j-1)) 
write(3,733) temp,xqf1(ix) 
format(Ix,f5.0,2x,f7. 4) 
continue 
continue 
end
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Fdhh.for
c This program calculates the quasi-Fermi level for the valance
c band of GaAs considering only the heavy-hole band,

dimension eln(30), xqfl(900) 
write(*,813)

813 format(lx,’use for heavy hole valence band’)
open(3,file=’vflhh.dat’,status=’new’) 
write(*,96)

96 format(lx,’enter how many different densities to compute’)
read(*,*) inumb
write(*,98)

98 format(lx,’enter density of excited carriers’)
do 97 1=1,inumb 
read(*,*) eln(l)

97 continue 
write(*,21)

21 format(lx,’Enter Max. & Min. Temp. & Temp. Interval’)
read(*,*) itmx 
read(*,*) itmn 
read(*,*) itv 
ittn=(itmx-itmn)/itv+l 
write(3,109) inumb 
write(3,109) ittn

109 format(lx, 14)
icqf1=0
xm=.5*sqrt(.5) 
eg=0.0

102 do 95 1=1,inumb
do 1 i=itmn,itmx, itv
WRITE(*,*) eln(1),I
t=float(i)
tk=(8.617e-5)*t
ala=4.83E15*t*sqrt(t)/eln(1)
do 701 j=l,150
efg=float(J-1)*. 2/tk-3. /tk
if(efg.ge.1.) goto 703
if(efg.le.-80.) efg=-80.
fg=exp(efg)/(l. +. 27*exp(efg))
goto 704

703 fg=.752*((efg**2+l.7)**.75)
704 continue 

at=ala*xm*fg-l. 
if(at.ge.O) goto 709

701 continue
709 do 2 j=1,500

efgl=efg-float(j-1)*.0005/tk 
if(efgl.ge.1.) goto 3 
fg=exp(efgl)/(1.+.27*exp(efgl)) 
goto 4

3 fg=.752*((efgl**2+l.7)**.75)
4 continue 

at=ala*xm*fg-l. 
ab=at*at
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if(ab.le.0.0001) goto 9
continue
write(*,718) t
format(lx,’fermi level not found’,f5.0)
efgl=-10000.
ef=-efgl*tk
icqfl=icqf1+1
xqfl(icqfl)=ef
continue
continue
do 732 i=l,inumb
write(3,*) eln(i)
do 734 j=l,ittn
ix=ittn*(i-1)+j
temp=float(itmn+itv*(j-1))
write(3,733) temp,xqf1(ix)
format(lx,f5.0,2x,f7. 4)
continue
continue
end
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Fdval.for
c This program calculates the quasi-Fermi level for the valance
c band of GaAs considering the heavy-hole as parabolic and the
c light-hole as non-parabolic.

dimension eln(30), xqfl(900) 
write(*,813)

813 format(lx,’use for para. HH & non-para. LH val. band’)
write(*,815)

815 format(lx,’destination file for fermi-level’/)
open(3,file=’hflval.dat’ , status=’ new’ ) 
write(*,96)

96 format(lx,’enter how many different densities to compute’)
read(*,*) i numb
write(*,98)

98 format(lx,'enter density of excited carriers’)
do 97 1=1,inumb 
read(*,*) eln(l)

97 continue 
write(*,21)

21 format(lx,’Enter Max. & Min. Temp. & Temp. Interval’)
read(*,*) itmx 
read(*,*) itmn 
read(*,*) itv 
ittn=(itmx-itmn)/itv+l 
write(3,109) inumb 
write(3,109) ittn 

109 format(lx, 14)
icqf1=0
xmhh=. 5*sqrt(. 5) 
xmlh=.076*sqrt(. 076) 
eg=0.0
a=3.8*15./(4.*1.424)

102 do 95 1=1,inumb
do 1 i=itmn,itmx,itv
WRITE(*,*) eln(1),I
t=float(i)
tk=(8.617e-5)*t
ala=4.83E15*t*sqrt(t)/eln(1)
do 701 j=l,150
efg=float(j-1)*. 2/tk-3. /tk
if(efg.ge.1.) goto 703
fg=exp(efg)/(1.+.27*exp(efg))
fge=(alog(l.+. 27*exp(efg)))/. 27
goto 704

703 fg=.752*((efg**2+l.7)**. 75)
fge=.3*efg*efg*sqrt(efg) + l.73*sqrt(efg)

