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 PICOSECOND OPTICAL PULSE NONLINEAR PROPACATION EFFECTS

ﬁoberf'Alan Fisher

Tt

Inorganlc Materials - Research Division, Lawrence Berkeley Laboratory
. ‘ S - and Department of Physics; University of Callfornla
E Berkeley, California

ABSTRACT
This thesis research evolved into a numberbof experimental and
theoretical studies in picosecond pulse nonlinear_opfical effects.
Both photon echoes and'selfeihduced transpareucy.had been predicted
and observed for nanosecond duration laser pulses, and our'earliesr
n goal was to observe either of these two effects with the recently
developed mode-locked Neodymlumyglass laser (whlch generates p1cosecond
-pulses). Although negative results were obtained, an account is given
for_the search for these coherent optlcal effects. The inability to
.uessure and control the pulse shapes and frequency modulaﬁiou'and the
. scarcity of suitablevsamples were major obstscles in the.search.
’vThe'experimenfal difficulties encountered above led to s study
of the generetion, disperslon,“and deuection"of-frequenCy—modulated
piCOsecond_pulses; and to the invention of a’scheme.presented in this
thesis for temporally compressiug'"normal" 5 picosecondlpulses 5y
- a two-step processl 'The pulse is first passed throughdan opticel Kerr
;." . l.'_. . sﬁateriel-(such.as CSz) and the pulse’undergoes self-phase modulation.
- It is then passed through a dispersive delay_line'ﬁhichlis'sdjusted to
compensate for thevfrequency_modulation.' Compressdon by hundreds is
' possible.’- | o
~Pulse compression experiments performed elsewhere had suggested

that ‘the mode-locked Neodymlum-glass ‘laser pulses were llnearly

‘frequency swept; In this thesis it is suggested that pulses mlght be
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more complicated. Since publication of these’calculated couhter-
‘examples by the author, new measurements (performed elsewhere) were
reported. Although these measurements aid the linear sweep pos—
v sibility, 1t is p01nted out that dlfficult;es still exist in trylng
to find a model which fits all the asta. o B

_ Although the properties of duration temporal shape and frequency
modulation of individual mode—locked Neodymium—glass laser pulses are
quitezuncertain, such pulses”can saturate hroad transitions and, if
sufficiently attenuated, can measure populhtioh>differences. "The KC1
' F-center absorption band is found.to be resonant with the laser second.
harmonic (0.53 M), and the emission band is resonant with the laser
\fundsmental (1.66 u); The F-center dynamics can be described by a
Heleuelﬁsystem; Noniineer'saturation end gain have been utiiized to
study the'optical pumpband dynamics;”:In this investigatioh, complete
inversion of the‘emissioh.band has been geherated by absorption of the
v second'harmonic.pulses, and the inverted emission band is observed to
amplify the fundamehtai.laser pulses. To our khowledge,.this'is the

first_obserration ofvoptical_gein in coior centers. The L-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 e few picoseconds or less) but signal fluctuations (due to
_"fluctuations in the beam divergence) were larger than the 51gnal changes
to be measured. A ststistical meaaurement vas precluded because the
" laser mirror damage occurred far too frequently

ThlS thesis also describes the laser design and setup. The

laser utlllzes split-lmage near—field photography in conjunction with

internal spatial aperturlng for accurate control of the transverse modes.

s X
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I. INTRODUCTION

The initiation'of this theéis followed shortly after two,very im-
portant‘advénces in nonlinear optics: thé growﬁh of the field of: co-
herent>optical phénOmena and the development Qf‘a laser capable bf
geﬂérating pulses of &~ 5 picoséconds duration.i Thié thesis research
bégah iﬁ.an.attempt to obgerve coherent optical phénomena.on a pico-
second time séalé.

‘Coherent optical phendmena pertain to a class of effeéts where in-
tensevshoft laser pulses are resonaht or ﬁearly résonant with 'an absorb-
ingvof_amplifying sample. Perturbation theofy is of .1little use because
large changes‘in pdpulation differeﬁées occur. The two most common
édherent opticéi effeéts are the photon echol and self-induced trans-

. o , 3
parency.

]

Under the appropriate conditions, a résdnantly absorbing

sample<subjected to an appropriate sequence of pulses may spontanedusly

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

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

¢an 0ccur‘wheh a pulse passes through a resohant absorbing sample and

‘attains a condition where_little shape modification and anomalously low

losses resﬁlt.
The development of the passively mode-locked Neodymium-glass laser
was reported in 1966',h which set the stage for this thesis work. For

the first time, optical pulses in the lO_12 second_(picosecond) time

~ domein were available. Iﬁvthe simplest.setup,va mode-locked laser
generates a train of these ultrashort pulses separated from each other

by a few nanoseconds. Pulses vary thrdughout 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;yno electronic detection could

" resolve the pulse shape. The best system available at present is the
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biplénar vacuum photodiode (such as the IT&T F4018 or FLO1lL) uséd in
conjﬁnctioﬁ with a Téktfonix 519 oéciiloScope. Thé cbmbiﬁed'riée time
of such a_sYstem'is-of the‘order ofvl/3 nahosecond (ab0ut 300 picd_
éécbnds); and, thus, it merely intégraﬁes.signals of inferest in this
thesis. The only infOrmation given by‘the oécilloééope is that the ‘ Kl
height df the.spikeAis pr0poftional to thevenerg&_in the pulse. Such
a detection system can,. at bést, supply the obsérvér with a "list"'of_
pulse'energies. In spite of the inabilitybtq time résoive.suCh fasf
evénts, this theéis'began with the intention ofvobservihg cbherent op-
tical bhenomena with-picgsecona pulses. |

The first difficulty éncountered &as that‘the laser frequency (and
the second.harmonic frequency)‘severelybrestricted the availability of
samplés with tuned £ransitions;' An extensive samplevsearch"suggestéd
sevefal sample candidateé,.but ndne was foﬁnd abié tovsupport.éohérentv
'voptical.éffectsv(to daté; Eg_laborafory has‘reported positive fesults).
Although it is not always possiblevto attribute these negative'reéu;té.
tb oné'Single caﬁse;'it was éftén suspected that characterisfic relaxa;
tion timés (ihvthe possible éamples) were far less ﬁhan'the necessary
feﬁ picoseconds of the pﬁlse dﬁratibn. The difficulty in separéfing_
3'individuélrpulse effects from cumulétive effects (due to the train)
further obscu;ed the search for coherent'optical'effects.‘

Although negaﬁiﬁe results are reportéd, the "experiments in search

(_\D

of coherent optica1 phenom¢na aré described in Chaptér IT. The three
types of-éxperiﬁénts reportéd iﬁ this.search.éré:

,l). thélsearch-for'a sudden change (with increase in the input energj)
'in the percentage of'pulse energy transmission;

 2) "the”depeﬁdgnéé upon distance of the fluorescence:streék.generated

by -a pulse passing through a dye solution; and -
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3)  the search for light éoming from.theISample in the "phbtqp echo
directidn"’aftér illuminating the.éample Wifh appfopriate echo;
probiﬁg'pUlses. |

In all-cases,'no evidence fdr transparency was seen iﬁ Ethylenediamine,

Kodak 97h0 dye, and Rhodamine 6G. Negative photon echo results were

obtained in Kodak 9740 dye, Rhodamine 6G and KC1 F-centers. The energy

transmiééioﬁ'results for KCi F-centers indicated that cumulative effects
(during the train) cduld‘ﬁe of interest. “This:discussioh is reserved
for.Chaﬁter'IV.‘

-Approximately a year after the initiation 6f this thesis, E. B. .
Tfeaéy'reéorted that.an optical dispersive delay line (a pair of gratings‘
iﬁ tandem) increased the amplitude.modulafion:of mode-locked Neodymium-

5,6

glass laser pulses. Most researchers interpreted these results as

evidenqe.that.the'pulse carrier phase function is a‘simple,quadratic
in time (gorrespohding to a Minear freQﬁency sﬁéep" or "chirp").7

These fesults shifted thevapprdach that this the#is research had taken.
An attempt was made to locaté the.séurce of this natural modulation.

It was théﬁght perhaps that elucidation bf-the frequency modulation prob—

lem could then permit its elimination so that the photon echo and self-

induced transparency experiments would then be poSsible._ In studying

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

. solvent in .the mode-locked Neodymium-glass laser is an 0ptical>Kerr

maferial.' This means that the light passing through the ligquid ‘can give
fhe index of refraction a time—dependenée, and this time-dependent index
éf refraction can, in turn, mbdulate the freguency'of the light. If the
oriénﬁatibnal felaxation‘time»of the Kerr materiél is shorter than the

pulse.duration; the pulse receives a frequency modulation which is not
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monotonié in time but is . linearly chirped only in a region near the

peak of the pulse. . This, ip turn, 'led to the observationvreported in
this fﬂeéié (énd published as reference 8)‘that if-éuch a pulse is
paséed'fhfough a dispersi&e.délay.iine adjuéted to compensété for the
linearypart of the sweep,vsignificant pulse-COmpression cén 6ccur.: With
fi;tﬁaliy.no loss in pulsé energy,’thé.pﬁise'can bé shbftened ih time

by factors of hurdreds. Preéented in this thésis is a pair of numericél
exampies of tﬁis procesé using as the "chirper": i)vthe‘orientationai
Kerr éffect in CSZ;band 2) the direct electfoﬁie distortionvin glésses.
Both cases show the possibility of generating.pulses in the lo—lh.secoqd
range. ‘Chaptef ITI describes this pulse compreésion scheme.

Inlbur early pulse'compression calcﬁlationé, a mistake in a com-
puter program (later corrected) led to suchvconfusion thatrsbme suspicion
- was kindied about the iinear chirp interpretation of E. B: Treacy's re-

sults; This mistake led to the discovery (reported in this theszs and
published as refefence 9)_that there were mény.interpretations of E. B.
Treﬁcy's laser puise modulétion measuremeﬁts. (This furiher discouraged
our oriéinél‘cohérent optical'phenomenavexperimental plans.) It is
shownjthaﬁ the net frequehcy sweép need not bé ﬁonotonic across the
pulse; and that even a random carrier phase function (suitably choseﬁ
to give the'obéerved.bandwidth) is in good‘quaiitative agreement with
"E. B. Treacy's reborted results. Since our publication of this broader
interpretation, E. B. Treacy has published soﬁe new>mea$ureﬁents,lo but
fhey do not addreés themselﬁes to the'problems,péinted out here.  Chap-
ter III'leo diécusses‘these interpretatiOns 6f E. B. Treac&'S‘meaéure—;
ménis,. | |

“In View.bf_ﬁhe incompaﬁibility of the nétural ffequéncy modulation

of the pulses and their ﬁse in coherence'experiments; the attempt to .

-y




obfain photon echqes dnd self-induced-transpgrency was abandoned. Since
ﬁhe colorvcénfer nohiinéaf.propagatioﬁ expefiments seemed to fit an in-
coheféﬁﬁ saturatioﬁ model well;.aﬁd the picosécond ﬁuisés wefe powerful
.enoﬁgh,.iﬁtérest developéd instead in using thevpicosecond pulsésvto.
probe the dynamics>df color centeré; A’coincidéncé ﬁaé found in KCl
F—cehtefs;‘the laser seéondvharmoﬁic (Q.S3u) was feSonaﬁt with the ab-
SOrptioﬁ‘band, and the lasér fundamental (1.06p) was resonant ﬁith the

emission band. The F—éenter acts as a four level‘system, and we have

’ observéd stimulated emission from the emission bard. 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 sécOnd harménic pulses and with the linear absorptioh spectroscopy'
performed'before‘énd_éfter each run. Since electron-phonon relaxation

must take place before a pumpéd sample can amplify a'fﬁndamental

'(i;06u) pulse, there was the'possibility of measuring the electron-

phonon relaxation time. Attempts to measure the relaxation time with
our laser setup weré unsuccessful becauSe of the low pulse‘energy, and
because the laser mirrors damaged far too frequently for a measurement

fo be made. It is also possible that the relaxétion time was too short

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

experiments in color centers.

"Special precautions were taken ﬁo insure optimum spatial coherence

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

)

are easiesf described by'blane wave analysis. The Neodymium4gléss mode-

locked laser was opéfated‘ih the"TEMoo mode in the hopé of redﬁcing

' spatial 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
R — — .

The*fields.of optical resonanée and huclear‘ﬁagnetic resonance'(NMR) A
developed rather independently for a number of years. The similarity
between théée disciplines was first pointed_éut'in a cléséié paper b&
Feynman, Vernon, and Hellwarth,ll in which it was shown that electric
vdipole trénéitions can be described in terms analogous to the NMﬁ torqﬁe
equationé; fOf interest in this chapter.aré'pulsed (picosecond time

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

1. Nuclear Magnetic Resonance

Nﬂﬁ'is the étudy of the réspoﬁse of a nucléar magnetic momént to
applied magnetic fields. The simplest case is that of a nuclear spin‘
I=l/2'§here its projection in any chosen direction can be +1/2 or.?l/2.
The parficle is coupled to the electromagnetic field through magnetic
dipble équpling.' The expectation value of the spin.opératérs résults
. in a macroscopic magnetiiatioﬁ, ﬁ, which satifies é’tofque equation,"

> . .

. > o ' ) :
namely %% = Yy MxH. Here Y is the gyromagnetic ratio and H is the

magnetic field. Bloch has Shown12 that relaxation terms can be phenom-
enologically inserted to.give what has become.known as the Bloch equations;
Over thg past 25 years the field of NMR or nuclear induction_l3 has givén
rise fo”such effects as adiabatic i1'r1vex"si.on',l)4 spin eéhoes,l? transient

17

nutation,l6 and double resonance. These effects have‘been‘utilized’

1

to ascertain much new information sbout the physics of materials. These
effects are also of particular relevance to the phenomena which can
“occur“in the optical case.

2. Optiéai Resonance

' The study of optical spectroscopy deals,withuelectrié'dipole'-

et



[}

g

Y&

3

transition matrix elements (in contrast to the magnetic case).. Electric
dipole'transitions conheqt states of opposite parity, whilé'mégnetic

dipble transitions connect states of the same parity. ' Thus magnetic

' resondnce 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-
S .

' pamely o = BxE. H ‘is the " lectric ratio”, and B
name.ly dt'— . ere K 1s e gyroeleciric ra 10 4, an

tion,'
is.the applied electric field. Px and Py are real components of the
polarizatidn vector and PZ is proportionél to‘fhe ﬁopulation difference.
Since this is the same sort of forque equation as in the NMR case, one
should thus hope to observe'resonant optical phénomena_analogous tb

NMR effects. To date, photbn echoes,l transient opfical nutation,l8

19

and'dptical adiabatic inversion - have been reportéd. In addition a

new_prbpagation effect called self-induced transparency has been pre-
dicted ‘and observed by McCall and Hahn.2’> This effect had not been
cdnsidered in NMR because, émong other reasons, samples were of smaller

size than the electromégnetic wavelengths.

The essential new dévelopment in the analyéis of the above optical

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

statés, as was well-known in the physicS of NMR; the quantumemechdnical
amglitudes must be acéounted for,.and_it wiil be ShOWn.in'the next
section:that certéin bilineaf producfs of these amplitudes are centrél
tvahé théory._ Thus coherence, or superposition, between these two
levels is essentiél, and this is where the name "coherent optical
phendﬁena" came from. It refers to coherence Bétweén'two quantum-
meéhahical energy levels; it does not refer to fhe state of the optical

field.
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3.. Motivation for the Picosecond‘Coherent'OptiCal Search

The'obServatiOn.of photon eéhoes.by Kurnit, ét'éi.l and the

| obéer-va_tionI of self;in'duced transparency by McCall and Hahne_’3 were ‘
.the early demonstrations of_cohérent optical phenomena. Both obéerva—
tions werebwith nanosecond laser pulses'andvconventional eléctroni¢s.  . ' -
The development‘of:a technique for genérating picoseéond pulses wés.

repor't:edh in bl966, and this thesiévwas iniﬁia’.ced in 1967 wifh the

hope of observing and studying coherent optical phenomena on a pico-

second time scale..

Pad

P
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~in particular resonant frequencies is called "inhomogeneous broadening,’

" B. Two-Level Systems -
This seétibn concerns itself with the response of 'a medium to an

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

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

frequehcy, The absorption spectrum éf the‘collection bf ions is centered
at thé'laser fréquengy W, or interesf here is the regimeé of extremely
iﬁténse and quickly chﬁnging electfié field ihtensities, and thus the
standard perturbation approach is of little value. Large excursioﬁs

of the population differences are to be expected, and so it 1s not

sufficient -to write down'bnly'the equations of detailed balance for

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

keep track of the quantum—meéhanicai amplitudes for the two 1ev¢ls.

(A good‘discussion of quantﬁﬁ—mechaniqal amﬁlitudes for simple systems
is given by Feynmaﬁ.zo) Essential to the anal&sis that follows is
that the two levels under consideration are theiggll_levels.which.can
participate in the absorption of the optical pulse. _Othér resonances
(transitions to different levels) are assumed to be either too weak or
too far‘removed in frequency to be of any consequence.

1.  Exact Two-Level Dynamics  for an Isolated Ion

 An"idealized isolated absorbing ion is depicted in Fig. 1. For
this ion, the transition energy is hw (other nearby ions may have

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

4
and will be discussed later in this chapter.

|2‘>.

.

Fig. 1. An idealized two-level absorber.
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State vectors are written (0) and (l) for levels ]2) and |l) respec-

tively, and the quantum—meéhanical amplitudes are a and b respectively.

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

as |P) = a|2) + b|1) = (b

), and all information about ﬁhis ion is con-

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

tion of probabilify to be |a|2+ |bl2,= 1. The unperturbed Hamiltonian

o _1 1, 10 | . .
ﬂg is given by ﬂg =3 ﬁwoz 5 hw(o_l), and the»expectatlon value of |
the energy is given by

CCplrfyy = B2 @2 03 2L []a)? - )21 (1)
.2 0-1""b 2 '

In calculating a given system's probability for.emission or
absorption of a photon of Wavevector Ko’ the volume integrand contains

21 ik R
a factor~ of e ~°O

, vhere R is the vector from the origin to the
differential volume. In the electric dipole approximatioﬁ this term
is set to unity because atomic dimension; are far less than an optical
wavelength. The two-level systems discussed in.this chapter must be
selected from those with non-zero dipole transifion matrix elements.
Since thg two-levels are:assumed to be nondegenerate; each level

must be an eigenstate of the Hamilfonian which really describes the
particular system.

Iﬁ general , there caﬁ bé T transitions (Am=0) and o traﬁsitioﬁs
(lAm|él). As a representative example of the transparencyvéffect, con-
sider the case where.the Hamiltonian ﬂhkis written B

¥ = %hw 0B, - (2)

where U is the dipolé matrix element of the transition. The second

: > >
term is the E-P term of the electric dipole interaction. Here the

C”

[
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electric-field is written E(t,z) =

%E(t . ).[e_; (wot=kot-8¢(z,t )+c.c. ]

where € is the envelope function, wo-ié the optiéal frequency, and

now L . . .
o= o - 8¢ is 1nﬁrpduced in order to allow for the possibility of fre-

k
quency modulation. &8¢ changes as necessary to keep € real. Unless

otherwise stated, cases considered here are restricted by the condition -

8¢=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.?® Two important -

quantities are defined through the following relationships:

' *
C=2¢o,) = (a b*)(é_g)(s) = |a|2'|b|2 :
o e _ - (3)
L — * i
D=2(g_) e p(a® b*)(i‘g)(g) =2 ab e 0"

Knowledgg of C and D are sufficient to describe the ion. Since C is
propoftiqhed to (M;),'it is proportiongd fo the energy in the ion.
D, as shall later be shown, is .the transverse polarization which will
enter insMaxwell's equations. The ndrmaiization constraint is written
a2 + Jo? =1=c®+ o2, |
vahevHamiltonian'can be used to genera£e thevtime'dependenCe ofFC
and D-£hrough Phe re;ationship ih%%.= [O’ﬂb] (fpr any opgrétor 0
without'expiicit time depéndgnce). Performing the simpie matrix algebra

for both operators, one finds after retaining inyviargest terms that

db

at

itaD - ick€
* : ()

4ac
4ac D
. = K€Iy

where K %F-, and Aw = w f:wo.‘ Breaking D into its real and imaginary

parts (D = A+ iB), one gets.
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Fre = Aw B.
at = -Aw A c K€ . | (5) .
ac .
. KEB
. 2 2 2 _ . : . : . . ' .
Since A~ + B~ + C° = 1, these equations describe the motion of a point

(A, B, C) on the surface of a ﬁnitxsphere. 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 Eg. (5) can represent a tbrque equation by

writing it in the following manner:-

d’A (o M oV A
1 B ) ={-tw o k& B ] - - (6)

-C 0 «& o0 N\-c

Since a totally antisymmetric 3X3 matrix represents a cross-product,

Eq. (6) can be written

T -3 xi& . m
.Where | 7
, €
¢ ={ o (8)
' Aw

Restricting attention, for a moment, to the case of the_on—resonant
ions (Aw = 0) the equations simplify. U will remain quq;{ahd’the

'Bloch vector will be driven by the electric'field from C = —ivto

"B =+1 to C =1, etc. This corrésponds to clockwise mbtion'in thé C-B ff 5'

 plane (with C horizontal and BIVertical),onAa circle of radius 1. In
-complex notation let Rc = C+ iB, and the vector R, makes a élockwise
angle ¢ with respect to.R¢v= -1. Then Ré =e l¢f1ﬁ

and 8 x ﬁc =
) o --

. Substituting these into Eq. (7) one gets

o
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o(t) =k ft €(t')dt'~ and this is the eloekwise a.ngle_:t’hat_ the pulse
e ,

will turn the Bloch vector of the on—resonant ions (Aw = Q).f The pulse

area is deflned as A = ¢(W), and is the final angle in whlch the on-

resonant ions are ieft after the pulse has passed. Thls quantlty plays

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

For the on-resonant case then

-

A=70

B = sin¢ ' v (9)
- C =-cos¢

2. The Dens1ty Matrix Formallsm and the Phenomenological Approach

to Relaxatlon

H

The eQuations vanotion presented so far describe an isolated:ien.
The real world’is notvsovkind. If the ion 1s in a crystal, it mlght
be dlsturbed by phonons or it might be dlsturbed by its prox1m1ty to
another ion. In a vapor or a llquld,vthe ion may suffer collisions.
In additien, it may radiate and lose energy. None of'fhese effects can
he treated exactly, yet their inflnence'can be‘modeled in a phenomeno-
'logicai-manner. | |
In erdertto include the possibility of relaxation, a sacrifice
musf_be made. Consider the case of two nearby (closer,than an optical
wavelength) ions With iﬁentical transition.frequencies.' Both ions
w1ll undergo the same motlon due to the input llght pulse, but the
| phases of” the wavefunctlons may be altered through thelr dlpole-dlpole
interaction; In addltlon, phonons in the crystal may affect the two
ions dlfferently Thus the 1ons,may end_up with different wave-funetions
due tQ,relaxatlon. | |
fhe'importantznew distinbtiqn which a stoehastic process adds is

that the‘wavefunctions for the individual ions cannot be accounted for.
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The best ohe can hope to-do is to describe the system in terms of a
spatial average of A, B, and C over & particular volume. Reference

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

3

wavelength; it is of the order of ka-2, where o is the linear absdrption

constant.  To include relaxation, one appeals to the density
matrix which is written

o, = |l

';a*)
a*v  bb¥

1/2 JL0)+ ¢ b
_(01 (w ©

(10)

where the bar denotes the spatial average.'jQ, U, V, and W are defined

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

U=4
V=8
Q=D=A+iB = U+ iV

W=2¢C

Then the density matrix is written

-1 0 W - iV
P = 1/2[(0 l)v+ (U;-,iV‘ _ ._;J )]

With no damping, the density m@trix elements satisfy the same torque

equation>as Eq. (5) with

R Y g
at . aQ
, or = ~AwQ-iwk€

v
at

~AwU - Wk &

a
dat -

« €V

(11)

(12)

(13) - _,i

g
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Demping can phenomenologically be categorized in two ways:

1) Démping 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 reducéd.: An example of the former is life-

’

time bfoadening_due to spontaneous radiation; an éxample of the latter
is a déphasing collision between the ions (or cgllisiong with a buffer
gas). The spontaneous lifetime (Tl) must affect the W-part of Eq; (13),
since W réturnS'to its equilibrium value'exponenﬁially in time. The
dephasing collisions or dipole-dipole interactions gg;y,affect the U
and Vvequapions in Eq. (13). Dephasing (without energy loss) occurs

in a characteristic time T

2

loss of atomic_coherence). The U and V equations must be modified to

' (this corresponds to the irrevocable

allow for their decay via both T, and T2' processes. For E =0 the

probabilitiés of decay through the two channels are multiplied to get
- -t/T, -t/T,.! -t{(1/T, +1/T.')

