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SCOPE_AND CONTENTS

It was the purpose of'the work described‘kn this thesis to
develop a basic understand1ng of the pass1ve mode-locking behaviour
of TE CO2 lasers emp]oy1ng the saturable absorbers SF6 and german1umi
(Ge). An understand1ng of the dynamical processes, which occur- in
the gain and loss media on'sub—ns to ps time scales, is necessary in
_ oreer to predict the output characterisfics of mode-locked pulse |
" trains. 'In the case of SF6 the eomp1ex dynamical behaviour was not

Enowq previdus to our work. Therefore, a large portion of this thesis.

is devoted to investigating such.processes. Transmission measurements,

'
§

using mZQO ns TE C02 laser pulses, are used to ohtain the first coméleﬁg

measurements of the saturétion characteristics of SF6. The experiments
ere perforhed for a.range of COz_WaVelengths wirich charécterize the
enti_re“‘SF6 absorption at. the 10.4 um band {(P(12) - P(28)).and‘for a
.range,of SF6 gas'pressures thcr are most frequently used in SF6-CO2

mode;ldcking systems. These experiments demoﬁstrapé that, for low

J—va]ue COZ']ines (1ess than P(24)) the rise 1n:transmissidnzat in=

creased pulse intensities is due to 1ntens1ty saturation effects The

pressure dependence of the saturation curves indicates that the 1eve1
relaxat1on rates scale w1th SF6 pressure However, for CO2 Tines )

greater than P(22) (Tonger wqye1ength), the transmission curves and
the transmitted pulse shaping cannot be accounted for solely by inten-

sity saturation effects.' It is shown that a multi-vibrational.and -

rotational level treatment, for the absorption of €0, radiation by SFe
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can fully account for the discrepancies between theory and experiment
observed at longer CO2 wavelengths. The model treats all the SF6 ,
vibrational and rotatienal levels as belonging to~a bath of levels
charaeterized by a single vibrational and a single rotational tempera-
ture. Ehergy absorbed from a laser pulse is rapidly distrihuteg to
the bath of levels, establishing new vibrational and rotational
populations characteristic of a higher bath temperaturel This type

of absorption process depends on the energy rather than the-intensity,

. of the laser pulse. Such a mode], a]though expected to apply onty
atih1gh SF6 pressures (where fast equ111brat1on t1mes exist), can in
fact be used, to predict double-resonance signals observed at low SF6
pressures (1-10 Torr). Infrared doub]e resonance experiments with
mode- 1ocked pump pulse trains and with 200 ns duration pump pulses e
demonstrate that the success of the mode] et these low pressures "is
due to .very fast Vibration~te—vibra%ion and rotational ehergy transfer
rates. The observed rates are much faster than those reported 1n the
1iterature It s 5hown that ‘this heat1n$ mode], combined with the )
previously mentioned 1ntens1ty saturation processes, fully” descrlbes
.the transmission data for the wide range ;} 602 rotat1ona] 1ines -and
SFG;presshres ehp1qyed:‘ ThiS'thes%s é1se dehons%rqtes.that the.mode- o
locking of a TE COé laser using an §Fg saturable absorber, can, for
the first tihe, be understood from a knowledge of the:above “intensity
saturation and vibrational bath heating effects: The mode~1ock1ng
with SF6 is reported over the Widest range of 002 rotatlonal lines
and w1}h the-shortest pulse durations obtained to dete, Pu]se narrow-
sng across the mode-locked phlse train (usually necessary to obtain
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very igort pulses) ié absent in th? SFG«—CO2 mode-locking system. It
is 1nd1cated‘§hat p}ocesses such as multi-level saturation, Qibratioqa]
bath heating and multiple-photon absorptions may prevent such.narrowing
_from occuring.

The mode-Tlocking behaviour of p-type.Ge is-also investigated
in this thesis. Computer simulaFiéns of the\Lvolution of mode-locked
pulses from noise are presented using a 2-vibrational level model,
whigh inc]udes'ropatiéna1 coupting, to describe the'CO2 ﬁmp1ifier: A
steady-state inhomogeneoysly b}oadEnea satur;tibn response is shown
to be appropriate for the Ce absorber: A set of density equatjons 15
usea to describe the growth of the pulse intensfties'in‘the amplifier.
For thedfirst time a theory is presented which qdantitative]y predicts
the exper1ﬁenta]ly observed pulse narrow1ng across the mode-locked
pulse tralns, the puk@e 1nten51t1es and shape of the mode-locked tra1n
envelope. It is a1so shown that there is a progression from determ1n-
. istic mode-locking at laser pressures of 1300 Torr to statistical mode-
Tocking at'p?essures substantially in excess of this pressure. Furthér-
more it is demonstrated thét theré'is an optimum va[ue in how close to
lasing threshb]g one can operéte to achigpe repégtable;.clean, short—
durat1on h1gh intensity mode locked laser Pulses. In add1t1on, it
is shoWn that too 1arge a linear loss cav1ty and/or too Tow a rétio
of the non-11near to 11nearn]oss is detrimental to the production of
short-dupatibn'pu1ses. It is alsohindicgted that a lasar‘cavfty which
“diverges the Taser beam at the absorber must be used to obtain opti-
mum hode-]oqkiqﬁ for high pggssure lasers (e.g.,"5 gtmii Thé'ghoﬁbe

of the correct cavity is the single most fmportant consideration neces- |,
. A . :
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sary to achieve stab\e'shqrt-duration (< 100 ps) mode-locked pulses at

thése pressures. A comparison is gtven between the mode-locking per-
formanges of SF6 and Ge. ‘The ability of Ge to produce multi-line,
mu]tiiband'mode-logked pulses with sub-ns duration makes it a more
viable saturable absgrber than SF6 for use in {ow intensity mode-

locked osci]lators.'
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CHAPTER 1 - -
" - INTRODUCTION

.
" 1.1 Mode-Locking Concepts

For a Taser resonator consisting o?*two mirrors, at a fixéQ
separation L, one can identify a set of longitudinal (axial) modes .

5. 106 for a typical laser resonator) which have different elec-

(~10
tromagnetic field distributions. Each of these modes is an integer
number of half wavelengths along the 1ase} axis. The axial modes
are separated in frequengy by %cng, where ¢ is the speea of/light.
However las'ing action onﬁy occurs for a i%mited number of modes;
these lie ﬁn the freduency region where. the gain exceeds the cavity
losses. For each of the longitudinal EQHES there exists a set of
solutions‘for the 1ight energy inside the resonator each of which .
give§ a different energy distribution normal to the ﬁesonator‘axis.
These solutions are called the transverse modes of the resonator. - The
Jowest orqeé mode “©s a Gaussian intensity distribution and is refered
to as thé fundamenta] méde'(TEMoo). Sinée the higher iransverse modes
spread out from the resonator axi§ (inside-the resdnator), it is ppssi;
ble to isé]ate éhe fundamental mode by {néerting a- circular apertufe
.ﬁnside theire§6nator. “This 1ntroducésAsignificant diffraction losses
to all modes but the fundamenta]lone. The'output characteristics of

the laser depends on the relative phases, amplitudes and frequencies

bf'all the oscillating modés. "If there are no processes to provide a

]
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fixed retationship between these pararfeters, then the putput w111 vary

in an unpredlctab]e manner. The 1aser output for pu]sed laser opera-
" tion (which will be dealt with in this thesis) is character12€d by a
series of variable intensity spikes with a 2L/c per1od1c1ty s1m11ar
to those shown in the top three photographs of Fig. 1-1.* Qn the
other hand, if the oscillating modes are forced to have fixoa\ro1ation-
ships with each other, phen the laser is said to be mode-locked or

~ phase-locked L1]. A laser operating on a single longitud%na] mode
can exhibit mode-locking of the transvehse modes (transverse mode-
locking) [2]. However, for'all the mode-locking experiments in this
thesis,we .always selected .the TEM00 transverse mode. Consequeni]y;
we deal-only with the Tocking of the TOngitudinai modes .

Under certain conditions,non-linear effects associated with
the interaction of the gain medium and the 1aser radiation may resul£
in fixed phase relations between osc1]1at1ng modés. When this action
occurs in the absence of.any other mode-locking e ement the lasér is
said to be "self-locked". Stable self-locking has been obsoryed for
a number of lasers [- 3,4 1. However, for a large number of pulséd
lasers the self-locked output tends to he grqtfc.' Consequently, it
is usually necessary to introduce ah extra element into the laser
cavity to achieve good mode—]ock}ng. When the e]emeht is'contro]ied

external to the laser cavity'fhe laser is said to be "actively mode-

* The photographs are appropriate to non-mode- locked and par-
tially mode-locked outputs from a pulsed TE CO2 laser operating at a
laser pressure of 1 atm and with a SFg saturable absorber.
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} Fig. 1-1

Typical non-mode-locked and partially mode-locked pulse outputs from a

1 atm TE CO2 laser. The cavity round trip time is ~20 ns.
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locked". The externally driven device periodically modulates the
cavity loss (amplitude modulation (am)) or the refractive index (phase
modulation (pm)). The modulation is typically driven at a frequency

which is equal to, or integrally related to, the laser cavity axial o

e errrs s e g I

mode frequency difference (&/2L) and results in the production of a
single ﬁu]se per 2L/c round trip time [ 5]. Such systems have the

advantage that the mode-locking process can be e]ectfonical]y controlled.

MotV sy

N

" This control results 1in stab]e'reproduc1b1e mode-1ocked pulses. An ;
alternative technique is to insert a passive element called a saturab]e\../""’k/ ﬁ
absorber inside the laser resonator. A saturable absorber is a material
whose sma]]-signai absorption 1s reduced as the incident light
intensity is increased. For a 2-level hbmogenedusly broadehgd,absorber
which possesses an absorption cross-section o and an effective level
recovery time f], saturation occurs when the stimulated absorption

rate o{ (where I is the input intensity at the absorber) approaches

the rate at which the absorber populations can return to equilibrium

e~

(i.e., J/T]). An intensity satura?ion parameter 1. for the homogeneous
saturable absorBer case 1is a measure of the intensity needed to

reduce the small-signal abéorptﬁon coefficient by a Factor of 2 [§]-

The production of a mode-locked "state" using a saturable absqrber
éaﬁ“bégt“beunderstood_iﬂkt@g‘time domain. Noise fluctuations are
prodbced'from spontaneous emissjoﬁrfh the amplifying ﬁediud. The

most intense fluctuation expeniencés the least loss o;\péééage through

the saturéb]e absorber. Afte} a considerable ﬁumber.of such passe%, T

the filtering action of the absorber allows only a single high inten-

sity pulse to propagate in the laser cavity. A necessary condition , 3

/\ o . ' ..r‘l
. \// "




for these absorhbers is that the effective recovery time of the absorp-
tion must be less thén the cavity round trip time in order to produce
a periodic set of pulses sepafated by 2L/c. The relationship between
the absorber ard gain medium saturation, énd the relative amounts of
saturable absorber loss to linear cavity loss, are-also importaht con-
,sideration in the mode-locking process. Saturable absorbers have

been suc®essfully used to mode-lock a wié;“variety of laser systems.
For example, mode-locking has been achieved with Nd:glass lasers [7],
flashlamp-pumped dye lasers [ 8] and TE €0, gas lasers [ 9]. The
mode-lockéd pulse durations obtained using passive mode-locking tech-
niques are'usua11y chorter than those obtained by active means [10].
It is also poééib]e, with saturable absorbers, to produce reproducible
mode-locked trains, on a laser puﬁse—to—pulse basis, without the use
of an exterrally driven ﬁodu]ation'system. Such modulation systems
are often expensive.and in many cases are subjéct to severé noise’
pick—up.(fqr e.g., due to hjghqvoitage laser discharéés).

\
1.2 CO2 Lasers and Mode—Lockjhg

In the early 1970's.a dramgtic raﬁge of pulsed CO2 Taser powérs
became av%&;ab1e wiih the‘inyention of the transversefy excited atmos-
pheric pressuré (TEA) COé laser [11]. }n this system the electrical
discharge occurs ?ransverse]y (rqthé; than 1ongi£udina11y) to the

laser axis. Themfeduced disch&rge‘length meént that high laser
pressures'coqu,bé used at easily éttainable discharge v§1tages. The
highey CO2 laser pressure and therefore the increased gain Béndwidth,

™~



allows for the‘pgssibility of obtaining very short mode-10ckq€3§aser
pulses [12].
An energy level digaram for‘th; C02 mo]écu]e is shown in Fig.
1-2. The research in this thesis deals only with transitions 2§ the
10.4 um band. Méde—]ocking experiments were usually pérforﬁed with
the P(20) transition (10.59 um), which has the most gain in the 10.4.
um band under normal operating conditions. A typical Q-swjtched‘TEA
C0, laser pulse is shown in Fig. 1-3. When a fast risetime (i.e.,
<<2L/t)‘oscilloscope is ﬁsed the pulse is not temporally smooth, but
consists of a set of puises of fluctuating intensity, similar to those
shown in Fig. 1-1. Self-iockihg of CO, lasers to produce an output
resembling the bot{om photograph in Fig. 1-1 has been reported [13].
The stability of the output pulses can be improved by using active
mode-Tocking techniaues[14,15] or By using saturable absorbérs [16,17 ,
18]. A typical mode-locked train, obtained with a saturable absorber,
is shown in Fig. 1-4. Pulse durations, using both these techniques
~(with a TEA C02 laser), are usualiy ~1 ns. The main application pf
such short duration €0, pu]se; is in the study of the 1nter;ction of
1ase% radiation with plasmas. In particular there i§ interest in
"using CO, pulses as starting pulses for long chain amplifiers to ini-
tiate cont%o]]ed thermonuclear fusion.: Short pulses can also be
used as probes ta obtain information on the vibratiopal and rotational

energy.coupling rates of molecules which absorb CO2 radiatian.
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¢ Fig. 1-2
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Detailed transition diagram of laser oscillations in the 10.4 um and

9.4 um bands of C02.'
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Fig. 1-3

Oscilloscope display of a typical TE CO2 laser pulse. The time scale is
100 ns per division. The pulse profile. appears smooth, since tﬁe risetime
of the oscilloscope (Tektronix 547) is nearly equal to the cavity round

trip time (v20 ns) and therefore intensity fluctuations are averaged out.
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Fig. 1-4
A

Multiple exposure photograph of 10 consecutive mode-locked’ laser pulse
trains. The pulse trains were obtained using a TE CO2 laser and a

SF6 saturable absorber. The cavity round trip time is ~20 ns.
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1.3 Saturable Absorbeps for C0, Mode-Locking

The two saturable absorbers used for this thesis are solid p-
type Ge and gaseous SF6. Ge was selected for 1nvestigation since its
very fast relaxation time (a few ps [19]) indicated that it had con-
siderable potenFial foﬁ producieg very short QOZ laser pu]ses.: ‘Al-
though short pulses have been produced in recent years [12,21] the
full potential of the absorber has not been utilized. SFg** was
selected as being representative of the class of gaseous saturable
absorbers and it has previously been used to mode-Tock CO2 lasers
'[22]. Other gases, such as BC£3:[18] and NZ#Q [18], have a]so |
been used to mode-lock CO2 lasers but not as frequently as SF6. This
is partly due to the fact that SF6 %s non-caustic{_non-flammable, . : .%
nonfpoisonous, relatively inexpensive, and readily aveiiable. It |

also possesses a very larde absorption at the 10.4 pm band. In

addition, the spectroscopy of the'SF6 molecule is well known'[23].

1. 4 0ut11ne of the.Contents of the Thes1s ;

The primary purpose of th1s thesis is to understand the passive

'mode-lock1ng behaviour of TE COZ lasers emp]oy1ng SF6 and p-type Ge

(-]

* The absorpt1on of 10.4 um radiation in p-type Ge results 1n
the transition of holes, from the heavy to the 11ght hole band [20].

** SFg is a spher1cal top molecule (of O symmetry) which
possesses 15 vibrational degrees of freedom. Due to level degeneracies
it has 6 normal modes of vibration. Two of the modes (v3 and v4) are
infrared active. The v3 fundamental vibration is triply degenerate
and absorbs strongly at 10.4 um. L
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as saturable absonbers.' SFe and Ge mave both been used to mode-lock

" TE Co, lasers [17,24]. However, basic studiee comcerning their satur-
able absorber properties, and how they relate to the product1on of
mode locked pulses, were ]acking For examo]e, there was very 1Jtt]e
reliable 1nfonmat1on on the two 1mportamt saturable absorber parameters
of SFG,the small-signal absorption and the 1ntemsity saturation perameters.
Furthermore, there was 1itt1e.known.about the dynamics of the SF6 |

%\«Lwebsorptjon on a sub-ns to us time scales which is necessary to under;
stand the mode-]ocking.process nFor Ge there was some debate as to
whether the saturat1on behav1our was homogeneously or 1nhomogeneous1y
broadened~[20] In edd1t3qn, there had not been a study of the.ba3jc

' processes involved 1in the product%on of mode-locked pulses from .
spontaneous emission in CO lasers. The effecrs of'varyimg the laser,
absorber and resonator parameters on the product1on of short 1ase:
pulses had not been’ demonstrated. _ ’ o ; L

"'In this thesis we present accurate measurements of the smai]-

s&gna] absorptions and saturation parameters for SFﬁ.and Ge over a
wide range of CO2 wave]engths.: Thebdynamiea1 behaviour of SFG'is
investigated on a ns\to us time scale for fhe'wige range of SF6
pressures used 1n mode -locking experiments (]0—400 Torr). Finally
the theoret1cal evoTut on of mode-locking from noise i5 described in

detail and compared 0 exper1ments us1ng.Q¥Ee saturab]e absorber.

used for the above measurements, as wel] as

for all the mode tocking exper1ments, \Qadescr1bed in Chapter 2. The
© first part of.Chapter 3 describes measurements of the small-signal

absorption coefficient for SF6 over' a wide range of COz’rotationaI
SR
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lines and SF6 pressures,' The second part describes large-signal trans-
mission measurements us1ng m200 ns TE CO2 laser pulses. The data is
1nterpreted in terms of a 4 1eve1 non- steady state absorption model

to obtain information on the level recovery ;jmes, ¢ross-sections,

and heqce on the saturation parameters. The 5bsprption~properties

of SF6 canriot be completely accounted for by this 4-level tféatment;

In Chapter 4'a multi-level vibrational bath model is prgseh d{ which
provides much bette; agreement bétwe?n theory and expe}inen . Infrared
doub]e-resonanée experiments, outlined in Chapter 4, provide Thforma-
tion on the energy coupliﬁg rates to thegmany Vibratioﬁa] and rotation-
al 1evé1s.' These expeFiménts determine the range of validity (i.e.,‘
SFg pressures and pulse durations) of the vibrational bath model.
Chapter 5 shows that ‘the vibrational bath model can gomp1etely describe
the higﬁ pressure transmission data for all the 602 roféﬁiona1”1ine§
studied. In Chapter 6 it is demonst;ated that a knowledge of tﬁe
1ntens1ty saturation and v1brat1ona] bath heating effects can be.

used to predict the mode-locking behaviour of an SF CO2 mode ~locking
system.

‘ The theoreticaf productioen pf mode-Tocked pu]sés‘from noige

had not been previohs]y dealt Qith in any quantitative.fash{on. This

- is. done in Chapter 7, which outlines a mode] that describes the

development of modé- 1ocked pulses from noise.., The model uses density

. equat1ons and includes rotational coupling to describe the~CO2 amplifier.

In Chapter 8 the theoretical predictions are compared with experimental
results dbtaigéd with a Ge saturable absorber. That chapter demonstrates

that the theory can be used to predict reliably the quantitative -effect

~
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of varying such parameters as the laser gain, cavity loss, linear,and

s

non-linear loss, and laser gas pressure, on the mode-locked output.

A
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CHAPTER 2
" EXPERIMENTAL APPARATUS

2.1 Introduction

This chapter outlines thé main features of the experimental
" apparatus fhat'were designed and constructed for the research described
in_ this the;is. Section 2.2 discusses the different types of TE COé
amp]ifiérs that were consfdered'fér use in a mode-Tocked laser system.
"That section also descibes in detail the partjéu]ar laser system

- (Pearson and Lamberton double-discharge) that was finally chosen and
“constructed. In Section 2.3 the design paraméters and operapiona]'
details'of a 3»mirror laser ‘cavity are.outlined. The 3-mirror arrange-
ment provides a tightly focussea beam in one arm of the cavity while
méintafning large beam areas-at 511h3 mirrors. This cavity configuraiion
makes available a'wide range of laser beam spot siées, which are often
_necessary for optimfzing the mode-locking operatién. Sect&éﬁ 2.4 des-

" cribes a variable thickness gas cell,.used in ﬁqst'of the transmission
énd mode-Tocking experiments 1qvo]viﬁ§ $F6. .Fjpally, Section 2.5 des-

cribes the detection system and associated noise pick-up problems often

»

i + 3 0
encountered in the measurement of ns duration mede-locked pulses.

.2.2(a)‘.TE Cbz Lasers

Since the development of the first TE COZ lasers in the early

1970'§ the trend has been to higher laser discharge voltages and in-

, 14
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creased discharge vblumes in order to produce progreésively higher out-
put energies. Under these conditions, it %s genera]]y very difficult
to obtain ;tab1e«uniform g]o@ discharges between two contoured electrodes,
due to the.formation of ércs. The Eresenée of arcs prevents the efficient
‘excitation of the upper laser level. In addition, thg contiﬁual formation
oF’ércs damages the e]eétrode surfaces and therefore limits the‘life—
time of the laser. Aﬁc§ are more likely to‘?ccur between electrodes
which have 1arge.e1ecgpic field gradients associated with them an@/or
habe poor surface prpperties (ile., unpolished, dinty;etc.): Thefe are.
two basic approaches, common to all TE ¢o, lasers,which are used to
prevent the formation o? arcs. The first technique'ig to 1imit the’
discharge current density. An gxamp]é of.this method is the qu T [y ‘
used resistor pin-to-pin eléctrode configu?atioﬁ in which rows Of resis-
tors 1imit the discharge current ber pin [25]. The second approach
involves producing the 1ase# diﬁcharge in a time short compared to the °
tim; it takes to form an arc [26]. This can be accomplished by using

Tow-inductance, fast-switching ¢ircuits, and high quality electrodes.