704 continue
if(fg.le.le-35) fg=0.0 
at=ala*((xmhh+xmlh)*fg+xmlh*a*tk*fge)-1. 
if(at.ge.O) goto 709 

701 continue
709 do 2 j=l,500

efgl=efg-float(J-1)*.0005/tk



266

3

4

2
718

9

1
95

733
734 
732

if(efgl.ge.1.) goto 3 
fg=exp(efgl)/(1.+.27*exp(efgl)) 
fge=(alog(1.+.27*exp(efgl)))/.27 
goto 4
fg=.752*((efgl**2+l.7)**.75)
fge=.3*efgl*efgl*sqrt(efgl)+1.73*sqrt(efgl)
continue
at=ala*((xmhh+xmlh)*fg+xmlh*a*tk*fge)-1. 
ab=at*at
if(ab. le.0.0001) goto 9 
continue 
write(*,718) t
format(lx,’fermi level not found’,f5.0)
efgl=-10000.
ef=-efgl*tk
icqfl=icqf1+1
xqf1(icqf1)=ef
continue
continue
do 732 1=1,inumb
write(3,*) eln(i)
do 734 j=l,ittn
ix=ittn*(i-l)+j
temp=float(itmn+itv*(j-1))
write(3,733) temp,xqf1(ix)
format(lx,f5.0,2x,f7.4)
continue
continue
end



267

Fdglx.for
c This program calculates the quasi-Fermi level and density of
c carriers in each valley of the conduction band of GaAs when
c the valleys are in equilibrium (common temperature and
c quasi-Fermi level). It considers the non-parabolicity of the
c T valley but treats the L and X valleys as non-parabolic,

dimension eln(30) 
write(*,813)

813 format(lx,’For non-para. cond. band considering all valleys’)
open(1,file=’eflglx.dat’,status=’new’) 
write(*,96)

96 format(lx,’enter how many different densities to compute’) 
read(*,*) inumb
write(*,98)

98 format(lx,’enter density of excited carriers’)
do 97 1=1,inumb 
read(*,*) eln(l)

97 continue 
write(*,21)

21 format(lx,’Enter Max. & Min. Temp. & Temp. Interval’)
read(*,*) itmx 
read(*,*) itmn 
read(*,*) itv 
ittn=(itmx-itmn)/itv+l 
icqf1=0
xm=.063*sqrt(. 063) 
xml=.56*sqrt(.56) 
xmx=.85*sqrt(.85) 
el=.285 
ex=.476
a=15.*.830/(4.*1.424)

102 do 95 1=1,inumb
do 1 i=itmn,itmx,itv
t=float(i)
tk=(8.617e-5)*t
ala=4.83E15*t*sqrt(t)/eln(1)
do 701 j=l,150
efg=float(j-1)*. 2/tk-3./tk
if(efg.le.-80.) efg = -80.
efl=efg-.286/tk
efx=efg-.476/tk
if(ef1.le.-80.) efl=-80.
if(efx.le.-80.) efx=-80.
if(efg.ge.1.) goto 702
fg=exp(efg)/(1.+.27*exp(efg))
fge=(alog(1.+.27*exp(efg)))/.27
goto 703

702 fg=.752*((efg**2+l.7)**.75)
fge=.3*efg**2*sqrt(efg)+l.73*sqrt(efg)

703 if(efl.ge.1.) goto 704
fl=exp(ef1)/(1.+.27*exp(ef1)) 
goto 705

704 f1=.752*((efl**2+1.7)**.75)



268

705 if(efx.ge.1.) goto 706
fx=exp(efx)/(1. +. 27*exp(efx)) 
goto 707

706 fx=.752*((efx**2+l.7)**.75)
707 continue

at=ala*(xm*(fg+a*tk*fge)+xml*fl+xmx*fx)-1. 
if(at.ge.O) goto 709 

701 continue
709 do 710 j=l,500 

efgl=efg-float(j-1)*.0005/tk 
efll=efgl-.286/tk 
efxl=efgl-.476/tk
if(efgl.ge.1.) goto 711 
fg=exp(efgl)/(1. +.27*exp(efgl)) 
fge=(alog(1.+.27*exp(efgl)))/.27 
goto 712

711 fg=.752*((efgl**2+1.7)**.75)
fge=.3*efgl**2*sqrt(efgl)+l.73*sqrt(efgl)