%. = e 1 e _2 = e 1 v 2 . T2 is defined through
o ' ‘ :

T, = (1/T, + 1/T,") 7

2 1 2

light.K-vector)-éf the pseudo polarization wiil decay exponentially with

» and the transverse components (transverse to the

this timejconstant. For this reason; T2 is called the transverse (or

"homogeneous") relaxation time, while T, is called the "longitudinal

1
or "spontaneous" relaxation time. This terminology is a carry over
1

- These phenomenological damping times can be put into the torgue
equations to get

ay

U
= AV - —
at T T T,
@L=-Awu-wr<é’-—v S (1k)
at T ‘
2
WW

w - €V - 3
. 1
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These are known as the Bloch equations.12 'In the case Qf frequency
modulation, Aw»in the Bloch equations is feplacéd by,Am+ 6&(

‘The difference between Egs. (5) and (14) is important. No longer
R e v e o1 e o
is U # V™ + = 1. The loss of precision in knowledge of tle .
individual wave functions is the price which must be ‘met in'déscribing

a relaxation process.

3. The Inhdmogeheoﬁs Distribution
In addition ﬁo'statiétical fluctuations in the driving térms in
’Bloch's equations, the absorption spectrum of a sample might be broad -

. . . "
because it contains ions or isochromats,"

whose individual absorption
frequencies are different. - Thié type of broadéning is c;liéd»ihhombg->
eneous;bréadening ﬁecause of the magnetic resonanée analog where_magné—
tic fieldbinhoﬁogeneities spread,out'ﬁhe'resonénce."g(Aw)'is'a
normalized (i.e. {: g(Aw)dAw = 1) distribution wﬂich deséribes the
SPread.in‘freQuencies.b Doppler broadeniné in géses”or Stark brbadening
in strained crystals,nfor instance give an i;gb?;éenéous_line. In the -
2’ ’

: %
_ % where 2/T
1+ (.AwT2 )2 ‘ 2

case of a Lofeﬁtzian distribution g(Aw) =
is the full half width of g(A@j. TZ is roughly ﬁhe'time necessary

for a macréécopic polarization to dephase if this process were'the only
-source_éf broadening. The way that this distribution enteré the énaiy—
sis is that all observable quanfities must'Be infégratédfover it. Thg
‘.complex polarizatiég,qur instance, is the infegral.éf U + 1V over the

inhomogeneous distribution, or

’ o Flwt e o ' .
p(e) = e ©f [Ulwe) * vM,e)] g(tw) dlw)  (15)
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where N is the number of ioms per cc and U is the dipole transition

matrix element.

o o . K3 : *
A sample is "inhomogeneously" (T2 << T2), "ho’mogen‘ebusly".(T2 << T2)’
or "lifetime_" (Tl << T, ,Té) (a subset of "homogeneously™) broadened if the

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

spectively. vIn general, samples can have éll thfee types. of broadening.

L. Some Results of Pértuﬁbation Theory for Two-Level Trénsitions'
Perturbation theory can be used in éituations where the excufsions
of the Bloch vector are small. 'Consulting almost any.quantum mechanics
text, one usually finds a.éuite adequate descripfion of lineaf optical
absorption'ahd diSpersion. Tranéitions aie described in terms of
cross~sections, transition matrix elements,_F—étrengths, and absorption
'lengths.

Pulse areas per time T, must be small for a linear optics descrip-

v 2
‘tion to be valid. The result of perturbation theory is that the

spontaneous.lifetime T, is proportional to (w3u2)_l, while the absorption

1
constant o is a proportionallto wuz. The absorption constant is defined
through Beer's law23 of expdneﬁtial attenuatidn of thé intensity 7

I(z) = I(O)e-az. Since the F-strength is itself proportional to wﬁz,
one can write |

: 2
T =K A

1- % F (16)

where K = 42.5 nanoseconds per square micron.

The absorption constant 0 is proportional to the .F-strength, i.e.
o« F , . -

Thesé.twé 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 Qf.Maxwell's third

equation (Faraday's law of induction);
. > 1

Assuming a homogeneous nonmagnetic nonconducting host, one finds

|
5

> 2 "NL 2

(V2_f_ 3_2_)§=E+1T.§_ ? - Mgy ~ (19)
2 NL
S c dt n : : v

where n is the host index of refraction and ﬁﬁL is the nonlinear
. ' C . " > . -
‘polarization. The transversality assumption (V-E=0) implies VéENL= 0.
Theré are essentially two regimes of interest here; a sample thin
' 1

compared to ol and a sample thick compared to o .

1. Optically Thin Samples

In the case of af < i (aé is usual invphoton'echoes) the feradiated
vfields cénnot_have_mugh.effect on thevnonlinear polarization, PNL’ SO
the induced polarization merely acts as a source:term in the ﬁavé
equation. Thus the kernal for the ferédiated field can‘be infegrated
over the volume to get (neglecting surface refiéctions)

ik'r . - JE
= e 7 i x /?NL e-lk gd%v o - (20)

r
Q o

where k' is a vector of length %- in the direction from the sample to
the detector, r_ is the distance to the detector, and d3§ is the

generalized volume element in the sample.

5. Optically Thick Samples
In the case of af > 1, the wave and‘material equatibns cannot be

découpled. One can, however, make some approximations.. If E and P are

t-) | | B (18)
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both slbﬁly varying (in both an optical period and in an optical wave

length), then, retaining only largest térms, one gets for a .coherent

_ 2
forward propagating plane wave'(Vgﬁ -+ Q‘%’)
_ 92
(2in o )\ow zmam [ L0 e |
dz c ot nc - w,z,t) glow)dhw . o (?l)
aﬁd
O 40 3 ) gy = 2MANH [ g ) (Aw)dde (22)
9t ¢ ot nc NEW,E,TI8 :

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

Vo y _ ED - | " '
th=t - = o ‘ | - (23)

from which it can be shown that

| az>tv+_c Bt)z - az')t, . ' (24)

Thus Eqé. (21) and (22) simplify to

[e o]

nc

5%) & =—2ﬂNﬁf v(tw,z,t) gldw)atw (29)
e ‘ |

-0

and
[0 0]

| 'a‘z"_) 8¢ = ﬂ%ﬁf U(Mw,z,t) g(lw)dle (28
£ o » |
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D. Self-Induced Transparenqy

Thé eOncept of self—induced transparency waS'aeveloped for an
inhemogeneOusly bfoedened semple, and thus Tl and T2 ere much larger
(assuﬁed’infipite, here) jhan bothvthe pulse duration and TZ. in this
regime? the simplef Bloch equations (without relaxation'terms) may be
utilized.' It is aseumed that no phase modulation_existe (i.e., 8¢ = 0).
It ie aleo.assﬁmed that the.spectrum of the laser pulse isvcentered on
a eymmetric_inhomogeneoue line g(Aw),'end that there is sufficient ionic
deneity-pb permit the calculation of'volqme'everages. Another assumption
is that o+ >$'X, where‘a, the linear'absorption constant, is given by
gn? i wg(O)N/nhc for a circﬁiarly polarized wave. Note the wu2 dependence
of & as described in Sec. Bk. |

The task at hand is to find a eelf—consistent solution to both
the material equations (13) and to the wave equation (5.). ‘Since‘the
sample is opticelly thiek, the_electric field and'the nenlinear polariza-
tion will react back upon eacheother. By findipg a self;eonsistent
solution, both absorptlon and stimulated’ emlSSlon W1ll be automatlcally
taken into accoﬁnt. Spontaneous em1351on however, is not cons1dered
beeauee.Tl'has been choseg tQ be iefinitely long. Its effect on the
dynamies'of seifeindﬁeed transparency.can later be included in a
perturbation'approach.

To find_an equatidn for the pulse area, one differentiates the ex—

’

‘pression for the area (A = f € (t')at) with. respect to z' to get

dA _ 2 (") o : -
az' 1 dz' et - (21)
But Eq. (25) can be inserted to find
A _ hm o [ - . ) S
s nf‘fc [ Vwszeedeattas (28)

-0
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where the constant in front of the integral sigh is recognized as 5?%?5)'

Now from Eq. (13) V can be replaced by Zg-, and/integration over

time gives :
t

dA o . , . ) , _ ,
@ T T g0 lin toe Pr/ U(_Aw,zf,t)g(_Aw)dAw S (29)

where the principal value and limit have been added to insure convergence.
Consider a time to afterithé‘ﬁulse has passed.’,Sinée_E ='O;'Eq.'(13)
can be written

U = AV = -(Mw)?U

ey

‘ (30)
V= Al = -(M0)V |
which_has a solution for U:
Ulé U(to) cos[Aw(t—to)] + V(to) sin[Am(t—to)] - (31)
Substituting Eq. (31) into Eq. (29), one finds
) . © At : '
A U(t )eos[Aw(t-t )] V(¢ )sin[Aw(t—tJ] : :
FEAECT 1) P o) ! o’ o
z _2.,“8 .O)lim' o0 rfw Aw. * Aw g(dw)aiw

(32)

Since g(Aw) = g(-Aw) and U(Aw,t) = -U(-Aw,t), the first term vanishes.

s ' _ sin St . . i .
Since §(s8) = lim & ( pr ), the second term is trivially integrated
to find ' ’

dA - g _‘ . ) ’ .

P =- 3 _V.(Aw-o,to)> B | _ »(.33)

This result is surpfising,ihfthat it only requires the solution for the
on resonant ions. Equation (9) then shows that V(Aw=0,to)-= sinA.
Thus ‘the "area theorem" is written
. dA a . ' H S :
T T -5 sinA | o = | (34)



—oo-

PA .
. . Thus

VY1)

Note that for small areas, %%3 = - %-A; or A(z')‘= A(O)e

the intensity (« A2) falls off with distance as'e—az, which is Beer's

23 of linear propagation. : -

law
The consequencéAof the area theorem.is that a pulse with initial
area AO ﬁill evolve in area to the nearest‘even mu;tiple.of T in an
absorber (or to the nearest odd multiple of ﬂ.in an amplifier); Fdr
the 2W-afea pulses, there is a speéial shape fbr which there is ab—
solutély no loss in propagation. This is comméniy known as the 2m
&2V

hyperbolic secant pulse, and is written (g(t,z) = %; sech(-

Here V, ‘the group'velocity of the pulse, is of the order of %;— which

is cbnsiderably slower than the speed of light. This can be under—
stood by the folloﬁing simple picture: The idns.temporarily gg_abSOrb
.energy (i.e., W ¥‘—l), but fhey all return to their grouﬁd states after
the pulse.passes (that is, W(Aw, t = ®) = =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‘éeCOnd half of the pulse affives.before the ions can reduce their
gain (via'spontaneous relaxation or via_T' "confusion" of the phase).

2

Self-induced transparency was first observed by MeCall and Hahn

-

in ru.by2’3 (with ruby laser light), and subsequently it was observed in

Sulfur hexafluoride2h (with CO
25

, laser light) by Patel and Slusher, in

Irdn_and Nickel doped MgO (with microwave phonons) by Shiren, in
Rubidium Vapor26 (with mercury-ion laser pulses) by Gibbs and Slusher,

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

Smith. Uncertainties in certain aspects of the tranéparency observations

in SF6 led to both extensive spectroscopic studies and to the study of

the role of degeneracy in transparency.2
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In order to observe 2m evolution, the area theorem (Eq. 3L)

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

_tween T and 3T is neéded. 'Fér‘a given pulse duration and peak power

per square centimeter, a parficular electric dipole ttransition matrix

| element (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 phendmenon of

: self—induced'transparenéy:‘ The possible evolution to a lossless

propagating pulse (a 2ﬂ'hyperbolic secant pﬁlse), the anomalous delay
of‘abOut onévpulse duration per Béers' length of propagétion,band the
quantization of the transmitted speétral ihtensity étvthe reéonant
frequenéy{ .This‘quantization can be seen by noting that the pulse
area is_broporfional to the pulse spectrum S{Aw) at the éen@er fre-
quency. Since the photdgraphic spectrﬁm is-giveh by |S(Aw)|2, at

Aw = 0 it is proportional to.(E‘TrN)2 where N is an integer.
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| V'E. Photon Echoes

If two pulseé (separated in time by T) pasg'throﬁgh an inhomoge-
néousiy'broadened resonant sample,_the samplevcaﬁ reradiate a thi?d:
_ pulse (or echo) at a time T aftef the second pﬁlse. This effect is
depictedﬂin Fig. 2. The‘éxampleranélyzed here is the response of ﬁ
ﬁredominaﬁtly inhomogeneously broadened'resonant‘absorbér to a pair
of pﬁlses separated iﬁ time By'% and wifh areaé .g-_and T, resﬁec_
tively. Other bfoadening mechanisms are allowed, but their efféct
should be wéék on these time scales. For siﬁplicity it shall be
assumed fhai the'pulse duration Tp ié shorter.thén TZ. This means
that no dephasing occurs durihg the ﬁulseé; another wéy of sayihg thié
is that‘the spectrum of the pulse e#ceeds the.enﬁife inhomogeneous line.
If theroptical thickness of the éample is less than oné Beef's léngth
this allows a éimplification of the analysis because the problem can‘
. be broken into two parts: First the puises affecf the macroscopic
polarization of the material, and then the macroséopic polarizatién
is aisoﬁrce term in Maxwell's equation. Thus the reradiated pulse
can be calcﬁlated. |

The first pulse travefses the thin sample at time £=O. vSince the
bulse area is m/2, Eq. (7) shows thaﬁ.the Bloch vectof'is rotéted by
90° from its initial valueb(W=-l, Q=0) to (W=0, Q=QO), where thé magni-

tude of Qd isvl-and the phase is unimportant. Now Eq. (13) shows what

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

. reduces to Q = ~AwQ. The solution is
-1iAwt
Q=q e (35)
~and, from Eq. (15), the macroscopic polérizatidn.is
. . 0
- Wt 1At |
- P(t) = Npe | Qo e g(Aw)ddw . . (36)

0O

|
I
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sample (with a temporal separation
T after the second pulse, radiates
that  the leading pulse does induce
induction decay"), and that in the
the second pulse does. not.

Input
. T ' * T | T o _
- o Somple | !
2 | | = 9
H ' 7 . f
g —_—— —_— g,
t c /Echo
— —
=
Time Free-induction’ 11™M€
decay
| XBL 717- 6936 .ﬁ
Figure 2 f
Schematic of photen echo experiment. 'wo pulses enter the . 5

of T) and the sample, at a time

a third (or "echo") pulse. Notice ' ;
some radiation (called the ”free— : :
case of a ﬂ/2 and T sequence,
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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-

cessiﬁg (higher frequency) ones will mo&e'ehead of the slower ones. .
They get out of phase, or "scrambled", io a time Tz;

" Equation (36) shows that the macroscopic polarization afﬁer the
fifst pulse will havegthe'fime dependence equel to the Fourier trans-
form of the inhomoéeneousvlineShape‘(assuming that'the sample is
predominanﬁiy inhomogeneously broadened)a_ This polari;etion‘is responsi-

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

for a time of the order of T the'inverse spectral width of the in-

23

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

yields
- —t/T —iwot

P(t) = (- inT NuQ e 2)e, . o (37)

If homogeneous broadenlng or lifetime broadening were 1mportant
-t /T
. BT) would be reduced by the factor e '2.' It 1s 1mportant-to

N

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

to the nonllnear polarlzatlon, and thus, the radlateg power goes as
—2t/T
the square of the nonlinear polarlzatlon or as e - - .

The second,pulse in the sequence is of area T, and one can see
from Eq. (7) that its net effect is to change Q into its complex

¥ : , S
conjugate Q . .This puts the faster isochromats behind the slower ones.

If the second pulse were applled at time T then Q Just before ‘the

-pulse arrlved would be Q —1Aut e

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

omBu(t=T) _ ¥ _+ifut oBu(t=T)

o]

Qt > 1) =Q(t =1
(38)

® 3 -
- Qé o 1Am(tv2I)
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As in Equv(36), fOrfOllOW the macroseopic polarization, Q is integrated
‘over the'inhomogeneous‘linewidth. The integral. is identical to Eq; (36)
w1th the exceptlon that the t in the exponent is replaced by t. - 21.
Slnce the result of 1ntegratlon [Eq. (36)] gave the Fourler transform
of the 1nhomogeneous llneshape centered at t 0; the polarization after‘
the second pulse will be the same Fourier transform centered at
fbe 27 '= 0, which is when t = 21. At shis.time "unédephasing" has
occurredland all ofithe isochromats will agaln be in.pnase. The
‘ particular case of,the Lorentzian lineshape would givevan echo pulse
wlth'a sharp cuSp at t = 27, but other-lineshapes would avoid this
finlte discontinuity in the first deriVatire offthe echo envelope
‘functlonf. |

The correctlon for homogeneous broadenlng still holds; the
. | -21/T,
macroscopic polarization at time t = 2t would be reduced by e

The above analys1s was done for an 1deal sequence (a —-pulse

2
followed by aT pulse) The more general result for the macroscoplc
polarlzatlon 1s15'

o _ :—iwot —2T/T2 ‘ 5 8,
S P(t) =_NuQo e | e 1 g(t 21) sinb 51n (Ef) (39)

where 61 and 62‘arelthe areas of'tne first and second pulses, respecf
tively and E(t) is the Fourier transform of'g(Aw)

_ Photon echoes have been observed in Ruby (w1th Ruby laser light),
ln SF,¢ 29. (with 002 laser llght ),:and in .Cesium.vapor30 (with Gads
laser light). | | |

In the first observation_of optical echoes, angular resolution was
necessaryll' The two pulses -entered the Sample at a small relative

" angle Q;'and the echo is~radiated with its k-vector in the plane of the

twonbeam_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 the first pulsé). Under

ideal conditions where electronic time resolution was possible, this

29,30

.angular resolution has not been necessary. - The picosecond time

scale prevents any electroni¢ resolution. An optical Kerr shutter3

’ .

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

.

unsuccessful photographic attempts reported in this chapter.

resolution, but.the»Photogfaphic sepsitivity is e?en poorer than the'

- F
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F. Experimental Program |

‘An extensive programﬂis reporﬁed.in search'of.éelf-indﬁcéd trans-
parency énd photon echoes wiﬁh picosecond léser pulSes. Thé'mddeé
lockéd Neodymium—glaés laser:génerates>a sequence of pulses.(z.5 pico-
seconds‘dufation) sepafateé”by ~ 8 nanoseconds. (An extensive review
article on tﬁis type of laser has been written by DeMaria, ét a1;32)
The essential feature is that this laser can support moét favorably a
single Ultfashbrt pulse going back and forth betweén the mirrors.  Every
cavity tfénsit'time, the pulse strikes the. output mirror, and some-ieaks
out for_the experiment.

The output spectrum of Neodymium—glasé laser is centered at 1.06
microns (1.17 electron volts), and thé second harmonic (which can be
géneréted by passing the pulses through thé apprbpriate nonlinear
crystals such as KDP or ADP) is at 5300 Angstroms (2.34 electfon volts).
Under certain conditions, the pulse bandwidth canbexceed 100 Angstroms

in the fundamental and 50 Angstroms in the second- harmonic.

1. Poséible First Harmonic (1.06 micron) Samples

 This‘fréquehcy'is much higher than ?hé typical,molecﬁlar-vibrational
fféquenqiés, and is leer than_most electfonic tfansitiohs. »The Neodymium—
vgléss laser rod»(a h-lefel system) is itself a possiblé sample;‘flashlamp_
pumped for a resonant amplifier, and pumped with NVS micron light for a |
resonént abséfbef-(although_giaés absorptioh has made difficult.pumping
to the first excited state); The modé-locking dyes (Kodékb97h0 and 9860)
épﬁear intereéting, and singly ibnized Barium33‘coﬁld possibly be flash-~

lamp—pumped (to the 3D metastable level) from which upﬁard absorption

1

(to the °P

1 state)} is at 1.0652 microns. The CsI M-center absorbS’at

l.OS:p. The organic liquids listed in Table I, and isotopes of acetylene

and cyanide gas have possibly accessible transitions.' Possible excited
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state samples'include the KCl M-center emission bénd,Aand_KBr, NaCl,

RbCl, ahd CsCl'F—center emission bands.

Table I. Organic liquids with strong absorption at 1.06 microns.

Name -. o in em™t '_ Refereﬁce
2vAmino_i Butanol | | 0.38k o U
> Aminoethanol | | 0.91. - 3h
2 (2'Amiﬁqéthy1aminq) Ethanol - 0.322 '_ 3k
2 Amino 2 Methyl 1 Propanol >0.45 | 3k
3. Amino’ 1 Pfqpanol , . , | 0.91. . | 3l
N'Amylgmine. | o 6.715, | =
Cyclohexylamine | o091 34
N—beCl&aﬁine:v | o ‘o;hs : | ‘ 34
3 3 Diaminodipropylamine | 0.78 . 34
- Ethylenediamine o . : o L.67 _ . 3h
Hydrazine Hydrate 2.0 3
2-2" iminodiephanol - ,} | 0.55 : 34 _

e e e e e e e e e e e ——— e

2. Possible Second Harmonic (0.53 1) Samples

'This range allows consideration of certain color center absorption

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

the hA —hT pumpband in ruby, and the direct gap transition in Gallium

2 2
Phosphide (2.25 eV at room temperaturé3§); In additibn, numerous dyes

and related organic solutions have either absorption or emission bands

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

3. On the Qualifications of Possible Samples
The probable inappropriateness Qf all of the above sample candi-

dates is of concern; noné3may qualify for the ideal case of an in-

homogeneously broadened nondégénefate resonant two-level System.. The
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molééu;ar vépors, for iﬁstance_have highly complex (and overlapping)
vibratiqnél—rotationgl spectra (as in the case of SF6), ané; thus, it
may not be clear'wﬁich le&éls may parﬁicipétef Many candidates (the
dyes, frcenters, and Ruby pumpband) are ekpécted to exhibit a Stoke's
shift (éeeléection A of'Chaptef Iv) within a few picoseconds‘Or less,
and so tHe levelé in question will be changing on such a'£ime scale.

The same problem is expectéd fdr the direct gap transition in Gallium
Phosphide beéausévthe electpons ahd holes may quickiy migrate in K-space

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

b
F3/27 To2

such weak absorbers that long propagation paths might not be possible

" transition in disordered glass, and the organic liquids are

because of cbmpeting ndnlinear‘effects (such as self-focusing).

