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PICOSECOND OPTICAL PULSE NONLINEAR PROPAGATION.EFFEcTS 

Robert Alan Fisher 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory 
- and Department of Physics; University of California 

Berkeley, California 

ABSTRACT 

This thesis research evolved into a number of experimental and 

theoretical studies in picosecond pulse nonlinear optical effects. 

Both photon echoes and self-induced transparency had been predicted 

and observed for nanosecond duration laser pulses, and our earliest 

goal was to observe either of these two effects with the recently 

developed mode-locked Neodymium-glass iaser (which generates picosecond 

pulses). Although negative results were obtained, an account is given 

for the search for these coherent optical effects. The inability to 

measure and control the pulse shapes and frequency modulation 'and the 

scarcity of suitable samples were maJor obstacles in the search. 

The experimental difficulties encountered above led to a study 

of the generation, dispersion, and detection of frequency-modUlated 

picosecond pulses, and to the invention of a scheme presented in this 

thesis for temporally compressing· "normal" 5 picosecond pulses by 

. a two-step process. The pulse is first passed through an optical Kerr 

material (:such as cs2) and the pulse undergoes self-phase modulation. 

It is then passed through a dispersive delay line which is adjusted to 

compensate for the frequency modulation. Compression by hundreds is 

possible. 

_Pulse compression experiments performed elsewhere had suggested 

that the mode-locked Neodymium-glass laser pulses were linearly 

frequency swept. In this thesis it is suggested that pulses might be 
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more complicated. Since publication of these calculated counter-

·examples by the author, new measurements {performed elsewhere) were 

reported. Although these measurements aid the linear sweep pos­
l 

sibility, it is pointed out that difficulties still exist in trying 

to find a model which fits all the data. 

Although the properties of duration, temporal shape, and frequency 

modul.ation of individual mode-locked Neodymium-glass laser pulses are 

quite uncertain, such pulses can saturate broad transitions and, if 

sufficiently attenuated, can measure population differences. The KOl 

F-center absorption band is found to be resonant with the laser second 

harmonic {0.53 J.l), and the emission band is resonant with the laser 

fundamental {1.06 J.l). The F-center ·iYnamics can be described by a 

4-level system. Nonlinear saturation and gain have been utilized to 

study the optical pumpband dynamics. In this investigation, complete 

inversion of the emission band has been generated by absorption of the 

second harmonic pulses, and the inverted emission band is observed to 
. . 

amplify the fUndamental laser pulses. To our knowledge, this is the 

first observation of optical gain in color centers. The 4-level model 

is consistent with all observations reported in this thesis. An attempt 

was made to measure the F-center electron-phonon relaxation time (pre-

sumably a few picoseconds or less) but signal fluctuations (due to 

· fluctuations in the beam divergence) were larger than the signal changes 

to be measured. A _Ettatietical meaaur~ent was precluded because the 

laser mirror damage occurred far too frequently. 

This thesis also describes the laser design and setup. The 

laser utilizes split-image near-field photography in conjunction with 

internal spatial aperturing for accurate control of the transverse modes. 

I 

·~ 
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I. INTRODUCTION 

The initiation of this thesis followed shortly .after t~o very im-

portant advances in nonlinear optics: the growth of the field of co-

herent optical phenomena and the development of a laser capable of 

generating pulses of~ 5 picoseconds duration. This thesis research 

began in an attempt to observe coherent optical phenomena on a pica-

second time scale. 

Coherent optical phenomena pertain to a class of effects where in-

tense short laser pulses are resonant or nearly resonant with an absorb-

ing or amplifying sample. Perturbation theory is of little use because 

large changes in population differences occur. The two most common 

coherent optical effects are the photon echo
1 

and self-induced trans-

2 3 parency. ' Under the appropriate conditions, a resonantly absorbing 

sample-subjected to an appropriate sequence of pulses may spontaneously 

radiate at some time later a pulse or sequence of pulses known as photon 

echoes. Under somewhat similar conditions, self-induced transparency 
) 

can occur when a pulse passes through a resonant absorbing sample and 

attains a condition where little shape modification and anomalously low 

losses result. 

The development of the passively mode-locked Neodymium-glass laser 

was reported in 1966,4 which set the stage for this thesis work. For 

the first time, optical pulses in the l0-12 second (picosecond) time 

domain were available. In the simplest setup, a mode-locked laser 

generates a train of these ultrashort pulses separated from each other 

by a few nanoseconds. Pulses vary throughout the train in a rather un-

predictable manner, and it is possible to switch out a single pulse from 

the train. At the time of this .thesis, no electronic detection could 

resolve the pulse shape. The best system available at present is the 
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biplanar vacuum photodiode (such as the IT&T F40l8 or F40l4) used in 

conjunction with a Tektronix 519 oscilloscope. The combined rise time 

of such a system is of the order of l/3 nanosecond (about 300 pico­

seconds), and, thus, it merely integrates signals of interest in this 

thesis. The only information given by the oscilloscope is that the. 

height of the spike is proportional to the energy in the pulse. Such 

a detection system can,. at best, supply the observer with a "list" of 

pulse energies. In spite of the inability to time resolve.such fast 

events, this thesis began with the intention of observing coherent op­

tical phenomena wit~ picosecond pulses. 

The first difficulty encountered was that the laser frequency (and 

the second harmonic frequency) severely restricted the availability of 

samples with tuned transitions. An extensive sample search suggested 

several sample candidates, but none was found able to support coherent 

optical effects (to date, !!£_laboratory has reported positive results). 

Although it is not always possible to attribute these negative results 

to one single cause, it was often suspected that characteristic relaxa­

tion times (in the possible samples) were far less than the necessary 

f~w picoseconds of the pulse duration. The difficulty in separating 

individual pulse effects from cumulative effects (due to the train) 

further obscured the search for coherent optical effects. 

Although negative results are reported, the experiments in search 

of coherent optical phenomena are descfiped in Chapter I~. The three 

tyPes of experiments reported in this search are: 

l) the search for a sudden change (with increase in the input energy) 

in the ·percentage of pulse energy transmission; 

2) .. the dependence upon distance of the fluorescence streak generated 

by a pulse passing through a dye solution; and 

.~ 

. 1.;._ 

it· 
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3)· the search for light coming from the sample in the "photon echo 

direction" after illuminating the sample with appropriate echo-

probing pUlses. 

In all· cases, no evidence for transparency was seen in Ethylenediamine, 

Kodak 9740 dye, and Rhodamine 6G. Negative photon echo resUlts were 

obtained in Kodak 9740 dye, Rhodamine 6G and KCl F-centers. The energy 

transmission results for KCl F-centers indicated that cumulative effects 

(during the train) could be of interest. This discussion is reserved 

for Chapter IV. 

Approximately a year after the initiation of this thesis, E. B. 

Treacy reported that an opticai dispersive delay line (a pair of gratings 

in tandem) increased the amplitude modulation of mode-locked Neodymium­

g~a~s laser pulses. 5 •6 Most researchers interpreted these results as 

evidence that. the pulse carrier phase function is a simple quadratic 

in time (corresponding to a "linear frequency s;eep" or "chirp"). 7 

These results shifted the approach that this thesis research had taken. 

An attempt was made to locate the source of this natural modulation. 

It was thought perhaps that elucidation of the frequency modulation prob-

lem ·could th'en permit its elimination so that the photon echo and self-

induced transparency experiments would then be possible. In 9tudying 

the problem, T. K. Gustafson, P. L. Kelley, and I noticed that the dye 

solvent in the mode-locked Neodymiilln-glass laser is an optical Kerr 

material. This means t:qat the light passipg throug:q the liquid can give 

the index of refraction a time-dependence, and this time-dependent index 

of refraction can, in turn, modulate the frequency of the light. If the 

orientational relaxation time of the Kerr material is shorter than the 

pulse duration, the pulse receives a frequency modulation which is not 
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monotonic in time but is linearly chirped only in a regionnear the 

peak of the pulse. This, in turn, ·led to the observation reported in 

this thesis (and published as reference 8) that if such a pulse is 

passed through a dispersive delay line adjusted to compensate for the 

linear part of the sweep, significant pulse compression can occur. With 

virtually no loss in pulse energy, the pulse can be shortened in time 

by factors of hundreds. Presented in this thesis is a pair of numerical 

examples of this process using as the "chirper":· 1) the orientational 

Kerr effect in cs2 ; and 2) the direct electronic distortion in glasses. 

Both cases show the possibility of generating pulses in the lo-14 second 

range. Chapter III describes this pulse compression scheme. 

In our early pulse compression calculations, a mistake in a com-

puter program (later corrected) led to such confusion that some suspicion 

was kindled about the linear chirp interpretation of E. B. Treacy's re-

sults. This mistake led to the discovery (reported in this thesis and 

published as reference 9) that there were many interpretations of E. B. 

Treacy's laser pulse modulation measurements. (This further discouraged 

our original coherent optical phenomena experimental plans.) It is 

shown that the net frequency sweep need not be monotonic across the 

pulse, and that even a random carrier phase function (suitably chosen 

to give the observed bandwidth) is in good.qualitative agreement .with 

E. B. Treacy's reported results. Since our publication of this broader 

interpretation, E. B. Treacy has published some new measurements ,1° but 

they do not address themselves to the problems pointed out here. Chap-

ter III also discusses these interpretations of E. B. Treacy's measure- . 

ments. 

In view of the incompatibility of the natural frequency modulation 

of the pulses and their use in coherence experiments, the attempt to 
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obtain photon echoes and self-induced transparency was abandoned. Since 

the color center nonlinear propagation experiments seemed to fit an in-

coherent saturation model well, and the picosecond pulses were powerful 

enough, interest developed instead in using the picosecond pulses to 

probe the dynamics of color centers. A coincidence was found in KCl 

F-centers; the laser second harmonic (0.53].1) was resonant with the ab-

sorption band, and the laser fundamental (1.06].1) was resonant with the 

emission band. The F-center acts as a four level system, and we have 

observed stimulated emission from the emission barid. The gain measured 

with the fundamental pulses (after pumping with the 'second harmonic 

pulses) is in good qualitative agreement with the saturation model for 

the second harmonic pulses and with the linear absorption spectroscopy 

performed before and after each run. Since electron-phonon relaxation 

must take place before a pumped sample can amplify a fundamental 

(1.06].1) pulse, there was the possibility of measuring the electron-

phonon relaxation time.·· Attempts to measure the relaxation time with 

our laser setup were unsuccessful because of the low pulse energy, and 

because the laser mirrors damaged far too frequently for a measurement 

to be made. It is also possible that the relaxation time was too short 

to be measured with our 5 picosecond pulses. Chapter IV describes the 

experiments in color centers. 

Special precautions were taken to insure optimum spatial coherence 

in the laser beam. This is because most. of the concepts in• this thesis 

are easiest described byplarie wave analysis. The Neodymium-glass mode-

locked laser was operated in theTEM
00 

mode in the hope of reducing 

spa,tial complications in our observations. The design of the laser is 

described in Chapter V. 
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II. THE SEARCH FOR PICOSECOND DURATION 
COHERENT OPTICAL PHENOMENA 

A. Discussion 

The fields of optical resonance and nuclear magnetic resonance (NMR) 

developed rather independently for a number of years. The similarity 

between these disciplines was first pointed out in a classic paper by 

Feynman, Vernon, and Hellwarth,11 in which it was shown that electric 

dipole transitions can be described in terms analogous to the NMR torque 

equations. Of interest in this chapter are pulsed (picosecond time 

scale) optical resonance phenomena in which this analog is very useful. 

1. Nuclear Magnetic Resonance 

NMR is the study of the response of a nuclear magnetic moment to 

applied magnetic fields. The simplest case is that of a nuclear spin 

I=l/2 where its projection in any chosen direction can be +1/2 or -1/2. 

The particle is coupled to the electromagnetic field through magnetic 

dipole coupling. The expectation value of the spin operators results 

-+ . 
in a macroscopic magnetization, M, which satifies a torque equation, 

-+ 

namely 
dM -+-+ 
dt = y MxH. Here y is the gyromagnetic ratio and H is the 

magnetic field. 
12 . 

Bloch has shown that relaxation terms can be phenom-

enologically inserted to give what has become known as the Bloch equations. 

Over the past 25 years the field of NMR or nuclear induction13 has given 

rise to such effects as adiabatic inversion,14 spin echoes,15 transient 

nutation,16 and double resonance. 17 These effects havebeen .utilized 

to ascertain much new information about the physics of materials. These 

effects are also of particular relevance to the phenomena which can 

occur.in the optical case. 

2. Optical Resonance 

The study of optical spectroscopy deals withelectric dipole 

, .. _r 

..~.j 

' 



;,_ 

,.'\ 

~) u u t ~ ·' 6 u ~~) <J .. ; .. ~ ,:) ,,, 
(.) 

-7-

transition matrix elements (in contrast to the magnetic :case) .. Electric 

dipole transitions connect states of opposite parity, while magnetic 

dipole transitions connect states of the same parity. Thus magnetic 

resonance involves permanent magnetic moments, while there is 'usually 

no permanent electric moment in optical transitions. Feynman, Vernon, 

and Hellwarth have shown, however, that in the optical resonance case, 

there is' a similar torque equation for the macroscopic "pseudo-polariza-

tion," namely 
+ 

@ ++ ' ' + 
dt = KPxE. Here K 'is the "gyroelectric ratio", and E 

is the applied electric field. Px and Py are real components of the 

polarization vector and Pz is proportional to the population difference. 

Since this is the same sort of torque equation as in the NMR case, one 

should thus hope to observe resonant optical phenomena analogous to 

NMR effects. To date, photon echoes,1 transient optical nutation,18 

and ~ptical adiabatic inversion19 have been reported. In addition a 

new propagation effect called self-induced transparency has been pre­

dicted and observed by McCall and Hahn.
2

•3 This effect had not been 

considered in NMR because, among other reasons, samples were of smaller 

size than the electromagnetic wavelengths. 

The essential new development in the analysis of the above optical 

effects is that it is not sufficient to know populations in the two 

states, as was well-known in the-physics of NMR; the quantum-:-mechanical 

amplitudes must be accounted for, and it will be shown in the next 

section that certain bilinear products of these amplitudes are central 

to the theory. Thus coherence, or superposition, between these two 

levels is essential, and this is where the name "coherent optical 

phenomena" came from. It refers to coherence between two quantum-

mechanical energy levels; it does not refer to the state of the optical 

field. 
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3. Motivation for the Picosecond Coherent Optical Search 

The observation .of photon echoes by Kurnit, et al. 1 and the 

observation of self-induced transparency by McCall and Hahn2 ' 3 were 

the early demonstrations of coherent optical phenomena. Both observa-

tions were with nanosecond laser pulses and conventional electronics. 

The development of a technique for generating picosecond pulses was 

reported4 in 1966, and this thesis was initiated in 1967 with the 

hope of observing and studying coherent optical phenomena on apico-

second time scale. 
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B. Two-Level Systems 

This section concerns itself with the response of a medium to an 

applied optical light pulse. The medium is assumed to contain ions 

(or impurities) which have absorbing transitions at or near the laser 

frequency. The absorption spectrum of the collection of ions is centered 

at the laser frequency w . Of interest here is the regime of extremely 
0 

intense and quickly changing electric field intensities, and thus the 

standard perturbation approach is oflittle value. Large excursions 

of the population differences are to be expected, and so it is not 

sufficient to write dovm.only the equations of detailed balance for 

the p9pulation differences. Because of their central role, one must 

keep track of the quantum-mechanical amplitudes for the two levels. 

(A good discussion of quantum-mechanical amplitudes for simple systems 

is given by Feynman. 20 ) Essential to the analysis that follows is 

that the two levels under consideration are the only levels which can 

participate in the absorption ofthe optical pulse. Other resonances 

(transitions to different levels) are assumed to be either too weak or 

too far removed in frequency to be of any consequence. 

l. Exact Two-Level Dynamics for an· Isolated Ion 

An-idealized isolated absorbing ion is depicted in Fig. l. For 

this ion, the transition energy is hw (other nearby ions may have 

transition frequencies which might be different from w). This spread 

in particular resonant frequencies is called "inhomogeneous broadening," 

and will be discussed later in this chapter. 

hw I 12> 
llE = 

ll> 

Fig. l. An idealized two-' level absorber. 
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State vectors are written (~) and (~) for levels 12> and ll> respec-

tively, and the quantum-mechanical amplitudes are a and b respectively. 

For this system, the wavefunction is written in most general terms 

as 11/J> = al2> + bll> = (~), and all information about this ion is con-
.. 

"'• 

tained in these two complex numbers which are constrained by the conserva- ~ 

tion of probability to be lal 2+ lbl 2 = 1. The unperturbed Hamiltonian 

l . l l 0 . 
JC

0 
is given by JC

0 
= 2 hwaz = 2 hw( 0_1 ), and the expectatJ.on value of 

the energy is given by 

(l) 

In calculating a given system's probability for emission or 

+ absorption of a photon of wavevector k , the volume integrand contains 
0 

21 ,..ik ·R a factor of e 0 , where R is the vector from the origin to the 

differential volume. In the electric dipole approximation this term 

is set to unity because atomic dimensions are far less than an optical 

wavelength. The two.;..level systems discussed in this chapter must be 

selected from those with non-zero dipole transition matrix elements. 

Since the two-levels are assumed to be nondegenerate, each level 

must be an eigenstate of the Hamiltonian which really describes the 

particular system. 

In general, there can be TI transitions (~=0) and a transitions 

(1~1=1). As a representative example of the transparency effect, con-

sider the case where the Hamiltonian JC is written w 

Jew=~ hw crz-JlEcrx (2) 

where Jl is the dipole matrix element of the transition. The second 

+ + 
term is the E·P term of the electric dipole interaction. Here the 

,, 
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electric field is written E(t,z) = !.~(t ).[ -i(wot""kot-o<j>(z,t) ] 
2 c ,z e · +c.c. 

where eis the envelope function, w0 is the optical frequency, and 
n 0 w 

k=-
0 c o¢ is introduced in order to allow for the possibility of fre-

quency modulation. o¢ changes as necessary to keep e real. Unless 

otherwise stated, cases considered here are restricted by the condition 

o¢=0. Note that the electric field is described classically while the 

material· system is described quantum-mechanically. This description 

of a coupled material-radiation system is known as the "semiclassical 

approximation" which was first presented by Klein. 22 Two important 

quantities are defined through the following relationships: 

c - < a } = (a* b*) (~_~)(:) = lal
2
-lbl

2 
z 

( 3) 

iw0 t 2(a*b*)(~ ~)(:) = 2 
* . t 

D 2 < a b lWo - e = a e 

Knowledge of C and D are sufficient to describe the ion. Since C is 

proportioned to ( JC } , it is proportioned to the energy in the ion. 
0 

D, as shall later. be shown, is .the transverse polarization which will 

enter in Maxwell's equations. The normalization constraint is written 

The Hamiltonian can be used.to generate the time dependence of C 

and D through the relationship ih~~ = [O,Jfw] (for any operator 0 

without explicit time dependence). Performing the simple matrix algebra 

for both operators, one finds after retaining only largest terms that 

dD 
dt 

dC 
dt 

where K = ?H. 
h , and 11w = w - w • 

0 

parts (D =A+ iB), one gets 

( 4) 

Breaking D into its real and imaginary 
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dt 
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t:.w B 

-t:.w A - c Ke ( 5) 

Since A2 + B2 + c2 = l, these equations describe the motion of a point 

(A, B, C) on the surface of a unit sphere. The vector (A, B, -C) is 

-+ 
called the Bloch vector, and we will indicate it by the. vector R. 

It is easy to show that Eq. (5) can represent a torque equation by 

writing it in the following manner: 

Since a totally antisymmetric 3X3 matrix represents a cros9~product, 

Eq. (6) can be written 

-+ n x 
-+ 

R = R 

.where 

n =(r) 
Restricting attention, for a moment, to the case of the on-resonant 

ions (t:.w = 0) the equations simplify. U will remain ze.rq, and the 
· .. · · . ....... 

Bloch vector will be driven by the electric field from C ~ -1 to 

(6) 

(7) 

(8) 

' 
'• 

B = +l to C = l, etc. This corresponds to clockwise motiop in the C-B 

plane (with C horizontal and B vertical) on a circle of radius l. In 

complex notation let R = C+ iB, and the vector Rc makes a clockwise 
c 

- i<j>-i7f and n -+ 
angle <I> with respect to R = -1. Then R = e X R = c c c 

e-i(¢~ ) -i'ir Substituting these into Eq. (7) one gets K e 

·, 
.•, 

·•. 

/· 
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t 
<f>(t) = K f e (t 1 )dt 1· and this iS the clockwise angle that the pulse 

·-oo 
will turn the Bloch vector of the on-resonant ions (~w = 0) .. The pulse 

area is defined as A = cp(oo), and is the final angle in which the on-

resonant ions are left after the pulse has passed. This quantity plays 

an especially crucial role in the formalism of self-induced transparency. 

For the on-resonant case then 

A = 0 

B = sin<P 

C =-cos<P 

2. The Density Matrix Formalism and the Phenomenological Approach 

to Relaxation 

(9) 

The equations of motion presented so far describe an isolated ion. 

The real world is not so kind. If the ion is in a crystal, it might 

be disturbed by phonons or it might be disturbed by its proximity to 

another ion. In a vapor or a liquid, the ion may suffer collisions. 

In addition, it may radiate and lose energy. None of these effects can 

be treated exactly, yet their influence can be modeled in a phenomena-

· logical manner. 

In order to include the possibility of relaxation, a sacrifice 

must be made. Consider the case of two nearby (closer than an optical 

wavelength) ions with identical transitiqn frequencies. Both ions 

will undergo the same motion due to the input light pulse, but the. 

phases of the wavefunctions may be altered through their dipole-dipole 

interaction. In addition, phonons in the crystal may affect the two 

ions differently. Thus the ions~may end up with different wave functions 

due to relaxation. 

The important new distinction which a stochastic process adds is 

that the wavefunctions for the individual ions cannot be accounted for. 

.'. 
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The best one can hope to do is to describe the system in terms of a 

spatial average of A, B, and C over a particular volume. Reference 3 

points out that the volume of integration is greater than a cubic 

wavelength; it is of the order of A.a.-2 , where a is the linear absorption 

constant. To include r·elaxation, one appeals to the density 

matrix which is written 

P = llJI><lJII w 

( 
-* ---:-lt) aa ab 

= a*b bb* 
(10) 

where the bar denotes the spatial aver1 .ge . Q, U, V, and Ware defined 

as the spatial average of D, A, B, and C, i.e. 

u = A 

.v = i3 

Q = i5 = A+ iB = U+ iV 

w = c 

Then the density matrix is written 

Ut-iV )] 
-W. 

Witp no damping, the density ~~trix e+eme~ts s~tisfy tp~ same torque 

equation as Eq. (5) with 

dU 
dt = 11wV 

dw = Kev 
dt 

or dQ = .;..f1wQ-iwKe 
dt 

(11) 

(12) 

(13) 

., 
~. 
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Damping can phenomenologically be categorized in two ways: 
. 

1) Damping in which the ion loses energy (i.e., W # 0), and 

2) Damping in which no energy is lost by the ion but the coherence 

between the two levels is reduced. An example of the former is life-

time broadening due to spontaneous radiation; an example of the latter 

is a dephasing collision between the ions (or cpllisions with a buffer 

gas). The spontaneous lifetime (T1 ) must affect theW-part of Eq. (13), 

since W returns to its ~quilibrium value exponentially in time. The 

dephasing collisions or dipole-dipole interactions only affect the U 

and V equations in Eq. (13). Dephasing (without energy loss) occurs 

in a characteristic time T
2

• (this corresponds to the irrevocable 

loss of atomic coherence}. The U and V equations must be modified to 

allow for their decay via both T1 and T2 ' processes. ForE= 0 the 

probabilities of decey through the two channels are multiplied to get 
U -t/T1 -t/T2

1 -t(l/T1 +l/T2
1

) 

U = e e = e T2 is defined through 
0 

T
2 

= (l/T
1 

+ l/T
2
')-1

, and the transverse components (transverse to the 

light K-vector) of the pseudo polarization will decay exponentially with 

this time'constant. For this reason, T2 is called the transverse (or 

"homogeneous") relaxation time, while T
1 

is called the "longitudinal" 

or "spontaneous" relaxation time. This terminology is a carry over 

from the language of nuclear magnetic resonance. Note that T2 < T
1 

. 