712 if(ef11.ge.1.) goto 713
fl=exp(ef11)/(1. + .27*exp(ef11)) 
goto 714

713 f1=.752*((ef11**2+1.7)**.75)
714 if(efxl.ge.1.) goto 715 

fx=exp(efxl)/(1.+.27*exp(efxl)) 
goto 716

715 fx=.752*((efxl**2+l.7)**.75)
716 at=ala*(xm*(fg+a*t k* fge)+xm1* f1+xmx* fx)-1. 

ab=at*at
if(ab.le.0.0001) goto 9

710 continue 
write(*,718) t

718 format(lx,’fermi level not found’,f5.0)
9 ef=efgl*tk

zng=ala*xm*(fg+a*tk*fge)*le-18*eln(1) 
znl=ala*xml*fl*le-18*eln(1) 
znx=ala*xmx*fx*le-18*eln(1) 
write(*,99) t,zng,znl,znx 
write(l,99) t,zng,znl,znx 

99 format(lx,f5. 0, 2x,f5.3,2x,f5.3,2x,f5. 3)
1 continue
95 continue

end



269

Dielel.for
c This program calculates the intraband and interband
c contributions to Sel for probe frequencies above band gap.
c It uses Simpsons rule to integrate eq. 5.2.5a and 5.2.5c.

dimension xl(6) 
integer hw,hwl,hw2 
real*8 x(1502),xnr
open(4,file=’c:\for\data\probener.dat’,status=’old’) 
read(4,*) nprobe 
do 500 i=l,nprobe 
read(4,*) xl(i)

500 continue
open(1, file=’c:\for\data\ef1.dat’,status=’old’)
open(2,file=’c:\for\data\hf1.dat’,status=’old’)
open(3,file=’diel.dat’,status=’ new’)
read(2,*) numbhd,numbt
read(1,*) numbed,numbt
numb=numbhd*numbt
do 899 ih= l.numb
read(2,*) tk,uh,xhm
xfh=-uh/tk
if(xfh.le.1. ) goto 303 
f12h=.752*(xfh*xfh+1.65)* *(. 75) 
goto 304

303 f12h=exp(xfh)/(1.+.27*exp(xfh))
304 xhd=6.04e21*xhm*sqrt(xhm)*tk*sqrt(tk)*f12h 

xintr=-2.466e-20*xhd
201 do 203 in=l,numbed

read(1,*) ue, xem 
xmrl=l./(1./xem+1. /xhm) 
xmr=xmr1*sqrt(xmr1) 
do 15 k=l,nprobe 
xhw=xl(k) 
xh=xhw*xhw 
xintra=xintr/xh 
xx=1000.*(xhw-l. 424) 
hw=int(xx) 
hwl=hw-6 
hw2=hw+6 
do 501 i=l,1502 
x(i)=0.0

501 continue
do 10 i=l,hwl
e=.001*float(i)
fe=l./(1.+exp((.87*e-ue)/tk))
fh=l./(l.+exp((uh+.13*e)/tk))
x(i)=sqrt(e)*(fe+fh)/((e+1.424)*(xh-(e+l.424)**2))

10 continue
do 20 i=hw2,1200
e=.001*float(i)
fe=l./(1.+exp((.87*e-ue)/tk))
fh=l./(1.+exp((uh+. 13*e)/tk))
x(i)=sqrt(e)*(fe+fh)/((e+1.424)*(xh-(e+1. 424)**2))
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20 continue
abc=(.87*(xhw-l. 424)-ue)/tk 
fe=l./(1.+exp(abc))
fh=l./(1. +exp((. 13*(xhw-l.424)+uh)/tk))
xr=f1oat(iw)*7. 9e-4*(fe+fh)/(2. *xh*sqrt(xhw-1.424))
xnr=-x(1)-x(hwl)-x(hw2)-x(1200)
do 100 1=1,hwl,2
xnr=xnr+2.*x(i)+4.*x(i+1)

100 continue
do 101 i=hw2,1499, 2 
xnr=xnr+2.*x(i)+4.*x(i+1)

101 continue
xnr=l.988e-2*xmr*xnr
xinter=xnr+xr
xfg=ue/tk
if(xfg.le.1.0) goto 301 
f12g=.752*(xfg*xfg+1.65)**(. 75) 
goto 302

