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PREFACE

The present study was initiated in the spring of 1970 upon the
suggestion of Professor Marian 0. Scully who thought that a direct mea
surement of the ultrashort (10

10

to 10

13

sec) relaxation time of

electrons within the conduction band of a semiconductor should be pos
sible by using as probes picosecond optical pulses from a mode-locked
neodymium glass laser.

Such a laser with its associated pulse detec/

tion and measuring equipment is unfortunately not something one can pull
off a shelf or even buy at a price that a university research group can
afford.
Therefore, my first task was to accumulate and construct the
necessary laser components.

This turned out to be such a time consuming

project that the experiment would never have gotten off the "launching
pad" had it not been for the generosity of Dr. P. V. Avizonis and Col.
D. Lamberson of the Air Force Weapons Laboratory who got me started by
loaning us a capacitor bank with charging power supply and a Tektronix
Type 519 oscilloscope.

That was the modest beginning of a very ambi

tious research program which consisted of two phases.
During Phase I we designed, constructed and operated the many
components associated with a mode-locked laser, such as the two photon
fluorescence apparatus (TPF), the laser triggered spark gap, the 20,000
volt power supply for the spark gap and pulse forming network, as well
as the many precision optical mounts.
iii

In Phase II we familiarized

ourselves with the various scattering processes in semiconductors which
determine the carrier relaxation times T, selected germanium (Ge) as our
specimen, prepared ultra-thin wafers, and proceeded to measure r.
The success of this undertaking is in large part due to kind
people who have advised and assisted me in many ways.

I am very much

indebted to my advisor Professor Marian 0. Scully for supplying the seed
of this experiment and for his continued interest, support and expert
guidance, and to Professor Stephen F. Jacobs for his counsel not only
during the period of this experiment but throughout my stay at the Opti
cal Sciences Center.
I would also like to express my sincere gratitude to the other
members of my examining committee:

Dr. Murray Sargent, Dr. Frederick A.

Hopf, and Dr. William S. Bickel not only for the many things I learned
from their courses, but also for their advice, encouragement, and
friendship.
There are five other people who each in his own way has helped
me:

Dr. Sastry Pappu for introducing me to relaxation processes in

semiconductors and assisting me in the selection of Ge as our prime
candidate; Dr. A1

Saxman for letting me visit him at his laboratory and

for assisting me in the design of the laser components; Mr. John Poulos
for providing me with the finest dielectric mirrors and optical filters
that money can buy; Mr. Richard Sumner for skillfully making most of the
optical components used in the experiment and for assisting me in the
delicate grinding and polishing of the Ge wafers; and Capt. Chandler
Kennedy for helping me operate the oscilloscopes and cameras and for

assisting me in the daily chores that must be done to keep the equip
ment in running condition.
Also my sincerest thank you to the individuals in the Optical
Sciences Center machine shop and electronics shop for their expert as
sistance during the course of this work.
Finally, a special note of thanks to my wife Barbara and our
daughters Tina and Barbie for their moral support and for the sacri
fices they have made on my behalf.
This work was supported in part by project THEMIS administered
by the Air Force Office of Scientific Research.
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ABSTRACT

The purpose of this study was to develop a method of generating
-12

reliable ultrashort (-10
12

(£10

sec) optical pulses of very high peak power

2

W/cm ) and to apply them to the measurement of the nonequilibrium

carrier relaxation time in a semiconductor.
For production of picosecond pulses, the laser linewidth must be
O
greater than 10 A and there must be synchronization of the phases of the
cavity modes (that is, mode-locking).

The locking of many modes is con

trolled by the saturable absorber within the optical cavity.
To increase the reliability of a mode-locked laser, it is neces
sary to understand the origin and evolution of the picosecond pulse.

We

concluded that the pulse originates in the initial noise of the sponta
neous radiation from the inverted laser medium.

The saturable absorber

causes the initial intensity fluctuations of shortest-duration to lose
the smallest amount of energy.

If conditions are right, only one of

these fluctuations will succeed in bleaching the saturable absorber and
develop into a picosecond pulse.

The evolution of this pulse is affect

ed by the experimental apparatus necessary for its generation.

The em

phasis, therefore, is on the various factors that affect the reliable
operation of the mode-locked Nd:glass laser.

For this reason the first

part of the dissertation is concerned with the operation and description
of the experimental apparatus necessary for the generation and detection
of the picosecond pulses, namely the Nd:glass laser, the two-photon
xi

xii
fluorescence apparatus, and the electro-optic shutter system used in
switching out a single pulse from the train of pulses.

It was found

that the most important parameters governing reliable operation are the
pump power, mirror alignment, and saturable absorber dye concentration.
The relaxation time of the nonequilibrium carriers in a semi
conductor was measured by using a picosecond pulse to produce "hot"
electrons and a probe pulse that can be delayed to arrive at the semi
conductor at any time after the first pulse.
germanium.

The semiconductor used was

This material was chosen after a thorough analysis of the

properties that a semiconductor must have so that the relaxation time
can be measured within the limits of our experimental technique.
The predicted greater transmitted intensity of the second pulse
was indeed observed.

Calculations based on the presence of only one

electron in the conduction band give an electron-acoustic phonon relaxation time of 20 psec.

18
Because the first pulse created between 10
and

19
a
10
nonequilibrium carriers per cm the relaxation time due to high
carrier concentrations would be expected to be even larger than this
value.

The present measurements are consistent with this observation.

The implications of the dependence of the transmitted intensity of the
first pulse on its incident intensity seem to have important conse
quences in the interpretation of the data.

CHAPTER I

INTRODUCTION

DeMaria, Stetser, and Heynau (1966) showed that by simultaneous
ly Q-switching and mode-locking a neodymium (Nd) glass laser it is pos-13
sible in principle to generate optical pulses as short as 10
sec hav9
ing peak power of 10 W.

The interaction of such high-intensity ultra

short light pulses with matter has aroused considerable interest and
many physical phenomena which take place on this ultrashort time scale
have now become accessible to study.

For.instance, the application of

such pulses to optical radar, spectroscopy, measurement of relaxation
rates of quantum systems, and study of nonlinear optical phenomena ap
pears promising.
Yet, despite the fact that these pulses have been studied for
the past five years, our understanding of them and their application to
basic research problems is still quite limited.

This was amply pointed

out at the 1970 Physics of Quantum Electronics Summer School, where
three of the foremost experts in this field (Duguay 1970, Glenn 1970,
and Saxman 1970) discussed the latest developments in this area and
agreed that much remains to be learned from these picosecond pulses.
Much of the difficulty was of course related to the time con
stant limitations of detectors.

For instance, the rise time of a bi-

planar photodiode and traveling wave oscilloscope (Tektronix Type 519)
1

2
combination is 0.3 nsec.

Therefore, measurements of the optical pulse

duration with conventional techniques had to be ruled out, and new tech
niques had to be developed.

Several such techniques are now used.

The

first method developed, one that is somewhat difficult to use, makes use
of second-harmonic generation (Armstrong 1967).

A second and beauti

fully simple idea was reported by Giordmaine et al. (1967), who made use
of the two-photon fluorescence of certain dyes.

We use this latter

method in our study because it is relatively proven and straightforward
technique that, when used in conjunction with a fast photodiode-Type 519
oscilloscope trace gives good indication of mode-locking and the actual
width of the pulses.
The introduction of the TPF method stimulated researchers to
study the two-photon fluorescence patterns produced by various types of
lasers.

For mode-locked lasers theory predicted a 3:1 film contrast ra

tio of the bright region to the background (Weber and Dandliker 1968).
Yet, the experimental values ranged from 1.7:1 to 2.7:1 (Klauder et al.
1968, and Saxman 1970).

This difficulty was recently removed when, with

the aid of a 28 u thin cell containing the fluorescence dye, a peak con
trast ratio of 3:1 was measured (Shapiro and Duguay 1969).

A third

method using three-photon fluorescence has recently been reported by
Rentzepis, Mitschele, and Saxman (1970).
Measurements based on the above techniques show typical pulse
durations of 3 to 10 psec.

These results are surprising since time-

integrated spectral measurements of the Nd:glass laser linewidth Au> are
12
2.7 x 10
Hz (DeMaria et al. 1966).

The minimum pulse width obtainable

3
with such a large lineWidth' is

-13

3.7 x 10

sec.

This is however,

considerably smaller than what has been observed experimentally.

Sev

eral explanations have been put forward to explain this discrepancy be-

tween the pulse duration t and the spectral bandwidth

Aw.

We discuss

these explanations in Chapter III.
Another aspect which is well known to researchers using pico
second pulses, but is seldom mentioned in the literature, is the unreli
able nature of the Nd:glass laser to mode-lock in a consistent manner.
It is not uncommon to find that, out of a series of 20 shots, optimum
mode-locking occurred only once.

It is also not uncommon to find that

the pulse width from one train of picosecond pulses to the next has
changed significantly and that the relative intensities of the pulses
are not reproducible from shot to shot.

Since picosecond lasers will

soon become more of a commodity than a curio, reliable, reproducible
performance is as important as the width of the pulses.
To date a rigorous characterization of mode-locked Nd:glass la
sers has however not been made, owing at least in part to experimental
difficulties in obtaining reproducible

data.

Thus, for example, little

is known about the influence of the cavity geometry, mirror reflectivi
ties, dye cell location and dye concentration, pump power, and rod sizes
on efficient mode-locking.

Investigators of picosecond pulses generally

only publish the cavity parameters which, after many different arrange
ments, give them the best results.

Nothing is said about the cavity

arrangements which were tried, but led to unsuccessful mode-locking.
Worse yet, some authors even fail to describe the final cavity

4
arrangements which gave them picosecond pulses.

For example, DeMaria

et al. (1966) simply described conditions necessary for mode-locking as
being achievable by "...judiciously adjusting the absorption coefficient
of the dye solution and the flash lamps capacitor bank voltage,...".
Such lack of information, as for instance the absorption coefficient of
the dye solution, thickness of the cell and location which the above
authors failed to mention make it impossible for others to reproduce or
check the accuracy of their work.
Therefore the initial efforts (Part I) of this study are directed
towards (1) building a Nd:glass laser which can reliably produce "clean"
trains of picosecond pulses, (2) constructing an electro-optic switch to
switch-out a single picosecond pulse from a train of pulses, and (3)
constructing a TPF apparatus for measuring the spatial width of the
pulses.

Part II of this study deals with the application of picosecond

pulses to the measurement of carrier relaxation times in semiconductors.
-9
Such relaxation times are generally much shorter than 10
sec and have
not been directly measured to date.
The dissertation is divided into two parts both because of
length and because individual readers will have greater interest in one
than the other.

Part I deals with the reliable generation of picosecond

optical pulses and contains three chapters.

In Chapter II we review the

fundamentals of mode-locking as it pertains to lasers with saturable
absorbers.
pulses.

We then discuss the formation and evolution of picosecond

Having thus laid the foundation, we next address ourselves in

Chapter III to the problem of the reliable generation of mode-locked

5
picosecond pulses.

Since the experimental arrangement of the laser is

based on the conclusions drawn from this last chapter we describe the
Nd:glass laser, associated detection equipment, and the single pulse
switch-out apparatus in Chapter IV.

This concludes the first phase of

our research.
Part II which deals with the measurement of picosecond relax
ation times in a semiconductor consists of five chapters.

Chapter V,

which is the beginning of Part II, contains a description of method
used to measure directly picosecond relaxation times.

In Chapter VI is

a description of the various relaxation processes in semiconductors,
and in Chapter VII we justify our selection of Ge which appears to be a
very suitable candidate.

Chapter VIII contains a description of the

experimental details and results of the measurements.

Finally, in Chap

ter IX we summarize the important points of our research and present our
conclusions as well as a few suggestions for further work.

PART I

RELIABLE GENERATION OF PICOSECOND OPTICAL PULSES

6

CHAPTER II

FORMATION AND EVOLUTION OF PICOSECOND PULSES

A typical laser consists of an optical resonator formed by two
reflecting surfaces and some amplifying medium within this resonator.
The frequency band over which laser oscillation can occur is determined
by the frequency region over which the gain of the laser medium exceeds
the resonator losses.

Generally, there are many modes of the resonator

which lie within this bandwidth, and the spectrum of the laser output
consists of many closely spaced frequencies.

The instantaneous inten

sity of such a laser depends on the amplitudes, frequencies, and rela
tive phases of all of these oscillating modes.

If there is nothing

within the resonator which controls the parameters, random fluctuations
and nonlinear effects in the amplifying medium will cause them to change
with time and the laser output will vary in a random manner.

If, on the

other hand, the modes are forced to maintain equal frequency spacings
with a fixed amplitude and phase relationship to each other, the laser
is then said to be "mode-locked" or "phase-locked".

Recently, the more

descriptive phrase "phase-synchronization" has also appeared in the
literature.
Several techniques for producing phase-synchronization have been
described in a recent review paper on the subject (Smith 1970).
7

8
The first synchronization of the phases of the laser modes was
reported by Hargrove, Fork, and Pollack (1964) who observed a continu
ous train of pulses from a He-Ne laser by mode-locking with an internal
acoustic loss modulator.

Mode-locking in a Q-switched ruby laser was

reported in 1965 by Mocker and Collins, and six months later, DeMaria,
Stetser and Heynau (1966) reported mode-locking in a Nd:

glass laser.

Since then saturable absorbers have been used to synchronize the phases
of the various laser modes in liquid lasers as well as He-Ne and CO^
lasers.
Theoretical treatments of mode-locking have been published by a
number of authors.

Lamb (1964) in his well known paper discusses the

self-locking of modes due to the nonlinear action of the laser medium.
The theory of actively modulated lasers has been treated extensively by
among others DiDomenico (1964), Yariv (1965), and Crowell

(1965).

The

theory of mode-locking with passive saturable absorbers in the laser
cavity has been treated by Garmire and Yariv (1967), Sacchi, Soncini,
and Svelto (1967), Fleck (1968), Letokhov (1969), DeMaria et.al. (1969),
and recently by Creighton and Jackson (1971).
A saturable absorber, such as the one used in this experiment,
is a material whose absorption coefficient for the laser light decreases
as the light intensity is increased.

In the discussion which follows

we limit our analysis to this last method.
We start the next section by briefly describing the longitudinal
cavity modes in the form of traveling waves of light.

We next show that

when all the phases of the modes somehow become synchronized, a very

9
short pulse is observed to bounce between the mirrors of the optical
cavity.

Next we consider the statistical occurence and evolution of

such an ultrashort pulse due to the initial intensity fluctuation in a
laser with a saturable absorber.

We then examine the behavior of the

saturable absorber when it is subjected to such a light pulse of given
energy and pulse width and show that the energy absorbed by the satur
able absorber is a minimum if the pulse width is a minimum.

Description of the Laser Modes
Let us consider a TEM like, empty (i.e., no gain medium) optical
resonator of length L supporting n optical modes of the type

E (z,t) = E sin[(m+q)nz/L]cos[(v +qAv)t +
q
q
o

+IT/2)]

q

CD

where Av = irc/L, q is the mode index with a range -(n-l)/2<q-(n-l)/2,
and m being the number of the mode closest to the center of the gain
band.

Hence, when q = 0 then Vq = inmc/L.

For a bandwidth AX the total

number of modes is given by

(2)

n - AXL/nX2 ,
for a typical Nd:glass laser n

s

n

10 .

Using standard trigonometric identities the standing wave given
by Eq. (1) can be decomposed into two traveling waves.
n modes the total field is

Summing over all

10

i(n-l)
E(z,t) = (1/2) E
E {cos[k (z+ct) + qAv(z/c + t) + $ ]
q
-£(n-l) q
°
(3)
-cos[k (z-ct) + qAv(z/c - t) - <J> ]}

where kQ =

v /c.
Q

The first term describes waves traveling to the left

and the second term represents the waves traveling to the right.
For simplicity we assume momentarily that the mode amplitudes
are the same.

In real lasers with nonuniform gain curves the steady

state mode amplitudes are not equal.
substance of our conclusions.
synchronized, that is, <f>^ = 0.

This, however, will not change the

Let us also assume that the modes are all
Then the

total electric field due to

the left running waves is

t(n-l)
E(z,t) = (E/2) I
cos[k (z+ct) + qAv(z/c + t)].
-i(n-l)
°

(4)

Using trigonometric identities the electric field at z = 0 is given by

i(n-l)
E(z = 0,t) = i;E cos v t[ E
cos qirct/L].
° -i(n-l)

This expression describes a carrier wave of frequency

(5)

whose ampli

tude is modulated by the envelope function in square brackets, which can
be simplified in the following way:

+ i(n-l)
2(n-l) . .
E cos q5 = i- E
(eiq6 + e
-i(n-l)
-i(n-l)

t .
iq6)

(6)

11

= e-|c-i)«

?Vv,
q=0

C7)

where 6 = irct/L.
Using the geometric progression formula Eq. (7) becomes

i(n-l)
-i(n-D6 , _ ifin
E
cos qfi = e
[
]
-i(n-l)
1 - e

(8)

-|n«
fn6
_e
-_e
e

(9)

- e

sin(in6)

(10)

sin(i.6)

Note that at t = 0, 2L/c, 4L/c, etc., one observes the maximum electric
field nE.

We conclude that the envelope is periodic with period

T = 2L/c.

The first minimum of the envelope function occurs when

t = 2L/[c(n-l)], which means that the half width at half height of the
pulses are about L/n wide in the space domain.

A plot of one period of

the optical envelope function due to phase locking of eleven modes of
equal amplitude and equal frequency spacing is shorn in Fig. la.
The temporal intensity variation is slightly altered when a non
uniform gain line shape is present.

For instance the gain line shape of

Nd:glass can be approximated by a simple triangular shape.

When this is

done for the above case of eleven modes the intensity distribution shown

in Fig. lb is obtained.

The main difference between the two cases is

that the pulse is slightly wider for the nonuniform line shape.
Some additional insight into the property of a mode-locked
laser can be obtained if one plots the intensity distribution at time
t due to the total electric field given by Eq. (3) when <(>

= 0.

By

extending the plot outside the resonator boundaries it is seen to con
sist of a train of pulses of spatial width L/n spaced by 2L which are
traveling to the left at the speed of light.
is traveling to the right.

A second train of pulses

The net effect is that of a single pulse

bouncing back and forth between the reflectors.

Every time the pulse

strikes the output mirror of reflectivity R, a pulse of intensity

z

|E(z,t)| (1-R) leaves the optical cavity.
tensity |E(z,t)J

The reflected pulse of in-

R is amplified twice by the inverted gain medium before

a second pulse exits the cavity through the output mirror.
In conclusion we have seen that when the phases <J>^ of the modes
are held constant the following results are obtained: (1) The laser
output consists of a train of evenly spaced pulses; (2)

The time be

tween pulses is 2L/c; (3) The pulses travel at the velocity of light;
and (4) The width of one pulse is approximately L/n in the spacial
domain.

Formation of a Laser Pulse from Noise
Any hypothesis which is proposed to explain the initial creation
and evolution of picosecond pulses should not be based on the presence
of a saturable absorber within the optical resonator.

This became clear

when it was observed that some of the spikes emitted by a non-Q-switched

13
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One period of the optical envelope function due to
mode-locking of eleven modes of equal frequency spacing

(a) mode amplitudes are equal; (b) modes have triangular amp
litude distribution
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Nd:glass laser consisted of a large number of ultrashort pulses only a
few picoseconds in duration (Shapiro, Duguay, and Kreuzer 1968).