. These phenomenological damping til!leS can be put into the torque 

equations to get 

dU -= 
dt 

dV 
-= dt 

dW -= 
dt 

u !J.wV-­
T . 2 

-!J.wU - ·e v WK --
T2 

(\tl._W ) 
KeV-

0 

T 
1 

(14) 
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Th . kn th Bl h t. 12 . I th f f . ese are own as e. oc equa ~ons. n e case o requency 
. 

modulation, t:.w in, the Bloch equations is replaced by t:.w+ O<f>. 

The difference between Eqs. (5) and (14) is important. No longer 

is u2 ;!- v2 + vf = l. The loss of precision in knowledge of the 

individual wave functions is the price which must be met in describing 

a re'laxation process. 

3. The Inhomogeneous Distribution 

In addition to statistical fluctuations in.the driving terms in 

Bloch's equations, . the absorption spectrum of a sample might be broad 

because it contains ions or 
11
isochromats," whose individual absorption 

frequencies are different. · This type of broadening is called inhomog-

eneous broadening because of the magnetic resonance analog where magne-

tic field inhomogeneities spread out the resonance.· g(t:.w) is a 

normalized (Le. 
00 

1· g(t:.w)dt:.w = l) distribution which describes the 
-00 . ' 

spread in frequencies. Doppler broadening in gases 'or Stark broadening 

in strained crystals,.for instance give an inhomogeneous line. T; /rr 
In the 

case of a Lorentzian distribution g(t:.w) = where 

is the full half width of g(t:.w). * T2 is roughly the time necessary 

for a macroscopic polarization to dephase if this process were the only 

source of broadening. The way that this distribution enters the analy-

sis is that all observable quantities must be integrated over it. The 

complex polarization, for instance, is the integral of U + i V over the 

inhomogeneous distribution, or 

P(t)- N~e -iwoJ(u(t:.~,t) + iV(t:.w,t)] g(t:.w) d(t:.w) (15) 
.JXJ 

.. 
I 

... 

:_,· 
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where N is the number of ions per cc and l.l is the dipole transition 

matrix element. 

A sample is "inhomogeneously" 

* or "lifetime" (T1 << T
2 

,T2) (a subset of "homogeneously") broadened if the 

observed spectral width is dominated by one of these three mechanisms re-

spectively. In general, samples can have all three types of broadening. 

4. Some Results of Perturbation Theory for Two-Level Transitions 

Perturbation theory can be used in situations where the excursions 

of the Bloch vector are small. Consulting almost any quantum mechanics 

text, one usually finds a quite adequate description of linear optical 

absorption and dispersion. Transitions are described in terms of 

cross-sections, transition matrix elements, F-strengths, and absorption 

lengths. 

Pulse areas per time T
2 

must be small for a linear optics descrip-

tion to be valid. The result of perturbation theory is that the 

spontaneous lifetime T
1 

is proportional to (w3l.l
2)-1 , while the absorption 

constant a is a proportional to Wl.l
2 The absorption constant is ~efined 

. 23 through Beer's law of exponential attenuation of the intensity 

-az 2 
I(z) = I(o)e . Since the F-strength is itself proportional to Wl.l , 

one can write 

T = K 
l 

I. 2 
F 

where K = 42.5 nanoseconds per square micron. 

(16) 

The absorption constant a is proportional to the ,F-strength, ·i.e. 

(17) 

These two relationships will be useful later in this.thesis. 
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C. The Wave Equation 

To find the wave equation, one takes the curl of Ma4Well's third 

equation (Faraday's law of induction); 

-+ 1 ()B 

( 
-+) vx VXE =- --­c at 

Assuming a homogeneous nonmagnetic nonconducting host, one finds 

2 
n 

2 
c 

(18) 

(19) 

where n is the host index of refraction and PNL is the nonlinear 

polarization. The transversality assumption (V·"'E=O) implies V·PNL= 0. 

There are essentially two regimes of interest here; a sample thin 

-1 -1 compared to a and a sample thick compared to a . 

1. Optically Thin Samples 

In the case of ai < 1 (as is usual in photon echoes) the reradiated 

fields cannot have much effect on the nonlinear polarization, PNL' so 

the induced polarization merely acts. as a source term in the wave 

equation. Thus the kernal for the r'eradiated field can' be integrated 

over the volume to get (neglecting surface reflections) 

-+ E.= 
e 
ik'r 

0 

r 
0 

-+' -+ k 1 Xk 1 

-+ -+ r -ik' -~ 
x ~ ~NL e d~ (20) 

-+ where k' is a vector of length 
w 
c 

in the direction from the sample to 

the detector, r is the distance to .the detector, and d3~ is the 
. . 0 . 

generalized volume element in the sample. 

2. Optically Thick Samples 

In the case of ai > 1, the wave and material equations cannot be 

decoupled. One can, however, make some approximations. If E and Pare 

"• 
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both slowly varying (in both an optical period and in an optical wave 

length), then, retaining onlylargest terms, one gets for a coherent 

. 2-+ a2E 
forward propagating plane wave ('V E -+ --2 ) 

az 

( 
_L + E. _L\ ~=' - 2rrwN~ j~oo. V(D.w z t) 
a z c at Jc nc ' ' 

-00 

g(D.w)dD.w . (21) 

and 

(
a . n a ) 2rrwN~ Joo at+ ~ at o¢ = ~ lJ(D.w,z 't )g(D.w)dD.w 

-00 

(22) 

where N is the number of ions/cc. The retarded transformation is written 

t' = t- zn (23) 
c 

from which it can be shown that 

Thus Eqs. (21) and (22) simplify to 

and 

.-1. ,) ~ = - 2
TiwN);l J oo v ( D.w, z , t ) g ( D.w) dD.w az t, nc 

-00 

a) . az' ocp = 
t' 

00 

27TWN~ J 
nc 

,..;.co 

U(D.w,z,t) g(D.w)dD.w 

(24) 

(25) 

(26) 
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D. Self-Induced Transparency 

The concept of self-induced transparency was developed for an 

inhomogeneously broadened sample~ and thus T
1 

and T
2 

are much larger 

* {assumed infinite, here) _than both the pulse duration and T
2

• In this 

regime~ the simpler Bloch equations (without relaxation terms) may be 

utilized.. It is assumed that no phase modulation exists (i.e. ~ o<t> = 0). 

It is also assumed that the spectrum of the laser pulse is centered on 

a symmetric inhomogeneous line g{~w)~ and that there is sufficient ionic 

density to peTmit the calculation of volume averages. Another assumption 

is that a-l >> A~ where a, the iinear absorption constant, is given by 

8'1T2
ll

2wg{O)N/nhc for a circularly polarized wave. Note the Wll
2 dependence 

of a as describ~d in Sec. B4. 

The task at hand is to find a self-consistent solution to. both 

the material equations (13) and to the wave equation (25 ) . Since .the 

sample is optically thick~ the electric field and the nonlinear polariza-

tion will react back upon each other. By finding a self-consistent 

solution, both absorption and stimulated emission will be automatically 

taken into account. Spontaneous emission, however, is not considered 

because T1 has been chosen to be infinitely long. Its effect on the 

dynamics of self-induced transparency can later be included in a 

perturbation approach. 

To find an equation for the pulse area, one differentiates the ex­

pression for the area (A = K £: € (t 1 )dt1) with respect to z 1 to get 

dA = 2hjl foo 
dz 1 

-00 

But Eq. (25)can be inserted to find 

dt 1 

dA = 41Tjl
2

wN . j·oo 
dz 1 - nhc V(~w,z ,t 1 )g{~w)dt 1 <Mw 

-00 

(27) 

(28) 

.. 
I. 
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where the constant in front of the integr~ sign is recognized as 2rr~(O)" 
u / 

Now from Eq. (13) V can be replaced by i::J.w , and integration over 

time gives 

dA 
dz' - -. 2ng(O). f

t . 

. P U(i::J.w,z' ,t)g(i::J.w)di::J.w 
l~m t~ r . 

-00 

(29) 

wnere the principal value and limit have be~n added to insure convergence. 

Consider a timet after the ~ulse has passed.· Sin~e E =· 0, Eq. (13) 
0 

can be written 

. 2 
U = i::J.wV = -(i::J.w) U 

( 30) 

which has a solution for U: 

U = U(t ) cos[i::J.w(t-t )] + V(t ) sin[&u(t-t )] 
. 0 0 0 0 

(31) 

Substituting Eq. (31) :i,nto Eq. (29), one finds 

. t [ · dA =-. a P 1. U(t )cos[i::J.w(t-t )] 
dz' 2rrg·(o). r 0 ·· 0 

· · hmt~ i::J.w 
-00 

V(t )sin[i::J.w(t-tJ]l 
+ o i::J.w Jg(i::J.w)di::J.w 

(32) 

Since g(i::J.w) = g(-i::J.w) and U(i::J.w,t) = -U(-i::J.w,t), the first term vanishes.' 

Since o(S) = (sinSSt ), the second term is trivially integrated 
lim t~ 1T . 

to· find 

(33) 

This result is surprising in that it only requires the solution for the 

on resonant ions. Equation (9) then shows that 

Thus the "area· theorem" is written 

dA 
dz' 

a "nA - s~ 
2 

V(i::J.w=O,t ) = sinA. 
0 ' 

( 34 )-
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a =- 2A, or A(z') = A(O)e 

a 
-- z' 2 

Thus 

the intensity (a: A2 ) falls off with distance as e-az, which is Beer's 

law23 of .linear propagation. 

The consequence of the area theorem is that a pulse with initial 

area A will evolve in area to the nearest even multiple of TI in an 
0 

absorber (or to the nearest odd multiple of TI in an amplifier). For 

the 27f.a;r-ea pulses, there is a special shape for which there is ab-

solutely no loss in prop~gation. This is commonly known as the 2TI 

hyperbolic secant pulse, and is written S'(t,z) = _g_ sech(t-z/V). 
KT T 

2 Here V, the group velocity of the pulse, is of the order of aT which 

is considerably slower than the speed of light. This can be under-

stood by the following simple picture: The ions temporarily do absorb 
' 

energy (i.e., W # -1), but they all return to their ground states after 

the pulse passes (that is, W(6w, t = oo) = -1). One can say that the 

front half of the pulse does get absorbed (W > 0), and the second half 
. 

of the pulse gets amplified (W < 0). The gain equals the loss because 

the second half of the pulse arrives before the ions can reduce their 

gain (via spontaneous relaxation or v~a T2 "confusion" of the phase). 

Self-induced transparency was first observed by McCall and Hahn 

in ruby
2

' 3 (with ruby laser light), and subsequently it was observed in 

Sulfur hexafluoride
24 

(with co
2 

laser light) by Patel and Slusher, in 

Iron and Nickel doped Mgo25 (with microwave phonons) by Shiren, in 

.R b. d. 26 ( . th . 1 ul ) b G. bb d Sl h u 1 1um vapor w1 mercury-1on aser p ses y 1 s an us er, 

and in Potassium vapor27 (with dye laser pulses) by Bradley, Gale, and 

Smith. Uncertainties in certain aspects of the transparency observations 

in SF
6 

led to both extensive spectroscopic studies and to the study of 

the role of degeneracy in transparency. 28 

r 
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In order to observe 2TI evolution, the area theorem (Eq. 34) 

implies that a laser pulse (preferably unmodulated) with an area be-

tween TI and 3TI is needed. For a given pulse duration and peak power 

per square centimeter, a particular electric dipole transition matrix 

~lement (or F-strength) is 'needed, and because of the small laser 

pulse energy, this consideration suggests the very strong (big F-strength) 

samples. Various observables are associated with the phenomenon of 

self-induced transparency:· The possible evolution to a lossless 

propagating pulse (a 2TI hyperbolic secant pulse), the anomalous delay 

of about one pulse duration per Beers' length of propagation, and the 

quantization of the transmitted spectral intensity at the resonant 

frequency. This quantization can be seen by noting that the pulse 

area is proportional to the pulse spectrum S(6w) at the center fre-
1 

quency. Since the photographic spectrum is given by ls(6w)l 2 , at 

6w = 0 it is proportional to (2nN) 2 where N is an integer. 



-24-

E. Photon Echoes 

If two pulses (separated in time by T) pass through an inhomoge-

neously broadened resonant sample, the sample can reradiate a third 

pulse (or echo) at a time T after the second pulse. This effect is 

depicted in Fig. 2. The example analyzed here is the response of a 

predominantly inhomogeneously broadened resonant absorber to a pair 

of pulses separated in time by T and with areas 
7T 
2 

and 7T; respec-

tively. Other broadening mechanisms are allowed, but their effect 

should be weak on these time scales. For simplicity it shall be 

* assumed that the pulse duration Tp is shorter than T2 . This means 

that no dephasing occurs during the pulses; another way of saying this 

is that the spectrum of the pulse exceeds the entire inhomogeneous line. 

If the optical thickness of the sample is less than one Beer's length 

this allows a simplification of the analysis because the problem can 

be broken into two parts: First the pulses affect the macroscopic 

polarization of the material, and then the macroscopic polarization 

is a source term in Maxwell's equation. Thus the reradiated pulse 

can be calculated. 

The first pulse traverses the thin sample at time t=O. Since the 

pulse are~ is 7T/2, Eq. (7) shows that the Bloch vector is rotated by 

90° from its initial value (W=-1, Q=O) to (W=O, Q=Q
0

), where the magni­

tude of Q
0 

is l and the phase is unimportant. Now Eq. (13) shows what 

happens to Q after the pulse has passed. Setting E = 0, the equation 

reduces to Q = -~wQ. The solution is 

Q = Q 
0 

-i~wt 
e 

and, from Eq. (15), the macroscopic polarization is 

P(t) 
-iw t 

= N]le o. r 
-00 

Q e 
0 

-i~wt 

g(~w)~w 

(35) 

(36) 
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Figure 2 

0chematic of photon echo experiment. 'l'wo pulses enter the 
sample (·with a temporal separation of T) and the sample, at a t·ime 
T after the second pulse, radiates a third (or "echo") pulse. Notice 
that the leading pulse does induce some radiation (called the "free­
induction decay 11

), and that in the case of a TI/2 and 7f sequence, 
the second pulse does not. 
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\. 

The first pulse sets up the sample with ions precessing in the 

U-V plane at their local~resonant frequencies, and the faster pre-

cessing (higher frequency) ones will move ahead of the slower ones. 

* They get out of phase, or "scrambled", in a time T2 . 

Equation (36) shows that the macroscopic polarization after the 

first pulse will have the time dependence equal to the Fourier trans-

form of the inhomogeneous lineshape (ass.uming that the sample is 

predominantly inhomogeneously broadened). This polarization is responsi-

ble for what is normally called the free-induction decay, and this lasts 

* for a time of the order of T2 , the inverse spectral width of the in-

homogeneous line. If the line is Lorentzian, integration of Eq. (36) 

yields 
* 

P(t) 
* -t/T -iw t 

( 2) 0 = -inT2N~Q0 e e 

If homogeneous broadening or lifetime broadening were important, 
-t/T2 Eq. (37) would be reduced by the factor e _ It is important to 

(37) 

note that Eq. (20 ) shows that the radiated electric field is proportional 

to the nonlinear polarization, and, thus, the radiate~ power goes as 
· - -2t/T 

the square of the nonlinear polarization or as e 2 

The second pulse in the sequence is of area TI, and one can see 

. from Eq. (7) that its net effect is to change Q into its complex 

* conjugate Q . This puts the faster isochromats behind the slower ones. 

If the second pulse were applied at time T then Q just before the 

pulse arrived would be Q e-i~WT 
0 

Equation (13 ) shows that this new Q will evolve as follows 

( ( ) -~w( t-T) * +i~wt -~w(t-T) Q t > T) = Q t = T e = Q e e 
0 

* -i~w(t-2T) = Qo e 

(38) 

,. 
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As in Eq. (36), to follow the macroscopic polarization, Q is integrated 
,. 

over the. inhomogeneous· linewidth. The integral is identical to Eq. (36) 

with the exception that the t in the exponent is replaced by t - 2T. 

Since the result of integration [Eq. (36)] gave the Fouriertransform 

of the inhomogeneous lineshape centered at t = 0, the polarization after 

the second pulse will be the same Fourier transform centered at 

t - 2T = 0, which is when t = 2T. At this time "un~dephasing" has 

occurred and all of the isochromats will again be in phase. The 

particular case of the Lorentzian lineshape would give an echo pulse 

with a sharp cusp at t = 2T, but other lineshapes would avoid this 

finite discontinuity in the first derivative of the echo envelope 

function. 

The correction for homogeneous broadening still holds; the 
-2T/T2 macroscopic polarization at time t '= 2T would be reduced by e 

The above analysis was done for an ideal sequence· (a ~ pulse 

followed by a 1T pulse). The more general result for the macroscopic 

polarization is 15 

P(t) 
-iw t 

= N]JQ e 
0 

0 

2 
8

2 g(t-2T) sin8
1
sin (

2 
) ( 39) 

where 8
1 

and 8
2 

are the areas of the first and second pulses, respec­

tively and g(t) is the Fourier transform of g(llw). 

Photon echoes have been obser~ed in Ruby1 (with Ruby laser light), 

in sF
6 

29 (with co
2 

laser light ) , and in Cesium vapor3° (with GaAs 

laser light). 

In the first observation of optical echoes, angular resolution was 

l necessary. The two pulses entered the sample at a small relative 

angle 8, and the echo is radiated with .its k-vector in the plane of the 

two beam k-vectors and with its k-vector turned an angle e from the 
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' second pulse k-vector (away from that of tb,e first pulse). Under 

ideal conditions where electronic time resolution was possible, this 

29,30 
. angular resolution has not been necessary. The picosecond time 

scale prevents any electronic resolution. An optical Kerr shutter
31 

could possibly be used to observe echoes without the aid of angular 

resolution, but the photographic sensitivity is even poorer than the 
I . , 

unsuccessful photographic attempts reported in this chapter. 

j 

' ' 

f. 

/ 

·•, 
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F. Experimental Program 

An extensive program is reported in search of self-induced trans-

parency and photon echoes with picosecond laser pulses. The mode-

locked. Neodymium-glass laser·generates a sequence of pulses (~ 5 pico-

seconds duration) sepa~ated by ~ 8 r;tanoseconds. (An extensive review 

article on this type of laser has been writ ten by DeMaria, et al. 32) 

The essential feature is that this_laser can support most favorably a 

single ultrashort pulse going back and forth between the mirrors.· Every 

cavity transit time, the pulse strikes the output mirror, and some leaks 

out for the experiment. 

The output spectrum of Neodymium-glass laser is centered at l. 06 

microns (1.17 · electron volts), and the second harmonic (which can be 

generated by passing the.pulses through the appropriate nonlinear 

crystals such as KDP or ADP) is at 5300 Angstroms (2.34 electron volts}. 

Under certain conditions, the pulse bandwidth can exceed 100 Angstroms 

in the fundamental and 50 Angstroms in the second harmonic. 

1. Possible First Harmonic (1.06 micron) Samples 

This frequency is much higher than the typical molecular vibrational 

frequencies, and is lower than most electronic transitions. The Neodymium-

glass laser rod (a 4-level system) is itself a possible sample; flashlamp-

pumped for a resonant amplifier, and pumped with~ 5 micron light for a 

resonant absorber (although glass absorption has made difficult pumping 

to the first excited state). The mode-locking dyes (Kodak 9740 and 9860) 

appear interesting, and singly ionized Barium33 ·could possibly be flash­

lamp-pumped (to the 3D metastable level) from which upward absorption 
1 

(to the 
2

P state) is at 1.0652 microns. The Csi M-center absorbs at 
1 

1. 05 ].1. The organic liquids listed in Table I, and isotopes of acetylene 

and cyanide gas have possibly accessible transitions. Possible excited 



-30-

state samples include the KCl M-center emission band, and KBr, NaCl, 

RbCl, and CsCl F-center emission bands. 

Table I. Organic liquids with strong absorption at l.06 microns. 

Name 

2 Amino l Butanol 

2 Aminoethanol 

2 (2 Aminoethylamino) Ethanol 

2 Amino 2 Methyl 1 Propanol 

3 ~no'l Propanol 

N Amylam.ine 

Cyclohexylamine 

N-Declyamine 

3 3' Diaminodipropylamine 

Ethylenediamine 

Hydrazine Hydrate 

2-2' Iminodiethanol 

-l a in em 

0.384 

0.91 ' 

0.322 

>0.45 

0.91 

0.715 

>0.91 

0.45 

0.78 

L67 

2.0 

0.55 

2. Possible Second Harmonic (9:53 JJ) Samples 

Reference 

34 

34 

34 

34 

34 

34 

34 

34 

34 

34 

35 

34 

This range allows consideration of certain color center absorption 

bands (F-centers in NaBr, Nai, KCl, RbF, and CsCl, and R-eenters in NaCl), 

the 4A
2

- 4T
2 

pumpband in ruby, and the direct gap transition in Gallium 

Phosphide (2.25 eV at room temperature 36). In addition, numerous dyes 

and related organic solutions have either absorpti'on or emission bands 

near 5300 A. Rhodamine 6G, for example, absorbs at 5300 A. 

3. On the Qualifications of Possible Samples 

The probable inappropriateness of all of the above sample candi-

dates is of concern; none may qualify for the ideal case of an in-

homogeneously broadened nondegenerate resonant two-level system. The 

.. 
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molecular vapors, for instance have highly complex (and overlapping) 

vibrational-rotational spectra (as in the case of SF6), and, thus, it 

may not be clear which levels may participate. Many candidates (the 

dyes, F-centers, and Ruby pumpband) are expected to exhibit a Stoke's 

shift (see section A of Chapter IV) within a few picoseconds or less, 

and so the levels in question will be changing on such a time scale. 

The same problem is expected for the direct gap transition in Gallium 

Phosphide because the electrons and holes may quickly migrate in K-space 

to K = 0. The Neodymium-glass system involves the degenerate 

4 4 F
312

- I
912 

transition in disordered .glass, and the organic liquids are 

such weak absorbers that long propagation paths might not be possible 

because of competing nonlinear-effects (such as self-focusing) . 

4. Self-Induced Transparency Search 

a. Nonlinear Transmission 

In search for self-induced transparency, the first attempts 

utilized the study of the nonlinear transmission of the different pulses 

in the mode-locked train. A sharp knee in the transmission curve 

(energy out versus energy in) could indicate that some pulses were 

evolving to a lossless (2rr) configuration. The difficulty here is 

similar to that encountered in the SF6 case; that coherent phenomena 

and- saturation (incoherent) phenomena can look quite similar if there 

is some degeneracy in the levels which participate in the transition.37 

In order to search for a sharp knee in the transmission curve, 

. nonlinear transmission experiments were performed as in Fig. 3. ' Two 

samples were studied with 1.0611 pulses. In both·Ethylenedia.mine and 

Kodak 9740 38 (in Chlorobenzene), the absorbing levels relax to their 

ground state between pulses. Thus cumulative effects (except heating) 

should be absent here. The saturation behavior previously reported for 
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Fast 
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The setup for measuring the changes in transmission. The 
oscilloscopes in variation A are synchronized so that an individual 
pulse can be identified in both pictures. From the pairs of photo­
graphs, one can plot energy out versus energy in for each event in 
the mode-locked train. The oscilloscope traces consist of vertical 
spikes separated by the laser cavity transit time, and the height 
of each spike is proportional to the energy in the corresponding 
pulse. • Typical s1-1eep speeds were 20 and 50 nanoseconds per centimeter. 

•: 
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":19 
Kodak dyes-'- was observed with nanosecond pulses, and so it is not 

easy to compare our results. 

Figure 4 shows the results for a five Beer's length sample of 

Kod&k. 9740 dye. Note in Fig. 4b that some earlier pulses in the 

train were transmitted a bit better than their later counterparts. 