4. Self-Induced Transparency Search

a. Nonlinear Transmission

in searéhAfor’self—induced transparency, the first attempts
utilized the study of the nonlinear transmission of the different pulses
in the mode-locked tréin., A sharp knee.in the tfansmission curve
(energy outvveréus energy iﬁ) could iﬁdicaté that some pulses. were
evolving to a 1oésless (om) configﬁratién.'.The difficulty.here is
simila; to that encoﬁntered in the SF6 caée; fhat cdhérent‘phenomena
and. saturation (incoherent) phenomensa can look quite similar if there
ié éoﬁé degeneracy in'the'levéls which pafticipate in the transifion.37

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

. 3 - . v . ’ . K3 ’ N
- nonlinear transmission experiments were performed as in Fig. 3. = Two

samples were studied with 1.06u pulses. In both Ethylenediamine and
Kodak 97L0O 38 (in Chiorobéhzené), the_absorbing levels relax to their
ground state between pulses. Thus cumulative effécté (except heating)

should be absent here. The saturation behavior previously reported for
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Figure 3 - XBL717-6934

e

The setup fOr'mea3uring 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.:nypical_sveep speeds were 20 and 50 nanoseconds per centimeter.
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Kodak dyes39 was obsérved with nanosecond ﬁﬁlses, and so 1t is not
easy to compare our results.
Figuﬁé L showsvthe results for’a five Béer's length samﬁle of

Kodsk 9740 dye. Note in Fig. U4b that somg_earlier.bulses in the
traln were transﬁitted a bit better than their léter.counterpafts,
These fésults were choseﬁvfor their exaégerated devigtion at the be-
gihning of the train. Usually only the first few'pulseé failed fo
fall on-the cﬁrvévmadé by the remaining'pulses; This is probably due
to the changing pulse duration.and beam divergence dﬁring the mode- .
locked frain. The beam divergénée can éhange, for example,‘in responsé
to thermai stresses in the laser rod. Glenn and BrienZa report tﬁat,
in their laé;_er9 fhe pulée duration'tends to increase durihg the‘train.ho
If thé eariier ﬁulses are of shortervdufafion, fhen; for a given energy,
the peak power musﬁ'bé higher. This can easily explain the deviations
observed for the firét‘few pulses. It cannot, however, explain why
pﬁlses‘hb 5, 6, and T invFig. 4 had a transmission percentage which
fell below the remainder of the curve. Again, this région of the'cuive
deﬁiates from the remainder by sigﬁificantly more than most typical
fesults,.'Thevchanging beam divérgence cduld.ekplain this but the source
of thesé deviaticns is not easily pinned down. Tﬁese experiments were
perfdrméd prior tovthe perfectioﬁ of_the accuféte'mode control techﬁique
(Chaptér V)° |

| For these experiments; the points which showéd laser-induced changes

were discarded, so that the dﬁrves of interest were esSentiallyfthe

second halves of Figs. 4a and Ub. By this time, presumably, 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; ha'and 4b, there are many more events in the-mode—lOCked train,
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o Y . :
An example of the results observed in. the 1.06u 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 o :

- 'Note that the words "end of train" in these figures denotes
the end of the oscilloscope trace. Usually 30 to L0 more pulses
followed the end of the oscilloscope trace. '

-

-
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but these were éll thatvthe oscilloscope could foliow;‘ In general, all
éf-thesevlatér évents cohtinueditowafd the origin‘in Fig.’ha (or re-
mainéd on the horizontal in Fig. Ub.) This is the regime of_linear.
propagatibn.(the last seven pulses in'Fig. Ly, Since the sample was
five Béérfsﬁlengths, the transmission pércentége-could have changed
by as mucﬁ.as;é faétdr of 100 althouéh the data presentgd here-shoﬁ a
chanée.of‘oniy a factor dfj3. (This factor was tYpical in most.ob—
servatibné). There are é number of explanations of this "poor"
satufation; an obvious guess was that the pulse power was insufficient,
but for'anyF—stféngth of 1, the peak power per unit area for a 2m

pulse is of the order of 1 gigawatt per square centimeter. Clearly,

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

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

2)'we're far shorter than the necessary few piéoseconds.

Although a specific interpretation of the data presented here is

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

dicates thét two—level:nbndegenerateUtransparéncy was not observed.
On Severai occaéions; the pattern (such as in Fig. ha) ﬁade several
unexplained cloékwisél"loqps"; Thisvié mentioned to poinf out that in
spite of the ambiguity of the observations, there was never a case
Which févored self-induced transparency.

~ Anomalous traﬁsmission studies were also performed on the Ag—th
pumpband.in'Ruby v(resonant ﬁith fhe second harmonic pulses). Theée
eipérimehts were péfférmed:after.the accurate:méde cohtrol (described
in Chapter.V) was perfected. In this case, the_bbservatiéns suggestéd‘
a cgmﬁlative.effect; the first few pulsés sﬁffefea a certaiﬁ pércénfage
transmiséion‘loss_and all of the rest.(régardleSS'Qf inpﬁt_énergy)

suffered a slightly larger attenuation percentage.: This.cah



-36-
possibiy be explained by noting that the'bﬁmpband.relaxés in two or
less naﬂosecbndsul to the 2E state. The 2E state can have upward
transitions‘which are accessible With the 5300 A'light; The F-strength
for the hAz-hT2 transition isi of the order of 1075 while‘F—strengths
from the relakedve#cited state can be much larger. Thus the ruby is
pumped into a configuration where it becomes an'évén stronger absorber
(én "antisaturable absorber"). -Perhaps:the téchniques suggested

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

tions.

b. _Streék Observations in Dye Solutions

In cértain situations; the presence of a third level may effect
_self-induced transparenéy. Considered here is the case where a third

level may have a slight probability of being filled from the second
level as in Fig. 5 below. -
|2) ' '\~E
' —-—7————|3).
: A

AE=h
’
/ Th

|1> — "(_

Fig. 5. ' A three-level system.

If T), the spontaneous relaxation time from level |3) to 1evel'|l),
is sufficiently long, then certain experiments may be performed between
levels |1) and |2) with the added restriction that the probability of

occupétion F of the third level satisfies the relationship

[>.o]

= .Ia(Aw,t)|2 g(Aw)ddw (x0)

=00

T3

&l%

‘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)

F = TLffl-a(Awat‘)lg g(Mw) dalbw) at C (k1)
. 3 JJ g ' ‘ -
. , . 2,3
But for a’ 2m hyperbolic secant pulse,
5 sin2(2lt))
_ 2 :
|a(A.w’t)| - v o) : . (42)
' 1+ (Apr) v E

where ¢(t) = Kf € (t')at'. Substituting dt'= Q‘P—, Eir) = 2 sin(q)(t'))
: , . , Ké? KTp 2

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

*
T. T
F= 2. | 22
T * - (43)
3 T +T
2 °p

*

If the pulse duration Tp is greater than T2,

then this equation reduces
v : * , : '
to F = 2T2/T3, which is independent of pulse duration.
In phonon-coupled transitions in a dye solution, the above situation

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

picoseconds.h2 If self-induced transparency is océurring for a pulse

which is a fraction of a picosecond in duration; ﬁhen the above results

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

fluorescence to aid in the transparency searcﬁ, although'there was no
guaranteé that the puiée %ouid ev@lve to a 2m hyperbolic,secanf of
apﬁrobfiaﬁe duration. The.dye selected was thdamiﬁe 6G.v‘The setup'
and conceptﬁal diagraﬁ are shoﬁn‘in Fig. 6. Thé’Camefévobserves the 
fluorescenée from the third level (the relaxed excited state), and the
densify of the track or "streak" (at 5700 A in the case of Rhodamine 6G)
coﬁld;indicate the evolution (apd final demise) bf the tfansparencyvef-

fect. For a pulse longer than T,, the accumulated excitation in the
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Figure 6

» The setup for detecting effects associated with seélf-
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 ]3)
1n the insert of thls flgure
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third level is indépendent of the pulse duration for a 23 hyperbolic
secant.. If‘thé pulse is of height ,é; and duration'Tp, then the product
must remain constant. As energy is gradually lost to the third level,
@B is feduced, and thus.Tp must increase.in ordér to keeﬁ the product
constant.

.Watching suéh a pulse as it traveled through the dye, one would
sée that ifs dﬁration would become longerband lqnger in order to com-

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

'le&el 3; however, one would find that the streak photographed from the

. side would be of constant intensity.

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

tually be of the:order of T3, at which time self-induced transparency

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

energy in the pulse will éventually be déposited in level |3). 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 losslessvconfigufation. The streak

éQuld 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 may be non—\

monotonic; in saturation it must be a monitonically decreasing function
of z. Figuré T gives a pictorial description of this possible effect.
Thevﬁfopagatidn distance at which the "burnout" should occur can

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

_ power per unit area is given by ncéi Tp/(8ﬁ),and the peak power is

multiz;éed by the pulse duration to get the pulse energy per unit aresa
nees T - ' _ ‘
(gﬂ) . The transparency constrant (Ké;Tp = 27) can be inserted

I
A
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. Evolution to . ‘ o
hyperbolic secant Burnout when » _ <
: pulse gets too long

: Exponemioi

,/ffan
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Anomolously low losses

Filuorescence [ntensity

Distance
Figure T o XBL 717-7033

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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to give £'= 2 o Bl .- In a cylinder of area A and length dz,
A e 2 {
2k TP -

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),
\ Z | . |
dJ = - Nhow T3' Adz S (L)

This equation-can be integrated to find

ot |
. J(z) = J(0) - N hw - zA _ (45)
3

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

L s
- " = EELE?ZEEQ__ (Z-)
TP(O) pr<z) hen - - T3

T

hen 3 -

.2 Z » E
= = 0o = . o (L46)
2 .T3 . o

To find z, tne distance at which the burnout cccurs,vK. (h6)‘is

rit
solvedvfor z»with T (z
p crlt

TP(O) is much less than T

) = T3: Wlth the additional requirement that
3,'one finds z; ~ S,a ..(is
Bcth ethanol and methanol solutions of Rhodamine 6G?Were studied.
Streak photcgrapns were'taken for a whcle_train cf:pnlses;.and oc~
cesionslly'there wes only scme‘sligntynenmonitonicrcharacter-near the
_Eend.*'Since these photographs were the_snmscf 50-100 independent eVents,
nOt.ﬁnch individual pulse informatdon could e extracted althongn it

must be p01nted out that there was never a sharp rlse in fluorescence,

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

g An attempt wés made to select a single pulSe for thé streak ex-
perimeﬁts, but there was firtually ﬁq improvement in oﬁr hope fdr
observing traﬁsparency because ofifhé poérbrejection‘qf the unwanted
pulses. The opticél shutter was a homemade pair of Pockel's celisv
electricaiiy'in parallé% but oﬁtically in series (t§ reduce the nec-
essary vbltage). Thé alignment of.the two cells and the‘wandering of
the é;axis within the cells prevented 100% rejection of the unwanted
pulses;‘ A rejection as high aé 99% would still give a backgrouhd és
big as the signal, and a 75% rejection was typical in this laboratory.
The large jittef in the spark gap made it difficult to know that the
shutter opeﬂed for omne pulse;' (It.could, for instande, be fully opened
between pulses and only partially opened for the two nearest pulses.)

The same conclusions as in the transmission experiments apply:
no observétion favored self-induced trahsparenéy. Presumably relaxation
times_ﬁere again shorter than the necessary few picoseconds.

5. Phdton Echo Sesarch

Figure 8 shows the various setups uSed'in>seérch of phbtén echoes.
Kodak 9740 Dye was a 1.06u sémple and 5300 A samples were Rhodamine 6G
and KC1 F—éenters at liquid Nitrogén temperature'.';Yariétions A and
C use photographic £ilm, and, hence, are insenéitive at 1.06u. A direct
hit v_fith 1.06p l.igl;t has left poloroid. film unexposed. A1l three
?ariations were £riedvfof the'SBOO A samples." As a précaﬁtion,_both
beams wefe checked-to,insure;fhat they had the same'lineafvpolariZation.
Only iﬁ the‘case of 97h0uwas a faint signgl detected,'ﬁﬁt fﬁrthervex_
aminatién‘of the saﬁple'Cell indicated a lasér burn  spot onbthe'glass.
Wheﬁ‘thé_cell was m@ved laférally 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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Figure 8

The setups used in'thersearch for ﬁhoton echoes.



~lik-

In ali cases, then; no echo'signai was seen, -although variations
A and C at 5300 A could have easilyldeteéted lp_6 6f.thevprobe'beam
éﬁergy; Again, the brevious conclusiéps prevail; ;

A néw setup fdr ldoking for picoéecohd pulse eéhoes is presented
invFig.v9. _The baéic concept is that the_sample_is in the focal plané
‘6f the lens. The toﬁ andvbottombhalves of the Beam are delayed dif-
'ferenfly By insertion of various fléts in one path. vThese flats deléy
one portibn of the pulsé.aﬁdva sequence étrikes the sample which is
suitablé for éenerating echoes. |

If the lens has a focal lehgth F, then 6 =vD/F. vThé input dif-
fraction'limitea beam of diameter D has a divergence ¢ of the order of
¢v= A/D;vandISO the diameter of the beam waisf_in the focal volume is
given by d = F¢.- If fhe glass wedge hés 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 thaﬁ fhe diaméter of the beam waist (other-
wise the two pulsesvwill not paés through the saﬁe region of the sample).v
This réquiréméht is satisfied if y/2 < ADL

| Since'parallelhess of one—half arc second is commercially available,
anyvdiffractioﬁelimited beam diameter less thaniho em will satisfy these
réquiréments. A1l surfaces have forbé antireflection coated (including
the sample) so that multiple Fresnel refiections will not bé misleading.
One should obtaiﬁ a set of such flats,,although the cost of such a
setup is presently.prohibitive:' The éQditional delay of the giass flats
will be approximately N picosecqnds per centimeter. 'Tﬁe focal volume
could be located photogfaphically'by looking with a phdsphor and camera
at tﬁe streak that the beam would méke,ih a'cloud of water'vapor from
a neérby container bf iiquid Nitrogen,_or'could be studied withr

standard image conversion techniques.
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. . Proposed apparatus for searching for photbn echoes.
The angle O is exaggerated for clarity. 'All surfaces must
" . be anti-reflection coated.



-h6-

G. Post Mortem

The search for picoéecond time durationlcoﬁerent optical phenomeﬁa
was unsucqungl..,A number 6f difficuities‘preyénted direcp;qbservations.
There are}#aéiéally three reésons why these effects (echoes and tfans—
pérency)édﬁld not. be forcéd.- No sample could be found ﬁhich satisfied
all the reétricted requirements, no linear detector was fast enough
to'fesol§é,the pulse‘shapes; and the natural frequency modulation
inherent in the Neodymium-glass mode-loékéd laser is far froﬁ beiné _
.understood. If'the frequency modulatiqn is iﬁ fact monotopic in time,l
then oﬁé can perhaps expect certain effects which are related to adia;
batic‘fast passage,lh but thié approach is ﬁot likely to lead very far.
If, dn the.other hand, the frequency sweep shqws some erratic cémponent
(as discussed in the next chapter), then the sign of the torqué‘in the
Bloch equation changes erraticaliy, and the on resonant ions random
walk away frdm the "éouthern Hemisphere" instead of being smoothly -
turned through fhe.necessary largeﬂangles.' Since the radiated echo -
pover goes as the sixth power of the net rotation (for two eqﬁal pulses),
one éan see that a random walk éould virtually kill the effect. |

It ié importantlto note that the theory of self-induced transparency
has never been able to accomodate the possibility of frequency-swept
input pulses. VSipce wgrare‘not in cpntrol of the frequency swééping,
-wefape.iﬁ no ﬁosition fo éxpect‘pﬁlses.to“evélVe fo'hicel(eﬂ hyperbélic

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

A.: Intfoduction

The difficulties enéounferéd'in the search for coherent opticai phe-
homena.wére-in_part dﬁé to the uncertainties in the laser pulse amplitude
modulation ‘and phaée modulation. The ability to control (to some extent)
these‘properﬁies seemed most‘attraC£ivé. With the hope of being able to-
adjust the pulse shape, duration, intensity, and frequéncy profile, a
systemétié'study of chirpiﬁg'and pulse dispersion Was‘initiated.

vAs‘a crude example of the type of problem diécﬁssed in this chapter,
.considef ﬁhe hypothetical situation of two perséns trying to play one
trombone. One person chooses to play a certain pulse on the trqmbone,
and can select any pulse shape he Wanfs, ﬁhile a secbﬁd'person can move
the slide as he sees fit. The persons may or may not havé knowiedge of
(br intereét,in) eaéh other's acfions. If the first player tongues a
éertéiﬁ "puléeﬁ, and the second person happens to 5e moving the slide at
a constant velocity, ﬁhep the output pﬁlse wiil be "linearly chirped'.
’Ciéarly there are muéh mdre'éomplicated situations, énd one may be able
té unrével the éctions of‘the two‘pérsoﬁs by pérfbrming a series of ex-
periméntsvon the emitted pﬁlse; One might, for instance, look at ﬁhe
resﬁonse,of a speétrqmeter; however it does not directly yield the kind
of informétion that.is néeded; If the first bersdn plays a pulse éymmet—
 ri¢a1'aboﬁt the timevto,_say, the# the segond person can‘time—reverse his
.acﬁioﬁs about t;,“and the spectrémeﬁer.would not be éble.to distinguish
bétweeﬁ fhese two'casés. A more fruitful approach might be to study the
passage of the pulse through various dispersive delay linesland to note |
the changes in the amplitude envelope. This can reveal information about
fhe pulsebbecause a dispersive delay line can cdhvert frgéuency modula;

tion into amplitude modulation and vice versa.
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The following section shows that when an'inténse‘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.

L
'K’f"
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‘B. The Orientational Optical Kerr Effect and
Self-Phase Modulatlon in the Plane-Wave Approxlmatlon

The orientational Kerr'effect ut;llzes the allgnment of anisotropic
moleéuiés;vt}n an‘éiectricallKerf>celi, for instance, the externally
applied electric field tends‘to align the anisotropic molecules along
their high polarizability axes, énd ﬁhus inducés an opfical birefringence;
In thevéptica; Kerr effect, on the other hand, the lighp itself performs
the alignmen?. Since this alignment will have a time dependence, the
changeévinvindex af refréction will mddulate the spectrum of thellight
pﬂse.f | | | | |

1. Optlcally 1nduced Nonllnear Index Changes

Con51der a llquld of anlsotroplc molecules with a m1crosc021c

o o o o
>
polarlzablllty tensor o ==(c> o o ) where the molecule 1s, say,
. a : o o oy

longer and more polarlzable in the z- dlrectlon The polarizapion is
g;yen_by f = a'E and so P is parallel to E only when ﬁ lies along a
principél axis“of the mplecule. In general then,'g is not parallel to E
"and so the net torque.ﬁ X 3 is nonzero. This aligning tendency is
counteracted by random molepular collisionsvwhich remind the molecule
.'that iﬁ.is in thefﬁai equiliﬁrium with'ité surfoundings; It.is important
'to understahd ﬂhat the following analysis is Eg}_vélid for cases where
the optical pulse duration is less than_the col1isi5na1 fhermali;ing time.
'.v Th§_électriQ field ié written E = i/2 éxtf2/§g, t)(g—i(eqtfkqt—6¢+cc),
anq'the-index>of‘refraction n = no+6n. _Thesg définitions will_bg‘re—
taiﬁed_throughout the chapter. Here v is.the‘linear group velocity in

W n
O O

= s € is the envelope

the medium, wé is the laser frequéncy;'ko'=l
' shape functibn, and 8¢ is the phase perturbation which may change to

keep € real.

One flnds that the equatlon of motion of the index change for lin-

‘early polarlzed llght is given byh3 bk
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_ 2, _ .
Ta =-(6n-n, E) . )
H "n o i (a. . -0 )2 whére N is tﬁé‘ umber of molecules per unit <
or€ M2 T h5n kT 1Tl o mumbe _ s per uni- ‘

volume and kT is the thermal ehergy. The;orientational'relaiation'time,'
T, is given approximately by nV/kT, where n is the viscosity and V is the
moléculér volume..The above expression for n, is found by evaluating (with

the A.é.kelectric field on) the internalienergy associatéd with each
poésiblémelécular.orientation to find’thé-Boltzménn faétor for eacﬁv
particuiér orientation. Qne then multipiies the susceptiﬁility along
the electric field times thé Boltzmann factof and integrates over all '
possible orientafibns. | |

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

stance, the left hand side of Eq. (47) is zero, and then 6n = n2E2. In

the transient regime, if.E2 is suddgnly switched 6ff, then the nonlinear

index dies with the characteristic orientational relaxation time,

d(dn) _ _én

l.e. | at s T .

'.As_in the*prévious chapter, the*retarded‘transformation is written

i

t' =t - zn/c

(L8) .
z! =z

and, for short enough propagation distances the difference between group

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

P

Integrating Eq. (4T ) one finds

- . t' . » o .
'Sn(t',Z') = nT2/ €2(t"’z")v e'(t"—t'.)‘:/’[' d‘t"‘ | | ()_'9)

A . 5 ' - . :
ir self—steepenlng and self—focusinghé can be neglected (by suf-
ficiently short propagation distances), then 52"8-'nd én are functions of

t' alone (no z' dependence).
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2. Actlon of the Nonllnear Index Change Upon. the Pulse

Plane Wave Self—Phase—Modulatlon

' The,phase_of_thevpulse is written as ¢ ='§o + 8¢ where o is

. _ }wot—koz._ The overall phasebé‘éatisfies the equation of phase velocity

S | o 2\, e |e-0 . 0) -
| . - | Bt) + = Bz) ‘ ~ (50)
. v e : z A '
Expanding c/n into,(c/no)[l—én/no], Eq. (50) cén be written

-9 é 3 3 c_ o c 6n 9
[‘a?) +;‘a—)]‘1’ *[a) *rs;)t] - n az) (¢, * 8¢) =
Z o : o o T/t

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

(51)

Eq. (50). If 8¢ is small, then it can be neglected in compafison.to
@O in_the right-hand parentheses in Eq. (51). Under these circumstances,

(51) reduces to

v o o .
I [ I 5¢=.9__5_§_- —©°) -2 6n . - (52)
ot /. n_ ot : n n 9z n n
Z t o o t o o . )
But, from Eq. ( 48) it can be shown that
'a)' c a) ¢ a) , .
=) t— ) =) o (53)
at ., B 9z b ng oz' e ST
Combining Egs. (52) and (53),
~ _ 5 k, R _ .
e a7 “’ =2 n(t',z') (54)

For fixed t', Eq. (54 ) can be integrated to yield
S - L - =
L So(t') = = ] én(t',z')dz' . (55) .
P o Yo o ‘ _ )

where‘2 is the length of propagation in the sample.
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The assuﬁption that  the pulse moves with the linear pgg§§ veiocity
.Vp instead of the linear ggQEE.Qelocity Vg will 5e'hnreasonéb1e if
propagation.distances are so long that two pulées (ohe moving at the
1inearAgroup_vélocity and one at the linear.pﬁase velocity) Would ﬁecome

separated by one pulse:duratioﬁ_T . The length at which this happens

b
satisfies the equation Tp = Rc fﬁL-— %;0, but from linear optics the
7 ' g b :
dn : .
expression in parenthesis is equal to %2559 . Thus the length at
which this approximation breaks down is given by Qc = ;Hﬁg—"— . If

N

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

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

dn
b7 Fig. 10 -shows that ——g-is approximately'0.0h15/w,

case of CS; W

2
(

so for a 5 picosecond‘pﬁlse dispersion affects this approximation if .
propagation distances are greater than 4 cm.  Self-phase-modulation is’
not deétroyed for greater propagation lengths; the phase berturbation is
just not qﬁite cumulafivé# Dispersion could easiiy be insertéd;into
the proﬁlem for more accurate phase functions at long propagation-dis-
tances.