More

recently, Bradley (1969) using a two photon fluorescence cell inside the
laser cavity detected pulses of less than one picosecond duration in the
output of a non-Q-switched Nd laser.
Thus, contrary to previously published hypotheses, (DeMaria
et al. 1966; Armstrong 1967) it has now become clear that the saturable
absorber is not essential for the generation of picosecond pulses.

With

this in mind we will in this section show that the first picosecond
pulse has its origin in the initial noise of the spontaneous radiation
from the inverted medium.
In discussing the Nd:glass laser we find it convenient to use
the time domain in place of the frequency domain used earlier, for the
large number of modes involved (10 )renders the frequency approach
impracticable.
Initially, the radiation (due to spontaneous emission) in the
laser cavity is thermal, that is, has random fluctuations as shown in
Fig. 2.
For thermal radiation the distribution function of the intensity
fluctuations is given by

p(I) = <I>_1 exp(-I/<I>),

where <I> is the mean value of the intensity.

(11)

The probability of observ

ing an intensity fluctuation with an amplitude exceeding the mean value

TIME

Fig. 2.

Random intensity fluctuations due to spon
taneous emission
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<I> by a factor 3 is then
00

P(3)
|
=
p(l)dl = e"0.

C12)

e<i>

If the spectrum of the initial radiation has a width which is comparable
to the width

= 5.4 x 1012Hz of a free running laser (DeMaria et al.

1969) then the average duration of the intensity fluctuation is

xav - 2ir(AoK)

1

* 10

12

sec ,

(13)

and the frequency of appearance of these intensity bursts is on the
order of (x )_1. The rate of appearance of pulses larger than 3<I>
av
—8

-1

during the time T&v is e (T ) .

Therefore, an intensity fluctuation

with amplitude larger or equal to $<I> occurs on the average, with unit
probability, within a time interval r(3) given by

e"e(Tav)_1 = [TC3)]~1

or

x(6) =

e^ .

(14)

An intensity fluctuation which is equal to or larger than 10 times the
mean value will occur in a Ndrglass laser within an average time
t(10) = 10

8

sec.

From the above analysis it can be seen that it is highly prob
able that almost immediately upon the onset of spontaneous radiation,
fluctuations at least 10 times the average intensity can occur in the
cavity.

We show in the next section that the most energetic fluctuation
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may give birth to a train of evenly spaced picosecond pulses.

All other

pulses of smaller energy will be lost.

Evolution of the Pulse
In this section we show that the pulse energy absorbed by the
saturable absorber is roughly inversely proportional to the pulse duraA

*

tion t for t > Tj, the lifetime of the excited level.

We describe the

absorber by an ensemble of two level systems with an effective upper
level lifetime of 9.1 psec and having
(o.

a resonant transition frequency

The incident radiation field is from Eq. (5) written in terms of a

carrier wave of frequency v and a wave vector k, with an amplitude modu
lation E(z,t), that is,

E(z,t) = E(z,t)cos[kz - vt + <j>(z,t)].

(15)

This field, which is driven by the atomic polarization P(z,t), satis
fies the wave equation

C

32E

9z 2

-

92E
—

=

at

2
y c

°

82P
—.

(16)

at

The macroscopic polarization P(z,t) is the statistical sum over all of
the microscopic dipoles p^

P(z»t) = I PjCz.t) = np ,
i

(17)
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where we have assumed that the microscopic dipoles of all the two level
systems are the same. The microscopic dipole is

PW = P[Pab(t)

+

P*b(t)]

(18)

where p is the dipole matrix element between the upper state |a> and the
lower state |b> , and where pab is the off-diagonal element of the den
sity matrix.

The components of the atomic equation of motion of the

density matrix are given by Lamb (1964)

>ab " -'""ab " TPab'^

tpaa " "bb1

(19.1)

n

%b " f E(z-tHPab - Pbal • Vaa

<19'3>

"ba " "lb '

<19'4>

where y

represents the rate of decay of the upper state to the lower
a

state,

y is equal to (y /i)+ Yphase,where Yphase takes explicit account
cl

of atomic coherence due to collision.
ture Tphase >> y .

In a typical dye at room tempera

It is convenient to write Eq. (19.1) as

a

>ab " "* f «'
T»

J

00

•

- Pbb]

(20)
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In integrating Eq. (20) we assume that the amplitude E(z,t) is slowly
varying in the time y-1 so that it can be factored outside the time in
tegral.

By assuming that the population difference p&a - p^ is also

slowly varying in this time we make the rate equation approximation and
Eq. (20) becomes

t
"ab

=

"7PEtz'tHPaa - Pbbl
h

atVCiunMt-t')cos[kz-vt' + <Kz>t)] (21)
J-CO

Integrating Eq. (21), making the rotating wave approximation, considering only the resonant case, that is, w = v , and assuming that <p is also
slowly varying we obtain

(22)

With the aid of Eq. (22) we can now rewrite Eq. (19.2) in the more con
venient form

Paa

~~ " ^paa " ^paa " Pbb^'

(23)

where the stimulated emmission rate constant R is given by

2 E(z,t)
(-£-)|
|2.

R =
Y

(24)
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If we let I represent the energy flux of the pulse then the
change of I with respect to the distance z within the saturable absorb
er is given by

i-(I) = NfcoRtPaa - Pbb).

(25)

The total number density N of dye molecules contained in the dye cell of
thickness d is equal to the sum of the population densities of the upper
and lower state, that is,

N = na + nb ,

and since n

= Np

ai

P
Kaa

+

Pvu
Kbb

(26)

, Eq. (26) can also be written in the form

cLcL

=

1•

(27)
v
1

With the above preliminaries completed we now proceed, as has
been done by Garmire and Yariv (1967), to obtain an expression for the
light intensity absorbed per unit length as a function of time.
grating Eq. (23) with respect to the time, using the boundary p

Inte
clci

=0

at t = 0, and using Eq. (27) we obtain a new, time dependent expression
for Eq. (25)

[y
dz

2R + ya

a

+

2Re"(2R

+ Ya^].

(28)
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For simplicity we now assume that the pulses are rectangular with duraA

tion t, and that their amplitudes do not change greatly as they propa
gate through the saturable absorber.

This is a reasonable assumption

in view of the fact that the low light level transmission of the satur
able absorber is around 75 percent.

To find the single pass pulse

energy e absorbed by the saturable absorber we integrate Eq. (28) first
with respect to time and then to z

A

—= Yat(2 + Y /R)"1- 2(2
a
a
fcuNd

A

+

Y

Ya/R)"2U-exp[-Rt(2+—i)]}.
a

(29)

R

The behavior of the function in terms of the normalized single
pass pulse energy absorbed versus the normalized pulse width is shown
in Fig. 3.

The graph shows that the absorption of the saturable absorb

er is a monotonically increasing function of the pulselength.

The in

teresting thing is that the pulse energy absorbed ceases to be a strong
function of the pulse length if y << 2R.
3.

This means that when stimu-

lated emission dominates over spontaneous emission the absorption is
nearly independent of pulse length. Consequently the absorption of a
a
pulse of width t * T1 is not much different from the absorption of
pulses of the same energy which are shorter than Tj.
We are thus led to the following conclusions: (1) Dyes with
much shorter lifetimes than are presently available may be necessary to
-13
produce 10
second pulses in a Ndrglass laser.

The two dyes which are

available for mode-locking Nd:glass lasers are Eastman Q-switch solu
tions A9740 (Tj =8.1 psec) and A9860 (Tj =9.1 psec); (2) Because of
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t

Fig. 3.

(NORMALIZED TIME )

Pulse energy absorbed by the saturable ab
sorber as a function of pulse duration t

the statistical origin of the pulses, the pulse width from shot to shot
-13
can only be predicted to lie between 3 x 10
sec and Tj of the dye.
It would be unreasonable to expect the pulse width to be exactly the
same from shot to shot.
The conclusions in (2) above have been verified by several in
vestigators.

For instance, Von der Linde, Bernecker, and Kaiser (1970)
A

using Eastman dye A9740 reported values of t which were typically be
tween 2 and 10 psec.

Our measurements with Eastman dye A9860 indicate

pulse durations between <1 and 5 psec.
A

For intense pulses of duration t - Tj it can be expected that
absorption occurs only on the leading front of the pulse. The trailing
edge of the pulse remains practically undeformed because the saturable
absorber in its saturated state does not have time to "collapse" onto
A

the trailing edge.

Therefore, the shape of a pulse of duration t

5

T

becomes asymmetrical with the leading edge being steeper than the trail
ing edge.
In the analysis above we have neglected the effects on the pulse
duration due to the laser medium.

Some aspects of this problem have

been discussed by Letokhov and Morozov (1967) and by Garmire and Yariv
(1967).

It is generally agreed that the laser medium does not signifi

cantly affect the pulse duration.

CHAPTER III

RELIABLE GENERATION OF PULSES

One subject which was discussed in great detail at the 1970
Physics of Quantum Electronics Summer School in Prescott, Arizona, but
rarely mentioned in the literature, is the failure of Ndrglass lasers
to mode-lock in a consistent manner.

For instance according to Saxman

(1970) it is not uncommon to find that only one out of 20 shots yields
good mode-locking.

It is also not uncommon to find considerable varia

tion in the pulse widths and intensities from one train of picosecond
pulses to the next (Harrach and Kachen 1968).
in Chapter

Based on the discussion

II, we can understand why the pulse duration may vary from

shot to shot, and until faster switching saturable absorbers become
available we must learn to live with a small variance in the pulse dura
tion.

There are however several precautions the experimenter can follow

to help minimize the pulse width and maximize the reproducibility.

It

is these factors which we discuss in this chapter.

Discrepancy Between Pulse Duration and Spectral Bandwidth
Measurements of the pulse duration inferred from the two-photon
fluorescence (TPF) data have been inconsistent with the time integrated
spectral width Au> of the pulses.

Values of t have been typically be

tween 3 and 10 psec (Armstrong 1967; Glenn and Brienza 1967; Giordmaine
et al. 1967; Kachen, Steinmetz, and Kysilka 1968), while Aco has been
24
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reported to be approximately 2.7 x 10

12

Hz (DeMaria et al. 1966).

latter value suggests a pulse duration of

The

** 13
3.7 x 10
sec which is

considerably smaller than what has been experimentally observed.

This

discrepancy has been explained by Treacy (1968) as being due to pulse
chirping, that is, a linear frequency sweep of the individual pulses is
responsible for the observed broad frequency spectrum Aw.

By using

pulse compression techniques he was able to obtain pulse widths of 0.4
psec.

Apparently not all Nd:glass lasers, however, exhibit this chirp

ing phenomenon (Von der Linde et al. 1970).
More recently, Bradley, New, and Caughey (1970) and Shapiro and
Duguay (1969) have offered yet another explanation for the discrepancy
between pulse duration and band width.

They reported a subpicosecond

component in the TPF profile with contrast ratios close to 3:1.

These

authors believe that the sharp components which could explain the large
value of Aw was overlooked in previous experiments.
Measurements by Von der Linde et al. (1970) suggests that a sys
tematic phase variation (for example, frequency sweep) does not play a
dominant role in their experiments.

By measuring Aw for single switched

out pulses they found that the spectral halfwidth was only between 3 and
15 cm"1. Such spectral widths can easily account for the observed pulse
width of 10 psec.
Furthermore, they ruled out the presence of a substructure on
the following grounds:

(1) The resolution of their TPF apparatus was

-13
sensitive enough to detect a pulse as short as 2.5 x 10
sec.

Yet no

substructure was observed. (2) The measured value of the contrast
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ratio was near to 3:1.

This also excludes the presence of still unre

solved components.
Thus the question still remains.

-13

theoretically limited pulses of 3 x 10

Why has no one observed the
sec duration?

We offer the

following answer:
In the region- where the saturable absorber behaves linearly
natural mode selection by the gain medium takes place in such a way that
the modes near the center of the gain band are preferentially amplified.
Sooy (1965) has shown that this preferred amplification of the center
modes is particularly important in lasers with saturable absorbers.

The

differentiation between two modes, in terms of loss or gain, required to
suppress the weaker one was shown to be inversely proportional to the
number of cavity transits the intensity fluctuation makes in building
up out of the initial noise.

For a passive Q-switched laser this build

up requires generally between several hundred to one thousand transit^,
while a fast switched laser takes only ten to several tens.

The larger

number of transit times in a passive Q-switched laser has also been ex
perimentally observed to lead to a narrowing of the output spectrum
(Soffer 1964) with a resulting broadening of the intensity fluctuation.
Furthermore, Ross (1965) has shown experimentally that with increasing
initial absorption the number of axial modes observed in the laser out
put decreases.

Thus, the above considerations lead us to conclude that

in order to achieve narrow spatial pulses the initial absorption of the
saturable absorber should be as low as possible.
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Effect of Pump Power on Mode-Locking
The dependence of mode-locking on the pump power is a difficult
problem which still remains to be solved.

We can however give qualita

tive arguments for the two limiting cases of (1) pumping just slightly
above threshold and (2) pumping very much above threshold.

We wish to

show that both of these pumping conditions should be avoided.
It is by now well known that with sufficiently low pump excita
tion, the appearance of a single mode of oscillation with a well defined
threshold is observed, whose frequency corresponds to the mode of a high
Q resonator located next to the line center.

Upon further excitation,

the power in the oscillating mode increases and if the excitation is
sufficiently intense other modes are added to the output.

This process

can be continued with a further increase of excitation and even more
modes can begin to oscillate.
Maurer (1963) who has studied this phenomenan in Nd:glass lasers
has reported that with low excitation only a few axial modes exist in
the laser output.

With increasing excitation the output spectrum even-

P
tually extends over a region of 300 A. Since the spatial width of a
picosecond pulse is given by L/n where n is the number of modes it fol
lows that the laser should be pumped considerably higher than threshold.
On the other hand, at high pump energies it should become increasingly
difficult to produce mode-locking because of the larger variation of
threshold dispersion of the different axial modes.
Thus, based on these considerations, we conclude that an excita
tion barely above threshold or much above threshold will not lead to

very short pulses.

Mocker and Collins (1965) obtained optimum mode-

locking in ruby when the half width of the pulse train envelope was
60-80 nsec, which corresponded to a pump power of 50% above threshold.
Snitzer (1964), who measured the wave length interval AX in
Nd-doped Barium Crown glass over which laser emission occurred as a
O
function of pump power found that AX = 30 A when the pump power exceed
ed threshold by 50%.

Ignoring a frequency chirp this would correspond

-12

to pulses of 1 x 10

sec duration.

Thus by judiciously adjusting the

pump power one may be able to generate pulse durations anywhere between
-13
3 x 10
to a few nanoseconds.

Furthermore, if it is desired that the

pulsewidth remain the same from shot to shot it is important that the
pump power be kept constant.
DeMaria et al. (1966) reported the occurrence of multiple
Q-switched pulses in succession as the pumping intensity was increased.
The authors claimed that each of the Q-switched pulses consisted of a
train of evenly spaced picosecond pulses.

The observation was made

while the oscilloscope was operated in a multiple trace mode.

We made

similar observations (see Fig. 4a), yet our scope was operated in the
single sweep mode.

Although we do not dispute the occurance of multi

ple Q-switched pulses (we have on several occasions also observed them
even at low pump powers) our observations can only be explained by pos
tulating that at higher pumping intensities several picosecond pulses
"bounced" simultaneously between the reflectors of the cavity.
pumping voltage V

As the

was increased even more, the mode-locking aspects

(a) Vp = 2300 volts, 200 nsec/cm

2400 volts, 100 nsec/cm

(c) V

= 2450 volts, 100 nsec/cm

(d) Vp = 2500 volts, 100 nsec/cm

Fig. 4.

Oscilloscope traces of laser output

(a) nonperfect mode-locked operation; (b), (c), and
(d) Q-switched laser pulses for different pump voltages Vp
but same dye concentration. Oscilloscope was in single sweep
operation.

30
disappeared and the laser pulse looked more and more like a regular
Q-switched pulse (see Figs. 4b, 4c, and 4d).

Laser Self Damage
One bad characteristic which is common to all mode-locking
Nd:glass and ruby lasers is the relatively short lifetime of the optical
components such as dielectric mirrors, beam splitters and laser rods.
For instance Mocker and Collins (1965) in their historic paper on the
mode-locking in Q-switched ruby lasers noted that considerable higher
mirror damage was found when the laser was mode-locked.

Their findings

are in agreement with our experience that for pulses of equal energy,
optical materials are more durable when exposed to longer pulses.
Similarly, Kachen and Kysilka (1970) observed the beginning of
mirror damage after 25-40 shots.

They also found that despite their use

of UV free fluorescent lamps their mode-locking dye lasted for only 100
to 200 shots before the lasing threshold decreased substantially.
The gain medium is also not exempt from damage.

Nd-doped glass

is prone to internal impurities and scattering sites that will heat un
evenly and the resulting stresses could damage the rods interior.

Hav

ing poor thermal conduction properties the rod has trouble in its
ability to dissipating average power.

The glass host is furthermore

subject to damage by the flashlamp UV light components which change the
molecular structure of the material, giving the glass a characteristic
brown color and prohibiting laser action.
A Pyrex cooling sleeve, containing distilled water, placed
around the laser rod aids in filtering out the UV component.

It also
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promotes a more uniform temperature distribution throughout the rod mak
ing it less likely to succumb to thermal fracturing.

In addition the

water flow cleans the rod, removing small particles from the barrel.
These particles could eventually pit the rod.
The faces of the rod which are not cleaned by the water are more
easily damaged than the barrel.

Damage is imminent if dust or other

residue are allowed on the faces.
ize these.small particles.

The intense laser pulses will vapor

The resulting miniture explosion can pit the

faces causing losses in performance.
In mode-locked operation most damage takes place within the rod,
especially at outputs greater than 250 MW/cm (average power).
damage is primarily due to small impurities within the rod.

This

Most often,

damage is in the form of bubbles, forming around these impurities.
Damage of dielectric mirror coatings usually takes place in
areas of filament lasing or at hot spots.
often due to lack of cleanliness.

Such mirror damage is most

A poor quality or dirty coating will

be destroyed by the first few mode-locked pulse trains.
It is also important that the optical materials used for mirror
substrates, prisms, beamsplitters, etc., be of very high optical quality
such as Amersil #1 or equivalent.

All optical materials used in this

experiment were selected on the basis of high transmitivity at 1.06^1 and
for their high optical quality.
In the course of our research we have produced over 600 modelocked trains of picosecond pulses.

Yet, we have not observed any dam

age to our dielectric mirrors, laser rod, and other optical components
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with the exception of the dye cell window.
cheaper grade of fused silica.

This window was made from a

We attribute the exceptionally long life

of the dielectric mirrors to the outstanding skill of Mr. John Poulos of
the Optical Sciences Center.
In summary, to extend the operational lifetime of Nd:glass la
sers, it is essential that one practice cleanliness (avoidance of cigar
ette smoke, chalk dust, etc.), use only very high quality optical
materials, operate the laser at a low threshold and avoid unnecessary
firings of the laser.

Location of Saturable Absorber
When the saturable absorber is placed at any aribitrary position
within the optical cavity, the pulse pattern is sufficiently complex
that inconsistent statements have been published regarding both the ex
perimentally observed and the theoretically predicted character of the
pulse trains.
Thus, Sacchi, Soncini, and Svelto (1967) reported that modelocking should slowly vanish as the absorber is moved to a position sep
arated from an end mirror by L/3.

For any position closer to a mirror

they predicted a singly periodic pulse train with period 2L/c and for
any position nearer the middle of the cavity they expected a singly
periodic train with period L/c.
perimental observations.

These predictions run counter to ex

For example, DeMaria, Stetser, and Glenn

(1967) found that when the absorber is placed away from the end of the
cavity they observed two families of pulses.