'.rhese results were chosen for their exaggerated deviation at the be~ 

gin_ning of: the train. Usually only the first few pulses failed to 

fall on the curve made by the remaining pulses. This is probably due 

to the changing pulse duration and beam divergence during the mode-

locked train. The beam divergence can change, for example, in response 

to thermal stresses in the laser rod. Glenn and Brienza report that, 

!~ 
in their laser~ the pulse duration tends to increase during the train. 40 

If the earlier pulses are of shorter duration, then, for a given energy, 

the peak power must be higher. This can easily explain the deviations 

observed for the first few pulses. It cannot, however 9 explain why 

p~1ses 4, ), 6, and 7 in Fig. 4 had a transmission percentage which 

fell below the remainder of the curve. Again, this region of the curve 

deviates from the remainder by significantly more than most typical 

res11lts. The changing beam divergence could explain this but the source 

of these deviations is not easily pinned down. These experiments were 

performed prior to the perfection of the accurate mode control technique 

.J (Chapter v) . 

For these experiments, the points which showed laser-induced changes 

were discarded, so that the curves of interest w.ere essentially the 

second halves of Figs~ 4a and 4b. By this time, prestunably, the laser 

output divergence and pulse duration have stabilized (since it traces 

out a rather reasonable curve). Although the words "end of train" appear 

in Figs. 4a and 4b, there are many more events in the mode-locked train, 
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0 Energy in 

B 
Beginning 

of 
Train 

End of Train 
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0 Energy in 

Figure 4 
XBL 717-7024 

ll.. 

An example of the results observed in the 1.06~ pulse 
transmission experiments. The sample here is a 5 Beers lenGth 
cell of Kodak 9740 dye in chlorobenzene. Points are connected 
in the same order as they occurred in the mode-locked train. 
This ordering of points is indicated by the arrows. Note that 
the earliest pulses do not fall on the curve generated by their 
later counterparts. All units are arbitrary. These results are 
from the setup depicted in Fig. 3 . 

Note that the words 11 end of train" in these figures denotes 
the end of the oscilloscope trace. Usually 30 to 40 more pulses 
followed the end of the oscilloscope trace. 

• 
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but these were all that the oscilloscope could follow. In general, all 

of these later events continued toward the origin in Fjg. 4a (or re-

mained on the horizontal in Fig. 4b.) This is the regime of linear 

propagation (the last seven pulses in Fig. 4). Since the sample was 

five Beer's lengths, the transmission percentage could have changed 

by as much as·a factor of 100 although the data presented here show a 

change of only a factor of 3. (This factor was typical in most ob-

servations). There are a number of explanations of this "poor" 

saturation; an obvious guess was that the pulse power was insufficient, 

but for an F-strength of 1, the peak power per unit area for a 2TI 

pulse is of the order of l gigawatt per square centimeter. Clearly, 

powers in these experiments far exceeded these values (see Chapter V, 

Section B). This suggests that perhaps characteristic lifetimes (i.e., 

T2 ) were far shorter than the necessary few picoseconds. 

Although a specific interpretation of the data presented here is 

not strictly possible, the lack of a real transmission threshold in-

dicates that two-level nondegenerate transparency was not observed. 

On several occasions, the-pattern (such as in Fig. 4a) made several 

unexplained clockwise "loops". This is mentioned to point out that in 

spite of the ambiguity of the observations, there was never a case 

which favored self-induced transparency. 

Anomalous transmission studies were also performed on the 4A - 4T 2 2 

pumpband in Ruby (resonant with the second harmonic pulses). These 

experiments were performed after the accurate·mode control (described 

in Chapter V) was perfected. In this case, the observations suggested 

a cumulative effect; the first few pulses suffered a certain percentage 

transmission loss and all of the rest (regardless of input .energy) 

suffered a slightly larger attenuation percentage. This can 
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possibly be explained by noting that the pU!npband relaxes in two or 

41 . 2 2 
less nanoseconds to the E state. The E state can have upward 

transitions which are accessible with the 5300 A light. The F-strength 

4 4 3 for the A
2

- T
2 

transition is of the order of 10- while F-strengths 

from the relaxed excited state can be much larger. Thus the ruby is 

pumped into a configuration where it becomes an even stronger absorber 

(an "anti saturable absorber"). Perhaps. the techniques suggested 
" 

Chapter IV can be applied to time-resolve the dynamics of these transi-

tions. 

b. Streak Observations in pye Solutions 

In certain situations, the presence of a third level may effect 

self-induced transparency. Considered here is the case where a third 

level may hav~ a slight probability of being filled from the second 

level as in Fig. 5 
..• 

below. 

12> T3 
' ~ 

13> 
b.E=flw I 

,' T4 

ll) t. 
Fig. 5. A three-level system. 

If T4 , the spontaneous relaxation time from level 13> to level l1>, 

is sufficiently long, then certain experiments may be performed between 

levels 11> and 12 ) with the added restriction that the probability of 

occupation F of the third level satisfies the relationship 

00 

T3 ~ = Jr-ro la(6w,t)l
2 g(bw)~w ( 4o) 

This equation says that the occupation of level three is at the expense 

of the occupation of level 2. The occupation of level three after 
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the pulse has passed can be found by integration Eq. (40) 

00 

F = ~3 Jlla(6w,t) 1
2 

g{l\w) d(6w) dt 

2 3 But for a 21T hyperbolic secant pulse, ' 

. 2(ilil_) 
s~n 2 

1 + (6wTP)
2 la(t.w,t) 1

2 = 

(41) 

(42) 

where $(t) = 1~ ~ (t' )dt'. Substituting dt '= .9£, e(t I) = T2 sin(~2')) 
Ke K p 

and the Lorentizian lineshape, Eq. (41) can be integrated to give 

F = ( 43) 

* If the pulse duration Tp is greater than T2 , then this equation reduces 

* to F = 2T
2

/T
3

, which is independent of pulse duration. 

In phonon-coupled transitions in a dye solution, the above situation 

may exist. The dye exhibits a Stokes' shift in perhaps a couple of 

. d 42 
p~cosecon s. If self-induced transparency is occurring for a pulse 

which is a fraction of a picosecond in duration, then the above results 

would hold. With this motivation, an attempt was made to observe the 

fluorescence to aid in the transparency search, although there was no 

guarantee that the pulse would evolve to a 21T hyperbolic secant of 

appropriate duration. The dye selected was Rhodamine 6G. The setup 

and conceptual diagram are shown in Fig. 6. The camera observes the 

fluorescence from the third level (the :r_'elaxed excited state),and the 

density of the track or "streak" (at 5700 A in the case of Rhodamine .§_G) 

could indicate the evolution (and final demise) of the transparency ef­

* feet. For a pulse longer than T2 , the accumulated excitation in the 
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The setup :for detecting effects associated with self­
induced transparency. The camera photographs the streak of 
fluorescence produced by the laser absorption. The strength 
of :fluorescence at any point in the dye is proportional to 
the percentage of molecules left in the state labeled 13> 
in the insert of this figure. 
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third level is independent of the pulse duration for a 2TI hyperbolic 

secant. If the pulse is of height .e
0 

and duration TP, then the product 

must remain constant. As energy is gradually lost to the third level, 

~ is reduced, and thus T must increase in order to keep the product 
0 p 

constant . 

Watching such a pulse as it traveled through the dye, one would 

see that its duration would become longer and longer in order to com-

pensate for its losses. Observing the fluorescence from the long-lived 

level 3, however, one would find that the streak photographed from the 

side would be of constant intensity. 

As the pulse grows longer in the sample, its duration will even-

tually be of the order of T
3

, at which time self-induced transparency 

must cease. The anomalously low losses will disappear, and, thus, all 

energy in the pulse will eventually be deposited in level 13>. In 

this regime of "burnout" of a self-induced transparency pulse the 

streak can get brighter. The same argument can be applied to the 

beginning of the streak; the anomalously low losses do not set in until 

the pulse evolves to its relatively lossless configuration. The streak 

could start off bright, reduce to a constant level, and then "burnout" 

with an increase in fluorescence. The real distinction between trans-

parency and saturation is that in transparency, the streak~ be non-

monotonic; in saturation it must be a monitonically decreasing function 

of z. Figure 7 gives a pictorial description of this possible effect. 

The ~ropagation distance at which the '~urnout" should occur can 

be found by the following order of magnitude argument: The pulse 

power per unit area is given by net!_ T l ( 8rr ) , and the peak power is 
0 p 

multiplied by the pulse duration 
J ncf; T 
A= (Srr)P The transparency 

to get the pulse energy per unit area 

constrant (K~T = 2TI) can be inserted 
0 p 
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Transparency -
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Figure 7 
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Pictorial description of the three-level transparency experiment 
as described in the previous figure. No result in this laboratory was 
at all close to this. 
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In a cylinder of area A and length dz, 

the number of ions is (Ndz) A. The energy gained by the third level 

is that lost by the pulse, and thus from Eq. (43), 

This 

* 2T2 dJ = - Nhw -- Adz 
T3 

equation can be integrated to 

* 
J(z) J(O)- Nhw 

2T2 = 
T3 

find 

zA 

(44) 

(45) 

Equation (45) and the transparency constraint can be combined to find 

1 
T1Q)­

p 

1 
TTz") 

p 
= 

2 * 4K NhwT
2 

hen 

= 16 J}Nwg(O) (~) 
hen T3 

= 2 
2 1T 

(46) 

To find z . t, the distance at which the burnout occurs, Eq. (46 ) ·is cr1 · 

solved for z with T (z .t) 
p cr1 

Tp(O) is much less than T
3

, 

= T
3

. With the additional requirement that 

one finds 
. -1 T3 

z cri t ::::::: 5 a. ( T) · 
p 

Both ethanol and methanol solutions of Rhodamine 6G were studied. 

Streak photographs were taken for a whole train of pulses, and oc-

casionally there was only some sli"ght nonmonitonic character near the 

end. Since these photographs were the sum-of 50-100 independent events, 

not much individual pulse information could be extracted, although it 

must be pointed out that there was never a sharp rise in fluorescence; 

the features seen here represented only a few percent change from a 
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monotonically decreasing function of distance. 

An attempt was made to select a single pulse for the streak ex­

periments, but there was virtually no improvement in our hope for 

observing transparency because of the poor rejection of the unwanted 

pulses. The optical shutter was a homemade pair of Pockel's cells 

electrically in parallel but optically in series (to reduce the nec­

essary voltage). The alignment of the two cells and the.wandering of 

the c-axis within the cells prevented 100% rejection of the unwanted 

pulses. A rejection as high as 99% would still give a background as 

big as the signai, and a 75% rejection was typical in this laboratory. 

The large jitter in the spark gap made it difficult to know that the 

shutter opened for one pulse. (It could, for instance, be fully opened 

between pulses and only partially opened for the two nearest pulses.) 

The same conclusions as in the transmission experiments apply: 

no observation favored self-induced transparency. Presumably relaxation 

times were again shorter than the necessary few picoseconds. 

5. Photon Echo Search 

Figure 8 shows the various setups used in search of photon echoes. 

Kodak 9740 Dye was a 1.0611 sample and 5300 A samples were Rhodamine 6G 

and KCl F-centers at liquid Nitrogen temperature . Variations A and 

C use photographic film, and, hence, are insensitive at 1.06]1. A direct 

hit with 1.0611 light has left poloroid film unexposed. All three 

variations were tried for the 5300 A samples. As a precaution, both 

beams were checked to insure that they had the same linear polarization. 

Only in the case of 9740 was a faint signal detected, but further ex­

amination of the sample cell indicated a laser burn spot on the glass. 

When the cell was moved laterally a bit, the so-called signal went away. 

In addition, the signal did not go away when one beam was blocked.· 
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The setups used in the search for photon echoes. 

\ 
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In all cases, the·n, no echo signal was seen, although v~iations ' 

A and C at 5300 A could have easily detected 10-6 of the probe beam 

energy. Again, the previous conclusions prevail. 

A new setup for looking for picosecond pulse echoes is presented 

in Fig. 9. The basic concept is that the sample is in the focal plane 

of the lens. The top and bottom halves of the beam are delayed dif-

ferently by insertion of various flats in one path. These flats delay 

one portion of the pulse and a sequence strikes the sample which is 

suitable for generating echoes. 

If the lens has a focal length F, then 8 = D/F. The input dif-

fraction limited beam of diameter D has a divergence ~ of the order of 

~ = A./D, and so the diameter of the beam waist in the focal volume is 

given by d = F~. If the glass wedge has an angle y, then the beam is 

deflected through an angle .of y/2, and the lateral displacement of this 

beam (Fy/2) should be less than the diameter of the beam waist (other-

wise the two pulses will not pass through the same region of the sample). 

This requirement is satisfied if y/2 < A.D. 

Since parallelness of one-half arc second is commercially available, 

any diffraction-limited beam diameter less than 40 em will satisfy these 

requirements. All surfaces have to be antireflection coated (including 

the sample) so that multiple Fresnel reflections will not be misleading. 

One should obtain a set of such flats, although the cost of such a 

setup is presently prohibitive~ The aqditional delay of the glass flats 

will be approximately 17 picoseconds per centimeter. The focal volume 

could be located photographically by looking with a phosphor and camera 

at the streak that the beam would make in a cloud of water vapor from 

a nearby container of liquid Nitrogen, or could be studied with 

standard image conversion techniques. 

". 
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Figure 9 XBL 717-6932 

Proposedapparatus for searching for photon echoes. 
The angle 8 is exaggerated for clarity. All surfaces must 
be anti-reflection coated. 
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G. Post Mortem 

The search for picosecond time duration coherent optical phenomena 

was unsuccessful. A number of difficulties prevented direc-t;. o.bservations. 

There are basically three ;reasons why these effects (echoes and trans­

parency) could not be forced .. No sample could be found which satisfied 

all the restricted requirements, no linear detector was fast enough 

to resolve the pulse shapes, and the natural frequency modulation 

inherent in the Neodymium-glass mode-locked laser is far from being 

understood. If the frequency modulation is in fact monotonic in time, 

then one can perhaps expect certain effects which are related to adia­

batic fast passage,
14 

but this approach is not likely to lead very far. 

If, on the other hand, the frequency sweep shows some erratic component 

(as discussed in the next chapter), then the sign of the torque in the 

Bloch equation changes erratically, and the on resonant ions random 

walk away from the "southern Hemisphere" instead of being smoothly 

turned through the necessary large,~angles. Since the radiated echo· 

power goes as the sixth power of the net rotation (for two equal pulses), 

one can see that a random walk ~ould virtually kill the effect. 

It is important to note that the theory of self-induced transparency 

has never been able to accomodate the possibility of frequency-swept 

input pulses. Since we are not in control of the frequency sweeping, 

we are in no position to expect pulses to evolve to nice (2TI hyperbolic 

secant) pulses. 
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III. THEORETICAL STUDIES IN CHIRPING, PULSE COMPRESSION, 
OPTICAL KERR EFFECT, AND NONLINEAR DETECTION TECHNIQUES 

A. Introduction 

I 

The difficulties encountered in the search for coherent optical phe-

nomena were in part due to the uncertainties in the laser pulse amplitude 

modulation·and phase modulation. The ability to control (to some extent) 

these properties seemed most attractive. With the hope of being able to 

adjust the pulse shape, duration, intensity, and frequency profile, a 

systematic study of chirping and pulse dispersion was initiated. 

As a crude example of the type of problem discussed in this chapter, 

consider the hypothetical situation of two persons trying to play one 

trombone. One person chooses to play a certain pulse on the trombone, 

and can select any pulse shape he wants, while a second person can move 

the slide as he sees fit. The persons may or may not have knowledge of 

(or interest in) each other's actions. If the first player tongues a 

certaiq "pulse", and the second person happens to be moving the slide at 

a constant velocity, thep the output pulse will be "linearly chirped". 

Clearly there are much more complicated situations, and one may be able 

to unravel the actions of the two persons by performing a series of ex-

periments on the emitted pulse. One might, for instance, look at the 

response of a spectrometer, however it does not directly yield the kind 

of information that is needed. If the first person plays a pulse symmet-

rical about the timet , say, then the second person can time-reverse his 
0 

actions about t ·, and the spectrometer would not be able to distinguish 
0 

between these two cases. A more fruitful approach might be to study the 

passage of the pulse through various dispersive delay lines and to note 

the changes in the amplitude envelope. This can reveal information about 

the pulse because a dispersive delay line can convert frequency modula-
' 

tion into amplitude modulation and vice versa. 



The following section shows that when an intense unmodulated laser 

pulse passes through a Kerr material, the induced nonlinear index change 

acts upon the pulse in a manner similar to the effect of the person 

moving the trombone slide. 
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B. The Orientational Qptical Kerr Effect and 
Self-Phase Modulation in the Plane~Wave Approximation 

The orientational Kerr effect utilizes the alignment of anisotropic 

molecules. In an electrical Kerr cell, for instance, the externally 

applied electric field.tends to align the anisotropic molecules along 

their high polarizability axes, and thus induces an optical birefringence. 

In the optical Kerr effect, on the other. hand, the light itself performs 

the alignment. Since this alignment will have a time dependence, the 

changes in index of refraction will modulate the spectrum of the light 

pulse. 

1. Optically-induced Nonlinear Index Changes 

Consider a liquid of anisotropic molecules with a microscopic 

polarizabili ty tensor ~ = ( ~1 ~1 ~ ) where the molecule is, say, 
0 0 au 

longer and more polarizable in the z-direction. The polarization is 

I -+ ~-+ -+ -+ -+ 
given by P = a·E and so P is parallel to E only when E lies along a 

-+ -+ 
principal axis of the molecule. In general then, P is not parallel to E 

-+ -+ 
and so the net torque E x P is nonzero. This aligning tendency is 

counteracted by random molecular collisions which remind the molecule 

that it is in thermal equilibrium with its surroundings. It is important 

to understand that the following analysis is not valid for cases where 

the optical pulse duration is less than. the collisional thermalizing time. 

The electric field is written E = 1/2 €(t-z/v , t)(e-i(wot-kot-o~+cc), 
' g ·: ' 

and the index of refraction n = n +on. These definitions will be re­
o 

w n 
Here v is the linear group velocity in 

g 
tained throughout the chapter. 

the medium, w is the laser frequency, k = ~ 'e is the envelope 
0 . ' 0 . c 

shape function, and 8~ is the phase perturbation which may change to 

keep e real. 

One finds that the equation of motion ofthe index change for lin­

early polarized light is given by 43,44 
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T dOn =. - (on - n E2 ) • at 2 
(47) 

4nN 
Here n2 = 45n kT 

0 

2 · ( a.
11

-a.1 ) , where N is the number of molecules per unit 

volume and kT is the thermal energy. The. orientational relaxation time, 

T, is given approximately by nV/kT, where 11 is the viscosity and Vis the 

molecular volume. The above expression for n2 is found by evaluating (with 

the A.C. electric field on) the internal·energy associated with each 

possible molecular orientation to find the Boltzmann factor for each 

particular orientation. One then multiplies the susceptibility along 

the electric field times the Boltzmann factor and integrates over all 

possible orientations. 

Equation (47)seems reasonable. For a steady-state problem, for in-

stance, the left hand si-de of Eq. (47) is zero, and then- on = n2E2 . In 

the transient regime, if E
2 is suddenly switched off; then the nonlinear 

index dies with the characteristic orientational relaxation time, 

i.e. 
d(on) 
dt 

As in the previous chapter, the retarded transformation is written 

t' = t- zn/c 
(48) 

Z I = Z 

and, for short enough propagation distances the difference between group 

and phase velocities is neglected. (This neglect will be discussed later.) 

Integrating Eq. (47 ) one finds 

t' 

On(t',z') = "; ~~ 8 2 (t",z') .-(t"-t')/T dt" (49) 

45 . 46 
If self-steepening and self-focusing can be neglected (by suf-

ficiently short propagation distances)' then e2 and on are functions of 

t' alone (no z' dependence). 



... '·· 

'\ ,:J 6 \t ... · 
."'d .. {j ~J u ¥,l). ;J I 

-51-

2. Action of the Nonlinear Index Change Upon the Pulse: 

Plane Wave Self-Phase-Modulation 

The phase of the pulse is written as ~ = ~ + o~ where ~ is 
0 0 

w t-k z. The overall phase ~ satisfies the equation of phase velocity 
0 0 

(50) 
,. 

Expanding c/n into' (c/n )[1-on/n ], Eq. (50) can be written 

[_l..) + L ]_) .] ~ + [ oa ) + s_o __£_) J o~ - s_ on __£_) ( ~ -+: 
at n az t 0 at n az t n n az t 0 z 0 . . z 0 0 0 

&~) = 0 

(51) 

The first term in Eq. ( 51 ) is zero because it is the linear version of 

Eq. (50). If o~ is small, then it can be neglected in comparison to 

~ in the right-hand parentheses in Eq. ( 51 ) . Under these circumstances, 
0 

Eq. ( 51 ) reduces to 

a~ ) c on 0 

no no a;- t 

k c 
0 on =----
n n 

0 0 

But, from Eq. ( 48) it can be shown,that 

Combining Eqs. (52 ) and (53), 

On ( t I , Z I ) 

For fixed t 1
, Eq. (54 ) can be integrated to yield 

o~(t 1 ) 1
~ 

= ko on(t 1 z 1 )dz' n , 
0 0 

where ~ is the length of propagation in the sample. 

(52) 

(53) 

(54) 

(55) 
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The assumption that the pulse moves with the linear phase velocity 

V instead of the linear group velocity V will be Unreasonable if 
p g 

propagation distances are so long that two pulses (one moving at the 

linear group velocity and one at the linear. phase velocity) would become 

separated by one pulse duration T . The length at which this happens p 

satisfies the equation T = tc (i -;),but from linear optics the 
-" p g P.dn. 

w 0 
expression in parenthesis is equal to ; dw Thus the length at 

cT 
which this approximation breaks down is given by tc = an; If 

~ 
dispersion in the linear index of refraction is sufficiently small, the 

approximation will hold over a very long propagation distance. For the 
dn . 4 

case of cs
2 

7 Fig. 10 shows that dwo is approximately 0.0415/w, 
I 

so for a 5 picosecond pulse dispersion affects this approximation tf 

propagation distances are greater than 4 em. Self-phase-modulation is 

not destroyed for greater propagation lengths; the phase perturbation is 

just not quite cumulative· Dispersion could easily be inserted into 

the problem for more accurate phase functions at long propagation dis-

tances. 

Under this distance restrict_ion, integration of Eq. (55 ) yields 

oq>(t') = 
k t 
-

0
- On (t I) 

n 
0 

(56) 

This is the 'fundamental relationship of self-phase-modulation for the 

optical Kerr effect. If dispersion were important, or if the index 

change satisfied its own propagation equation (such as in electro-

48 
optic self-phase modulation ), then this would 'not work. 
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Carbon Disulfide 

1.5 L---1.------,------_._, _____ _;__~----------1 

0.5 1.0 1.5 2.0 
Wove I engt h (microns) 

XBL 717 -6937 
Figure 10 

Linear dispersion of carbon disulfide. 
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It is of interest to note that plane-wave self-phase modulation 

the0ry developed49 in order to describe the spectrum of "self,-

trapped filaments"' in which situation the plane..,.wave approximation 

can be questioned. 50 Because of low pulse energies, the genera-

tion of a spectrally broadened pulse was achieved by telescoping 

down the beam diamter to facilitate self-focusing. There has been 

no report of picosecondpulse spectral broadening in the absence 

of focusing. This technological problem is due to low pulse 
/ 

energies '(see section D3 of this chapter) and due to poor spatial 

beam quality. With the advent of TEM
00 

multijoule picosecond pulses, 

this problem will be minimized. Although focusing and self-phase 
'I 

modulation are both manifestations of the same physical phenomenon, 

propagation through distances short compared to the self-focusing 

distance will minimize the deviations from a plane-wave model, 

although clearly the effects of spat,ial structure cannot be completely 
\ 

eliminated. The weak edges of a pulse, for instance, will move · 

slightly towards the center due to self-focusing, and the spectral 

broadening will be less (because. e"~ is less). The model described 

here, then, is most applicable to the phase measured for that 

portion of the pulse which exits through a centered aperture whose 

. diameter is small compared to p~se spatial variations. 
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3. The Spectrum of Self-Phase-Modulated Pulses 

As an example of self-phase-modulation, consider the case where 

the pulse duration is much larger than 

time, so that Eq. ( 49 ) reduces to on 

the orientational relaxation 
n e2 
~ 'and thus orp = ko'lnr/(2no). 