Under this distance restriction, integration of Eg. (55 ) yields

koﬂ

Sp(t') = én (t') | "~ (56)

o
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 8 ), then this would mot work.
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_Itiie—of interest‘te noﬁe that pianeewave'self—phese modulation
theory_deeelopedhg in order to.descfibe the specfrﬁm'of "self-
trapped_filaments", in which situation the pleneewafe appreximatien
_can be‘qﬁesfioned;so Because of lowipulse'ehergieé, the genera-
tion of.a-epectrelly broedeﬁed_pulSe was'echievedAby telescoping
down the.beam diamter foﬁfecilitate'self—foeusing, There has been‘
no repeftvof picosecond-églse speétfai broadeniﬁg in the absence
of focﬁsing. This technoiogical problem is due to lew pulee.‘
energles (see sectlon D3 of thls chapter) and due “to poor spatlal
beam- quallty. With the advent of TEM multlJoule plcosecond pulses,
thi§ proﬁlem will be m1n1m1zed. Although focus1ng and self-phase
modulation are both manifestations of the same physical phenomenon,ve
proéagetion throuéh distances short compared to the.self—focusing
'dlstance will m1n1m1ze ‘the dev1atlons from a plane-wave model,
although clearly “the effects of spatlal structure cannot be completely
ellmlnated. The weak edges of -a pulse, for 1nst;nce, will move -’
slightlyvﬁowards.the center dﬁe to self-focusing, and the'spectrel
" broadening will be less (because,é?i is less). The model degcribéa
here; then, is most applicable to the phase measﬁred for that

portion_ef the pulse which exits through a centered aperture whose

fdiameter»is small compared to pqlSe spatial variations.

-
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3. The Spectrum of Self-Phase-Modulated Pulses
Asvan example of self-phase-modulation, consider the case where
the pulse duration is mich larger than the ogientatidnal relaxation
2

time, se fhat Eq. (h9 ) reduces to Sn = , and thus §¢p = k Qnéfe/ 2n ).
Th1s pulse is shown in Flg. ll along with the 1ndex change, the phase
perturbatlon, the instantaneous frequency shlft and the spectrum. Note
that 52, 6n, andv 64) are .s.ll proportional, .a.nd £hat the linea"r frequency
sweep occurs at‘thekpeak of the pulse. The spectrum of the pulse en—'
hibits the“characteristic moduletlon 'Thls modulation.can be understood

by examlnatlon of the expre531on for the photographlc spectral intensity

of the pulse
2= L

-—00

1(8¢+at) dtl2 - (57)

As Shimizu pointed out, 9 4§(t is slowly varying w1th respect to
—1(6¢ Qt)
» SO ‘that the 1ntegrand can only be large when the exponent is
independent of time. This happens when 6¢ = —Qt thus -7 6¢ is called
the instantaneous frequency shift. The meaning of 1nstantaneous shift
is as follows: If one could instantaneously open and close a shutter at
times tl and té respeétively, the output could then be put through a

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

much as (t 2—t ) ,'a careful analysis would show the peak'of'the smear -
h . o . : ttt
at'(w--¢) where the derivative is evaluated at the time - > Con-

31der1ng a partlcular frequency shlft 2, Flg ll shOws that, in genefal,
there are two p01nts on the curve whlch contribute to the 1ntegrand
These two contrlbutions are conplex nunmbers, and-they-can add or subtract
(depending upon‘thein-phese relationship)‘ ‘If the fWovpoints where the
instantaneous frequency shift is "corneet" are et‘fimes,tl and.t2 re-

spectively, then Q(tl4t2) must equal 2NT for constructive interference
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Figure 11

_ ‘The structure of an optical pulse which has -

‘undergone self-phase-modulation. In this example, the
relaxation time is short compared to the pulse duration.
Jhown is the pulse intensity, the nonlinear index change,
the phase perturbation, the instantaneous frequency shift,
and the spectrum. 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+1)m for destruétive interference. (Here N is an
integer.) It can be seen from Fig. 11 fhat the destructive interference’
is‘not'perfect; this_is.bééausé the intensity is quite different aﬁ the
tﬁo'pointé.which contribute to’fhe integral. .The depﬁh.of the ﬁinima
will incréasé as the phasé bertﬁrbation gets larger (with greater
propagétion distance, for instanée). ‘Tﬁis is becauseithe two"points'
wiﬁh ffequency shift Q will be cloéervto each other in time, and, thus,
intensities at those tﬁo times will be less different; HThis will allow
for more éompleﬁe cancellation. X

in the example in Fig. 12, on the other hand, the instanténeous
frequency shift was chosen to be a symetric function, so that the two
contfibutions to each infegrénd are fran regions of equél bulse inten-
sity. .In this case,»thé destructive interferencevis much better; the
épecfral inﬁensity goes muéhvcloser.to éero At the minima. >The ffe—
quency shifts are aii Stokes (that is, the center §f the pulse épectrum
16wer$ ité fréquency“aé the pulse prépagéfes),ywhile in.the previous
case of an antisymmetric instantaneousjfreqﬁency shift the
Stokes éﬁd the antiétokés broadenihg were equal.

In both éxamplés,giﬁvshould be'notéd thét thé relativé maximum
(miniﬁum) in the instantaneous frequency shift generates the most anti-
stokes (Stokes)_shiftedkpeak in the spectrum. This is because there are
égz_tﬁo pointsvﬁd iﬁtérfefe;ithere'ié jﬁst the one point and so, the
modulﬁs of the integrand in Egq. (v57 ) is large. ‘Invgeﬁeral a turning

point in the instantaneous phase o] corresponds to the generation of

‘several relative minima invthe spectrum. Note that although'g%-5¢

is useful in describing the observed spectrum (the stationary phase
argument-), no such-differentiation appears in the expression [Eq. (57)]

for the photographic spéctrum. In the analysis'which:follows in this

chaptef, exact expressions will be used.
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INSTANTANEOUS FREQUENCY.
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XBL 717- 6941
Figure 12

- The description of a symmetric optical pulse with a
symmetric frequency shift. The spectrum is all Stokes shifted,
and the spectral minima are deeper than in the asymmetric fre-
gquency shift case (depicted in the previous figure).
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C. Dispersive Delay Lines and Their Influence

-

on Chirped and Unchirped Pulses

Compréssing chirped pulses with'disperSive delay lines has been

familiar for some time to scientists working at microwave and radio

o1,52 There had been no similar development in pulsed non-

54

frequencies.
linear'opﬁics ﬁntil Gires and Tournois,53 and Gibrdmaine et al.
independently proposed the compression of optiéal pulse envelopes
(shorteniné of the pulée duration) by.techniques analogous to those used
af micrbwave frequenéies. The pulse is first freguency swept ih,time

and the resultant "chirped" pulse is then compressed in time by passing

it through a system (compressor) which acts as a dispersive delay line.

25

Duguay and Hansen accomplished such a compression'by employing rf
éieéffoptic modulation as the "chirper" and the interferometer of Gires

53

and Toﬁrnois as the compressor.

One can describe, in crude terms, a dispérsive delay line as a
passive element which delays different frequéncies different amounfs.
This_figurative definition can be misiéading because Fourier com-
ponénts are integrais over time. MOré accurately, then, one might say
thét fhe speéd of a pulse throuéh a dispérsive delay liﬁe wiil depehd
upon its center frequency; yet this does not tellbthe whole étory.

The correct approach'to thé problem is to describe the dispersive
delay iine as avdévice Which adds different phase shifts to different

Fourier compohents. 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

spethum [E(w)|2 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 Qlw) is

8,51,56

real. For Q = w'—ub one finds for Ec’ the complex compressed field

c 2m -
_ . - ' (58)

B -iwot 0 - . _
E = .e————/] dt'aQ € (t")exp i[8¢(t") + Q(t'-t)-Q(Q)]
where'thé‘input pulse is written'as in section B of this chapter.

Expanding Q(Q) in a power series ki.e. Q(Q) = Qoi+ QlQ‘+ Q292 + ;..),

it is éeen from Eq. (58 } that Qo (the overall phase) can be neglected.
The QlQ'térm»cah be aﬁsorbed‘into the_exp[iQ(f'—t)] by redefining.t,.
and thus_Ql cqrresponds to an equa;ly uninteresting group delay. Thé
Q292 ferm_is then the first important term in the series. It wili be
assumed that this term dominates the higher ordér terms, andiQ(Q) can

effectiveiy'be replaced in Eq. (58 ) by Q292. One can then integrate

over © to yield 51’56 o
L wt) i(ﬂz—) ®
g = & y ° e Q2/ at' €t )expli(Sop(t')+ ‘Z‘i )1 (59)
" o/m | %2

2 . —00

" A linearly chirped pulse, for example, has a quadratic time de-
pendencé of 8¢. Thus Q, of the grating pair (or "compressor") can be

adjusted so that the first two terms cancel in the exponent of Eg. (59),

2
Dé?(t')‘z (fdexp(f2 t'2/Tp2)] wheré-Tp is the full 1/e intensity width,

. 1 v .
which implies that &8¢ = -Bt'2 = - %6_ ,-or, equivalently, that
- . 2
B_l ='2Q,. If one further assumes that &(+') is a Gaussian

then Eq.(59) can be évaluated to note that the intensity, I(t) is given

by
' ' 2 2 . -
I(t) = exp[-t /(2/8Tp)_ ] (60)
whichvis a Gaussian pﬁlse of duration Tc = E%rn Since BTp ig of the
D _ .

order of the pulse bandwidth, the pulse hés-been compressed to near its
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uncertainty limit. -Thus, an increase in the linear frequency sweep

(and, hence, in the bandwidth) increases the possiblé compreséion

efficiency.

For a pair of parallel gratings'spaced b apart, the dispersive

delay can be calculated from the grating formula %%9-= siny + sin(y-6),

where Y_is‘the_angle of incidence, d is the grating constant and 0 is

the scattering angle; and from the path length for a given wavelength

¥ _ . v ' - 6
- b(1*cos) The dispersive delay is given by8,5

P cosfy—es"
- 2 -3/2 :
- 11ldp . 27 chb _(2me . 2
_QQ T 2c dw w3a2 [1» ( wd siny) ] (61)

‘The converse of pulse compression is also of some interest. A very

-short pulée Will.come out longer and chirped (the time-reversed prdblem).

This can be seen by letting &(t') exp(id¢) = 6(t¥ﬁo). Inse?ting this into
Eq. (59),and pérforming.the trivial iﬁtegratioﬁ, the only term quadratic

in t,is:thg expénent ﬁhich'precedes the integfal.v Thus a positively
freQuency—swept pulse isjcompreésed to a shoft pulsé, while a‘short

pulse is expanded and is given a negative frequency sweep. This pulse

- expansion is characteristic of ionospheric whistlers, which are responses

57

In ﬁhe simplest'situation, the fadiation travels spherically outward
from the lightning' in, say, the Southern'hemisphere and strikes the
ionisphere. va avcosmic ra& has produced.sufficient electrons, there
can bé a tube (or "duet") of.highér eiéctron density trapped along a
magnetic field line, fhenvthis can act és a Waveguide for the iightning
pulse. The dispersion'is due to the cyclotron electrons in the earth's
magnetic field, anq 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-
Pressiﬁg self-phase~modulated pulees with.linearly dispersive delay
lines,8 and this sectidn describes deteils ef that pulse compression
process. The technique was discevered in tryihg to find a source of

5 6 It is shown that a>

the modulatlon that Treacy had reported
dispersive optical delay line (such as a grating pair) can produce
significant pulse compre551on by employlng the large pos1t1ve chirp
obtainable near the center of a short pulse as a result of self-phase-
modulation. Whee the relaxation time of the nonlinearity 1svmuch
lesé'than the pﬁlse duration, the region;where the pdsitive chirp is
largest and least dependent dn time occurs at the peak of the pulee 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 CS, is considered because of its laige optical Kerr effect

2
and short relaxation time (2 picosecends).58 As in section B, the
propagation distance is lees than both the eelf—foeﬁsing'distance and
the shock distance. Thus plane wave arguments hold and the envelope
€(tf,z') does not change as the pulse propagates (implying that éaﬁas
no z"dependence),f It is also assumed, for the time teing, that'the
pulse is initially not phase modulated.

For a relaxation time short.cbmpared‘to the pulse'duration Tp,

(49) and (59) show thatvthe_phase perturbation closely epbroximates‘e
the shape of the intensity profiie. A symmetrical pulse develops an
appro#imately.constant poeitive chifp, Bo,bnear the intepsitybpeak and.

the pulse envelope can be compressed by matching this chirp to the
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inverse of the delay per unit frequency of a delay line linearly dis-
,peréivevin frequency. . If self-phase-modulation dominates the pulse:
spectrum;, the bandwidth is of the order of BOTP/Q. The minimum com-

pressed pulse envelope width, Tc,ﬂobtainable.is of the order of the in-

Verse_bandwidth,.or (EH)/(BOTP). In the limiting case of zero relaxation
gk _*6n ' ,
time, B is approximately - —o nax  from Eq. #9 ) where én is
) : i : 2 max
T n
' ' p © . ,
‘the maximum index change. ' Therefore for the case of instantaneous

relaxation,
‘M T T T
Tc ~ > p = =E 2 (62)
"~ 4k %6n__ _+mn 2k fn, £7+mn
o "max o o 2% o

where €guis the maximum field amplitude. The second term'in the de-

nomenator haé'been inserted in case of little or no self-phase-modulation.

2
index change, n2‘€'§/2, of the order of 2.8x10°

_ 59 - . v , : ,
= 1.3%x10 ll esu, a5 gigawatt/cm2 pulse generates an
3

Since n
. For a 1.06 u ﬁulsé of
:5 picosecond duration'lineér‘disperéion becomes significant at a dis-
fancé of the order L cm if relaxation of the nonlineérity.is neglected.
Rela#ation diminishes compressibility by dela&ing and reducing the maxi—
mum chirP},.In the iimiﬁ'of Tb much shorter than the relaiation timé, T,
Eq.v(h9 ) shows that the phasé perturbation becomes monotonically in-
creasiﬁg-across fhe ptlse since 6n is then propoftional to the'time—
'ihtegrated intensiﬁy. The chirp is thus hoﬁ—zerd only on theIWings_of_
'the pulse.v Were such a pulse passed thréugh the delay liﬁé thg most
intense portion would rémain unc@mpresséd; | |

| In thé case of an intense plane-wave lasér,ﬁﬁlse propagating
' through:a Kerr liquid; the resultént inétanfaneous frequency shift-of
the pdlse does not éxhibit a linear time\dependénce. Thﬁs, one‘cannot
figd'a Q2 which seté the e#preSsign (8p(t") +'t'2/hQ2) in Eq; (595 fp
zero over the‘entire pulse3' The problem.éf COﬁpfession of a selffphase—

modulated pulse is most easily treated numerically. Equation (59)
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ﬁas iﬁtegrétéd td obtain the phéée.pertﬁrbation for a Gaussian intensity
pfofilé.. Thé éppro#imaté instantapeoué freqﬁency'shift, Q= - %%g .
as ; function of time_is sﬁoﬁn in Fig;jSIfor a5 picosecond pﬁlse of
75 gig£WéttS/¢m2 ﬁeak intensity éfter prdpagatingv3 cm in‘CSé. The'
méximum iﬁdexvchange is ofkthe order of 1.5 déﬁn from thebcase of in-
sﬁantaneous.relaxéfion. The puléé'cén bé.compreséed by péssing_it
through a delay'liné with dispérsive delay'choséq to match a particﬁlar
chirprnear the inténéity_éeakL The optimally compressed intensity pro-
file is found by numerical evalustion of En, (59) for differént values
of Qé: The resultént pilse envelope is shown in Fig._lh. The optimum
value of'Q2 ﬁas.numerically'found to bev0.65><10—26 sec2 for this
partiéulaf case. The optimization pqint was found by increaéing Q2,
which is propof%idnal to‘the,compressof setting, until fhe shértest
pulse was found without}substantial side lébes;. These side lobes in-
creased.ﬁith furtﬁer increase in Q2 beyond tﬁe.optimum value. Figure
15 shows the senéitivity of the output pﬁlse fbrm upon.éompressor sétting.
For a compressor made of two bérailel gratings having 300 lines per mm
andvoriented‘so that thé,anéle of incidenée'is 60°, the grating sépgra—
tiogftovgive thé optimum value of ég is &.0 Eﬁ.vv

| The full width at'haif—intensity of tﬁe optimally compréséed pulse,

T, is sx10~ 1M

sec. These results are down by an drder ofimagnitude
from the.eéfimates made earliéf neglecting-reléxation aﬁd aésumiﬁg a’
_constant chirp over fhe\pulse. . The optimum value of Q2 corresponds to
the slope of the frequenCy shift at'a_point ﬁeﬁweén thé péak of the
.pﬁlse and.the'point of maximum Sloﬁe (and constancyvdf slope). 'Thﬁs the
maximum cdmpréésed puise originate§ primarily from a region which .
simultaneouslj optimizes fhe intensity énd éQnstancy of.slope. The

relatively large COmpfesséd pulse width confirms the adverse influence
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Figure 13

Plot of the time derivative of the phase perturbation across an
optical pulse for a 3 cm propagation distance in CS,. 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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_ The 1ntens1ty proflle of the optlmally compressed pulse

' correspondlng to the phase perturbatlon shown in Fig.13. ”he lnltlal
© Gaussian. intensity. is shown dotted. - "The 1nten51t1es have been.
_fnormallzed to. the initial peak 1nten51ty and the compressed pulse
"~ ‘has been shifted so that. the peaks- c01nc1de ‘The value ,of Qo which
;optlmlzes the compre551on corresponds to the slope of the curve in

Figs 13- evaluated at l 31 psec, as can be seen 1in, the follow1ng
;flgure 3 : . . : : :
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Flgure 15 XBL717-7034
The compressibility of the CS, chirped pulse (as in Fig.l3 ).
Shown are the various output pulse sﬁapes for different settings of
the dispersive delay 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 compare this figure
with-its two nearest neighbors. Photographic reduction of these three
differently 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 at t'=0.
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of relaration upon the effective ohirp. The caSe calculated here
should be fairly realistic 1nd1cat1ng that compre551on ratios of the
order of 100 can be cbtained. The 1n1t1al ch;rp on the NEOdymlum laser
puisés§’7’lo is small by'eomparison, and it could,vin‘prihciple, be
eliminated with sufficiently narrow bandwidth optical amplifiers.Go Ir

‘ neoessary, one can get closer to the earlier calculated limit of com-

pressibility by puttingnthe 082 in a preseurized high-temperature cell

to reduce the orientational relaxation time; and this will_move the region

of.linear chirp'cioser tovthe center of the pulse, although this approach
is pot:rery practical because of-the high voiatilit& of CSQ.
rSinoe publicationiof our paper suggesting oompression via self-
phase—modulation<end dispersive delay lines,.Lauperau has reported some
experimental verifioetion.6l’62 He generates 20 picosecond pulses which
are'nearly uncertainty limited, and passes theﬁ through 8 series of
celis of various mixtures of CS and CClh,'end,then through a grating
pair. Agaln, pulse compre551on is ev1denced by the narrow1ng of a TPF.
pattern (the dangers of this approach are outlined in the next sectlon)
He reports compre531on ratios of the order of five, and tricks had to be
used to avoid seif—focusing. | Thie new evidence aérees qualitatively
with the theoretical predictions of this section.'
2. " Electronic Distortion in Glass as the "Chirper"

.Recently, Alfano and Shaplro reported 63 6k four-photon parametric

coupllng, self-phase-modulatlon, and small-scale filaments in glasses .
and transparent cryetals; Theee effects cennot‘be explained in terms

' ofvmolecular orientation, and so the source must be due to a nonlinear
eleetronic polarizability.. This’type-of nonlinearity probably'responde

much faster than the orientational response times, although the effect

' is several orders of magnitude weaker. Duguay , Hansen, and Shapiro
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v 65 : . :
have also made estimates,5 of n, in certain glasses and they report that

n2(CSQ)'=' 110 n, (BK-7 glass). In addition, Maker and Terhune66 report
n2 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) nohlinearities, the CS, compression calculation has

2
been repeated for an instantaneous relaxation time, but with the same
product of né@il. In this case,rthe point of optimum chirp is the center
of the pulse, and the dispersive délay needed to optimally compress this

pulse is apprdximatély half that'needed in the CS, case.

2
Results are shown in Fig.16 . The optimally compressed pulse is
twice as intense as in the CS, case (because the linear portion of the

ng'chirp was not at the peak of the pulse), and its duration is roughly

half fhat of’the CS2 case (the full duration between half ppwer poihts

is 0.0é8»picoseconds). Aithough these glass résults seeﬁ to be twice

as effiCient, a bit of caution should be in order becauée of the long
propagation lengths neCeésary. Distortion in the beam preparation

optics could yield a significant change over such a distance, and the
pdssibility of transient scattering phenomena (suéh as Raman and
Brillouin scatfering) cquld be enhanced. Although transient Raman
studies héve ﬁot‘beeﬁ performed for glasSes; fhe Raﬁan éffect could be
Sﬁppressed by the infroduction of‘some_linear dispersion into the glass;
this Will prevénﬁ:the‘Raﬁanxand laser modés froﬁ'cqupling.' Such a sys-
tem would have to affect the Raman shifted’light (sbout 3000 cu t) while
nofvaffecting‘th¢ 100d cm_‘l spééﬁral broadening.' Althoﬁgh”fhié is in
principle possible, it ma& not be necessary because Alfano and Shapiro6h

" did not report Raman scattering although they saw frequency sweeps of

the order of wo/h.
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Figure 16

' " The calculated compression of self-phase-modulated Pulses
where the nonlinearity is due to electroniec distortion in glass.
‘Showvn are the various pulse shapes for slightly different . settinﬂs
of the dispersive delay line. The percentages refer to the’ o”tlmum
settlng, and this figure shows that the effect 1s'qu1te sensitive
to the setting of the dispersive delay line.  The optlmally com-
pressed pulse has a full half-power duration of .028 plcoseconds
~and a peak power 60 times. that of the 1nput pulse

XBL7I7-702!
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3." ‘Avoiding Self-Focusing

Although there are ways of predictiug the’chirp due to self—focusing

e vv/,,; . O
for nanosecond duration pulses,5 it is not yet clear what form of

chlrp a 5 plcosecond pulse will haue after self—focu51ng For thls
reason 1t_1s probably adv1sable to av01d self—focus1ng, and there are
basieaiiy two ways'to'do this. “The fifst way isAtovartifieally add
divergehce 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—fecusing is 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 ratio

: Lé D,
_2- P 1+26n ax and the focusing distance z is given by 7= 5(52)1/2

C

If & pulse has an energy J endvis of fixed duration (of, say, 5 pico-
seconds) then the_beem diameter D and the propagation distance & are

both.adjustable parameters} Now snmax is prbbortiOnal to the peak power

-per unit area, or J/D2, so the .compression ratio becomes —E-a 1+2J/D

C

Focu51ng can be prevented by setting Z_, = 22 which implies that

f

2 « D /VF' This expression for R can be substituted into the compression

ratlo to get that the maximum compres31on rateo is proportional to one
plus the.square root of the energy.

This proportlonallty can be callbrated by looklng at the numerlcal,
example which showed that the pulse had a compressibility of 100 after
passing through 3 cm of CSZ'

focus = 6D for 75 gigawatts/cm?. If.the focusing length is to be 6 cm

The focu81ng glstance'equatlon reduces to

(to be on the safe 31de) then the beam diameter D must be 1.0 cm, and,
. N . .