However, it was usually

more difficult to obtain the two families than to obtain just one.
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Garmire and Yariv (1967) showed theoretically that to first order the
energy loss in the dye cell is the same whether all light energy is
concentrated into one pulse or is divided into two which meet at the
position of the absorber.

They also showed that to second order the

single pulse is slightly favored, especially if the absorber cell is
considerably thicker than the length of the light pulses.
Schmackpfeffer and Weber (1967) found singly periodic trains,
but with period 2L/mc when the absorber was at L/m.

They interpreted

this as being due to mode suppression, such that only every m^ mode
was oscillating.

Harrach and Kachen (1968) observed similar results.

Despite these varying observations for the case where the ab
sorber is some distance from the end of the cavity, there is unanimous
agreement that the periodicity of the pulses is 2L/c when the absorber
is at one end of the cavity.

This is the case of most interest to us,

because a single pulse is most easily switched out if the periodicity
is large.

Other Factors Bearing on Reliability
Some of the other parameters which can contribute to an unreli
able operation of mode-locked lasers are poor mirror alignment, pump
reflector degradation, heating of the laser rod, and change of the
transmission of the absorber.
Let us first discuss mirror alignment.

If the cavity mirrors

are poorly aligned the laser threshold may be sufficiently high that the
necessarily higher pumping intensities could damage the rod, flash lamps
or capacitor bank.
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Poor mirror alignment can also lead to filamentation and hot
spots in the burn pattern of the laser beam.

Since each filament can

consist of an independent train of pulses it is clear why such a situa
tion should be avoided.

In working with our laser we have found that

mirror alignment is the singly most important parameter governing reli
able mode-locked operation.

More on this subject is said in the next

chapter.
Aside from poorly aligned mirrors, the gradual oxidation and
tarnishing of the laser head reflectors can also lead to a slow increase
of the threshold.

For instance, freshly polished aluminum has a reflec-

O
tion coefficient of 83% at 5900 A.

Because of moisture in the atmo

sphere and oxidation, the reflectivity will decrease more rapidly due to
the intense flashing of the lamps.

This can raise threshold values more

than 100% within 100 to 200 flashes, depending on lamp output.

The so

lution to the tarnishing is a continual dry-nitrogen purge of the laser
head.

Such a purge can extend reflector life considerably before re-

polishing becomes necessary.
Since the 1.06y emission from Nd-doped glass terminates on a
level elevated about 2000 cm"1 from the ground state, little change in
efficiency is seen while operating at temperatures up to 100° C.

How

ever, heating of the laser rod during the optical pumping period leads
to an increase in length of the rod and also produces a small thermal
lensing effect within the rod.
The effects of rod expansion on mode-locking are not clear.

The

immediate consequence is a small increase in the optical length of the
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cavity.

This is of particular importance in the mode-locking of large

laser rods with internal loss modulation where a change in optical
length can be detramental to mode-locking.
Due to a temperature difference between the center of the rod
and its surface, the induced lens power is usually positive, causing a
focusing of the laser radiation on the end mirrors or within the rod.
This leads to a decrease in damage threshold of components, loss in ef
ficiency and increase in beamspread.

Fortunately the lensing effect is

only noticeable under repetitive operation of several pulses per second
and for fairly thick rods (Young 1969).
Gradual bleaching of the saturable absorber due to repeated ex
posure to the laser beam has already been mentioned.

This problem is

particularly severe in the smaller dye cells, but can be solved by con
structing a dye cell in which the dye solution is stored in a reservoir
from where it can continuously flow through the cell into a receptacle.

CHAPTER IV

THE LASER AND ASSOCIATED EQUIPMENT

The equipment associated with the production and measurement of
picosecond pulses is complex, expensive and requires a certain amount of
experimental sophistication.

The entire experimental arrangement can be

considered to consist of four basic systems, each in turn consists of
numerous subsystems.

TTie four basic systems are (1) the Ndcglass laser,

(2). the pulse detection and measurement apparatus, (3) the single pulse
switch out system, and finally, (4) the optical system used to split one
picosecond pulse into two and then delay one pulse with respect to the
other.

The latter system will from now on be referred to as the Pulse

Splitter and Delay Optics.
The laser head, dielectric mirrors, and two-photon absorptionfluorescent apparatus were mounted on a 3 m long by 25 cm wide aluminum
channel which was resting on a 10 inch thick 3' x 6' "Collins Micro
Flat" granite slab.

All other equipment, with the exception of the la

ser power supply and oscilloscopes, was mounted onto this slab.

Al

though this presented somewhat of a packaging problem it was better to
have all systems mounted on one rigid platform than to have them located
on several independent table tops, which are usually vibrating with re
spect to each other.

In what follows we will describe each system in

more detail.
36
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The Nd:Glass Laser
The basic laser cavity used most of the time (see Fig. 5) was
120 cm long with a spherical mirror (R = 10 m) of 99.6% reflectivity at
1.06y located at one end, and a flat mirror of 53% reflectivity at the
output end.

Both mirrors were wedged so that they would not act as

mode selectors.

The spherical reflector was found to considerably in

crease the reliability of the laser by making mirror alignment less
critical and by minimizing diffraction losses which means a lower pump
threshold and longer component life.

The Brewster-angled Nd-glass rod

(American Optical, platinum free, 3% doping) was 0.635 cm in diameter,
17.8 cm long and was located inside a 2.5 cm diameter pyrex tube
through which refrigerated distilled water was pumped.

The laser rod

was optically pumped with four E. G. 5 G. type XFX-47A linear flash
tubes mounted within an elliptic "clover-leaf" cavity.

To protect labo

ratory personnel from the high voltage of the flash lamps and to contain
flying glass shrapnel in the event of flash lamp explosion, as well as
to provide electrical noise and light shielding, the laser head was lo
cated inside a specially designed aluminum box, which when closed had
only two small exit ports for the laser beam.

The box however did allow

quick and easy access to the laser rod and lamps.
The electrical energy used to pump the laser rod was stored in
two capacitor banks each consisting of three separate 140 Vf capacitors
(maximum voltage 5 KV DC).
banks is 10,500 joules.

The total energy storage capability of the

However, for the laser cavity described below

and a dye concentration of one part dye to ten parts solvent the
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threshold energy needed to pump the rod was found to be about 2160
joules corresponding to 2.27 KV.

Mode-locked operation was achieved at

a pump voltage of 2.30 KV corresponding to 2220 joules.

Even a very

slight increase in pump voltage above 2.30 KV would lead to typical
Q-switched pulses with non-zero light levels between the trains of even
ly spaced picosecond pulses.
The laser head was located near the 53% mirror.

The saturable

absorber (Eastman Q-switch Solution A 9860) was in liquid contact with
this mirror.

Contact was achieved by means of a slightly wedged 1.0 mm

teflon spacer and a 6 mm thick slightly wedged window.

The Q-switch

solution was injected with a small syringe which was inserted through a
small hole into the space defined by the spacer, 53% mirror and window.
Since 1,2 Dichloroethane, the solvent for the Q-switch solution, is ex
tremely volatile, we found it necessary to plug up the small hole after
the solution was injected into the cell.

Laser Alignment and Operation
The Nd:glass laser was aligned with a Spectra-Physics Model 132
He-Ne laser.

In the course of our research we found that proper mirror

alignment is the singly most important parameter governing reliable
mode-locked operation.

For this reason extreme care was taken in the

alignment procedure which consisted of three steps.

First, the He-Ne

laser beam, which entered the Nd:glass laser cavity through the 53% R
mirror, was aligned with the longitudinal axis of the laser rod.

This

was accomplished by first obtaining a rough alignment using adjustable
apertures positioned in line with the longitudinal axis of the Nd-glass
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rod.

A fine adjustment was achieved by observing at the 100% R mirror

the diffraction pattern from a closed aperture located on the other side
of the rod.
The second step consisted of adjusting first the 100% R mirror
and then the 53% R mirror such that the reflected beams coincided with
the He-Ne laser exit aperture.

The final step consisted of the align

ment of all other optical components, such as the TPF apparatus, Pockels
cell, pulse-splitter, Ge wafer, and detectors.
Once the laser was thought to be aligned, reliable mode-locked
operation was achieved by charging the capacitor bank to a voltage which
was 5% above threshold.

If the laser did not operate at this pump in

tensity no attempt was made to pump harder.

Instead, we rechecked the

alignment until proper lasing was achieved at the 5% above threshold
pump voltage.
During the first phase of this research several cavity configu
rations were tried.

A list of these and some comments are presented in

Table 1.

Two-Photon Fluorescence Apparatus
The pulse duration is measured with the two-photon absorptionfluorescence technique developed by Giordmaine et al. (1967).

The prin

ciple of the method is illustrated in Fig. 6. The pulse is divided by a
beam splitter.

The two pulses are then made to overlap in a 4 cm long

cell containing Rhodamine 6 G in ethanol.
cell at 1.06y was 40%.

The transmittance of the dye

Table 1. Performance of laser for various cavity configurations

Cavity Configuration
R=53%

Dye*
Solvent

**
Vth

1:10

2650

TPF pattern showed three families of
pulses. Distance from 1st to 2nd and
2nd to 3rd pulse corresponds to twice
the thickness of non-wedged dye spacer
and non-wedged mirror substrate, re
spectively. Pulse duration 1 psec.

1:25

2200

Mode-locking was not achieved. Laser
operated only in Q-switched mode with
pulse duration of about 300 nsec.

1:7

2340

Single mode-locked train was observed
in one shot out of four. Generally,
more than one family of pulses was
present. Pulse duration between 1
and 3 psec.

1:7
and
1:10

2275

Mode-locking was observed in 4 out of
5 shots. Pulse duration 1 psec.

R=100%

OB
2mm-*|I<— 80cm-»|«-80cm-)j

R=100%

1.5mm
//

R=53%

1.5cm-»J |e80cm—^Ocm-^j

Same As Above

R=100%

Comments

-#l himm

r=10m

R=53%

U

lOOcml*

^Ocm
|

*By volume
••Threshold voltage in volts

2250

Beam Splitter

Mirror

Two Photon
Dye Cell

Mirror

>'////mw////>
Bright spot at
overlap point
Camera

Fig. 6. Arrangement for two-photon fluorescence measurements
-U.

N>
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Due to the nonlinearity of the two-photon absorption process,
the fluorescent intensity at .53y is proportional to the intensity
squared. The fluorescent track was photographed with a Tektronix,
f/1.9 camera using Polaroid Type 47 (3000 ASA) as well as Type 410
(10,000 ASA) film.
in Fig. 7.

Typical photographs of picosecond pulses are shown

The bright vertical line of width d corresponds to the re

gion where the two pulses overlap.

The pulse duration t is given by

>

0.9c

where n is the refractive index of the dye, c is the velocity of light
and the factor 0.9 is due to the demagnification of the camera.
The measurement of the pulse duration by this method, which is
by far the most convenient to date, requires a certain amount of cau
tion.

For instance, Weber and Dandliker (1968) pointed out that a very

similar fluorescence structure is obtained from the radiation of a modelocked laser and from a free-running laser with the same oscillating
bandwidth.

The only difference is that the contrast ratio of the bright

vertical line to the fluorescent background is 3:1 for the first and
1.5:1 for the latter case.
We discriminated between these two cases by recording the laser
output with a Tektronix Type 519 oscilloscope.

The measurement of the

pulse duration obtained from the two-photon absorption-fluorescence is
the true pulse width if the oscilloscope displays a periodic pulse train
consisting of subnanosecond pulses.

(a)

100 nsec/cm, t = 0.8 psec

(b)

100 nsec/cm, t = 1.0 psec

(c)

100 nsec/cm, t = 4.0 psec

Fig. 7.

Typical mode-locked pulse trains and the
corresponding two-photon fluorescence patterns.

45
The average pulse duration observed throughout the course of
this research was slightly over one picosecond with about 25% of the
pulses with pulse durations under one picosecond and a few percent with
pulse durations larger than 5 psec.

These short pulse durations are

nearly one order of magnitude shorter than what has generally been ob
served by others.

Unfortunately, we do not as yet know why our laser

delivers much shorter pulses.
The laser output was detected with an ITT Type F4000 biplanar
vacuum photodiode with an S-l spectral response and a plate voltage of
1500 V giving a rise time of 0.35 nsec. The photodiode was mounted in
a specially designed housing which matched the 125ft impedance of the
Type 519 oscilloscope.

The rise time of the Tektronix Type 519 oscillo

scope is 0.3 nsec, yielding an overall system rise time of about 0.45
nsec.

Selection of A Single Pulse
Single pulse selection can be achieved by using such electrooptic shutter systems as Kerr or Pockels cells, which however require
short rise time, high voltage trigger pulses.

Furthermore, accurate

synchronization of the high voltage pulse and the laser pulses must be
achieved.
A schematic diagram of the shutter system constructed for the
purpose of this study is depicted in Fig. 8.

A 10 mm aperture Pockels

cell (Isomet Model 416B with copper tab electrodes) consisting of a
heavily deuterated KD*P crystal was placed between two crossed Glan po
larizers (Karl Lambrecht Corporation Model GLQS-10) designed to

Power
Supply

jU-Metal
Shield

Spark Gap
Attenuator

Variable
Transformer
BS
Scope Trace

Detector

Filter

Mirror
Pockels
Cell" '

KDP
Crystal

Fig. 8. Schematic diagram of the electro-optic shutter system
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withstand more than 100 MW cm

of power. The polarizers are aligned so

as to deflect the horizontally polarized laser beam at P2 when no volt
age is applied to the Pockels cell.

When a voltage of 9900 V is applied

to the Pockels cell, the polarization of the beam is rotated by 90° al
lowing the light beam to pass through P2.
The high voltage pulse generator consists of a transmission line
pulse forming network (52triaxial cable RG/U Type 8) and a pressurized
nitrogen spark gap which is used as a switch.
assembly is shown in Appendix A.

A sketch of the spark gap

The transmission line of length Lj is

charged to 19,800 V which is twice the half-wave voltage.

The spark gap

is triggered by the laser beam which is focused into the space between
the electrodes.

When the gap breaks down, an approximately trapezoid

shaped 9900 volt pulse of duration 2 Lj/v propagates along the trans
mission line.

Here v is the signal velocity of 0.659 c.

A non-

inductive resistor (52fi) on the far side of the Pockels cell provides
impedance matching.

Appropriate choice of absorption filters in front

of the spark gap allows one to trigger the gap at selected power levels
of the pulse train.
Guenther and Bettis (1971) have reported that the rise time of a
voltage pulse from a spark gap is proportional to the electrode-gap in
ductance.

Thus the reduction of this inductance becomes very important.

One method is to reduce the gap spacing.
use of very high gas pressures.

This, however necessitates the

The above named authors also showed

that the rise time does not depend strongly on the laser power if the
gap spacing is critically adjusted so that the gap is charged to around
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95% of its self-breakdown voltage.

We achieved this value by using a

gap spacing of 1 mm and a N2 pressure of 85 pounds per square inch.
To assure 90° rotation of the laser E field by the Pockels cell
and to avoid reflections of the high voltage pulse', it is important that
the Pockels cell and spark gap assembly are properly impedance matched
to the coaxial cable.

This was achieved with the aid of a Time Domain

Reflectometer (TDR) consisting of a Tektronix Type 568 oscilloscope with
3S7 TDR sampler and 3T7 TDR sweep plug-ins.

The high voltage pulse re

flectivity was less than 5% for the Pockels cell and the spark gap.
Photographs of typical pulse trains with one pulse missing, that
is, the switched out pulse is not seen by the vacuum photodiode, are
shown in Fig. 9.

The oscillogram depicted in Fig. 9 shows the switching

characteristics as a function of time (sweep is 100 nsec/cm).

For a

closed shutter (no voltage on the Pockels cell) the oscilloscope follows
the usual temporal profile of a giant pulse.

The sudden decrease of the

laser power marks the opening of the shutter which remains open for 8
nsec.

After the end of the high voltage pulse the shutter closes and

again the trace exhibits the giant pulse profile.

The slight ripple on

the tail end of the pulse is due to RF noise from the spark.

The block

ing factor of the shutter (that is, the ratio of transmitted power with
shutter opened and transmitted power with shutter closed) was measured
in a separate experiment to be better than 10 .

Pulse Splitter and Delay Optics
The purposes of this device are (1) to split the switched out
picosecond pulse into two pulses of equal intensity, (2) delay one pulse

Fig. 9.

(a)

100 nsec/cm

(b)

100 nsec/cm

Oscilloscope traces of,laser output

(a) Q-switched laser pulse with a 9 nsec portion
of the pulse missing due to the action of the Pockels
cell; (b) .typical train of picosecond pulses with
one pulse missing due to action of Pockels cell
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with respect to the other pulse, and finally (3) aim both pulses towards
the semiconductor at slightly different angles.
-9
Precise time delays from zero to 10
sec are readily achieved
by the use of a beamsplitter and a movable retroreflector.

The general

principle of operation and how the device fits into the overall sche
matic of the equipment is shown in Fig. 5.
Detector time resolution problems were avoided by angularly
separating the two beams and unambiguously detecting the two pulses with
separate detectors.

Since the accuracy of the electron relaxation time

depends on our precise knowledge of the null position of the movable
retroreflector, great care was taken in determining this position.

Per

haps the most sensitive technique applicable to the measurement of zero
optical path difference involves the use of white light fringes.
fortunately this method turned out to be not very practical.

Un

One prob

lem was due to the fact that the dielectric coated beam splitter would
transmit a different spectral region from the one that was reflected.
This could have been avoided by using a substitute beam splitter coated
with a 50% reflective aluminum film.

A more severe problem with this

method, however, is the fact that the fringes would be highly localized
with a fringe spacing of -10

cm making detection extremely difficult,

if not impossible.
Since the depth of focus in microns of an optical imaging sys
tem is equal to the square of the f-number the second method tried in
volved adjustment of the movable retroreflector position until both
images of an illuminated object were observed to be equally well
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focused.

The f-number of our system, determined by the 1 inch diameter

dielectric mirrors used to steer both pulses towards the semiconductor
sample, was f/16.

This should have produced a depth of focus of 0.25mm.

The depth of focus which we measured was about 5 times larger.

This

-12
would correspond to an uncertainty of 4 x 10
sec in the time delay of
the second pulse.
Since a considerably smaller uncertainty can be obtained by mea
suring the path difference with a caliber rule the third method used
consisted in the design of mechanical spacers which held all optical
components in designated positions.

The uncertainty in the path differ

ence measured in this way was estimated to be less than one picosecond.

PART II

MEASUREMENT OF ELECTRON RELAXATION TIMES
IN SEMICONDUCTORS USING PICOSECOND PULSES
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CHAPTER V

DIRECT MEASUREMENT OF ELECTRON RELAXATION TIMES

The relaxation times of electron-phonon collisional processes
are important physical parameters and are typically in the range 10
-1 3
to 10
sec.

10

These times, being not within the range of electronic

detection systems, have in some cases been determined by indirect meth
ods such as transport measurements.

With the availability of picosecond

optical pulses the direct measurement of such ultrashort relaxation pro
cesses at high carrier concentration, has now become possible.

Much of

the interest in the electron relaxation time (also referred to as slow
ing down time of hot electrons) has been motivated by the semiconductor
laser. (The fundamental condition for population inversion in semicon
ductors is that the electrons can relax to the bottom of the conduction
band before recombination sets in.)

It is our aim here to use such

short optical pulses to measure directly the relaxation times involved
in the electron-lattice collisions in germanium.