This pulse is shown in Fig. ll along with the index change, the phase 

perturbation, the instantaneous frequency shift and the spectrum. Note 

thate?, on, and o~ are all proportional, and that the linear frequency 

sweep occurs at the peak of the pulse. The spectrum of the pulse ex-

hibits the characteristic modulation. This modulation can be understood 

by examination of the expression for the photographic spectral intensity 

of the pulse 

iii(n)l 2 = 
2
! r €(t) ei(O$+ili)atl 2 

-00 

(57) 

As Shimizu pointed out, 49 e( t) is slowly varying with respect to 

e -i ( o~+lli), so that the integrand can only be large when the exponent is 

independent of ti~e. This happens when o¢ = :..m' thus _ _£_ 0~ is called at 
the instantaneous frequency shift. The meaning of instantaneous shift 

is as follows: If one could instantaneously open and close a shutter at 

times t
1 

and t
2 

respectively, the output could then be put through a 

spectrometer. Although the spectrum would be smeared out at least as 

much as (t2-t1 )~1 , a careful analysis would show the peak of the smear. 
t2+tl 

at (w -¢) where the derivative is evaluated at the time Con-a · 2 

sidering a particular frequency shift s-2, Fig. ll shows that, in general, 

there are two points on the curve which contribute to the integrand. 

These two contributions are complex numbers, and they can add or subtract 

(depending upon their phase relationship). If the two points where the 

instantaneous frequency shift is "correct" are at times t
1 

and t 2 re­

spectively, then S'2(t
1
-t

2
) must equal 2NTI for constructive interference 
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I SWEEP HAVE DIFFERENT q. POINTS WITH EQUAL 
INSTANTANEOUS FREQUENCY 

I INTENSITY 

I . , 

I 

CALCULATED 
SPECTRUM~ 

t' (picoseconds) 

XBL 717-6940 

Figure ll 

·The structure of an optical pulse which has 
undergone self-phase-modulation. In this example, the 
relaxation time is short compared to the puls.e duration. 
~:how·n is the pulse intensity, the nonlinear index change, 
the phase perturbation, the instantaneous frequency shift, 
and the spectruni. The full 1/e pulse duration is 5 pico­
seconds. Note that the Stokes-antistokes broadening is 
symmetrical. 
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and must equal (2N+l)TI for destructive interference. (Here N is an 

integer.) It can be seen from Fig. ll that the destructive interference 

is not perfect; this is because the intensity is quite different at the 

two points which contribute to the integral. The depth of the minima 

will increase as the phase perturbation gets larger (with greater 

propagation distance, for instance). This is because the two points 

with frequency shift S} will be closer to each other in time, and, thus, 

intensities at those two times will be less different. This will allow 

for more complete cancellation. 

In the example in Fig. l2, on the other hand, the instantaneous 

frequency shift was chosen to be a symmetric function, so that the two 

contributions to each integrand are fro.n regions of equal pulse inte~-

sity. In this case, the destructive interference is mU:ch better; the 

spectral intensity goes much closer to zero at the minima. The fre-

quency shifts are all Stokes (that is, the center of the pulse spectrum 

lowers its frequency as the pulse propagates), while in the previous 

case of ari anti symmetric instantaneous "frequency shift the 

Stokes and the antistokes broadening were equal. 

In both examples, it should be noted that the relative maximum 

(minimum) in the instantaneous frequency shift generates the most anti-

stokes (Stokes) shifted peak in the spectrum. This is because there are 

not two points to interfere;·there is just the one point and so.the 

modulus of the ~ntegrand in Eq. ( 57 ) is large. In general a turping 

point in the instantaneous phase ~ corresponds to the generation of 

several relative minima in the spectrum. 
. a 

Note that although at o~ 

is useful in describing the observed spectrum (the stationary phase 

argument), no such differentiation appears in the expression [Eq. (57)] 

for the photographic spectrum. In the analysis which follows in this 

chapter, exact expressions will be used. 
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POINTS WITH EQUAL 
INSTANTANEOUS FREQUENCY 
SWEEP HAVE THE SAME 
INTENSITY --

CALCULATED --­
SPECTRUM 

-5 0 +5 

The description of a 
symmetric f'rec1uency shift. 
and the spectral minima are 
quency shift case (depicted 

t' {picoseconds) 

XBL 717-6941 

Figure 12 

symmetric optical pulse with a 
The spectrum is all Stokes shifted, 
deeper than in the aSJlrunetric fre­
in the previous figur~) .. 

.J i 
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C. Dispersive Delay Lines and Their Influence 

on Chirped and Unchirped.Pulses 

Compressing chirped pulses with dispersive delay lines has been 

familiar for some time to scientists working at microwave and radio 

. 51 52 frequencles. ' There had been no similar development in pulsed non-

linear optics until Gires and Tournois, 53 . 54 
and Giordmaine et al. 

independently proposed the compression of optical pulse envelopes 

(shortening of the pulse duration) by techniques analogous to those used 

at microwave frequencies. The pulse is first frequency swept in time 

and the resultant "chirped" pulse is then compressed in time by passing 

it through a syst.em (compressor) which acts as a dispersive delay line. 

Duguay and Hansen 55 accomplished such a compression by employing rf 

eiectroptic modulation as the "chirper" and the interferometer of Gires 

and Tournois 53 as the compressor: 

One can describe, in crude terms, a dispersive delay line as a 

passive element which delays different frequencies different amounts. 

This figurative definition can be misleading because Fourier com-

ponents are integrals over time. More accurately, then, one might say 

that the speed of a pulse through a dispersive delay line will depend 

upon its center frequency; yet this does not tell the whole story. 

TPe correct approach to the problem is to describe the dispersive 

delay line as a device which adds different phase shifts to different 

Fourier components. Since this is a linear device, the problem can be 

analyzed in the traditional manner:·the input is Fourier analyzed, the 

response of the device is found for each Fourier component, and the 

resultant pulse is reconstructed. Only a linear nonattenuating dis-

persive delay device is considered here, and thus the photographic 

~.. 2 
spectrum IE(w) I cannot be altered by such a device. The delay line 
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transfer function can then be written as exp(-iQ(w)) where Q(w) is 

real. For Q = W· -w one finds for E , the complex compressed field8 ,5l,56 
0 c 

Ec = e-::ot ~_: dt'dQ ~(t')exp i[ocp(-t;') + Q(t'-t)-Q(Q)] 

(58) 

where the input pulse is written as in section B ofthis chapter. 

Expanding Q(Q) in a power series (i.e. Q(Q) = Q + Q Q + Q Q
2 + ... ) , 

0 l 2 

it is seen from Eq. (58 ) that Q (the overall phase) can be neglected. 
0 

The Q
1

Q term can be absorbed into the exp[iQ(t'-t)] by redefining t, 

and thus Q
1 

corresponds to an equally uninteresting group delay. The 

Q
2

Q2 term is then the first important term in the series. It will be 

assumed that this term dominates the higher order terms, and Q(Q) can 

effectively be replaced 

over Q to yield 51 •56 

2 in Eq. (58 ) by Q2Q . One can then integrate 

E = c 

-i[~ + W0tl i(4~:)( 
..::.e ______ e } ~ dt' 

2/-rrQ2 _oo 

e(t')exp[i(ocp(t 1)+ ;~t )] 
2 

(59) 

A linearly chirped pulse, for example, has a quadratic time de-

pendence of ocp. Thus Q2 of the grating pair (or "compressor") can be 

adjusted so that the first two terms cancel 

2 t 12 
which implies that ocp = -St I = - -4- . or, 

in the exponent of Eq. (59), 

Q2 
equivalently, that 

-1 ~ S = 2Q2 . If one further assumes that c ( t 1) is a Gaussian 

[e'(t') = e
0

exp(-:-2 t 12/Tp2 )] where Tp is th.e fulll/e intensity width, 

then Eq.(59) can be evaluated to note that the intensity, I(t) is given 

by 

I(t) cr exp[-t2/(2/ST )2 ] 
p 

which is a Gaussian pulse of duration Tc ~ S~ . 
p 

order of the pulse bandwidth, the pulse has been 

(60) 

Since ST is of the 
p 

compressed to near its 

-1. 

·~ 
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uncertainty limit. Thus, an increase in the linear frequency sweep 

(and, hence, in the bandwidth) increases the possible compression 

efficiency. 

For a pair of parallel gratings spaced b.apart, the dispersive 

delay can be calculated from the grating formula 
2'1Tc = siny·+ sin(y-8), 
wd 

where y is'the angle of incidence, dis the grating constant and e is 

the scattering angle; and from the path length for a given wavelength 

b(l+cose) 
p = cos(y-e) · 

. 8 56 
The dispersive delay is given by ' 

Q2. = 1.1. ~ ~ 
2 c dw- ]

-3/2 
2Tic . 2 

-( wd - Slny) (61) 

The converse of pulse compression is also of some interest. A very 

short pulse will come out longer and chirped (the time-reversed problem). 

This can be seen by letting e( t I ) exp ( iO <P) : 0 ( t-t ) . 
0 

Inserting this into 

Eq. (59) and performing the trivial integration, the only term quadratic 

in t is the exponent which precedes the integral. Thus a positively 

frequency-swept pulse is compressed to a short pulse, while a short 

pulse is expanded and is given a negative frequency sweep. This pUlse 

expansion is characteristic of ionospheric whistlers, which are responses 

to a delta-function electromagnetic pulses from lightning discharges. 57 

In the simplest situation, the radiation travels spherically outward 

from the lightning· in, say, the Southern hemisphere and strikes the 

ionisphere. If a cosmic ray has produced sufficient electrons, there 

can be a tube (or "duct") of higher electron density trapped along a 

magnetic field line, then this can act as a waveguide for the lightning 

pulse. The dispersion is due to the cyclotron electrons in the earth's 

magnetic field, and when the resultant pulse emerges in the Northern 

hemisphere it is "chirped". 
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D. Compression of Self-Phase-Modulated Pulses 

The author of this thesis has reported the possibility of com-

pressing self-phase-modulated pulses with linearly dispersive delay 

1
. 8 1nes, and this section describes details of that pulse compression 

process. The technique was discovered in trying to find a source of 

' 5 6 the modulation that Treacy had reported. ' It is shown that a 

dispersive optical delay line (such as a grating pair) can produce 

significant pulse compression by employing the large positive chirp 

obtainable near the center of a short pulse as a result of self-phase-

modulation. When the relaxation time of the nonlinearity is much 

less than the pulse duration, the region where the positive chirp is 

largest and least dependent on time occurs at the peak of the pulse and 

large compression ratios are possible. For longer relaxation times, 

this region is delayed with respect to the peak of the pulse. Con·· 

sequently, the chirp cannot be used as efficiently for compression. 

1. Carbon Disulfide as the "Chirper" 

Liquid cs2 is considered because of its large optical Kerr effect 

and short relaxation time (2 picoseconds).58 As in section B, the 

propagation distance is less than both the self-focusing distance and 

the shock distance. Thus plane wave arguments hold and the envelope 

e(t' ,z') does not change as the pulse propagates (implying that e has 

no z' dependence). It is also assumed, for the time being, that the 

pulse is initially not phase modulated. 

For a relaxation time short compared to the pulse duration T , 
' p 

Eqs. (49) and (59) show that the phase perturbation closely approximates 

the shape of the intensity profile. A symmetrical pulse develops an 

approximately constant positive chirp, S , near the intensity peak and 
0 

the pulse envelope can be compressed by matching this chirp to the 

.· 
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inver$e of the.delay per rmit frequ~ncy of a delay line linearly dis-

persive in frequency. ·.If self-pha,se-modulation dominates the pulse 

spectrum, the bandwidth is of the order of S T /2. The minimum com­
o p 

pressed pulse envelope width, Tc' obtainable .is of the order of the in-

verse bandwidth, or (2:rr )J (S 
0
Tp). In the limiting case of zero relaxation 
8k .R-on 

time, S is approximately 
0 

0 max from Eq. ~9 ) where on 
max 

T 
2 

n 
p 0 

the maximum index change. 'Therefore for the case of instantaneous 

relaxation, 

T 
c 

rrn T 
~ _ __;;o___.p;__ ___ , ~ 

4k Mn +rrn 
o max o 

rrn T 
0 p 

2 2k .R-n2 S +rrn 
0 0 0 

is 

(62) 

where e is the maximum field amplitude. The second term in the de-
0 

nomenator has been inserted in case of little or no self-phase-modulation. 

Since n
2 

= l.3Xl0-ll esu, 
59 

a 75 gigawatt/cm2 pulse generates an 

. index change, n2 e~/2, of the order of 2.8xlo-3 . For a 1.06 JJ pulse of 

' ' ' 

.5 picosecond duration linear dispersion becomes significant at a dis-

tance of the order 4 em if relaxation of the nonlinearity is neglected. 

Relaxation diminishes compressibility by delaying and reducing the maxi-

mum chirp. In the limit ofT much shorter than the relaxation time, T, 
p 

Eq. (49) shows that the phase perturbation becomes monotonically in-

creasing across the pulse since on is then proportional to the time-

integrated intensity. The chirp is thus non-zero only on the wings of 

the pulse. Were such a pulse passed through the delay line the most 

intense portion would remain rmcompressed. 

In the case of an intense plane-wave laser pulse propagating 

through a Kerr liquid, the resultant instantaneous frequency shift of 

the pulse does not exhibit a linear time dependence. Thus, one cannot 

find a Q
2 

which sets the expression (oq>(t') + t •2 /4Q
2

) in Eq. (59) to 

zero over the entire pulse. The problem of compression of a self-phase-

modulated pulse is most easily treated numerically. Equation (59 ) 
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was integrated to obtain the phase perturbation for a Gaussian intensity 

profile. The approximate instantaneous frequency shift, ~ = - a!<P 
as a function of time is shown in Fig. 13 for a 5 picosecond pulse of 

' . 2 
75 gigawatts/em peak intensity after propagating 3 em in cs2. The 

maximum index change is of the order of 1.5 down from the case of in-

stantaneous relaxation. The pulse can be compressed by passing it 

through a delay line with dispersive delay chosen to match a particular 

chirp near the intensity peak: The optimally compressed intensity pro-

file is found by numerical evaluation of Eq. (59) for different values 

of Q~. The resultant pUlse envelope is shown in Fig. 14 . The optimum 

value of Q2 was numerically found to be 0.65x1o-26 sec2 for this 

particular case. The optimization point was found by increasing Q2 , 

which is proportional to the compressor setting, until the shortest 

pulse was found without substantial side lobes. These side lobes in-

creased with further increase in Q2 beyond the optimum value. Figure 

15 shows the sensitivity of the output pulse form upon compressor setting. 

For a compressor made of two parallel gratings having 300 lines per mm 

and oriented so that the angle of incidence is 60°, the grating separa-

tion to give the optimum value of Q2 is 4.0 em. 

The full width at half-intensity of the optimally compressed pulse, 

-14 T , is 5Xl0 sec. These results are down by an order of magnitude 
c 

from the estimates made earlier neglecting relaxation and assuming a 

constant chirp over the,., pulse. The optimum value of Q2 corresponds to 

the slope of the frequency shift at a point between the peak of the 

pulse and the. point of maximum slope (and constancy of slope) . Thus the 

maximum compressed pulse orig~nates primarily from a region which 

simultaneously optimizes the intensity and constancy of slope. The 

relatively large compressed pulse width confirms the adverse influence 

• 
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Wo 

-2.5 0 2.5 5.0 7.5 

Time (picoseconds) 

XBL 717-11')K 

FigUre 13 

Plot of the time derivative of the phase perturbation across an 
optical pulse for a 3 em propagation distance in CS2 . The pulse has a 
peak intensity of 75 Gw / cm2 and a full 1/ e intensity width of 5 .psec, 
and the relaxation time is 2 psec. The intensity peak occurs at 0.0 
on the, time axis. For a zero relaxation time the cross-over point 
would be at 0.0 and the maximum and minimum values would be .086 
and -.086, respectively. 
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Figure 14 XBL 717-1199 

The intensity profile of the optimally compressed pul~e 
corresponding to the phase perturbation shown in Fig .13. The' initial 
Gaussian intensity is shown dotted .. The intensities have been- . r 

·normalized to the ini tii:i.l peak 'irttensi ty and ·the comp-ressed pulse 
has been 'shi·fted s·o that.the peak-s ·coipd.de. ·The ;value ,of Q2 ·,-rhich 
bptimi.zes the Compression GOrre.sponds to the Slope of t}1e curve in 
Fig~ 13 · .evaluated at 1: 31 :pse¢, as ) can be seen :ln the follm-rihg 
_figure.· . · · . . . · 
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Figux:e 15 XBL 717-7034 

The compressibility of the CS2 chirped pulse (as in Fig.l3 ). 
Shown are the various output pulse snapes for different settings of 
the dispersive deJ.ey line. Percentages refer to the optimum setting . 
. The curve labeled 100% is the same as in the previous figure. Scale 
factors are included because of the temptation to compru·e this figure 
with its two nearest neighbors. Photographic reduction of these three 
di{ferently sized drawings will most probably result in a bit 'of 
confusion. The pulse labeled 100% is intensified from the original 
by a factor of 29, and the full half power width is .05 picoseconds. 
Note that the most compressible part of the pulse is not att'=O . 
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of relaxation upon the effective chirp. The case calculated here 

Should be fairly re~istic indicating that compression ratios of the 

order of 100 can be obtained. The initial chirp on the ~odymium laser 

pulses
6 '7 ' 10 

is small by comparison, and it could, in principle, ba 

eliminated with sufficiently narrow bandwidth optical amplifiers. 60 If 

necessary, one can get closer to the earlier calculated limit of com-

pressibility by putting the cs2 in a pressurized high-temperature cell 

to reduce the orientational relaxation time; and this will move the region 

of linear chirp closer to the center of the pulse, althotigh this approach 

is not very practical because of the high volatility of cs2 • 

Since publication of our paper suggesting compression via self-

phase-modulation and dispersive delay lines, Lauberau has reported some 

· tal ·f·· ·t· 61 ' 62 H t 20 · d ·ul h. h exper~men ver~ ~ca ~on. e genera es p~cosecon p ses w ~c 

are nearly uncertainty limited, and passes them through a series of 

cells of various mixtures of cs2 and cc14, and then through a grating 

pair. .Again, pulse compression is evidenced by the narrowing of a TPF 

pattern (the dangers of this approach are outlined in the next section). 

He reports compression ratios of the order of five, and tricks had to be 

used to avoid self-focusing. This new evidence agrees qualitatively 

with the theoretical predictions of this section. 

2. Electronic Distortion in Glass as the "Chirper" 

Recently, Alfano and Shapiro reported 63 ,64 four-photon parametric 

coupling, self-phase-modulation, and small-scale filaments in glasses 

and transparent crystals. These effects cannot be explained in terms 

of molecular orientation, and so the source must be due to· a nonlinear 

electronic polarizability. This type of nonlinearity probably responds 

much faster than the orientational response times, although the effect 

is. several orders of magnitude weaker. Duguay, Hansen, and Shapiro 
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. 65 
have also made est~mates of n2 in certain glasses and they report that 

n
2

(cs
2

) = 110 n2 (BK-7 glass). In addition, Maker apd Terhune66 report 

n
2 

for calcite to be another order of magnitude lower than that of glass. 

Since it is of interest to extend the pulse compression work for these 

faster (but weaker) nonlinearities, the cs2 compression calculation has 

been repeated for an instantaneous relaxation time, but with the same 

product of n2~2. In this case, the point of optimum chirp is the center 

of the pulse, and the dispersive delay needed to optimally compress this 

pulse is approximately half that needed in the cs
2 

case. 

Results are shown in Fig.l6 The optimally compressed pulse is 

twice as intense as in the cs2 case (because the linear portion of the 

cs2 chirp was not at the peak of the pulse), and its duration is roughly 

half that of the cs2 case (the full duration between half power points 

is 0.028 picoseconds). Although these glass results seem to be twice 

as efficient, a bit of caution should be in order because of the long 

propagation lengths necessary. Distortion in the beam preparation 

optics could yield a significant change over such a distance, and the 

possibility of transient scattering phenomena (such as Raman and 

Brillouin scattering) could be enhanced. Although transient Raman 

studies have not. been performed for glasses, the Raman effect could be 

suppressed by the introduction of some linear dispersion into the glass; 

I this will prevent. the Raman and laser modes from coupling. Such a sys-

tem would have to affect the Raman shifted light (about 3000 cm-1 ) while 

-1 not affecting.thelOOO em spectral broadening. Although this is in 

principle possible, it may not be necessary because Alfano and Shapiro64 

did not report Raman scattering although they saw frequency sweeps of 

the order of w /4. 
0 
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XBL 717-7021 
Figure 16· 

The calculated compression of self-phase-modulated ~ulses 
where the nonlinearity is due to electronic distortion in glass. 
Sho\>m are the various pulse shapes for slie;htly different settinss 
of the dispersive delay line~ The percentages,refer to the optimum 
setting; and this figure shows that the effect is q_uite sensitive 
to the setting of the dispersive delay line. The optimally com­
pressed pulse has a full half-power duration of .028 picoseconds 
and a peak power 60 times that of the input pulse. 
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3. Avoiding Self-Focusing 

Although there are ways of predicting the chirp due to self-focusing 

' · • 50 · · 
for nanosecond duratio~ pulses, it is not yet clear what form of 

chirp a 5 picosecond pulse will have after rself-focusing. -For this 

reason it is probably advisable to avoid self-focusing, and there are 

basically two ways to do this. The first way is to artifically add 

divergence to the beam by putting the liquid in a series of short cells 

with perhaps diverging lenses as spacers, although this method has a 

lot of uncertainties in its operation. The second way of preventing 

self-focusing i~ to have such a large pulse energy that the beam diam-

eter (and, hence, the self-focusing distance) can be_made as large as 

necessary. For a given pulse duration, the maximum possible compression 

ratio goes as the square root of the pulse energy. This can be seen 

from the following argument: From Eq. (62) the compression 
I 

ratio 
T 
_.12_ 
T 

c 
ex l+£on and the focusing distance z is given 

max 
46 

by 

If a pulse has an energy J and is of fixed duration (of, say, 5 pico-

seconds) then the beam diamet~r D and the propagation distance .R, are 

both adjustable :rarameters. Now on is proportional to max 

per unit area, or J/D2 , so the compression ratio becomes 

the peak power 
T 
_l2. ex l + .R,J /D2 
T 

c 
Focusing can be prevented by setting Zf = 2£, _which implies that 

This express,ion for .R, can be substituted into the compression 

ratio to get that the maximum compression ratio is proportional to one 

plus the square root of the energy. 

This proport~onality can be calibrated by looking at the numerical-

example which showed. that the pulse had a compressibility of 100 after 

passing through 3 em of cs
2

. The focusing ~istance equation reduces to 

Z = 6D for 75 gigawatts/cm2 . If the focusing length is to be 6 em 
focus 

(to be on ~he safe side), then the beam diameter D must be l. 0 em, and, 
\\, 
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thus, .the total energy in- the pulse must be 1/4 joule. Thus -for CS 
2 

the optimum compression ratio is gi veil by 1 +20.0 IJ , wher~ the pulse 

energy J is in joules. (For gl~ss the optimumcompressiori ratio is 
~- ' 

approximately tw<;> times bet~er-.)- For a typical TEM
00 

unamplified 
\ 

. . - -4 . 
mode-locke<,i pulse, J ~ 10 j~ules, and s,o the maximtirrJ. compressibility 

\ . ~-
~ 

conmiensurate with no focusing is·a factor of three. ·Thus, one. must 

use. speeiaJ. tricks ·to avoid focusing if one wants to compress weak· ' 

pulses by large factors. 
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E. Two-Photon Fluorescence 

Since the following section discusses the implications of Treacy's 

. 5,6 ( ) exper1ments with two-photon fluorescence hence TPF display of 

compressed and uncompressed pulses, a review of the TPF technique is 

presented here. 