N,
b
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thus, the total energy 1n the pulse must be l/h Joule. Thus}for-CSé L

vthe optlmum compress1on ratlo is. glven by l+200 /_ , where the pulse
energy d is 1n Joules (For glass the optlmum compre551on ratlo is

' appr0x1mately two tlmeS'betteru) For a typlcal TEM unampllfled

\

_»mode—locked pulse, J-~"”‘.“10—h Joules, and so the max1mum compre531b111ty o
. : Vo N T
commensurate W1th no focus1ng 1s a factor of. three Thus one must~ '

use. speclal trlcks to av01d focu81ng 1f one wants to compress weak

vpulses by large factors.v,f

<
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E. .Two—Photon Fluorescence

Since'the following séction diséusses th¢ implicgtioﬁs of‘Treacy's
experiménts 5’6 with two;photon fluorescence (hencevTPF) display of
éompressed'and uncompressed pulses, a review of the TPF technique is
presented'here. |

_The TPF téchnique was first introduced by Giordmainé, et al.,67
and has énjoyed extensive use in the last four years. The technique
iﬁVélveS splitting a lééer pulse in two, recoﬁbining the two pulses from
6pposite directions in sa céll of dyé which absorbs at 2w, and photograph-
ing the stfeak of fluorescence observed from thé side. ZEach 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—phéton
absorption. Because of the difficulty in distinguishing between ﬁltra—
short pulsesvand random thermal noise on longer pulses, early use of
this technique often led to erroneous interpretétion. This difficulty
can be partially avoided if one takes care to measure the ratio of the
peak intenéity 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

oo } (o)

f(z) « (Ilg(t') + 122(t'))dp' +v%Jr Ii(t')IZ (t' - %i )at! (63)

-C0 - 00
;

where Il(t) and I2(t) are th¢ intensities bf the.two pulses ‘entering the
dye céll, vg is the group velocity of a pulse in the dye solution, and
.z:is fhe distance from the center crossover point in the cell.

Note that the first term in Eq. (63) givés thé background, while
the second term is an intensity autocorrelation function. The contrast

ratio-is given by £(0)/f(») = 3, while random thermal noise should
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F. On the Nature of Chirping in Mode-Locked Laser Pulses

In performing thevcoﬁputer calculations in:sectién D, a minor error
led to the diScovéry that graﬁihg pair pulse compression data'ébﬁid
easily be misintefpretea. The erroneous calcﬁlatidhs ﬁeré perfofmed
with the:incorrect sign for Qé in Eq. (59 ) and only the calculated
TPF pattern was ﬁséa to determine thé degreé of pulse éompression. The
optimized qompression.ratib would come out much smaliér than expected,
and the_cqmpreséibility was hot'a very sensitive fqnctidn of Q2.. After
noticing the iﬁproper use of the Fourief trénsfofm subroutine, the
sign 6f.Q2 was changed and the computer calculations started 160king
reaSbnable. It was several months later that this preliminary error
wasbfurthervéxamined, and it waé noticéd that what probably had happéned
was thét.the wings of the pulse in.Fig. 13 (where the chirp was thé
Otﬂef sign) were being compresSéd, while the central portion of the

pulse was left reiatively unaffected. This observation led, in turn,

"to the discovery tHat there may be more general interpretations of

Treacy's grating pair pulse compression experimentss’6

on mode-
iocked Neodymium—glass laser'pulses.  These exﬁerimeﬁ%s had ied to the
detecfion of a quadratic term iﬁ the pulse carrier-phése- ¢(£), i.e.,
¢(t).='—wot - %-Ste (corfesponding fo'a.linear sweep éf the'éarrier
frequency é ). Also reported'wasvfhe resultant compréssion-6‘ of the
pulses when:passed thréugh a h,5 picoseconds/lOO A dispéréive delay
1ine on account of R being Posifive. ‘These’fesﬁité'couid be»fégarded
aé eyidence that the pulse carrier’phase function is a‘simpié quadratic

in time with positive 8-7 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 ﬁot:necessarily be positive.
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In fhe experiments reported iﬁ Refs. 5 and;6 compression éf
the pulsés bassing through fhe grating pair Waé inférred from the
reductidn‘in size 6f fhevTPF pattern. 'Siﬁce the:gfating pair compen-

. safes fdr a poéitivé fréqﬁency sweép, é qﬁadratic dependenbevof.¢ on
time could explain the size reduction of the TPvaatterﬁ. It was
reported, 6 'howevef, that the TPF pattern formed bj éroSéing the com-
presSed.puises with the uncompressed pulses,wés siénificanfly broader
than thélTPF'pattern formed by crossing the input pulses with them-
bselves;; Thié observation is difficulf.to interpret if the'ﬁhase func- .
tion is assumed to be a simplé quadratic in timé.

if oﬁe coﬁsiders, on the othér hand, a more géneral phaéé function
¢(t)'whiqh undergoes both negative and positive frequéncy sweeps, thé
dispersive delay iine used in the experimenfé would éét to compress the
portions'of the pulse which underéo the apprppriéte positive frequency
sweeps but would tend to stretch out tho;e portions of the pulse which

'undergq ﬁegative frequencyvsweeps; As a result, a smootﬁ intensity

' profilevpulée, éfter péssing.through fhe‘grating pair, will develop
sharp'structure’suﬁefposed upon a base whiéh is broader than the
.ériginal/pulse.> The T?F pattern_for.the output‘wave fqrm woula.exhibit
a narroﬁ.central maxiﬁum due to the finé structure, but the TPF pattern
for the output pulse crossed with the input pulse:could_be broader than

- the TPvaaitern for the_inpﬁt pulse.drossed with;ifgelf. One éxample
of_such a.phase‘fﬁnction would bé the Gaussian random phase which v

' satisfies the ensémble averéged relation.<[6¢(t+T) - 6¢(t)]2) = 2DT,
whére D isvthe phaée diffusion const;nf.' This model is in good- qualita-
tive agfeement With Tfeacy'S'grating pair observations;5’6

.In_ofder to show that a more compliéated phase ﬁodel.can be applied

to pulse compression data, this thesié presents the gltered pulse Shape

e
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and the various TPF patterns which result from passing such a randomly
phased Gaussian shaped pulse throﬁgh a dispersive grating pair. The

69

random phase is geherated by executing a one-dimensional random walk

_With a step size (QEAT)l/2 WherevAt-is the time increment. This dif-
fusion of phase generetes a Lorentz spectrum with.full width Aw = 2D.
The difquion‘constant D can .be adjueted so the spectrum of the pulse
agrees With the Qbservedvvalue.- | |

Typical nﬁmerical resﬁits based on qu;’(59)vand (63) are shown in
Fig. 17 . The value Q2 has been chosen to eorrespond te Treacy's dis- .
persive‘delay of 4.5 picoseconds/100 A. The Gaussian input pulse has
a full l/e'intensity width of ‘5 picoseconds, while the spectral band-
width associated with éhase diffusion is chosen to be 65 A. The input
and oﬁtput intensity'profilesvare displayed iﬁ Fig. 17A. The output
pﬁlse has developed censiderable fiﬁe structure. vThe'spread in in-
tensity aiso appeafs to Bevwider in the output pulse than in the inpﬁtv
pﬁlse. The varipus TPF patterns are compared in Fig.bl7B. Shown are
patterns for tﬁe input pulse crossed with itself (I-I)? the putpuf pulse
crossed with itself (O—O); and the input puise‘crossed with the output
pulsev(I-Q); For the celculdtibnqu.all patterns it has been assumed
that the-tﬁo.pulseé which enter the TPF cell_have the same energy. The
parrow‘central portioﬁ of the 0-0 pattern resembles that ?eporfed in
Ref. é . The peak in the 0-0 pattern also drops to en intermediate
beckground plateau, which could correspond to the heze ebserveduon each
side of the central bright spot»in fhe TPF photographs. The I-0 pattern
is asymmetric and is Eroaqer than the 0-0 pattern. |

In-repeating the calculatien for different independent ranaoﬁ phase
walks the'SﬁG efficiency of the output pulse undergoes_fihctuations of

'the order of 10%. A variation in SHG efficiency from pulse to pulse in
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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
pulses shown in (a). Depicted are the I-I, the I-0, and
0-0 patterns. Each pattern is normalized to unity at the

center of the dye cell. The horizontal scale corresponds to

the. case of vV, = c inside the dye cell. The horizontal scale

should be expanded by the index of refraction for the particular

solvent. : N
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a dispersed tréin has been observed by Treacy to have both systemat;c
and érfatic components.6 If a fandom phése modeliis.applicable, some
scrambling of the phaseifﬁﬁcfion during each transif.could account for
the erratic compoqent.v | -
Acﬁual TPF.photégraphs-represent a sum over TPF patterns fdr each
pulse in the entire train. In order to détemine't_he effect of photo-
graphic‘averdging, Eq. (63) waé summed 6vér iO indépendent randomkphase
walks But_with the same input intenéity prqfiles. Experimenfally,
intéﬁsityvprdfiles and spectra vary froﬁ pulse to ﬁﬁlse in a way which'
is not fully known. (It nas beén éhoﬁn by.Glenn énd Brienza39b that
inLthéir particularvi@ser, ﬁhé duratioﬁ of a mode—lécked pulse tends
to increase thrOughout the train. Under ceftain conditions,‘the over-
all spectral width is relatively constant for each mode-locked pulse
in a givéh train, but the spectrum ofveééh individual pulse can haﬁé
several local minimé..70 ‘Theée miniﬁa'Suggest‘possible turning points
in the instantaneoué>phase $.) Figure 18 shoﬁs the averaged TPF
patternsé' The siae structure in the.O—b‘pa£tern has beenvsmoothed,
and the I-0 pgttern has_been.bfqadened and symmétrized.  One can expeét
these‘changes in the I-0 pattern because the_input pulse is chosen to be
symmetrié, giving an individual IfO'pattern equal probability of having

its peak to eithervside of z=0. These average TPF patterns are in good

'qualitative agreement:with Treacy's observations.

It should be emphagized that althdqgh the phase function for mode-
lbcked Neodymium;glass.1aéer.puises may:ﬁot be'fahdom,.phase models which
are ﬁore complicated than a lineaf chirp arejconsistent wifthreacy's
ﬁulse'compression data Because ambiguity can arise in the intérpretation
of TPF'patterns; Complicated phase behavior could arise, for exémple,

if the many transverse laser modes couple to yield a "scrambled" effect
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Typical TPF»patterns summed over 10 independent phase
Shown are the cases where the bandwidths are 65 A
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similar to that of a multicomponent whistler.

Since publication of the preceding criticism, Tready has reportedlo

'new observations which may help to clarify the picture (1970). He

descfibes the results of passingvthe‘pulses through a time—resol&ed
spectrometér;,althqugh the instrﬁment itééif is not described. The
ouﬁput of the ihstrument is‘split in two and one image is inﬁérted. The
fwo'beams are then recombined in a TPF cell.v'Thg spectrometer isrreQ
portedvtO'have temporal aﬁd spatial disperéion, thus a linearly chirped
pulse:ﬁill bé tipped over. The obsgrvéd TPF pafternvig_tiited (this

is the sum of all events iﬁ the mode-lo’éked' train )", ana the tilt at

the cénter of thé patterﬁ caﬁﬂbe'relafea td'thé frequency sweep at thaﬁ
frequency. The.result of lateral adjustments of one beam give the
ffééuéncy sweeﬁ at different frequencies. His results are that the
fréquéncyvsweep is positive over the most intense portions of the.spec—
trum of the puise. Obéervations were made‘frpm the entire cross-section
of the lasef beam, and there was no mention of single transverse mode
laser operation.

V Severalkdiffiéulti§s may cloud these resulfs. Firstly, the fre-
Quen¢y_sweep may not be a single—valued‘fungtion-df freéuency.(aé in
Figs._li and;lQ ). Another probiem is.still the inherent uncertainty
in the interprétation of_TPF pattérns, even though this timelthe patterns
are not ﬁsed‘tb éfudy pulsé dufations. Although the peak of the pattern

corregponds more to a time marker, temporal structure in the pulse

envelope can confuse this. It is of importance to note that these new

résultsfdo not in any way unravel the problem of why the I-O TPF pattern
was broader than the I-I pattern. Once the time—resoived»spectrometer

is adequately described'in the literature, it will be ofvgréat interest

‘to see what model of frequency sweep fits all of the data. My guess is



3i;f¥824 -

l,that'et ieast’sbme36fhthéqpulsesfﬁillfheve;regioﬁsﬁof,"cerrect"vare;»

quency sweep separated by reglons of 1ncorrect" frequency sweep..ir
‘,ﬂ;»‘ New measurements have s1nce been reported Whlch dlsagree w1th R
,centain aspects of,Treacy's‘measurements;§5?T' Slnce these experlments

reported characterlstlcs of dlfferent lasers, 1t is not falr to say
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IV. PUMPBAND DYNAMICS IN COLOR CENTERS

A, Introduction

In learning thét mode-locked Neodymium-glasé laser pulses were un-
able to generate coherent opticél effects, an effort'ﬁas,made to see
what usefﬁl properties the,pulées had. ‘In studying the broad transitions
in_coior_éentérs, it was hoticed that,incompléte'kﬁowledge about the
puiée éhirping and shape did ﬁot prevent the.pulses from generating and
probing.population differénces; énergetic pulses can cause significant
changes ih the populations and weak pulses can undergo amplificafion or
atteﬁuafion (which measures_populaﬁion differences). It is for this
reason that an interest'déveloped in'ﬁhe poésibility of‘stﬁdying color
éenters“with picosecond pulses. |

Color centers have béen widely studied iﬁ the literature. They
are the,result of a "mistake" in an otherwise orderly cryétal. A
missing énionndf cationvin an ionic éryétal can trap . electrons or holes,
and<thé‘pair (vacanéy plﬁs chargevgérrier) can exhibit very strong
optical bfoperties, The emphasis in this thesis is on the F—qenter which

is an électron trapped at the site of a;missing halide ion. There are

‘many excellent review articles on F-centers, and the interested reader

T2 73

Fowler, Markha.m;rh and

Schulman and,Comptbn.75

A lot of the early work was done in Germany
in the 1930's, as evidenced by the references in_the'articlé'by\Pick76 .

In this thesis thefe.is particular interest in color ceﬁters be-~

_cause of the large Stokes/shift between F—centér-emission‘aﬁd absorption.

This large shift can be described in terms of the cohfiguration'coordi—v
nate model, becausevfhevpotential that the trapped electron sees

is completely determined by the locations of the neérby ionic neighbors.
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1. - The Configuration Coordinate Description

When an F-center eleétron is’obtically excited, its avefage charge
distribution is alfered,'and thé nearest neighﬁor idns. are forced to
move away.v When - the electron finaliy returns to the ground state, the
lattice shrinks to its original configuration. This "cdnfigurétion—
coordinate model" has been well-known for some time. “Although it was
originally presentedlto descfibe molecular specfra, if was applied to the
sfudy of color centers as early és i936.77 In its simplest form, this
model considers the interaction of the:electron'ﬁith a single mode of
the ions. This mode is the "breathing mode",vand'it.correspdnds to the
nearest neighbors separating and contracting together. Although other
modes do partiéipaﬁe in relaxstion, this descfiption has begn successful
in giving a simple qualitative piéture of the 0ptiéal pumping cycle
dynamics. |

‘The‘distance betﬁeen neare;t neighbors in this breathing mode is
called the copfigurafibn coordinate, and'thé ehergy of the trapped elec~
tron is plotted és a.function of this coordinate. Figure 19 shows a
séhematic of this model. The curves are eigenvalues of the poteﬁtial—
well problem; each point on the curve . is an eigenvalue of the well prob—
lem.for theicorresponding lattice spacing. The two curves are labeled
electronic ground stateland electronic excited state,'and the motion of
the configuratiqn—coordinate corresponds tb ﬁﬁe generation 6f local
phonons. The separation into electronic and vibrational states is é

. /
consequence of the Born-Oppenheimer approximation}78 In this approxi-

'métion,.ibns and electronsvrgspond.differently»to one another;- The
électr@n 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.



Energy of Electron

= _ Electronic
’ Excited State

13>

<
k= c :
= 512 AannAnAnnne
Q .
P 815 Electronic

Ground State

1 _l
Xg Xe
Configuration Co-ordinate, X
Figure 19 XBL717- 7020
/.

Pictorial description of the spectroscopy of F-centers., 1In
the framework of the Franck-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 em1ss1on energies is due to the strong

- electron-phonon coupllng
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'The:important points on the curve are labeled as 4 quantum-
mechanical staées. The Franck—Condon pfinciple?g_ states that optical
transi£ions take place by only vertiéal liﬁés on this diagfam; there is

no time for nucleér responses. Athlow temperatures, then, all electrons
are_in‘fhe groundrstate, and the zero boint phondn corresponds to only
slight excursions of the configuration coordinate about the value of

r

,Xé' The optical absorption spectruﬁ.is due to electric dipole tranéitions
from stéte |1) to statev|2).‘ The zero point phonon excuiéions and the |
slope of the excited state curve at X =Xg determine the bandwidth of the
ébsorption;line;~ At elevated temperatures, the RMS excursions of ¥
can also bé caléulated, and this gives a temperature dependehéé of the
absorption linewidth Which agrees well with experiment. |

| When the electron arrives in.state [2), the neighbors suddenly_sée i
a new eiectronic cioud distribution, and they move away in response to
this new force. This éorresponds to an increése in the configuration
coordinate X to staté |3> where X==Xe. Since the fluorescence time
from state [3) to |4) isIQuité long (typically 1/2 té 2 microSecoﬁds),
virtually ali.pf the fluorescencé_occurs ggggg_thé giectrén gets to étate
|3).'AAgain the RMS excursions of the configuration_coofdinate can be
calculated, and again the calculated fluorescence bandwidth égrges well
~with éxperiment. |

The dynamics in Fig. 19 become degenerate if Xg’= X_ . All vertical

e
arfows'wili'be of the same length and, thus, there will be no éhift
(that is the absorption andvémission frequencies will be equal). ‘When
this happens, one says that there ié no electron-phononvcouplipg; Such
is_the.case in thé ruby laser lines; the excited state and ground state

configuration curves are "parallel". The stréhgth of the electron phonon

coupling can be estimated by noting the difference between'xe and Xg"
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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-
funétiohs,'while inF-centers, the only influence on,thejpotential 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 form of lattice phonons.

2. F-Centers in Potassium Chloride

Potassium chloride F—cénters are of particular interest because of
a double éoincidence.‘ The absorption band matches'the laser 'second
harmonic and.the‘emission band matches the laser fundamental frequency.
Siﬁceﬁthé laser can'prepare complicated pulse sequences qf these two
frequenciés (on a picoseéond 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 |3) in Fig.

-'19 ). The inversion has been inferred by measuring the gain with first

harmonic (fundamental) pulses. The obsefvatioﬁ of both gain at 1.06 u
and saturétioh of 530p A;vand'the linear absorption-specﬁroscopy.obser—
vations are;allbin good qualitative;sgreement. This is the first
observation.oflstimulated emission in color centefs, |

3. Assumptions

In the expérimehts presented.in this thesis,’threé 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, thé 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 centeré. Cluster centers are formed when two or more
F-centeré get ﬁoé close to each other. TheyvconsiSt of several elec-
‘trQns tfapped at just as many vacancies, and havevbeenvextensively dise
cusséd in the literature.8o_86 The cubic symmetry of the F-center is
usually'broken at the site of a clustér Qenter, thus the absorption aﬁd
emissién properties of such centefs—are oftén.polarization-dependent.
The siﬁplést cluster Centers'gre the M (two adjacent vacanéies) and the
R (thfee‘adjacent vacahcies). Iﬁ KCl, the M—centef absorption band8l
ié at 0.8 p,‘while the R-center has absorption bénds at_0.7h and 0.65 M.
These are well outside the F—cehter absorption band.(p.SB w, alfhough |
higher Mfceﬁter transitions can overiép the F—absorptioﬁ.band. During
an experiment, any formatién of cluster centers would be at phe expense -
of F-centers. Two.F-centefs_would disappear for every M-center produqed,
and threevFrcenters wouldbdisappear for every R—centervpréduced. Because
cluster qénters are stable at L.YN.’temperafure, a significent reduction
in F-center absorptidn would accompany their forﬁation; This is why
the absorptidn spectrum was measured both before and after each exper-
iment'(as described in the next section). One samplé? for instance,
:Was rejected when an R absorption band was detéctéd.'

Since vacancy migration_is-eséential for the formation of cluster
centers,.their formation frbm F—genters can be prevented if the sample
- isvkept at.éufficiently low céﬁcentrations and témperatures. It has.
not been shown, however, that cluster ceﬁtérs are not formed under'the
intense_lasef iliﬁminétion rébofted in this %hesis. The éonétanéy
(reported here) of the F-abéorption band before and:after{lasef illum-
ination gi#és a gopd indication that cluster centefs are not being \

formed during our observations.

Utmost caution is essential in sample preparation. Exposure to

N



£
Nt
Brzaf-
[
<
L)
L
&
Sou 3
SO
~

-89-

vroomlight at sample temperatufesvabove that of liquid_nitrogen can in-
ducé cluster cehter fofmation. Thué ;afelight practices are essential.
In electrélyticaliy coioréd'sampies,F—cgﬁter ééncentrations are usually
100 to 1000 times greater thén are wantéd ih our experiments, and it is
most ertunate that apnealiné the samples at 550°C removes (breaké up)
all élusfér centers while>onlj slowly removing F—cénters. Thus one can
end up with a sample cbntaining only F—éenters with arbitrarily low

87

congentration;

" b. Conduction band photoionization. The problem of ionization
'ffom thé‘relaxéd eicifed_state (the state'labelea |3)'in Fig.lg,) to
the conduction band is especially difficult. In the first place, the
cbnduétion bandishape is highly distorted at the site of the imperfection,
and the:distdrtion may actually depend upon (and, thus, ma& change with)
the averagé value of ﬁhe configuration coordinate. Although no work is

88 1nd Park and Faust89 have studied the excited-

reported in KC1l, Park
~ state absofption_spectrum in KI F—cenﬁers. Park shows for KI that the
-F—centefvemission does.overlap to some extent absorption from the excited
‘ state, aithough 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 cqﬁld occur. Frohlich and
Mahr9o have alsd studied KI. Their measurements show that the excited
state lifetimeris‘concegtrationAdepéndenf, and they attribute this to
@n'gffectivg dipole—dipoie‘interactipn beﬁweeﬁ the excited state ab-
<sorption’and the excited staﬁe emissidn.‘-This o&erlap éeémé not to
éffect thé lifetime and>quantum efficiency if‘conéehtrations ére less
than 6 X 1016 per cc. .The high quantum efficiency of the optical pump-

band'(ﬁearly unity) helps to show that excited-state absorption has a

much smaller transitidn matrix element than the F-center emission.
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Park_and Faust show thét'a strong excited state'absorptiqn‘band
appears é Bit below O.lSveV, énd fhis‘seems to be the candidate for w;
the conduction band. This egrees quite well wifh Swank and Brdwn?sgl
ébser&ations of a reduction in the;optical pumping qugntum efficiency
upon increasing the fémperafure. The,quantﬁm efficiency is nearly flat
betweeh zero and 100 degrees‘KéiVin, aﬁd the 1ifetiﬁe follows the same
sort of éurve. ‘They estimate that in KC1 the conduction band is 0.15 eV~
above the relaxed excited state, while iﬁ.KI'they fihd that the conduc-
tion band is 0.11 eV awa&. o |

Since the gain réported in.this thesis is nearly that calculated
néglectihg excited—sfate aﬁsorption, it appears that excifed state

. absorption_does not’substantiélly interfere. Experiments could easily
be‘perfdrméd to'study fhe excited—sﬁate absbrption'speéﬁrﬁm now that
very energetic éingle pﬁlse mode—lockéd lasers are aﬁailable. For the
time'beiné, keeping the samplevaﬁ sﬁfficiently léﬁ densities and temper-
atures seems to circumvent these difficulties.