-

The laser pulses obtained under‘such conditions are usuai]y short duratioh (<
‘200 ns FWHM) and of nhigh power (multi-MW). An example of this approach

is the doub]éfdischarge'1aser. The term “double” indicates that, there

" are two q1schar§es; a.ﬁow energy pnéionization discharge which generates

a ﬁniform disfributiﬁn of electrons between the main electrodes, followed

by the main discharge. The unifo;ﬁ produétion of e]ectroAS shorteng

the time to cohp]ete tﬁe main discharge.relative to the time needed to

© . form an arc [27]-

There are three main mechanisms for*the production of électrons

r
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priér to the main discharge. Electrons can be produced by photoionization
of the gas molecules* by hard ultraviolet (uv < 2000 X) radiation [29]
created by series of arc preionizétion‘discharges. Electrons can also
result from photoemission from the electrode sﬁrface by soft uv. radi-
ation produced in a glow preionization discharge [30]. Finally, eltec-
trons can be prqduced directly by initiating a glow discharge between a
. third electrode and one of the main electrodes. The latter first serves
as the anode to sweep the electrons‘#;toqthe main discharge region and
then as the cathode in the main discﬁafge [31].

0f the various systen§ described, the resistor p%n-pin discharge
laser, and the soft uv preionized double-discharge laser,were investi-ﬂ

gated in detail in order to satisfy the laser requirements for mode-

locking.
b

2.2(b) Laser,Requiremehts:for ﬁode~Lock1ng

It will be demonstrafed in this thesis that the C02-mode-locking
process occurs'at near lasing thresho]d conditions; It is‘ngceéséyy to
have very repeatable unifOHﬁ laser discharge§ in order to achieve ;table
output 1ﬁtensities on a pulse-t&—py]se basis for such near thﬁegybld
operation. In addition, for coﬁvenience in tuning.the'laser cavity

and obtaining sufficient oufput information for accurate data analysis,

the laser should be able to operate at a minimum repetition rate of

* Very often gases (e.g., xylene) with low ionization potentials
are added to the gas mixture to jncrease the yield of e]gctrons [28].

\
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a few pulses per second. The laser gain should be sufficiently large to

allow the use of low transmittance saturable absorbers. In mode-locking
experiments the TEM00 fundamental transverse mode of the cavity is
usually selected by means of an intra-cavity aperture. This is done

to avoid coup]ind of the axial (longitudinal) modes with the transverse
modes [32], and to avoid fluctuations in the;]aser'output due to the

di fferent buildup times associated with various transverse modes. These

result from the different diffraction losses experienced by each mode.

"Efficient coupling of the electrical input gnérgy into the fundamental

mode can best be achieved by reducing the electrode width to the mini-
mum required for the lowest order mode. A properly reduced discharge
volume allows the use of low input electrical energies,while still
maintaining hiéh gains. The use of low input energies avoids some 6f

v

the problems asseciated with high voltage circuitry (i.e., >30 EV).

2.2(c) Helical and‘Double—Discharge Lasers

A schematic diagram of a typical excitation system for the
1asers'&¥scusseq in this section is. shown in Fig. 2-1. A pulse generator

(Datapulse) provides a short duration, low vo]tage pulse (5 us,5 V) to a trigger

’module (EG and G). A pulse from the trigger modu1 jm30 kV, 2 us) then

causes the spark gap to break down, a110w1ng the capacitor to d1scharge
through the laser tube. Th1s circuit is both straightforward and very .
reliable for a wide range of capacitors (0.005 to 0.05 uF) and charging

voltages (10_to 35 kV).* For the helical laser the preionization capa-

* The high voltage  limit of this circuit was the ~38 kV hold-
off voltage of the spark gap.



Fig. 2-1

Schematic diagram of the discharge circuit used for the double-discharge
laser,

——
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1

citors shown in Fig. 2-1 are not used.

| The resistor pin-to-pin discharge system wés one of the lasers
investigated. The resistors* were wound in a helical array similar to
the arrangement used in Ref. [25], and sho@n in Fig. 2-2. The helical
array results in a.gain medium which has cylindrical symmetry and which
effectively couples the discharge energy into the TEM_, mode [25]. ~
When these lasers (~1 m long) were operated at pressures $1/2 atm, .
they produced adequate gain for mode-locking, excellent coupling
-efficiency into the TEM00 mode, and had a reasonable repetition rate
(10 pps). They were very stable (S 5% variation in output intensity)
both on a short and long term (several yea(s) basi;. This laser system
" was used in most of.the sub-atmoépheric mode-locking experiments (Chapter
6) and SFG tranéﬁission experiments (Chapters 3 to 5).

The second system invéstﬁga%ed was the Pearson and Lamberton
doub]e-dischér@e Taser [30]. In this laser the main dischargé occured
between an identical pair 5f‘so1id electrodes separated by ~2 cm: A
tunésten wire was stretched parallel to thé main_e]ectrodeé,but offset
from zheir centre line,and connected at either end to small coupling
capacitors. When a high voltage pulse (v25 kV) was applied to the anode,
field em;Lsion from the wire resulted in a sheet d¥scharge between the
anode any the wire followed by\a similar discharge between the cathode

and the wire. Soft uv radiation produced in these discharges "seeded"

* THe resistors were 1 kﬂ"carbon-cohposite manufactured by
Allen Bradley. These were the only resistors that gave stable dis-
chardes at high currents (40 A/pin) for lpng periods of time.

£



Fig. 2-2

Photograph of a resistor pin-to-pin helical laser. Also shown in this
photograph is a dua] beam oscilloscope (Tektronix 5565 and a portion of

“ the laser gas flow system.
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the main discharge with electrons resuftjng from photoemission from the
cathode surface [30]. A uniform glow discharge then occured between
the main electrodes. The appealing features of sucb a system were the
narrow discharge width (1.5 cm), the ruggedness and simplicity of the
preionizatiqn system, and the ability of the laser to produce repeat-
able arc-free discharges.

The laser systéﬁ deve]ope& in our 1aboratories differéd from
that of Pearson Snd Lamberton's in several ways.i Twootungsten wires

(rather than one) were su3pendeq,one on each side of the main electrodes,

by two 500 pF door-knob‘capciﬁors (Fig. 2—3).‘ This achieved a more
uniform aqd symmetric diséharge across the e]éctrbae width compared to
the original sygtem. In additibn, the elect}ode discharge width was
reduced froﬁ 1.5 to 1 cm. As previously mentioned iﬁ Section 2.2(b),
narrow widths allow éfficién% coupling of the excitation energy to the
TEMOo mode. However, the narrower width mgant,thét arc;free discharges
were difficult to obtain due to the largevfie1d gradients associated
Qith the'sharper'e1ectrode profile. Considerable time was spent in
order tg obtain electrode; which were suitably sﬁgped* to constrict
thé discharge width to i cmﬂwhi]e%breventing arc discharges. Cost
was minimizéd by ca§£ing (in aluminum) rather than by machining each
electrode shape.- The electrodes were initially finished by mi]]%ﬁg a

-

few thousandths of ‘an inqc from the aluminium casting to ensure a flat

* The e]ectré]%:?hapes did not conform to any of the ideal
electrode profiles (e.d\vJRogowski, Bruce) [33] due to the narrowness
. of the electrodes (v1 cm) and the electrode separation (2 cm).



. Fig. 2-3

Photograph of two double-discharga.mgdules. This photograph shows the
so1id aluminum electrodes as wel] as/the door-knob capacitors used in

the preionization circuit.
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o .
electrode surface. The surface was then polished to a near mirror

finish. Aluminum nae chosen for the electrode material since it has
a larger photoelectric ¥1e1d* than most other metals and is inexpensive
and very éasy to cast

Once a gu\tab]e electrode prof11e had been obtained (Fig. 2 3)

the e1ectrode separation, the tungsten wire separation, the 1nductances,

* 4

the resistances and the capac1tances for the main and trigger circuits,

were all adiusted to give the optimum discharge stability and uniformity.

The optimum mechanical and electrical parameters are recorded in Table
2-1. Inathe first laser module constructed (not shown <in Fig. 2-3) the
coup11ng capac1tors of the trigger c1rcu1t were mounted external to

the 1aser tube thereby decoupling the pre10n1zat1on circuit pathway

to ground from that of the main discharge. The current pulse height

(in A) and shape for both the main and auxillary discharges could”

therefore be monitored as the charging voltage was raised from bejow

. to above the main electrode breakdown threshold. The current putses

-
were measured by a current probe (Pearson model 411) in conjunctign

w1th an oscilloscope (Tektronix 547). Figure 2-4(a) shows the current
pu]se which accompan1es the initial sheet discharge between the anode

and the trigger wire.** The maximum current is limited to ~120 A,

.

* The photoelectric yield is defined as the number of emitted
electrons per number of incident uitra-violet photons on the metal
surface. The yield depends on both the radiation wavelength and on
the metal surface conditions [34]. .

** These results were obtained using a gas concentration of .85%
He, 5% Nj and 10% COp, a 0 005 uF main capacitor, and an overall
circuit 1nductance o} 1 :

E;



TABLE 2-1-

-

Double-Discharge Laser Parameters

Mechanical Specifications

Discharge "Length . . o, 30 cm’ .
Discharge Width 1.0 cm
Electrode Separation 2.2 cm
. Discharge Volume 66 cm3
Trigger Wire to Anode Distance 1.1 cm
Trigger Wire Separation 7~ 4.8,cm

W

".Electrica1 Specifications

‘Main Capacitance 0.02 uF

Trigger Capacitance - 4 x 500 pF

Charging Voltage - 20-30 kV

Peak Currents - . 1000-2000 A- >
Current Pulse Duration 400 ns

. Circuit Inductance, _ Tudh " 46 2

‘E/N , 4.1 x 10 V-cm

E/P \ 1.1 x 104 V/em atm

Discharge Stabi}ity - n0.01% arcs

Output Specifications

Gas Composition " typically 85% He,. 5% N2, ]0% €O,
Laser Repetition Rate up to 5 pps

Peak Gain per Pass 3%/cm '
_Input Electrical Energy - 5to 10 J

Qutput Energy Density . . upto84d/L
. Pulse Duration 4150 .ns “’

Output Power up to 3 MW

-Laser Eff]ciency 5%

Fluctuations in Peak Power <b% pu1se to- pu]se

/ < v



Fig. 2-4 (a), (b), and (c) show displays of the preionization current
pulse as the voltage across the main electrodes is progressively
incréased. The main discharge current pulse amp]itdde is zero for

these three displays. " Fig. 2—4§d) shows thermain dischqrge current

“pulse obtained at a slightly higher voltage (22 kV) than used in (c).

The preionization current pulse for this voltage setting would apbear

similar to that shown in (c).
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independent of the main capacitance vaiues. Figure 2-4(b) (at s]ight1y'

higher voltage) shows the beginning of a reversal in the current on the

tail portion of the pulse. Fig. 2-4(c)‘indicates that.addition of a

few more kV across the main electrodes results in an osc111atory pre-

1oni;ation current pulee with the ﬁegetive going current pulse corres-

ponding to the opset of the cathode to trigger wire discharge. For all

of these Voftage settings the main current pulse amplitude was zero.
. However, as shown in Fig..2—4(d), above a certain critical vdltage“(wzz kv

for an electrode separapion of "2 c¢m) the magnitude of the‘main current

pulse r1ses very fast. This vo]tege threshold is accompanied by the

onset of a visible g]ow discharge between the mdin e1ectrodes The

amplitude of this current pulse depends on the value of the main capaci-

tance, as expecped. 1t is clear from}this;figure that there exists a

delay between the preionizatiom discharge and the main discharge which

is sufficiently long to allow the production of an electron density-

between the main electrodes necessary for the prdduct1on of stable -

discharges. Fig..2-5 shows a typical discharge, as seeh thrdugh the

end window of the laser tube. This photograph illustrates the narrow

but very uniform nature of the discharge. The percentage of arcs witm x

this 1aser system was .in the order of 0.01. However, after seueral /jij

hundred thousand d1scharges, the electrodes become coated with products

of the d1scharge and the performance deter1orated somewhat. The long

term electrode performance could probably be 1mproved by replacing the | o
aluminum electrodes with electrodes copsfimcted fromEmaterials such as
_nickel or séaﬁn1ess steel. Nevertheless, the overall performance of “
this laser system was very good, as is indicated by.the output specifi-

~ oy

]
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Photograph of a typical laser discharge as seen through .the laser tube
“end window. This photograph i1lustrates the uniformity and narrowness

(v cm) of the laser discharge. =
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cations shown in Table 2-1, and it more than satisfies the laser require-
ments for mode-locking outlined in Section 2.2(b).

The gain méasurement quoted in Table 2-1 was obtained using an
osci]1§tor-amp1ifier technique. The oscillator consisted of a shortﬂ
helical laser (v30 cm long) which operated at a gas pressure of 150 Torr
and in the TEM00 mode. The output had a Tow intensity and was very
stable. The osci]]ato; and double-discharge amplifier were aligned
so that the oscillator beam passed through the centre of the amplifer
and was %ncident on a Au:Ge detector. It was verified, by varying the
oscillator pulse intensity, that séturation effects did not occur in
the amplifier. The amplifier discharge could be delayed from that’qf
the oscillator to ensure Ehat the peak of the amplifier temporal gain ~
Qas measured. The transmitted pulses were observed with thermal image
plates with and without the presen?e of the amplifier discharge,to
determine if any.beam deflection effects due to the amp]ifier"discharge
were occuring. Deflections were not observed. The gain was -obtained
from the ratio of the probe intensity at the. exit of the amplifier to
its intensity at the input of the amplifier. ’ﬁhe peak gain (for stable
,discharges) was v3%/cm. Figure 2-6 shows fhe small-signal ga;n obtained
as a function of_discharge input energy using the ascillator amplifier -
'technique.J.Note that the .gain starts to plateau at High fnput energies.
This behaviour was observed for a wide Faﬁge of gas concentrations and
discharge parameters, and was independent of the laser discharge stabil-
\__ity, A detailed investigation of this effect %n Ref. [35] indicated tha?ﬂ

such gainhsaturatioﬁ is common to all TE coé systemgﬂw However, Fhe .

<

exact mechanism respbnsib1e for the saturation is not known.



~
h
Fig. 2-6

Plot of the small-signal gain as a functiop of the input electrical ‘
energy to the discharge. The data was obtained at the P(20) wavelength,

with a laser gas concentratmn of 85% He, 5% Nz, and 10% COZ’ at a |

total gas pressure of 1 atm. _ Y
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This saturation effect is exploited in some of the SF6 mode—lockﬁng

experiments of Chapter 6.

2.3 3-Mirror Laser Cavity

It is often necessary, in mode-locking experiments, to focus the

laser beam at the saturable absorber in order to produce significant

- ,absorber saturation. The ratio of the largest beam 5reé,to the smallest

beam area in a 2-mirror cavity is usually limited to values <20. As

‘wE]l, for the most frequently used plane-spherical laser cavity the

chus occurs at the plane’mirrpr, and there%ore increases the possibility
of mirror damage. A 3-mirror cavity was designed and tested in which

the radiation is focussed well ih{iée the laser resonator, while main-
taining 1a}ge beam areas at all 3 mirrors. Figure 2-7 show$ a schematic
diagram of such a cavity. The 1n1t1a1 values for the cav1ty parameters
were obtained from an ana]ys1s outlined by .Kogelnik [36 3@] and are

described in Appendix A. The analys1s in Ref. [36]{ deve]oped for

" for an internal lens resonator, was extended to the 3-mirror resonator

- case. The parameter values were then optimized experimentally (éhanges

were <10% from the theoretical predictions) to produce the minimum beam
waist and largest spot'sizes at the 3 mirrors.* In the mode—]odking
experiments either a gold-coated replica grating, or a 10% transmitting

germanium flat, was used for M2. A 0.5 m radius of curvature

~ . -
. .

* It.was calculated from Ref. [37] that ast1gmat1sm caused by .
tilting the central mirror should be negligible at the 10.4 um wave-
length, and for beam waists greater than a few tenths of a mm.



Fig. 2-7
\ y * ' *

Schematic diagram of the 3-mirror laser resonator.” The curvature of

mirrors M1 and M2 are referred to in the text.by R1 and R2’ respectively.

The parameter f d&notes the focal 1éngth of the central mirror, and
! , '

W, is the radius of the beam waist. °. ,

.
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14%'transmitting mirvor, or a 0.5 m gold-coated mirror*, was used
for M1. The central mirror was always a 1 m radius of curvature gold-coated
mirror. The maximum beam area ratio achieved experimentally (v65) was

sonéwhat‘]ess than that predicted theoretically in Appendik A (100).

" The discrepancy is probably due to the effect of the distributed gain

hedium, which was not included in the theoretical énalysis. The 3-
mirror system proved very easy to align and insensitive to small vari-
ations in the parameter values (such as dy, dz,.f,etcl). Furthermore,

the spatial output distribution for the lowest order mode was measured

to be a Gaussian, indicating that no beam distortion effects were

present.

2.4 Adjustable Thickness Gas Cell

A gas cell, constructed from brass, ‘was made suff1c1ent1y large
to emp]oy 4% cm _diameter NaCl or Kcl salt windows. It could therefore be
used in conqunct1on with large laser beam diaméters. An O-rihg,éitu~
ated in the main bédy'of the cell,provided a seal to allow low pressure
(a few Torr) operatidn. The ce]]’was'designed to -ensure uniform dqs_ |
flow over the entire window a;ea by_makiﬁg use of'}arge entrance and
exit channels, which were suitaBly shaped to diverge the gas flow -

across the cell. The gas cell thicgnesk could be varied from ~0.0 to ;

0.3 cm by using a threaded componenf (containing one of the two'sait

] windows) which could be screwed into the main body of the cell. At any

* The reflectivity of the go]d-coated mirrors were measured to be
better than 98% at 10 4 ym. o o

- A



separation the cell thickness was known. to within 2 x 10'3 cm.

2.5 Detection Apparaths

A gold doped germanium (Au:Ge) detector, cooled wifh liquid
nitrogen, was used for the detection of low inténsity 1$ser pulses.
The defector sensitivity at 10.4'um3 using a 45 V b1a§ subp]y anq a
50 Q load, wag 25 mY for a 1 kW/cm2 intensity. The detector risetime}
also for a 50 Q 50aq(w%3 V2.5 ns.. The linearity of the'detector was
- verified over the four orders of magnitude of input intensities for,
which the detéctor was'used.. Photon*drgg detectors were used to detect
the higher ranges of pulse intensity [38]. These detectors were con-
struéted from single crystal, p-ﬁgge germanium [(1,1,1) orieﬁtat%on];
Théy 6peratéd at room temper&tuﬁe, were vehyirbgged and compact, and
Tinear up to intensff?é§ as high as 10 MW/cm2 [39]. Theif risetimes -
(when matched t6 a 50 2 load) were sub-ns. However, their sensitivity
{a few hundred mV.per Mw/cmz) was quite low; ﬁhey-wére.often used in
conjunction with A fast risetime (0.9 ns),amplifier‘(AQantek AV-9T).

‘The photoﬁ—drag'detectors were used in all absolute jntensity
measureménts and were'céﬁibrated in the following manner. A very stable
output pulseé from a repetitive]y‘pulsed helical ]aser was madé incident
on the detector. The detector a}ea wagkmuﬂlless than the beam area,
so that the intensity across the degector was apdr imately éonstadt.
The corresponding voltage défle tion on an oscilloscope (Tektronix 547)
was obtained by averagiﬁg over ngzléuch laser pu]ses; The laser. '
‘pulse shape was then recorded photographically using an osci]loscqpe

camera. The area of the detector wgs measured and an energy méter

o

\“
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(Scientech) ,with a'quoted accuracy of better than 1% ,was used to measure

the portion of the pulse energy that was incident on the photon-drag

. detectqr. The measurements allowed ca]cu]at%on of a factor for conver-

ting from a photon-drag detector output voltage to an absolute inten-

sity in N/cmz.L The overall accuracy associated with the above measure-

' ments produced approximately * 20% uncertainty in the conversion.-‘

. A major concern in all the mode-locking experiments (discussed.
in later chapters) was the presence.df high frequén;y noise pick-up
in the detection apﬁaratus.; The noise resulted from the high voltage
puﬁseé in the trigger module, the spark gap, and in the léser.discharge
itself. This noise was present before, and sqﬁetimes durihg, the laser

pulse, and made oscilloscope triggering of mode-1ocked pulse trains

. very difficult. The noise problem was reduced bypmoving the deté@thn

apparatus as far away fram the noise source as possible, by mimimizing

" all coaxial cable lengths (e.g., between detectors and oscilloscopes),.

1

., by shielding all such cables with tinned copper braiding, and fina11y

by inserting the detection apparatus in a copper-mesh Faraday box.
Emp]oymenf of these techniques allowed stab1e-triggerinngf {ndividua1‘

pulses well down on Ehe leading edge of the du]se train.

2.6 Summary '

- This cﬁapter has outlined thehbqsic féatures of the experimental
apparatus that was used for fhe resea;ch reported in this\thesfs.' The
major portion of the chapter deg]t‘with the guéceésful dgsign and dpera-

%

tion of"a double-discharge laser which was used for afj‘the atmospheric
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pressure mode-locking experiments. A brief description was given of
the helical laser, which proved to be ex¢ellent for sub-atmospheric
mode-locking experiments. The latter part of the chapter dealt with
the design and construction of a 3-mirror cavity, and a variable thick-
ness gas cell to pé dsed in transmission and mode-locking experiments.
The detection equipmént and associated noise propJems'ﬁere also des-

cribed in this chapter.A
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" CHAPTER 3 .__ -
SMALLZSIGNAL AND' LARGE-SIGNAL ABSORPTION IN SFg

3.1 Insroduction

To predict the mode-locking behaviour of an SF¢ saturable
absorber,'it@i; necessary to.have an éccurate&know1edge of the small-
signal absorption characteristics as a function of coé wavelength fbr
a range of pressures appropriaté to SF6 mode~locking (10-200 Torr).
Values of the absorption coefficients obtained'frém the 1iter§ture cover
a 1imitgd range of Wavelengthg [40,41]: Where they were &véilable,
there was considerab]é variation froﬁ oné reference to anofher. There-
fore'a stuay-ﬁ?’thq sma]]-signa{ transmission behaviour for the SF6
molecule was carried out and is reported in Section 3.2.