67 
___ The TPF technique was first introduced by Giordmaine, et al., 

and has enjoyed extensive use in the last four years. The technique 

involves splitting a laser pulse in two, recombining the two pulses from 

opposite directions in a cell of dye which absorbs at 2w, and photograph-

ing the streak of fluorescence observed from the side. Each pulse in 

the cell will give a background, and, where the two pulses cross, the 

streak will be brighter due to the nonlinear character of two-photon 

absorption. Because of the difficulty in distinguishing between ultra-

short pulses and random thermal noise on longer pulses, early use of 

this technique often led to erroneous interpretation. This difficulty 

can be partially avoided if one takes care to measure the ratio of the 

peak intensity to the background intensity, as independently pointed out 

.. . 68 
by Klauder, et al. and by Weber and Dandliker. Both groups showed 

that the expression for the pattern f(z) is given by 

(t I - 2z )dt I 
v 

g 
(63) 

where r
1

(t) and r2(t) are the intensities of the two pulses entering the 

dye cell, v is the group velocity of a pulse in the dye solution, and 
g 

z is the distance from the center crossover point in the cell; 

Note that the first term in Eq. (63) gives the background, while 

the second term is an intensity autocorrelation function. The contrast 

ratio is g~ven by f(O)/f(oo) = 3, .while random thermal noise should 
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. 68 
generate a contrast ratio of 1.5. 

. . . 
The one c·ruci'al drawback of this 

·technique is that an' autocorrelation function emphasizes the sharp 
.. 

structure and obscures tJ:ie gross features of the pulse. 
' . 
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F. On the Nature of Chirping in Mode-Locked Laser Pulses 

In performing the computer calculations in section D, a minor error 

led to the discovery that grating pair pulse compression data could 

easily be misinterpreted. The erroneous calculations were performed 

with the incorrect sign for Q
2 

in Eq. (59 ) and only the calculated 

TPF pattern was used to determine the degree of pulse compression. The 

optimized compression ratio would come out much smaller than expected, 

and the compressibility was not a very sensitive function of Q2 . After 

noticing the improper use of the Fourier transform subroutine, the 

sign of Q
2 

was changed and the computer calculations started looking 

reasonable. It was several months later that this preliminary error 

was further examined, and it was noticed that what probably had happened 

was that the wings of the pulse in Fig. 13 (where the chirp was the 

other sign) were being compressed, while the central portion of the 

pulse was left relatively unaffected. This observation led, in turn, 

to the discovery that there may be more general interpretations of .., 

Treacy's grating pair pulse compression experiments5•6 on mode-

locked Neodymium-glass laser pulses. These experimen~s had led to the 

detection of a quadratic term in the pulse carrier phase ~(t), i.e., 

~(t) = ~w0t - ~ St
2 

(corresponding to a linear sweep of the carrier 
. 

frequency¢ ). 6 
Also reported was the resultant compression of the 

pulses when passed th~ough a 4.5 picoseconds/lOOA dispersive delay 

line on ~ccount of S being positive. These results could be regarded 

as evidence that the pulse carrier phase function is a simple quadratic 

in time with positive s.7 In this thesis it is noted that these ob-

servations do not rule out phase functions more complicated than one 

which undergoes a linear frequency sweep, and that the net frequency 

change across the pulse need not.necessarily be positive. 
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In the experiments reported in Refs. 5 and 6 compression of 

the pulses passing through the grating pair was inferred from the 

reduction in size of the TPF pattern. Since the grating pair compen-

sates for a positive frequency sweep, a quadratic dependence of <P on 

time could explain the size reduction of the TPF pattern. It was 

6 reported, however, that the ~PF pattern formed by crossing the com-

pressed pulses with the uncompressed pulses was significantly broader 

than the TPF pattern formed by crossing the input pulses with them-

"Selves. This observation is difficult to interpret if the phase fun'c-

tion is assumed to be a simple quadratic in time. 

If one considers, on the other hand, a more general phase function 

~(t) which undergoes both negative and positive frequency sweeps, the 

dispersive delay line used in the experiments would act to compress the 

portions of the pulse which undergo the appropriate positive frequency 

sweeps but would tend to stretch out those portions of the pulse which 

· undergo negative frequency sweeps . As a result, a smooth intensity 

profile pulse, after passing through the grating pair, will develop 

sharp structure superposed upon a base which is broader than the 

·original/pulse. The TPF pattern for the output wave form would exhibit 

a narrow central maximum due to the fine structure, but the TPF pattern 

for the output pulse crossed with the input pulse could be broader than 

the TPF pattern for the input pulse crossed with itself. One example 

of such a phase function would be the Gaussian random phase which 

satisfies the ensemble averaged relation ( [ocp(t+T) - ocp(t)] 2
> = 2DT, 

where D is the phase diffusion constant. This model is in good qualita­

tive agreement with Treacy's grating pair observations.5,6 

.In order to show that a more complicated phase model can be applied 

-
to pulse compression data, this thesis presents the altered pulse shape 

·~ 
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and the various TPF patterns which result from passing such a randomly 

phased Gaussian shaped pulse through a dispersive grating pair. The 

random phase is generated by executing a one-dimensional random walk69 

with a step size (2Df~T) 1/2 where fit is the time increment. This dif-

fusion of phase generates a Lorentz spectrum with full width flw = 2D. 

The diffusion constant D can_be adjusted so the spectrum of the pulse 

agrees with the observed value .. 

Typical numerical results based on Eqs. (59) and (63) are shown in 

Fig. 17 . The value Q2 has been chosen to correspond to Treacy's dis­

persive delay of 4.5 picoseconds/100 A. The Gaussian input pulse has 

a full 1/e intensity width of 5 picoseconds, while the spectral band-

width associated with phase diffusion is chosen to be 65 A. The input 

and output intensity profiles are displayed in Fig. 17A. The output 

pulse has developed considerable fine structure. The spread in in-

tensity also appears to be wider in the output pulse than in the input 

pulse. The various TPF patterns are compared in Fig. 17B. Shown are 

patterns for the input pulse crossed with itself (I-I), the output pulse 

crossed with itself (0-0), and the input pulse crossed with the output 

pulse (I-0_). For the calculation of all patterns it has been assumed 

that the two pulses which enter the TPF cell have the same energy. The 

narrow central portion of the 0-0 pattern resembles that r~ported in 

Ref. 6 . The peak in the 0-0 pattern also drops to an intermediate 

background plateau, which could correspond to the haze observed on each 

side of the central bright spot in the TPF photographs. The I-0 pattern 

is asymmetric' and is broader than the 0-0 pattern. 
I 

In repeating the calculation for different independent random phase 

walks the SHG efficiency of the output pulse undergoes fluctuations of 

the order of 10%. A variation in SHG efficiency from pulse to pulse in 
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crossed with 

crossed with itself 
a. 
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Distance, millimeters 
XBL 717-A9RO 

Figure 17 

(a) Intensity pulse shapes as functions of z=ct for 
input and output pulses. The compressor setting corresponds 
to a dispersive delay of 100 A per 4.5 picoseconds, and the 
diffusion constant D corresponds to a bandwidth of 65 A. 

(b) Calculated TPF patterns corresponding to the 
puises shown in (a). Depicted are the I-I, the I-0, and 
o~o patterns. Each pattern is normalized to unity at the 
center of the dye cell. The horizontal scale corresponds to 
the case of vg = c inside the dye cell. The horizontal scale 
should be expanded by the index of refraction for the particular 
solvent. 

.. 
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a dispersed train has been observed by Treacy to have both systematic 

and erratic components. 
6 

If a random phase model is applicable, some 

scrambling of the phase function during each transit could account for 

the erratic component . 

Actual TPF photographs represent a sum over TPF patterns for each 

pulse in the entire train. In order to determine the effect of photo­

graphic averaging, Eq. (63) was summed over 10 ~ndependent random phase 

walks but with the same input intensity profiles. Experimentally, 

intensity profiles and spectra vary from pulse to pulse in a way which' 

is not fully known .. (It has been shown by Glenn and Brienza39 that 

in their particular l~ser, the duration of a mode-locked pulse tends 

to increase throughout the train. Under certain conditions, the over-

all spectral width is relatively constant for each mode-locked pulse 

in a given train, but the spectrum of each individual pulse can have 

. 70 
several local minima. ·These minima suggest possible turning points 

in the instantaneous phase¢.) Figure 18 shows the averaged TPF 

patterns. The side structure in the 0-0 pattern has been smoothed, 

and the I-0 pattern has been broadened and symmetrized. One can expect 

these. changes in the I-0 pattern because the input pulse is chosen to be 

symmetric, giving an individual I-0 pattern equal probability of having 

its peak to either side of z=O. These average TPF patterns are in good 

qualitative agreement· with Treacy 1 s observations. 

It should be empha~ized that ~ltho~p tpe ppas~ function fqr ~ode­

locked Neodymium-glass laser pulses may not be random, phase models which 

are more complicated than a linear chirp are consistent with Treacy's 

pulse compression data because ambiguity can arise in the interpretation 

of TPF patterns. Complicated phase behavior could arise, for example, 

if the many transverse laser modes couple to yield a "scrambled" effect 
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Figure 18 
XBL 717-6981 

Typical TPF patterns summed over 10 independent phase 
histories. Shown are the cases where the bandwidths are 65 A 
and 100 A. 
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similar to that of a multicomponent whistler. 57 

Since publication of the preceding criticism, Treacy has reported10 

new observations which may he~p to clarify the picture (1970). He 

describes the results of passing the .pulses through a time-resolved 

spectrometer, although the instrtiment itself is not described. The 

output of the instrument is split in two and one image is inverted. The 

two beams are then recombined in a TPF cell. The spectrometer is re-

ported to have temporal and spatial dispersion, thus a linearly chirped 

pulse will be tipped over. The observed TPF pattern is tilted (this 

is the sum of all events in the mode-locked train), and the tilt at 

the center of the pattern can be related to the frequency sweep at that 

frequency. The result of lateral adjustments of one beam give the 

-
frequency sweep at different frequencies. His results are that the 

frequency sweep is positive over the most intense portions of the spec-

truro of the pulse. Observations were made from the entire cross-section 

of the laser beam, and there was no mention of single transverse mode 

laser operation. 

Several difficulties may cloud these results. Firstly, the fre-

quency sweep may not be a single-valued f'unction of frequency (as in 

Figs. 11 and 12 ) . Another problem is still the inherent uncertainty 

in the interpretation of TPF patterns, even though this time the patterns 

are not used to study pulse durations. Although the peak of the pattern 

.. qqrr~~pqp~~ ~9re ~o ~time marker, t~poral structure in the pulse 

envelope can confuse this. It is of importance to note that these new 

results do not in any way unravel the problem of why the I-0 TPF pattern 
I 

was broader than the I-I pattern. Once the time-resolved spectrometer 

is adequately described in the literature, it will be of great interest 

to see what model of frequency sweep fits all of the data. My guess is 
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that at least some of :the,puises will have· regions: of "c9rrect" :fre;_ 
' .· ' ·-t 

· qtiency sweep separated ·by regions of ''incorrect'' frequency sweep . 
. . 
).'iiew measUr:em~nts have since been reported .which dis~re.e with 

cer.tain lispects of ~ea~J" Is measurements. 65'!1 
Since these e:xPeriments 

rep6r-ted .charaGteristics of different lasers; ft ·is not fair to say 
. . 

< .. that they discredit his results. 
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IV. PUMPBAND DYNAMICS IN COLOR CENTERS 

A. Introduction 

In learning that mode-locked Neodymium-glass laser pulses were un-

able to generate coherent optical effects, an effort was made to see 

what useful properties the pulses had. In studying the broad transitions 

in color centers, it was noticed that incomplete knowledge about the 

pulse chirping and shape did not prevent the pulses from generating and 

probing population differences; energetic pulses can cause significant 

changes in the populations and weak pulses can undergo amplification or 

attenuation (which measures population differences). It is for this 

reason that an interest developed in the possibility of studying color 

centers with picosecond pulses. 

Color centers have been widely studied in the literature. They 

are the result of a "mistake" in an otherwise orderly crystal. A 

missing anion or cation in an ionic crystal can trap electrons or holes, 

and the pair (vacancy plus charge carrier) can exhibit very strong 

optical properties. The emphasis in this thesis is on the F-center which 

is an electron trapped at the site of a missing halide ion. There are 

many excellent review articles on F-centers, and the interested reader 

should peruse the work of Matt and Gurney, 72 Fowler !3 Markham!4 and 

Schulman and Com~ton. 75 A lot of the early work was done in Germany 

in the 1930's, as evidenced by the references in the article by1Pick!6 

In this thesis there is particular interest in color centers be-

' cause of the large Stokes shift between F-center emission and absorption. 

This large shift can be described in terms of the configuration' coordi-

nate model, because the potential that the trapped electron sees 

is completely determined by the locations of the nearby ionic neighbors. 
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1. The Configuration Coordinate Description 

When an F-center electron is optically excited, its average charge 

distribution is altered, and the nearest neighbor ions are forced to 

move away. When the electron finally returns to the ground state, the 

lattice shrinks to it.s original configuration. This "configuration-

coordinate model" has been well-known for some time. Although it was 

originally presented to describe molecular spectra, it was applied to the 

study of color centers as early as 1936.77 In its simplest form; this 

model considers the interaction of the electron with a single mode of 

the ions. This mode is the "breathing mode", and it corresponds to the 

nearest neighbors separating and contracting together. Although other 

modes do participate in relaxation, this description has been successful 

in giving a simple·~ualitative picture of the optical pumping cycle 

dynamics. 

The distance between nearest neighbors in this breathing mode is 

called the configuration coordinate, and the energy of the trapped elec-

tron is plotted as a function of this coordinate .. Figure 19 shows a 

schematic of this model. The curves are eigenvalues of the potential-

well problem; each point on the curve is an eigenvalue of the well prob-

lem for the corresponding lattice spacing. The two curves are labeled 

electronic ground state and electronic excited state, and the motion of 

the configuration-coordinate corresponds to the generation of local 

phonons. The separation into electronic and vibrational states is a 

· I · · 78 
conse~uence of the Born-Oppenheimer approximation. In this approxi-

mation, ions and electrons respond differentlyto one another. The 

electron sees the instantaneous positions of the nearest neighbors (and 

moves accordingly on the curve) while the nuclei only see the average 

distribution of :the electron cloud. 

.. 
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Ground State 

Xe 

Configuration Co~ordinate, X 

Figure 19 XBL 717-7020 
f 

Pictorial description of the spectroscopy ofF-centers. In 
the framework of the F'ranck-Condon principle, the electronic tran­
sitions occur before the nuclear coordinates can respond. This is 
why absorption and emission arrows in the figure are vertical. 
After absorption, the nearest neighbors see a new electronic dis-· 
tribution and, hence, feel a new force. Their response to that 
force results in a larger internuclear spacing at the site of the 
F-center. The opposite occurs after emission. The large differ­
ence between absorption and emission energies is due to the strong 

·electron-phonon coupling. 



-86-

The.important points on the curve are labeled as 4 quantum­

mechanical states. The Franck-Condon principle79 states that optical 

transitions take place by only vertical lines on this diagram; there is 
... 

no time for nuclear responses. At low te~peratures, then, all electrons 

are in the ground state, and the zero point phonon corresponds to only 

slight excursions of the configuration coordinate about the value of 

X . The optical absorption spectrum is due to electric dipole transitions 
g 

from state 11> to state 12>. The zero point phonon excursions and the 

slope of the excited state curve at X =x determine the bandwidth of the 
g 

absorption_line. At elevated temperatures, the RMS excursions of X 

can also be calculated, and this gives a temperature dependence of the 

absorption linewidth which agrees well with experiment. 

When the electron arrives in state 12>, the neighbors suddenly see 

a new electronic cloud distribution, and they move away in response to 

this new force. This corresponds to an increase in the configuration 

coordinate X to state 13) where X= X . Since the fluorescence time 
e 

' 
from state 13> to 14> is quite long (typically 1/2 to 2 microseconds), 

virtually all of the fluorescence occurs after the ;lectron gets to state 

13). . Again the RMS excursions of the configuration. coordinate can be 

calculated, and again the calculated fluorescence bandwidth agrees well 

with experiment. 

The dynamics in Fig. 19 become degenerate if Xg = Xe. All vertical 

arrows will be of the same length and, thus, there will be no shift 

(that is the absorption and emission frequencies will be equal). When 

this happens, one says that there is no electron-phonon coupling. Such 

is the case in the ruby laser lines; the excited state and ground state 

configuration curves are "parallel". The strength of the electron phonon 

coupling can be estimated by noting the difference between X and X . 
e g 

.. 
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' F-centers in alkali halides are in the regime of strong electron-phonon 

coupling. In Ruby .there is an impurity to give character to the wave-

functions, while inF~centers, the only influence on the potential the 

electron sees is the location of the nearest neighbors, and the coupling 

is so strong that half of the absorbed energy per photon is left behind 

in the forin of lattice phonons. 

2. F-Centers in Potassium Chloride 

Potassium chloride F-centers are of particular interest because of 

a double coincidence. The absorption band matches the laser second 

harmonic and the emission band matches the laser fundamental frequency. 

Since the laser can prepare complicated pulse sequences of these two 

frequencies (on a picosecond time scale), there is the possibility of 

studying the optical pumping cycle. The experimental results presented 

here show that the emission band can be completely inverted if the sample 

absorbs sufficiently intense 5300 A pulses; virtually every F-center 

electron was forced into the relaxed excited state (labeled 13> 'in Fig. 

19 ). The inversion has been inferred by measuring the gain with first 

harmonic (fundamental) pulses. The observation of both gain at 1.06 ].1 

and saturation of 5300 A, and the linear absorption spectroscopy obser-

vations are all in good qualitative agreement. This .is the first 

observation of stimulated emission in color centers. 

3. Assumptions 

In the experiments presepted in this thesis, three rather delicate 

assumptions are made. These assumptions are (a) that no cluster centers 

are formed, (b) that photoionization to the conduction band does not 

occur, and (c) that F' centers are· not formed. 'Although these assumptions 

cannot be completely justified, the experimental results reported here 

are in good agreement with each other. Each of the three assumptions is 

discussed below. 
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a. Cluster centers. Cluster centers are formed when two or more 

F-centers get too close to each other. They consist of several elec-

trons trapped at just as many vacancies, and have.been extensively dis-:-

. 80-86 
cussed in the l~terature. The cubic symmetry of the F-center is 

usually broken at the site of a cluster center, thus the absorption and 

emission properties of such centers-are often polarization-dependent. 

The simplest cluster centers are theM (two adjacent vacancies) and the 

R (three adjacent vacancies). In KCl, theM-center absorption band81 

is 'at 0. 8 J1, while the R-eenter has absorption bands at 0. 74 and 0. 65 ]J. 

These are well outside the F-center absorption band (0.53 }1), although 
I 

higher M-center transitions can overlap the F-absorption band. During 

an experiment, any formation of cluster centers would be at the expense -

of F-centers. Two F-centers would disappear for every M-center produced, 

and three F.-centers would disappear for every R-eenter produced. Because 

clust'er c;enters are stable at L. N. temperature, a significent reduction 

in F-center absorption would accompany their formation. This is why 

the absorption spectrum was measured both before and after each exper-

iment (as described in the next section). One sample, for instance, 

was rejected when an R absorption band was detected. 

Since vacancy migration is essential for the formation of cluster 

centers, their formation from F-centers can be prevented if the sample 

is kept at sufficiently low concentrations and temperatures. It has 

not been shown, however, that cluster centers are not formed under the 

intense laser illumination reported in this thesis. The constancy 

(reported here) of the F-absorption band before and after·laser illum-

ination gives a good indication that cluster centers are not being 

formed during our observations. 

Utmost caution is essential in sample preparation. Exposure to 

. ... 
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roomlight at sample temperatures above that of liquid nitrogen can in-

duce cluster center formation. Thus safelight practices are essential. 

In electrolytically colored samples,F-c~nter concentrations are usually 

100 to 1000 times greater than are wanted in our experiments, and it is 

most fortunate that annealing the samples at 550°C removes (breaks up) 

all cluster centers while only slowly removing F-centers. Thus one can 

end up with a sample containing only F-centers with arbitrarily low 

' 8 
concentration. 1 

b. Conduction band photoionization. The problem of ionization 

from the relaxed excited state (the state labeled 13> in Fig. 19 ) to 

the conduction band is especially difficult. In the first place, the 

conduction band shape is highly distorted at the site of the imperfection, 

and the distortion may actually depend upon (and, thus, may change with) 

the average value of the configuration coordinate. Although no work is 

reported in KCl, Park 88 and Park ~d Faust 89 have studied the excited-

state absorption spectrum in KIF-centers. Park shows for,KI that the 

F-center emission does overlap to some extent absorption from the excited 

state, although it is not clear that this absorption is to the conduction 

band; it is presumably to some structure above the conduction band after 

which relaxation to the conduction band could occur. Frohlich and 

Mahr90 have also studied KI. Their measurements show that the excited 

state lifetime is concentration~dependent, and they attribute this to 

ap. effeqti ve dipole..-dipole interaction between the excited state ab-

sorption and the excited state emission. This overlap seems not to 

affect 

than 6 

the lifetime and quantum efficiency if concentrations are less 

16 x 10 per cc. The high quantum efficiency of the optical pump,-

band (nearly unity) helps to show that excited-state absorption has a 

much smaller transitiqn matrix element than the F-center emission. 
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Park and Faust show that a strong excited state -absorption band 

appears a bit below 0.15 eV, and this seems to be the candidate for 

the conduction barid. This agrees quite well with Swank and Brown's91 

observations of a reduction in the optical pumping quantum efficiency 

upon increasing the temperature. The quantum efficiency is nearly flat 

between zero and 100 degrees Kelvin, and the lifetime follows the same 

sort of curve. They estimate that in KCl the conduction band is 0.15 eV 

above the relaxed excited state, while in KI they find that the conduc­

tion band is 0.11 eV away. 

Since the gain reported in this thesis is nearly that calculated 

neglecting excited-state absorption, it'appears that excited state 

absorption does not substantially interfere. Experiments could easily 

be performed to study the excited-state absorption spectrum now that 

very energetic single pulse mode-locked lasers are available. For the 

time being, keeping the sample at sufficiently low densities and temper­

atures seems to circumvent these difficulties. 

c. F' centers. The F'-center is a F-center with an additional 

electron. 92 The absorption spectrum is very broad (between 1 and 2 eV 

in KCl), and is not nearly as strong as the F-center absorption. The 

optical properties of the F'-center cannot significantly interfere with 

the pumpband dynamics of the F-center because of the small overlap. The 

cr~ation of a few F' centers d~ing an experiment, however, does corre­

spond to the reduction of the number of F-centers (two F-centers are 

lost for every F.1 center that is made). Thus a few percent res'idual 

F'-centers will not significantly affect our observations, and the 

reduction of F-centers will be small if the generation of F' centers is. 

Numerous authors have showJ2-95 that the F' generation (under 

~' 
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F-absorption band light illumination} efficiency decreases abruptly as 

the sample temperature is lowered below l50°K. At 24°K, for instance, 

Crandall95 shows that the capture probability of an electron by a 

vacancy is 100 times greater than the probability of capture by an F-

center. Thus it can be shown that F'-centers become unstable at low 

enough temperatures. It should also be recalled that if .the photoion-

ization problem is not serious, there can not be much of a source of 

free electrons for F' formation. 
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B. Sample Preparation 

. 96 
There are three techniques for making F-centers. They are X-ray 

irradiation, heating in an alkali vapor, and electrolytic coloration. 

In this thesis Harshaw single crystals were colored electrolytically. 

They were heated to 850 °C in a N.i trogen atmosphere, and 1. 75 kilovolts 

hereapplied across the crystal while the current was monitored. At the 

appropriate current (typically 1 milliampere for a 1/4 inch cube), the 

voltage was removed and the crystal was immediately plunged into liquid 

N.i trogen. After a suitably uniform smaple was achieved, the sample was 

wrapped in aluminum foil and returned to the oven (this time at 550°). 

Typical annealing times were of the order of an hour, and resultant 

16 densities were then of the order of. 10 /cc. Hot samples were again 

quenched in: liquid nitrogen, and then they were observed with safelight 

illumination. After a suitably uniform region was found, it was 

cleaved out of the 1/4 in. cube and was immediately mounted in the cryo-

stat and kept at LN temperature or lower. Suitable precautions were 

taken to insure that the sample was only exposed to roomlight when 

at LN temperature or less. 

The absorption spectroscopy was performed by using a Jarrel-Ash 

1/4 meter monochrometer to filter the light from a xenon arc lamp. A 

portion was pass.ed through the sample and into a photomultiplier 

(s-4 spectral response) while the remainder passed into a second photo-

multiplier. The signals were converted into voltage signa:ls by ap-

propriate load resistors and were fed into the inputs of microvoltmeters. 