.c. F"centers. The F'—center is a F-center with an additional
electroﬁ, 92‘Phevabsérption'sﬁecﬁrum is.very broaa (betwéen 1l and 2 eV
in KCi); and is not nearly as strong as the F-center absorption; The
optical properties of the Fffgénter‘cannot significantlyvinterfere with
the bﬁmbbaha djﬁamicé of“thé F;centef becaﬁse of the smail overlap. The
greétiog'of a few F! centers'dqfing'an experimeﬁt, howéver, does corre-
spoﬁd tb.thg redﬁctioﬁ of the number of F—centers-(two F-centers are
_iost’for.every ﬁﬁ center that is made). Thus abfew.percént residual
vF'—centefs will not‘significantly affect‘our obser&aﬁibns,vand the
reduction of F-centers will be small if the geheratiqn 6f F' centers'ié,

- Numerous authors have showr?> ™2 that the F' generation (under
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F-absorption bénd light illumihafionf’efficiency decreases abruptly as
the sample temperature is iOwered_ﬁélﬁw lSOOK;‘ At.éh?K, fqr_iﬁstahce,
Crandallgs shows that the capture probability of an electron by a
vacancy'is'loo times greater than the probability of.gapture by an P--
center. - Thus it can be shown that F'-centers become uﬁstable.at low:
enough temperatures. It should aléo be'recalled that if the photoion-
ization pfobiem is not serious, fhere can not be much Qf a source of

free electrons for F' formation.
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B. Sampie Prepafatioﬁ

There are three techni@ues for making F;centers.96 Théy ére X~ray
irradiﬁtidn, heating in an alkéli vapor, énd electrolyfic célofatioh{
In this théSis.Hérshaw single crystals were éoiored electrolytically.
They were heéted to,8SO °C in a Nitrogen'étmosphere, and 1.75 kilovblﬁs
'herearplied acréss the.crystai while the cﬁrrent was monitored} At the
‘appropriate'cUrrehﬁ (ﬁypicéllyvi miliiampere for a 1/4 inch cube), the
V61tage Was rémovedvand the crysfal wéé immediately ﬁlungea into liquid
Nitrogen. Afﬁer a'suitably'uniform'smaple was aéhieved, the sampie was
wrapped iﬁ aiumihﬁm foil and returned to the oven (ﬁﬁis time at‘550°).
Typiéal annealing timeé were of thé order éf‘an‘hoﬁr, ahd resultant
densities were then of the order of‘1016/cc. Hot samples were again
quenched in liquid nitrogen, ana then they were obéervéd withjéafelight
illumination. After a suiﬁably uniform region was foﬁnd, it was
cleaved out of.ﬁhe i/h in. cube and was immgdiately mounted in the cryo-

stat énd keﬁt at LN temperafufe or lower. Suitabielprecaufions were
taken to insure that‘thevsample Qas ohly exposed té ropmlight ﬁhen |
at LN téﬁperature or leés.. |
The absorption spec£foscopy was performed by'ﬁsing a‘jarrel—Aéh
“1/h metef'mohochrometer‘to filtér the light from a xenon arc lamp. A
portion was paésed'through the sample and iqto & photomultiplier
(s—h spectral responsej while the femainder passed into a second photo-

fmultiplier. " The signals were converted into voltage signals by ap-

propriate load resistors and were fed into the inputs of microvoltmeters. -

. The analog signai$_were fed into the fatio—generator circuit shown in
Fig. 20 . , and the_ratiorwas recorded on a strip-chaft recorder. A
Small adjustable offset was added to the denomenator (reference signal)

to'cancél‘the contribution of the dark currént. The mechanical drive

a
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Schematic of the ratio generator circuit.
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on the Spect?ometef swept af a conétant rafé, ahd avpiéce of biaék .
cérdboaid éefiodicéllyiinterfupted the beam thfoﬁgh the samplé so that .
-.a zero tfanSmissidn caliBratibﬁ éould be aéhievéd. Runé were always
‘doﬁe af liQuidvnitrbgeﬁ temperature. Since thé F;center absqrption_
. band is relétive1y~féatureless, very large slits.could be used in. the
iﬁterferoﬁéter, and this resulfed in reasonable ;igqals,at the_micfo-
voltﬁeters;

Absérpfioﬁ spectra could be faken'in the range of 4000 to T000 A,
: and this couid have eésily been.extended,with othér'photocathodes. The
S-k spéétral respo;se is one of the narrowest available (but itvwas the
only paiwahich was available.at the time). Much broader response cah

be found in the RCA developmental grade GaAs photocathodes. with 128 and

134 spectral responses.
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C. 0.53 Micron Satufation Effects

An especially uniform KC1l sample (1 mm thick) was selected, and
two liquid nitrogen temperature spectrometer runs at different sensitiv-
‘ities give values for af of 2.67 and 2.08 for an average of 2.37. The

6 6

Smakula equétion97' (o = 5><lO_l NO) gives No = thOl impurities/cc.
A train of 5300 A pulses was focused on a sample at liquid nitrogen
temperatures as in Fig.21 . ‘Changes ip pulse.ehergyrtransmissién were
measurea by obser?ing the éscilloscope pictures. .The pulsé héight
(measured with an optical comparator) is broportional to the energy of
the pulse,vand SO an oséilioscope picture (with reférehce and signal
beans intérleaved) can only supply for each mode;locked event the energy
into the sample and the energy out of the sample (including absolute
rumbers, if necessary). An absolute transmission measurement, however,
is not required for a check of the saturétion. The cleaved samﬁle
éufféces preéent-an unknownvscattering loss, but if neceésary, it could
be estimated By measuring thé transmssion of‘a cleaved piece of un-
~ colored KC1 at room femperature. The weakness of the transﬁitted pulses
implied a 66—70% scattering loss from each cleaved sﬁrfaqe. The refer-
ence beam was attenuated‘until the pulsé heights near the end of the train
were of approximately e@ual height. Thus,'for a particular.pulée the ratio
of the output to the inputbheights now gives a'fairl&_accurate measure-
ménfjof the relative transmission efficiency. 'An:oscilloécépe photograph
of this is shéwn in Fig. éEA, énd one can see the safuratidn také place
early in_fhé pulée frain. The‘leadihg pulse in éach pair is the trans--
mittéd pulse; fhe.trailing-pulée is the reference. Figure22B shows an

exﬁanded (20 nsec/cm) view of another saturation event. This is one of

the'piCtures analyzed in this section.
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igure 21

_ Experiméntal_setup for the Qbservaﬂioh of 0.53u satufafion?
effects. v h : ' '
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. Figure 22

0.53U saturation observations from setup as in the previous
figure. The leading (left) pulse in each pair is the signal; the
trailing (right) pulse in each pair is the reference.

(A) View of the 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 that the sweep
is nonlinear in the beginning of this figure. The first two spikes
seen are both 'reference' pulses. Their corresponding signal pulses
can be seen under a microscope. ' ‘ ’

(B) An expanded view of the beginning of another pulse train.’
The saturation effect can clearly be seen. This event was one of
those analyzed later in this section (see Fig. 234).



_/9 8-

Note that the individual pulse transmission increases by about a
factor Qf 10 for pulses in the last two thirds of the'train. In
measuring the transmissionvefficiency of the leading pulse in each
photograph,'it was found that the avefdge of ﬁhe leading pﬁlse trans-
missioﬁ efficiencies was-11% (which corresponds to a 2.2 Beer's length
sample). This compares“quite‘well with the value of 2.37 from the
linéar absorption spectfoscopy, and it shows that'the saﬁple was nearly
Idepleted of F-centers in the ground sfate.. 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 reéult is that %he same model works for. each mode-locked
train. Although‘thé modél is admittedly'oversimplified,vthere seems
to bé:no need to improve it since the measurements seem to have a 10
'or,lﬁ% "erratic" character to them. The computer calculation is 1isted
in Appendix B. The model,inciudes several assumptions.

The géheral assumptibns are, aé listed in section A, that after
each expériment,'the sample returns to its original conditions; As
described earlier, this requires that F' and cluster ceénters are not
formed during the éxperiment, and a good check of this is thé constancy
of the linear absorption coﬁstant at the peak of the F-band. Measure—
ments'before and after the experiment agree éuite well.

‘The secdnd assumption is that pulses.are so weak that several ére
needed'to significantly alter the populatiohs. A quick check of th¢
experimental bbints will convince the reader that this is so. This
means that an individual pulse will have a transmission determined sqlely

by the history of the samplé; the pulse is not strong enough to
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affect its own transmission. This allows a‘sepafation‘of the problem
intb a calculation of the populations (as a function of z, the dis-
tance into the sampie) followed By a calculation of fhe attenuation that
the next pulse sees and fdllowed, in'turﬁ, By a recalculation of the
populations,»etc.

Ahother asSumption is that for each impurity, that the only lgvel
affecting the 0.53u pulses is the‘FQCépter_grouhd state. Thié ié be-
causelthe unrelaxed excited staté soon starts to relax, and the con-
figuration coordinate doeén't_have tq'change very much before it is
out of the»bandwidth of the 0;53U pulses. Thus an F-center is es-
séntiélly transparent to green light if it is not'in'its.ground state.
P(z) is fhé'probébility fof a givenrldcatioh z in the sample that the
F-centers are in théir.ground States, and.initial conditions are fhat
P(z) = 1 for all z. Now Beer's law 25 of exponential attenuation must
be modified'to account er the possible reduction of absorbers in the
path. The result is that for a given pulse, the percent transmission T
is given b_y R ,_q'.g’f Pi_1<z>‘d_z

=e

T,
i

(64)
where i and i—l.refér'to the number of the puise in the mode-locked
tréin.“Pi_l(z) réfers to the pbpulation percentage left in the ground
State after the (i-1)th pulse has passed, and % is the length of the

J

samp;g. For fhe initial cohdit@ons, allAimpurities are unexcited, ana
Po(z) =1, so ﬁha% the equatiOn_reducesito~Tl = éf“z (as it should).
-vaow,that there is a relationship between the transmission of a given
pulée and the éample hisfory, there must élsd be a dgscriptiqn of hqw
the pulsé affects the populations; Each photon absorbéd corréspoﬁds to

the removal of one more absorber. An individual pulse will have an

. energy Ji(z) which depends upon distance (Beer's law), where again, i
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is the index counting the»individual'pulses in the train. In a cylinder
.of areaIA'and length dz the number of F-centers excited is equal to the
number of photbns lost. If N is.the numberrof impurities per cc, then

. Cadg,(t)
2)INAdz = —energy ab;grbeg in volume _ hi‘ (65)

(B (2)-2; ) (

But the pulse energy changé_in that volume can be found from Beer's law:

a7, (6) = o8 ()3 ()az - 68

Equation:(66) can be rewritten by noting that Ji(z) can be expressed
~in terms of the transmission percentage to read

—a 2P, (z'")az'

dJi(z)‘=>—aPi_l(é)Ji(o)dz e ° S (67)

Note that in the right hand side, both the limit of integration and
P,_, are functions of z. Substituting Eq. (67) into Eq. (65), one can
solve for Pi(z) to find

al; (0) o {?Pi-l(z')dz'] (68)

| P, (z) = P (z) [ »‘ﬁziif— e
If the ednditiqn on the relative weakness of_individual pulses were to
break down, then the expreséion in brackets 1-U in Eq. (68) would con-
vert tove—

Thustq.'(68) givesva recursion relationship for the population
changee”due to each iﬁdividual pulée;vand Eq; (6h) shows ﬁhat the.new‘
transmiesion perceﬁtage isr The computer programs llsted in Appendlx B
utiliie Eqs; (6h)vand:(6h) for the measured sequences of input and out-
.put'pulse energies. Since the height of each splke on the osc1lloscope
.trace is proportlonal to the pulse energy recelved by the detector the

problem can be parameterized by writing that
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g (0) - | -
' = BETA h, _ (69)
hWNA i ﬂ : o

where hi is the heigﬁﬁ of the spike on the oScilléscofe trace (measured
in hundredths of anvinch); 'fhe:COmputer program is fhen fun for é
fisualvéheck_of thevoptimizatioﬁ of fit (éxpérimental versus theoretical
trahsmiSsion) for varidus values of_BETA. Figure 23shows ﬁhe reéult
of.that'opﬁimization, and the suécess of the model is evidenced by the
small'spread infvalues of BETA. This figure répreseﬁtévgll_déta tékén
during the run. EQéhts were'oniy discardéd if multiple pulsing in the

' laser prévgnted anélysis}' Eg;event was rejécted.because of poor fit.

A value of B = 0.06 would have fit gll_gﬁrves quiteiwell, and values of
0.03 or 0.09 would have fitvgil_the'cﬁrves Qgélx, Note that there is
always quiﬁe a good‘fit at tﬁe beginning of each train. Since-the

' fluctuations are.df the order ovaS%, there was no great concern if the
experimental transmiési&n went a bit above 100%.

~

Although the value of B has been adjusted for optimum fit, it is
not a varisble. It can be calculated knowing detector and oscilloscope -

sensitivities énd beam geometry. The effective signal sensitivity of the

detector-oscilloscope combination can be estimated as

oy

___J;z 'A'IIl hw e o v B : - 7
h; 2 e (Q.E.)-(1-85) o o (70)

wheré AT is the duration of,thé.obéerved pulse on the dséilloscope, ZO

is the impedeﬁce of the oscilloscope (125 ohms), Q.E. is thé'detectér

quantum efficiency, e is‘thebelectronic_éharge, and S is the scétteringr
. loss of the ground glass diffuser in front of the detecto}. S is bf the
order of 0.9 here. Putting in the numbers the signal sensitivity of

/

the detéctor—oscilloscope combination is approximately 2XJ.O_2 ergé per



- -102-

TRANSMISSION

(f)
0055, o oon

//)‘/v ..

/

TRANSMISSION

z | W
= 10F B =0.060 | :
(f) ,’\ /.~\ //
=z , o e
= s )
% 0.5 /./,’
< -
-
TIME TIME “TIME

XBL 717-6939
Figure 23

: Ngnlinear transmission of 0.53 U pulses through. the KCl sample
(N=bx10L6. —~centers/cc.) . Each experimental curve (dotted.line) corresponds
to a single pulse train (the horizontal scale is approximately 100 nano-
seconds). FEach point on the curve corresponds to a single pulse in the
mode~locked. train. ZExperimental points are connected with a dashed line,
while 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. 6k
thru 69)was adjusted for optimum fitting of each theoretical curve, even
though the value of B3 is fixed by the theory. DNote the small spread

in optimizing values of B. . - ' :
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deflection volt. Since deflections were measuréd in hundredths of an

inch (on the film), the effective sensitivity is lQ-g_efgs per hundredth

inch. Eduation (69) can be solved for A to yield

J. /h,
A:_ .1.1 (71)
1016, ,
hw ( 5 )(1-G)B
o N o ’ o lO16 .
where (?;J has been replaced by = (from the Smakula equation), and

G is the scéttéring loss (70% here) due to the c¢leaved béck surface of
‘. the samplé.v If B = 0.06 the area A is 10’h en®. This implies a 200y
. focal diaméter, which is enti}ély.feasgnable, ‘Thé léns (£.1. = 30 cm)
and diffraction_limited 1.5 mm diameter beam give a focal diameter of
%lOOu. 'Since fhe focus of the 50¢ Edmunds lens was not checked, the‘
éObuifoéai diameter is quite possible.
" Thus. the h¥1evel model presented here is qualitatively cénsistentv

with both, the Saturation,measurements and with the linear spectroscépy

" measurements.
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D. - 1.06 Micron Gain Measurements

1. Experlmental'Results

A new‘sampleAwas chosen, and lineaf absorntion»spectroscopy at
liéuid nitrogen temperature gave values of al befofe and after the
experiment of 2.9& and 2.92 respectively. To cheek the work in section
- C, this new sample was simnltaneously probed at liquid helium tempera-
ture with a train of 1.06 U pulses, as shown in Fig.2h . A 0.3 mm
diameter'apertufe’was attached to the front surface of the sample, and
the beam bendlngvmirrors were monnted.on adjustable angular orientation
mounts so that the,transmisslon of eithef bean through the aperture
could be independently optimized. This optimization was checked by
integration of the transmitted and reference signals, and displayingi
both on a daal frace oscilloscope. The integrators each contained a

fast diode and capacitor for integration, and a discharging resistor

7

so that traces can be easily distinguished'on.the scope. This is
necessary because of the tremendous group loops ﬁhen the laser fires.
(th amps return to_gnound 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 pnlse. "Since the safuration ﬁakes place earl& in
" the train (as in section C), the integrated signals at 1.06 u should
’(and do) show gain. The laser pulses are separafed by 8 nanoseconds;
so the 1.06 u probe pulses strike the sample = 7 nanoseconds after
the_0.53 ﬂ 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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Gain was inferred from changes in the ratio of

the integrated 51gnals at S-1 detectors A and B when the 0.53 u

beam was eltner blocked or not blocked.
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trensmission percéntageé were monitored on the scope with the greeﬁ
(0.53 1) pulses alternatively blocked and not blocked. Thirteen shots

/d.

wére ﬁakén before the laser mirfér;burned, and an eﬁgréy gain Jout in
1.38 * 0.07lwas pbsefvéd. |

To check these measurements, it is important to note that 5300 A
saturatioh takés placévwithin the first 5-10 pul;es in the train, and
thus most_pfobe pulses in the train see an'invefted éample. For those.
pulses which arrive gftér the fluorescence time‘of'the'reléxed excited
statev(50Q'hanoéeconds);bthe greén is so bright that it will have re-
turned.éhyNCenters to the excited state. It is then appropriéte to
calculaté the géin that‘ldo% inverfed sample will show at 1.06 microns.
TO'do‘this»the rélétionship Between abébrption coﬁstaﬁt; life;ime, and
F-strengtﬁ mﬁst be recalled.

" First order‘péfturbétion theéfy mentioned in Chépter IT shows that

the sbontanéohs lifetime Tl

is given by KAZ/F'where'K.ié 42,5 nano-
seconds.pef SQﬁaré micron, A is the Wavelenéth"(in microns), énd F is
the "F-strength" of the traﬁsitiOnf The only dependénce-én these
quantitiés for the absérbtion (or emission) éonstanf is‘that‘the ab-
sorpfidn Cdnsfént is'pfdportiénalvto Fi Thus we see that the sample
which is a 2.92 Beer's length absorber at 0.53 M will not be a2.92
Beer's léngth amplifier of.l.Q6 micron light if the emiésion band is
domplefeiy inverted. This.is bécéﬁse thé;repoftéd lifetime of‘thé re;.
laxéd.excitéd'stéte iS«abOﬁt:560"ﬁanoseconds, and th;s.corresponds to
an-F—strengﬁh Ofﬂabquf 0.1 (as éompared to_the”meaéureafF—strehéth.ofv
the groﬁnd-staﬁe trahsition ofﬁapproximateiy unity). Thus'the in&erted 2

/3, =

sample in question_cén at most amplify 1.06 micron pulses By Jout in

+2. X0. . . . Lo ' . . ) .
e 2-92 Orl = eo 3 = 1.41. This compares quite favorably with the gain

measurements of 1.38 * 0.07 reported.here,
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v2.> An F-Center Laser?

It iévén interest to consider the possibiiity ofbusing alkali halide
F-center samples as aétiye laser materials: ‘Both the quantum efficiency
and the absorptibh bandwidth would make the ideé quite attractive, aﬁd
éhe breadth.of the emission band would aiéo allow for the possibility
of a tunéble output. In comparison to a tunable dye lasef, forlinsfance,
energy éonéiderations wouldbfa§or a color centervlasér since the F-
center‘fluoreééence times are greater than dye lifetimés by a factér
of about 100. \Low-temperatufe operationVWOUld, however,'be necessary
bgcauéevthe.F—center quahfum éfficienﬁy starts to drop if the sample is
warmed'to-évfew'degrees above_liéuid Nitrogen temperature.

The problem of sufféce preparaﬁion is also not intractible. Alkali
halides can be optically polished (with the substitution of keroseﬁe
for water) using'standard téchniqUes.'.PoliShiﬁg can be performed under
éuitaﬁie'darkroom conditions, 'If the sample is:inadvertently expoéed
to light‘éﬁ temﬁeratures much ébove‘77°K, it will have to be requenched
aﬁd repolished. Thé repolishing is necessary because quenching has
~ been knowﬁ to produce surface damage?8 | . o o i

3. On Time-Resolvirg the F-Center Relaxation -

‘An atfempt was made to time-resolve the configuration coordinate
motion. ‘The apparatus is shown ip Fig.QS:. A secdnd 1.06 U probe beam
foliOWéd the green pulsé into the-éampleqwith an adjustable time delay.
If the gréén‘pulse éhanges the populatibﬁ of the excited stéte then the
difference'in the gain ﬁhat.the two .probe pulses‘will see depends upon
whether Qrvﬁot the second ﬁplse érrives'befdre the color centers have
had time toirelax} In this_mannef, thevéumulative history cén be sub-
trécted 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 (1.06M)pulse as in the previous
figure serves as the lead probe pulse, while a 4% reflection
from the first bending prism is examined for gain with various
adjustments of the delay'line.‘ In contrast to the overall

gain measureménts (Fig. 24), the signals had to be directly
displayed on a fast qscilloscope. Small differences in. -
‘individual pulse transmission percentages were important.
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beam divergence seems to be growing during the mode-locked trein. Evi-
dence‘for.this inclndes the rednctiOn-in second harmonicvgeneration ef-
ficiency‘and phe reduction in overall sample apertnre'transmission
througnout the mode—locked train. . They seem to correlsﬁe wellbpeceuse
the transmission through the aperture drops by a factor of about two
wnile the second harmonic generation efficiency can drop by'avfactor of
four. An attempt to similsrly aperture the'l,06u reference beam was made,
but tnere seemed to be no improvement in-the linearity of l;06u'trans—'
mission in the absencevof green (0.53u) pulses. Certainlj if the sample
aperture could be eliminated (with mnch more intense beems), this problem
would diSappear. In addition, the'laser was onlyipowerful enough to
'pump a sample which could amplify the pulses to 1-1/3 of their original
1nten51ty. 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 additionvto the above problems, it was found that the poor sen-
sitivity of the S—l photodiode gave us a very small 51gnal at the
oscilloscope. If this experiment were done w1th a §igg_e 0.53 u pulse,
tnen‘the two probe pulses.could be separate by, say; 20 nanoseconds,
and then ﬁhe signals could be_processed by a photomultiplier.(with a
gain of l06) end an oscilloscope with a reasonable deflection (lO3
greater than that of the Tektronix 519.which was used in the experiments
reported.in this thesis). |

Although,iﬁ is hard to-predict the‘electron—phonon relsxation time, .
it is not hard to predict its temperatnre dependence. Raman scettering
from F-centers shows thafvthe phonons involfed with lattice relaxation
are probaply in the range of 100 cm-l.99 The process of_generating

these phonons is proportional ton + 1 wherevn is the average number of
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phonons already in that mode. ,Thevﬁ corresponds td stimulated phonon
generation.and the 1 correspondé to spontaneous generation. The:Raman -
width is broad (= 20 cm—l) which suggests that a large spectrum of

phonons may_pafticipéﬁe in relaxation. If this is the case, then the

. rélakation:time is the reciprocal of the emission probability. " Boltz-

mann'staﬂistics then give the lifetime a temperature dependence of

(1—e_u)‘where U is the Boltzmann factor. For lOO‘cm"-.l phonons, e
is essgn%ialiy zéro at both LN and'.LHe"te:mperaturesT The effect on
the lifetime does nét becomevbig until the sample femperature is of
the ordér>of-lSO°K. Notice that three times in this chapter temperatures
in this réﬁge have been important.v Perhaps it is not an accident.