In the next few para

graphs we discuss the experimental method to be used in the measurement
of the relaxation time.
The absorption of light quanta of energy greater than the band
gap in a semiconductor involves the transition of electrons from the'
valance band to the conduction band (Fig. 10a). This process leaves
holes behind as shown schematically in Fig. 10b.
53

These electrons (holes)

\ CONDUCTION\fi
%
BAND 9

w

VALENCE
BAND

I
(b)

(a)

t —10

sec
(d)

Fig. 10.

Optical transitions in a semiconductor

(a) energy vs wavevector 7 for a simple semiconductor;
(b) absorption of light of frequency v and the creation
of electron-hole pairs; (c) intraband relaxation of
carriers; (d) recombination of electron-hole pairs
and the emission of light of frequency v'
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undergo energy transitions through collisions with the lattice and ex
change lattice vibrational quanta as shown in Fig. 10c.

In this way

electrons (holes) drift to the bottom (top) of the conduction (valence)
band, where they recombine radiatively (Fig. lOd) after a "long" time.
In direct transition materials the spontaneous emission lifetime is gen-9
_io
erally between 10
and 10
sec (Stocker, Levinstein, and Stannard
1966; Smith and Sorokin 1966).
Intense light pulses from a laser can produce a large number of
electron-hole pairs by the above method, and aside from carrier relax
ation time measurements, a variety of processes can be investigated in
this way, such as saturation effects, multiphoton absorption, free car
rier absorption, and recombination of carriers.
The experimental method that we use for measuring these extreme
ly short intraband relaxation times in semiconductors is unique and can
be readily extended to other atomic or molecular systems.

Recently, a

similar technique has been used to measure the lifetime in the pico
second range of an electronic transition in organic dyes (Scarlet,
Figueira, and Mahr 1968) and to measure orientational relaxation of
molecules in a liquid solution (Eisenthal and Drexhage 1969).

More re

cently, Von der Linde, Laubereau, and Kaiser (1971) directly measured
the molecular dephasing time of carbon tetrachloride (CCl^) to be about
4 psec.
Basically our method is as follows:
-12

tense light pulse of about 10 '

Absorption of a very in-

sec duration by a sample of the semi

conductor will create electron-hole pairs.

The subsequent relaxation of
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the electrons in the conduction band and the holes in the valence band
is then measured by a probe pulse of light that can be delayed to arrive
any given time after the preparing pulse. The intensity of the trans
mitted probe beam at a given time will depend on the number of electrons
in the conduction band that have not yet relaxed.

When the sample has

reached its excited state, the transmission will increase sharply, and
if the probe beam follows the preparing pulse within a sufficiently
short time the probe pulse should be less strongly attenuated than the
preparing pulse.

In fact, the intensity of the transmitted probe beam

may even be amplified because of stimulated transitions of the electrons
from the conduction band to the valence band.

As the electrons in the

conduction band relax to lower-lying levels near the band edge, trans
mission of the sample will again decrease because the appropriate lower
levels are all occupied.

A plot of the ratio of the transmitted inten

sity of the probe pulse to the preparing pulse versus the time between
pulses determines in essence the intraband relaxation.time for high car
rier concentration.

CHAPTER VI

RELAXATION PROCESSES IN SEMICONDUCTORS

In this chapter we discuss the various relaxation mechanisms oc
curring in semiconductors.

In general, a relaxation process is a pro

cess by which the system, initially in a nonequilibrium state interac
ting with other systems (or reservoirs) proceeds towards its equilibrium
state.

Such a relaxation process may be characterized by a relaxation

time x defined in the collision term of the Boltzmann equation

f

Bf-):

" f" .

(31)

coll.

T is the time constant for the exponential approach of a distuirbed dis

tribution f to the equilibrium distribution fQ.
Before discussing the relaxation mechanisms individually, we
discuss in general terms scattering of free carriers in semiconductors
with a "simple" band structure such as the one shown in Fig. 10a.

For

such simple semiconductors the surfaces of constant energy are spherical
in Tc space, that is,

2

—
ti^k
<w
= -y-

(32)

where e(k) is the energy of an electron of wavevector k and effective
mass m*.
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For this simple model, m* is a constant independent of the di
rection of motion of the electrons.

We next consider qualitatively the

various complications that arise in real semiconductors.

Since the re

laxation time due to the electron-acoustical phonon interactions is the
only time long enough to be measured with picosecond pulses, a detailed
quantitative discussion of this particular relaxation process is pre
sented in the third section.

We conclude the chapter with a brief re

view of the other relaxation processes which for various reasons are of
lesser importance to us.

Electron-Phonon Scattering in A Simple Semiconductor
When an electron of wavevector k is scattered by a phonon of
wave vector q into the state k', the electron either absorbs or emits a
phonon of wave vector q.

Conservation of momentum and energy for the

system as a whole imposes the conditions

k1

=

k ±q

and

(33)

e'

=

e ±fi»q ,

where "hw^ is the phonon energy.

Phonon wavevectors can take on magni

tudes ranging from q = 0 to qQ = ko0pAvs where vg is the speed of sound
in the solid, 0D is the Debye temperature, and k0 is Boltzmann's con
stant.

For the temperature range of 10°K ^ T « 0j),

ity is ve = tik/m* » vs.

electron veloc

Using the conservation equation above it can

be shown (Blatt 1968, p. 130) that the phonon energy is much less than
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the electron energy, that is, fcaiq «
acoustical phonons whose wavevector
wavevector

k".

k0T.

This means that only those

q £ 2k can'scatter electrons of

Furthermore, since for all electrons in an ideal semi

conductor|
k| « |1(|, where "K is the reciprocal lattice vector, we con
clude that: (1) Only long wavelength acoustical phonons can be effec
tive in scattering electrons, and (2) the energy change of an electron
through collision with an acoustic phonon is much smaller than k0T, that
is, scattering is essentially elastic.
The first conclusion implies that all possible combinations of
initial and final electronic states are connected through phonon emis
sion or absorption in which q" < "K.

The second conclusion tells us that

since scattering of electrons by acoustical phonons is a quasi-elastic
process at all relevant temperatures we can assign a meaningful relax
ation time x for this process (Blatt 1968, Dresden 1961).

Electron-Phonon Scattering in Real Semiconductors
Let us consider next the various complications that arise in
real crystals.

All known semiconductors crystallize in lattices which

contain two or more atoms per unit cell.

This means that the phonon

spectrum contains at least three optical branches (one longitudinal and
two transverse).

The quantum of energy of an optical lattice vibration

is to a very good approximation independent of q and has typical values
of about 0.040 ev.

Because of these relatively large energies the

electron-optical phonon collision is inelastic which means that this
process can not properly be described by a relaxation time.
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Another difference between acoustic and optical phonon scatter
ing relates to the phonon distribution which is described by BoseEinstein statistics,

fio)q/k0T
_
nq = (e 4
- 1) 1 .

(34)

At temperatures 10°K < T < 0Q this expression can be approximated by

na

=

n

-

M

(

huq

-1
J;1 )
k0T

(acoustic phonons)

(35)

exp(-haj0/kT) (optical phonons),

(36)

and

where

is the optical phonon frequency.

The mobility y of the charge

carriers is roughly inversely proportional to the number of effective
phonons which actively scatter the electrons.

Therefore, the tempera

ture dependance of y will depend on the relative importance of optical
phonon and acoustical phonon scattering.
non scattering dominates at T <

Specifically, if optical pho

then U(T) " exp[(hW0)/(k0T)] and the

mobility should show an exponential increase with decreasing tempera
ture.

Thus, the behavior of y as a function of T can give us an indica

tion of the dominant phonon scattering process.
The discussion so far has been based on a simple band structure.
Unfortunately most of the well known semiconductors have energy band

61
structures which iare of the many valley type and hence differ greatly
from the simple model (for example, see Fig. 12).
As a consequence of the many valley complication the conduction
electrons are now found in several valleys in F space.

Since the energy

surface of any given valley is generally anisotropic, the relaxation
time is represented by a tensor.
averaging over all valleys.

One can obtain an average time <x> by

The mobility is then given by

y

= e<T>/m',

where m' is defined by

and where mA and mH are effective mass parameters.
The most significant feature of the many valley model is the
possibility of intervalley scattering.

In this type of scattering the

change in electron wave vector is large, being roughly equal to the vec
tor which connects the minimum of the valley in which the electron
originates and that into which it is scattered.

It follows that the ab

sorbed or emitted phonon wave vector is also large, of the order of
ko0D> which makes the process inelastic.

Thus, intervalley scattering

by acoustical phonons resembles scattering by optical phonons in the
ideal semiconductor.

In particular, intervalley scattering decreases

approximately exponentially with decreasing temperture for T < 9Q.
For intravalley scattering, that is, scattering of an electron
where both the initial and final states terminate on an energy surface
belonging to the same valley, the two conclusions which we reached
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earlier again apply.

Thus, taking proper account of anisotropy we can

use the results of the simple band approximation when discussing intravalley scattering.
In the following sections, where we address ourselves to various
scattering processes, we will again invoke the simple band model.

Electron-Acoustical Phonon Interaction
In the usual calculation of t, the electron-phonon systems are
described in terms of their respective unperturbed wave functions, the
electrons by Bloch functions, the lattice by its quantized vibrations as
phonons.

Interactions between the two systems, in the spirit of pertur

bation theory, produce transitions between the unperturbed states of the
two systems.

The transitions are due to various perturbations created

by impurities, imperfections, electron-phonon, as well as, electronelectron interactions.
transition rate.

The relaxation time is determined by the average

One calculates this rate starting with the total

Hamiltonian, ^tot, derived in Appendix B.

One finds in the notation of

second quantization

+

"tot =
x

i l l

m

m

aq aq
+
M m

ji

v(j,l)cj
J

M

cfc
1 1
(38)

|
*
III v(q.p.r)cj t rc* _
qpr
q
q

The term

a+ a
^ % V

c

c .
p q

has been added to account for the free phonon

energy.

Note that we have deviated from the notation used in Appendix

B.

a. ; a! are now phonon operators and cu , ct. are electron operam
i
i
tors. Since the electron-phonon interactions are the best understood
and perhaps also the most interesting scattering process we will, in the
following discussion, consider only the electron-phonon part of the
Hamiltonian, that is, the third term of Eq. (38).

% - I I V0.1) c* ,

J 1

3

Thus,

v.

(39)

J

The fundamental idea behind this type of interaction is simple.
Thermal or mechanical disturbances in the lattice give rise to phonons
which are accompanied by the motion of some atoms away from their equi
librium position.

A passing electron feels a different effective poten

tial which can deflect it out of its accustomed course and into a new
state.
Upon quantizing the sound wave amplitude in Eq. (39), v(j,l) be
comes (Harrison 1970)
V

\

\

(40>

where N is the number of unit cells in the crystal, C is the deformation
potential, and M is the mass of the atoms of the lattice.

Therefore,

the completely second quantized form of the electron-phonon interaction
Hamilton is

=

*

1 1 — C
q k N

a
q

+ a

+ )c ^
k
"q

c,
q

k

(41)

where we how let k and q be the summation indexes of the wavenumber
states Tc and iq for electrons and phonons, respectively.
To calculate the probability that an electron will undergo an
energy transition we use Fermi's Golden Rule:

P(ki,k£) = ^|<kf|He^|k.>|2S[E(kf) - E(F.)J,

(42)

where P(k^,k£) is the probability for any given electron of making a
transition from the state k^ to k^ per unit time. The last factor,
S[E(I<£) - E(k^)], in Eq. (42) is the Dirac delta function which expres
ses the requirement of energy conservation.
For the process in which an electron is scattered from the state
|k^> to the state |k^> we need a phonon of wavenumber

q such that

q = k f tk.,

(43)

This collision is illustrated in Fig. 11.

The corresponding initial

phonon state |n^> has nq phonons of wavenumber q.

Consider first a

transition to the final state in which there is a loss of one phonon in
the q*k mode.

The matrix element for this process is

P(k2,ki) = ~|<nq- l|f/e(JJnq>|26[E(k2) - E(kj)]

2ir

nn I

—
h N

( 44 )

,2
VJ
q

6(>k.

- ek
•
kl

q
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Fig. 11.

Electron-phonon scattering
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where the energy delta function now includes the phonon energy fiwq, and
ERj =

Note that the scattering probability is proportional to the

number of phonons nQ.

In the same way we calculate the transition prob-

ability for the emission of a phonon

PCkj,*,) - ^l<V l|«etl»,>|isIE(k2' "

ECkl»

(45)
2ir'(na + 1} . ,2
= ^-3— |v
|
sU
n
tl
N
2

• »«).

Et

n

1

The total scattering probability per unit time for both processes cal
culated separately above becomes

2

2 it

P(k,,k ) = —|V|[n 6(e, -e, - Tito )+(n + l)6(ek- e.+ liu )].
h N

^

°

2

1

H

H

k

2

k

(46)

j 4

We observe that even if n^ = 0 (that is, no phonons present) an electron
can emit a phonon if there is a final state of energy

available.

This is a very likely process for "hot" electrons.
To proceed with our calculation of t we make several simplifying
assumptions.

The first assumption involves the term hw

delta function.

in the energy

We show in the preceeding section that the electron

energies are ordinarily much larger than the phonon energy h^. Thus,
since the change in electron energy is so small we may neglect
the delta function.
by n .
H

Hie second approximation involves replacing n

in
+ 1

From Eq. (35) we see that this is justifiable for acoustical

phonons at LN? temperatures.

With these approximations, and using the
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relationship 1iqVs = hto^, Eq. (46) becomes

(47)

PCk^kp =

Our next step is to replace nq^uq

kQT to take account of the fact

that the modes of vibration, with which the electrons react, obey clas
sical statistics.
We are finally in a position to calculate the average collision
time

(48)

where the usual weighting factor, 1 - cos 0, has been replaced by
-(q/k)cos <j>.

In making this substitution we assume that q * k.

angles 0 and <j) are those shown in Fig. 11.

The

We now make a further sim

plification by integrating instead of summing over the wavenumbers
Eq. (48).

q in

For this, the delta function must be expressed in terms of q:

fi2lk + q| 2 _
2m*

1k|

2

]

2m*

(49)
(q2 + 2kq cos <(>)].

= 6{
2m

I'
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Equation (48) now becomes

(t)

2k . r
.= im!
d |sin <j>d<J>[-cos<|>]
-—- _cL ioi,
2— p f ,3
q dq
tiN

Mv2

k

Jn
'o

Jr

(50)
-h 2
6[

(q2 + 2kq cos <J>)],

2m*

where p is the density of values of q in wave numbers space, namely
V/(8ir3), and V is the crystal volume.

In carrying out the above inte

gration we let a = ti2/(2m*) and £ = -2kaq cos <J>.

With this substitution

Eq. (50) becomes

("0

-1

V C2

koT

2nhN Mv

2

f<

r2k

q3dq [ (2kaq)-2S<5(aq2 - C)dS.
' r\
o
'o

(51)

Since the integrand is finite only when

q = - 2k cos <|>,

(52)

Eq. (51) becomes

CO

-1

m*
= —
4 IT

V

C2 knT

Nh3

Mvs2

v

c2

k3

/^k

dq q3

•'o
(53)

m*

ir

,
-k T k .
Nh3 Mvs2 °

It is interesting to note that the relaxation time associated with
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scattering by lattice vibrations depends upon the energy of the electron
through the wavenumber k.

This is in contrast to the assumption of an

energy-independent relaxation time used with the Boltzmann equation,
which we introduce at the beginning of this chapter.
In arriving at Eq. (53) we make a number of simplifying approxi
mations.

It is worth while to list them again below:

(1) Only electron-phonon interactions are considered
(2) Phonon energy is much less than the electron energy
(3) n +1 is replaced by n

(justifiable for acoustical phonons)

(4) n tiw is replaced by k T (valid at large T)
q q
o
(5) q-k, that is, phonon wave number is nearly equal to the
electron wave number
(6) A continuous distribution of phonon wavenumbers

is assumed.

In summary, we conclude from Eq. (53) that the electron relaxation time,
due to collisions with acoustical phonons, is longer at lower tempera
tures and smaller injection energies e, since

k =

/2m*£

.

(54)

We will return to Eq. (53) in Chapter VII, where we calculate T for Ge.

Electron-Optical Phonon Interaction
Thermally activated lattice vibrations can lead to a macroscopic
polarization of the crystal.

Hie electrostatic interaction between the

charge carrier and this internal polarization field within polarizable
crystals is much stronger than the deformation potential interaction of
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the acoustical phonons.

The interaction is especially strong with the

longitudinal optical (L0) phonons of frequency w0. In fact, it is so
strong in polar crystals that perturbation theory is of doubtful validi
ty.

The problem of strong coupling can however be solved by using the

polaron concept (Frohlich 1954).
!

Interaction of free carriers with LO phonons is significant only
when e £ hw0, because as the temperature T falls well below 0Q the num
ber of optical phonons in the vibration spectrum decreases exponential
ly.

Simultaneously, the number of charge carriers with sufficient

energy to emit such a quantum also decreases at the same rate.

If, in

this temperature range, the relaxation time was primarily due to optical
phonon scattering one would expect to observe t = exp(0o/T).
Low and Pines (1955), using field-theoretic techniques borrowed
from elementary-particle theory obtained the expression

4*

=

^O C^)22^0e-hUo/koT

f

for T <

eD

,

(55)

where m* is the polaron effective mass and m is the crystal mass, which
characterizes the behavior of a "fictitious electron interacting with
the static crystalline field".

Unfortunately m is still an unknown.

The strength of the electron-LO phonon interaction is determined by the
interaction constant

« = (—1—)(4--L ),
hco0
n
eQ

where n and eG are the optical index of refraction and the static

(56)
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dielectric constant of the crystal.

The function f(a) varies between

1.0 and 1.5 for all values of a.
At low temperatures, but large injection energies, that is,
e > h^oj ^e time for an electron of sufficient energy to emit an opti
cal phonon is (Callen 1949)
\

T =

T < Op and e * Ti<°0

(57)

where
c

„

2,[2m)li (ee*)2

_

(58)

Mn(h(0o),/z

M is the reduced mass of the ions, SI is the volume of an ion pair, and
e* is the effective ionic charge.

Using this equation, Habegger and Fan

(1964) have estimated that the time for an electron with sufficient en- 13

ergy to emit a LO phonon is - 3 x 10
InSb.

-13

sec for GaSb and ~ 10

sec for

-12

Stocker (1965), on the other hand, has estimated T - 10

for InSb.

sec

In any event LO phonon emission is too rapid to be measured

with picosecond laser pulses.
Optical phonon scattering can also occur in covalent crystals.
Here the difficulty is that we do not know the strength of the coupling
constant.

Harrison (1956) has asserted that the matrix element for

scattering by optical modes is relatively large in both Ge and Si, but
the actual magnitudes of these coefficients have not been calculated.
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Impurity Scattering
Scattering of electrons by the electrostatic potentials of im
purities in semiconductors is very nearly elastic and isotropic.

Ac

cording to Blatt (1968) the relaxation time due to scattering of
electrons by ionized impurities is

it e^N^
[ in
T
ii(e)

where

2, *Ay*
2 x (®m)e

2m exk°T

- 1 ],

(59)

IRQ2„^2

ire nh

denotes the total number of ionized impurities, n is the number

of carriers and x is the dielectric constant.

One can minimize this

particular scattering process by keeping the number of ionized impuri
ties to a minimum.

InSb with lO14 acceptors has a

between 10"10 and

10"11 sec (Stocker 1965).
With decreasing temperature

will diminish so that at suffi

ciently low temperatures one will find a significant number of neutral
impurities.