The analog signal~ were fed into the ratio-generator circuit shown in 

Fig. 20 , and the ratio was recorded on a strip-chart recorder. A 

small adjustable offset was added: to the denomenator (reference signal) 

to cancel the contribution of the dark current. The mechanical drive 
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Schematic of the ratio generator circuit. 
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on the spectrometer swept at a constant rate, and a piece of black 

cardboard periodically interrupted the beam through the sample so that . 

a zero transmission calibration could be achieved. Runs were always 

done at liquid nitrogen temperature. Since the F-center absorption 

band is relatively .,featureless, very large slits could be used in the . , 
. 

interferometer, and this resulted in reasonable signals at the micro-

voltmeters. 

Absorption spectra could be taken in the range of 4000 to 7000 A, 

and this could have easily been extended with other photocathodes. The 

S-4 spectral response is one of the narrowest available (but it was the 

only pair which was available at the time). Much broader response can 

be found in the RCA developmental grade GaAs photocathodes with 128 and 

134 spectral responses. 

j 
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C. 0.53 Micron Saturation Effects 

An especially uniform KCl sample (1 mm thick) was selected, and 

two liquid nitrogen temperature spectrometer runs at different sensitiv-

ities give values for a~ of 2.67 and 2.08 for 

·. . 97 Smakula equatl on ( ' -16 ) a = 5Xl0 N gives N 
0 0 

an average of 2.37. The 

= 4xlo16 impurities/cc. 

A train of 5300 A pulses was focused on a sample at liquid nitrogen 

temperatures as in Fig. 21 Changes in pulse energy transmission were 

measured by observing the oscilloscope pictures. The pulse height 

(measured with an optical comparator) is proportional to the energy of 

the pulse, and so an oscilloscope picture (with reference and signal 

beams interleaved) can only supply for each mode-locked event the energy 

into the sample and the energy out of the sample (including absolute 

numbers' . if necessary). An absolute transmission measurement' however' 

is not required for a check of the saturation. The cleaved sample 

sUrfaces present an unknown scattering loss, but if necessary, it could 

be estimated by measuring the transmssion of a cleaved piece of un-

colored KCl at room temperature. The weakness of the transmitted pulses 

implied a 60-70% scattering loss from each cleaved surface. The refer-

ence beam was attenuated until the pulse heights near the end of the train 

were of approximately equal height. Thus, for a particular pulse the ratio 

of the output to the input heights now gives a fairly accurate measure-

ment of the relative transmission efficiency. An oscilloscope photograph 

of this is shown in Fig. 22A, and one can see the saturation take place 

early in the pulse train. The leading pulse in each pair is the trans-· 

mitted pulse; the trailing pulse is the reference. Figure22B shows an 

expanded (20 nsec/cm) view of another saturation event. This is one of 

the pictures analyzed in this section. 
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Sample in 
Dewar 

Figure 21 

Lens 

0 

Scope 

XBL 717-6934A 

·Experimental setup for the observat-ton of 0. 53].1 saturation · 
effects. 1 

. ' 
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(A) 

' 
~-------------- 300 Nanoseconds--------------~ 

(B) 

Nanoseconds 

XBB 718-3767 

Figure 22 

0. 53].1 saturation observations from setup as in the previous 
figure. The leading (left) pulse in each pair is the signal; the 
trail'ing (right) pulse in each pair is the reference. 

(A) View of~he entire train. Note that the weak pulses at the 
end of the train are transmitted with roughly the same percentage as 
the intense pulses in the middle of the train. Note th~t the sweep 
is nonlinear in the beginning of this figure. The first two spikes 
seen are botp "reference" pulses. Their corresponding signal pulses 
can be seen under a microscope. 

(B) An expanded view of the beginning of another pulse train.c 
The saturation effect can clearly be seen. This event was one of 
those analyzed later in this section (see Fig. 23d). 
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Note that the individual pulse transmission increases by about a 

factor of 10 for pulses in the last two thirds of the train. In 

measuring the transmission efficiency of the leading pulse in each 

photograph, it was found that the average of the leading pulse trans-

mission efficiencies was ·11% (which corresponds to a 2.2 Beer's l~ngth . ' 
sample). This compares quite well with the value of 2.37 from the 

linear absorption spectroscopy, and it shows that the sample was nearly / 

depleted ofF-centers in the ground state. From this, almost complete 

inversion can be inferred; nearly every impurity .was in the relaxed 

excited state. 

A computer program was designed to model the saturation results. 

The important result is that the same model works for each mode-locked 

train. Although the model is admittedly oversimplified, there seems 

to be no need to improve it since the measurements seem to have a 10 

or 15% "erratic" character to them. The computer calculation is listed 

in Appendix B. The model includes several assumptions. 

The general assumptions are, as listed in section A, that after 

each experiment, the sample returns to its original conditions. As 

described earlier, this requires that F' and cluster centers are not 

formed during the experiment, and a good check of this is the constancy 

of the linear absorption constant at the peak of the F-band. Measure-, 

ments before and after the experiment agree quite well. 

The second assumption is that pulses are so weak that several are 

needed to significantly alter the populations. A quick check of the 

experimental points will convince the reader that this is so. This 

means that an individual pulse will have a transmission determined solely 

by the history of the sample; the pulse is not strong enough to 
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affect its own transmission. This allows a separation of the problem 

into a calculation of the populations (as a function of z, the dis-

tance into the sample) followed by a calculation of the attenuation that 

the next pulse sees and followed, in· turn, by a recalculation of the 

pop:ulations , etc . 

Another assumption is that for each impurity, that the .only level 

affecting the 0.53J.l pulses is the F-center ground state. This is be-

cause the unrelaxed excited state soon starts to relax, and the con-

figuration coordinate doesn't have to change very much before it is 

out of the bandwidth of the 0.5311 pulses. Thus an F-center is es-

sentially transparent to green light if it is not in its ground state. 

P(z) is the probability for a given location z in the sample that the 

F-centers are in their. ground states, and initial conditions are that 

P(z) = 1 for all z. 23 Now Beer's law of exponential attenuation must 

be modified to account for the possible reduction of absorbers in the 

path. The result is that for a given pulse, the percent transmission T 

is given by 

T. = e 
l 

where i and i-1 refer to the number of the pulse in the mode-locked 

(64) 

train. Pi_1 (z) refers to the population percentage left in the ground 

state after the (i-l)th pulse has passed, and'£ is the length of the 

sample. For the initial conditions, all impurities are unexcited, and 

P 
0 

( z) = 1, so that the equation reduces to T
1 

= e -a£ (as it should). 

Now.that there is a relationship between the transmission of a given 

pulse and the sample history, there must also be a description of how 

the pulse affects the populations. Each photon absorbed corresponds to 

the removal of one more absorber. An individual pulse will have an 

energy J. (z) which depends upon distance (Beer's law), where again, i 
l 
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is the index counting the.individual pulses in the train. In a cylinder 

of area A and length dz the number of F-centers excited is equal to the 

number of photons lost. If N is the number of impurities per cc, then 

[Pi(z)-Pi-l(z)]NAdz =-energy ab:~rbed in volume = fi"u.r 
dJ.(t) 

1. (65) 

But the pulse energy change in that volume can be found from Beer's law: 

dJ.(t) = ....;aP. 
1

(z)J.{z)dz 
1. 1.- 1. 

(66) 

Equation (66) can be rewritten by noting that J.(z) can be expressed 
1. 

in terms of the transmission percentage to read 

e dJ.(z) = -aP. 
1

(z)J. (O)dz 
1. 1.- 1. 

z . 
-a f P. 

1
(z')dz' 

0 1.-

Note that in the right hand side, both the limit of integration and 

(67) 

P. 
1 

are functions of z. Substituting Eq. (67) into Eq. (65), one can 
1.-

solve for P.(z) to find . 1. 

[ 

aJ.(O) 
Pi(z) =Pi-l(z). 1-hw~A 

-a /
2
P. 1 (z')dz' ] 

0 1.-
e ·. (68) 

If the condition on the relative weakness of individual pulses were to 

break down, then the expression in brackets 1-U in Eq. ( 68) would con­

-U vert to e . 

Thus Eq. (68) gives a recursion relationship for the population 

changes due to each individual pulse, and Eq. (64) shows what the new 

transmission percentage is. The computer programs listed in Appendix B 

utilize Eqs. ( 64) and (64) for the measured sequences of input and out-

put pulse energies. Since the height of each spike on the oscilloscope 

trace is proportional to the pulse energy received by the detector, the 

problem can be parameterized by writing that 

. -
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cxJ.(O) 
' ~' 

hwNA 
= BETA h. 

~ 

where h. is the height of the spike on the oscilloscope trace (measured 
~ ' ' . 

\ 

in hundredths of an inch). The, computer program is then run for a 

yisual check of the optimization of fit (experimental versus theoretical 

transmission) for various values of BETA. Figure 23shows the result 

of that optimization, and the success of the model is evidenced by the 

small spread in values of BETA. This figure represents all data taken 

during the run. Events were only discarded if multiple pulsing in the 

laser prevented analysis. No event was rejected because of poor fit. 

A value of B = 0.06 would hav~ fit all curves quite well, and values of 
' --' ' ' 

0.03 or 0.09 would have fit all the curves badly. Note that there is 

always quite a good fit at the beginning of each train. Since the 

fluctuations are of the order of 15%, there was no'great concern if the 

experimental transmission went a bit above 100%. 

Although the value of B has been -adjusted for optimum fit, it is 

not a variable. It can be calculated knowing detector and oscilloscope 

s·ensitivities and beam geometry. The effective signal sensitivity of the 

detector-oscilloscope combination can be estimated as 

J. 
1.-

-·- = h. 
~ 

!J.T hw 
Z ·e·(Q.E.)·(l"'-S) 0 ' 

(70) 

where !J.T is the duration of the observed pulse on the oscilloscope, Z 
' 0 

is the impedence of the oscilloscope (125 ohms), Q.E. is the detector 
I, 

quantum efficiency, e is the electronic charge, and s is the scattering 

· loss of the ground glass diffuser in front of the detector. S is of the 

order of 0.9 here. Putting in the numbers, the signal sensitivity of 

-2 ' 
the detector-oscilloscope combination is approximately 2x10 ergs per 
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(b) 
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XBL 717-6939 

Ngnlinear transmission of 0.53 ).1 pulses through the KCl sample 
(N=4xlo1 · F-centers/ cc.) . Each experimental curve (dotted,line) corresponds 
to a single pulse train (the horizontal scale is approximately 100 nano­
seconds). Each point on the curve corresponds to a single pulse in the 
mode-locked train. Experimental points are connected with a dashed line, 
vhile calculated points (based upon input data} are connected with a 
solid line. Figure 23d, for instance, is taken from the data in Fig. 22. 
The saturation parameter B (described in the analysis shown in Eqs. 64 
thru 69 )•.ras adjusted for optimum fitting of each theoretical curve, even 
though the value of S is fixed by the theory. Note the small spread 
in optimizing values of S. 

'• 
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deflection volt. Since deflections were measured in hundredths of an 

inch (on the film), the effective sensitivity is 10-2 ergs per hu~dredth 

inch. Equation (69) can be solved for A to yield 

A= 

hw 

N 

J./h . 
. 1 ]. 

16 
(!Q_)(l-G )13 

5 

(71) 

where (_£) has been repiaced by 
(l 

(from the Smakula equation), and 

G is the scattering loss (70%here) due to the cleaved back surface of 

6 -4 2 the sample. If 13 = 0.0 the area A is 10 em This implies a 200~ 

focal diameter, which iS entirely reasonable. The lens (f.l. = 30 em) 

and diffraction limited l. 5 mm dia.Illeter beam give a focal diameter of 

3:'100~. Since the focus of the 50¢ Edmunds lens was not checked, the 

200~ focal diameter is quite possible.· 

Thus the 4~level model presented here is qualitatively consistent 

with both the saturation.measurements and with the linear spectroscopy 

measurements. 
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D. 1.06 Micron Gain Measurements 

l. Experimental Results 

A new sample was chosen, and linear absorption spectroscopy at 

liquid nitrogen temperature gave values of a~ before and after the 

experiment of 2.94 and 2.92 respectively. To check the workin section 

C, this new sample was simultaneously probed at liquid helium tempera-

ture with a train of 1.06 ~pulses, as shown in Fig.24 A 0.3 nun 

diameter aperture was attached to the front surface of the sample, and 

the beam bending mirrors were mounted on adjustable angular orientation 

mounts so that the transmission of either beam through the aperture 

could be independently optimized. This optimization was checked by 

integration of the transmitted and reference signals, and displaying 

both on a dual trace oscilloscope. The integrators each contained a 

fast diode and capacitor for integration, and a discharging resistor 

so that traces can be easily distinguished on the scope. This is 

necessary because of the tremendous group loops when the laser fires. 

(104 amps return to ground after passing through the flashlamps). In 

this setup one can see on the oscilloscope both slowly varying ground 

loops and the discontinuity due to the integrated optical signals. The 

scope is triggered by a diode loop pickup which is in close proximity 

to the laser trigger transformer. 

Each infrared pulse arrives at the sample 1 nanosecond before the 

corresponding green pulse. Since the saturation takes place early in 

· the train (as in section C) , the integrated signals at 1. 06 ~ should 

(and do) show gain. .The laser pulses are separated by 8 nanoseconds , 

so the 1.06 ~ probe pulses strike the sample ::::::: 7 nanoseconds after 

the 0.53 ~ pumping pulses. Since the electron-phonon relaxation time 

is in the picosecond range, the probe pulses arrive after each green 

pulse has contributed to the infrared gain. Integrated infrared 
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XBL 717-7023 

Experimental setup for the observation of gain in KCl F-· 
centers. The 4% back reflection from the wedge -,ras amplified by 
the pumped.sample. Gain was inferred from changes in the ratio of 
the integrated signals at S-1 detectors A and B when the 0. 53 ;..I 

beam was either blocked or not blocked. 
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transmission percentages were monitored on the scope with the green 

(0.53 ~) pulses alternatively blocked and not blocked. Thirteen shots 

were taken before the laser mirror burned, and an energy gain J t/J. ou ln = 

1.38 ± 0.07 was observed. 

To check these measurements, it is important to note that 5300 A 

saturat~on takes place within the first 5-10 pulses in the train, and 

thus most probe pulses in the train see an inverted sample. For those 

pulses which arrive after the fluorescence time of the relaxed excited 

state (500 nanoseconds), the green is so bright that it will have re-

turned any centers to the excited state. It is then appropriate to 

calculate the gain that 100% inverted sample will show at 1.06 microns. 

To do this the relationship between absorption constant, lifetime, and 

F-strength must be recalled. 

First order perturbation theory mentioned in Chapter II shows that 

2 . 
the spontaneous lifetime T1 is given by KA /F where K is 42.5 nano-

seconds per square micron, A is the wavelength (in microns), and F is 

the "F-strength" of the transition. The only dependence on these 

quantities for the absorption (or emission) constant is that the ab-

sorption constant is proportional to F~ Thus we see that the sample 

which is a 2.92 Beer's length absorber at 0.53 ~will not be a 2.92 

Beer 1 s length amplifier of l. 06 micron light if the emission band is 

completely inverted. This is because the reported lifetime of the re-

laxed excited state is about 500 nanoseconds, and this corresponds to 

an F-strength of about 0.1 (as compared to the measured F-strength of 

the ground state transition of approximately unity). Thus the inverted 

sample in question can at most amplify l. 06 micron pulses by J t/J. = . ou ln 
+2.92X0.1 . 0.3 ~ l. 4l e = e - • • This compares quite favorably with the gain 

measurements of 1.38 ± 0.07 reported here. 
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2. An F-Center Laser? 

It is on interest to consider the possibility of using alkali halide 

F-center samples as active laser materials. Both the quantum efficiency 

and the absorption bandwidth would make the idea quite attractive, and 

the breadth of the emission band would also allow for the possibility 

of a tunable output. In comparison to a tunable dye laser, for instance, 

energy considerations would favor a color center laser since the F-

center fluorescence times are greater than dye lifetimes by a factor 

of about 100. Low-temperature operation would, however, be necessary 

because the F-center quantum efficien'cy starts to drop if the sample is 

warmed to a few degrees above liquid Nitrogen temperature. 

The problem of surface preparation is also not intractible. Alkali 

halides can be optically polished (with the substitution of kerosene 

for water) using standard techniques. Polishing can be performed under 

suitable darkroom conditions. If the sample is inadvertently exposed 

to light at temperatures much above 77°K, it will have to be requenched 

and repolished. The repolishing is necessary because quenching has 

98 
been known to produce surface damage. 

3. On Time-Resolving the F-Center Relaxation 

An attempt was made to time-resolve the configuration coordinate 

motion. The apparatus is shown in Fig. 2~ • A second l. 06 }J probe beam 

:followed the green pulse into the sample ,with an adjustable time delay. 

If the green pulse changes the populat~on of the excited state then the 

difference in the gain that the two probe pulses will see depends upon 

whether or not the second pulse arrives before the color centers have 

had time to relax, In this ~anner, the cumulative history can be sub-

tracted from the problem. Once inversion has been completed (early in 

the train) the difference should go to zero .. In practice, however, the 
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Figure 25 

Experimental setup for the attempted time resolution 
of optical gain. The infrared (l.06J.l)pulse as in the previous 
figure serves as the lead probe pulse, while a 4% reflection 
from the first bending prism is exa':lined for gain ',:i th ·,rarious 
adjustments of the delay line. In contrast to the overall 
gain measurements (Fig. 24)~ the signals had to be directly 
displayed on a fast oscilloscope. Small differences in 
individual pulse transmission percenta.e;es were important. 
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beam divergence seems to be growing during the mode-locked train. Evi-

dence for this includes the reduction in second harmonic generation ef-

ficiency and the reduction in overall sample aperture transmission 

throughout the mode-locked train. , They seem to correlate well because 

the transmission through the aperture drops by a factor of about two 

while the second harmonic generation efficiency can drop by a factor of 

four. An attempt to similarly aperture the 1_. 06].1 reference beam was made, 

but there seemed to be no improvement in the linearity of 1.06].1 trans-' 

mission in the absence of green Co. 53).l) pulses. Certainly if the sample 

aperture could be eliminated (with much more intense beams), this problem 

would disappear. In addition, the laser was only powerful enough to 

pump a sample which could amplify the pulses to 1-1/3 of their original 

intensity. Clearly, more laser power in the green pumping light would 

allow generation of much greater changes in the 1.06 micron gain, and 

then results could become much more reliable. 

In addition to the above problems, it was found that the poor sen-

sitivity of th~ S-1 photodiode gave us a ver~ small signal at the 

oscilloscope. If this experiment were done with a single 0.53 ]J pulse, 

then the two probe pulses could be separate by, say, 20 nanoseconds, 

and then the signals could be processed by a photomultiplier (with a 

gain of 106 ) and an oscilloscope with a reasonable deflection (103 

greater than that of the Tektronix 519 which was used in the experiments 

reported in this thesis). 

Although i~ is hard to predict the electron-phonon relaxation time, 

it is not hard to predict its temperature dependence. Raman scattering 

from F-centers shows that the phonons involved with lattice relaxation 

are probably in the range of 100 -1 99 em . The process of generating 

these phonons is proportional to n + 1 where n is the average number of 
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phonons already in that mode. .The n corresponds to stimulated phonon 

generation and the 1 corresponds to spontaneous generation. The Raman 

width is broad (~ 20 cm-1 ) which suggests that a large spectrum of 

phonons may participate in relaxation. If this is the case, then the 

relaxation time is the reciprocal of the emission probability. Boltz-

mann statistics then give the lifetime a tempera~ure dependence of 

(1-e-u) where U is the Boltzmann factor. -1 -u For 100 em phonons, e · 

is essentially zero at.both LN and LHe temperatures. The effect on . , 

the lifetime does not become big until the sample temperature is of 

the order of 150°K. Notice that three times in this chapter temperatures 

in this range have been important. Perhaps it is not an accident. 

This section has' shown that with a sufficiently bright ultrashort 

laser pulse~ a measurement of the electron-phonon relaxation time is, 

in principle, p9ssible. 
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V. THE DESIGN AND CONTROL OF A PICOSECOND OPTICAL SYSTEM 

A. The Laser Design 

The technology for design of a ·passively mode-locked Neodymium-glass 

. - 4 
laser was reported by DeMaria, Stetser, and Heynau in 1966. The sim-

plest setup consists of pumped laser rod and a dye cell between two laser 

mirrors. The dye is a "saturable" absorber; it absorbs weak light and 

passes intense light (an obvious oversimplification). When the flash-

lamps are fired, some of the spontaneous emission noise will have sharp 

temporal structure. The peak of a sharp spike could pass a bit easler 

through the dye cell than would its less intense wings, and thus the 

"pulse" will emerge from the dye cell with a slightly shorter duration 

(and with less energy). The pulse then strikes the mirror, say, and 

then returns through the dye cell to be again shortened. It then passes 

through the pumped laser rod and-receives laser amplification, strikes 

the other mirror, and returns through the amplifier. Thus the pulse 

undergoes a series of temporal wing trimmings and amplifications until 

competing processes prevent further shortening and amplification. The 

laser is said to be "mode-locked", 8lld the condition is signified by an 

ultrashort pulse circulating through the laser cavity. If one of the 

laser mirrors has a reflecti v,i ty less than 100%, then the· output will 

(hopefully) consist of a train of ultrashort pulses with a temporal 

separation equal to the laser cavity round trip transit time. Obviously, 

an adequate gain profile bandwidth is necessary to support the spectrum 

of such short pulses. 

Mode-locked Neodymium-glass lasers·have become common experimental 

31 . 
tools althoughthe design and operation of such a laser is not an easy 

task. The light is so intense that it can easily damage the fragile 

optical surfaces. The adjustments (dye concentration, pumping energy, 

' \ 
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mirror reflectivities, and mirror alignment) are ail interrelated; and 

the optimization of these parameters often requires a good deal of 

pragmatic enthusiasm. Since the mode structure can change from shot to 

shot (and can change during a single train), a lot of effort went into 

spatial. mode control. Operation of the laser in the TEM
00 

mode helped 

to improve the reliability of the experimental observations. 

,The theoretical developments in this thesis are all described in 

terms of the plane wave approximation, and this was the motivation for 

our mode control. One approach to the mode-control problem has been the 

f · · 1 ft · · "folded·" · 1 · t 100 I th · use o spec1a roo op pr1sms 1n a r1ng aser cav1 y. n 1s 

thesis, the approach was to utilize spatial aperturing (within the cav-

101 
ity) in conjunction with near-field photography ,through the 99% 

reflecting mirror. This photographic method is far superiorto the use 

of far-field Polaroid film burn spots because of the poor dynamic range 

of the burn spot, and because a mild burn is white while a strong burn 

turns brown. Thus the center of.the TEM burn spot might appear darker 
00 

than its surroundings·, and one might be tempted to incorrectly identify 

it as the TEMlO* mode. 

The apparatus is shown in Fig. 26. Both Perkin-Elmer dielectric 

coated mirrors transmit in the visible. The 1.2 meter cavity has a 

round trip time of about 8 nanoseconds. Xhe radius of curvature of the 

99% mirror is 4.66 meters, and the ·85% reflecting output mirror is flat. 

The cavity aperature is an adjustable iris, and is intentionally mounted 

at a slight angl~ to the beam on an adjustable x-y translation mount. 