301 f12g=exp(xfg)/(1. +. 27*exp(xfg))
302 xed=6.04e21*xem*sqrt(xem)*tk*sqrt(tk)*f12g 

xld=xhd-xed
xhd1=xhd*1.0E-18 
xedl=xed*l.OE-18 
xldl=xld*l.OE-18
write(*,40) tk.xhw, xhdl, xedl.xldl 
write(3,40) tk,xhw,xhdl,xedl,xldl 

40 format(lx, f5. 4, 2x,f5.2,2x,f5.2,2x,f5.2,2x,f5.2)
xli nter=1.56e-21*x1d/(xh-9.61) 
diel=xintra+xinter+xlinter 
diel2=diel*diel
write(*,999) xintra,xinter,xlinter,diel,diel2 
write(3,999) xintra,xinter,xlinter,diel,diel2 

999 format(lx,4(f6. 4,3x),2x,f8.6)
15 continue
203 continue
899 continue

stop 
end
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Dielelbg.for
c This program calculates del for probe frequencies below band
c gap. It uses Simpsons rule to integrate Eq. 5.2.5c.

dimension xhwl(20) 
real*8 x(1502),xnr
open(1, file=’c: \for\data\ef1.dat’,status=’old’) 
open(2,file=’c:\for\data\hfl.dat’,status=’old’) 
open(3,file=’diel.dat’,status=’new’ ) 
open(4,file=’c:\for\data\probener.dat’,status=’old’) 
read(4,*) nprobe 
do 151 i=l,nprobe 
read(4,*) xhwl(i)

151 continue
read(2,*) numbhd,numbt 
read(1,*) numbed,numbt 
numb=numbhd*numbt 
do 899 ih= l.numb 
read(2,*) tk,uh,xhm 
xfh=-uh/tk
if(xfh.le.1.) goto 303 
f12h=.752*(xfh*xfh+1.65)* *(. 75) 
goto 304

303 f12h=exp(xfh)/(1. +.27*exp(xfh))
304 xhd=6. 04e21*xhm*sqrt(xhm)*tk*sqrt(tk)*f12h 

xintr=-2. 466e-20*xhd
201 do 203 in=l,numbed

read(1,*) ue, xem 
xmrl=l./(I./xem+1./xhm) 
xmr=xmr1*sqrt(xmr1) 
do 15 ihw=l,nprobe 
xhw=xhwl(ihw) 
xh=xhw*xhw 
x i nt ra=x i nt r/xh 
xx=1000.*(xhw-1.424) 
do 501 i=l,1502 
x(i)=0.0 

501 continue
do 10 i=l,1501
e=. 001*float(i)
fe=l./(1.+exp((.87*e-ue)/tk))
fh=l./(l.+exp((uh+. 13*e)/tk))
x(i)=sqrt(e)*(fe+fh)/((e+1.424)*(xh-(e+1. 424)**2))

10 continue
xnr=-x(1)-x(1500) 
do 100 i=l,1499,2 
xnr=xnr+2. *x(i)h4. *x (i + 1)

100 continue
xinter=l.988e-2*xmr*xnr 
xfg=ue/tk
if(xfg.le.1.0) goto 301 
f12g=.752*(xfg*xfg+1.65)* *(. 75) 
goto 302

301 f12g=exp(xfg)/(1.+.27*exp(xfg))



272

302 xed=6. 04e21*xem*sqrt(xem)*tk*sqrt(tk)*f12g
xld=xhd-xed 
xhdl=xhd*l.OE-18 
xedl=xed*l.OE-18 
xldl=xld*l.OE-18
write(*,40) tk.xhw, xhdl, xedl.xldl 
write(3,40) tk,xhw,xhdl,xedl,xldl 

40 format(lx,f5.4,2x,f5.2,2x,f5.2,2x,f5.2,2x,f5.2)
xlinter=l.56e-21*xld/(xh-9. 61) 
diel=xintra+xinter+xlinter 
diel2=diel*diel
write(*,999) xintra,xinter,xlinter,die1,die12 
write(3,999) xintra,xinter,xlinter, diel,diel2 

999 format(lx,4(f6.4,3x),2x,f8.6)
15 continue
203 continue
899 continue

stop 
end
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Diele2.for
c This program is used to calculate Se2 from Eq. 5.2.12.