Thié sectioﬁ has’shown that with a sufficiently’bright ultrashort
laser ﬁulsé; a measurement of the electron-phonon relaxation time is,

in prihciple, possible. : ;.
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V. THE DESIGN AND CONTROL OF A PICOSECOND OPTICAL SYSTEM

A.  The Laser Design

The technology for desién of a passively mode-locked Neod&mium—glass
laser &as reported by DeMaria, Stetser, and Heyna’_u\in'1966,h The sim-
plest setup consists of pumpéd iasér rod and a dye cell between two laser
.mirrors; ‘The dye is a'?saturable" aﬁsorber; it.abéorbs weak lighﬁ and
passes iﬁtense light (an obviousvbversimplificatién). When the flash-
vlaﬁpé are fired, some of the spontanebus emission noise will have sharp
temporal structure.- The'peak of a sharp spike‘could pass a bit easier
thfough fhe»dye cell ﬁhan Wbuld its less intense wingé, and thus the
"pulse".will emerge from the aye cell with'a slightl& shorter duration
" (and with less ehergy). Thé-puléé then strikes'the mirror, séy; and
fhen réturns through the dye cell to be again sﬁdrtened. ‘It then passes
fhfoﬁgh the pumped laser rod.and'receives laser amplification, strikes
the other ﬁirror, and returns through the émplifier. Thus the pulse
undergoes a series of temporal wing trimmings’and amplifications until
competing processés prevent further shoftening and'amplification. ‘The
laser is said to be "mode-lockéd", snd the éonditioh is signified by an
ultrashort bulse circulating through the laser éavity. If oné‘of the
- laser mirrors has a reflectivity less than 100%,'then ﬁhe'output will
- (hopefully) consist of a train of ﬁltrashgrt ﬁulses with a temporal
séparatioﬁ eQual to'thé laser cavity round trip transit time. ~Obviously,
éniadequate gain profile féndwidth is_necessa?y ta suppqrt'thé spectrﬁm'
.of Such.shQrt pulses.i it | |

'1vM6dé—10cked Neod&mium¥glass 1aser5’haVe become éoﬁmonrexperimenﬁal
toolss;‘alihouéh”théldesign and operation of such é iaéef is not an‘easy
tasgk. " Theilighf is so intense that it caﬁ easiiy da@ége'the ffagile
optical-surféces. The adjustments (dye concentrétion,“pumpiﬁg energy,

N
\
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mirror réflectivities, and mirfor alignment) are all interrelated, and
the optimization of these parametefs often requires a good deal of
_pragmatic entﬁusiasm. Since the mode structure can chahge from shot to
Shot (and can change during a single train); a‘lot of effort went into
spatial‘ﬁode control. 'Operation of the laser in the TEM_ mode helped
té improve the reliability bf fhé experimental.obsefvaﬁions.

rThe theoretical devélopﬁents in this thesis are all described in
terms of the plané wave appfoximation, and this was the motivation for
our modevcdntrol. One appfoach to the mode-control problem has been the
use of speéial rooftop pfisms in a "foléed" ring laser»cavity%oo In this
thesis, the approach was to utilize épatial aperturing (within fhe cav-
ity) in conjunction with near-field photographylo%thrbugh the 99%
feflectiﬁg mirror. Thisrphotographic method isvfar‘superior’to the use
Vof far-field Polaroid film burn spots because of the ﬁoor dynamic range
of the burn spot, and becaﬁse a mild burn isvwhite while é strong burn
 turns brown. Thus the cenﬁer of the TEMw bufn spot.might appear darker
than its surrdundingé; and one might be ﬁémpted to incorrectly identify.

it as the TEM mode.

10% ]
The apparatus is shown in Fig. 26. Both Perkin-Elmer.dielectric
coated mirrors transmit in the visible. The 1.2 meter cavity has a
found trip time of .about 8 ﬁanosééénds. The radiﬁsvof curvaturé of the
99% mirrbf is §.66 meters, and>thef85% reflecting outéut mirror is flat.
The cé&ity aperature is an adjustablé iris, and is ihtentionélly mounted
at a_sligh£~angle to the beam on an adjustable x-y tranSlation:mount.
The glaés clad 3/8 in. diam., X 6 in. length American Optical laser rod
is pumpéd laterally‘by two‘linear Xenon flashlamps iﬁ series with a T5uh
hand wound choke and 130 Wf capacitor. The flashla:ri}p duration is ~200

U sec, or about 1/3 of the Neodymium fluorescence lifetime. Qperating
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' voltagés-are ~2400 volts (open apertﬁre)' s'?2700 voltszTEM»‘;and'§3500;‘
}hooo volts TEM .modeelocked The dye cell is well—protected from flash-
hlamps llght and roomllght and dry nitrogen is bubbled through the cell
;every hour or so to reduce the oxygen concentratlon. These precautions
seem to prolong the usefulness of the Kodak 9740 dye. -The laser rod,
aperture, and dye cell are placed as close as p0551ble to the curved
mirror (Where.the beam dlameter will be the largest) in order to avoid
optical damage. Since the curved laser mirror'passes most visgble light,
initial alighment.ofhthe photography is:dohevby illuminating the far
'_end of.the“laser rod. ThelKodak IR phosphor is used as an infrared image
converter and is actlvated by brlef 1llum1nat10n w1th a Mercury vapor
discharge. The 17 laser llght leakage through the 99% mirror is sufflc;
ient to stlmulate 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 ls'basically operated in two
cOnfigurations: the.gas laser lineup configurathn (Fig. 26A) with the
lens'and the beamsplitter'reuoved and the gas-laser'directing mlrror in
place, and:thevopposite (Fig.26B)pcalled the photographic conflguration.
' One advantage of this setup is that_one can direct the linup.laser
through'the mode-locked laser and'into the experiment without inter-
ferihg with.the.cauity or output.optics. |
The_alignment‘procedure is as follows."With.the system ln-the gas'

laser_lineup configuration; the'cavity iris wide open,'and“the dyevcell.
vfllled only.uith solvent; one adjusts the cavity mirrors and the gas
laseerirecting'mirror until the appropriate reflections are cehtered

on the shlny surface of the gas laser aperture ) The laser is then'fired

w1th small adgustments of the cavity mirrors untll lasing 1s detected
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The laser is then converted to the photogréphic configuration. If the
lens is not téo heavy, it can rest'on ihe reaf crosSpiece éf the 99%
mirror'angular orienfa£ion mount. One briéfly illuminates the phosbhor
ahd then fires the léser with the cameré open, aﬁd,'in the pﬂotograph,
the lasing should appear in thé same regioh éf 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 paralielness és well as the location of the beam, while édjustment
of the 99%:éﬁrVed ﬁirror ¢ohtrols’oﬁly the location). Thé parallelness
(outbut ﬁirror) adjustment should be done in small sfeps (with appro-
priate 99%;mirror adjustments to keepbthe lasing near the center of the
rod)>uhtil the lasiné is parallel to the long axis of the laser rod. I1f
the laser is operated too far above threshold, the mode stfucture will |
saturate the rather restriéted dynaﬁic reSponse of ﬁhe phoépﬁor, and
little information can be exffacted.‘ After the lasing is centered aﬁd
'parallel td'the long axis of the laser‘fod, one shoﬁld check to seevnﬂ'
that the power supply voltage is near threshold, and one sﬁould produce
a Bﬁrh épét'on an-uneXposed portion of developed Polariod £ilm mognted
.oﬁ£Side\fhé outéut mierf.’ The apparéfu§'iéfthen'returned to the.gas
laéer«linup configuratidn._ The orientation.and locationbof the éas
lasef_directing mirror should bg adjusted until the beam is centered on
the burn spot and, simultaneousiy, that,thé reflections from the lasér
mirrbfs'are centeréd on the shiny gas lasér éperture,isd that'the gaé
laser:beahvis nearly dﬁplicating thé.path:of'thé‘i.06u light. Note thaﬁ
perfeét duplication'is not possible because of the glass.dispersion.
Thevcavity aperfure should £hen be centered op the gas. laser beam, aﬁd ;
the laser should be returned to the photographic configufation.

‘The next step is to accurately locate the laser,cavityvaperture.
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This is done by squeezing the iris-way down and noting the location of
the centef of the laéing péttern (in thé phétogréph).for fine édjﬁstments
éfAthe aperture locétion. The aperture is then openéd. .Photographs
then can readiiy indicate the mode structure of the béam,.and-qne should
simply close dowﬁ the aperture until oniy the ‘fEM°° mode remains. In |
thisvexperiment, TEM operationv(nét mode—locked) ﬁas achieyed with an
éperture_of ~3 mm. Examination pf the photographsjcan be facilitated
if'the beéméﬁlitter reflecﬁiyity is'ﬁuch“different thaﬁ 50%. - The_two
‘imagesiwill then’be 6f‘tﬁo differént léser intéﬁsity brbfiies (which
effectively increases the the dynamic range of the phosphor).

~ The mode—iocking dye-should then be added tb-the solvent (and'the o
input poWer éhould be corféépéndingly increased)vuntil-mode—locking is
observed. This is dbne in the following way: a smell amount of dye is
added and.the capacitor voltgge is raised until threshold is reached (by
observing é burn spot in the output). .Then the 519 oécilloscope is used
to examine‘the tempofal structure, ahd the process is repeated until
one sees tﬂe'béseline go to zefo'bétween pulses.‘iInstead of avscope;
one can get the coﬁdition approximately right by Watching the second
harmonic genéfated light. ,Whén mode-locked, bne sees a brilliant gfeen :
flash, while'only a dﬁll green spbt indicates paftial mode-locking or
free-running operation. After one gains experiencé, the correct amount
of dye can be added in dné or two tries. Then the transverse mode con-
trol of the adjuétable aperture éhould be rechecked because the dye can 
influenée'the méde patterns. It also'isvconvenienp every few shots to
closelyvéxaﬁiné‘thé cavity,irisvfor burn spots? and to touch any spots
with a drop Qf India iﬁk.v This helps to prevent the buildup of multiple

' pulseslogwiﬁhin the cavity. It is also benficial every few shots to
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dust off allboptical gurfaces in the cauity. Either a clean dry camel's
_ hair painb brush or a dust-free air brush is suitable; |
1n eperation in this lgboratory, a rather thick dye cell (3/8 in.

optical path)_was first chosen so that bhe prdblems of'multiple pulsing
could be reduced.v.When a thin dye ceil "opens" fdr a strong pulse
_pass1ng 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 s1multaneously bleached It has also been
suggested by H. P. Weber.that placing the dye celi adjacent'to the
'cavity mirror . can also help to reduce multiple pul's'ing.lo.3 Although the
optimum d&e cell thickness has not yet been determined, there nay be
disadvantaées to having too thick a cell because the solvent (an optical
Kerr liquid),may in part be'responsibie‘for_the innerent ffequency mod-
ulation reported by E. B. Treaey. (3ee enaptef III.) It has aiso been
suggested in ehapter III that the TEM operation could simplify tne phase
modulation function of an-individual mode-locked pulse. |

L If oneimusbvoperate-the'laser near the threshold of giass damage ,
tnis,technique wiil pefmit a nendestructive alignment procedure. This
bechnique'eould also incnease.the effective life of a.laser‘rod by
allovingvone to keep prack_of tne'laser rod regions Whichvhaye‘been
damaged in previous shots.

The’results'of_this modeecontroluteehnique have been encouraging._

For the first 3 years. there was no visible damage to the laser rod
(and 1o increase in threshold)'and.enly 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
'thearesultant reduction of focusing instabilities.

In the last half-year of operation, there has been a marked (and
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: unexpiained) increase in damage to-the'cused mirror_(where theibeam
diameter 1s supposed to be the w1dest) In order to auoid this tendency,
several chanées were made. The dye cell was shortened to 1 mm. in order
to combat eeif—focusing, tne laser rod and mirrors were cleanedrwith
a jet.of ciean dsopropyl alcohol immediately followed_by a:jet of dust-
free'ffeon.. This forced the alcohol (and dirt) from the optical su}faces
prior to evaporation; Thie cleaning reduced tne threehold power some-
what (10%), and allowed a reduction in the power supﬁly capacitance.
The slightly-shorter flashlamp'durafion gave a 6% more'efficient pumping,
and henCe;-6% 1ees'heating.in the laser rod. An adjustaoie timer uas'
installed in the power supply to limit the frequency of operatlon. 'Tne
99% reflectlng mlrror mount was in turn mounted on a linear translatlon
stage so_that.when.damage 0ccurs, the-mlrror could be moved to a rela-
_ tlvely undamaged spot with relatlvely llttle mlsallgnment

The "last remalnlng mirror had a 99.9% reflect1v1ty (Valpey Corp )
and the .l% leakage through.it was insufficient for‘near—fleld photo—
grabhy.' In this case'fhe apernure was first centered'on'tne laser’rod
vby non—mode+lockedvnear—field photography with a damaged 99.0% nirror,
and then.the;99.9% mirror Was'inetalled. The alignment’process was then
berformeddby_adjusting‘the mirror orientation in gradual increments
Cuntil a mininumvwas,found'for ﬁhe threshold voltage (and that the
. Polaroid burn spot was more or less round). Then -the mode-locking dye
was added untdl mode-locking was'observed,'then another check was made
of the mirror orientaiion opfimization. During this phase of research .
~ the near;field photOgraphvaas sorely.missed,> |

Although if'is difficult-ﬁo assess the Source of the nirror damage,
it was worth-while to note that'thedS year old laser rod'was grown in a

Platinum crucible. A recently developed platinum-free'growth'technique
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has yielded a much higher internal damage resistance. Tt is possible
that intefnal damage may have raised the threshold (because of scat-=
tering). Multiple pulsing could be partially suppressed with two or

more thin dyévcells in the cavity.
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The eh£ire TEM@ 1.06 p train was aimed into a Maser Optics Inc.
calorimeter, and the 100 or so pulées'had anxéﬁefgy of ~ lo'milii_
jouléé; This'gives an average pulse energy of ~ 0.1 millijoule. After '
second harmonic generation (focused fhrough a 1/4 inch piece of ap-
propriately oriented ADP), the 0.53 | pulse engrgy was insuffiqient
to drive tﬁepcalorimetef. The 0.53 u puisé energies consistent with
.thé_anaiysis iﬁ Chdpter,IV are .in the 1-2 microjoulé rangé;'and this’
isvin good égreement with estimates based upon the published advertising
concerning,the S;QO vécuum photodiodé, the oscilloscope sensitivity,.
and the observed height of the spikes on the Tektronix 519 oscillo-
écép@;: Thué thé>se¢ond harmonic genérgtion efficiency is in the neigh-
borhood of 1%. | |

Pulse peak‘powers for 1.06 u za.re-l'O_h joﬁles/S X 10_12 sec, or

7 watts. Unfocused beams are of the order of lO_2 cm2,

about 2 XTlO
‘and, thus, the peak power per unitvarea is of the order of 2 gigawatts

. per équare centimeter.' The beam can easily be focused down to:perhaps
300 gigawatts per équare céntimeter. SinceAthe.Second harﬁonic genera-
tion efficiency is about 1%, fhe appropriate numbers fbr 0.53 U pulses |

. : \ .
are correspondingly lower. '
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VI. CONCLUSION

o Thg'sgarch»fOrfselffinduéedvtrénsparency and photoh’echoes with
mode-locked Neodymium;giass pulseé has been_unsuééessful.' The péudity
of appropriété samples, thé unavéilébility of sufficieﬁtlyvfast linear
detectors, and the inherent ffequency'modulation (poséible chirpihg) in
the laser ﬁulées have preéludedIOﬁserﬁaﬁions'of thésé effects.. |
The appeafence offrequency modulation has led toJa study of chirping
aﬁd to fhe formulation of‘a pulse compréssionvschéme for generating

pulses in the lO—lll second range; Presented here are theoretical cal-

I

éulatioﬁsvwhich show thaé;a disﬁgfsife delay line can compress a léser
pulse which has‘undergone self—ﬁh;ée moduléﬁiqn due to the oﬁtical Kefr
effe;t. These thedreticél predictions havebalready had some experi-
mental verification elsewhere. In addition, it is shown that the
dispérsive delay mgasurements.of natural médulatioh in.the Neodymium-
glass mode-locked iaser might support a model of frequency'sweep which
is more complicated than é linear frequency sweep. It is shown that
the widths.of va}ious Two Photon Fludrescence\patperns can only be
. explained if the fréquency-function:is mére compiicated.
Piéosecondtfﬁlsesvhavé aléq béeﬁ used to probe the dynamics of F-
centefs iﬁ KC1. The second harmonic of the laser is resonént with the
~absorption band, while the first harmonic is.resonant with the emission
band. Various sequences of pplses have been prepared to study the |
pumpband. The secqnd harmonic pulses have completely inverted the
emission_band, which in turn.has aﬁplified first harmonic pulses. All
observations Wére consistent with a L-level modél.: An attempt was made'.
to measuré small changes_in'the gaih from .the émission band té time |

' resolve the motion of the ddnfigufation‘coordinate, but the low gain

and the laser self-damage prevented this.- Several hundred shots were
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needed to- allgn the apparatus, although the laser (the mirrors- and rod

were several years old at thls tlme) could not w1thstand more than 50—',v
‘ - . . . . . . i

100 shots before mlrror damage forced a reallgnment 'df' L e e
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APPENDIX A

Computer Programs Associated with Chapter III

Several prqgfams were written for the manipulation of short pulses.’
All progfams'were written for a common set of subroutines which can
model the variéus experimental operétions; pulses can receive self-phase-
modulation, fahdom phase modulatibn, dispersion.due to a grating pair,
and_pulseé can be crossed with one and another to generate Two-Photon
Fluorescence patterns. |

Program KERR generated Fig.1ll . It swept through various values of

BB (the dispersive delay per unit bandwidth) and thé 0ptimum comﬁreséion
was chosen by looking at the resultant plots. It generétes a gelf-phase-
modulated pulsé;'takés the qurier tfansforﬁ, shifts the phases.aCCdr—‘,.
dingly, and reéonstructs the\pulse.- A1l subroutines and variables
starting with the letfers QC refef to.calcomp_plotting éubrouhtines and
instructions. The variablé IST determines thevfineness éf the calcu~
lation; results should be independent of the value of IST for high enough
values. Nofmallyg programs were run with IST =0 uﬁtil all the bugs

were rombved. |

' Program RANDOM generated Figs.17 and 18. Again, all subfoutiﬁes-

and variablés starting with the letters CC refer to calcomp plotting sub- -
’ . /

rountines andvinstructions, and the variable IST determines the accurécy
of the caicdlation. 'This program generates>a random phase-modulated pulse,
compresses it, and then calculates various Two-Photon Fluorescence (TPF)
,patterns. FIt calculates the crossing of'the uhcbmpressed pulse with it—
self, the compressed pulse with itself, and uncompresséd pulse with com-

pressed pulse. It also has the'capacity to store the results for several’

independent randdm—phased pulses to show what the average would be.

Program SPECT generated Figs.li and 12. Pulsés 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 S5-picosecond duration (full 1/e in-

tensity'width) pulse and finds the'insfahtanéous phaSé due to self-
phase-modulation. If IB = 1, it does it for thé'caSe of instantaneous
relaxation, if IB = 2 the calqulatidn is performedvfor the situation
where?the variable RATIO corresponds to the ratio of the pulse duration
to the’orientational'reiaxation time. |

Subroutine ACCUM takes the sum of several functipns-for averaging

purposés.

Subroutine PULSE performs a random walk to generate a random phase

" function for a S5-picosecond pulse.

Subroutine UNMOD generates a 5-picosecond unmodulsated pulse for

calibration of ‘the Fourier transform subroutine, and for generating an

‘uncompressed pulse in program RANDOM.

Subroutine TPULSE generated the pulse for Fig. 11.

. Subroutine GPULSEdenerated'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.

k3 :

Subroutine SCALE renormalizes a fﬁnction so that it peaké at thé.

'_value_l.

‘Subroutine SIZE 'sets up paper size, plot Size,.and'othervpargmeters

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 réSult may or may not be a symmetric function. If one
vknows that thevfunction will be symmétrié, the fblldwing”subroutine'

should be used.

Subroutine SDYE finds the tonphoton fluorescence pattefn 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 gr;gys to be reset to zero.for repeats of

calculations under different conditions.

Subréutine SQUISH magnifiés by two only the horizontal center half
of a function; It is farticularly.useful in looking'at compressed
pulses where’éll of the details are so compact that merely expanding
the paper,cqordinates ﬁould_waste‘paper. It can Be called several times
for magnification by multiples of twg;

Subroutine FRXFM is a fast Fourier transform subroutine which was

copied from the original owned bvar.‘B. Landgon (of the Department of

Electrical‘Engineering and Computer Sciences on‘this campus).
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PROGRAM KERR*(PLOT;INPUT,OUTPUToTAPE98sTAPE§9=PLOT)v
COMMON/CCPOOL/XMIN;XMAX&YMIN;YMAXoCCXMTN;CCXMAX9CCYMINVCCYMAX
COMMON/CCFACT/FACTOR ’ : ) o

" COMMON/ROS/CORR 15T sMsNosM1 4BR

DIMFNQION A(ZO&B)98(?048)9C(7048)t0(?F48)9F(?0Q8)9X(7048)
CALL CCRGN

1€7=2

CALL S!ZF(X)

CCXMAX= 3600

CALL KPULSF (AsR)

CALL FRXFM(M1sA4Bsl)

CALL POWFR(A4R,4C)

CALL SCALF(C)

CALL QWITCH(C)

1=M

CALL CCGRID(19496HNOLBLSQIQQ)
CALL CCPLOT(X;CoI’QHJOIN)
CALL CCNEXT ’

QR‘—.(‘AZ )

cAatL SHIFT(A;ByooE)

CALL FRXFM(MI#D.EQ—I)

CALL POWERI(D,E,LQC)

T=M

ENCODE (10+3,G) BB

CALL CCLTR (600e3700490334Gs+10)
CALL CCGRID(1+4+6HNOLBLSs14)
catLL CCPLOT(XoC’I;QHJOIN)
CALL CCNEXT

CONT INUF.