The glass clad 3/8 in. diam. x 6 in. length American Optical laser rod 

is pumped laterally by two linear Xenon flashlamps in series with a 75~h 

hand wound choke and 130 ~f capacitor. The flashlamp duration is :::::<200 

~ sec, or about 1/3 of the Neodymium fluorescence lifetime. Operating 
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Experimental setup 
a) The gas laser lineup configuration. 
b) The photographic configuration. 
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voltages are ~2400 volts (open aperture), :::::27. 00 volts TEM , and ""'3500-oo 

4000 volts TEM
00 

mode-locked. The dye cell is well-protected from flash-

lamps light and roomlight, and dry nitrogen is bubbled through the cell 

every hour or so to reduce the oxygen concentration. These precautions 

seem to prolong the usefulness of the Kodak 9740 dye. The laser rod, 

aperture, and dye cell are placed as close as possible to the curved 

mirror (where the beam diameter will be the largest) in order to avoid 
r 

optical damage. Since the curved laser mirror passes most visible light, 

initial alignment of the photography is done by illuminating the far 

end of the laser rod. The Kodak IR phosphor is used as an infrared image 

converter, and is activated by brief illumination with a Mercury vapor 

discharge. The 1% laser light leakage through the 99% mirror is suffic-

ien't to stimulate the phosphor. The lens is chosen so that the resultant 

photograph will show views of two different cross-sections of the flash-

lamp-illuminated laser rod superimposed on the two views of the converted 

laser beam profile images. The apparatus is basically operated in two 
.. 

configurations: the gas laser lineup configurat~on (Fig. 26A) with the 

lens and the beamsplitter removed and the gas laser directing mirror in 

place, and the opposite (Fig.26B) called the photographic configuration. 

One advantage of this setup is that one can direct the linup laser 

through the mode-locked laser and into the experiment without inter-

fering with the cavity or output optics. 

The alignment procedure is as follows. With the system in the gas 

laser lineup configuration, the cavity iris wide open, andthe dye cell. 

filled only with solvent, one adjusts the cavity mirrors and the gas 

laser directing mirror until the appropriate reflections are centered 

on the shiny surface of the gas laser aperture. The laser is then fired 

with small adjustments of the cavity mirrors until lasing is detected. 
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The laser is then converted to the photographic configuration. If the 

lens is not too heavy, it can rest on the rear crosspiece of the 99% 

mirror angular orientation mount. One briefly illuminates the phosphor 

and then fires the laser with the camera open, and, in the photograph, 

the lasing should appear in the same region of both cross-sections 

" 
(otherwise the line of lasing is not parallel to the long axis of the 

laser rod). (Adjustment of the flat output mirror orientation controls 

this parallelness as well as the location.of the beam, while adjustment 

of the 99% curved mirror controls only the location). The parallelness 

(output mirror) adjustment should be done in small steps (with appro-

priate 99% mirror adjustments to keep the lasing near the center of the 

rod) until the lasing is parallel to the long axis of the laser rod. If 

the laser is operated too far above threshold, the mode structure will 

saturate the rather restricted dynamic response of the phosphor, and 

little information can be extracted. After the lasing is centered and 

parallel to the long axis of the laser rod, one should check to see 

that the power supply voltage is near threshold, and one should produce 

a burn spot on an unexposed portion of developed Polariod film mounted 

outside the output mirror. The apparatus is then returned to the gas 

laser linup configuration. The orientation and location of the gas 

laser directing mirror should be adjusted until the beam is centered on 

the burn spot and, simultaneously, that the reflections from the laser 

mirrors are centered on the shiny gas laser aperture, so that the gas 

laser beam is nearly duplicating the path of the 1.06Jl light. Note that 

perfect duplication is not possible because of the glass dispersion. 

The cavity aperture should then be centered on the gas laser beam, and 

the laser should be returned to the photographic configuration. 

The next step is to accurately locate the laser cavity aperture. 
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This is done by squeezing the iris way down and noting the location of 

the center of the lasing pattern (in the photograph) for fine adjustments 

of the aperture location. The aperture is then opened. Photographs 

then can readily indicate the mode structure of the beam, and one should 

simply close down the aperture until only the TEM
00 

mode remains. In 

this experiment, TEM
00 

operation (not mode-locked) was achieved with an 

aperture of ~3 mm. Examination of the photographs can be facilitated 

if the bea.rnsplitter reflectiyity is much different than 50%. The two 

images will then be of two different laser intensity profiles (which 

effectively increases the the dynamic range of the phosphor). 

The mode-locking dye should then be added to the solvent (and the 

input power should be correspondingly increased) until mode-locking is 

observed. This is done in the following way: a small amount of dye is 

added and the capacitor voltage is raised until threshold is reached (by 

observing a burn spot in the output). Then the 519 oscilloscope is used 

to examine the temporal structure, and the process is repeated until 

one sees the baseline go to zero between pulses. Instead of a scope, 

one can get the condition approximately right by watching the second 

harmonic generated light. _When mode-locked, one sees a brilliant green 

flash, while only a dull green spot indic~tes partial mode-locking or 

free-running operation. After one gains experience, the correct amount 

of dye can be added in one or two tries. Then the transverse mode con-

trol of the adjustable aperture should be rechecked because the dye can 

influence the mode patterns. It also is convenient every few shots to 

closely examine the cavity .iris for burn spots, and to touch any spots 

with a drop of India ink. This helps to-prevent the buildup of multiple 

ul 
102 "th" th •t p ses Wl. 1n e cav1 y. It is also benficial every few shots to 
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dust off all optical surfaces in the cavity. Either a clean dry camel's 

hair paint brush or a dust-free air brush is suitable. 

In operation in this laboratory, a rather thick dye cell (3/8 in. 

optical path) was first chosen so that the problems of multiple pulsing 

could be reduced. .When a thin dye cell "opens" for a strong pulse 

passing through it, an unwanted weak pulse could pass in the other 

direction, but this may be partially prevented in a thicker dye cell if 

the entire thickness is not simultaneously bleached. It has also been 

suggested by H. P. Weber.that placing the dye cell adjacent to the 

cavity mirror can also help to reduce multiple phlsing~03 Although the 

optimum dye cell thickness has not yet been determined, there may be 

disadvantages to having too thick a cell because the solvent (an optical 

Kerr liquid) may in part be responsible for the inherent frequency mod-

ulation reported by E. B. Treacy. (See chapter III.) It has also been 

suggested in chapter III that the TEM
00 

operation could simplify the phase 

modulation function of an individual mode-locked pulse. 

If one must operate the laser near the threshold of glass damage, 

this. technique will permit a nondestructive alignment procedure. This 

technique could also increase the effective life of a laser rod by 

allowing one to keep track of the laser rod regions which have been 

damaged in previous shots. 

The results of this m,ode-control technique have been encouraging. 

For the first 3 years there was no visible damage to the laser rod 

(and no increase in threshold) and only two tiny burn spots on one of 

the mirrors after thousands of firings. The absence of optical damage 

could well be due to the uniform spatial distribution of the beam and 

the resultant reduction of focusing instabilities. 

In the last half-year of operation, there has.been a marked (and 
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unexplained) increase in damage to the curved mirror. (where the beam 

diameter is supposed to be the widest). In order to avoid this tendency, 

f:leveral changes were made. The dye cell was shortened to 1 mm. in order 

to combat self-focusing, the laser rod and mirrors were cleaned with 

a jet of clean isopropyl alcohol immediately followed by a jet of dust-

free freon. This forced the alcohol (and dirt) from the optical surfaces 

prior to evaporation. This cleaning reduced the threshold power some-
/ 

what (10%), and allowed a reduction in the power supply capacitance. 

The slightly shorter flashlamp duration gave a 6% more efficient pumping, 

and hence; 6% less heating in the laser rod. An adjustable timer was 

installed in the power supply to limit the frequency of operation. The 

99% reflecting mirror mount was in turn mounted on a linear translation 

stage so that when damage occurs, the mirror could be moved to a rela-

tively undamaged spot with relatively little misalignment. 

The last remainingmirror had a 99.9% reflectivity (Valpey Corp.), 

and the .1% leakage through it was insufficient for near-field photo-

graphy. In ·this case 'the aperture was first centered on the laser rod ·, 

by non-mode~locked near-field photography with a damaged 99.0% mirror, 

and then the 99.9% mirror was installed. The alignment process was then 

performed by adjusting the mirror orientation in gradual increments 

until a minimum was found for the threshold voltage (and that the 

Polaroid burn spot was more or less round). ,Then the mode-locking dye 

was added until mode-locking was observed, then another check was made 

of the mirror orientation optimization. During this phase of research 

the near~field photography was sorely missed. 

Although it is difficult to assess the source of the mirror damage, 

it was worth-while to note that the 5 year old laser rod was grown in a 

Platinum crucible. A recently developed platinum-freegrowthtechnique 
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has yielded a much higher internal damage resistance. It is possible 

that internal damage may have raised the threshold (because of scat-

tering). Multiple pulsing could be partially suppressed with two or 
. ' 

more thin dye cells in the cavity. 

• .. 

. . 
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B. PUlse Energy Measurements 

The entire TEM
00 

1.06 ~ train was aimed into a Maser Optics Inc. 

calorimeter, and the 100 or so pulses had an energy of~ 10 milli-

joules. This gives. an average pUlse energy of~· 0.1 millijoule. After·. 

second harmonic generation (focused through a 1/4 inch piece of ap-

propriately oriented ADP), the 0.53 ~ pulse energy was insufficient 

to drive the calorimeter. The 0.53 ~ pulse energies consistent with 

the analysis in Chapter IV are in the 1-2 microjoule range, and this' 

is in good agreement with estimates based upon the published advertising 

concerning the S-20 vacuum photodiode, the oscilloscope sensitivity, 

and the observed height of the spikes on the Tektronix 519 oscillo-

scope~ Thus the second harmonic generation efficiency is in the neigh-

borhood o.f 1%. 

-4 . -12 
Pulse peak powers for 1.06 ~ are 10 joules/5 x 10 sec, or 

7 -2 2 about 2 x 10 watts. Unfocused beams are of the order of 10 em , 

and, thus, the peak power per unit area is of the order of 2 gigawatts 

per square centimeter. The beam can easily be focused down to perhaps 

300 gigawatts per square centimeter. Since the second harmonic genera-

tion efficiency is about 1%, the appropriate numbers for 0.53 ~ pulses 
\ 

are correspondingly lower. 
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VI. CONCLUSION 

Tl:J.e search for self-induced transparency and photon echoes with 

mode-locked Neodymium-glass pulses has been unsuccessful. The paucity 

of appropriate samples, the unavailability of sufficiently fast linear 

detectors, and the inherent 'f~equency modulation (possible chirping) in 

the laser pulses have precluded observations ~f these effects. 

The appearence offrequency modulation,has led to a study of chirping 

and to the formulation of a pulse compression scheme for generating 

-14 ' pulses in the 10 second range. Presented here are theoretical cal-
,., 

culations which show that ,a disi}~rsive delay line can compress a laser 
7/ 

pulse which has undergone self-phase modul'Et'tion due to the optical Kerr 

effect. . These theoretical predictions have already had some experi.-

mental verification elsewhere. In addition, it is shown that the 

dispersive delay measurements of natural modulation in the Neodymium-

glass mode-locked laser might support a model of frequency sweep which 

is more complicated than a linear frequency sweep. It is shown that 
\ 

the widths of various Two Photon Fluorescence pat~erns can only be 

explained if the frequency function is more complicated. 

Picosecond pulses have also been used to probe the dynamics of F-

centers in KCl. The second harmonic of the laser is resonant w.i th the 

absorption band, while the first harmonic is resonant with the emission 

band. Various sequences of P,ulses have been prepared to study the 

pumpband. The second harmonic pulses have completely inverted the 

emission band, which in turn has amplified first harmonic pulses. All 

observations were consistent with 'a 4-level model. An attempt was made 

to measure small changes in the gain from.the emission band to time 

resolve the motion of the configuration coordinate, but the low gain 

and the laser self-damage prevented this. Several hundred shots were 
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needed to· align the apparatus, although the .laser (the mirrors :and rod 
. . .· . . t . ~ . . 

were several years old. at this time). coulc} not withstand Iilore than. 50-. 

100 shots befor~ mirror damage forced a realignment> 

\_: 
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APPENDIX A 

Computer Programs Associated with Chapter III 

Several programs were written ror the manipulation or short pulses. . ' 

All programs were written for a connnon set of subroutines which can 

model the various experimental operations; pulses can receive self-phase-

modulation, random phase modulation, dispersion due to a grating pair, 

and pulses can be crossed with one and another to generate Two-Photon 

Fluorescence patterns. 

Program KERR generated Fig.l4. It swept through various values or 

BB (the di.spersi ve delay per unit bandwidth) and the optimum compression 

' was chosen by looking at the resultant plots. It generates a selr-phase-

modulated pulse, takes the Fourier transrorm, shirts the phases accor-

dingly, and reconstructs the pulse. All subroutines and variables 

starting with the letters CC rerer to calcomp plotting subrountines and 

instructions. The variable IST determines the rineness or the calcu-

lation; results should be independent or the value or IST ror high enough 

values . Normally·, programs were run with IST = 0 until all the bugs 

I 

were romoved. 

Program RANDOM generated Figs.17 and 18. Again, all subroutines 

and variables starting with the letters CC rerer to calcomp plotting sub-

rountines and instructions, and the variable IST determines the accuracy 

or the calculation. This program generates a random phase-modulated pulse, 

compresses it, and then calculates various Two-Photon Fluorescence (TPF) 

patterns. It calculates the crossing or the uncompressed pulse with it-

selr, the compressed pulse with itselr, and uncompressed pulse with com-

pressed pulse. It also has the capacity to store the results ror several 

independent random-phased pulses to show what the average would be. 

Program SPECT generated Figs .11 and 12. Pulses with particular 
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phase functions were chosen, and the instantaneous frequency sweep is 

plotted as well as the spectrum. 

Subroutine KPULSE generates a 5-picosecond duration (full 1/e in-

' ' tensity width) pulse and finds the· instantaneous phase due to self-

phase-modulation. If IB = 1, it does it for the case of instantaneous 
,j • 

relaxation, if IB = 2 the calculation is performed for the situation 

wherethe variable RATIO corresponds to the ratio of the pulse duration 

to the· orientational relaxation time. 

Subroutine ACCUM takes the sum of several functions for averaging 

purposes. 

Subroutine PULSE performs a random walk to generate a random phase 

function for a 5-picosecond pulse. 

Subroutine UNMOD generates a 5-picosecond unmodulated pulse for 

,-,..._ calibration of·the Fourier transform subroutine, and for generating an 

Uilcompressed pulse in program RANDOM. 

Subroutine TPULSE generated the pulse for Fig. 11. 

-Subroutine GPULSE generated the pulse for Fig. 12. 

Subroutine SHIFT performs the function of a dispersive delay line 

with BB proportional to the dispersive delay per unit bandwidth. 

Subroutine SWITCH takes a function and switches the right and left 

halves. This is necessary because the Fourier transform subroutine 

(FRXFM) produces a "switched" spectrum . 
• 

Subroutine POWER finds the modulus squared of a complex function. 

Subroutine SCALE renormalizes a function so that it peaks at the 

value 1. 

Subroutine SIZE· sets up paper size, plot size, and other parameters 

associated with the plotting of curves. 

Subroutine SCRIBE takes any function and prints it as computer out-

put. 
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.·Subroutine DYE finds the two-photon fluorescence pattern of two 

pulses where the result m~ or may not be a symmetric function. If one 

knows that the function will be symmetric, the following subroutine 

should be used. 

Subroutine SDYE finds the two-photon fluorescence pattern when the 

result is known to be symmetric. It consumes half as much time as DYE. 

Subroutine FOLD generates the correlation function necessary for 

subroutines DYE and SDYE. 
. ' 

Subroutine ZERO allows arrays tobe reset to zero for repeats of 

calculations under different conditions. 

Subroutine SQUISH magnifies by two only the horizontal center half 

of a function. It is particularly useful in looking at compressed 

pulses where all of the details are so compact that merely expanding 

the paper c()ordinates would waste paper. It can be called several times 

for magnification by multiples of two. 

Subroutine FRXFM is a fast Fourier transform subroutine which was 

copied from the original owned by Dr. B. Landgon (of the Department of 

Electrical Engineering and Computer Sciences on this campus). 

' ' 

• 
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PROGRAM KERR IPLOTtiNPUTtOUTPUTtTAPE98tTAPE99~PL0T) 
COMMON/CCPOOLJXMINtXMAX•YMIN,YMAXtCCXMt~,CCXMAXtCCYMIN~CCYMAX 
COMMO~/CC~ACT/~ACTOR 

COMMON/ROq/CORR,JST,M,N,MltBR . . 
0 t MENS I ON A ( 2 (') 48 l , B ( 2 04 8 ) • C( ? 0 4 A l , D I ? r, 4 8.) , E I 2 () 4 8 l ' X I ? 0 4 A ) 
CALL ccqr,N · 
T .c::T=~ 
CALL StZECXl 
CCXMAX=3600• 
CALL KPIILSF(At13) 
CALL FRXFM(MltAtBtll 
('ALL POW~Q(A,P,r) 

CALL <;CAL~(() 

CALL SWITCH(() 
I=~ 
CALL CCGRIDilt4t6HNOLBLStlt4l 
CALL CCPLOTIXtCtlt4HJOINl 
CALL CCNEXT 
qq:-.(')42 
CALL <;HtFTCAt8t~tEl 
CALL FRXFM!MltOtE,-1) 
CALL POWERCD,EtCl 
T=~ 
YM.AX=50. 
ENCODE ClQ,3,Gl BB 
CALL CCLTR 1600.,700.,Q,3tGtl0) 
CALL CCGRtDilt4t6HNOLBLStlt4) 
CALL CCPLOTCXtCtlt4HJOtNl 
CALL CC~EXT 
(O~TtNUF 

·('ALL rc~r>H"• 

FORMAT C3HBB=tF7.3) 
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PROGRAM RANDOM IPLOToiNPUToOUTPUToTAPE98tTAPE99=PLOTl 
COMMON/CCPOOL/XMINoXMAXoYMINtYMAXtCCXMINtCCXMAXtCCYMINoCCVMAX 
COMMON/CCFACT/FACTOR 
COMMON/809/CORRoiSTt~tNoMloBB 

D I MENS I ON A I 5 12 l , !3 I 5 1 2 l t C I 51 2 l , Dl 5 1 2 l • E I 51 2 l t F I 5 1 2 l t G I 51 2 l , H I 51 2 l , 
1X15l?l 

CALL CCRGN, 
I<;T=l 
CALL <;.IZEIXl 
CALL PULSEIAoBl 
CALL POWERIAoBtEl 
CALL SDY.E!EtEtDl 
CALL ZEROIFoGoH) 
DO 1 J=ltlO 
CALL PULSF"IAoBl 
CALL FRXFMIMltAt9tll 
CALL POWERIAoBtCl 
CALL SCALE!Cl 
CALL <;WTTCHICI 
CALL ACCUMICoFl 
CALL CCGRIDilt4o6HNOLBLStlo4l 
Y=CCYMAX 
CCYMAX=400o 
CALL CCPLOTI~~c.M,4HJOINI 
CCYMAX=Y 
RR=.Aq 
CALL <;HIFTIAtBoAoBl 
CALL FRXFMIMloA,B,-1) 
CALL POWERIAtBtAl 
CALL DYEiftAtBl 
CALL <;DYEIAtAtCl 
CALL ACCIJ"'1(R,t,) 
CALL ACCUM!C,H) 
CALL CCPLOTIXtDtMo4HJOINl 
CALL CCPLOTIXo8oMt4HJOTNl 
CALL CCPLOTIXtCtMt4HJOTNl 
CCYMTN=MH). 
Y~1AX=::Io 

CALL CCPLOTIXtA,M,4HJOTNl 
CALL CCPLOTIXtEtMo4HJOTNl 
CALL CCNEXT 
VVAX=?o 
CC"YMTN=20!"1o 
C0NTTNUF 
CALL SCAL~='IF) 

C"ALL .<;(ALFIGI 
CALL <;CALF"(Hl 
CALL CCGRTDil'o4t6HNOLBLStlt4l 
CALL CCPLOTIXtDtMt4HJOINl 
CALL C(PLOTIXt!'ioMt4HJOTNl 
CALL CCPLOTIXtHoM~4HJOINl 
Y=CCYV,AX 
CCYMAX=40!"1o 
CALL CCPLOTIXtFtMt4HJOINl 
CCYMAX~V 

CALL CCFNn 
C:TI')P 

F"flll') 

·• ' 

• • 

,. 
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PROGRAM SPECT (.PLOT, INPUT ,OUTPUT t TAPE98, TAPE99=PLOJ l . 
COMMON/(CPOOL/XMJN,XMAXtYMIN,YMAX,CCXMINtCCXMAXtCCYMlN,CCYMAX 
CO~MO~/CCFACT/FACTOR 
COMMON/~08/CORR,JST,M,Nt~l•BB 
DIMENSION AC512),B(512)tC(512),F(512)tX(512) 
CALL CCqG~ 

JC:,T=l 
J=., 
CALL C::lZE(X) 
CALL TPULSF(AtBtF) 
CALL FRXFM(MltAtRtl) 
CALL oow~R(A,AtA) 

CALL SCALF( A) 
CALL SWITCH(A) 
YMAX=X~AX 

X~AX=lf'le 

CALL CCPLOT(AtXtMt4HJOJN) 
CALL C::Il~(X) 

CALL CCGRYD(lt4t6H~OLRLStlt4) 
Y~AX=e0135 
Y~IN=-.01'35 
CALL CCPLQT(XtFtMt4HJOJN) 
IF (J) 3,2,3 
CALL c;p~(Xl 

CALL CCNFXT 
J=l 
CALL GPULC:.qA,R,I=') 

.r,o TO 1 
CALL CCENn 

. c; TOP 
END 
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,·. 
·. ( ,_. 

·<;tJO,~()iiT-T"-Ic:- !fPIJI_C,C(riii,Tl\) ... , 
r () M ~ !)~~ I a. r) a, I r I")~ R, -I <;To-M , "I , '1.1• R R. 

[) T ~1.:"--c, T n~J ·nA ( 1 l. ,I A I 1 l 
r)f=ll'). 
I<T A=?** T <; T ' 
RTC,TA.=TSTA. 
I R= l ; 
!R=? 
RAT T ')=? o: c;·. 

~=' R =·o r -:~? • *, o 0 n 0-. *·f) r 
1-i=ef'1~/0.! ST·\ 
V=~ATl()/?• 
A: 0 1')!)'"17"> · 

P:l')e 
h0 _ -4 I = 1 • '~ 

'TF:-=T+l'-1\J 
r'=H*Tc:­
Tf=I-~1 

T=H*TF 
TF=TF+.'J*I-i 
ttJ~Y*TF , 
' ' ' ' 
'):F)(fJ(-(*i) 
! ; -' [ X D (- T * T ) 
X;:fX 0 ( '-:t./* 1•/) 

T F ( IR - ?. l ? • l 9 ?. 

'j 

1' CO'HT ~~iF 
·0:::-(D-A*Ul*\/*1-i 
R~~~o~n12~~A*Xl*Y*I-i 
Y=i'-;-( D+~I? • .,.A*X )*\/*1-i 
~=-(D+Y-A*r))*l/*1-i 

0~~~(0+2~*(~+~)+11/A. 
GO T() , 

? D:<\lf-.1') -

, .!(')1\jTT"JIIF: 

4 

1 

or;:i:-~*o .· 
f)f = S'JR n. r1 l 
r) 1\ t T ) =:f) tit r 0 S ! P T.l 
TA(>T l=hF*SPHPT) 
(ONT T 1\J-ItF: 
RF:T 1 JR."'· 
~Nr"l 

SlJ3ROUNN': A(CUM!Aof3l 
COti.1MO.N!BOf3/C::ORR, I ST o 1v1tN t'-11 tBR ·. 
IJP-1c:-N<;f0t'r A! 1) ,P,( 1 l 
DO 1 · I : f:,_~_ - . 

R! T l :::i1=n I I+ A I T l 
COr..JTTI\Jiji-' · 
i~ t= ·, ,_,,~ 1\j 

Fi'lii1 ·, 

-.. 

· .. 
' 

J 

- -- ---- -- -----. ·--'--- ___ _,_;_____ ______ ·~-. --· -- --~- ___:-

t/ ... 

11· 
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SU~QOUTTNF PUL~~(T,nl 

COMMON/80~/CORR!rsT,M,N,~1,8B 
DTMFNSION T(1),~(1~ 
ISTA=2**Ic;T 
LAM=65 
ALAM=LAM 
U=C.26*ALAM)/(ISTA*7~.) 

U=<;Q~T(U) 

~T<;TA=IC:,TA 

~=.n5/RISTA. 