For hode-1ocking it is also necessary to understand the details
of the dynamical proéesses on time scales varying from sub-ns’ to us,-
which occur in SFS subject to pulsed CO, radiation. In addition, know] -
edge of the SF6 dynamics is important in understandiqg other effects
which involve the interaction of'puléed €0, radiation and SF6, such as

"Q-switchihg‘[42], se]f-inducéd transpér cy [43], phoﬁon-echo effects

[44], isotopic separation in SF_ employind\laser induced photodissoci-

6
ation [45], and optical pumping'of SFg to obtain laser action at 16 um
(46]. For example, it is important to know which.vibrational and

'rqtational levels participate in the satgratién'of the absorption, and

°

how fast and by what means energy is being coupled between these and

36
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other levels. One tecﬁnique for studying the dynamical processes is

to }masure thé pulse shaping and transmissiog behaviour of pulsed Cdz
.radiation by SF6 over a wide range of 1asgr intensities. -»Information
on the intensities needgd to saturate the absorption for a given wave-
length, the amount of residual absorption presen@ at high intensities
and the pressure depéﬁdence of the satufation inteﬁsities (and there-

i

fore of the absorber re]axatibnwyimes), can be determined from such

o

transmissidn experiments. Since fherg was virtually nothing known
f%bout the large-signal traﬁsmission propertiés of SF6 it was decided to
measuré them for a wide range of C0, wavelengths P(12) to P(30) lines
and SF6 pressures (10-200 Torrl%/'Section 3.3 describes such measurei
mgnts. Information on the dynamical behaviour of SFg can also be

h
obtained using well known infrared double-resonance techniques to

<

measure the vibrational and rotational relaxation rates directly [47].

Chapter 4 outlines such double-resonance experiménts.

o~
-

4/ 3.2 Small- Slgna1 Absorption Measurements

The initial step in this 1nvest1gat1on was td determine the
small-signal absorption of SFG'for a]] the P-branch lines qf CO2
between P(12) and P(28) in tHe 10.4 um band. In each case, the depena—
ence of the absorption coefficient oﬁ SFé pressure was @etermined for
*pressdres in the range 10-200 Tor;, beth with and wi;hout the presence
of a buffer gas. As has been pointed out, it is very 1mportant to
estab11sh for a given P- branch line, good va]ues for the small-signal
absorption and the assoc1ated.pressgre dependence in order to design

optimal mode-locking or Q-switching configurations for the resonator .
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and amplifier system. A number of investigators have reported values

of the absorption coefficient of SF6, determined either by standard
N s
spectroscopic techniques [48], or directly employing a CO2 laser probe

-

[49]. The latter method is more aq&;opriate when the data is subse-
. . ~o ! .
quently required to predict the interaction between the CO2 radiation

and SFG. The values fotlgméllfsﬁgnal absorption coefficients deter-
mined. heye are compared. with previous work for those ‘cases in which
data is\available. There has been Tittle in the way of ublished data\

)

concerning the dependence of the absorption coefficients on SF6 !

pressure, particularly in the important pressure range of 10-200 Torr

reported on here.

-~
o

-k~ «

3.2(a) Experimental Observations andibiéfussion ;
Theapressuﬁe-dependent‘10w—signa1 absorptién was measured
employing a pulsed TE CO2 laser probe source. This gounce, which has
been described in Chapter 2, consisted of a resistor-pin txpe TE 002
laser opergted atilow output power in a range of excitation, gas «

mixture and pressure where the outpui is very reproducib]é on a shot-

to-Shot_basis.. Apertures were employed in the laser to ensure that

it operafed in the TEM00 mode.. The use of a pulsed helical laser ”
permits.absorptjoﬁ measuremenfg to be made to high precision with a
probe source having the same pulse characteristics as that to be
employed for'subsequent large-signal transmission measurements.
.Ihe'attenuated laser outﬁut was incident on an absorption cell

containing SF6 gas at a temperature of 300K and at pressufes between

10 and 200 Torr. The windows of the cell were polished NaCl flats,
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f )

!
oriented so thatjthe TE CO2 radiation was incident at Brewster's angle.

The ce11; described in detail in Chapter 2; was constructed so that the
path length (LB) could be easily adjusted over the range of 0.25 - 4 mm.'
The intensity of the radiation incident on the absorption cell could be "
varied over a range sufficient to ensure that the measured absorption
coeff{cient was ihdepgndent of the incident intensity. Measurement;

were made of the absorption coefficient of pure SF6 as a function of

_ gas pressure for all the P-branch lines of the pulsed‘CO2 laser between
P(12) and P(28). It was verified, by varying the total pressure of
gas in the ldser gain tube (and hence the width of the'frequeécy spec-
trdm of ‘the probe laser), that the results were independent of the

-detailed shape of the probe 1a;eF1pulse spectrum. The heasuréhents

were carried out emptoying a total g;s pressure of 160, Torr in -the
helical gain tube, giving an outp&t pulse length of approkimate1y“260
ns. It is estimated that the spectral width at this pressufe (160 Torr)

s 800 MHz (FHHM) . ‘ e
; The transmitted laser beam.waé collected by a one inch focal ‘

_ length anti-reflection-coated gennanium'léns and subsequently detected
by a Au:Ge detector. Care was taken to eliminate any possible effects
of. beam distortion or deviation in passage through tﬁé absorption cell.

}he results qf these measurements are disp1aye& in figs. 3-1 and 3-2,

where uoLsz'Q"(Iodt/Iin) is plotted as a funciion of SF6'pressu;e for

all the P-branch COé lines investigated: Observe that, in every case,
the ébsorption coefficient 1§ a 1{near]y increasing function of"SF6

N

pressure over the total range of pressures employed. This relationship

. between absorptioﬁ coefficient and SF6 pressure has been reported



Fig. 3-1

Absorption as a function of-SF6 pressure. The circles represent
experimental data points. The number quoted under each CO2 rotational

line designation is the small-signal absorption coefficient, a_, in
<3
1 1

units of cm 'Torr '. These values are accurate to Better than 5%.
\\
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. Fig. 3-2

v

Absorption as a function of SF6 pressure. The circles represent

experimental data points. The number quoted under eac_:h,CO2 rotational

~ Tine designation is the small-signal absorption coefficient, Gys in

units of cm~]Torr'1. These values are accurateé to better than 5%.
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eérTier for some ofhthqse CO2 laser lines in the considerably Tower
pressure range of 0.5-5 Torr [50]. At low pressure, a linear depend-
ence of a, On gas pressure is gené;ally observed even for a single °
resonaé?; line absorptioh - it is a‘consequence‘of the inhomogengous
nature of the line—béoadening at low enough pressure.* This might
account fdr the results reportéd in Ref. [50], but will certainly
not-account for the persistence of a linear dependence on pressure up
to values in excess of 100 Torr. However, it can easi]y'be shown that
the presence of a ]arge number of 6ver1$pping resonance lines jin the

. absorbing gas, each of whibﬁ contiributes to fhe total absorptiop at a
given probe wavelength, can easily produce an absorption which increases
monotonicé]]y with pressure. Recent very high resolution spectrdscopic
measurements, using tunable diode lasers and Lamb-dip techniques for

a few of thé"CO2 lines reported on here, are in genera} agreemeni with
this concluSion [51]. An experimental observation which 1e6ds furthgr
support to this idea is that the addition of 200 Torr of He buffer gas

to the SF6 makes no detectab1e d1fference to any of the plots shown 1n

FIg. 3-1 and Fig. 3-2. T ¥S again argues that a near- cont1nuum of SF6

levels must be contribyfing to the measur d absorpt1on over the whole
pressure range investigated. The fact fhat the absorption coefficient

has been shown experimentally to be linearly dependent on pressure in

* the range Ib-ZQO Torr SF6 pressure allows the absorption coefficients

to be expressed in {erms. of the absorption coefficient -per Torr of SFG‘

“* For gases this ‘occurs when the Doppler broadened 11new1dth
is larger than that due to c0111s1on broadening.

3
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for each C0, laser line. This permits intercomparison with measurements

various SF6 and buffer gas pressures for certain CO2 laser

wavélengths.

Fig. 3-3 shows the va1ﬁés obtained in the présent work for the
SF6 absorption as a function of wavenumber:_.Also shown are values
obtained by Nowak et al., using a. cy C02’1asef and a SFG-Arlmixture and
a spectrum obtained using a continuum source and aﬁ infrared spectro-
meter having a 0.8 e’ spectral window {48]. The agreement bereen
these measurements is surprigingly good considering the major differénces
in.both'experimental technique and SF6 pressure range ehp]ayed._ Such
close aéreemgnt is not generé]]y fouﬁd,'even for the most frequently

meésured P(20) coé line, as'sﬁbwn in TabTe 3-1. Since the SF6 absorp-'

~ tion frequency spectra in the fegion of the various QOZ lines are not

constant [53],some variation in oy is expected due to the different

1aseﬁ‘probe bandwidths used in the various experiments. Nevefthé1ess,

' Tab]e-3—1 indicates that thené is substantiallvariatioq which is

16rge1y independenE'of the probe source and SF6 pressure range employed.

¥ .

3.3 iLarge—Signal.Absorption Measurements

A number of studies of thessaturation of SF6 at moderately low
pressures on'some\of the COZAP-branch 1éser-line wavelengths have been
reported, in which cw CO2 1ésers'wefe'employed as probes [49,50]." How-

ever, it is essential .to study the dynamic response of the'SF6 mo]gcﬁ]ar

‘system to obtain an understanding of the SFe modé-locking behaviour and

any other applications involving the use of SF6 and a pulsed TE CO2

- laser. Therefore, investigations were carried out on the dynamics.

-



Fig, 3-3

SF6 absorption as a function of wavenumber. The solid circles are
values obtained in this work. The open circles are values obtained

by Nowak et al, [48] using a cw co, laser and Tow SFG pressures. The

curve represents the absorption of SFﬁijgpérmined.by'using a continuum -

source [48].

———— e
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TABLE 3-1

45

SFg Smal1-Signal Absorption Coefficient for the P(20) €0, Line.

o

Probe Source

SF6 Pressure

Reference

0
(cm"]Torr']) (To;r)
0.3 pulsed C0, 1-5x 1002 Patel & Slusher [52] -
0.43-0.66 cw 0, 3% 107 _ Shimizu [53]
0.06 ew C0, 0.1 - q.A Burak et al. [49]
0.40 . cw €0, 0.5 - 4 Wood et al. [50]- |
0.23 cw CO, 3 x 10'2' "Abrams & Dienes [41]
0.46:0.02 cw €0, 0.2-1 Brunet [40]-
0.69 corit inuum and < 1 plus Nowak i Lyman [48]
spectrometer Ar buffer

0.57 aw co, ,Q 1 plus " "

‘ _ ' Ar buffer
0.540.03 pulsed CO, 10 - 110

This work
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of SF6 at tﬁe P(12) to P(30) iaser lines of the 10.4 um band and are’
reyorted {n this section @ﬁd'in Refs. [54,55]. Transmission data has been
obtained using a pulsed TE GO, laser, in conjunction with an optical . '
4system providing four orders of magnigude iniensity range at the SFa
absorber. For ease of comparison of the traﬁsmission data, the small-
signal absorption was kept constanp far all lines. The obsérved_non-
linegr absorption properties can be aivjded into three characteristic
regions, namely P(12)-P(16), P(18)-P(22),.and P(24)-P(30), each of which
has distinctive features in the measured transmission as a function of
incident radiation intensity. JThe first is characterised by a trans- -
mission which increases monotonica]}& to very high transmissions with
increasing laser probe 1n£énsi;y. The 1$§t is typif%ed'by a‘transmisgion
which first decreases with increasing intensity, réaches a minimum, énd |
then saturates to again give very-high transmft?ancés at sufficiently
h{gh'intens%tx. The transmission behaviour at P(18)-P(22) corresponds
to a transition’regfon. The tines P(14), P(20) and P(26) have been
ChOSen.as representative of the three groups. Data js.presehted belo&
‘for the p}éssure dependence of the SF6 absorption at these three liﬁes,
forxan‘order of magnitude variation in;SF6 pressure.

~In each regibh,'dynamicél effects such as pulse shaping oeccur,
indicating that aﬁa1ysis of the data with steady-st&te models cannot be

employed*. Consequently, the transmission data is interpreted in terms

of a 4-level non-steady-state representation. Such an:analysis can

I N

* A strictly steady—state model, in which the level cross-sections
- and the levels responsible for the absorption remain constant w1th time,
cannot produce asymmetr1c pu]se narrowing.
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provide information on the coupling times between levels,.the contribution
of excited-state absorption to the total absord%ion, and the values. of

the sa;uration parameters which characterize the intensity dependent
'transmission'béhaviour of SFg. It will be shown that to determine the
model parameters, it‘is necessary to obtain data on both the temporal
behaviour of the pransmitted pulse and the transmission for a wide

range of input intensities at the absorber.

~A3-3(é.i) éxperimenta] Procedure ‘

The probe source was a helical TE CO2 laser, used primarily
because of its excellent short and long Ferm pulse-to-pulse reéroduci-
bility (less than 5% vafiation; as noted in 6hapter 2). The 1éser was
operaped at'h{gh He' content and af a total gas pregsuré of 400 Torr.

The output pulse duration was kept close to 210 ns (FWHM). A grating
was gmplo&ed to ensure'fhét 6n1y_the des%red fotationa]']ine oscillated.
An éperture, insertqd within the 1asgr-re§onator, ensﬁred operation

in the TEM00 mode.

The absorption cé]],umaiqtained at 300 K, was oriented at
'Brewster's angle to the incident radiation. Thfs.cé11, as detailed in
i Chapter é, was Eonﬁtructed so that the path-Tethh could be adjusted
from 0.25-4‘mm; permitting the use of a wide rénge of SFg pressures
whilst keeping the -small-signal trahsmissionbconsfan£.< High purity
st gas wés empibyéd (supplied by Matheson) and no additional purificapioﬁ
was attempted.. The Eﬁtenéity ipcident on the cell was'varied over 4

decédes by the use of attenuato%s and a 10 inch focal length
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germanium lens. The absolute inteﬁéity incident at the cell was deter-
mined by a calibrated photon-drag\detecfor.* Any systematic ervor in
the input intensity measurement was 1es; phah 20% (relative er}ors were
less thap 5%). Since the cell path-]eng£h was generally less than-a
few mm, the beam size did not vary significantly in passage throuéﬁ

the cell, even when the lens was employed. Furfhermore,~the optical
thickness of the absorption cell was such that the intensity variation
of the beam alopg the path_through the cell did not vary great]&.

No siénificant diséociatioh effects are expected because-the SF6 ge]l

was probed at a single COZ-rotationg1 line,and at intensities less -

than 10 MN/cm2 [56].

3.3(b) Four-Level Non-Steady-State Absorption Model
" The.four-Tevel non-steady-state model is shown schematically

1n F1g 3- 4 The rate equations governing the level population den-

sities Nj'(J 1-4), in mo]ecules/cmB, are .

.

dN L ' AN

1 T ey,]
T = Ry * Agilg - og Tty - g - (N - WA (3-1)
N, SN
& = Al - A 3“ Aol + Ry - a5l (N, " Ny
g e a2 ) . .
) (Nz - NaJA, ' ' .. (3-2)
. dN3 # . . '

T = Paglp = AgiNg = Agpl + ogBlNy - N3) (3-3)

3

* The detector calibration procedure is outlined in Section Z.5.




i terms represent

Four energy-level scheme ﬁ?r absorption in SF6. The Ai
lco]lisional (relaxation rat%s. The absorption and stimulated rates are

Iy - .. ‘- . . 2 * - .
*given by oil,'where‘oi is a cross-section in ¢cm~ and I is in photons-

cm'zs']. Saturétfbn'parameters are defined by Ig = th3]/o] and Iz =

N

th42/02.
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dN

4 _ °, 3
T = “Aagg ¥ opl(Ny - Ng) ° (3-4)

The A1j terms represént collisional relaxation rates. Here a;

is an optical cross-section for the i'th level, in cm2, and I is in

-1

photons-cm'zs . The model allows for coupling between levels 2 and 3.

In addition, the relaxation of levels 1 and 2 to their equilibrium mode et

~

population densipies, N] and NS, has been allowed for by incorporation

, ] 2 .
of the terms AVV vy’ respectively.

and A
The rate equgiions were solved using a finite difference method

outlined in Appendix B. The optica}]y thick absorber case is treated,

and account is taken of intensity and population density variation in

the direction of pulse propagation. This is accomplished by dividing

the absorber up into a number of sections (of optical length:Q;) such .

that the 1ntens1ty variation across each section is small. A step by-

step calculation of the intensity is used in a s1m11ar fashion to that

employed in Huff and DeShazer [6]. The output intensity (I]) from

the first absorber increment is calculated from the cell input intensity '

(Iof, at time t, acéording to
7= Toerp-t2Ly = K)oy + (i - Ny)ay] - (39)

I] then_Secomes the input jbr the second absorber section and the cal-

culation is repeated to the end of the absorber. A sﬁfficient number

of steps were used to provide less than a 5% variation in the ca]culaEed
quantities (usually siQ steps were suffiEienf). The next intensity A ‘
increment (corresponding'to a fime (ﬁ + At)) is tpé; fed into the (/_\\_/’

absorber and the calculations repeated. This procedure is continued
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until the entire puise hag;prqpagatediphrough the abstwber. The inverse

of the gime incremént ']) is chosen to be‘@reater than the largest

re ation'rate or absor
9
typ}aﬂy 510

- input 1ntens1ty The time dependence of the populat1on densities and

ion and stimulated emission rate oiI

]),.hhiehever proved to be the largest for a givep

pulse transm1ss1on s ca1cu}ated in each of the absorber 1ncrements

and comparisons qan therefore be made between the model ard exper1menta1

pulse shaping.
The saturation parameters defined by‘fl = hvA;/07 and Ig -

hvA,, /0,5 tdgether with the crass-section ratio'dzlol, provide four

important parqneter groupings, which are: °2/°i > 1, Ig > Il; 02/01
R TINR P BPRLE 2, 1 2,1
<1 I > 1 g 62/0] <1, IS <1 . and 02/0] > 1, IS < IS. The I /I

and 02/01 ratios, together w1th the branching.ratio of 1eve1 3 (A32/
’A3]), are the key parameters var1ed in the- model ana]ys1s The equiti-
,br1um‘populat1on densities of levels 2, 3 and 4 (re}at1Vetto'1eve1 1)

are pbtained from spectrbscopic data, where pbesible. In every case
itfprovedznecessary.to have the’A21 re}axatjon rate less than the inverse

of the pulse duration.

3?3(&)- Re5u1ts(and Discussion g v,-, v
~ Figure 3-5 shows‘the measured SF. transmission with input
_intensity for a number of C02 rotat{onal lines, at a gae'preééuré of
50 Torr. Observe that the saturatdon 1nEensity fncreasee with increas-
ing J-value. _ Furthermore, as weﬁprogreSS'tqnirds higher J-values the
onset and deepening of a transmission minimum ns apparent. The data

for the P(12) and P(14) Tines (notﬁﬁﬁbwn) 11es c]ose to the P(16)$

&
’ ‘i *

- b v .
4 C s
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Fig. 3-5 ‘
‘\ .
Transmission as a fumetion of input intensity for the P(16), P(20),

P(22), P(24) and P(26) CO, Tinés at an SF, pressure of 50 Torr. The

“input intensity is that of the elliptical beam cross-section at the

front s&rfacq of the Brewster-angled cell.
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"or rotational) appropriate to‘our data is determined by independent

53

transmission curve, while the P(28) and P(30) lines (not shown) have a
stmilar iransmjssion curve to that -of the P(26) tine, but are shifted
to higher input intensities. ‘ﬁt high input intensities, the trans-

mission approaches 100% for all the P-lines studied,

P(14) Saturation pehaviour

.Figure 3-6 disblays the transmission as a function of input
intensity for the P.(14) C0, line for SF, pressures in the range of {0
to 100 Torr.' The solid curves iadicate'the transmissions predicted by
the 4-1eye1 model. The important parameters for the fit at 50 Torr SF6
are 11sted in Column 1 of Table 3-2 . Figure 3-6 1nd1cates that very
good agreement can be obta1ned over the entire transm1ss1on range by
pressure scaling of a]j_col]isiona] rate parameters obtained from the
50 Torr data. As well, the parameters in Table 3-2 predict the observed
symmataic pulse narrowing (v12% af_inpdt FWHM) at Tow inbut intensity,
fo]]owéq'by a broadening §o the input pu1se'FWHM at moderate input
intensities. o

An estimate of particular crdss-sections can be obtained from

the above a¢a1ysis when some characteristic;re]axation time (i.e., v-v

H

«means. It will be shown in Chapter 4 that reasonable t1me for the level

4 to level 2 re]axation is about 0.4 ns at 50 Torr of SF6 This corre57

\

ponds tq a value of 50 A2 for 0y



% 2.4
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Fig. 3-6 °

Transmission as a function of 1nput intensity for the P(14) C02 line at

SF¢ pressures of 10 Torr (x), 25 Torr {A), 50 Torr (o), and IOO Torr (e).