At electron energies of less than -^ei, where

is the ion

ization energy, the relaxation time becomes (Blatt 1968)

.

20 N

h3 x

Vr
Tni

-

(m*) e

where Nn is the number of neutral impurities.

<60>
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Carrier-Carrier Scattering
There are two types of carrier-carrier scattering processes;
scattering between like carriers such as electron-electron (e-e) and
scattering between unlike carriers such as electron-hole (e-h) pairs.
The first process is unique in that the total momentum of the system of
carriers is not changed, whereas in the second process momentum can be
transferred from one type of carrier to another.

Based on calculations

of (e-e), (e-h) and (h-h) scattering it is found (Paige 1964) that:
(1) There is a basic similarity between ionized impurity and
electron scattering.

Both processes can become important at low tem

peratures.
(2) A rough criterion for carrier-carrier scattering to have
some kind of effect is

"i * —
V

C«)
m^

q
where mQ is the electronic mass, n^ is the number of carriers per cm ,
and y is the mobility due to carrier-phonon interaction and is measured
9 -1
-1
in cm V sec .

At T = 100°K the right hand side of Eq. (61) has a

16 — 3
value of 10 cm
for e-e scattering in germanium.
(3) An additional criterion which allows one to estimate the
importance of electron-electron scattering is based on the time it takes
for an initially monoenergetic distribution to become Maxwellian.
cording to MacDonald, Rosenbluth, and Chuck (1957) this time is

Ac
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approximately given by.

t...-kteaa^z2
e
30 n e* In A

,

(62)

where
A = (3/2 e3)
(k03T3x3/Tm)f

X is the dielectric constant and n is the concentration of electrons per

cm3.

For electrons with an injection energy of 0.17 eV, the relaxation

time x
in Ge is approximately given by
66

Tee *

10

/n-

Since electron-electron relaxation rates in semiconductors have not been
measured and since the necessary high photon densities can be provided
with picosecond laser pulses it has now become possible to study these
processes.

Furthermore it is possible that this process may to a cer

tain extent mask the other relaxation processes which have already been
mentioned.
When more than one collision process is active, then the

re

sultant relaxation time is obtained from the equation

f

s

l

f '

<63)

i

where the summation index describes the various relaxation mechanisms.

CHAPTER VII

SELECTION OF A SUITABLE SEMICONDUCTOR

To measure the electron relaxation times with ultrashort laser
pulses we must be careful to choose a suitable semiconductor.

For this

reason we compile a list of seven properties required of the prospective
semiconductor to allow measurement of T subject to experimental and bud
get limitations.

Table 2.

A list of the major requirements is given in Table 2.

Properties required of the prospective semiconductor

REQUIREMENTS

IMPOSED BY
LASER
PULSE

E < hv
g

EXPERIMENTAL
TECHNIQUE

BUDGET AND
OTHERS

x

Direct transition for photon
absorption

x

Achievement of inversion

x

Relaxation time > pulse width

x

Intrinsic semiconductor

x

Samples must be readily available

x

Band structure must be reliably known

x
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Band Gap Energy Must Be Less Than Photon Energy
The first requirement, namely E < hv, is obvious.
6

Since the

photon energy of a Nd:glass laser is 1.17 ± 0.02 eV the energy between
the top of the valence band and the bottom of the conduction band should
be less than about 1.17 eV.

This eliminates such semiconductors as

GaAs, InP, GaP, CdS, ZnO, ZnS, GaAsxPj_x, and carbon (diamond).

Direct Transition Semiconductors
Hie second requirement calls for a direct semiconductor, that
is, one whose lowest conduction band minimum and the highest valence
band maximum are at the same wavevector ¥ in the Brillouin Zone.

Since

the momentum of a photon is very small, energy and momentum are con
served in optical transitions between the valence band and conduction
band states of almost equal k.

Such transitions appear vertical when

drawn on an E versus k diagram (see Fig. 10a) and are direct, that is,
they take place in a single step corresponding to a first order process.
Indirect

transitions involve both photon and phonon absorption (or

emission) and therefore are a second order process having smaller proba
bility than those of the direct band gap transitions.
Another second order process, absorption by free carriers, con
sists of indirect transitions to a state in the same band which is ap
proximately a photon energy away from the band bottom.

It would be

virtually impossible to experimentally separate these two competing
second order processes occurring in indirect semiconductors.

Conse

quently, it is best to work with semiconductors which have a band

structure with a direct transition of slightly less than 1.17 eV.
requirement eliminates Si.
indirect semiconductor.

This

Germanium is generally also classified as an

A study of its band structure (see Fig. 12)

shows, however, that direct transitions are possible for hv > 0.81 eV.

Achievement of Population Inversion
The third requirement calls for the possibility of a population
inversion.

The most straightforward inversion is obtained by having

more occupied states at some higher energy within the conduction band
than at the lower energy in the valence band.

In our experiment we use

optical pumping (that is, the exciting pulse) to achieve such an inver
sion.

Upon inversion,the carriers (electrons in the conduction band,

holes in the valence band) lose their excess energy by the following
processes:
(1) Energy exchange with the crystal lattice, resulting in a
slowing down of the carriers and the establishment within each band of
a Fermi-Dirac distribution at the lattice temperature.

This process

takes place with a time constant Ts.
(2) Recombination of the electrons with the holes with a time
constant Tr.
Population inversion is possible only when Ts « T

In direct

. .
-9
-10
transition materials Tr =* 10
to 10
sec (Ross 1969, p. 63).
-10

electrons in InSb, Tr is of the order of 10
1966).

For

sec (Stocker et al.

If conduction band electrons in InSb have energies which are

less than one longitudinal optical phonon energy

above the bottom of

the conduction band then at low temperatures (T <~ 40°K) energy losses

78

0.14
1.17 eV

0.21

0.66

25'

e(eV)

£ = rdn)

Fig. 12.

k = f-(OOO)

(100)

Structure of the conduction and valence bands of
germanium in k space (Cardona, Shaklee, and Pollak
1967)
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due to acoustical phonon interactions are small compared to the rate of
removal by recombination.

Thus under certain conditions t * t and
s
r

inversion is not possible.

An inversion in InSb can be achieved by in

jecting the electrons into the conduction band with energies (n + &)hu>0.
Interaction of these electrons with longitudinal optical phonons
(t

-12

- 10

sec) is strong, causing the emission of n longitudinal op-12

tical phonons of energy Tiu)0 within a time of n x 10

sec, and the

electron with an energy <Shw0 finds itself near the bottom of the conduc
tion band.

In this way one can achieve a population inversion in InSb.

Time Resolution of Experiment
The fourth requirement is dictated by the finite width of our
exciting and probing laser pulses which are generally about 2 x 10
sec long.

_12

Since the emission of an optical phonon in polar semiconduc-

tors can take place in less than 10

-12

sec we must avoid choosing semi

conductors where the possibility of optical phonon emission exists.

As

was pointed out above we can avoid this kind of emission by requiring
that the electronic excitation energy e be less than the optical phonon
energy hto0:ko0D, where 0D is the Debye temperature.

If we assume that

the valence and conduction bands are both exactly parabolic with respec
tive masses m^* and mg* the condition for no optical phonon emission is

e =

hv - E
_J_ <
mA
(1 + "-y*)
"Y

koeD

.

(64)

The excitation and optical phonon energies for some of the more
common polar semiconductors satisfying E

&

< h.v are tabulated in Table 3.

It is apparent that none of the III-V compound semiconductors listed in
Table 3 satisfies the requirement e < ^0^. For this reason we elimi
nate all polar semiconductors from further consideration.
This then leaves us with the homopolar semiconductors such as C,
Ge, Si, Se, and Te. Of these we can eliminate C, Si, and Se because of
the first and second requirements listed in Table 2.

Before we examine

Ge and Te in greater detail let us discuss yet another group of semi
conductors, namely the semiconducting alloy systems such as Al^
Ga Sb, GaAs,
x '

P , In,

1-x x*

Ga As, In, Ga Sb, and InAs,

1-x

x '

1-x

x '

P .

1-x x

—

Although
sev6

eral. of these alloy systems have recently received attention because of
the need for light emitting devices, they are difficult to grow in homo
geneous form, fairly expensive, difficult to obtain and have very high
carrier concentrations.

The property of most interest to us is that by

choosing proper values of x it is possible to obtain semiconductors
whose energy gaps vary approximately linearly with composition.

Thus a

mixture of indium arsenide-indium phosphide can be made to have an ener
gy gap ranging from 0.35 eV for pure InAs to 1.26 eV for pure InP.

The

value of x needed to attain a 1.17 eV band gap is 0.83 at 77°K (Willardson, Thompson, and Ross 1968).
Originally it was feared that the electron scattering due to the
statistically disordered arrangement of atoms of the third and fifth
group would significantly reduce the mobility of current carriers and
thus also reduce the relaxation time.

This fear was found to be

Table 3. Properties of III-V compounds at room temperature
e(eV)

koVeV>

1.0

0.024

m /m
e o

VBo

InSb

0.013

0.6

0.17

280

InAs

0.020

0.4

0.36

340

.77

0.029

GaSb

0.05

0.5

0.67

340

.45

0.029

PbS

0.105

0.105

0.41

230

.38

0.020

PbSe

0.070

0.068

0.29

138

.44

0.012

PbTe

0.24

0.31

0.32

125

.48

0.Oil

Polar Semiconductor

E (eV)
g

eDC°K)
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groundless when Ehrenreich (1959) showed that the electron mobility in
InAsP was determined mainly by a combination of optical phonon and
charged impurity scattering and that alloy scattering does not play a
dominant role.
The recombination lifetime in the alloy InAs1 vP with x = 0.8
A "•X X
~6
has been reported to be about 10
sec (Willardson and Beer 1968,
p. 441).

This is compatible with the third requirement in Table 2.

It

appears then, at least from the brief discussion so far, that InAs^_xPx
with x ~ 0.83 might be a likely candidate for the experiment, because it
also meets the requirement that

TIOJ^ • e

<

where Tuo^ is the energy of

an acoustical phonon.

Other Prerequisites
Since free carrier-ionized impurity scattering can become the
dominant scattering mechanism at low temperatures and mask out acoustic
phonon scattering it is advisable to work with intrinsic semiconductors;
thus the reason for the fifth requirement in Table 2.
can be met by selecting a very pure material.

This requirement

From this standpoint ger

manium and tellurium are more suitable than indium arsenide-phosphide.
The last two requirements in Table 2 are self explanatory.

The

main objective of our research is to test the feasibility of a new tech
nique to measure electron relaxation times.

This goal can be achieved

much more easily through the use of materials which are readily avail
able and whose parameters are reliably known.
In conclusion the semiconductors which have passed our selection
procedure so far are Ge and Te.

Next we examine Ge and Te more closely.
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Unsuitability of Tellurium
Although tellurium so far appears to be a good candidate, a more
critical study of its properties leads us to conclude otherwise.

Our

conclusions are based on the following facts:
(1) A study of the band structure shows that Te has more than
one pair of extrema between the conduction and valence bands where elec
tronic transitions can be made for hv = 1.17 eV.

It also has the pecu

liar feature of an energy gap which exists between two groups of valence
bands separated by less than 1.17 eV.
(2) Strong Reststrahlen bands have been observed in the reflec
tion spectra of tellurium. This is an interesting result because such
spectra so far have only been observed in materials of ionic or partly
ionic character.
The presence or absence of Reststrahlen indicates whether a
crystal is ionic or covalent.

Optical modes cannot be excited by an in

cident electromagnetic wave in a covalent crystal in which the atoms
carry no net charge.

The reflectivity of Te due to lattice polarization

is greater than 80%, indicating a very large polarizability for this
element.

Consequently, it can be expected that the interaction between

optical modes and free carriers is very strong.

Mobility calculations

have indeed shown that besides scattering due to acoustical phonons, the
optical phonons seem to influence the mobility (Cooper 1969).
Thus, because of the very complicated band structure and the
very high probability of optical phonon scattering we conclude that
tellurium is not a very suitable material.
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Band Structure of Germanium
Germanium occupies a unique position among semiconductors.

Its

physical properties have been more extensively studied, both experimen
tally and theoretically, than any other solid.

Of the physical proper

ties, the process of electrical conduction or its inverse the resistiv
ity has received the most attention.

The resistance in semiconductors

is determined by the various scattering processes which we have already
listed at the beginning of this chapter.

In this section we will review

the relevant features of the energy band structure and then discuss
briefly the scattering processes as they apply to germanium.
Much of the initial theoretical work in the scattering theory of
germanium was based on a simple model of band structure (Seitz 1948).
For this model the energy of electrons near the bottom of the conduction
band or of holes near the top of the valence band could be represented
2 2

—

by h k /2m*. This implies that constant energy surfaces m k-space are
spheres and that m* is a constant independent of the direction of motion
of the carriers.

It has now become clear (Kittel 1954) that most of the

well studied semiconductors, including germanium, have energy band
structures greatly different from the simple model.

Most of the actual

semiconductors are of the many-valley type with several degenerate or
non-degenerate band edge points and ellipsoidal energy surfaces around
each.
The energy band structure for germanium in the CHI) and (100)
directions of k space are shown in Fig. 12.

The conduction band minimum
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lies at a value of k ^ 0.
tor.

This makes germanium an indirect semiconduc

The cubic symmetry of germanium ensures that there are four equiv

alent (111) minima in the conduction band, each will be referred to as
a "valley".

In the vicinity of these valleys, the Fermi surfaces are

prolate ellipsoids of revolution.

Choosing one of these minima as ori

gin, the surfaces of constant energy may thus be represented by an ex
pression of the form (Dekker 1963, p. 336)

V 2 X V2

ECiO =

R2( -S
2mt

LR 2

Z- • —J.
2nij

C65)

where m^ and m^ are respectively the transverse and longitudinal elec
tron masses.

For germanium, mt = 0.082 m and m^ = 1.57 m, where m is

the free electron mass.
The maximum energy for the valence band is at k
more, this maximum is common to two bands V

=0.

Further

and V2 which meet at k = 0.

For sufficiently small 1c values the Fermi surfaces can be approximated
by spheres.
0.044 m.

In this approximation one obtains m^ = 0.28 m and m^ =

A third valence band Vg is separated from the Vj and V2 bands

as a result of spin-orbit interaction.
maximum of the V3 band is 0.077 m.
tween the V

3

band and the V . V

1 2

The effective mass near the

The energy difference at k = 0 be

bands is 0.29 eV.

An interesting detail, of great importance to our application of
germanium, is the higher minimum of the conduction band to which elec
trons can be transferred under certain conditions such as direct optical
transitions.

An electron near the 1< = 0 region in the valence band upon
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absorption of a photon of 1.17 eV will find itself in the conduction
band via a direct or indirect transition.

The selection rules for a

phonon assisted optical transition are

k' = k + a ± q + 2itn

(66)
E(k') = E(k) + hv ± hw ,
H

where k, ~o and q are the electron, photon, and phonon wavevectors , re
spectively, n is a vector in the reciprocal lattice, and 2im guarantees
that k1 is a vector in the reduced zone.
momentum

The presence of the phonon

thus makes it possible for the transition to be nonvertical.

TTie + and - signs refer, respectively, to absorption and emission of a
phonon.

At very low temperatures few phonons are present and absorption

of a phonon becomes improbable.

An indirect transition with the emis

sion of a phonon is still possible.

However, a careful study of the

fundamental absorption bands of germanium reveals that the probability
of an indirect transition (for which the three-body interaction must be
postulated) is much lower than the probability of a direct transition
(for which the two-body interaction is sufficient).

As expected the

absorption spectra exhibit a rapid increase of absorption on going to
ward photons of higher energies capable of producing direct transitions.
For example a = 1cm
hv = 0.81 eV.

- 1

at hv = 0.65 eV, increases to o ~ 5 x 10

3

-

cm

1

at

It is for this reason that we may, for the purpose of our

experiment (hv > 0.81 eV) regard germanium as a direct semiconductor.
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Electron Scattering in Germanium
The scattering of free carriers in germanium by phonons, neutral
and ionized impurity atoms, and by other free carriers has been calcu
lated by many investigators.

A comprehensive review of the literature

as well as a lengthy analysis of the various scattering mechanisms as
they apply to germanium has been done by Paige (1964).

In this section

we list the most important results and conclusions as they apply to our
experiment.
Germanium, which has the diamond type lattice, has two atoms per
unit cell, hence there are a total of six branches to the phonon spec
trum.

Figure 13 shows this spectrum, for q along the (100) and (111)

direction for which the two transverse modes are degenerate.

Note that

for small q dispersion is absent, that is, the velocity of the acoustic
wave does not depend on frequency, and the optical phonon energy is vir
tually independent of q.
The question which one must ask now (and for which there is
still no precise and unanimously accepted answer is "How strong is the
interaction of an electron with the longitudinal optical and the acous
tical branches of the phonon spectrum?"
for polar crystals.

The answer is straight forward

When the temperature of a polar crystal such as

InSb is near or above the Debye temperature, the relaxation time is de
termined primarily by the optical branch, the greatest electron-lattice
interaction being that involving the long wavelength optical modes, that
I
•v!/
is intravalley transitions. As the crystal is cooled to a temperature
well below the Debye temperature, the conduction electrons in
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Lattice vibration spectrum of germanium as determined
by Brockhouse and lyenger (1958) with symmetry assign
ment by Lax and Hopfield (1961)
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equilibrium with the'lattice can no longer interact with the optical
modes of vibration and the relaxation time is now determined primarily
by interaction with the acoustical modes.
In pure homopolar semiconductors such as germanium, the lattice
does not become polarized during the oppositely directed motion of the
two atoms in a given unit cell because the atoms are electrically neu
tral.

Since polarization is absent, the interaction between the elec

tron and lattice vibrations may be expected to be smaller for T ~ 0D>
Moreover, it may be expected that the influence of the optical modes in
homopolar materials will not necessarily obliterate the influence of the
acoustical modes when the former are excited.

Seitz (1948), using time-

dependent perturbation theory, was the first one to obtain expressions
for both the optical collision frequency (x0)
frequency (T )

cL

1

1

and acoustical collision

for homopolar semiconductors:

(O"1 = — C! kf m* k
a
. 3 2
9ir
vg no M

'

C67)

and
-1

1 D2 K2 m* k -

n

-

&

where kQ is Boltzmann's constant, T is the absolute lattice temperature,
vs is the acoustical velocity, n0 is the density of atoms, m* is the ef
fective electron mass, M is the mass of the atoms in the crystal, k is
the electron wavenumber , and K is the reciprocal lattice wavevector.
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.C2 and .D2 are the unknown interaction parameters for electron-acoustical
and electron-optical phonon interactions, respectively. The upper sign
before

TIM /e corresponds to the case
q

in which the electron gains energy

and the lower sign to that in which it loses energy.
upper value in the expression {n "

Similarly, the

is to be used with the + sign and

conversely, and n is the number of phonon quanta at temperature T.
For germanium .C2 = 24 eV, nQM = 5.46 g cm" , vg = 5 x 10
cm/sec

, T = 100°K and m* = 0.22 m, where mD* is the density of states

effective mass.

This is the effective mass which should be used when

ever the density of states makes its appearance such as it does in the
derivation of Seitz's equations (Blatt 1968, p. 261); one obtains
,„-ll
x - 2 x 10
sec.
a
We next calculate the ratio of the acoustical relaxation time to
the optical relaxation time:

xa

9
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Following the suggestion by Seitz that D should be of the same
order of magnitude as C (if it does not vanish) and since fiKvs - "hw0,
the ratio has the magnitude

_
hu
k T k
— " FT (1 " fH) Cn + 1),

TO

V

(70)

where we are only considering the possibility of the emission of an
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optical phonon.