STOP
FND
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PROGRAM RANDOM (PLOT,INPUT»OUTPUT,TAPESBs TAPE99=PLOT) .
COMMON /CCPOOL/XMINs XMAXs YMIN, YMAX, CCXMIN;CCXMAXoCCYMlN'CCYMAX
COMMON /CCFACT/FACTOR
COMMON/BOB/CORR;lSTQM’N;MIlBB
DIMENSION A(512)¢B(512)9C(512)yD(512)9E(512)QF(SIZ’oG(SIZ)oH(SIZ)o
1X(512)
CALL CCRGN
1sT=1
CALL SIZE(X)
CALL PULSE(A,B)
CALL POWER(A4B,f)
CALL SDYE(E¢E,D)
CALL ZERO(F,G’H)
DO 1 J=1s10
CALL PULSF(A,B)
CALL FRXFM({M1sA,8,71)
CALL POWER(A+B,4C)
CALL SCALFE(C)H
CALL SWITCHI(C)
CALL ACCUM(CoF)
CALL CCGRID(1y4.6HNOL8L5.1.4)
Y=CCYMAX
CCYMAX=64N0% -
CALL CCPLOT(X'C.M.AHJOIN)
COYMAX=Y
RR='89
CALL SHIFT(A4B,A,8)
CALL FRXFM(M143A,B,-1)
CALL POWER(A+B,A)
CALL DYE(E,A4B) v . :
CALL SDYE(A,ASC) ‘ : - .
CALL ACCUM(2,6) ' '
CALL ACCUM(C,4H)
CALL CCPLOT(XsDyM44HIOIN)
CALL CCPLOT(XsBsMye4HJIOIN)
CALL CCPLOT(X9CoMy4HJIOIN)
CCYMIN=6N0, -
YMAX=3, o
CALL CCPLOT(X9sAsMy4HJOIN) R
CALL CCPLOT(XeF4M34HJOIN) :
CALL CCNEXT
YMAX=?, :
CCYMIN=20N,
CONT TNUF .
CALL SCALF(F)Y -
. CALL SCALF(G)
CALL SCALF(H)
CALL CCGR!D(1.4.6HNOLBLS,1.4)
- CaLL CCPLOT(XsDeMe4HIOINY
CALL CCPLOTI(X5 ,M,AHJOYN)
CALL CCPLOT(XoH;M.hHJOIN)
Y=CCYMAX '
CCYMAX=4NN, . :
CALL CCPLOT(X,F.M.AHJOIN)
CCYMAX=Y ! :
" CALL CCFAD
. €TND '
END



- 'PROGRAM SPECT (PLOToINPUT.OUTPUToTAPE98,TAPE99 PLOT) _
COMMON/CCPOOL/XMIN9XMAX9YMIN,YMAX,CCXMINsCCXMAX9CCYMIN,CCYMAX
COMMON/CCFACT/FACTOR -

COMMON/ROR/CORRSIST sMsNsM1 ,BR

"DIMENSION A(512),B(512)aC(SlZ)aF(SlZ)oX(SlZ)

CALL CCR]/GN

187=1

J=n

CALL <I7E(x)

CALL TPULSF(AsB,F)

CALL FRXFM(M1,4A,R,1)

CALL POWFR(A,R,AY

CALL SCALE(A)

CALL SWITCH(A)

YMAX=XMAX

XMAX=10,

CALL CCPLOT(AsXsMe4HIOIN)

CALL SIZF(X)

CALL CCGRID(194o6HNOLRL§9194)

YMAX=.0135

. YMIN=-=.0135

CALL CCPLOT(XoFoMoQHJOIN)
IF (J) 352,33

CALL SIZE(X) -

caLt CCNFXT

J=1 '

CALL GPULSF (AR, ¢)

GO TO 1 ,

CALL CCEND -

‘STOP

CEND
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TGHARNIITTINE KDL SF{NHA,TA)
COMMON /RN8/CARRS TSTaMyN oML o AR
DIMENSTON DA(l)oTA(1)

Nt=1n, -

16TA= 7**qu,r- ;

RISTA=ISTA P

[R=1"
Reo
RATIN=245

PI=3.14159265
FR= Dy‘y,*1qﬁnq5*hp

H=aA5/318TA

L VERATIN/? .

A=gNNNTG. - _ e

" .qu._‘

"TE=T+1~N"
C=H®*TE
TE=[=N"

. T=H*TE:

TE=TF+,5%4

S WEYRTE

N2EXP(=C¥C)
;—'-XD(—T*T)"

OXEEXO=Wu)

1F (18=2)" ‘919?

CCONTIN'E:
S N=—(P- A*U)*V*H_,
CRZ=DEN /D (AR RY R
,Y;;lﬁ+Q/7.—A*X)*v*H
o 7:—(D+Y A*ﬁ)*V*H
LT PEDM(N+2 *(R+Y)+7)/6.
S G0.TH 3 - :
P =ARD
CCONTINNE v
D PT=FR%P T
CDE=SARTIDY
L DACTYENERCOS(PT)

'TAor)-nF*QIM(DT)

CONTINGIF . - R
RETURN - - e
END e

1

”DIMCNSYON A{1)sRE1) .0 -
DAY I=Tem o w T
H(T)—R(Y)+A(F)

@rqnuw
FiNiy
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SURROUT INF DULQE(T ' D)
COMMON/BOR/CORRSIST, M9N9M1,RR

"DIMENSION T(1)sN(1)

ISTA=2%%1ST
LAM=65

ALAM={ AM :
U=(26%ALAM) /(ISTA® 78,
U=SORT (1))
BISTA=ISTA
H=,N5/RISTA

NN 1 1=1,230000
RAND=RGEN(X)
CONTINUF

P=0,

DO 5 I=1eM
R=RGFN({X)=45
IE(RY 24247
Z=1.

RO TH 4

=-1 °
P=p47*

TE=1-N
C=H®TE

C=(CHCY /2,
DE=EXP(-C)
DIT)=NFRCOS(P)
T(1)=DFRSIN(P)
CONTINUF

RETURN

END

SURROUTINE UNMOD(AsR)
COMMON/BOB/CORRsIST s 4,NsM14BR
DIMENSION A(1)sR(1)
ISTA=2%%#1GT

BISTA=ISTA .

=,05/BISTA

N0 1N T=1,M

" .CONTINUE -

TE=T1-N
C:H*TE
=C*C/2.
A(I)"Ot E .
R(I)= ‘XD(—C)

" RETURN

FND



CFEND

=132~

H=.05/BISTA -
PO 1 T=1.M '
TE=1-N =

L rzuRTE .
DFEzEXP(=C) .

P(1)=10Nne%DF
A(1)=DE*#COS(P(I))

‘ H(I)-DE*QIN(P(I’)_

CONTINUF

" M2=M=-1-
DO 2 T=24M7

f_<UnRouTrN= TPUL%F(A R.F),

'COMMON/ROR/CORR.IST, .N,Ml.es .

‘. DIMENSTON A(1),a<1),F(1).p(2naa)
. ]QTA ?**IQT
BISTA=ISTA

o

E(I)=(P(I~ l)—P(I+1))*.002

CONT INUE

C E(1)=F(2)

E(M)=E (M=1)
RETURN .

'fSURROUTINF GPUL%E(A;P,F)

COMMON /BOB/CORR,1STs M;NoMl BB ‘
DIMENSION A(l)cB(l)yF(1)9°(204°)

CTSTA=2#%1ST .

QrCTA=TSTA
=,05/BISTA
Usfe. = .

;oo'l'i‘i.M,”
T TE=TeN

C=H®TF
C=C*C/2,
DF=FXP(=C)

S UsU+DE

SPey=u '
A(I)-DF“COQ(P(I))
S n(T)‘DF*QI"HP(Y))

Lo UL CONTINUF. R
'3M2=M 1

D02 1=2sM2

F(I)‘(P(I 1)—p(I+1))* 002

- CONTINUF-
CUEY=F(2).

FiM)=F(mM=-1)

”'RFTUQN

END. . )
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SUBROUTINFE SHIFT(DAsTAWDHF)
COMMON /BOR/CORR S IST ¢MyN4M1 48R
DIMENSION DA(1)YsTA(1)YsD({1)sE(1)
TR=M

DO 1 1=1,N.

TEF=1 -
TE=TE/12.8
H=RAR¥TE*TFE
U=COS(H)
V=SIN(H)Y
F=NA(T1)Y /TR
G=TA(I)/TR
D(TY=FRU~-G*V
E(T)=GRU+FRYV
IM2zM=T+1
F=PDA(IM)/TR
G=TA(IM) /TR
ND{IMY) =F *¥J=#Y
E{IM) =GRU+F®V
CONTINUE

RETURN
END

SURROUTINF SWITCH(C)

" COMMON/BOR/CORRsIST4MsNsM1,B8

DIMENSION C(1)
DO 1 I=14N
N3=N+1

U=C(N3)

v=C(I)

c(rYy=y
CIN3)=V

CONT INUF

RE TURN

END

' SUBROUTINE POWER(A»s8,C)

COMMON/ROBR/CORRSIST yMsN M1 488
DIMENSION A(1)9B(1)sC(1)

DO 1 I=1sM .
CUII=A(T)I*A(T)I+R(T)*8(T)

CONTINUE
'RETURN

NP
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SUBROUTINE SCALE(C)
"COMMON/ROR/CORR 4 1ST ¢MyN ,M1yRBA
DIMENSION C(1)
Us=c(1)

NO 2 1=1sM
TFLU=C(I)) 19142
U=c(r1y '
CONTINUF

DO 3 I=1sM
C(Yy=C(1y/7U

CONT INUF

RETUHPN

FND

N

SURROUTINF STZF(X) :
COMMON/CCPOOL/XMIN'XMAXoYMIN;YMAX,CCXMINoCCXMAXaCCYMIN'CCYMAX
COMMON /B0B/CORR s 15T yM,4NsM] 4BR B
DIMENSION X (1)
‘M1=8+18T
N=128%(2#*]IST)

M=2%N

AM=M

CCXMIN=D0N,
CCYMIN=200.
COXMAX=2400,
CCXMAX=110n,
CCYMAX=100N, »
XMIN=N, ' N
XMAX=AM '
VMIN=N,

YMAX=2 o

, DO 1 1=1,M

X(1y=1

CONT INUF

RETURN

END

SUBROUTINF SCRIBE(A) -
 COMMON /ROR/CORRLIST, M,N,Ml,BR
DIMENSION A(1)sF(8)-
. KZ2=M/8

PRINT &

NO 3 J=1.K2Z
‘DO 1 K=1,8
I=J+(K—-1)#KZ
F(K)=A(TI).

CONT INUF

PRINT 2s(F(K)sK=1,8)
FORMAT (B(S5XsF12,2))
CONT TNUS

FORMAT (1H1)

RETURN

FND
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SURROUTINF DYE(YsZsC)

 COMMON/ROB/CORRIST yMsNsM1 BB
DIMENSION Y{1)s2(1)sC(1) :
BK=0e . .
DO 1 I=1,yM

"BK=BK+Y(I)*Y(I)+Z(T)*2(1)
CONT INUF

M2=M74

M2=3%M?

DO 2 1=M2,4M3

J=1-N

CALL FOLD(JsYs2)

T C(T1)=RBK+44%CORR

CONT INUF

PO 3 I=1eM?

T1=T7T+M73

C(1)=RK

Ct11)=8BK

CONTINUF

CALL SCALE(C)

RETURN

FND

SUBROUTINE SDYE(Y,Z4+C)
COMMON/BOB/.CORR,1ST sMsNsM1,88
DIMENSION Y(1)s2(1)eC(1)
RK=0,

DO 1 I=1M -
BK:BK+Y(I)*Y(I)+7(I)*7(1)'
CONTINUF

M2=M/4

DO 2 1=M2,N

J=1-N

CALL FOLD(JsYs2)
C(1)=RK+4,%CORR

CONTINUF

‘DO 3 I=1,4M2

T1=(3%M2) 41

13=N=1

12=N+1

C(1)=RK

C(11)=RK

C(12)=C(I2)

CONTINUF

" CALL SCALF(C)

RETURN

END
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SUAROUTING FALD(TsSsT)

 COMMON/B89R/CORRs ISTsMaNsM1,BA
DIMENSTON S{1)eT(1)
‘B=h,. :

TTAN=2%T1
M2=M/4
M3 3% (Ni/a)

DI 4 [5-M2eMis

14-13=TTAl
I5=(14=13%(13=1)%{M= T4+L)*(M‘[q+l)

TIFLIBY 2291

F=S(I3)*T(14)

GO TO 3

F=0,

R=R4+F

CONTINUFE

CORR=R
RETIIRN o
FND

SUBRNITINE ZFRO(AsRSC)

COMMNN /B0NR/CNRRs ISTsMaNsM1 .88
NDIMENSTON A(1)sR{1YsC(1)

N7 IT=1e

Al{T)Y=04

R{T)1=Ns

C(_I)‘—'(’o

CONTINUE

RETURN

CEND

'SHRROUTINF SAUTSHIA)

COMMON/C(POOL/XVIN;XMAX9Y4IN9YMAXoFCXMIN9FCX4AX;CCYMINoCCYWAx-

-.COMMON /CCFACT /FACTOR

COMMON/B0S3/CORR ISTsMsNsM1 s RR
DIMENSTON A(1)
=M/2
XMAX =M
N=M/ 2
DO 1 J=1,4
J2=J+N’

ALY =A(J?)

CONTINUE o .
RETURN . o : o
END ' : :
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SURROUT INE FRXFM(N2POW,XsY.sJK). .
REAL X{2), Y(2)
INTEGER PASS, SEQLOC
REAL ID :
. ~ "INTEGER L(113) _
’ e EQUIVALENCE (L13sL (13115 (L12sL121)s0L11sL(3))»(L10sLIL) )
: 1 , LY sLI5Y ) s (LBsL 6 o (LTsLITIIo(LO6sLIBI)o(LEsL{9))
2 ' (L&sL(10)) s (L3sL 111705 1L2+L012))5(L1sLI13))
ot SGN=JK
‘ 3 NTHPOW= 2 #%#N2POW
DO 1 PASS=1,N2POW
' LENGTH=2%%(N2POW+1-PASS)
NXTLTH=LENGTH/2
SCALE=64283185307/FLOAT(LENGTH)
DO 1 :J=14NXTLTH :
ARG=SCALE®FLOAT(J-1)
S=SIGN{SIN(ARG) » SGN)
C=COS(ARG)
DO 1 SEQLOC=LENGTHsNTHPOW,LENGTH
J1=SFQLOC-LENGTH+J
J2=J1+NXTLTH
RD=X(J1)=X(J2)
ID=Y(J1) =Y (J2}
X{J1)=X(J1Y+X(J2)
Y(JI1)y=Y{J1)+Y (JU2)
IF(JeEQel) GO TO 2
B X(J2)=C*RD=S*ID
. Y(J2)=S*RD+C*ID
: GO TO 1
_ 2 » X{J2)=RD
& 2 v Y(J2)=1D
1 CONT INUE
: DO &4 1=1,13
' L(Ir=1
3 4 IF(T1oLEN2POW) L{T)=2%%(N2POW+1~1)
19=1 , : - ’
DO 6 J1l=1,L1
DO 6 J2=JU14L2,L1
- D0 6 J3=J24L3,L2
DO 6 J6=J34L4,sL 73
DO 6 JS5=JbylS5yL b
DO 6 J6=J54L64L5
DO 6 JT7=J64sLTsL6E
DO & JB=JTsLBsL?
DO 6 J9=JUB,sL9sL8
DO 6 J10=J9sL10,L9
DO 6 J11=J10,L11,L10
DO 6 J12=J11,L12,L11
DO 6 JI=J12,L13,L12 .
IF(1JeGELJIY GO TO 6
) _ T=X{1D)
. Xty =xXtJIny
L] _ , o y X(J1y=7
' ' : T=Y(1J)
: Y{TJY=Y(JT)
- : Y{J1) =T
- 6 , 1J=1J+1
) ‘RETURN

-END
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APPENDIX B

Cqmputer,Programs Associated with Chapter IV

This pfogram_was written to analyze the Saturation of_green trans-
mission in KCi F-centers. The models are described in Chapter IV.
Capabiiities élso exiét for checking the infrared gain as well as the
secondbharménic generatioh efficiency, Thevéalcﬁlation was performed in
a ménnestlightly more élegént than necessafy because of the poséibility
of'broﬁingvtﬂe populations with light perpendicular to the intense
driving light. It is for this’reéson that'Sﬁbroutine PCP was written
to keeé.ffack of the 2-dependence of the populétions. 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 ng Tube Console whiie being»controlled by teletype. Since
several events can be stored in the data cards, éach collection éf
.results from ggg:mode4locked’train is called a case, andrcases afe
numbered éonsecuti#ely. -One can cali'oﬁ the teletype the case number
and his'choice of-saturation parameter; and then the experimeﬁtal and
theoreticai greeh transﬁdSsidﬁ data are aisplayed on the screen. The
operator can then find, for each case number, the optimum fit of satura-.
tion paraméter,‘and can then call for photographs of pictures he desires
by setting I5 = 1 on the teletype. The épeéial control cards for

operation of Program MAIN are shown on page 1L0.

Progfam PLAIN does the Calcomp version of program MAIN. One can
set saturation parametérS'and case numbers, and they will be plotted.

Subroutine MOM sets-ﬁp the size .of the plot and other parémeters

associated'ﬁith viewing the calculation on the Cathode Ray Tube console.

Subroutine DAD sets up the size of the plot'and other paraﬁefers
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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 & minimum value of
B ahd a maximum value of A + B.

Subroutine ATTEN calculstes, for the population left by the pre-

vioﬁs pulse, the attenuat{dn that the nexthulsé 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.
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These control cards preceed program MAIN.

PULSEs17+40547777.407113FISHER
TTYe ' : . o
LIRCOPY.(STRONGsX/BRyFETHELP)
"COPY(INPUT41RMsXs1RsDECK/RR)
RUNF(SsNL5NNONsI=NFCK)
REQUEST CRTsTVe ASSIGN 42
LODE(I=LGOsM=MAPFILE)
XFQe - '
EXIT,

pmMo,

WBR(11,350000)

DMPS, .

CXTT,

‘FINe v .

COPY (MAPFILE/RB,0UTPUT)



30

12
11

22
23
190
101
102

PRDGRAM WALN (CRT;I4#JT1UUTPUT9TAPE98=1019TAPE'TTY=lZ’iAPEL=IAP€ T
T1TY)Y

DIMENSICn CN(lUO)!R(BO’ZO)9Nt(30920)9HU(5O)ZO)’NEU(DO’LO)QA(OO)’U(
1309201 sLAST{20)9sH(30,20)
COMMuV/TVPuuL/XMIN)XhAXoYuIV’YlAX,TVKHINaTVAMAA’IVYHIN’TVYuAA
COMMON/ TVGUIDE/TVMODE s TEXTURE s [ TV

COMMON/TVFACT/FACTOR :
CO%muw/TvTumt/LP:wdm’LPtnurr;ITALILJ;lwlwﬁslnFLNSE,IRchf,LuP
COWWUN/PUB/JyILASTvBETA

CaLL TVNEXT

CALL FETHELP .

CALL HEIJHT(Hs%OoRtD;RtowsLHSToL)

READ(15102) DUMMY i

CWRITE(1-101)

CALL TVVOIN(268)

S ITV=3LORT

READ(15100) ILsRETALI5
IF{I5)11s11912 :

ITV=4LFILM

IF(IL) 99449

BREFRG=2,2

AR=2Nn, #3EERS

J=AB

[LAST=LAST(IL)

CALL ™OM

CALL TVNEXT

DO 2 1Z=21sJ

EN(IZ)=1s .
X(I12)=12 -
CONT INUF

“DO 3 I=1,I1LAST _
CALL ATTEN(ENSRUILIL))
CALL POPI(H(I,IL)sEN)
CONTINUE

I

" CALL MOM

CALL TVGRID(49s6HNOLRBLSy4)

WRITE(98,22) IL

CALL TVLTR(25Ues70Nes4s5)

WRITE(98+23) 3ETA

CALL TVLTR{250¢9600e3495)

CALL TVPLJT(X:&E(loIL)sILAstQHJuIN’é,l)
“caLL TVPLOT(XoR(l»IL)sILAof’QHJJIN97,1)
GO TO 30

" FORMAT(*CASE*13)

FORMAT (#BETA=#F7.4)
FORMAT(12,F10e2515)
FORMAT (*TYPE BETA%)
FORMAT(A10)

CALL TVEND

STOP

FND
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CPROGRAM PLAIN (PINT S INPUTSOUTP ITs TAPEGB 3 TAPEII=PLOT) :
DIMFENSTON FEN{100)sR(30, ?O)oRF(%OoZO)’HO(30,20).RFD(?O.20)¢X(80).u(
11097ﬂ)9LA°T(7A)$W(QQ97”)

(QM*AQ’I/f(_F/\("T /EACTOR

COMMON 7CCRPOOL/XMIN 9 X MAX-YMINyYMAX,(CXMIN;((XMAX'(\YMIN’C(YMAY
COMMNON/ROR/ J4 TLAST«RETA -

CALY CCRGN .

CAlLY HFIGHT(H;HOyRFD»RF.H-!AQT:I)
DO 7 TA=5548546

RTA:TA_

RETA=3TA/1007,

REFRC=2,2

AB=2N, *BFEERS ) )
J=ART I -
N 6 TL=Tsb . : :
TLAST=LAST (1)

NO 2 17=1,0

FEN(T12)=1, S : o
X(17)=17 o :
CONTINVIE

PO 2 IT=1s1LAST
CALL ATTEN(FNSR(IsTL))
CALL POPLHITSIL) $END
CONTINIF

AL DAD

CAILL COBRINIGs6HNDLRLSy4)
"WRITF(98e4) TL

FORMAT {(#CASF%#T3)

CALL CCLTRI(25N4970N,35445)
WRITFE(98s5) RETA : »
ENORMAT (#¥BETA=#F74¢4)

CALL, f”LTR(230.9630.'407\
CALL CrpLOT(X§RF(19TL)9]LAST’4HJOIN96’1)
Cat L chLOTlx,R(1.IL),ILA>T,4HJOIN,7s1)
CALL CONFXT
CONTINUE
CONTINUIF
CALLL. CCEND
STOP

FND
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COMMON/TVPOOL/XMI49XMAX’YMIN9Y4AX9TVXMIV;TVX4AX9TVYMINsTVY4AX

COMMON/TVFACT /FACTOR

COWMOV/TVTUQE/LPENON,LPFNOFFsITALICooIWINK;INTFNSE’IRIGHTolUP
COMMOV/TVGUIDF/TVMODF9TFXTURF9ITV '

COMMON/BOR/Js TLASTLRETA
AM=T|_AST
TVXMIN=20N,
TVYMIN=20N,
TVXMAX =800,
TVYMAX =807,
XMIN=0,
XMAX=AM
YMIN=0,
YMAX=?,
RETHRN

FND

SURROUTINF DAD
COMiACIN /CCPOOL / AMIN s XMAX s

. COMMON/CCFACT /T ACTOR

COMMON/BOR/Js TLASTSBETA
AM=TLAST -
COXMIN=20N,
CCYMIN=200,
CCXMAX=8N0,
CCYMAX=8N00,
XMIN=0, p
XMAX=AM .
YMIN=D,
YMAX=2,

RETURN

FND

SH3ROUTINFE POP(WsEN)

.COMMON/BOH/JoILAQT.RETA

NIMENSTON ENC(1)
=0 '

NN T.17=1,4
UsU+FEN(T12)

‘B=1/204

V=EN(17)

YMINy YMAX s CCXMINS CCXMAX s CCYMIN, CCYMAX

F'\l(I7)-V*(l.—RFTA*W*FXP(—B))

CONTINUE.
RETURN..
FND
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SUBRNUTINE HFIGHT(H,HO,RED RE2»U,LAST,L) .
DIMENSION H(30, 20"“0(30120)1FFD|30’?O)!PE(30,20)!U(30120"LAST(ZO

20
21

W N e~

1)

.L=0

I=1
L=L+]

{

READ B,H(I'L).HO(I.L)yRFD(I L) 'K

[IF{K) 444,5

REL(I, L)-HD(['L)/H(['L)
S=REN{ I,

S=S%§ )

v=S-,01

CIFLV) ?1120170

UG L)=H(TL,LY/S

I=1+4+1 .

GO T0O 3 |

IF(K=2) 6,746
LAST(L)=1-1 s

GO TO 1 :
FORMAT(3(F10. 2)141Xy[l)
LAST(L)=1-1

RETURN

END

SUBROUTINE SCALFEI(C,A,B)

COMMNN/BOR/ ), ILAST,BETA
DIMENSTON C(l’

U cely)

DO 3 I=1,TLAST

IF(U-C(I1)) 1,1,2

U=C(I)

CONT INUE

CONTINUF

NO 4 I=1,1LAST

CD)=Ax(C(I)/iJ)+B

CONTINUE

RETUIRN

END

SUBROUTINE ATTEM(EN,V)
COMMON/BOR/JyILAST,BFTA
DIMENSION EN(1)

.U=Oo

No 1 12=1,J

U=U+EN(IZ)

CONTINUF

- H=U/20.

V=EXP(-U)
_PETURN
END

.
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