' ~ The curves represent the theoretical transm1ss1on pred1cted by the 4-

level mode1.
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Four-Level Model Parameters Appropriate for 50 Torr of §F6

TABLE 3-2 -°

p(14) P(20). P(26)
?2/0] ‘3 1.5 5..
2.1
11 0.02 7.5 6.2 .
. q | ’
1; 79 khjen® 7.4 K/ 53 KH/cm
Asalhgy 0.03 0.35 0.5
23
‘l‘
3
o
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P(20) Saturation Behaviour

Figure 377 shows the transmission as a function of.input‘
intensity over an SF6 pressure range of 10 to 100 Torr. Pulse narrow-
.ing is observed at lon transmissions; it is predominantly on the pulse
taj] and has a magnitude.of 12 to 15% of the input FWHM. At moderate
transmissions, the transmitted pilse exceeds the width of the input.
'pulse. The particular transmiss1on for which the maximum observed
pulse broadeéning {v15%) occurs increases as the §F6 pressure is reducea.
The magnitude of the broadenihg decreases with lower SF6 pressures; in.
tact no braadening was observed at a pressure of 10 Torr.| At higher
input intensity, the pulse duration and shape return to that of the
input pu]se Broadening to greater’than the input pulse width has
been noted prev1oUs1y [57] at lower SFe pressures (6~ 12 Torr). Muche
Tlower small 519na§ transmission was emp1oyed and the return of the *
transmltted pu]se shape to that pf the input was not observed. It
was suggested that this broadenifg may be due to coherent effects such
as-Se]f-induced transparency. The observed persistence of thislbroaa_
ening to at least 100 Torr SF¢ pressure makes.this snggestion seem
very unlikely. Pulse brpaaening has afse heen‘observed at the trans-
mission minima of the P(22)-to P(30) lines. This will be discussed
in further detail in the section on P(26) saturation characteristics. -

: The' paraméters for the P(20).fit are.recorded in colum 2 of
TabTe 3-2. The curve through the 50 Torr data 1n Fig. 3-7 was generated

R
us1ng these parameters together with the assdhpt1ons that Ne < N? and
By

!
that ‘the Az} reTaxat1oh time was longerfthan the 1nput pulse durat1on

“‘\.

The rema1n1ng curves of Fig. 3- 7 were generated by pressure- scalzng

r .



Fig. 3-7

»

A . . \ .
Transmission as a function of input intensity for the P(20) CO2 line at

SF6 pressures ‘of 10 Torr (x), 25 Torr (A), 50 Torr (o), and 100 Torr (o).

The curves represent the theoretical transmission predicted by the 4-

level model.
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the 50 Torr collisional rates.. Very good agreement was obtained at
100 Torr; the agreement was somewhat poorer at the Tower pressures.
The pulse dynamics were reasonably well accounted for using the para-
meters of Table 3-2. However, no combination of parameters could
accurately predict the observea pulse broadening. The 02/01 ratio of
1.5 (Table"3-2) is in very good agreement with the value of 1.3
oEtained from the infrargd double-resonance experiments performed at

. 0.2 Torr of SF6 [47]. For an effective relaxation time of 0.4 ns

at 50 Torr SFg, the cross-section values for the P(20) line are ip tﬁe

order of 10 RZ.

P(26) Saturation Behaviour

Spectroscopic investigations 0f’§F6 at 300 K indicate that almost
all of the absorption of the P(14) co, line occurs from vibrational
levels <1000 cm ' bove the ground state; the converse is true for the
lines P(20) to P(30) [48]. Theré are many absorbing 1eve1s.for'the
P(26) line in SF6,'with.e§ch level making only'a small contribution to
the total absorption. Neverthe1e§s, a four-level model, for which
.each level represents a groﬁp of absorbing vfbraiﬁonal and‘rdtational
levels, can give an adequate description of the éaturation process.

The curves in Fig. 3-8 represent the beéf visual fit to the data.1~
Furthermore, the curve through the 100 Torr"SF6 data a]sb’répresenps

the theoretical fit employing the parameters,of column 3 in Table 3-2.

A

T A simi]ar‘éurve to the 100 Torr case was obtained using 50
Torr of SFg and 200 Torr of He. Such behaviour has been noted for the
. P(14) and P(20) lines as well.



Fig. 3-8

Trahsmiss%on as a function of input intensity for the P(26) CO2 line
at SF. pressures of 10 Torr (o), 50 Torr (x), 100 Torr (e), and 200
Torr (4). The curve through the 100 Torr data indicates the theoretical

(4

. transmission predicted by the 4-level model at this preésure.

1]
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The pulse shaping for the ?(26) line, as a function of input

intensity, consists of a region of very strong pulse narrowing on the

_pulse tail followed by a partial pulse break-up at the transmission

minimum. The rather dramatic pufse shaping, which is typical of all
the SF6 pressures, is shown in Fig. 3-8 at the appropriate input inten-
sjties. The pulse shaping behaviour is also shown in the multiple
exposdre photograph in Fig. 3-9.* At high input intensities the pulse
narrows to approach the input pulse duration, as expected.

Time delays, measured between the peaks of the incident and
transmitted ﬁu]ses, indicate that the transmitted pulse peak is first
advanced by 20 ns in the pulse-narrowing region, goes through zero to
delays of the order of 100 ns at the position of maximum pulse broaden-
ing, and finally returns to zero delay at higher intensity. The pulse
dynamics‘and time delays are well acéounted for by the 4-level model,
except for an inability to predict accurately the pulse-broadening
effecg.

The g, Cross- -section is determined to be 0.5 A2 for an A"

{ ; 42

relaxation time of 0.5.ns at 50 Torr SF The magnitudes of the o

6
and ay cross-sections indicate that participation of a large number of
vibrational levels in the P(26) absorption is needed to account. for
the observed absorption saturation. It is estimated that 30% of the

molécules are in states above 1000 cm'] [23] from the ground state (at

* Further exper1ments verified that the pulse shaping effect
was not due to intensity and therefore not to time- dependent index of
refract1on effects.



Fig. 3-9

Multiple exposure oscilloscope trace of four transmitted pulse shapes
for the PQ26) CO2 line at an SF6 pressure of 50 Torr. Pulses 1 to 4
indicate the progression to higher input intensities. The horizontal
scale fepresents time (100 ns per division). The transmitted pulse peak
time advancement (pulse No. 2) and delay (pg]se No. 4) relative to the

positign of the input pulse (pulse No. 1) are shown in this photograph.
{ :
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300 K. Roughly 1/3 of these must be strongly coupled to. the absorbing
states for the observed saturation intensity.

The cross-section ratio 02/01 = ? is also in very good agreement
with the double-resonance experiments of Steinfeld, which gave a value
of 4 [47]. ‘ 4 )

The high-transmission data displayed in Fig. 3-8 indicates that
«the.saturatiog~parameter appropriate to this region (Ig = th42/02)
varies by at most 50% over a SF6 pressure range of 10 to 200 Torr. With-
in the framework of the 4-level model, this either implies that 0y
depends on pressure, or that A;; does not. However, if O depends on
pressure, then it is not possible to obtain good fits to the trans-
mission data observed experimenfa]]y in the 10-200 Torr pressure range.
It therefore seems>to the degree that a 4-level model is appropriate
for the P(26) absorption saturation, that there must exist.pressure-
indepehdent relaxation processes for levels 2 and 4.* .

The four-level model gave good agreement to the data_ between
50 and 200 Torr over the entire transmission range. However, under no
circumstances could the 4-Tevel model (in which level 3 is directly
coupled to level 2) predict the dramatic transmission)rise, then. fall
to a transmission minimum which occurs for 10 Torr of SFG. This,
combined with the lack of complete agreement with the observed pulse- ~

broadening effect for both the P(20) and P(26) iines, indicate that a

more complicated model is neceLsary to account for all ef the obserya-

* Another interpretation of the lack of variation of I2 with
pressure (Fig. 3-8) will be presented in Chapter 5.

N
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tions. Such a model must take into account the near continuum of

rotational and vibrational levels above 1000 cm'].

One approack i{‘to
treat the large number of vibrational levels as belonging to a single
vibrational mode, characterised by an effective temperature. This
model would allow for heating of the vibrational mode thrbugh absorption,
followed by relaxation to a new distribution appropriate to a higher
effective mode temperature. A detailed “investigation of this model is
given in the next chapter.

o N
3.3(d) Summary

This section presents SF6 transmission data in the pressure
range of 10-200 Torr for the P(14), P(20), and P(26) CO2 rotational
lines. This data characterises the absorption saturation behaviour of
SF6 in the 10.4 um band. The importance of knowing the'pulse dynamics
to obtain a reasonable set of 4-level model parameters has been empha-
sized. The 4-level modelling allowed a determination of the rat1os
02/01, I /I and A32/A31 for the P(14), P(20) and P(26) 11nes These
parameters are important for the understanding of Q-sw1tgh1ng, mode-
locking and optical-pumping experiments.

The 4-level model gave excellent agreement with the P(14) trans-
mission data over a wide transmission and pressure range. However, it
could not account for all the details of the SF6 saturation at the P(20)
and P(28) lines. An alternative multi-level absorption model is

suggested, which is the subject of the next chapter.

St s ea St



CHAPTER 4
A VIBRATIONAL BATH MODEL FOR THE DYNAMICS OF SF6 ABSORPTION NEAR 10.4 um

AS A FUNCTION OF WAVELENGTH AND ABSORBED ENERGY ~
A

4.1 Introduction

In the last chapter it was mentioned that a 4-level saturation

¢

model could account for much of the observed Targe-signal SF6 transmission

properties. However, there was a definite prdﬁression to poorer agree-
ment at the longer CO2 wavelengths. It will be shown‘iﬁ/ihis chapter,
and in the next, that excellent agreement is made possible by use of a
multi-level vibrational bath model. The complg%e determifation of the
large-signal transmission behaviour of SFe> for a large number of co,
wavelengths and SF6 pressures, is of course important for the under-
standing of SF6 mode-locking and Q-switching. This will be discussed .
in detail in Chapter 6.

There is much interest concerning the energy build-up processes
in SF. At Tow SFg nressures (21 Torr), interest is directed to the .
build~up mechanisms éssociated with the isotopic séparatﬁon of SF¢ by
laser-induced photodissociation [58]. Such photodissociation experi-
. ments on'SFG, as well as with other*polyatomic molecules such as SiF4
[59], BCS, [56], and CF, C22,£56], have demonstrated that the absorption
mechanisms for vibrational energy build-up can lead to dissociation
once a critical number of photons/molecule are absorbed. At low pres-

sures there is evidence that the absorbed energy is transferred to a
f o

64.
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large number of vibrational levels. via very rapid intramolecuiar, radi-
ationless, collisionless, vibration-to-vibration (V-V) processes [60].
This chapter demonstrates that, at progressively higher gas pressures,
very fast collision-dependent intermolecular V-V processes occur. The
energy exchange processes are sufficiently short, compared to the .
duration of a Q-switched 002 pulse, to_allow the construction of an

absorption model for SF6 in wh{éh the many vibrational and rotational

levels are considered as belonging to a population distribution charac-

terised by vibrational and rotational temperatures, TV and TR’ respectively.

Enérgy from an incident laser pulse is absgrbed into the complex multi-
level system and heats the entire vibrational modg, resulting in a new
highér‘effegtive bath temperature. The absorption appropriate to this ‘
new temperature can be calculated for all the 002 P-lines once the SF6
gas cell thickﬁess, the gas pressure, the transmitted pulse intensity,
and the input pulse duration are known. Provided that equiiibrium con-
d%tions are met, tﬁe model can predict the time dependence of the absorp-
tion on all Cbz P-Tines during.the input pulse duration. It will be
shown in the next chapter that, at high SF¢ pressures, the model cor-
rectly predicts the entire transmission and pulse shaping behaviour.pf
the input pulse itself from Tow tquery high.transmittances. 'The model
is particularly applicable at high pressures since at these“pressures
(typically >200 Torr) the increase in pulse transmission due to vibra-
tional heating dominateg over the contribution by true intensity satur-
ation processes. As was observed in Section 3.3, this is not necessarily

correct at Tower pressures.

-

Sk




66

Infrared double-resonance experiments using ~200 ns and 3.5 ns
pump pulses are reported in this chapter. These expgriments’demonstrate
the effectiveness of the model as well as investigate the Q-V and
rotational recovery rates to ascertain the range of SF6 pressufes and
input pulse durations for which the bath model applies. T%ese experi-

ments also supply information on the absorber recovery times, which will

be useful in the discussion of mode-locking in Chapter 6.

4.2 Vibrational Bath Model

The band contour for the v3'fundamen£al of SF6, as outlined by

« WNowak and Lyman [48],1s modified to allow calculation of the absorption
coefficients of the many vibrational and rotational ,states which inter-
act with a €0, laser pulse (at 10.4 um) when the energy is fed in

through the vibrational degrees of freedom. The energy is stored as
vibrational energy during the pump pulse when its duration is‘less than
the vibration-to-translation (V-T) relaxation time of 120 us-Torr [47].
-This condition is satisfied for all the SF6 pressures discussed in this
chapter. In the model it is‘assumed\that all the vibrational and
rotational levels reach equilibrium ifi a” time short compared to the
input-pulse duration and that they can .be characterized by a Boltzmann '
temperature distribution. This assumption will be discussed further

in the section on energy transfer rates. Its validity is primarily due
~to the high density of energy 1e§e1s and the subsequent coupling betweén
them, which is characteristic of large polyatomic molecules. Fig. 4-]
shows the vibrational energy diagram for SFG. Absorption from the ground

vibrational state to the vy fuﬁ&amental/ﬁ]O.SS um) is indicated by the
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Fig. 4-1
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Energy level diagram for SFG.
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solid arrow. The subsequent V-V (vibration—to—vibration) and R-T

(rotation-to-transiation) processes transferring energy to a large
bath of levels are indicated by wavy lines. Note that the density of
vibrational levels starts to increase substantially above 1000 cm'].

Appendix C outlines the details of the model. All SF6 energy
levels less than 9000 cm | above the ground state were included in the
calculations. It was found, however, that only lévg1s below 5000 cm—}
contribute significantly to absorption near 10.4 um.* The rotational
temperature was kept at 300 K for all the calculations presented in this
chépter because these calculations are ‘relatively independent of the
rotational temperature. This occurs for th following reasons: Although
direct vibration-to-rotation (V-R) energy transfer processes are expected
to be slow [67], heating of the rotational degrees of freedom may occur
via V-T-R processes, but only at sufficiently high $F6 pressures and
at large absorbed energies. Under these conditions the ViT reiaxation
time‘pecomes comparable to the typical ~200 ns input pulse duration.
However, éveq,in these circumstaaces, the CO? absorptions at a given
vibrational temperature are independent (to within 15%) of the rotational
temperature chosen: This somewhat surprising prediction resuits from
the fact that many vibration and rotation levels participate in the
absorption at eaéh CO2 laser line. Raising TR increases the rotational

\ .

population for transitions which involve J-states with J above Jmax((ht

300 K,d™X o, 48) but at the expense of the population involving low J

Y

!

* The contribution_ to the absorption from the continuum of
levels well above 5000 cm-1 can be significant for the very low J-lines,
such as P(10), or for the very high J-lines, such as P(28).
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values.*

The model also includes the contribution of the 534F6 isotope

to the absorption spectrum. The V3 band contour is assumed to be
32

identical to that of S d

F6’ but is shifted to a lower frequency by 17.4
e [64]. The contribution becomes significant for CO, lines beyond ) 1
P(28). The anharmonicity coefficients, defined in Appendix C, and X

obtained from Ref. [64]), were varied within their experimental e#rors

to yfe]d a good fit to the experimental 300 K absorption spectrum. These

‘1
adjusted coefficients, and all other spectroscopic constants, were not - \\$
allowed to vary for all the remaining experimental comparisons. %

Fig. 4-2 displays the predicted absorption COt ficient for various. %
CO2 P-1ines against vibrational temperature. The de;t:gse in absorption !
coefficient at the shorter wavelength lines and the initial increase at
1o;ger wavelengths is simply due to the shift in the vibrafiona] popu-

lation distribution to levels farther removed from the ground state, and

PYUUEFVRRPREP U G

to regions where anharmonicities favour the longer wavelength CO2 lines.
. {

N d o

Tﬁis is demonstrated in Fig. 4-3 which shows the calculated energy above

»

the ground state for which the effective absorption cross-section (defined’ }

in Appendix €) ié a maximum for a given CO2 P-value. This figure indi-

* Exceptions to this rule are the shorter wavelength C0? 1ine&ax
for which the J numbers of absorbing states are predominantly above J
at 300 K, However, even in this case the absorption coefficient changes
only by a factor of § at Tp = 1000 K with respect to the Tp = 300 K absorp-
tion, while a corresponding change in Ty produces a change of over a
factor of 350. These lines are genera1¥y not of great interest due to
their small low-signal absorptions at 300 K,which are reduced even further
by vibrational heating. The result is that the variation in the level )
populations with temperature are basically determined by the vibrational
Boltzmann distribution only.
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Fig. 4-2

Absorption coefficient as a function of vibrational temperature for

selected CO2 rotational lines.
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Vibrational energy (above the ground state) for P, Q and R cross-

section maxima as a function of CO2 wavenumber.
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" cate$ the shift in the position for maximum cross-section to higher

vibrational levels with progressively longer CO2 wavelengths. Further-
more, it shows that there are two, and sometimes three maxima, for a
given CO2 P-line which are approximately separated in energy by the
energy of a 10.4 um photon, which correspond to P, Q and R branch

rotational transitions. The widths of the P, Q and R cross-section

3

maxima are quite large and can extend for many hundreds of c@?l. These

curves demonstrate the possibility of climbing the vibration§i\energy

ladder employing multiple photon absorption processes. This is possible
/0/ -
through a compensation for anharmonicities by proceeding through P to Q-

to R-branch rotational transitions. This mechanism has been discussed

in Ref. [68]. It is evident that the P(16) CO2 line should be able to

1

reach E ;2000 cm ' by a 2-photon process, i.e., a Q-branch followed

by an R-branch transition. Lines with P number greater than P(18) that
have P, Q and R branches allow for the possibility of 3-photon, absorption

processes.

34

Also shown in Fig. 4-3 are similar P, Q and R curves for S 'F

6
molecules. There is an interesting change in the number of multiple

absorption steps possible for a P(30) compared to a P(32) co, rotational

Tine. The model-based absorption spectrum for the P(30) line at 300 K

34

indicates that there is only a 10% ébsorption contribution from S™'F

6
molecules and that most of the absorption (v70%) occurs from P-branch

32

S F6 transitions originating at ~2000 cm'] above the ground state.

Therefore, for P(30) a possible multiple phot?p process would consist

]

of a P-branch transition from ~2000 cm  to ~3000 cm'], followed by the

P to Q to R sequence of transitions suggested by the 532F6 curves. The

’

-




second P-branch trany¥ition is possible due to the large width of the

P-branch cross—sectiqn maximum. This mechanism for the P(30) multiple

/

photon absorption appears more appropriate than that proposed in Ref.
[69]. 7 '

For the. P(32) line, however, 90% of the absorption at 300 K is

34

_due to S F6 molecules in states <1000 cm']. Presumably, the P(32)

absorption process can only consist of an R-branch transition which can-

not connect with the region where there is significant P-branch S32F6
/:'

cross-section. This is trug/even when SF6 pressures are high enough to
allow effective collisional interaction betwqen the two isotopic species.

However, muliphoton transitions involving the stepping from excited S34F6

to $3°F

6 should be possible if the gas is vibrationally heated so that
most of the S34F6 absorption occurs around 3000 cm'1. This argument
indicates the importance of considering vibrational heating effects when

one speculates on multiphoton absorption processes for different C02 Tines.

4.3 Experimental

"Fig. 4-4 outlines a typical experimental arraggement for the
200 ns pump-pulse double-resonance experiﬁents. The pump Taser was
the familiar helical-pin-discharge TE laser which operated at a total
gas pressure of ~1/2 atm. The output pulse duration was kep£ close to
200 ns (FwHﬂ) and the laser was operated without N2 to avoid long pulse
tails. A grating was employed to select the desired rotational lines.
An aperture inserted within the laser resonator ensured operation in
the TEM00 mode. The intensity of the pump beam at the SF6 cell could

be varied from 10 kw/cm2 to 1 MW/cm2 by the use of transmitting mirrors

b3
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Fig. 4-4

Schematic diagram of the experimental double-resonance apparatus.
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employed as attenuators and a 0.5 m radius of curvature gold mirrpr to
vary the beam cross-section at the cell. A small portion of the pump
pulse was selected by a NaCl flat and focussed onto a 2 ns risetime Au:Ge
detector. The detected signal was used as an external trigger for
measuremeﬁts of time delays between the pump pulse and the start of the
double-resonance signal. The remaining portion of the pump beam was
sent to an SF6 gas cell maintaiged at a gas temperature of 300 K. Where
appropriate, all optical componepts were tilted slightly to avoid
reflections from entering either the pump or probe lasers. A1l of.the
SF6 gas used in these experi@ents was of high purity (obtained from
Matheson) and no extra purification was attempted.

A helical TE Cozllaser was used as a probe source instead of the
more conventionally used cw CO2 laser. This was done to avoid possibie
heating of the SF6 gas by the probe beam and also tgrBbtain a higher \
double-resonance signal, with consequent improvement in the signal-to-
noise ratio. It was ascertained experimentally that restricting the'
probe laser output intensity to values below a'kw/cm2 obviated intensiﬁy
saturation effects. This laser operated at a total gas pressure of
between 100 and 150 Torr and with a very ]arge,N2 concentration. The
high N2 concentration, together with the use of a low linear-loss cavity,
produced a suitably Tow inten%ity laser pulse with a Tong fall time.

The fall time was 'sufficiently ]arge that the probe signal appears flat
over the time scale of expected V-V relaxation times (~ a ps-Tarr) [70].
The pump pulse was$ always arranged to fall on this plateéau region, as
showq in Fig. 4-5(a). A grating selected the desired probe Co, rofation-

al Tine and an aperture ensured operation in the TEM00 mode. The probe
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(a)

(b)

Fig. 4-5

Oscilloscope disﬁ?ay of a C02 pump laser pulse superimposed on the
plateau region of the probe pulse.

Display of a P(15) pump, P{16) probe double-resonance signal obfained
at an SF6 pressure of 10 Torﬁ. The top dashed curve represents the
100% transmission level; the bottom dashed curve represents the
SFB_transmission level in the absence of the pump pulse. The base .’
line indicates zero transmission.