DIMENSION FE(8,10,5), FH(10,5), XHW(5), DIELE2(8,10,5) 
0PEN(1,FILE=’EFLNP.DAT’,STATUS=’ OLD’ )
0PEN(2,FILE=’HFLVAL.DAT’,STATUS=’OLD’)
0PEN(3,FILE=’DIELE2. DAT’ , STATUS=’ NEW’ )
XHW(1)=1. 653 
XHW(2)=1. 71 
XHW(3)=1. 77 
XHW(4)=1. 84 
XHW(5)=2. 01 
READ(2,*) ND,NT,DEN 
DO 100 J=l,10 
READ(2,*) T, UH 
TK=T*8. 617E-5 
DO 100, 1=1,5
EH=-.063*(XHW(I)-1.424)/.563 
FH(J, I)=1. / (1. +EXP((UH-EH)/TK))

100 CONTINUE 
READ(1,*) ND,NT 
DO 101 K=1, 8 
READ(1,*) DEN 
DO 101 J=l,10 
READ(1,*) T,UE 
TK=T*8.617E-5 
DO 101 1=1,5
EE=.5*(XHW(I)-l. 424)/. 563 
TEMP=(EE-UE)/TK
FE(K,J,I)=1./(I. +EXP((EE-UE)/TK))

101 CONTINUE 
EG=1.424
XMR=SQRT(1. / ((1. /. 063+1./.5))*9.1)*(IE-14)
HBAR=1.054E-27
ELECT2=(4.8E-10)**2
C1=ELECT2/(HBAR*2*3.1416)
C2=EG*SQRT(2. )*XMR 
DO 102, K=1, 8 
DO 102, J=l,10 
DO 102, 1=1,5
C3=SQRT(XHW(I)-EG)/(XHW(I)* *2)
C4=C1*C2*C3/SQRT(1.602E-12)
DIELE2(K, J, I)=C4*(FE(K,J,I)+FH(I,J))
WRITE(*,*) I,J,K,DIELE2(K,J,I)

102 CONTINUE
DO 103, 1=1,5 
DO 103, J=l,10 
DO 103, K=1,8 
Kl=K+2
WRITE(3,104) K1,DIELE2(K,J,I)

104 F0RMAT(1X,12, ’ ,’F6.5)
103 CONTINUE 

STOP 
END
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Kztr.bas

DIM COUNT(1023),XSIG(1023),XREF(1023),XPR(1023), SPR(1023),SREF(1023) 
DIM B$(10),XP(1023),YSIG(511),TIME(511),Y(525),XPL0T(511)

"THIS PROGRAM ACCEPTS THE PROBE AND REFERENCE SIGNALS FROM THE TRACOR" 
"SIGNAL AVERAGER IN THE PUMP AND PROBE ABSORPTION EXPERIMENT. THIS" 
"PROGRAM ACCEPTS A PREDETERMINED NUMBER OF SCANS FOR AVERAGING, PLOTS" 
"THE DATA ON THE SCREEN AND ALLOWS THE OPTION OF ACQUIRING MORE DATA." 
"THIS PROGRAM REJECTS ALL DATA FOR WHICH THE REFERENCE COUNTS FALLS" 
"OUTSIDE THE LIMITS SET BELOW"
INPUT"START,FIRST & SECOND RATE CHANGE POINTS";ST1,ST2,ST3 
INPUT"INITIAL,MIDDLE & FINAL UNIDEX FEED RATES";FR1, FR2,FR3 
INPUT"TRACOR DWELL TIME";DWELL

1 INPUT"NUMBER OF CYCLES OF TRACOR"; ICYCLE
INPUT"MAXIMUM AND MINIMUM COUNTS FOR REF";MAXCT,MINCT
INPUT"ENTER DATA FILE NAME";FILES
FOR 1=0 TO 1023
XP(I)=0
SREF(I)=0
SPR(I)=0
XSIG(I)=0
COUNT(I)=0
NEXT I
FILE2S=FILES+". TRM"
FILE3S=FILES+".PRB"
FILE1$=FILE$+".REF"
OPEN FILE2S FOR OUTPUT AS #2

2 IF ICYCLE=1 THEN GOTO 3 
FOR ICY= 1 TO ICYCLE
OPEN "C0M1:9600,N,8,2,LF" AS #1
PRINT "DO NOT ACTIVATE TRACOR IF AUTO LEARN MODULE IN USE"
GOTO 4