For "hw0 = 0.031 eV, kQT = 0.008 eV (T = 100°K), and

e = 0.18 eV and

n = {exp (Tuo/kJ) - 1}

1

(71)

= 0.019 ,

-12
we obtain T /T - 4. or an optical relaxation time of 5 x 10
sec.
a o
This value is certainly a lower limit since D will probably be small
compared with C in any substance in which the atoms are highly symmet
ric or highly undeformable.

This is possibly the case in germanium

(Seitz 1948).

Density of States
Along with the requirement of a population inversion, it is nec
essary that the first pulse causes the available states in the conduc
tion band at about 0.16 ± 0.01 eV to be filled by electrons.

If the

available states are only partially filled because of an insufficient
number of photons in the first pulse then some of the photons of the
second pulse will either create more electron-hole pairs with the elec
trons filling up the remaining available states, while other photons may
stimulate downward transitions.
distinguished experimentally.

These two competing effects cannot be
Thus it becomes necessary that we tailor

our crystal to such a size that the number of states in the energy in
terval from e = 0.15 eV to e = 0.17 eV in the crystal wafer be equal to
or less than the number of photons in the first pulse.

The density

of states in the conduction band corresponding to an energy interval
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de = 0.02 eV is

Z(e)de = 4tt C-^)3/2 /*de ,
h

(72)

where m* = 0.22 m is the density of states effective mass and we assume
that the mass remains constant up to e = 0.17 eV.

For these values one

18
3
obtains Z(e)de = 5.6 x 10
states per cm .
The exciting pulse with an energy of -10
15

5 x 10

2

0.2 cm

photons.

-3

joules contains about

Since the laser beam has a cross sectional area of

we must solve the equation

(0.2 cm2)(d) 5.6 x 1018 states/cm3 = 5 x 1015

for the thickness

d

of the germanium wafer.

(73)

Thus, we find that

our germanium wafer should be less than or equal to 50 U.

We have tac

itly assumed that the quantum efficiency of electron-hole production is
unity.

Measurements by Bobrova, Vavilov, and Galkin (1970), indicate a

quantum efficiency of 0.2 for germanium which was exposed to the pulse
from a Q-switched Nd:glass laser.

Using their value of the quantum ef

ficiency the thickness of the wafer should be about 10 V thick.

Since

such thin wafers are extremely difficult to make it is much easier to
focus the laser pulse onto the Ge wafer.

For example, Eq. (73) can be

satisfied with d = 20 y and a spot diameter of 0.35 cm.

CHAPTER VIII

' EXPERIMENTAL RESULTS

In the previous chapter we show that germanium is a suitable
candidate for this experiment.

In this chapter we describe the experi

mental details such as sample preparation and measurement of the inten
sity of the exiting and probing pulses.

We then present and discuss the

experimental results.

Sample Preparation of Germanium Wafers
All germanium wafers were cut from a high quality Czochralski
grown single crystal ingot, purchased from Sylvania Electronic, Inc.,
Towanda, Pennsylvania.

The undoped crystal has a resistivity of about

40 fi-cm, indicating a very low impurity density.

The 0.5 mm thick wa

fers were cut from the 2.5 cm diameter ingot along the (111) plane.

The

first sample was next ground flat through 3 y AI2O3 and polished with a
0.3 y compound (LINDE A) to a thickness of 25 y.
the substrate, it was then cut into 1 cm squares.

While still waxed to
Shortly before the

sample was placed inside the dewar it was etched for one minute in a
solution consisting of 70% HN03 : 48% HF : 5% AgN03 (mixture ratio
2:4:4).

This particular solution is well suited for our experiment be

cause it develops the (111) plane (Lark-Horovitz and Johnson 1959,
p. 158).

The primary reason for etching is to remove damaged material

left behind during the lapping process.
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Due to the extreme brittleness of Ge, considerable difficulty
was encountered during sample preparation.
during the grinding process.

Many wafers simply broke up

This happened most commonly after the

wafer's thickness had been reduced to 50 W.

Several 25-V-thick samples

were damaged during handling, for instance while they were being pre
pared to be etched.

Some of the thinner samples (< 20 u) were damaged

during the etching process.

This damage was generally in the form of

extremely small pinholes, and some of the thinnest samples (- 15 v)
simply collapsed upon removal from the etching solution; apparently
these samples were so fragile that the surface tension of the solution
was sufficient to break them up.
To assure a better sample survival rate, some of the samples
used later in the experiment were not waxed to the substrate but
simply "free-floated" between the two grinding plates.
A prepared sample was mounted over a 0.6 cm diameter tappered
hole in a copper block in thermal contact with the liquid nitrogen.
Thermal contact and a relatively strain-free bond between the wafer and
copper block were made with silicon grease.

The liquid nitrogen dewar

was especially designed and built for this experiment.

The copper block

had a total of three 0.6 cm diameter holes arranged in a vertical col
umn.

Two of these holes were covered with samples and the third hole

was used to align the laser beam onto the detectors.

Hie dewar was

mounted on a modified laboratory jack that permitted it to be raised and
lowered.

In this way one or the other sample could be moved to the po

sition where the two pulses crossed their paths.

It was thus possible
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to use two different samples in succession, without ever breaking the
vacuum of the dewar.

Pulse Detection
The single picosecond pulse, switched out of the train of pulse
by the electro-optic shutter was split into two pulses of equal inten
sity.

One pulse was then delayed to arrive at the semiconductor sample

at a given time after the first pulse.

The apparatus that performed

this function is described in Chapter III.
Hie intensity of each pulse after it emerged from the sample was
measured with a pin silicon photodiode (Motorola MRD 510).

The signal

current from the diode was stored on a 4700 pf capacitor that was dis
charged through a 100,000 0 resistor with a time constant of 0.47 msec.
The laser pulse energy was proportional to the initial voltage on the
capacitor.

This voltage was displayed by a Tektronix Type 544 dual beam

oscilloscope.
The use of this particular method of laser pulse energy measure
ment was dictated by the presence of intense RF noise from the flashlamp
trigger transformer and high voltage nitrogen spark gap.

The RF noise,

8

which had frequency components of 10 Hz, was picked up by the coaxial
cables connecting the detectors to the oscilloscope and would have com9

pletely obscured the laser pulse signal of 10 Hz had it been displayed
directly on the oscilloscope.
3
By changing the laser signal to a 10 Hz signal by means of the
RC circuit described above and enclosing the detectors and cables in
metal shields the RF noise problem was almost completely eliminated.
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Because the pin photodiode used had a very small active detector

-3

region, the entire laser beam was focused onto the 2.5 x 10

2

cm

detec

tor area with a short focal length lens.

Experimental Procedure
Prior to an experimental run (such as the one listed in Table 4)
the entire apparatus had to be prepared for operating conditions.
usually takes between one and two hours and cannot be rushed.

This

The suc

cess of the experiment depends on how well one has payed attention to
what may seem to a casual observer as minor details.

The various tasks

include cleaning the laser rod ends, aligning the laser and Pockels
cell, and adjusting the oscilloscopes and various cameras.

To assure

efficient operation and avoid damage to equipment a checklist was used
(see Appendix C).

Results
The first set of measurements was performed on a Ge wafer
25 ± 2 y thick at liquid nitrogen temperature.

The first exposure of

the wafer to the picosecond pulse produced a signal of 6 mV from the
first pulse and 16 mV from the second pulse.
second pulse was 2 psec.

The time delay of the

Because the RF noise from the spark gap added

a small DC signal of approximately 5 mV, the corrected detector readings
were 1 and 11 mV, giving a ratio of 11. The intensity of the switchedout pulse was 4 units (relative units) and its duration was 1.2 psec.
The wafer was visually inspected for possible damage after every shot.
For these initial runs damage was indeed observed in the form of a

crack after the fifth exposure of the wafer to the laser pulses.

The

data obtained from these five exposures are collected in Table 4, where
IQ (in relative units) is the intensity of the incident pulse, I

and

I2 (both in mV) are the transmitted intensities of the first pulse and
delayed pulse, respectively, and tD is the delay between the two pulses
in picoseconds. (+)xx indicates a nonperfect train of pulses.

Table 4.

Results from 25 y thick Ge wafer

A

Shot

*o

*1
(mV)

*2
(mV)

t

tD

(psec)

(psec)

V1!

1

4

1.0

11

1.2

2

11.0

2

8

2.9

31.6

1.1

2

10.9

.4

10.3

3

10(+)xx

6.2

63.8

1.8

• 4

5.5(+)

1.0

19.6

2

• 6

15.0

4(+)

4.2

59.7

5

10

14.2

5

The cracked wafer was examined with a high-power microscope for
signs of surface melting.

Such damage has been observed by Sooy, Gel-

ler, and Bortfeld (1964), who observed the onset of melting at a laser
energy of about 50 inJ.

No such damage was noted in our sample.

How

ever, when a similar wafer was exposed to the entire train of pulses it

showed signs of surface melting after one shot and was split in two by
the second shot.
The oscilloscope traces of the pulse trains, TPF photos, and
detector signals of the transmitted pulses from shots 2 and 3 in Table
4 are shown in Figs. 14 and 15, respectively. The finer details of the
TPF pattern are lost in the photocopying process.

The triggering and

initial downward deflection of the Type 544 oscilloscope traces (Figs.
14c and 15c) is due to the RF noise from the trigger transformer used to
trigger the laser flash lamps.

The steep upward deflection about 0.8

msec later is due to the transmitted picosecond pulses.

The height of

the deflection is proportional to the incident pulse energy.

The upper

trace in Figs. 14c and 15c is due to the delayed pulse I2. These traces
clearly show that the delayed pulse is less strongly attenuated than the
first pulse (bottom trace).
A second set of measurements was performed on a Ge wafer 17 ± 2y
thick also at liquid nitrogen temperature.

Because the laser pulses

were not intense enough to produce a response from the pin-photodiodes,
they were focused onto the wafer with a lens of 1 m focal length.
focal spot on the wafer had a diameter of 1 mm.

The

This small size, how

ever, imposed severe requirements on the alignment of the laser mirrors.
-3

Even a small angular separation of less than 10

rad between the He-Ne

laser beam and the path of the picosecond pulses could lead to incom
plete overlapping of the two pulses at the Ge.
good way of judging the amount of overlap.

Unfortunately we had no

For this reason we must

(a) 100 nsec/cm

(b) t = 1.1 psec

(c) 0.2 msec/div; sensitivity; 20 mV/div

Fig. 14. Data from shot #2 (Table 4)
(a) pulse train with one missing pulse; (b) TPF photograph
of pulses; (c) Type S44 oscilloscope trace with first trans
mitted pulse at bottom and second transmitted pulse at top

(a) 100 nsec/cm

(b) t » 1.8 psec

(c) 0.2 msec/div; sensitivity: 20 mV/div

Fig. 15. Data from shot #3 (Table 4)
(a) pulse train with several pulses switched out; (b) TPF
photograph of pulses; (c) Type 544 oscilloscope trace with
first transmitted pulse at bottom and second transmitted pulse
at top- .
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regard the data obtained from the thinner sample (see Table 5) as being
subject to some uncertainty.

Table 5.

Results from 17 p thick Ge wafer

A

Shot

tD

*0
(v)

(v)

(psec)

V1!

t
(psec)

1

12.5(+)

.25

.54

4

8

2.2

2

8(+)

.22

.59

10

4

2.7

3

15(+)

.24

.54

10

2

2.3

14

.10

.00

10

3

—

5

.03

.03

10

—

1.0

4xx

5
6

15(+)

.22

.61

20

—

2.7

7

13(+)

.23

.48

40

3

2.1

xx

Path of delayed pulse was blocked (See text for discussion.)

The measurements on the thinner sample were terminated at tD =
40 psec because the laser seemed to have shifted out of alignment.

Even

though it was immediately realigned, the data obtained resembled those
of the fifth shot.

We attribute this data to the following:

(1) The

laser was slightly misaligned, producting pulses of smaller amplitude
with a correspondingly smaller signal from the detectors. (2)

Because
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of the slight misalignment the pulses do not overlap at the wafer caus
ing Ii to be the same as I2.
Because the optical surfaces of the wafers were destroyed dur
ing the etching process, some forward scattering of the pulses was
anticipated.

Such scattering, if present, would be seen by the other

detector and lead to erroneous data.

To determine the amount of for

ward scattering, only the first pulse was allowed to reach the wafer.
Data such as those obtained from shot 4 in Table 5, show clearly that no
detectable scattered light was registered by the detector of the delayed
pulse.
In one separate measurement not recorded in Tables 4 or 5, a
ratio of Ig/Ij - 3 was recorded for tp = 150 psec.

This indicates that

the relaxation time at high carrier densities may be longer than 150
psec.

This time differs considerably with the calculated relaxation

time of 20 psec (Chapter VII).
We now consider the information obtained from shots 4 and 5 of
Table 5.

These data are particularly valuable because both pulse trains

were "clean" (that is, no other pulses were present in the region be
tween pulses spaced 2L/c sec apart).

Because IQ(shot 1) and IQ(shot 3)

are very nearly the same as IQ(shot 4), we should also expect Ijfshot 1)
and I^(shot 3) to be nearly equal to Ij(shot 4).

We note however, that

Ij(shot 1) = 2.5 Ij(shot 4) and Ij(shot 3) = 2.4 I^(shot 4).

Careful

reexamination of the oscillographs of the pulse trains of laser shots
1 and 3 shows that the train of pulses in each case is caused by two
separate pulses of approximately equal intensity "bouncing" between the
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mirrors of the cavity.
apart.

In shot 1 the two pulses were spaced 4 nsec

In shot 3 they were so close together that the oscilloscope

could just distinguish between them; however, because the rise time of
the oscilloscope and detector is about 450 psec, we assumed that the
pulses were about 450 psec apart.

Because the detector of the first

pulse registered a signal twice as intense as that due to a single pulse
we conclude that the semiconductor had recovered from the effects of the
first pulse by the time the other pulse came along 450 psec later.

From

this observation we conclude that the relaxation time for high carrier
concentration may be less than 450 psec but longer than 150 psec.
Figures 16 and 17 are plots of the corrected IQ versus Ij from
Tables 4 and 5, respectively. (By corrected we mean that we have re
examined all oscillographs and added the intensity of the other
switched-out pulses to the IQ listed in Tables 4 and 5.) The data
points are identified by the laser shot numbers.

Both figures indicate

that the relationship between Ij and IQ is roughly linear over the lim
ited range of our data.

Discussion of the Results
From data and other observations we concluded in the last sec
tion that the relaxation time (at high carrier concentration) is be
tween 150 psec and 450 psec.

If we assume that the observed relaxation

effect is due to electron-acoustic phonon interactions, then this re
sult is one order of magnitude larger than the relaxation time calcu
lated in Chapter VII.

How can the observed value of x be reconciled

with the calculated value of T?

A possible explanation is that the
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Transmitted intensity 1^ of first pulse as
a function of the incident intensity Iq
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a function of the incident intensity I0
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19

large number (n - 10

-3

cm ) of free carriers in the conduction band

will permit any given "hot" electron to undergo fewer possible transi
tions because the number of available states has been reduced. Thus,
in Eq. (50), where we integrate over all possible states, we must now
exclude the states filled by the other conduction'electrons.

This means

that the righ-hand side of Eq. (50) will now be smaller with a corre
sponding increase in T.
Since a more thorough analysis of the data is complicated by the
fact that the ratio I2/I1 is not only a function of the time between the
first pulse and delayed pulse but also depends on the intensity of the
incident pulse Iq, let us next examine the dependence of Ij on IQ.
A plot of log I

versus log Ix where I

can be made to vary over

many orders of magnitude may phenomenologically look like Fig. 18.

The

slope at any part of the curve indicates how rapidly the transmitted in
tensity Ij changes with a change in the intensity I
pulse.

of the incident

The curve consists of three distinct regions:
(1) When I

describe Ij .

is relatively small, Beer's law is sufficient to

Hence,

-aL

(74)

or
log Ij = log I

+ constant,

(75)

where L is the wafer thickness and o is the absorption coefficient.
This coefficient is directly proportional to the total number of

BLEACHED
REGION

TRANSITION
REGION

BEER'S LAW
REGION

Fig. 18.

Phenomenological behavior of the transmitted
intensity Ij as a function of the incident
intensity IQ for a simple two-level absorber
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available states, and as long as l0/(hv) is much less than the number of
available states, use of Beer's law is justified.

In our experiment

Io/(hv) is of the same order of magnitude as the number of states avail

able for a transition (see Chapter VII).
valid.

So Beer's law is clearly not

This was verified during the experiment.

When the Ge wafer was

replaced by a stack of heat-absorbing glass having a transmission of
-M3 x 10 , the detector produced a signal of 0.1 V.

The incident pulse

intensity IQ, measured on the same relative scale as those of Tables 4
and 5, was 18.

The same detector response of 0.1 V was observed during

shot 4 (Table 5).

Thus, we conclude that for shot 4 the pulse intensity

was attenuated by a factor of about 3 x 10
the Ge wafer.

in its propagation through

Yet if Beer's law is used to calculate the absorption of

the pulse, one obtains a pulse attenuation of about 3 x 10

—8

.

Thus it

is clear that we are not in the Beer's law region of Fig. 18.
(2) Let us next consider the bleached region of the curve.

The

pulse intensity is sufficiently larger to bleach the crystal (that is,
saturate all possible optical transitions from the valence band to the
conduction band).

The intensity of the transmitted pulse is now given

by

I} = IQ - 4^Z(e) de

for IQt » hv Z(e) de ,

where Z(e) de from Eq. (72) is the density of states.
plies that I

j

*

(76)

Equation 76 im

Iq. Similarly, we can write an expression for the
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delayed pulse

h -

:o

hv
- T n2'

(77)

where n2 is the number density of states that have, since the passage of
the first pulse, again become available for electron occupation.

These'

states were all filled immediately after passage of the first pulse but
have been emptied due to relaxation processes.

Clearly, n2 * Z(e) de.

Dividing Eq. (76) by Eq. (77) leads us to conclude that, for the case
of complete bleaching, Ij = I2.

Our data does not suggest that this is

the case, nor do we find that I, - I .
1
o

Thus, we believe that our sam-

pie is not completely bleached.
(3) Having eliminated both extremities of the curve of Fig. 18,
we conclude that our data belongs in the transition region.

Here we can

picture the Ge wafer as consisting of two distinct sections, one in
which bleaching dominates (this is closer to the beam) and an adjoining
section where Beer's law holds.

Unfortunately, this is the region that

is most difficult to treat quantitatively.

If the semiconductor can be

treated as an ensemble of two level molecules, then the analysis of
Chapter III for the dye saturable absorber should also be valid for the
semiconductor.

Unfortunately, it is not clear at the present time, if

the analogy between a semiconductor and an ensemble of two level sys
tems is valid.

This is still a subject of intense study.

If we base

our analysis on a simple (that is, two-level model, the slope of the
transition curve is larger than 1 and should in principle be about 5
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(Hopf, 1971). The slope of both lines in Figs. 16 and 17, when plotted
on log paper, is just slightly greater than one. This indicates that we
are in a linear absorption region.

Since we have, however, ruled out

Beer's law absorption, and also complete bleaching, the data suggest
that there may be other absorption processes aside from the simple va
lence band, conduction band transitions. Other such possible absorption
processes could be two-photon absorption (near the k = 0 region), in
direct transitions (from the f7 region to the A region), free-free ab
sorption, or transitions from the V

O

band (see Fig. 12).