Disp1ay\df a P(16), P(16) mode-locked double-resonance signal at

’

10 Torr\Qf/§E& plus 150 Torr of air. The pulse-to-pulse separation

is 24 ns and the pulse durationg are ~3.5 ngijwHM). The top

D o

dashed curve represents the 100% transmission level; the bottom

dashed curve represents-the SF6 transmission level in the absence

of the pump pulse. The base line indicates zero transmission.
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laser beam, polarized in the same direction as the pump ‘beam, was passed
throhgh the tilted SF6 cell, collected .by a gold mirror, and focussed
onto a second 2 ns risetime Au:Ge detector. The detector output was
amplified by a fast risetime amplifier (Avantek AV-9T) and displayed on
an oscilloscope (TektroniX 547). The probe beam area at the SFg cell
was always made smaller than that of the pump beam. Ffurthermore, the
position of the pump beam on the gas cell could be adjusted to ensure
maximum overlap and therefore.maximum double-resonance signal. By
variously blocking the probe and pump beams, and removing SF6 from the——"
gas cell, it was noted that no spurious signals were present.

The experimental setup for the mode-locked-pump,double-resonance
experiments w&s very similar to the 200 ns arrangement, except that a
Brewster-angled SF6 gas cell was inserted near the grating for use as a
saturable absorber. This produced a train of ~3.5 ns (FWHM) mode-locked
laser pulses. The cell was usually operated with 10-30 Torr of SF6 plus
60 Torr of helium.* Since the entire mode-locked pulse train was;'
incident on the SF6 cell, the cavity length was made large to give a
reasonable viewiﬁg range of 24 ns between successive mode-locked pulses.
Also, use of a lower probe.léser pressure (70 Torr) provided stable '
operation on a siné&e Tongitudinal mode (SLM). The absence of the usual
high-frequency modulation (with SLM) was necessary for ns detection of mode-
16cked double-resonance signa]g. The probe laser was not frequency locked and

therefore some frequency variation may be eéxpected over the gain bandwidth

* The SF6 mode-locking apparatus will be dealt with in detail
in Chapter 6.
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(~250 MHz). Such frequegcy variations will cause fluctuations in the
SF6 probe transmission from one laser pulse to another. However, it
was observed that }he fluctuations in the SF6 probe transmission on a
pulse-to-pulse bas{s were small. Furthermore, the existence of such
effects are of secondary importance since these experiments were aimed

at obtaining data on recovery times rather than data on double-resonance

transmissions.

4.4 Results and Qbservations

Vibrational Bath Model

Fig. 4-7(a) and 4-7(e) are typicai signals observed for P(14)-P(18)
and P(24)-P(30) probe 1ines; respectively. The signals are integrals of
the laser pulse (i.e., energy dependent) rather than following the pump
pulse intensity profile. These types of signals are independent of the
pump pulse wavelength used so long as 1t‘is not the same as the probe
wavelength. The P(20)-P(22) double resonance signals are usually weaker
than the other lines and very often resemble either of the above two
groups in shape. Fig. 4-5(b} illustrates a typicaT double-resonance
signal when the prot. wavelength is the same as that of the pump. In
this figure éye pump and probe are at the P(16) line. The change in the
transmission level after the pump pulse has passed through the cell is
attributed to a vibrational bath heating effect which depopulates the
ground state. The plateau finally decays in a V-T time which is typically
greater than 2 ps for the pressures used in this paper (1-10 Torr). Fig.
4-5(c) shows a similar P(16) ~P(16) double-resonance at 10 Torr of SF

6
plus 150 Tarr of air, d?ﬁng a train of mode-locked pulses as a pump.
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The sharp rise in transmission to near 100% over the duration of<55divid-

ual mode-locked bu]ses indicates that there are strong intensity saturation

processes occurring. However, it can be observed that the double-resonance
signals do not return to the initial transmission value (obtained in the
absence of a pump pulse) after each puise, but continue to rise to a
much higher transmission level. Energy is therefore being absorbed from
individual laser pulses. This leads to heating of the vibrational mode,
which for the P(16) co, line results in an increase in the dc level of
the doubfe~resonance transmission.

Fig. 4-6 shows the transmission measurement data obtained from
a double-resonance experiment performed at 50 Torr of SF6, at a cell
thickness of 0.16 cm and with input intensities of 3.8 x 105, 1.2 x 105,
and 3.8 x 104 W/cmz, using a P(26) pump pulse of 220 ns duration (FWHM).
The experimental absorption coefficients were obtained from the trans-
mission data from the double-resonance experiments just after the laser
pulse has passed through the absorber. Fig. 4-6 also shows the 300 K SF6
‘Z?berimenta1 smali-signal absorption coefficients measured usiqp a low
intensity TE CO2 laser (as outlined in Section 3.2). Also shown in this
figure (as solid lines) are the absorption pfedictions of the bath model
for the four vibrational spatially-averaged femperatures* which gave the
best fit to the expe}imenta] data. In every case these temperatures were

within 15% of the temperatures calculated using the exglrimental pump
/

pulse transmissions, cell thickness, input intensiﬂy, pulse duration, and

* Account was taken of the temperature gradient prdduced in the
SFg gas cell by the pump pulse in determining the theoretic obe trans-
mission. r
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Fig. 4-6

Absorption as a function of CO2 wavenumber. The open circles represent
300K small-signal experj&ental data. The remaining data was obtained
from double-resonance experiments using a P(26) pump pulse (220 ns
FWHM) at 50 Torr of SF6, at a cell thickness of 0.16 c¢m and with .pump
input intensities of 3.8 x ]0% Wen® (A), 1.2 x 10° W/em? (ﬁﬁi and

3.8 x 105 W/cm2 (). The solid curves represent the bath model pre-
dictions at 300K, together with those at the spatia]ly-averajed temp-~
eratures of 470K, 800K, and 1250K.
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SF6 gas pressure. The experimental temperatures were calculated by
dividing up thg\i?put pu]se_into energy 1ncrements and calculating a
temperature change using t%e ideal gas law and the harmonic oscillator
vibrational heat capacities for each successive energy increment.*

The generally good agreemen£ between experimental data and
the predictions supports the.assumptions made in the model. Good
agreement was also found in the high temperature case (1250 K) for the
P(56) CO2 rotational line at 907.8 cm"], where both absorption coefficients |

I-Torr']

are 0.1 cm . Such agreement at a wavelength so far removed from

the band center strong]y‘supports the general applicability of the model.
‘ Fig. 4-7 compares P(26) pump experimental double-resonance curves,

obtained with 10 Torr of SF6 and a cell thickness of 0:25 cm, with curves

generated from the absorption against temperature data of Fig. 4-2 at a

temperature of 700 K, The model temperature of 700 K represents the

final, vibrational tempgratpre after the pump pulse has left the gas

cell, and is within Zsi‘of.the temperature calculated using pumpAtrans?

_mission daté, input 1nteﬁsity, pulse duration, cell thickness, and SF6

+ .
pressure.  The theoretical double-resonance curves were generated

* Significant deviationsmfrom the harmonic osciliator heat capac-
ities due to anharmonicity corrections [62] and the onset of dissociation
processes [71] can be expected to occur at temperatures above 1300 K. °

t The temperature agreement to within 25% rather than the 15%
mentioned earlier represents.a decrease in the accuracy of obtaining
the amount of energy absorbed in the SFg gas cell. This is due to the
fact that the fraction of the pump energy absorbed in this case was 20%
(compared to the ~70% previously) and fluctuations in the transmission
measurements (v5%) can produce a 25% error in the estimated energy
absorbed compared with an ~7% error in the previous calculations.



Fig. 4-7

A comparison of experimental P(26) pump double-resonance curves at
various CO2 rotational lines with those predicted by the heating model.
The gas pressure was 10 Torr, the ceil thickness 0.25 cm, the input

5

intensity 1.9 x 10 w/cmz, and the pump transmission was 80%. The

arrows indicate the position of the peak of the pump pulse.



TRANSMISSION (%)

82
HEATING MODEL EXPERIMENT
Al ¥ 1 1 ] Ll 1 1 T 1 1 1 I 1 1 I
(a)
P(16)

§ 1P(22)
o —+———+—+—————+—+—+—+—+—+—+—+
80f ‘ g
401\!\/—\f\_/f T

(c)

i 1 P(24)
o——t——t—t—t—+ —t—t—t—t+—+—+— ,
80 ¢ /\(\\
40r - %)

i 1 P(26)
O p—t—+—+—+————+——
80r L;
40+ 3

8 | (e)

P(28)
O L | S 1 1 1 1 1 L 1 1 1 1 1 1 1 i
0 80 160 240 3200 - 80 60 240 320
TIME (ns)

g |

PP VS R

T S T S o S R A s e

mam v it Sl S sk et rs o2 et fi



83

by calculating the energy absorbed and the temperature change for each .
pump-pulse increment, and the obtaining a transmission for all the COé
probe lines from the curves of Fig. 4-2. The P(26) curve exhibits a
fast rise in transmission, followed by a steady fall to a final trans-
mission level lower than that at 300 K. The portion of the transmission
rise not accounted for by tHe model is attr%buted”to intensity saturation
effects of the pump on vibrational and rotational levels common only to
the P(26) absorption. In these experiments the transmitted ;ump pulse
shape was coﬁsistent with the observed double-resonance signai at that
line. Note that there is very good agreement on the shapes of these
curves and also that there is quite good agreement in the actual trans-
mission values and positions of the input pump peak with respect to

the double-resonance signals. The agreement is remarkéb]e when one
considers that there were no adjustable parameters used in the model
predictions and that the small-signal absopritons were not adjusted to
agree with the experimental probe laser absorptions obtained in the
absence of the pump beam. A similar experiment at 10 Torr of SF6 but
with a P(l§) pump,* also gave good agreement with the calculated trans-
missions and double-resonance signal shapes. Double-resonance responses
have also been observed at 1 Torr of SF6. However, no attempt was made

to obtain quantitative double-resonance data due to the small changes

in transmission at this pressure.

*~

* Most of the absorption on the P(16) line comes from the ground
state wh?reas for P(26) the absorption occurs mainly at or greater than
1600 ecm™' above the ground state.
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Energy Transfer Rates

In the Tast section, we demonstrated that a vibrational bath
model can predict the‘transmission behaviour of a wide variety of P-
lines from jus£ a knowledge of the input pulse characteristics, pump-
pulse transmission, cell thickness, and gas pressure. It also was
noted that the behaviour of the double-resonance curves, even at 1 Torr
of SFG’ seemed consistent with the double-resonance shapes predicted by
the model. This agreement is somewhat surprising since the main assump-
tion of the model is that a single Boltzmann temperature distribution
must be established in a time typically less than 10% of the pump pulse
duration. However, V-V transfer times obtained frori f]ﬁorescence
measurements (1.1 ps-Torr) [70] indicate that pressures greater than 50
Torr may be needed to satisfy the assumption for ~200 ns input pulse
widths.

This section will deal with how fast energy absorbed from a
pump pulse is distributed to the various other levels that absorb CO2
radiation. As Fig. 4-3 indicates, regions of 'maximum absorption cross-
'section move progressively to higher vibrational leQe]s above the ground
state as the CO2 wavelength is increased. Therefore V<V transfer pro-
cesses can be studied over widely separated energy levels by probing
over a wide range of CO, lines. Time delays between the start of the
laser pump pulse (v10% po{nt) and the start of the double-resonance

signal (~10% point) should be related to the V-V mixing time between
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levels associated with the absorption of the pump and probe laser pu]sesul
The experiments were performed with 200 ns pulses an& SF6 pressures in ’
the 1-10 Torr range. Twa pump wgve]engths were used, namely P(]6) and
P(26).

Probing at 10 Torr of SF. over the P(12)-P(30) 002 rotational

6
lines, using both the P(16) and P(26) pumps, produced time delays of
less than 20 ns, which was the lower 1imit of our measurements.
kY An.experiment at 1 Torr of SF6, ;ith a P(16) pump, and P(]?)—
P(14) and P(24)-P(30) probe wavelengths, again yielded time delays <20
ns: Fig. 4-8 shows the P(26) probe double-resonance signal. The P(16)
pump pulse }s shown in Fig. 4-8(c). No extensjve measurements were
attempted with P(18)-P(22) probe lines since, as Fig. 4-2 illustrates
for P(20), very little change in absorption is obtained as a function
of tempefature at the lower temperatures (TV < 400 K).

An experiment at 1.5 forr of SF6 with.a P(26) pump showed time
delays <20 ns for P(24)-P{30) probe lines, but ~100 ns delays on P(14)
anﬁ P(16) Tines. The 100 ns delay is shown in Fig. 4-8(a). Further
work over a restricted range of pressures indicates that the delay is
pressure dependent and of the order of 156 ns-Torrs

The P(16) pump data implies that energy must be transferred from
the ground state via Vgs and possibly 2v3, vibrational 1eve}s to a bath
of levels above 10 cm_] in times <20 ns-Terr. The value of 20 né is
a factor of 55 leks) than the fluorescence data of Bates, Knudtson, and
Flynn [70],Abut is much longer than the P(28) pfobe measurements of

Frankel performed at low pressures of SF6 (0.1-1 Torr) and with a 2 ns

P(20) pump pulse [60]{

e e e
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Fig. 4-8

.0scilloscope display of a P(26) pump, P(16) probe double-resonance

signal obtained at 1.5 Torr of SF6, indicéfing a 100 ns time delay
between the pump peak (Fig. 4-8(c) and the start of the double-

resonance signal.

P(16) pump, P(26) probe double-resonance signal at 1.0 Torr of SFe-

Pump pulse appropriate to both the P(16) and 2(26) lines.
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J
The observed time delay, using the P(26) pump and probing on
P(14) and P(16) lines, may be explained as follows. Near-resonant

collision processes such as

SFg(2v3) + SFg > SFglvg) + SF(vy) 4 BE = -5.2 cm!

should be very efficient at removing molecules from the ‘ground state and
placing them in Vg vibrational levels, where rapid transfer to the bath
can occur. However, since the lqw—pressure double-resonance experiments
usually)involve low vibrational bath temperatures there are simply very
fgw olecules in the 2v3, 3v3 and higher vibrational states. Presumably
then, it takes the order of the observed timeﬂde1ay to significantiy
depiete the ground state and produce a noticeable change in the P(26),
P(16i double-resonance signal..

The following is a possible éxp]anation for the disparity (a
factor of 55) between the V-V transfer rates reported in this thesis and
. those of Bates et.-al. [70]. They have indicated that the rate con-
trolling step for their observed V-V relaxation rates may be due to eﬁergy
transfer processes between v = 1, v, (346 e [64]) and v = 1, V3
(948 cm™' [64]) vibrational Tevels. The bulk of the absorption for CO,
wavelengths (reported in this chapter) occurs either from the ground
state orefrom levels above 1000 cm—] and, as mentipned above, the
depietion of the ground state may occdr primarily by means of co]lisioﬁs

with molecules 4dn_states above 1000 cm"].

1t follows that the V-V rates
given by Bates et al. may not be appropriate in describing transfer
times between 1eyels which absorb CO2 radiation.

A further observation, at even lower SF6 pressures (0.5-1 Torr),
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was the presence of small double-resonance signals wifh a shape similar
to that of the input pulse (rather than being an integration of it).
Most of these signals appeared as decreases in the transmission. They
were observed more frequently at Tow SF6 pressures, and at pump and probe
combinations that differed by one CO2 line. The signals were interpreted
as induced absorptions of the type that might occur hetween a small -
number of overlapping vibration and rotation levels common to two CO2
lines. Similar sigyﬁTs\Q?ve been observed previously at very low SF6
pressure (0.1 Torr) in Ref. [72]. Presumably these signals are more
amenable to observation at these Tower pressures because of the lower
decay rate of the excess population induced in particular rotatignal
and vibrational states by the pump‘pu1se. In addition, at higher pressures
the induced signal may be swamped by the more generally observed double-
resonance signal because the latter sees contributions from so many more )
ievelé.

The last sef of experiments.was performed with a train of mode-
“locked pulses oﬁ the P(16), P(20), and P(26) CO2 1iﬁes in order to
investigate rotational (and possibly vibratioﬁa]) recovery times of the
particular }evels beiﬁg pumped by the laser. The above three CO2 lines
were chosen since they characterise (at TV 300 K) aBsorption from the

ground state, near 1000 cm-], and beyond 1000 cm-]

~above the ground
state, respectively. - Figures 4-9(a) and 4-9(b) show a typical mode-
]ocged pulse train and corresponding dauble-resonance signel. Ea§2> |
mOde-]ocged pulse gave a similar signal. There was no change in the dc

transmission after the pulse train had passed, which is indicative of

very little energy absorption during the pu]sé train. For all three



Fig. 4-9 )

(a) Oscilloscope disp1%y of a typical mode-Tocked pump pulse train
used for double-resonance experiments performed at identical pump
and probe wavelengths on the P(16), P(20), and P(26) €O, lines.
The pulse separation is 24 ns.

(b) Corresponding double-resonance signals observed at 1 Torr of SF-
X
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pump wave-lengths the double-resonance signals narrowed as the pump
intensity was reduced. This is believed to result from intensities on
the rise and fall of the mode-locked pulse having the ability to saturate
particular rotational and vibrational levels as well as intensities just
near the pulse peak.

For each probe wavelength the recovery times of the absorptions
at 1 Torr of SF6 were similar, and estimated to be approximately 6 ns.*
This very fast recovery is 3-4 times shorter than the frequently quoted
dipole dephasing time [52], but is comparable to Frankel's low pressure
recovery results employing a P{20) pump and a P(20) probe [60].

The recovery time cannot be shown to be pressure dependent since
it is already comparable to the pump pulse width of ~3.5 ns. Further
experiments, with sub-nanosecond resolution, and employing SF6 pressures

from a few tenths of a Torr to 10 Torr, are needed to establish the

exact pressure dependence of the recovery times.

4.5 Summary

In this chapter, we have discussed the application of a simple
vibrational bath model tovdescribe the dynamics of the absorption of SF6
in the region of 10.4 um. The analysis is derived from a band contour
model described by Nowak and Lyman [48]. They considered the case in

which all the SF6 degrees of freedom were in thermal equilibrium, char-

acterised by a single temperature. Hence, the Bates at which the energy

* This represents .a 1/e decay time corrected for a finite laser -
pulse duration.
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is exchanged between the different molecular degrees of freedom was of
no importance. The application of such a model to describe the response
of SF6 to a pulse of radiation is not generally possible if the pulse
is sufficiently short and/or intense that the vibrational, rotational
and translational degrees of freedom can no longer reach thermal equili-
brium at a single temperature. '

The CO2 laser pump pulses employed in the experimenfs reported )
here were 200 ns long, a time which; for the SF6 pressures stﬁdied, is
much less than the V-T relaxation time. Consequently, equilibration
between vibrational and translational degrees of freedom is preventgd. )
The laser pulse energy is therefore absorbed solely into the vibrational
degrees of freedom, thereby increasing the amount of eﬁergy stored in
the vibrational modes. The rapidity with which this energy is redistri-
buted determines whether thermal equilibrium is maintained within the
vibrational bath for the duration of the pulse. Clearly, the vibration-
al temperature will not be the same as the translational-rotational
temperature of the gas. The approach we have taken for analyzing the
experimental results is to test first the general appiicabf]ity of
this dynamical mbde] to the interaction of SF6 with pu]geé)radiation.
Next, we establish”the range of validity (e.g., SF6 pressures and pump
pulse durations), the Timits of which give information concerning both
the vibrational and rotational equilibration times.