~(') 1 I=J.1~"H'lnO 

RAND=RGFNCXl 
CONTINUr: 
P=n. 
DO 5 I= 1, M 

~=Pf.~"'(X)-.5 
JC'(Q) 2.2.'l 

2 Z=l. 
(i(1 T" 4 

' 7=-1. 
4 P:iP+Z*U 

TE=I-N 
C=H*TF 
C=(C*Cl/2. 
I)F=EXPC-C) 
l)(f):nF*COS(P) 
TCT):I')F*c;rN(O) 

5. CONT TNUF 
RE'TUQN 
END 

1() 

SURROUTINF UNMOI)(A,~l 
COMMON/BOB/CORR,JST,~,N,Ml,BB 

DIMENSION A(llt8(1) 
IST.A=2**1ST 
BISTA=ISTA 
H=.05/ATSTA 
no , " r = 1 , v 
TE=T-N 
C=~*TF 
C=C*C/2. 
A(J)=O• 
R(J)=r:XP(-() 
CONTINUE 
P~TUPN 

FNn 
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. t . 

SU~~OUTTN~.T~UL~Et~.~~Fl . 
COMMON!86B/CORR,ysr,~.N,M1,B~ 
DI~ENSION A(1hB<lltE<ll•P(2048l 
TC::TA=?**TC:.T 
R I 5 T A= r· S T A 
H=.05/BIST.A. 
DO 1 I= l, 'v1_ 

TE?I-N 
r::u*T~=" 

C=C*C/2. 
' f)~=EXD (~c) 

PU l =10~"~•*nF 
A (I) =DE*COS <P < T > l 
B < T l =DE * S 'y N ( P < I > l 
CO"'TINU~=" 
~2=1111-1 

no ? T='·~? 
EJ! l = < P <I -1 l "'-P (·I+ 1 l l * • 00 2 
CQ,~TI "'U~. 
FCU=F<2l . 
fp.q::f(M-1 l 
~E'TURN 

· F"ln. 
J. 

' · . .)' 

SUAROUTINE_GPULSECAtBtFl 
., COMMON/BOB/CORR,IST,r•hNt~·U,BB . 

DIMENSION A< 1 I tB( 1 l ,E( ll ;oc 2048 l 
I<;Tii=2*-!!-TC::T 
qTc:,TA:TC:.T!I 
H=.05/BIST~ 

U=O• 
. 00 1 I= 1, llo1 .- . 

TF-= T-"l 
C=H*TF-
C:C*C/2. 
DF=FXP t ~Cl 
U=U+nF. 
P(!l=U 
~<I)=bE~COS<P<!>> 
qti!=DE*ST~fp(f)l 

l' · '. · CO"'T TNUF­
. 'M2=M-l 

DO 2 ,1"'2t~? . _ _ . , 
F t J) = < P FT -H -P (I+ 1 l l * • on 2 

2 CONtiNUE· 
_. ~(l)=Ff?) 
F(M):f(.M,-l) 

·R~:tu~"' 
F.Nn 

. ', 

~· . 

•. 

·{ .•. 
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SUBROUTINF SHIFTCDAtTA,D,Fl 
C0MMON/~OR/CORR,IST,M,N,M1,9~ 

DIMENSION DAClltTAClltDC1l~E<1l 
TR=M 
DO 1 I= 1 tN 
TF"= T , 
T!:=TE/12eA 
H=qR*TE*T~ 

U=("O<;(Hl 
V=c;fN(H) 
F=I)A(Tl/TR 
G=T.A (I) /TR 
DCT)=F*U-G*V 
f(J)=(;*li+F*V 
TMsM-!+1 
F=DACTM)/TR 
G=TA ( TM) /TR 
r) ( T M) =F *U-I';*V 
FCTMl=G*U+F*V 

1 CONTINUE 
RETURN 

.FND 

SURROUT.JNF" SWITrHCCl 
COMMON/BOR/CORR,ISTtMtN,M1,BB 
DIMC:NSION C(l) 
DO 1 'I= 1, N 
N~=N+T 

U=C<N~) 

V=C<Il 
C(Tl=U 
C(N'3l=V 

1 CONTTNUF 
RETURN 
FND 

SUBROUTINE POWERCAtBtCl 
COMMON/A08/CORR,IST,M,N,~l,B8 

DIMENSION AClltBC1l tCC1l 
DO 1• I= ltM 
C( I) =A (I) *A (I) +P (I) *q ( T ) 

1 CONTINUE 
RETURN 
~Nr1 

I 
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SUBROUTINE SCALf(() 
CO~~ON/~OP/CORR,JST,M~N,Ml~AR 

DJMfN<:,JON Cf1) 
U=Cf1) 
Dn :::' I= 1 '~ 
TFCL.t-C(J)) 1,1,2 
U=Cfi) 
CONTINU~" 
DO 3 I= 1 .~ 
r ( T ) :r ( I l /U 
CONTINUE 
R~T!IPI\t 

FNI') 

~URROUTTNF C:,JZFfX) 
COMMON/CCPOOL/X~INtXMAX,YMIN,YMAX,CCXMIN,CCXMAX•CCYMINtCCYMAX 
CO~MON/~0~/CORR,JST,M,~,MltB~ 

DIMENSION X(l) 

'M1=A+YST 
N=l?.8*f2**IST) 
M=?.*N 
.1\M=~ 

CCXMI"l=?On. 
CCYMJN=200. 
CCX~AX=2400. 

CCX~AX=1lon. 

CCV~AX=100"• 

X~IN=O• 
XMAX=A·~ 
VMJN=I'l. 
YMAX=2. 
DO 1 I= 1, M 

XCil=T 
1· CONTT"''UF 

1 

2 

P~T!JP~I 

r:"NI) 

SUBROUTINE SCRIBECAl 
CO~MON/RO~/CORR,JST,M,N,M],BR 
DI~ENSION Afl),F(8) 
t<Z.::~/8 

.DQTNT 4 
1)0 3 J.= 1 'KZ 

. DO l K = 1, A 
I=J+(K-ll*KZ 
F(I():A(J) 
C()NTTNU~" 

PRINT 2,(~"(K)tK=1,8l 

FOQMAT f8(5X,~12.2)) 

~ ("()~IT IN! I~" 
4 FORMATClHl) 

RC::TlJRN 
FNI) 

' . 

' 
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SUqROUTJN~ DYf(y,z,r) 
COMMON/808/CORR,JSTtMtNtMltBB 
Dif-4ENSION YC 1) ,zc 1) ,cc 1) 
~K=O• 
DO 1 I= 1 tM 
BK=~K+YC I l*YC I )+Z C I) *Z C I) 
CONTYNU~ 

M?:M/4 
'-1~=~*~1? 

DO 2 I=M2,~3 

J=T-N 
CALL FOLD(J,YtZ) 
C C J) :gK+4.*CORR 

2 CONTINU~ 

1 

2 

DO ~ I= 1 .~::> 
T1=T+M":\ 
((T):ql( 

C C Yl ) =B K 
CONTINU~ 

CALL .c;CALECCl 
RETURN 

SUBROUTINt SDYECY,ZtCl 
CO~MON/BOB/CORR,IST,M,N,Ml,BB 
DIMENSION Yt1ltZC1) tCCl) 
8'<=0. 
DO 1 I= 1•~ 
BK=BK+Y Cl) *Y C I) +Z C I) *Z (I) 
CONTINUE 
M2=M/4 
DO 2 I=M2tN 
J=Y-N 
CALL FOLDCJtYtZl 
CCil=BK+4.*CORR 
CONTINUE 
DO 3 T=l ,M? 
Jl:('3*~?l+I 

I3=N.;,I 
I2=N+T 
rcrl=qK 
c ( J 1) :J:31( 

C ( l? ) =C ( I":\ l 
CONTINU~ 

CALL <;CAL~CCl 

f?~TUPII.l 

r:'NI) 
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)ii~f\()iJiTN..:: F0L;Jf I,<;,Tl 
COMM0N/81RIC0RR,IST~M.N,~l,R8 

·f) T M F N S I () N S I 1 l • T I 1 l 
·B=I'l. 
1T/\If=2lf-I 
M?=MI4 
;,q:.. "'* ( M/ '+ l 
IJ•) '+ I ~-'•i~ ,:.j i 
i4- r-;-r fi\'J 
IS~IT4~ll*fT1~li*(M-T4+11*(M-f1+ll 
iF{ f")l 2,;?.1 
F=Sfnl*TII4l 
GO TO ~-

2 F=n. 
1 R=R+F 
I+ (()NTT"JIJF 

C0~R=8 

RETriRN 
F~l•:-l 

SIJFlR()IJTTNF ~r-ROIA•8•C) 
C0MM0N/80RIC0RR,IST,M•N,Ml,8B 
f) r ,., r:. "I ·~ r o r--1 "' c 1 ' , R c 1 1 , c 1 1 1 
IJO ·1 I= lo'~ 
AI I )o:l). 

9{!1=0· 
C! I !=0• 
C0"1Tl"l'l~ 
RFT'JR"l 
FNf) 

StiRROIJTINF S0UTSH{Al 
(QivlMON I C (POOL I xrv1 IN, Xiv1AX, y:-.1 IN, Yi•1 AX, CC Xfvl IN, CC_X:vlAX, C(YivJ IN' CCYM I\ X 

-COMMON/CCFACTIFACTOR 
C0MMONIR091C0RR,ISToMoN•MloRR 
ntMFf\ISIO"J All) 
M=MI2 
X"'1AX=M 
N"'MI? 
DO l J = l ''~ 
J:?=J+N. 
A { J l = A { J '? l 
CONTT"'UE 
RFTIJRN 
EN f) 

' 



• 

0 6 

SU~ROUTJNE FRXFM(N2DOWtXtY,JKl 
RF.AL X!Zlt Y!Zl 
INTEGER PASS, SEQLOC 
RI:AL ID 
INTEGER L!l'3l 

/ 

-l3J--

EQUIVALENCE !Ll3tlllll•<Ll2•L<Zll•<Ll1•LI3lltlll0•L(4ll• 
1 I L9 tl I 5 l l • I l8 • L I 6 l l • I L 7 • L I 7 l l • I L6 • L I 8 l ) tIL 5, L I 9 l l, 
2 ~L4tll10ll•IL3tli11)),1L2•LI12lltll1•LI13ll 

SG~=JK 
3 NTHPOW=2**NZDOW 

DO 1 PASS=1,N2POW 
lENGTH=2**1N2POW+1-PASSl 
NXTLTH=LENGTH/2 
SCALE=6.283195307/FLOATILENGTHl 
DO 1 ,J=1tNXTLTH 

~RG=SCALE*FLOATIJ-J l 
S=SIGNI~JN!ARGJ,cGNl 
C=COS!ARGl 
DO 1 SEQLOC=LENGTH,NTHPOW,LENGTH 

J1=SEQLOC-LENGTH+J 
J2=J1+NXTLTH 
RD=X!J1l-X!J2l 
I D·= Y! J 1 l -Y! J 2 l 
XIJl l=X!Jll+X(J2l 
YIJ1l=Y(Jll+YIJ2l 
IFIJ.EQoll GO TO 2 

X!J2l=C*RD-S*ID 
Y(J2l=S*RD+C*ID 

GO TO 1 
2 X!J2l=RD 

1 

4 

6 

C0NTINUE 
DO 4 I= 1 t1 '3 

L!Il=l 

VI J2 l = ID 

IFII.LE.N2POWl Llll=2**(N2POW+l-Il 
IJ=l 
DO 6 Jl = 1tll 
DO 6 J2=Jltl2tLl 
DO 6 J3=J2tL'3tL2 
DO 6 J4=J3tl4tL3 
DO 6 J5=J4,L5.L4 
DO 6 J6=J5tL6tL5 
DO 6 J7=J6tl7tL6 
DO 6 J8=J7tL8tL7 
DO 6 J9=JBtl9tL8 
DO 6 JlO=J9tllOtl9 
DO 6 J11=JlQ,Lll,LlO 
D0 6 J12=Jlltll?,Lll 
DO 6 JI=Jl2tll3tL12 

RETURN 
END 

IFIIJ.~E.Jil GO TO 6 
T=X!IJl 
X!IJl=X(JI) 
X ( JI) =T 
T=YU Jl 
Y(JJl=YIJil 
V(JTJ=T 

IJ=IJ+l 
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APPENDIX B 

Computer Programs Associated with Chapter IV 

This program_was written to analyze the saturation of green trans-

mission in KCl F-centers. The models are described in Chapter IV. . \~ 
Capabilities also exist for checking the infrared gain as well as the 

second harmonic generation efficiency~ The calculation was performed in 

a manner' slightly more elegant than necessary because of the possibility 

of"probing the populations with light perpendicular to the intense 

driving light. It is for this reason that. Subroutine POP was written 

to keep track of the z-dependence of the populations. Note that in a 

collinear geometry, the z-dependence is unnecessary because pulses 

propagate the length of the sample. 

Program MAIN is written so that the data can be viewed on the 

Cathode Ray Tube Console while being controlled by teletype. Since 

several events can be stored in the data cards, each collection of 

results from one"mode-locked train is called a case, and cases are 

numbered consecutively. One can call on the teletype the case number 

and his choice of saturation parameter, and then the experimental and 
-

theoretical green transmission data are displayed on the screen. The 

operator can then find, for each case number, the optimum fit of satura-, 

tion parameter, and can then call for photographs of pictures he desires 

by setting I5 = 1 on the teletype. The special control cards for 

operation of Program MAIN are shown on page 140. 

Program PLAIN does the Calcomp version of program MAIN. One can 

set saturation parameters and case numbers, and they will be plotted. 

Subroutine MOM sets up the size of the plot and other parameters 

associated with viewing the calculation on the Cathode Ray Tube console. 

Subroutine DAD sets up the size of the plot and other parameters 
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associated with plotting the curves on the Calcomp plotter. 

Subroutine HEIGHT reads and counts the data cards, assigns case 

numbers and counts the number of events per case. For each pulse, in-

put consists of the heights (in hundredths of an inch) on the oscillo-

scope of the green pulse energies into and out of the samples (that is 

reference and signal), as well as the infrared pulse heights. 
' 

Subroutine SCALE normalizes a function to have a minimum value of 

B and a maximum value of A + B. 

Subroutine ATTEN calculates, for the population left by the pre-

vious pulse, the attenuation that the next pulse suffers. 

Subroutine POP calculates the new populations after each pulse 

passes. Note that this subroutine keeps track of the z-dependence of 

the populations. This is so that right angle geometries could be studied. 

\ 

,p 

• 
I. 

'• 
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/ 

These control cards preceed program MAIN. 

PULSEtl7t40t47777~407113tFISHER 
TTY. 
LI~COPYCSTRONGtX/9RtFETHELP) 

COPYCINPUTtlRMtXtlRtDFCK/B~l 
RU~F(S,NL~nnon,r=nFCKl 
REQUEST CRT,TV. ASSIGN 42 
LODECI=LGO,~=~APFILE) 
XFQ. 
EXtT. 
I)MO• 
WBRC1lt350000) 
DMPS. 
f"'XTT. 
FJIIJ. 
COPY ( MAPF I LEIRB tOUT-PUT) 

• 
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Pl-<GGKM• ,•,Aii'l (C/-<:Td:~r'JTtvuTi-'uf.TAPtlitl=lul.TAPt. TTY=L:::tiAPt.J.=IAPf T 
1TYl 

D I :viE NS I G:, C: i~ ( l U 0 l , R ( 3 0 , 2 0 ) ,.., t ( 30 t 2 0 ) • HU ( 3 0 • 2 0 ) • "E 0 ( :, 0 •.:: 0 ) • " ( o 0 ) t1.J ( 

1~0,20)tLAST!20)tH(3Q,20) 
COI-1"'10 ;\II T VPG JL I X•A I ;, , X J!iA X , Y ,I, I~~ , Yi'·:AX , T 11 ,< 1·1 I'', TV Al•iAX , i V Y,•d '' , TV Y •''" A 
CO~MONiiVGUIDEITVMO~EtTEXTUKE,ITV 
COMMONITVFAC~IFACTOR 
C J,v,,.; J1' I TV T u .~ t /LP c.,·,J .~ , L Pt." 0F F , I T i-1 L I C.:::> • l >·1 l•>~ K , l i-. T c. I'< 5 E ' I R 1 C:.H f • i. UP 
COMMJ;\1/RJBIJ,ILAST,BETA 
C.ll.LL TVNEXT 
CALL FFTHELP 
CALL HEI~HT(HtHO,kEDtREt0,LAST,Ll 

RE.Af)(lt102l DUW-1Y 
3'1 ~~~IT::!ld'ill 

CALL TVVOICJ(26'3) 
I TV= 3LCfn 
READ(1t100l JL,~ETA,!5 

I F.( I 5 l 1 1 ' 1 1 ' 1 2 
12 ITV=4LFIU~ 

11 IF!JL.)9,4t9 
9 8EF:qS=2.2 

1 

2 

3 

48=20. *'3EERS 
J=liG 
IL.AST=LAST( Ill 
CALL "10i'~ 
CALL TVNC:XT 
DO 2 I Z = 1, J 
EN(IZl=1• 
X ( .J Z) =I Z 
COf\JTI!IJUF 
DO 'l. I=1t!LAST 
CALL ATEN(::N,R!I.ILll 
CALL POP(H(I,!L),C:Nl 
CONTINUE 
CALL \10~1 

CALL TVGRID(4t6HNJLRLS,4J 
·.~R IT I" ( 9 R, 2? l I L 
CALL TVLTR(25J.,7on.,4,5) 
WRITE(98•?3l JETA 
CALL TVLTR(25J.,608ot4t5l 
CALL T VPL:.JT (X • ;-<E ( 1• I L), I LAST, 4HJ0 I.~ • 6 tl) 
CALL TVPLUT(X•R(1;ILltiLAST•4HJJ!~t7t1l 
·Go TO 30 

22 FOR~AT(*CASE*I3l 
23 FORMAT(*BETA=*F7.4l 
1 ()" 
11)1 
102 
4 

FOR'~/\ T ( I 2, F 1 r; • 2 t! 5) 
FOR~AT(*TYPE 8ETA*l 
FOR'v1AT(A10) 
CALL TVE.'W 
STOP 
FNf) 
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PROr;'Rfl "1 PL. A IN ( PI.JH, I NPI IT • 0! ITP' IT • T APE98, T i\PE99=PltH l 
D T ~ F N c, ! 0 N F N ( l 0 0 ) • R ( ~ 0 • ~ 0 ) • R F: ( ~ 0 • 2 0 ) • HO ( '() • 2 0 ) • R F: D ( 'I) • 2 0 ) • X ( fll) ) • I J ( 

1 '> () , ? I) I , L A <; T .( 7 0 I t ~-~ (. 'l '1 , ~ 0 ) 

(0~~0~/C(Fflf"T/Ff\CTOR 

COM~ON!((POOL/X~lNoX~AXoYMINoYMAXtCCXMlNtCCXMAXtCCYMINoCCYMAX 

rd~~ON/~OR/J,!LA~T.RFTfl 
f"l\1.1_ rr•Vi!\1 
c A l.l H F: l G IH ( H • H 0 • R F: [) • R f • I I • I~ A c; T • L ) 
Cl() 7 !A=">'iofl">t"> 
Rfi\:::TI\ 
~FT~='HI\/1000e 

RFF:<c:= 7 •? 
I\R=2f"'o*REC:RS 
J=AR . 

. 00 6 I L =- 1 • L . 
lLAC:.T=LA'iT( II_ l 
oo ~ I 7 = l , . J 
Fr-.j ( p) =lo 
X!I?l=I7 

? rl')rHTN'IF 
!)() 'l I=loiLAC:.T 
CALl ATTFN(FI\loR!loiLll 
Cli.LI_ PrJP!H!ltllloFNl 
C()r>.ITJNIIF 
r AI_ I_ I) AD 

CAl_!_ crGR!f"l(4t6HNOLRLSt4l 
rtJR IT F ( 'i 8 t 4 l T L 

4 FORMAT(*CASF*I'3l 
CA~L CCLTR(2">0.,700.,4,">l 
WRITF(9flo">l !lETA 
~OR~AT!*RF1A=*F7o4l 
f"ALI (CLTR!2">11.,60n,,4,C,l 
CALL CCPLQT(XoRF!lo!LlolLA'iTt4YJO!Nt6tll 
CALL CCPLOT!XtR!l•tll•ILA.5Tt4HJO!Nt7•ll 
f"ALL COlF'XT 

r-, CONT!NIIF: 
7 (()f\!TTNIIF 

CALL cr:ENf"l 
ST()D 
F"'f"l 

• 
,. 
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<;1 JRR()U T I Nf: '-'10~'1 
COMMO~ITVPOOLIXMIN,XMAX,YMIN,Y~AX,TVXMIN,TVXMAX,TVYMIN•TVY~AX 

COMMONITVFACTIFACTOR . . 
CO:vlMON I TVT U:'-JE I LP ENON 'LP EN OFF, IT AL I"CS • I WINK, IN T EN'$E '.I RIGHT, IUP 
COMMON I TVG 1 JI f) F: I TV~~Of)E, TEXT URF:, I TV 
COM~O~IBOBIJ,ILAST,AETA 

Atv1=ILACiT 
TV~MIN=20I). 

TVYMIN=?.on. 
TVX~AX=81)0. 

T''Y~A x = Rn0. 
XMTN=I)· 
Xlv1AX=Aiv1 
Y'~ IN= ri • 
V~AAX=?• 

RFTIIRN 
nm 

SIJRRQ!ITINF [)Ail , 
C 8 :Vi ; ·~ 8 i.; / C: C 0 J 0 L I 1: M I N , X M A X , Y ~ I N , Y M A X , C C X M I N , C C X M A X , C C Y ~~ I N • CC Y ,,~ 1\ X 
COMMO~ICCFACTirACTOR 

COMMO:U80BIJ, IL.AST,RETA 
A~= I LAST 
( C X ~~ t N = 2 () 0 • 
C(Yiv1TN=200. 
CCXMAX=81')()• 
CCY~<\X=8()'1. 

x·~ I ~l=n. 
X'A A X:: A \1 
Yt-..1 I N=O • 
Y~~AX=2 • 
RETlJRN 
FNf) 

SII~ROIJTINF DQP(I,I/,ENl 
.C0\1tv10NIBOBIJ,~LAST,BETA 
f)!M~="NSION ~N( ll 
I)::() • 

!)I') f I 7 = l , J 
U=U+F.N ( IZ l 
R='JI?n. 
V=FN!Pl 
F"l( Ii:l=V*!l.-BETA*!,I/*EXP!-Bl) 
(0"! T T NIJF 
RFTIIRN 
FNf) 
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SURPnUTINE HFIGHT(H,HO,REO,PE,U,LAST,Ll. 
IJ l MENS I ON H ( 30, 20 I , HOI 30,2 0 I , F' ED I 30,20) , P E I 3 0, 2 0 I itJ I 30 , 20 I , LAS TC 2 0 

11 

1 

3 

4 

20 
21 

5 
6 

. L =0 
1=1 
L=L+1 
READ R,HCT,LI,HOII,LI,RFDII,Ll,K 
lFIKl 4,4,5 
REII,Ll~Hnii,LI/H(l,LI 

S=REOI I, L I 
S=S*S 
V=S-.01 
IFIVl 21,20,7.0 
Ul I,LI=HI I tl.I/S 
1:1+1 
GO TO 3 
JF(K-21. 6,7,6 
LASHLI=I-1 
GO TO 1 

8 FORMA~I31FlQ.21,41Xtl11 

7 LASTILI=I-1 
RETUR1\f 
END 

SUBPQlJTJr~F SCALF.(C,A,BI 
CO~MON/BJR/J,ILAST,RFTA 

OIMP~SIOI\J Clll 
U=Cill 
DO 3 l=l,TLAST 
IFIU-CI Ill 1., 1,2 

1 U=CIIl 
2 CONTINUE 
3 CONTINUF 

[)(l 4 1=1,1LAST 
Cl II=A*ICI I 1/tJl+R 

4 CONTINUE 

1 

RETURN 
ENO 

SUBROUTINE ATTF~IENrVl 
COM~ON/BOR/J,ILAST,BFTA 
f) I MENS IUN HH ll 
IJ=O. 
00 1 ( z = 1 'J 
U=U+ENIIZI 
CONTINUF 
II=U/20;. 
V=EXPI-UI 
PETUPN 
END 

/ 

• 
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