Furthermore,

we can not exclude the possibility that our data are near a knee or bend
in the transmission curve, which may have a slope near unity.

We sug

gest that, in order to establish this possibility, a more thorough in
vestigation of the single pulse transmission curve be made.

If we are

indeed on a knee in the curve, we should pick up a large slope for
pulses of somewhat less (or more, depending on where we are) energy than
the small range of input energies studied here.

CHAPTER IX

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR FURTHER RESEARCH

The five objectives of this study were as follows: (1) To de
sign, build, and operate a mode-locked Nd:glass laser capable of gener
ating reliable trains of picosecond pulses. (2) To design, build, and
operate a two-photon absorption-fluorescent apparatus capable of mea
suring the spatial width of these pulses. (3) To select and switch out
a single pulse from the train of pulses and split the selected pulse
into two equal amplitude pulses so that one pulse can be delayed with
respect to the other. (4) To select a semiconductor having the neces
sary prerequisites for the measurement of the relaxation time of the
nonequilibrium charge carriers. And (5) to measure the relaxation time
of this semiconductor using picosecond optical probe pulses.
Because the first three objectives listed above involve the re
liable generation and measurement of picosecond optical pulses and the
last two deal with the electron slowing down times in a semiconductor we
found it convenient to divide our work into two parts.
After an introduction consisting of a review of the relevant
literature and a brief outline of the work (Chapter I) we discussed
(Chapter II) the two conditions necessary for the production of such
pulses.

These conditions require that the laser line width must be
O
larger than 10 A and that all the phases of the modes must be constant.
Ill

112
We showed that when these conditions are met the laser output will con
sist of a train of evenly spaced picosecond pulses.
Because an improvement in laser reliability requires an under
standing of the origin and evolution of the picosecond pulse, we ad
dressed ourselves to this problem and concluded that it has its origin
in the initial noise of the spontaneous radiation from the inverted
medium.

Next, we showed that the energy lost by the light pulses (all

having the same initial energy) in the saturable absorber, located with
in the optical cavity, is a minimum for the pulses of shortest duration.
In Chapter III we discussed various factors that may affect the
reliable generation of picosecond pulses and concluded that the most im
portant parameters, which must be closely controlled, are the pump pow
er, mirror alignment, and saturable absorber dye concentration.
Subsequent experimentation showed these predictions to be correct.

Re

liable operation was achieved when proper emphasis was given to those
parameters and when much attention was paid to what were initially
thought to be minor details.
We concluded the first part of our work with Chapter IV, where
we described the four basic experimental systems and their performance:
(1) the Nd:glass laser, (2) the pulse detection and measurement appa
ratus, (3) the single pulse switchout system, and (4) the optical sys
tem used to split a picosecond pulse into two and then delay one pulse
with respect to the other.
Three items distinguish our laser from other mode-locked Nd:glass
lasers: (1) the dye cell spacer was 1 mm thick, which is.thinner than
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has been used by others, (2) our laser rod was considerably thinner
(1/4 inch diameter) than most others, and (3) the 100% reflecting mir
ror surface was spherical, with a radius of curvature of 10 m. Using
the mirror, we found that diffraction losses were minimized and the mir
ror alignment was much less critical then when the more conventional
plane mirror was used.

Although several cavity configurations were

tried (see Table 1), the most reliable laser operation was obtained with
the dye cell in contact with the 53% reflecting output mirror.
The pulse duration was measured with the two-photon absorptionfluorescent technique, which was used in conjunction with a Tektronix
519 oscilloscope to distinguish between mode-locked and free running
laser operation.

Measurements of the TPF patterns indicated pulse du

rations that were generally about 1 to 3 psec.

We have no explanation

as to why our pulses are so much shorter than has been observed by
others.
A major objective of this study was to switch-out a single pulse
from a train of pulses.

This was achieved by using an electro-optic

shutter system consisting of a Pockels cell placed between two crossed
Glan polarizers.

The high voltage pulse generator needed to turn on the

Pockels cell consisted of a transmission line, a pulse-forming network,
and a pressurized nitrogen spark gap as the switch.

The spark gap was

triggered by focusing the initial part of the laser beam into the region
between the electrodes.
Two major problems were encountered.

One was the intense RF

radiation from the spark gap, which caused pretriggering of the
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oscilloscopes and noisy oscilloscope traces.

This problem was eventual

ly solved by enclosing the spark gap assembly with a metal shield.

The

second problem was the impedance mismatching between the Pockels cell
and spark gap assembly and the transmission line cable.

This problem

was solved with the aid of a time domain reflectometer (Tektronix 568
oscilloscope with 3S7 sampler and 3T7 TDR sweep unit).

Initial imped

ance mismatching was responsible for a signal reflectivity of 40%.

This

was eventually reduced to less than 5%.
In the second part of this study we concerned ourselves with the
application of picosecond pulses to the measurement of relaxation times
in a semiconductor (Chapter V).

On the basis of a brief analysis of

electron scattering in a semiconductor with a simple band structure
(surfaces of constant energy are spherical in F space), we concluded
that, for temperatures less than the Debye temperature, only acoustical
phonons can be effective in scattering electrons and the scattering is
essentially elastic.

This is not the case for electron-optical phonon

scattering because the energies involved are much greater and the re
sulting collisions are no longer elastic.
Another complication which must be mentioned is that most semi
conductors have energy band structures of the many-valley type and thus
differ greatly from the simple model.

The most significant consequence

of the many-valley model is the possibility of intervalley scattering,
which is an inelastic process and thus resembles scattering by optical
phonons.
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We concluded Chapter VI with a discussion of the four most im
portant scattering processes:

(1) electron-acoustical phonon inter

action, (2) electron-optical phonon interaction, (3) impurity scattering
and (4) carrier-carrier scattering.

We showed quantitatively that the

relaxation time due to the first scattering process is longer at lower
temperatures and smaller injection energies.

The second scattering pro

cess is important when the injection energy is greater than the optical
phonon energy.

In that case interaction between the free charge carri

ers and the internal polarization field is much stronger than the defor
mation potential interaction of the acoustical phonons.

Estimates of

-12
-13
the longitudinal optical phonon emission are between 10
and 10
sec
and are too rapid to be measured with ordinary picosecond laser pulses.
Impurity scattering can be minimized by keeping the number of ionized
impurities to a minimum.

There is a basic similarity between ionized

impurity and carrier-carrier scattering.

Both processes can become im

portant at low temperatures.
In Chapter VII we justified our selection of germanium as a
suitable material for the experiment.

Table 2 listed the properties

that a semiconductor must have so that x can be measured within the lim
its of the experiment.

After considerable discussion of the various

requirements and comparison with the properties of well known semicon
ductors, we concluded that the semiconductor most suited for the pur
pose of this experiment is the element germanium.

The most significant

item of interest to us is that, although germanium is classified as an
indirect semiconductor, direct transitions from the valence band to the
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conduction band are possible for photons of energy greater than 0.81 eV.
We concluded that, for the purpose of this experiment, we may consider
Ge as a direct transition semiconductor. We found that the electron
relaxation time due to acoustical scattering in Ge is approximately
2 x 10-11 sec.

On the basis of a density of states calculation, we

furthermore concluded that the Ge wafer should be about 10 y to 20 y
thick.

Owing to the brittleness of Ge, considerable difficulty was en

countered in making such thin samples.

For this reason the first re

laxation time measurements were done on a 25 y thick sample.
The predicted larger transmitted intensity of the delayed pulse
was indeed observed (see Tables 4 and 5).

The measured data and other

observations suggests that the relaxation time at high carrier concen
tration is between 150 psec and 450 psec.

If we assume that the ob

served relaxation effect is due to the electron-acoustic phonon
interactions, then this result is one order of magnitude larger than the
relaxation time calculated in Chapter VII.

We note, however, that the

calculation was based on the assumption of only one electron in the con
duction band.

In our experiment the number of free carriers was consid-

erably larger (about 10

19

cm

-3

).

Any given "hot" electron could now

undergo fewer possible transitions, due to the reduced number of avail
able states.

Thus, in Eq. (50), where we integrate over all possible

states, we must now exclude the states filled by the other conduction
electrons.

This means that the right-hand side of Eq. (50) will be

smaller, with a corresponding increase in T.
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Because the ratio

not on^y a

function of the time be

tween pulses but also depends on the intensity of the incident pulse IQ,
we also examined the observed dependence of Ij on IQ. We found that
even though the slope of Ij versus I

is near unity (indicating linear

absorption) we are neither in the Beer's law absorption region nor is
the sample completely bleached.

Two possible explanations were offered

for this anomalous behavior: (1) other absorption processes were pres
ent, or (2) our data were near a knee or bend in the transmission curve.
We suggested that, to establish the possibility of the latter condition,
a more thorough investigation of the single pulse transmission curve be
made.

If the data are indeed on a bend in the curve, one should observe

a steep slope for pulses of slightly different energy than the small
range of input energies studied here.

An extension of the energy range

can best be accomplished by using thinner samples.

It is, however,

doubtful that thinner samples can be made by the method described in
Chapter VIII.

For this reason we suggest that an improved technique be

developed that permits the making of wafers about 10 y thick.
During this research we neglected the possibility of enhanced
reflection due to free carrier generation. This phenomenon has been
observed by Sooy et al. (1964), Blinov, Vavilov, and Galkin (1967), and
Birnbaum and Stocker (1968).

Enhanced reflection is generally observed

at free carrier concentrations higher than those encountered in our
work.

Nevertheless the possibility exists that the delayed pulse will

encounter a larger reflection coefficient than the first pulse.

Be

cause enhanced reflection is intensity-dependent, it is also possible

that this phenomenon will reduce the slope of the I

versus I

curve.

Thus it is important that the reflectivity of the wafer be monitored
if the energy range of the incident pulse is extended towards higher
energies.

APPENDIX A

SKETCH OF THE NITROGEN SPARK GAP ASSEMBLY
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APPENDIX B

SECOND QUANTIZATION

The behavior of a system of N particles and their effects upon
each other can in principle always be described by the N-body wave
function in configuration space.

Unfortunately for large N manipula

tion of the wave function becomes impractical and it is customary to
resort to an operator formalism called "second quantization".

One ad

vantage of this very powerful technique is that it provides us with the
necessary mathematical apparatus to deal with an ensemble of particles
for which the number of particles is not a constant of the motion. How
ever, the most important feature of this formalism is that it automat
ically accounts for the statistical laws which govern the behavior of
the particles (boson or fermion).

Wave Mechanical Description of an Ensemble
Of N Identical Boson Particles
Consider a system of N identical, indistinguishable particles
which for the moment obey Bose-Einstein statistics, that is, photons,
phonons, He atoms, etc.

If the coordinate x. denotes the position of

th
the j
particle and n^ is the number of particles in the eigenstate
then the N-body wave function is
121

1,
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ll

n1,n2...ni...(x1,--*xN) = C-

(1)^(2)-••4'1(n1)

x ^2Cn1+l)^2(n1+2)- * •ip2Cn1+n2) V

x *.(5)

^(S+n.^)

(Bl)

]

where we have slightly simplified our notation such that ^(x^) =

(1),

etc., and where the summation runs over all the permutations that can be
obtained by exchanging the position coordinates of the single particle
wave functions but where we exclude all those permutations which ex
change particles in the same state.

The normalization factor C is de

termined from the orthonormality requirement

t( X , • • -X ,)dr
-V IN
»r rn

••v 1

••(xl""Vdxl"dxn

= 1

(B2-)

using Eq. (Bl) and solving for the normalization factor one obtains

(B3)

all possible permutations of H distinguishable particles
all permutations which exchange particles in same state

(B4)
n^In2!•••-n^!••••
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We can now write the complete N particle wave function:

= C

*

nj!n2!•• *n.!• • • yz
^
)( I[^1CD1'2(2)--^1(n1)]

I^2(nj+1)

Note that there are

t2(ni+n2)]

(B5)

t1/'i(ni_1+1)- •*'l'i(ni_1+ni)]- '•}

single particle wave functions within the first

set of square brackets and n2 within the second set and n^ within the
i*k set of brackets, etc.
Example:
To demonstrate the principles, with an eye toward the general
N particle case, we present here the following example:
Consider a two level system of four particles:
are initially in the lower state of energy
is in the upper state of energy E2.

three of which

£j, and the fourth particle

Calculate the matrix element cor

responding to the probability of finding, at a later time, two parti
cles in each state.

The initial and final system configuration is

shown in Fig. Bl.

n2 = 1

•—e2

n2 = 2

•

e2

;—>•

scattering
process
n1 = 3

• »•
initial system
configuration

Fig. Bl.

Ej

nj = 2 —•—«
final system
configuration

Two-level system with four particles
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xl.

If the interaction Hamiltonian for the Z

particle to make a

transition from the 1st state to the 2n<* state is v1,2(x£) then the
matrix element M for, the transition (rij = 3, n2 = l)-*-^ = 2, n2 = 2)
is given by

M=

(V> (Tri jdY--d\[V2>v2(Xl''X|;,]
3*

3^2 f 2i

*

(B6)

4

where

- 4>I(1)¥I(2)4>I (3)11-2(4)"

+^(4)^(1)^(2)^(3)
Tn

=3,n =1<VS>
1
2

3' \
<h-f

+*! (3)^(4)^(1)^(2)

(B7)

+^(2)^(3)^(4)^(1)

is the 4 particle wave function describing the initial state and where

*

(2)* (4)4- (1)* (3)
12
2
c m (2)4- (3)ii> (4)
2
2

+4- (2)* (3)i|- (4)* (1)
2
2
1

4!'

+ 4- (3)* (4)4- (1)4. (2)
2
2
+4- (4)4- (1)4- (2)4- (3)
2
2
(d* (3)4- (2)4- (4)
2
_j

(B8)
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is the four particle wave function describing the final state.

Using

Eqs. (B7) and (B8) we can now calculate the matrix element as given by
Eq. (B6).

Hence,

<p (2)*.(4)* (1)* (3)
2

*
M = (24)
'*/

dxi'

* (1)*

2

(3)r[) (4)
2

2

+ lp (2)V> (3)* C4)V (1)
2
2

•dx,

+ V (3)^(4)* CD* (2)
2

+

2

(4)* (1)* (2)i[) (3)
2

2

+ 1> CD* (3)* (2)* (4)
2

2

* (1)^(2)^(3)^(4)
+1> (4)* (1)* (2)4. (3)
1
2
+ (3)*.(4)^(1)1^(2)

1 v1,2(x^)
je=i

(89)

* (2)^.(3)^(4)^(1)

*

When we carry out the indicated integrations in the above expression we
note three simplifying facts, namely:
4
(1) Each term in the summation £ v1,2(X/>) gives the same result.
£=1
Therefore we need to consider only one term such as for
example v1,2(l) and multiply the result by the factor 4.
(2) By virtue of the orthagonality of the single particle wave
functions *^(x^) all cross terms vanish except the terms
which contain integrals of the form

/dx *2(x£)v1,2(x^)*1(x/).
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For instance one non-vanishing integral comes from the second term in
the first bracket and the first term in the second bracket, that is,

/di

(1)^x^(2)^(2)/dx34-*(3)^(3)^x^*04)^(4)
I
= <21 v 11> • 1 • 1 • 1

.

(BIO)

(3) It is seen that each term in the last bracket in Eq. (B9)
which contains the wave function i|a(x^) has one and only
one mating term in the first bracket which will lead to a
non-vanishing matrix element such as the one above.

Since

there are three such terms in the last bracket of Eq. (B9)
the final answer is

M = JlT JOT<2|v|1>.

(Bll)

We will return to this example again and show how much quicker one can
calculate M by using the shorthand notation of second quantization.
Before we do that, however, let us use our N particle wave func
tion, Eq. (B5), to calculate the transition probability for the general
th
th
case of a transition from the i
to the j
eigenstate, that is,
(nj,* • • ,n^,• «n^.,•

-n^-l,-'nj+l,* •)•

Thus our task is to calcu

late

A

<final state|V(x.••»x)|initial state> ,
1
N

(B12)
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where the operator

n
V(x •••x ) = I v •'(xj,
1
j?=l

(B13)

••
til
and v1-*(x^) is again the interaction Hamiltonian for the I particle
til
til
to make the transition from the i
state to the j
state.
The transition probability is using Eq. (B5) and (B12) given
by

n !•• •(n.-l)!• • •(n.+l)!••
n.!• • -n.!• • -n.!
1
-[ _i
i
2
p[
, )y*N!

N!

VjCl)* ••*1(n1)

'fdx^-dx^l

• vTcc)* *

VjCD"

(?+n.-i)

«iC5)' 'V^Cc+n.)

i
•^(m)•* *^(m+n.,+1)

(B14)

p

^(m)•

This expression can be further simplified by noting as we did in the
previous example, that;
(1) When carrying out the indicated multiplication one obtains

[ ]%(*)[ ] = [ ]*v(m)[ ],

where the brackets represent the product of single particle
wave functions within the brackets of Eq. (B14).

Thus, the
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n ..
summation ][ v •*(I) can be replaced by nv1-'(l).

Z=1
(2) Due to the "orthagonality condition" it can be shown that
all cross products vanish with the exception of terms such
as

/dx.^.C^v^CXH.U)/
dx -*dx{[> (1)-••.^*(m+n.)
J
J
J
not dx^

•fjCm+iu)*--]} = <j|v1^|i> • 1.

•

]

(B15)

(3) Each term in the last bracket in Eq. (B14) which contains
the single particle wavefunction ljnCx^) has one mating term
in the first bracket.

If we prepare one particle in the

i*"*1 state then the number of these non-vanishing terms is
equal to all possible permutations of n-1 particles divided
by all permutations, which exchange particles in the same
state, that is,

number of terms =

(n~l)*
njJn2!• • •(n^-1)!• • *n_.!• •

.

Making use of the above stated simplifications, Eq. (B14) becomes

/dxj-'dx

n

1

_1.

i

j

i..(x "x )|v1;lCxX ...
£
l
i

.£fi-xn)
J

n

= —I^T. /n.+1[n !• •(n.-l)!* *n.!••]
• <3|v' I
1
1
J
n! 1 ]
VV'•(m-1)!*n J • •

= vii^"/nj+l<j
|
v*-*
|
i>.

(B16)
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th
th
Thus, the probability of a transition from the i
state to the j
state is proportional to the product

t6i^+l times the matrix ele

ment connecting the two states.

Operator Formalism in Second Quantization
In the previous section we found by way of a direct (but te
dious) calculation that the matrix element corresponding to a transition
from the i

til

til
state to j
state is multiplied by the factors ^n\ and

Vh.+1, that is

3

fd(x) ¥*V({x}) *n = /ri7 JTTT <j |v1"'|i>,

(B17)

where we have used the shorthand notation {x} to mean the sequence x ,
x2,*•*Xj,•••.

In order to obtain the above result more simply we recall

that in the quantum theory of radiation we used the creation and annihi
lation operators a+ and a, respectively. These operators had the fol
lowing properties:

a|n> =

|n-l>
(B18)

a+|n>

= /n+1 |n+l>.

In a similar fashion we now introduce the operators a^ and a^ which we
define to operate only on the i

til

state vector.

a.|{n)> = ^liy-m-l-"*
at|{n}> = /n^+1 |nj••*n^+l*••>

Hence,

(B19)
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with these definitions the conunutation relations are found to be

[a.,at]
= 6..
i J
1

(B20)

[a.,a.
L x' x J = 0.
1 I] = [at,at]
Let us now return to the example discussed earlier and illustrated in
Fig. (Bl).