3 OPEN "C0M1:9600,N,8,2,LF" AS #1 
PRINT "ACTIVATE TRACOR OUTPUT"

4 FOR 1=1 TO 3 
INPUT#1,B#(I)
NEXT I
FOR 1=0 TO 127 
INPUTttl,ABC#
FOR J=0 TO 7 
K=7*J+8
AB$=MID#(ABC#,K,7)
L=8*I+J
XPR(L)=VAL(ABS)
NEXT J 
NEXT I
FOR 1=0 TO 127 
INPUTttl,ABC#
FOR J=0 TO 7 
K=7*J+8
AB$=MID$(ABC$,K,7)
L=8*I+J
XREF(L)=VAL(AB$)
NEXT J
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NEXT I 
CLOSE#1
FOR 1=0 TO 1023 
IF XREF(I)>MAXCT THEN GOTO 5 
IF XREF(I)<MINCT THEN GOTO 5 
COUNT(I)=COUNT(I)+1 
XSIG(I)=XSIG(I)+XPR(I)/XREF(I)
SREF(I)=SREF(I)+XREF(I)
SPR(I)=SPR(I)+XPR(I)

5 NEXT I 
IF ICYCLE=1 THEN GOTO 9 
PRINT,ICY,XSIG(10),XSIGC200),XSIG(500) 
NEXT ICY 
FOR J=0 TO 1023 
IF COUNT(J)=0 THEN GOTO 6 
COUNTA=COUNT(J)
GOTO 7

6 COUNTA=10000
7 XP(J)=XSIG(J)/COUNTA 

IF COUNT(J)=0 THEN PRINT J 
NEXT J 
SCREEN 2 
CLS 
XPMX=0
FOR K=0 TO 511 
K1=2*K
XPL0T(K)=XP(K1)+XP(Kl+l)
IF XPMX<XPLOT(K) THEN XPMX=XPLOT(K)
NEXT K
FOR K=0 TO 511 
XPLOT(K)=199*XPLOT(K)/XPMX 
PSET(K,XPLOT(K))
NEXT K
INPUT"REPEAT CYCLE=1; C0NT=0";IRCYC 
IF IRCYC=1 THEN GOTO 2 
FOR L=1 TO 1023 
COUNT A=COUNT(L)
IF COUNTA=0 THEN COUNTA=10000 
SREF(L)=SREF(L)/COUNTA 
SPR(L)=SPR(L)/COUNTA 
IF COUNT(L)>0 THEN GOTO 8 
PRINT L 
XP(L)=XP(L-1)

8 NEXT L
9 INPUT"MIN & MAX CHANNELS FOR BKGD {T<0}"; 

BKGD=0
FOR J=ICHMN TO ICHMX 
BKGD=BKGD+XP(J)
NEXT J
BKGD=.01*BKGD/(ICHMX-ICHMN+1)
FOR J=0 TO 1023 
XP(J)=XP(J)/BKGD 
NEXT J
FOR J=6 TO 517

ICHMN, ICHMX
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J1=2*J-12
Y(J)=.5*(XP(J1)+XP(Jl+1))
NEXT J
FOR J=0 TO 5
Y(J)=Y(6)
Y(J+518)=Y(517)
NEXT J
FOR J=6 TO 517
A=.61*Y(J-1) + .37*Y(J-2)+. 22*Y(J-3)+.135*Y(J-4) + . 08*Y(J-5) + . 05*Y(J-6) 
B=. 61*Y(J+l) + . 37*Y(J+2) + . 22*Y(J+3) + .135*Y(J+4) + . 08*Y(J+5) + .05*Y(J+6) 
YTEMPJ=(Y(J)+A+B)/.393 
YSIG(J-6)=.1*INT(YTEMPJ)
NEXT J
CP1=(ST2-ST1)/(2*FR1*DWELL)
CP2=(ST3-ST2)/(2*FR2*DWELL)
ICP1=INT(CP1)
ICP2=INT(CP2)
FSl=FRl*DWELL/75 
FS2=FR2*DWELL/75 
FS3=FR3*DWELL/75 
TIME(0)=ST1/150 
FOR 1=1 TO ICP1 
TIME(I)=TIME(1-1)+FSl 
NEXT I
FOR I=ICP1+1 TO ICP2 
TIME(I)=TIME(1-1)+FS2 
NEXT I
FOR I=ICP2+1 TO 511 
TIME(I)=TIME(1-1)+FS3 
NEXT I 
CLS
FOR 1=0 TO 511 
PSET(I,YSIG(I))
NEXT I
FOR 1=0 TO 511
TIME(I)=.01*(INT(TIME(I)*100))
NEXT I
OPEN FILE1$ FOR OUTPUT AS #1 
OPEN FILE3$ FOR OUTPUT AS #3 
FOR 1=0 TO 511 
11=2*1
SREF(I) = .005*INT(100*(SREF(11)+SREF(11 + 1)))
SPR(I) = . 005*INT(100*(SPR(11)+SPR(11+1)))
NEXT I
FOR 1=0 TO 511 
PRINT#2,TIME(I);YSIG(I)
PRINT#3,SREF(I)
PRINTttl,SPR(I)
NEXT I
INPUT"TERMINATE YES=1, N0=0";TERM 
CLOSE
IF TERM=0 THEN GOTO 1 
END