The major proportion of SF6 absorption typically occurs from
vibrational levels less than 5000 cm"] above the ground state. The
vibrational Tevels below 2000 cm'] are well-separated and the appropﬁj—

ate V-V relaxation times for this region frequently quoted in the

e ettt i
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lTiterature [47,70] are relatively long cohpared to the pump pulse
duration. This should have the consequence that equilibration cannot

be maintained on this time scale. However, good quantitative agreement
js obtained between the theoretical and experimental temporal behaviout
of double-resonance signals over a wide range of CO2 pump- and probe-
laser wavelengths (P(14) to P(30)) and SF6 pressures (above a few Torf).
Evident];, the agreement is a result of the existence of sufficiently
fast V-V relaxation times. 'Our observed times (<20 ns-Torr) are much

shorter than the previously reported values in Refs. [47] and [70]

~~~~._ (0.3 ps-Torr and 1.1 ps-Torr, respectively). The e{istence of such

vexy short V-V relaxation times is consistent with the low pressure
measdhpments of Frankel [60], which were obtained over a reétricted
rangs}of pump and probe wavelengths..

As will be shown in the next chapter, the vibrational bath
model can also accurately describe the transmission of the pump itself
over a wide range of pulse durations and intensities at high SF6

pressures (>200 Torr).

. -

\

A model similar to the one described in this chapter should be
applicable to other polyatomic molecules that inter§9t with pulsed
Jaser radiation. This only requires a knowledge of the absorp?ion band
contour and thg appropriate spectroscopic constants, together with the

condition that tﬁe V-V relaxation rates are sufficiently fast.



CHAPTER 5

HIGH PRESSURE SF. PULSE TRANSMISSION NEAR 10.4 um

6

5.1 Introductfon

The SF6 transmission characteristics obtained using a bulsed CO2
laser operating in the 10.4 um band have.been described in Chapter 3.

In that chapter, the intensity dependence of the SF, absorption on the
three CO2 rotational lines, P(14), P(20), and P(26), (which characterise
the absorption saturation behaviour of the entire 10.4 ym band), was

reported for over an order of magnitude variation in the SF6 pressure.

The saturation behaviour at these CO2 lines was interpreted in terms of |

a 4-level, non-steady-state model. It was noted that good agreement
was obtained between the model and the observed transmission character-
istics fsr the P(14) Yine. The PS?O) transmission curves could also be
predicted over a large SF6 presgure:rgnge. However, at increased SF6
pressures, there was a small range of input intensities for which the
observed transmitted pulse shape brogressive]y broadened to durations
peyondﬂthat of the input pulse. This béhaviour could not be accounted
for by the 4-level model. The deviation between theory and experiment
became(progressively worse At longer CO2 wave]engphs (increased P
Qa]ués). For example, the 4-level analysis for the P(26) co, Tine
could not fully reéroduce the pulse Broadening observed at the trans-

| mission minima of Fig. 5-1, or the unusual shape of the 10 Torr trans-

mission curve in that figure. It was therefore §uggested that a model

93




Fig. 5-1

Transmission of SF6 as a function of input intensity at the P(26) Co,

Tine. The dashed curves represent the experimental data obtained from
. Chapter 3 at 10 and 50 Torr of SF6. The solid circles (o) denote 200

Torr data obtained from the same chapter. Solid curves 1 and 2 repre-

sent the theoretical calculations employing the vibrational and total

heat capacities, respectively.
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which incorporated the multilevel nature of the SF_. absorption was

6
necessary to fully describe the transmission properties of all CO2

lines. Such a model, based on the concept of a bath of vibrational
1Eyels, was outlined in Chapter 4 and in Ref. [73], and will be referred
to throughout this chapter as the "vibrational bath model". Double-
resonance experiments, described in the last chapter, verified that .

the model could account for the pump-induced SF6 absorption dynawics

over a wide range of 002 wavelengths and SF6 pressures, when the pump

and probe wavelengths were different. In this chapter, jt is demonstrated
that at high SF¢ pressures (typically 2200 Torr), the transmission
behaviour of the pump pulse itself can entirely be accbunted for by the
vibrational bath model without requiring the inclusion of intensity
saturation effects. It is also demonstrated that at high SF6 pressures

a train of short pulses also exhibits transmission behaviour consistent
with the‘heating model. At lower SF6 pressures,-a combination of
intensity saturafion processes and increase& pulse transmission dug to
vibrational heating are necessary to deséribe fufﬁy the absorption
saturation behaviour of SF_ .

6

5.2 Experimental

‘ The qxpérimentai apparatus.used to obtain additional trans-
/m(ggj;n data, employing ~200 ns and 5 ns duration CO2 laser pulses, is
outlined in Chapters 3 éndl4. Variation of the input intensity at the
absorber was accompﬁished by the use of attenuators, and a 10-inch
foca] length germanium lens to vary the beam cro;s-section at the cell.

The 200 ns pulse transmissions were measured using a 2 ns risetime
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Au:Ge detector, with the output displayed on an oscilloscope (Textronix
547). The error in a transmission measurement is estimated to be ~7%.
The input .intensities are know; to better than 10% for low values and

to within 15% for high values. A11 absolute intensities were measured
with a calibrated photon drag detector. The mode-locked pulse durations
énd transmissions were measured using a photon drag detector in con-
junction with a 1.3 ns risetime osci]]oscope-(Hewlett—Packard 183A).

{

5.3 Results and Discussion

The transmission behaviour at a given CO2 line can be determined
from the vibrational bath model. The input laser pulse is divided up
into many small time increments (At) and each increment is fed into an
'absorber.which is divided into spatial increments’ (Az).* As energy is
absorbed from the laser pulse, there is an increase in the vibrational
temperature of each segment. An absorption coefficient appropriate to
this new temperature is obtained from the gbsorption versus vibrational
temperature curves of the type shown in Fig. 4-2. The above process is
repeated for each successive increment until the entire puise has
passed through the absorber. This procedure allows calculation of
both the shape and intensity of the transmitted pulse. The value of
the témperatu}e increase can be calculated from the‘e}pression which
relates the enefgy (Q) added to n mo]és of an ideal gés,to increase

the tempef@ture AT degrées at constant gas'vo1umg:.

*'Az was chosen such that the product of Az and the small-
signal absorption coefficient oy was sufficiently small to ensure an
optically thin absorbing medium. Typically Azay ~ 0.2.

o —
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AT = Q/nc§°t(T) . (5-1)

In Eq. (5-1), ct°t

(T) is the total harmonic oscillator heat capacity at
constant volume.* Deviations from_the harmonic oscillator heat capaci-
ties, due to anhitwpnicijy [62] and the onset of dissociation processes
[71], can occur at vibrational temperatures >1300 K. This temperature
is well above the values usually encountered in our work.

The solid curves in Fig. 5-1 show the prédicted P(26) trans-
mission obtained using either the vibrational heat capacity or the total
heat capaéity in Eq. (5-1). Note that there is very little difference
between the two curves since at large temperatures the vibrational
contr{bution to the heat capacity is much larger than fhe rotational
and transiational contributions. | ‘

Good agreement is obta}ned between the transmission pﬁedicted
by the model and the.ZOO Torr experimental data obtained in Chapter 3.
The agreement is duitelrémarka51é when.it is considered that the only
parameters used in the model were the input pulse shape, the peak-pulse
intensity, the cell thickness, and the gas pressure. Tﬁese were all

obtained from experimental measurements and no adjustable parameters

were employed for the theoretical predictions. The small-signal absorp-

* The total heat capacity is the sum of the vibrational,
rotational and translational components At a v1brat1ona1 ?as temperat-
.ure of 300 K, the total heat capacity is 21 cal deg-1 mole-T, while the
vibrational contribution is 15 cal deg~l mole- The total heat capa-
city must be used in Eq. (5-1) at very high SF6 pressures (2400 Torr),
where the vibration-to-transiation (V-T) relaxation time becomes com-
parable to the 200 ns input pulse duration.

A, "
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tion used in the modelling was generated di;ect1y from the band con-

tour model rather than being normalized to an experimental small-signal
value. This causes.the discrepancy observed at Tow input intensities.

It is clear, however, that the conpribution of vibrational heating to

the transmission behaviour at the P(26) line accounts for the sharp
transmission increase over the wide range‘of SF6 pressures observed in
Fig. 3-8 and Fig. 5-1. The agreement between theory and experiment

also extends yo the shape of the transmitted pulse, as indicated in

Fig. 5-2. For example, the approximate doubling of the input pulse
dyration shown in Fig. 5-2(d) (a result which could not be predicted

‘by thé 4-1evel trggfment) is well accounted for by .the vibrational bath
model. An analysis employing this model for “the P(20) CO2 line prédicted
both the magnitude of the broadening observed experjmentally at high:
SF6 presﬁures and the apprq*imate input inténsity at’which pulse broadening
occurred. , ‘

"The model is most suitable for predicting the entire pulse
transmission characteristics at high SF6 pressures. At reduced p%essures
the lower coupling rate between ievels.allows for easier saturation of
the absorption. ’At higher SF6 pressures %he effective level recovery
times decrease, coﬁsequenfiy mdk{ng intensity saturation more difficult.
However, at these higher pressures, substantial amountsv;f energy are
coupled into the bath of levels, which can heat the entire vibrational
mode sufficiently to change the~que population digiéibution in sych a
manner as to change the absorption on a givén CQZ line. Fof"thé‘P(12)- ’
P(18) CO2 wgve]engthﬁ, the thérma] change in population at the absorbigg

. . < .
levels results_in a decrease in absorption with increasing vibrational

n
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Fig. 5-2\5/

Columns I and IT are the theoretical and experimental transmitted pulse
‘shépes for the input pulse shape shown in Row (a). Rows (b) to (e)
correspond'to the intensity regions shown in Fig. 5-1. The dashed

vertical lines indicate the peak of the input pulse.
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' 5-2 for 200 Torr of SF..

.100

mode temperature. At the P(24)-P(30) CO2 wavelengths the absorption
increases up to a certain vibrational temperature, reaches a maximum,
and then decreases with increasing temperature.* The absorption maxima
pre@icted for these rotational lines are shifted to higher vibrational
temperatures for increasing wavelengths. This results from anharmonici-
ties which cause the shift of absorption cross-section maxima to pro-
gressively higher energy levels at longer wavelengths. A maximum in

the absorption occurs when the vibrational mode population distribution,
which is also shifted to higher levels with increased vibrational
temperature; is centered at the levels corresponding to the cross-
section maxima. It is just the passage o¥ the mode population -distri-
bution through regions where the P(26) 1lifle experiences a maximum
absorption cross-section which accounts for the observed transmission
minima in Fig. 5;], and the observed pg]seshaping on this line (Fig.
5-2). Note that even at low SF6 pressures heating effects can contribute
gubstantial]y to the overall transmission behaviour. This is evidenced

by the presence of an absorption minimum in the 10 Torr P(26) trans-

- mission curve similar to that observed for high SF. pressures. The

pulseshaping at 10 Torr is also very similar to that depicted in Fig.
6
At sufficiently high SF6 pressures,, the entire experimental

’ S
transmission curves, and those predicted by the model, should be very

* B
A"
.

* The P(20) and P(22) lines have a behaviour which lies somewhere
in between the other two sets of lines and display:very little change
in the absorption for the.first 100 K temperature rise.

AN
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similar for alil CO2 wavelengths. This is dramatically illustrated in
Figs. 5-3 and 5-4 for the P(14) and P(20) Co, lines, respectively. The
100 Torr data in these figures shows that the agreement between the
individual transmission curves (for a fixed pressure) exists for pressures
greater than 100 Torr. Recent data has been published conceming
experimental pulsed CO2 transmission characteristics for the P(28) CO2
Tine at high SFg Pressure (100-500 Torr) [74]. This data was compared
in Ref. [74] with a calculation using a 4-level model simf]af“to the one
outlined in Chapter 3. We have receétl? performed very similar measure-
ments for the same P(28) line, as shown in Fig. 5-5 (for SFg pressures
of 100 and 500 Torr).* The solid lines indicate the theoretical

T The p(28) pulse shaping

predictions of the\vibrationa] bath model.
which was similar to thét ébserved for the P(26) line, is also in
excellent agreement with that predicted by the model. Plainly,
vibrational heating effects, rather than intensity saturation processes,
account for the high pressure transmissién on the P(28) CO2 rotational
line. ~

Pulse shaping effects can also occur when,energy is absorbed from
a train of v4.5 ns (FWHM) mode-locked paflses; Fié. 5-6 illustrates the

strong asymm%tric narrowing of the P(26) pulde train envelope after

passage through 10 Torr of SFG' This pulse shaping is similar to that

x

* The experimentaf curves shown igX%ig. 5-5 are in good agree-
ment with the data of Ref. [74] when the ferent small-signal absorp-
tions are considered.

t+ The model included an absorption contribution from the quasi-
conﬁinuuT (abgve 5000 cm-1) by incorporation of a quasi-continuum o =
4. x 10-19 emé [75]. The contribution becomes jmportant for very low
or high J-number lines. o

f
}



Fig. 5-3

Transmittance at the P(14) CO2 1ine through a path length LB in SF

6
as a function of input intensity. Experimental data, denoted by (x),
(0), and (e), was obtained at SF6 pressures of 100, 400 and 760 Torr,
respective]x. The calculated small-signal transmittance at 760 Torr
is ~8. The dashed line represents the 100 Torr experimental data;

the solid curves are the theoretical transmissions calculated using

tot
¢, H(T).
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Transmittance at the P(20) CO2 line, through a path length LB of SF6,
as a function of input intensity. Experimental data, denoted by (x),
(o), and (o); was obtained at SF6 pressures of 100, 400 and 760. Torr,
respectively. The calculated smail-signal transmittance at ?60 Torr is
~10.  The dashed 1line represents the:100 Torr experimental data; the

solid curves are the theoretical transmiss{ons calculated using CSOt(T).
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Fig. 5-5

Transmission of SF6 as _a function of input 1ntensit} at the P(28) CO2
line. The solid curves represent the theoretical ca]cﬁ]atiohs employing
the vibrational heat Fapacity. Experimentai_data denoted by (o), (e),
‘was obtained at SF6 pressures of 100 and 500 Torr,qrespegtive]y. The

-

gas cell thickness was 0.15 cm and the input pulse FWHM was 125 s,

FERCT PR W7
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Fig. 5-6

The top curve shows a mode-locked pulse train (af the P(26) CO2
line) transmitted through an empty gas cell. The bottom curve represents
the pulse train transmitted through the cell filled with 10 Torr of SF6

(path length LB = 2:5 em).
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i
observed in Fig. 5-2(b)} for a ~200 ns non-mode-locked input pulse. Fig.
5-7 illustrates. the transmission behaviour of mode-locked pulse trains
at the P(20) €O, Tine passing through 250 and 20 Torr of SF, respectively.
The gas cell .thickness for 250 Torr of SF6 was reduced so as to give
the same small-signal transmission as in the 20 Torr case (calculated

12).

to be A2 x 10” A time delay between the input and transmitted

'
pulse train peaks can be observed at 250 Torr of SFG' Furthermore,
there is‘veny little naﬁ?é@ing of individqal_mode-]ocked pulses (<10%

"of the FWHM). Similar re;ults were obtained at low SF6 pressures (10-s
20 Torr) andAapproximate1§ 1 atm of air. On the othér hand, no time
delay wag_observed for the 20 Torr %EE data, and substantial pulse-

narrowing (4.5 ns to 2 ns in the FWHM) did occur.* Similar pulse 6arrow— ®

ing at low SF6 pressures has been observed recently by Nowak et al.

Pt

[76]. These observations are again consistent with the vibrational
bath model. At high SFg pressures (or SFg plus high buffer gas
pressures) the transmission behaviour is dominated by vibrational
hea£ing, which tends to enhance the transmission on eacﬁ indiQidua}
pulse tail; and thus preyeqts pulse narrowing; ?urthermore, the
enhancement of the transmission on the mode-locked pulse train tail,
due to vibrational heating on the pulse train rise, qualitatively
accounts for the observabie time delay. ~g
At sufficiéptly high.input intensities, vibrational anharmonicities

can be compensated for by power broadening allowing multiple photon

. * The 2 ns may represent an upper limit since the instrumentation
risetime 1imits the minimum detectable pulsewidth to ~2 ns.
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The top curve shows the mode-locked pulse train (at(the P(20) CO2 Tine)
transmitted through an emﬁty gas cell. The maximum individual pulse
jntensity at the cell was ~5 Mw/cmz. The middle and bottom curves show
the éransmission of the above pulse train through the cell containing SF6
at 250 and 20 Torr, respectively. The low-signal t}ansmission, ca1cu1$teﬁ’

B.
using e—aOL, was 2 x 10—12 for both 250 and 20 Torr. The transmissions.
for input pulse intensities shown in this: figure were measured to be

mzi‘(referred to the peaks of the pulse trains) for .both pressures.
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* the insertion of a flowing gas curtain between laser amplifiers.* It b
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'absorptfons to occur up the v, vibrational ladder [68]. Such an absorp-

" tion process could be important in predicting the exact transmission

behaviour of very high intensity (above a MW/cmZ) mode-locked pulses
through SFG‘ Furthermore, the onset of such a process may account for
the discrepancy observed between the experimental transmissions at’
high inﬁht intensities (shown in Figs. 5-3 and 5-4) and those predicted
by fhé vibrational bath riodel.’

5.4 Summary

It has been demonstrated that a vibrational bath model, which
takes into account thg compliex multi-Tevel absorption spectrum of SF6,
can bred{ct the entire transmission behaviour of CO2 laser ﬁu]ses throuéh
high pressure SF6. This is‘valuable for the desigﬁ of systems using'

SF6 at atmospheric pressures to prevent parasitic lasing by, for example,

is particularly important to note that, although the absorption is

strongly “saturateq“'ai high intensity, no genuine intensity-dependent
saturatipn process is involved. Far high P-value CO2 rotationé] lines,
clear evidence is found for the persistence of heating effects down to
low $F6 pressurés. This is consistent with previous indications in

Chapter 4 that, for vibrational levels moke than 1000 cn™! above the
ground state, very rapid vibrational energy\fxchange processés.occur

even at low pressures.

*

B e ey 2 e # B At S b LT AP m———— i b e w s s e - ~ FREN P,

* Such a proposal is being considered by AQco Everett Research
Laboratories and is outlined in the December 1976 issue of lLaser Focus

‘(page 34). . . ‘
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It is now possible to understand the entire pu]seatfﬁnsmiss1on
behaviour for the P(12) to P(28) CO2 rotational lines over a wide
range of SF6 pressures. The combination of the vibration;1 Hath model
with a 4-Tevel intensity saturqtion model, accounts for the experimentally
observed transmission characteristics for low as well as high SF

6
~
pressures and for all the J-value CO2 lines studied. For low J-value

lines the 4-level intensity saturation model alone (Chapter 3) providegv
a very a;;quate description of the transmissiqn behd&%our for SF6
pressures less than 400 Tor§. For pressures above n400 Torr the vibra-
tional heating model must be used to determine the prlse transmiss}on
behaviour. |

t?e importance of understanding the interaction ofACO2 radiation
with the complex set of SF6 vibrational and rotationa} Tevels will be

¢

further demonstrated in the next chapter which is concerned with the

mode-locking properties of gaseous SF6



M CHAPTER 6

MODE-LOCKING PROPERTIES QF GASEQUS SF6

6.1 Introduction

It has been shown.(Chaptgrs 3 qnd 4) that the absorption of
CO2 radiation by SF6 is due to. a large number of vibrationg} and
rotational levels. Transmission measurements using a pulded 002 laser
further showed that “"saturation" processes could occur whiEh were
different from those due to genuine intensity saturation effects. One
such process, discussed in detail in Chabters‘4 anJ 5 and in Refs. [73,
77], is vibrational bath heating. Clearly,“S,F6 is a highly complex
system. Nevertheless, extensive investigation is required because stable
mode-locking has been achiebed on a ﬁumber of CO2 rotationat lines [17,
18].

This chapter outlines the modé—]ocking properties of gaseous
SFG, Section 6.2 describes typjcal experimental coﬁditions necessary
to obtain high 1ntens%ty, étable,. odexlocked laser pulses. This section
also discusses the progression from single Tongitudinal mode (SLM) to
mode-1ocked operation as the SFé dnd buffer (He) gas pressuréé ére
increased. Section 6.3Ademonstrates that many of the mode-locking
observatidns can bg predicted from the transmission and double-
resonance measurements of Chapter 3 to 5, theréby emphasizing the
importance of these measurements fsr obtaining optimum mode-locking.
_This section aTso demonstrates the importance of the 3-mirror faser

cavity (Fig. 2-7) in obtaining the first reported mode-locking on the

110
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P(28) CO2 rotational line. Experiments designed to obtain short (sub -ns)

duration mode-locked pulses are outlined in Section 6.4.

6.2 Experimental Conditions for Stable Mode-lLocking

To achieve optimum mode-locking, various cavity lengths (1.5 -~
3.5 m) and cavity designs (2-mirror and 3-mirr6r) were tested. As well,
a wide range of laser pressures (a helical laser was used for sub-atm
operation, a double-discharge laser was used for 1 atm operation), gas \
ce]] pressures (-SF6 pressures in the range 10-400 Torr) and laser rota-
tional lines (P(12) to P(28)) were investigated. A typical mode-locking
arrangement consisted of a 2-mirr6r;13 m long cavity composed of a 92%
reflecting gold-coated grating and a 10% transmitting Ge flat. The
laser system was composed of two helical lasers (1 m) in tandem, operat-
ing at a total gas pressure of 1/2 atm, with typical gas concentrations
of 85% He, 10% CO2 and 5% N2‘ An adjustable aperture placed in front
of %he grating ensured operation in the TEM00 mode. The adjustable
thickness gas cell, described in Chapter 2, Qas placea at the Brewster
angie and located as close as possible to the 10% transmitting mirror.
Typically the gas cell thickness was ~0.1 cm.

The procedure for mode-locking consisfed bf first tuning the
grating to the desired wavelength (without SF6 in the gas ¢ell). For
this the Taser was operated just above threshold in order to achieve
maximum tuning sensitivity. The wavelength was then verified by;using a
spgctrum ;nalyzer (Optical Engineering). The apertuf@ was adjusted to
introduce sufficient cavity loss to eliminate higher order modes ‘and

thus obtain the TEM mode. SF¢ was flowed s]bw]y through the cell at

(]
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a gas pressure which based on the small-signal measurements of Section
3.1 would just stop lasing action.* Small adjustments of the laser gain
(by means of the power supply voltage) were made until lasing action

was achieved. Under such conditions the 1aser‘pulse was delayed from
the discharge current Eulse by 3 to 4 us. Additional increases in the
laser gain produced an extremely large change of the output intensity,
from a low intensity non-mode-locked state to a large intensity (x 10 to
15 increase) mode-locked state. Initiq]]y these large output intensities
sometimes caused mirror damage. This problem was rectified by obt;inipg