Using the annihilation and creation operators the matrix

element is now given by

M = <n2 = 2,n2 = 2|v1,2a*aj|nx = 3,n2 = 1>,

where we use the annihilation operator to remove a particle from the
lower level containing initially nj = 3 particles and where we use the
creation operator at, to create a particle in the upper state containing
initially n2 = 1 particles.

With the help of Eq. (B19) we can immedi

ately write the result, namely

M = S2 /3

v1'2,

which of course agrees with our earlier answer given by Eq. (Bll).

This

example which we have now worked both ways, illustrates clearly the ad
vantage of using second quantization when calculating matrix elements.
We have so far concerned ourselves with the creation and de
struction of particles in a given energy or momentum state.

We will
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now address ourselves to the description of particle creation or annihi
lation at a particular location in space, say at the point Xq.

Since we

have located the particle at Xq we know from Heisenberg's uncertainty
principle that the particle must have all possible momentum components.
The corresponding one particle wave function is then

* (x) = 6(x - x )
xo
°

(B21)

and in the momentum representation

¥ (x,t).— £ei[VCx - *o> -"i'l .
X0

where the system is assumed to be in a box of volume V = L

tB22'

Q

and where

tH
—
o
the i
state is characterized by
the wave vector k. with w. = hk./2m.
]
1
1
1
Rewriting Eq. (B22) in Dirac notation (Hilbert space) and ignoring the
time dependance we obtain

(x) = <x|i|>v >
V
' *o
(B23)
H <x|x0>

,

where

I

1

<xl V =

V "^I'XO
le

/V

1

,
<xl1k >
i

(B24)
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ik^»x
The ket vector |lfc.> denotes e
*
and the number 1 indicates
1
that there is only one momentum state k^.

Writing only the ket parts

Eq. (B24) becomes

xo>

ikr"o,
xo
,
r ---"X
I e
|lki>.
i

1

=

/V

(B25)

A particle in the state k^ can be created by operating with the creation
operator on the vacuum state |o>.

Thus the state vector for a particle

at x0 can be written as

i

1 Y ~*ki"xo + .
x > = — L e
av 0>
ki
°
^ i

(B26)

or
|xQ> = ^
xo

(B27)

where by definition

i

K =
*o

n
I

-iki*x0
e

+

aj

(B28)

1

- I *•(*„)

1

.
1

Similarly,

} = I ih(x0) ak.
xo
J 1
*1

(829)
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A+

It is easy to show that the operator \px
at the point xQ.

The operator a£

when operating on the given state

vector will create a particle in the i

I|K(X).

will indeed create a particle

state with the wave function

Eq. (B28) then becomes

^x '{n}>
°

=

I Vxo)
1

(B30)

= 6(x - x0) by completeness.

Aaf
The operators 1and
xo

A

are called wave field operators.
xo

Hilbert Space-Second Quantized Notation
In the previous section we presented some of the properties of
the creation, annihilation, and wave field operators.

Before we can

fully utilize these operators, however, we must rewrite our N particle
wave function in a notation which is compatible with that of the opera
tors.

Let us start by rewriting the four particle wave function used

earlier.

\1=3,n2=l(xl"x'»)

E

<x1,x2,x3,xtt;4|n1=3,n2=l>

= — *.

2

^3

+ 1'1(4)^1(2)^2(3) + ^(3)^(4)^(2) )}

+ - ^(i){<^(2)^(3)^(4)} .

2

(B31)
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Note that we can write V

't

3

in terms of the ¥ .

Using Hilbert Space

notation Eq. (B31) becomes

fZ .3,n .l(xr\>
1
l

" llf•/""VV VSIV2>V1>

*"f¥1'<X2,:t3,X1:3'"l=3,n2=0>
(B32)
= Ii|^^(1)<vx3'V3lIV''ni~1*,'>
i

When this notation is extended to the general case, the N particle wave
function can be written in terms of the N-l particle wave function:

^
({x})
= <x•«x_ 1 n•«ni••>
J
nx*-n.^**nj••v
1
n 1
i
(B33)
=

£"^5" ^iCxn)<xl'''xn-l'V'tni"1)''>

"

With the aid of the annihilation operator a^ and using Eq. (B29) we can
rewrite the above equation.

'nj'-n."'^*^

B

Thus,

<x ""x _ l*W'l{nJ>*
1
n 2

(B34)

By repeating this process and rewriting the N-l particle bra and ket
vectors of Eq. (B33) in the N-2 particle form which1 is in turn written
in terms of the N-3 particle form, etc., we arrive at the following ex
pression for the N particle wave function:
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<{x};n|{n}> =

<0|ij)(x )• • •^(x )|{n}>.

(B35)

n

•5TT

Eliminating |(n}> and taking the adjoint of both sides of Eq. (B35) we
obtain the final expression

• -i|)+(x )]|0>.

]{x};n> =

(B36)

m!

We will next demonstrate the use of this notation by calculating the
matrix element of the operator FCX^-'X ). In later sections we will
use specific examples of F(x1***xn).

The matrix element M is found

from the expression

M = /d{x}

.nt..
1

F({x})n{x})

1

(B37)

= — /d{x}<{n'}|^+(xn)**'^(xp|0>FC{xi)<0|i|)(xp • • *<Kxn|
) {n}>.

We can slightly simplify this equation by observing that

<0|lKx

-ipCx )|(n}> = <01 X^i Cxj)ak.• • * I'J'j(xn)ak.|{n}>
1
1
i
j

= <0|J^" ^(Xj)...^ i|).(xn)|0>
i
j J J

(B38)
i

j
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where we have eliminated the vacuum state bra and ket from the last ex
pression.

We were able to do so because |0> commutes with all terms in

Eq. (B38) and because of the orthonormality condition

<o|o> = 1.
Repeating the above procedure for the term on the left hand side of
F(x1'**xn) in Eq.(B37), we obtain the following result for the matrix
element

M = — /d{x}<{n'}
|
[^i(x )-,,I»/nj''l'*(x1)]F(x1---x2)[^/li^i|j(x1)--n!
i
j
i
^m(xn) Hn>>-

(B39)

We would have arrived at this same result if we ignored |0> in Eq. (B37).
A

A

This becomes obvious once we realize that the term [^(Xj)• • "iKx^]
|
(n}>
in Eq. (B37) will generate the vacuum state which will combine with the
vacuum state bra from the adjoint term in Eq. (B37).

With this simpli

fication Eq. (B37) becomes

M =

/d{x}<{n'}|FCx^-•*xn)|(n}>,

(B40)

A

where F is in the second quantized form of the operator F and is by
definition

A

F(VX ) =
n

a

A

^

* (*!!)•••• (Xa )FCXX * •Xn)lPCx1)"

A

Cxn).

(B41)
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In summary, let us recall that we started with the operator
F(x1,,,xn) which we are familiar with from elementary quantum mechanics
and which can be regarded as being in first quantized form.

By com

bining this operator with the wave field operators given by Eqs. (B28)
and (B29), we obtain the second quantized form of F given by Eq. (B41).

Examples of Hamiltonian Operators For Bose Particles
In this section we obtain specific expressions for the operator
F(xi*,,xn).

The three examples which we present obey Bose-Einstein

statistics.

In the following section we discuss Fermi-Dirac particles.

Example 1: Hamiltonian Operator for Free Particles
The kinetic energy of an ensemble of N free particles of equal
mass is

1 ?

2

K.E. = — I PI

2m i=l

i N
h
= — I C ?- 7,)
1
2m i=l 1

and the one particle eigenfunction
given by Eq. (B22).

(B42)

in the momentum representation is

For the particle at x1 the expectation value of

the energy is from Eq. (B40)

N

<F> =
n!

a,
«>2
-ikVxi„
e
/dx •••/dxn* (xn)"i/» (x2){-5jjj/'dxin
V
i=l
j j'

ij/^),,*i(xn)|{n}>.

ai«aj}
J

J

(B43)
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Since we are dealing with N indistinguishable particles the sum
can be replaced by the factor N; and by differentiating twice with re
spect to Xj and integrating over Xj, the term within the curly brackets
simplyfies and Eq. (B43) reduces to

<F> =

nf

<^n>l/dx "/dxn
2

i

J+Cxn)"i+(x2)

ek.ak.ak.HCx ),,*i(x )UnJ>
2
n

x

1

>

(B44)

1

where

h2k?
% - -2iT- •

<B4S>

Expressing all remaining wave function operators in Eq. (B44)
in terms of the annihilation and creation operator we obtain the ex
pression

J

-^?(l)

[ f(2)-"|cn)'V "ak X%8ki)S,S."'akJ1-

ekl

m

(B46)

When the right hand side of the above equation is inserted between the
N particle bra and ket eigenvectors

and the various annihilation and

creation operators are rearranged in the groups

)(aj ak K»v ak )---etc.,
Km Km
j j

kx ki
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by using the commutation relations one obtains (This result is obtained
most easily by using the method of mathematical induction.) the result

<F> =

(847)

I%
V
1

x

+

+

Note that the various groups of (a^.a^ )• • •(a^ a^ ) when operating on
the ket eigenvector

bring in such factors as (n-1)(n-2) etc., which

will cancel the factor 1/n! in Eq. (B46).

It is clear that we would

have obtained the same expectation value of the kinetic energy if we
had used the operator

(B48)

Example 2:

Bose Particles Interacting with a Classical Wave Field

The wave field that we consider in this example could for in
stance be a sound (density) wave in a crystal.

The interaction of this

wave field with charged Bose particles with initial wave vector k^ and
final wave vector k^ is shown schematically in Fig. (B2), where q" is the
wave vector of the sound wave.

Fig. B2.

Interaction of charged bosons with a classical field
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From the momentum conservation law we observe that

= k£ + q

(B49)

The matrix element for this scattering process, using Eq. (B40) becomes

M

= J_ <{n}|£ /dxi---/dxn_1i+(xn l)---Ji+(x1)

Ua
—ilc* •jr

* ^{/dxj^e
ij

J
v(x -xn)e ^

n

a£. aR.HCxJ • • •*(x
1
3

x),

(B50)

where as before we have expressed the single particle wave function in
terms of plane wave states and where 1
v(x« - x ) is the interaction
4#n
Hamiltonian for a particle located at xn and who "feels" a lattice
distortion (for example sound wave) at x^.

v(x.fc " xn^

For this example

iq(x^-xn)
'

=

e

^B51^

where A(x^,t) is the sound wave amplitude and c[ is its wave vector.
Using Eq. (B51) the expression within the curly brackets in Eq. (B50)
becomes

-i(k.-kj+q) ^
o = /dxn n e

iqx* ,
A(xrt)e
a a.
1

ij

•

- kj • l)T(iJ)<1"kj •

J

(B52)
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Since we have shown in the previous example that the summation
over the particles and the integration of the remaining wave field opA
erators only serve to cancel the factor 1/n! in the definition for <F>
we can immediately write down the final result

'wave field

Example 3:

=

V<1»

(B53)

"kr,

Coulomb Interaction of Charged Bosons

In the final example we consider the coulomb interaction of a
system of charged bosons.

Such an interaction of two charged particles

is shown schematically in Fig. (B3).

Fig. B3.

TVo bosons scattering of each other

The interaction Hamiltonian for this process is given by

v(

*<" * • *

11

I ^ T

•

where q is the electric charge on the particles.

The corresponding
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matrix element, using Eq. (B40) is given by
<F>= £7 <{"'>!•
/d{x}? (x^-•'^(x

I I
I m I I

,^Cxn)-*?(x )|{n}>.
m|

(B55)

Xfm

If we consider for the moment only the interaction between two particles
at x^ and x^ and expand the single particle wave functions again in
a°d

plane wave states, the matrix element for the collision
taneously

simul

is

,

i(k.-k )x.+ i(k -k )x.
e
J

-Cmpq

x
x i

fx
x

"

1

"

ak ak ak

j

ak
l{n}>
I m p\

p

1

(B56)

A

and the operator F is

Fn=2

* * Jmpq

Vt

'"'P'q)%VV,<q^+

• j III v(,,p,r) a^r ^.T^ a^.

" V1

(B

This result for the two particle case can be extended to the
general case of N particles by observing, as was done in the previous
section, that the sum over particles in Eq. (B55) and the other wave
field operator integrals serve to cancel the factor 1/n!.

Hence the
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operator in second quantization which describes the coulomb interaction
of a boson gas is

F = \ III v(p,q,r) a++r a*_r ap aq.

(B58)

This operator describes the simultaneous annihilation of one particle
in state p and another in state q and the creation of two particles in
the states q+r and q-r and the probability amplitude of this happening
is given by the factor v(p,q,r), which contains the function <S

[(Vkm)_

(k +k ) and assures that momentum is conserved during
the interaction.
B
q P
Second Quantization of Fermion Particles
Having discussed the formalism of second quantization for boson
particles we consider in this section the case of fermion systems which
differ from boson systems because of the Pauli exclusion principle.
Therefore, when assigning fermion particles to the available states w©
must make certain that the occupation number n^ for any state shall have
only the values 0 or 1.
functions to fermions.

This is done by assigning antisymmetric wave
We show below that this can be easily achieved

by simply changing the commutation relations of a^ and a* such that for
fermions one uses the anticommutation relations

\ ai * ai % - \i
ak a i + ai

+

+

+

\•°
+

(B59)
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Because of our familiarity with bosons let us first show that
the wave function in Dirac notation [that is, Eq. (B35)] and use of the
commutation relations for a^ and a^ leads us to the symmetric wave func
tion ¥ . Consider a two level with one boson particle in each state.
n
The wave function for this system is in the notation of second quanti
zation Casing Eq. (B35)J given by

'rvl,vl(Vx2' =^f<°li0)it2)|.VV}

=

+

-~z {<°l

=

(<01

^(Da^C2^ + ip2(2)a2]|ni,n2>}

CI)tp][(2)aja1 + i(;1(l^2(2)aia2 + ^(l)^(2)a^ai

/2

+

(ID^gCZJa^|n^ 2>}.

(B60)

Since the first and fourth terms in Eq. (B60) are equal to zero
and using the identity

aiaz'ni = 1,n2 = 2> = 1I0>

=

a!a aia2l0>
2

'

^B61^

Eq. (B60) becomes

1,n

.l,n

=

^V1)V2)<0KVla8|0>*VI)V2)^Kal'Y,2|0>
(B62)
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and using the commutation relations for a^ and a* [see Eq. (B20J) , we
obtain

T ,n (xl'x2> =
ni
2

^'^CD^XJlCl + a^Cl

+

+

a2a )
2 |0>

(1)1^(2)01(1 + a^apCl +

a2a2^

|0>

CB63)

= ±{*,(1)* (2) + H> (1)^(2)}.
1
2
J2

The last expression is our familiar two particle, two level wave func
tion.

Thus, we have shown that Eq. (B60) which was written in the more

general formalism of second quantization is consistent with the wave
function approach familiar to us from elementary quantum mechanics.
As mentioned earlier when dealing with fermions we must assure
that the formalism allows for no more than one particle per state.

This

can be done by assigning antisymmetric wave functions to fermions.

Thus

the wave function for the two boson, two level system could be modified
to describe fermions by simply changing the + sign to a - sign in Eq.
(B63), that is

fermions
.
*n n(Xl,x2) = ±{^(1)^(2) - ^(1)^(2)}.

(B64)

We show that this can be done by using the anticommutation re
lations as given by Eq. (B59).

The wave function for a two fermion, two

level (one particle in each level) system is still given by Eq. (B62).
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This time, however, we rearrange the a and a+ operators using the anticommutation relations.

fermions
v2

Thus, Eq. (B62) now becomes

.

(X»'X2)

=

n

t(-> V

1

' .

+ '/'2(l)4'1C2)<0|a1aja2a2|o>

= - -1-

(1)^ (2) - if/ (1)I(J (2)}.

Jl

2

(B65)

1

We have just seen that by simply using the anticommutation re
lations for a and a+ we obtain an antisymmetric wave function

t

[The

sign in front of Eq. (B65) is of no significance since it merely represents the phase factor e

17T T
.] which is needed to describe particles that

obey Fermi-Dirac statistics.

Once this destinction has been made, then

the formalism of second quantization which we have worked out in the
previous three sections for bosons applies equally well to fermions.

Summary
We started this pedegogical treatment of second quantization by
obtaining the N particle wave function and using it to calculate the
matrix element connecting an initial state which has n^ particles in
state i with the final state j with n^+1 particles.

We found after a

lengthy calculation that this matrix element contained the factors I'nT"
and /n^j+1.

To obtain these results more simply we introduced the
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operators

and at which we defined to annihilate and create boson

particles in the state i when operating on the state vector |{n}>.
This formalism was next extended to the description of particle
creation and annihilation at a particular location in space.

It was

shown that the state vector for a particle at Xq can be written as

IV - j: I

= i: io> ,
O
A^

where

A

and ip
xo

are the wave field operators which when operating on

xo

a given state will create or remove a particle at a given spatial co
ordinate.

To fully utilize these various operators we found it conve

nient to express our N particle wave function in a notation that is
compatible with that of the operator. This led us to Eq. (B35) which is
the N particle wave function written in the Hilbert space, second quan
tized notation. The use of this new notation was demonstrated by calcu
lating the matrix element of the operator F(xj'*xn) familiar to us from
elementary quantum mechanics.

In order that this operator could be used

in second quantization it was written in terms of the wave field opera
tors.

This was done in Eq. (B41).

In the previous section we obtained three specific expressions
A
for the operator F for systems which obey Bose-Einstein statistics. It
was found that the Hamiltonian for moving, charged particles and scat
tering off classical wave fields (for example, sound waves) interacting
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with each other through the Coulomb potential is given by

*

m

? % "J,
\

Va,<)

Vq,%

*| ni v(q,p,r) 4
q p r
q

k.
l

\ -tH\
q
P
q

+

where we have made use of Feynman diagrams to illustrate the scattering
processes.
We concluded the discussion of second quantization by extending
the formalism to fermions which must be described by antisymmetric wave
functions.

This was easily achieved by changing the commutation rules

of a^ and at to anticommutation rules.

Once this is done the formalism

of second quantization, worked out in detail for bosons, applies equally
well to fermions.

APPENDIX C

CHECKLIST

1.

Clean laser rod ends

2.

Turn off fluorescent lights in room

3.

Fill dye cell

4.

Turn on oscilloscopes

5.

Upstream alignment
a.

Align He-Ne beam with center of Nd laser rod

b.

Close aperture and observe diffraction pattern on other side of
laser rod (Airy disk must be in center of diffraction pattern)

6.

c.

Align 100% reflectivity mirror

d.

Align 53% reflectivity mirror

Downstream alignment
a.

Align aluminized mirrors such that return beam from 53% reflec
tivity mirror is centered on screen of He-Ne laser

b.

Check TPF alignment

c.

Check alignment of Pockels cell

d.

Insert depolarizer

e.

Check sample and pin photodiode alignment

f.

Check alignment of ITT detector

g.

Remove depolarizer

7.

Position aluminized mii'rors for upstream alignment

8.

Check for film in all cameras
149

9

Turn on water pump and refrigerated water

10

Turn on laser power supply

11

Pressurize spark gap to 85 lbs./(in.)

12

Check vacuum of dewar and fill dewar with liquid nitrogen

13

Flush laser head with N2 gas

14

Set overload button of Simpson meter (overload button will pop out

2

if spark gap breaks down)
15

Turn on high voltage power supply of spark gap

16

Tum on power supply of ITT detector

17

Safety check
a.

Are apertures open

b.

Is path of laser beam clear of obstructions

c.

Close laboratory door and ask bystanders to shield eyes

18

Charge capacitor bank to slightly above threshold voltage

19

Arm oscilloscopes and open camera shutters

20

Start countdown
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