Grtconv.bas
"This program calculates the diffracted signal from a two pulse" 
"orientation grating as a function of the momentum relaxation time. 
"The pulse shape is a gaussian pulse of FWHM = 460 fs."
"The integration routine uses a gaussian integration technique with 
"weighting factors read in from a file entitled weight.dat."
DIM x(20), w(20), erfc#(20), g(300), t(300), tr$(15)
trS(l) = ".050"
tr$(2) = ".075"
tr&(3) = ".100"
trS(4) = ".125"
trS(5) = ".150"
tr$(6) = ".200"
trS(7) = ".250"
tr$(8) = ".300"
tr$(9) = ".400"
tr$(10) = ".500"
trS(ll) = ".600"
tr$( 12) = ".700"
tr$(13) = ".800"
tr$(14) = ".900"
tp = .27
FOR j = 0 TO 50
t(j) = -1! + .01 * j
NEXT j
FOR j = 51 TO 150
t(j) = -.5 + .005 * (j - 50)
NEXT j
FOR j = 0 TO 149 
t(300 - j) = -t(j)
NEXT j 
CLS
FOR ip = 1 TO 14
trr$ = RIGHT$(tr$(ip), 3)
fflf = "d: grta" + RIGHTS trrf, 3) + ".dat"
ff2* = "d:grtb" + RIGHT*(trr$, 3) + ".dat"
LOCATE 1, 60, 0: PRINT ; ffl#
tr = VAL(tr^(ip))
al = .34802
a2 = -.09588
a3 = .74786
p = .47047
gmax = 0!
OPEN "weight.dat" FOR INPUT AS #2
FOR i = 11 TO 20
INPUT #2, x(i), w(i)
x(21 - i) = -x(i)
w(21 - i) = w(i)
NEXT i
FOR i = 11 TO 20 
20 t = 1! /(I! + p * x(i)) 
x f # = ( a l * t + a 2 * t * t + a 3 * t * t * t )  
erfc#(i) = LOG(xftt) - x(i) * x(i)
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xt = 2 * EXP(x(i) * x(i)) - xf# 
erfc#(21 - i) = LOG(xt) - x(i) * x(i)
NEXT i
FOR j = 0 TO 300 
tau = t(j) 
xsum = 0 
FOR i = 1 TO 20
ffl = x(i) * tau / tp + 3! * tp * x(i) / tr
ff2 = -.75 * tau / tr - .75 * tau * tau / (tp * tp) - . 75 * tp * tp / (tr *
tr)
ff = LOG(w(i)) + erfc#(i) + ffl + ff2 +2! * tp / tr
IF ff > 80 THEN PRINT "overflow"; i; ff; ffl; ff2; tr; tau: STOP
IF ff < -80 THEN ff = -80
xsum = xsum + EXP(ff)
NEXT i 
g(j) = xsum
IF g(j) > gmax THEN gmax = g(j): Jmax = j 
NEXT j
OPEN ffl# FOR OUTPUT AS 1
OPEN ff2# FOR OUTPUT AS 3
PRINT , ffl#
IF gmax = 0 THEN gmax = 1! 
gcut = IE-35
IF gmax > 1 THEN gcut = IE-35 * gmax
FOR i = 0 TO 300 
IF g(i) < gcut THEN g(i) =0! 
g(i) = g(i) / gmax
PRINT #1, USING "##.### #.###"; t(i); g(i)
PRINT #3, USING "##.### #.###"; t(300 - i); g(x)
NEXT i 
CLOSE 
NEXT ip 
STOP
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