special gold coatings on the mirrors. The mode-locked outputs usually
consisted of a train of 10 to 20 (3 ns wide) pulses, as shown in Fig.
1-4 and Fig. 4.9(a), A He buffer gas was very bften mixed with SF¢ to
stabilize the gas flow characteristics and to obtain shorier duration
pulses by reducing the absorber's recovery time.+ The laser gain
(usually ~120% per amplifier pass) could be varied by 5% before a
significant deterieration was observed in the mode-locking stability.
Lowéring of the gain by much more than 5% either failed to produce a
Q-switched output or stopped lasing action altogether. Raising the gain
led to greater fluctuations in the peak mode-locked pulse intensity

and to a greater probability of producing multiple pulsés pér round

trip time. [t was aTso observed that mode-locking could be obtaihed

’ o

* This procedure prevented the firing of the laser with too
little loss in the cavity, thus avoiding the risk of mirror damage.

+ Air was also used as a buffer gas with results similar to
those with He. :
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" to achieve very reproducible d1scharges. The optimum stability was

e 113

with non-linear to linear loss ratios as 1oW éng However the out-
put intensities &ere~reduced compared to those at higher ratios.

Clean pulses (i.e., a hode-]ocked train with essentially a
sing]e pu{&e per round trip time) were observed > 85% of the time.
The intensity stability on a laser shot-to-shot basis was better
than = 15%. fﬁe ratio of the intensity of the largest to the second
largest pulse {contrast ratio) in a round trip time, and in £he region
about the maximum intensity pulse to. the mode-locked train, was usually

> 50.* The key factors in improving the mode-locked contrast-ratio

and stability, aside from the gain and non-linear loss considerations

y mentioned above, were the use of stable laser discﬁarges, a stable

*

SFe gas flow system, and the use of 1arge beam'grea at thé‘\gratmg

The 1aser stab111ty was 1mproveé by sacr1f1c1ng some gain 1H.and\\

\
d%ﬁermined by monitoring the fluctuations in both the time delays
between the current and laser pulses, and the pulse output intensities
at lasing threshé]d conditions (obtained by severely aperturing down

the laser). The stabilities were tested o;er a wide range of gas concen-

trations, pewer suﬁpfy voltages and discharge capacitances. It hgs,been

. observed (Fig. 2-6) that, abové certain input electrical energies, the

laser gain becomes relatively 1ndépendgnt of additional increases in
the inpat energy. Such a levelling off in the gain at increased input

energieé has been fgnvestigated previously, and seems to be characteris-

* Th1s value probably represents a lower limit due to noise
p1ckup problems with the detection system.-

)
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tic of all TE C02 lasers [35 ,78 ]. By operating near the start-of the
gain saturation region it is possible fo exploit this effect to produce

a situation where the fluctuations in the input electrical energy results
in minimal variation in the small-signal gain. However, the laser

cannot be operated too far from the start of the saturation region due

to the onset of discharge instabilities. Reasonable control of the SF6
flow and reduced pressure fluctuations were achieved by the choice of a
suitable flowmeter (ﬁatheson Tube #600). Furthermore, as was indicated
in Chapter 2, the gas cell was designed to allow a smooth (laminar) flow
across the entire cell diameter, and therefore to prevent the occurence
of absorption gradients. It was noted that imprbper grating "tuning"
resulted in a significant probability (up to 50%) of obtaining simultane-
ous mode-iocking and Q-switching at two CO2 wavelengths. Then the laser
output consisted of two discrete pulse trains, usual]y’separﬁted in time
by ~ 1 us. These two pulse traiﬁs most_fréquent]y occured where the
grating loss experienced by the sécond1wave1ength‘was not sufficienpfko
overcome the reduction in.1oss that this wavelengfh might expe%ien?e

due to the resonant nature of‘the SF6 absorptioﬁ‘(Eig. 3-3). The éom-
petition between neighbouring wavelengths was more Tikely to occur for
lines such as P(]4) and P(16), which possess a 15rge difference in their
small-signal absorption coefficients. The use of large beam areas at
the gratiRﬁ (to ensure.maximum discrimination between rotational lines),
plus careful tuning of the é;atingseliminated this problem.

The transition to mode-locking usually occurs from an initial

state, which in the time domain.js characterised by a collection of

114
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random intensity “spikes" (Fig. 1-1). However, a very interesting tran-
sition to mode-locking occurs at low SF6 absorber pressures { < 10 Torr).
The laser output observed near lasing threshold (usﬁpg a fast risetime
oscilloscope) was temporaraily "smoogp“, which is characteristic of single
1ongitudinai mode (SLM) production [79 ]. The output was very reproducible’
on a pulse-to-pulse bases((i.e. >55% SLM}. The addition of a few Torr
of SF6, and reducing(the gas cell thickness to keep the absorber loss
constant, produced a near-oscillatory output. This is characteristic
of the beatiﬁg of several axial modes. Further addition of SF6 (up to
20 Torr) prbduced distinct 5 ns duration pulses, which ngrrowed to
2.5 ns as the SF6 pressure was increased to 30 Torr. It wés not
possible to observe,whether a lower SF6 pressure 1imit existed for the
production of SLM,gzince the gas éel] thickness could not be increased
to accomodate pressures less than 3-4 Torr and still maintain the same
absorberhloss. The transition from SLM to mode-Yocking has been
observed when ~T0 Torr of He was added to & few tenths of Torr of SFG
[80 ,81 ]J. A proposed explanation for this is that the SF6 absorptibn -
frequency spectrum is not completely flat over the gain bandwidth of

a particular CO2 transition, but possesses some structure. -Consequently,
modes under the gain bandwidth see different absorber losses. If the

net gain (gain minus Toss) on a particular axial mode is suf%icient1y

greater than that of its neighbours, phen,afteﬁ a considerable number

of passes in the absorber (typically 300), this mode will preferen-

tially grow in intensity and eventually deplete the laser gain. The
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result is a large intensity "single frequency" laser pulse.* Ref. [81]
was able to verify that all the obserng SLM frequencies for different
CO2 wavelengths correlated to the measured SF6 absorption minima. This
explanation implies that there is sti11‘siqnjficant variation in the
absorption spectrum at ~10 Torr of SF6 to cause SLM production despité
the expected smoothing out of the absorption spectrum by the pressure

broadening of the absorption lines.

6.3 Mode-Locking Observations and Discdssions

Several aspects of SF6 mode-locking can be predicted from the
results of Chap{ers 3 to 5. For example, the transmission .curves of
Chapter 3 indicafe little residual absorption (i.e., the absorption
remaining at very high input intensities). Both the large Q-switching
effect and the géheﬁal]y observed long fall time§ of the.mode-locked
trains (Fig. 1-4;and Fig. 5-6) are ceftain]y consistent with én absorber
which possesses a low residual absorption. In order to obtain simul-
taneous mode-locked and Q-swithgd bu]ses_at the longer 002 wavelengths,

it was necessary to use the 3-

rror cavityN{o produce sufficient

focussing at thelabsorber. n contrast,the mode-locking stability for

short wavelength Tines such-as P(12) to P(16),.even with large buffer
. :
gas pressures (200-400 Torr), was improved by .using a 2-mirror plane-

plane cavity geometry. The above behaviour is entirely consistent with

* SLM can be produced 1n a short (< 1.5 m) low pressure
(< 100 Torr), laser cavity without using an SF. absorber. This is due
to the natural selection of the axia] mode wh1ch is closest to the peak

of the gain profile [82].
’
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the transmission curve; shown in Sections 3.3(c) qu 5.3, which indicate
a progressive increase in the intensities necessary to "bleach" the
absorber as the €0, wavelength is increased. K The very low saturation
barameters (IS) associated with short CO2 wavélengths (e.g., for the
P(14) 1ine, IS = 1.5'kN/cm2 at 50 Torr SFe (Table 3-1)) indicates that
the best cavity design for the rotational lines from P(12) to approxi-
mately 5(18) is one that allows the laser beam to "diverge" at the
absorber. On the other hand, much higher intensities (a few MW/cm2
(Fig. 3-8)) are needed at the gas cell to greatly increase the absorber
trénsmission for the P(26)-and P(28) lines; a focussing cavity should
be more suitab]e‘in t“é? case. -Experimentally, a factor of 15 to 20
in the ratio of the beam area at the amplifier to that at the absorber
was needed_for mode-locking at these lines employing a 1/2 atm 662 |
laser with an absorber pressure of 50 Torr of SF6.**

In Chapters 4 and 5 it was indicated that the combination of
intensity saturation;processes-and,vibrationa] heating effects ceuld
account for the tran%ﬁi%sion curves observed in Chapter 3. The contri-
bution of vibrationa]fheating was shown to be significant for the
P(26) line, even at-low SFg pressures. The mode~locking and Q-switching

[ /

2

* The method for measuring the beam areas will .be outlined in
Section 8.2(c). X

*k The beam areas at the amplifier and the absorber are chosen
‘to ensure that the gain and absorber bieaching occur nearly simultane-
ously.- Since it becomes harder to saturate the gain at higher laser
?ressures less of a converging cavity is necessary for a 1 atm C02
aser :
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behaviour of this line is investigated in this section to assess the
importance of vibrational heating in the production of mode-locked pu]seg.
Experiments were performed using a 3-m1rror cavity arrangement, as
shown in Fig. 2-7. The output coupling from the cavity was provided

by a 14% transmitting, 0.5 m radius of curvature, Ge mirror, denoted

by M{ in Fig. 2-7. The gas cell, maintained at a pressure of 50 Torr
of SF6 and a temperature of 300 K,was placed at the Brewster angle and
1510 cm from M. The .output observed at this position Q;s mode-1ocked
but of very modest intensity. Moving the gas cell 5 to 10 cm towards
the beam waiét actually reduced the'output peak intensity, and caused a
significant chopping of the mode-locked envelope tail. This behaviour
is similar to that shown previously for the extra-cavjty P(26) trans-
mission'experiments (Fig. 5-6). A further advance of the cell into

the beam waist produced the dramatic switching to the high intensity,
outputs (~0.5 mW/cmz) shown in'Fig. 6-1. fhe most interesting obser-.
vation concerning this figure is that the switching occurs frqm the
ggji_portion of the first mode-locked train (i.e., after the first 6
round trips) rather than from the peak pulse intensity of that train.
Thi§ observation indicates that a critical energy densfty, rather than-
intensity, is necessary to cause the éudden increase in the absorber
transmission. It was also observed that theré was no significant pg]se
narrowing across the pulse train, as might be éipected if intensity
saturation processes occur. The 1nterpretatioq of these results is
éonsistent with the transition from intensity saturation processes at
the absorber at.low laser fluxes to vibrafiona] heating effeéts.at:

Targer fluxes. Mode-Tocked operation .is obtained in the saturation



Fig, 6-1

. Simulataneous mode-locked and Q-switched output at the P(26) coé wave-
Tength obtained using a 3-mirror resonator and an SFG,saturable absorber

(50 Torr gas pressure). The peak .output intensity is ~0.5 MN/cmz. The
round trip time is 23 ns. |

=

-
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regimg, while Q-switching results from the dramatic incregse in absorber
transmission in the vibrational heating regime. The pressure dependence
of the P(26) mode-locking, with gain and loss kept constant, provides
further evidénce of vibrational heating effects. Figure 6-2 shows the
ratio of the laser beam area at the amplifier to that of the absorber
necessary to obtain switching action. This was done for different SF6
..pressures and for 12 Torr of SF6 plus various pressures of a He buffer
gas. The small-signal absorption was kept constant for the different
SF6 pressures by appropriately changing the gas cell thicknegs. Figure
6-2 indicates that the ratio varies linearly with:pressure at Tow SF6
and buffer gas pressures, consistent with the linear scaling of the
intensity saturation parameters with pressure (Ch;pter 3), but becomes
very nonjlineér above 40 Torr of pure SF6, and for 12 Torr of SF6
with 150 Torr of He.* The pressure at which the linearity fails is
very close to the préssure where the low intensity portions of the
transmission against intensity curves of Fig. 3-8 are nearly flat.

It aﬁpears that at higher Sﬁﬁ préssures the absorber transmission ~
becomes progressively dominqted by heating effects, which leads to an
actual increase in the.abéorption (compared to the small-signal value)
as the-inteﬁsity builds up in the laser cavity. This type of behaviour
prevents Q-switching from occurring at near_]asing threshold conditions

for the higher absorber pressures. Q-switching can be obtained by

* We .have fourid in our- exper1ments that the addition of He
affects the mode-locking behaviour in a similar manner to SFg, but
requires considerably higher pressures (vx5) to reach the equivalent

"effect of SF6 o



Fig. 6-2

Plot of gés cell pressure as a function of the ratio of the laser beam
area at the amplifier to that at the absorber necessary to obtain Q-
switched outputs. The data points denoted by (x) were obtained with
pure SFG' The SF6 gas cell preésures are indicated by tﬁe scale on the
left hand side of. this diagram. The data points denoted by (e) were
obtatﬁed at.various He pressures with a fixed SF6 pressure qf 12 Torr.
The He pressure scale is indicated on the right hand side of this

diagram.
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using much higher gains to conpensate for the increasing absorber loss.*
A further observation on the P(26) line was that mode-locking could be
obtained at preésures as low as 10 Torr, indicatingAﬁhat the frequency
absorption spectrum was much flatter (over the gain bandwidth) at this
"pressure than that for the P(16) to P(22) liées. This behaviour undoubt-
edly results from the large number of absorbing levels at the P(26)
wavelength, 4

Similar pulse shaping ana mode-locked pulse switching behaviour
was obseryed for the P(28) line. However, the SF6 pressures had to be
kept “under ~20 Torr for this rotational line and the gas cell had to
be moved closer to the cavity beam waist. This behaviour is consistent
with the shift of the P(28) transmission curve to higher intensities
relative to’the P(26) curve, as noted previously in Chapte}s Jand 5

Once the correct beam area ratios and SF6 pressures were found
the mode-locking stability on the P(26) and P(28) lines was very good.
The stable production of’mode—locked pulses on these lines is contrary
to some previous published theoretical mode-locking prediétions émp]oying
a 4-level model [83]. These predictions indicate that 1t should be
very di€?§pult to obtain mode-locking for P-lines below P(16) and for
P-lines at ar above P(26). However, mode-]oéking has been‘obtained on
the P(12),"P(14) and P(28) rotational lines. It 1s.therefore clear that

a 4-level treatment for the P(26), and P(28) lines is inadequate for

describing the mode-locking behavioursand that the contribution of

f The mode-locked stability was always poorer 'in these cases.
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vibrational heating must be included in any analysis. The mode-logking
stability for the P(12) to P(18) lines in a plane-plane cavity geometry
was poorer than that obtained on the other lines but could probably be
improved by using a diverging beam cavity, as suggested previously.
Mode-locking was not obtained on the P(10) 1ine; this may result from
the fact that the major portion of the absorption on this line comes
from the presence of a near cqqﬁinuum of vibrational levels. The high
density of rapidly coupled levels makes intensity saturation, and there~

fore mode-locking, very difficult.

6.4 Sub-ns Pulse Generation

There are many applications in which many short 1nfrared
laser pulses are required. For example, there is a c1e§r need for a
source of stable sub-ns 10.4 pm pulses to be used as starting pulses in
Tong chain'CO2 amplifiers designed*for initiating controlled nuclear
fusion [84]. As we have demonstrated in this thesis, short 10.4 um
wavelength pulses can also be used to measure. very fast rotational and
vibrational coupling times. However the shortest mode-locked puise
duration reported in the literature, for an SF6 saturable absorber in
conjunction with a 1 atm CO2 laser, }s 1.5 ns [i7 » 18]. Therefore,
considerable effort was expended in our research to obtain sub-ns

mode-locked pulses. Such parameters as the CO2 wavelengths, the SF6

and He pressures, and different types of cavity configurations, were"a1{

investigated.
A typical mode-locked train observed in these experiments con-

sisted of ~15, 2 ns. duration (FWHM), asymmetrijcally shaped pulses

~

PP e =
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(Fig. 6-3). Two iﬁteresting features of such mode-locked pulse trains

are the lack of pulse narrowing across the traiﬁ envelope and the gnhance-
ment of the pulse intensity on all of the pulse tails under the train
envelope. This behaviour is contrary to the symmetric narrowing expected
from repeated traversals through a fast 2-level absorber.* Fortin et

al. [17] (using a TEA CO2 laser) have observed that the mode-locked
duration cou]& be reduced from 5 ns to 2 ns by the addition of 400 Torr
of He to 25 Torr gf SF.. Further addition of He did not reduce the

pulse duration below 2 ns. This behaviour has also been observed by us.
The SF¢ preséures in Ref. [ 17] could not be increased since the gas

cell thickness was fixed. Similarly the laser gain for stable discharge opera-

6
pressures (with and without a He buffer) were performed in 6ﬁr laboratory

tion could not be raised. Therefore a set of experiments at elevated SF

with the TEA CO, laser to ﬁnveétigatg’the effect of SF,-SF. collision
prpcesses,rather than predominately SFG-He processes»>in reducing the
mode-Tlocked pulse duration. The majority of the experiments were
performed with the variable thickness gas cell and the 3-mirror laser
cavity. The minimum thickness (LB) setting of the gas cell {(0.015 cm)
allowed ﬁgde-locking at SF6 pressures up toﬁ80 Torr for the P(20)
line, th]e keeping the small-signal absorption at a reasonable 1g¥e1
(i.e., aOLB ~ 0.5 to 0.8). The focussing capability of the 3-mirror
cavity.which was not available in Ref. [17], ensured that at high SF6

pressures a position could always be obtained in the cavity where Q-

* This will be discussed in detail in Chapters 7 and 8, which
are concerned with germanium mode-locking.
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Photograph of two pulses from a mode-locked TEA CO2 laser operating at

the ?(20) waQelendtp and with an SF6 saturable absorber. The time spa]e

"is 5 ns pér'divisién. The risetime of the détectinn system is < 1 ns.:
The pulses were;ﬁnverted by the detection system.
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switching was obﬁerved. The pulses obtained in these experiments, for
the P(14) - P(28) lines, and for both low and high (~1 atm) buffer gas
pressures, weée always asymmetric and 2 1.5 ns* in duration throughout
the mode-locked train envelope. Particular effort was made to obtain’
short pulses on the most frequently used P(éO) CO2 line. An experiment
was performed with the TEA.1§ser operating at the P(20) line and at
moderate** SF6 gas pressures (v50 Torr). A plane-plane cavityT was
used in the experiment, and special care was taken to place the absorber

i The pulse durations again

as close to the end mirror as possible.
‘were 2 1.5 ns. ) . (
There are many possible'exp1anations.f0r the lack of obéerved
pulse narrowing and the enhancement of ‘the intensity on the pulse tail.
It is demonstrated in the néxt two chapters (deajing with Ge mode-
locking) that pulse asymmetries, such as'have been.observed in the SF6
mode-lock%ng experiments, can result from the cumulative effect {due to

a large number of passes in .the amplifier) of rotational hole burning

in the CO, amplifier. However,such a mechanism cannot account.for the

* A photon-drag detector and a Tektronlx 7904 oscilloscope
(625 +'25 ps risetime) plus a Hewlett-Packard 183-A osC11loscope (1600 =
50 ps riset1me) were used for the pulse duration measurements

o Moderate pressures were used to avoid heat1ng effects.

- + The plane-plane cavity is probably close to the Opt1mum
cavity configuration for.the P(20) line. A

“" +t The 2d/c time, where d is the distance of the gas cell to
the end mirror, was 0.3 ns for this experiment and was much shorter
than the observed ~2 ns duration pulses. The importance of the absorber
position in. the laser cavity is discussed in Chapter 8.

W,
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strongly asymmetric pu]sesgobserved on the risé of thg\pu]se train
enve]bpe. Alternatively this pulse asymmetry, and lack of narrow-

ing, might result if the absorbé; recovery time (at increased SF6 or
buffer gas pressures) fails to reduce to vaiues less £hah 2 ns. This
minimum value would result in a greater absorption on the pulge rise
relative to that on the fall, as is observed experimentally. However,
the experimental evideqce obtained to date (Chapters 3 to 5) seems to
support the ex{stence of very sho;t recovery times which do in fact
scale with SF6 pressuresat 1east up. to several hundred Torr It has
also been po1nted out in Chapter 4 that the SF6 absorption, espec1a1]y
for the longer wavelength rotational lines, is due to a multitude of
vibrational and rotational levels. No doubt the saturatio; bghaviour
on these lines involves a large number of absorbing levels with widely
varying absorption cross-sections and hifh Qery'comp1ex Tevel coup]jﬁgs.
-It is not at. all opvioué that such a system should produce pulse
narrowing. It also appears'thét.when vibrational heating effects start-
to dominate over intensity saturation processes Li.e., at high SF6 ‘
pressures ahdxﬁigh J Cozviines) pu]%é narrowin% is again supréssed
(Chapter 5). - Finally, recent work 1ndieatés that mu]tip]e—photon
.'absorpt1ons up the Vg v1brat1ona1 manifold nay occur at relatively

Tow inteps1t1es which are eas11y achieved in mode-locked pulse operation

(<10 Mw/cmz) [66 ,85 ].* This absorption mechanism is theoret1c§]1y ’

* The probability of a mu1t1p1e—photon absorption up the v3
vibrational ladder will be intensity dependent to the extént that power.
broadening of the absorption lines can compensate for level m1smatch
and thus keep the absorption essentially on resonance.
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possible at such low intensities due to the creation of many more absorp-
tion pathways resulting from anharmonic splittings of the vibrational
aﬂégeneracies. Such a mechanism may in fact resulf in pulse broadening
giﬁée the higher intensity portions of a mode-locked pulse may be more .
likely to experience multiple-photon absorptions than the 1ower.intensiﬁy'
_ portions of the pulse. This is exactly the opposite behaviour toa

fast 2-level saturable absorﬂer. However, fhe muftip]e-photop absorp-
tion mechanism by itself wouid not aécounf*for the observed pulse
asymmetry. The overall understanding of the pulse shaping problem is
further complicated, sinée multi-level saturation, heating effects, and
multiple-photon absorptions, are probably present to some degree for

all the mode-Topking conditions studied. These absorption processes
shou]d occur for other polyatomié motecules and may explain why Lavigne
et al. [18] did not obtain mode-locked pulse durations shorter than

2 ns when employing BC{3 and N2F4.as saturable absorberg in a;TEA 002
laser cavity. ' o “

. It may still be‘boséib]e to obtain‘short pulses by reduging the
contribution of these mechanisms relative to the contributions mjde by’
true intensity ;aturation effects by emp]oying a suitable choice of
cavity designf CO2 wavelength, and SFGEpressure. The most promising
egperiment that cqu1d be performed’is one in which'modeilocking is
obtained for }ow'J;numbe; Tines suéh as P(12) and at modérate SF6
pressyres (75-100 Torr).' The Tow J-number Tine and the choice of SF6
pressure should reduce the effect 6f vibrational heating while still
giving a reasonably éhorflabsorber recovery timé. wIn addition, thé

saturation of the absorption should be nearly 2-level since most of the
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P(12) absorption comes from the ground state {88% at 300 K). A cavity
which increases the beam area at the absorber relative to that of the
amplifier should eliminate the problem of the switched intensity being
so much greater than the absorber saturatiqn intensity for thesel1ow
J-lines (a factor of ~10 may be necessary for 1 atm laser operation).
Under these conditions the contribution of intensity saturation and
multiple-photon absorption processes should dominate the absorber trans-
mission behaviour and the significance of multiple-photon absorption
processes in obtaining narrow pulses can then be assessed.

It may also be possible to obtain shorter pulses by using multi-
atmospheric CO2 1asgfs. Experiments performed at 1/2 atm to 1 atm
laser pressures indicate that, although no narrowing occurs across the
pulse train, the pulse durations scale inversely With the laser pressures.*
Of course there will be an even greater need for using diverging beam

areas at the absorber with multi-atmosphere CO2 lasers.

>

6.5 Summary

This chapter has outlined the important features of passibe
mode-Tocking with an SF6 saturable absorber. It has been demonstrated
that stable, clean, high-intensity mode-locked pulses can be produced

over a wide range of CO2 wavelengths when stable laser,operation and
[l

* This would be expected to occur if the absorber linewidth is
flat with respect to the multi-atmospheric gain, linewidth. In such a
case the pulse broadening in the linear gain region will be proportional
to the inverse of the gain linewidth and therefore inversely on pressure.
The linear gain broadening mechanism is discussed in Chapter 7,
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steady SF6 flow conditions are achieved. The mode-locking behaviour was
entirely consistent with the transmission curves obtained in Chapter 3.
It was especially gratifying to observe experiméntal]y the trend to
greater focussing at the absorber with increased CO2 wavelength, exactly
as predicted by the transmission data. Work on the P(26) and P{28) lines
demonstrated that intensity saturation effects accounted for the actual
mode-locking on these lines, while vibrational heating effects accounted
for the observed Q-switching, again in excellent agreement with thé
tneoretica] predictions of Chapters 3 to 5. However, it was not possi-
ble to obtain mode-locked pulse durations < 1.5 ns using a 1 atm CO2
laser. It was therefore suggested that absorption processes such as
multi-level saturation, multiple-photon absorption, and vibrational
heating, may well account %or the lack of narrowing across the puise
train. The choice of suitable mode-locking parameters should allow

the isolation of the effect of multi-photon absorptions in pulse

shapiné and may result in a method to obtain narrower pulses. It was
further suggested that short pulses can probably be obtained with multi-
atmosphere lasers once the proper cavity geometry is found.

A]t%ough mode-locking has been achieved over a wide range of
wavelengths, a single mode-locked train on several rotational lines is
very difficult to obtain simultaneously due to the resonant nafure of
the SF6 absorption. As well, SF6 does not absorb 9.4 um radiation,
and thus prevents multi-band mode-locked laser operation. Multi-ldne '
and multi-band pulses are of great interest since the maximum energy
that can be extracted from an amplifier by a short (~1 ns) mode-locked

laser pulse can be increased if the pulse is produced by many transitions
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[86]. The inability to operate multi-line or multi-band also severely
restricts the use of SF6 as an isolator in short pulse multi-line,
multi-band amplification systems. The use of SF6 as a mode-locker does,
however, have some distinct advantages. The gas cell for the mode-
vlocking can be very easily scaled to accommodate large aperture laser
systems. Furthermore, a gas cell employing NaCl windows has a high
damage threshold (25 J/cm2 [87]) and can therefore be used in conjunction
with high energy density laser cavities. One other appealing feature
of the SF6 system is the ability to adjust the SF6 and buffer gas pres-
sures to alter the small-signal absorption and saturation parameters.
This ability allows one, for example, to produce variable pulse length
laser pulses.

The next two chapters report investigations of the mode-locking
behaviour of a‘very different kind of saturable absorber from SFG,

p-type germanium.

%



CHAPTER 7
INVESTIGATION OF PASSIVE MODE-LOCKING USING A GERMANIUM
SATURABLE ABSORBER - PART I

7.1 Introduction

In the previous chapter we dealt with the mode-locking proper-
ties of gaséous SFG. In this and the fo]]owing-chapter, we
shall discuss a solid saturable absorber,p-type germanium. As mentioned
in Chapter 1 the absorption of 10.4 um radiation in germanium (Ge) is
primarily due to the excitation of holes from the heavy to the light
hole band. The exci}ed hole distribution returns to equilibrium in a
time of a few ps at room temperature due to lattice scattering of holes
by optical and acoustical phonons [19 ]. Large intensity laser pulses
are usually needed to saturate the absorptiQn due to the short recovery
time in solids such as Ge. Although the absorption saturation parameter
of Ge is quite large (several MW/cmz), it is considerably less than
the material damage threshold (~100 Mw/cmz) [ 88]. However, this is
not the case for materials such as silicon and gallium arsenide,and
their use as saturable absorbers in 002 lasers is therefore préhibited
[ 19]. The fast recovery times for Ge, combined with.a moderate satur-

ation parameter, make it a suitable candidate for the production of

short high-intensity laser pulses.

Although Ge has been successfully used for several years in

mode-tocking CO2 lasers [ 12, 24] no previous attempt has been made to

I T
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quantitatively analyze the mode-locking process. For example, it

was not clear from the literature which cavity, gain and absorber
parameters were best suited to produce short, stable high-intensity
mode-locked CO2 laser pulses. Section 7-2 of this chapter outlines a
detailed theoretical computer model for simulating the generation of
short .high intensity mode-locked pulses from a spontaneous emission
noise source. A comparison of the theoretical predictions with experi-
mental results will be made in Chapter 8.

. In the theoretical analysis, the amplifier is treated in terms
of a 2-vibrational level dynamic gain model having a homogeneously
broadened linewidth. The effect of rotational coupling within each
vibrational level %s also included in the model. The Ge absorber is
treated in terms of a 2;1eve1 steady-state absorption model having a
inhomogeneously broadened linewidth. A density matrix formalism,
rather than an rate equation approach, is used to describe the inter-
action of the radiation field and the CO2 amplifiér medium. This
approach was chosen since the génerat%on of short CO2 pulses often
involves the production of pulses whose duration is comparable to
the gain medium's phase memory time (Tz).

Section 7.3 outlines the basic principles behind the noise
f]uctuation.model and describes the four important stages of pulse
evolution-linear amplification, non-linear absorption, non-linear gain
and the pulse decay region. Furthermore, the concept of "deterministic"
mode-Tocking is introduced and its implications for the work of this

)
thesis is discussed.
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7.2 Theoretical Model of Passiye Mode-Locking

(a) Amplifier

The equations used to describe the response of the CO2 amplifier
to propagating laser pulses are similar to those in Ref. [893, which
were appropriate to a ring laser with a uni-directional mode of propa-
gation. The equations were adapted to describe a regular cavity
depicted in the upper half of Fig. 7-1. The analysis is generalized
so that the amplifying medium can have a time-dependent smali-signal
gain coefficient g(t).‘ The assumptions made in Ref. [89] , of a 2-
level homogeneously broadened amplifying medium in resonance with the
electromagnetic radiation in the cavity and uni-directional propagation
of radiation, are also made for this analysis. The first assumption is
justified for CO2 amplifiers at pressures >20 Torr, where the linewidth
is basically collision broadened. The second assumption avoids having
to consider complicated standing-wave interactions and in addition
763::;;§‘Bﬁﬁy one space co-ordinate (x) for the spatial propagation
of laser pulses. Medium dispersion effects other than that due to
the Eesonant gain are Also ignored in this treatment.* An equivalent
periodic optical system for the regular laser cavity is shown in the
bottom half of Fig. 7-1. In this figure La and Lb refer to the optical
bath lengths in the amplifier and absorber,respectively. As well, all
the linear loss of the cavity, including the dutput mirror coupling, is

included as an effective mirror reflectivity denoted by R.

i
.

* The dielectric constant of the amplifier and absorber are
assumed to be constant and hence the corresponding phase velocities
are independent of frequency.



Fig. 7-1

Schematic diagrams of the laser cavity. The top diagram shows the layout
of the 2-m1rror7?aser cavity used in the experiments. The output inten-
sity of this ca&%ty is coupled through a partially transmitting mirror
M2. The bottom diagram shows the equivalent periodic (2L/c) optical
system as used in “the computer simulations. In this figure La’ Lb refer
to the optical path lengths of the amplifier and absorber, respectively.

" The linear loss of the cavity is accounted for by an effective mirror

reflectivity denoted by R. '

~~
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The two-level gain medium consists of the upper CO2 vibrational
laser level (00°1) with a population N2 and the lower vibrational laser
level (10°0) with a population Ny. The time dependence of the upper
and lower laser populations in the absence of radiation can be described
by an exponential decay due to collisional relaxation [90]. Since
the time dependent gain is proportional to the population difference

between the uppé? and lower laser levels it can be written as

g(t) awNy(t) - Ny(t) (7-1)

and

-t/t2 —t/t]
g(t) = g (e - e ) . (7-2)

Here g(t) represents a small-signal intensity gain per unit-length
defined, at any time (t), by

g(t)L,

G = Igyp/Iyy = © ’

(7-3)

where 1 I represent the input and output intensities for an

IN® "0UT
amplifier of length La' The times t2 and t] represent the collisional

decay times<af the upper and lower vibrational levels respectively.

Theggé%poral gain prgfile is shown in Fig. 7-2 for t2 and t] times approp-
riate to a 1 atm 002 ampiifier (t2 =10 ps, ty = 0.4 pus) [91]. Note

that the maximum small-signal gain g is not the same as 9 defined

max
in Eq. (7-2),but is related to it by a constant.* Also shown in Fig.

-t _/t -t /t '
* - max’ "2 _ max’ 1
Imax = Jol@ e ), where t_ is given by |

titaen(ty/t)/(t, - 1) .

- - — -




Fig. 7-2

Temporal gain profile for a 1 atm 002 laser. The t], t2 times (defined
in the text) are 0.4 s and 10 us, respectively. The time to indicated
in this diagram is the time at which the laser gain equals the total
cavity small-signal loss, while td is the time measured from the peak
of the current pulse to the 10% point on the rising edge of the laser

pulse. The gain has been normalized to unity by dividing the expression

for the gain (Eq. (7-1}) by Imax’
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7-2 is the time, to, at which the laser gain equals the total cavity
small-signal loss and the time delay, tys at which the laser pulse
reaches sutfficient intensity to cause a high rate of stimulated emission,
thereby resulting in the reduction of the vibrational population 1n-
version. Experimentally, the time delay td is measured from the peak;
of the current pulse to the 10% intensity point on the leading edge of
the laser pulse.

[t is not always possible to use the simple 2-level vibrational
gain model at large photon densities. Most researchers believed that
1f the laser pulse duration was sufficiently long compared to the
coupling time between rotational levels (denoted by {R), then all
rotational levels belonging to the upper vibrational level could fully
participate in supplying the inversion at a particular rotational
line. (e.g., J = 19 for the P(20) oscillation). However, Garside et al.
(92] have shown that this is not always true and that the important
consideration is the stimulated emission rate on a particular rotational
line relative to the recovery rate of the rotational equilibrium at
that line. Since the stimulated emission rate is intensity dependent,
sufficiently intense long laser pulses can cause significant rotational
saturation. Rotational coupling must be included in the model since
the passive mode-locking process deals with pulses which are both short
and intense. We shall follow the notation of Schappert [93] and

define a rotational population inversion by

x,t) = W(xt) - N Tx,t) (7-4)

and
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xt) = k()Dy(xst) = ¥( + 1Dy (x,t) (7-5)

y

\
S
where k(J) is defined as the fraction of the total rotational population

that are in the rotational state J, at a temperature T, and is given

by

<(2) = ggexp (CRENL 2 g exp(EL T, (7-6)

where 9y = 20 + 1 is a statistical weight, €(J) is the energy of the
Jth sub]evef?and k is Boltzmann's constant. For the J = 19 state x(19)
v k(20) = 1/15 at a temperature of 300 K.

In Eq. (7-5) we have normalized the vibrational populations by

defining
02 = NZ/No and D] = N]/N0 ) . (7-7)

where NO is defined by the equation

{
"t/tz _ —t/t] [}

N(t) = No(e e ) . (7-8)

The equation describing the rate at which the rotational population

difference on a particular line Jo returns to equilibrium is given by

Tl : (7-9)

We are now ready to introduce the full set of coupled non-linear amplifier

density equations, following the notation of Ref. [89].

3D
2 -
5t gp Yo - D/t (7-10)



140

oD
1 _ EP
3—t—— —Z'—'YJ_" D]/tI (7‘]])
JO
a(‘;JO -(6 ~ -~ (K(JO)D2 - k(J, + 1)01))
at = . " - 'Y_LPE (7—]2)
R
\
9P
%? = v 468%%/k(30))E - v.P ' (7-13)
oFE , of _
C 5.)?+-a—t-_ Y.LGaP . (7-14)

In these equations v, = 1/T2, where T2 is ithe dipole dephasing or
phase interupt time, which,for a 2-Tevel homogeneousf& broadened system

such as COz,is related to the collision broadened linewidth Av by [94]

~
@

S | (7-15)

~

P is the amplitude of the polarizations ¢ is the speed of light and

Ga is related to the small-signal intensity gain coefficient (go) by

G, = goCTZ/Z . (7-16)

The two in the denuwminator of Eq. (7-16) indicates that Ga is appropriate
to a field amplitude gain rather than an intensity gain. E is related

to the amplitude of the electric field Z:by

L4

E = W,/ e, (7-17)

—
-

where u is the appropriate 2-level electric dipole moment. The value

of uTz/ﬁ is calculated in Appendix D. As well, the conversion from *

electric field amplitude to an absolute intensity,in w/cmz,is outlined

f
'
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in Appendix D. Such a convers{on allows a direct comparison between
experimental and simulation generated pulse intensities. )

The density equations are based on a semi-classical formalism
of laser pulse propagation. The amplifying medium is treated quantum -
mechanically by way of the time-dependent Schrodinger equation in' .
which the perturbation component o€ the total Hamiltonian is PE,
where P is the dipole moment operator. The relaxation times t], t2’

TR and T2 are inserted phenomenologically into the resulting equations
in analogy to the Bloch equations in magnetic resonance.+ The propa-
gation of the electromagnetic radiation is treated using Maxwell's

equations for a scalar, linearly polarized, real electric field given

by
E(x,t) =&(x,t} cos (wt - kx) (7-18)

The equations are simplified using the slowly varying envelope approxi-

' *
mation (S.V.E.A.) and the rotating wave approximation (R.W.A.).**

t Note that, even though the relaxation times were incorporated
into the density equations in a similar manner to the Bloch equations
for magnetic resonance, the equations should not be confused with
those of Bloch since the Bloch équations are in fact rate equations.
Equation (7-13), which describes the response of the medium to the
incident electric field, is not present in the rate equation approach.

_ * The S.V.E.A. is valid if the propagation pulse duration is
< w, » where wg is the laser angular frequency. This condition is
well satisfied for CO, lasers with pulse durations as short as 10 ps.

** The R.W.A. requires that wy > Té], which is satisfied even
for 10 atm CO2 laser pressures.
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Numerical calculation of the propagation of the laser radiation in the
laser cavity was accomplished by using the finite difference method.

A1l calculations were performed on a CDC 6400 computer. The partdculars
of the method are outlined in Ref. [98] and in Appendix B. If the
medium response is sufficiently fast to be considered steady-state

with respect to changes in the radiation field, then the time dependence
of £q. (7-13) is removed. The polarization is then directly related to

the electric field, via the level populations, by

JO
P = (8 “/x(0 )IE . (7-19)

ubstituting this expression for P in the density equations yields

the set of rate equations

T =-Yy I8 /ZK(JO) - Dz/tz (7-20)
30, Io
é—t—-‘ YL I8 /ZK(JO) - D]/t] (7-21)
JO Jo + 1)0.)) J
38 ° _ - (8 - (K(Jo) 02 - K(‘lo 177 -y, & o (7-22)
at R w9
J
0
2v,6.6 71
3l ol _ a
o i T *TETESS__-—- (7-23)

The small-signal gain can be obtained from the time invariant solution

of Eq. (7-23),evaluated at a time t,

¢ dl o
T —d-; = ZYJ_ G66 /K(JO) . A (7-24)
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Substitution for vy, and G,» and using the fact that at low radiation
fluxes ¢ O/K(JO) approaches Dz(t) - D](t), results in the right hand

side of Eq. (7-24) reducing to g(t), as expected.

(b) Saturable Absarher

Equations for the Ge absorber are much simpler than those for
the amplifier since the absorber can be accurately described by a 2-
1eve1.mode1 with level recovery.times that are considerably less than
the shortest pulses possible from even a high pressure co, lasgr* [19].
The absorber can therefore respond in a steady-state (cw) fashion over

the entire incident pulse duration,i.e.,

Pa--emd, | (7-25)

where ag is the sﬁa]]—signa] absorption coefficient (in cm-]) and ¢(I)
is a function which describes the absorber saturation behaviour. If
the saturation response of Ge is homogeneous, as was first reported

by A.F. Gibson et al. in 1972 [19], then

e(1) = ——— - (7-26)

) h
1+ I/IS

* Large intensity laser pulses are usually limited in durations
to times ~Tp since the spectral width for pulses which are shorter than
To Tie outside the gain bandwidth. The 1imiting duration is therefore
reduced as the laser pressure is increased. At very high laser pressures
(10 atm).the COp potational lines overlap creating a very large effective
gain bandwidth. Th such cases, the absorber recovery time may not be
much less than the laser pulse duration.
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The parameter 12 is a homogeneous saturation:parameter characteristic

to Ge.* Equation (7-25) then becomes

B
1d1 .~ ¢
T%="_‘“O - (7-27)
1+ 1/1
S
or
hy dI _ B
(1 + 1/13) T % - a dx . (7-28)

Integrating the left hand side from IIN (the input to the absorber) to
IOUT (the output intensity from the absorber) and the right hand side
from zero to an absorber length LB, results in

.Q,n(IOUT/IIN) + -——-—h————— = - al . (7‘29)

; S

(\»

The ‘quantities aoLB and 12 can be established from experiment and
therefére IOUT can be calculated if 1IN is known. The value of IIN in
the computer simulation is obtained from the instantaneous output
electric field from the amplifier converted to an absolute intensity
in W/cm2 by Eq. (D-5). However, experimental work by F. Keilnmann
(1976) [20], theoretical work by M. Sargeant II1 (1977) [99] and
recent work reported by Los Alamos (June 1977) [100], indicate that

the Ge saturation behaviour is in fact inhomogeneously broadened. In

such a case the Ge atoms are characterised by a smooth distribution of

* The homogeneous saturation parameter can be expressed in
terms of a 2-level absorption cross-section and a 2-level recovery
time T] by IS = hv/oT].
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.resonant absorption frequencies rather than by a single frequency as in

the homogeneous case. Consequently ¢(I) becomes

(1) = — ‘ (7-30)

A+ 1/12

Although the solution to Eq. (7-25) is now morekcomplicated, it can
still be obtained employing straightforward integ?étion techniques.
The resulting transcendental equation is

D [ e B P aayn B

La/ID =1 A+ 1,071 + 1
out’*s IN''s e 2 At

/I
: . ouT
/4 + R /I; -1 (

Tour/1s IN

n

-2ﬁ+1/1;=-aLB (7-31)

IN 0

This cumbersome looking equation can also be solved to give I once

ouT
IIN’ I;, aOLB are known. Which saturation behaviour (homogeneous or

1nhomogeneoys) is appropriate £o the observed experimental results
will be discussed in the next éhapter.

The complete description of the laser system requires, ¥n
addition to the amplifier and absorber equations, the inclusion of two
boundary condiiions. As mentioned in the introduction to this chapter,
the entire 11neaf"éavity loss is incorporated into the modél as an
effective mirror reflectivity. This reflectivity is comprised of two
components. The first component is due to the linear loss (RA)

associated with the insertion of the aperture shown in Fig. 7-1; the

second is associated with the transmission loss (l-RM) in the output
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mirror (M) of Fig. 7-1. 1In addition, the ratio of the laser beam
area at the amplifier compared to that at the absorber is incorporated
directly into the pulse propagation model by the parameter mi. The
input intensify at the absorber is therefore related to the output

intensity from the last slab of the amplifier by

2 2
IIN o« m. [E|S .

X (7-32)

A mé‘va]ue of unity corresponds to equal absorber and gain beam areas
such as occurs in plane-plane mirror resonator geometries. Values of
mg larger than unity corresponds to decreasing the diameter of the

laser radiation at the absorber. N

\
™~

7.3 Noise Fluctuation Mode)

The noise fluctuation model has been discussed over the years
by a number of authors [101,102]. A very good review of the subject is
given in Ref. [103]. The noise fluctuation theory accounts for the
production of Q]trashort laser pulses, separated by the round-trip
time 2L/c, by the selection and temporal shaping of fluctuations
initially present as spontaneous emission noise in the laser. The
build-up of short pulses from noise passes through four stages - linear
amplification, non-linear absorption, non-linear gain, and finally a

pulse decay stage.

(a) Linear Amplification Stage

In the linear stage of pulse development, fluctuations in

intensity result from the interference of a large number (mi) of axial

e e A -

[ O o S R T

e
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laser modes having random phases. The absence of fixed phasé relation-
ships between axial modes results in a random intensity distribution of
short pulses. The average number of such fluctuations in a round trip
laser time 2L/c is the order of me, and the average fluctuation duration

is given by

in(m.)‘]/z(ZL/c)/m

; P (7-33)

N
provﬁded m. > 1 [102]* The intensity of these fluctuations can be ob-
tained from the spontaneous emission calculation performed in Appendix

N N/cmz.

E and are initially in the order of ~10° The linear gain
region starts at the time to shown in Fig. 7-2. Spoptaneous radiation
emitted at times earlier than to will undergo an exponential decay

given by
e (v - gta) (7-34)

where vy is the small-signal cavity loss. Radiation emitted well after
to cannot compete with radiation emitted at or near to which' has already
undergore significant linear amplification. In this linear region,
natural axial mode selection by the amplifying medjum takes p1§ce
because the collision-broadened Lorentzian gain spectrum gives preferen-
tial amplification to the modes near the centre of the gain profile.

The mode selection causes thé'gain spectrum to narrowswhich results in

temporal broadening of the noise pulses. This broadening‘continues

A

* For a 1 atm COp laser, my ~ 43. mj must be large to enable
the use of white noise (incoherent noise) statistics.

ke

—~—t
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until the start of the non-linear absorption region at a time ty:
The broadening of noise pulses in N double passes of the amplifier,

given by
N o= (ty -t )/(eL/e) . (7-35)

16 caléu]ated in Appendix F. The calculation is performed for the
largest intensity noise pulse, starting at to’ and assumes that each
noise pulse is statistically independent. The initial noise pulse |
and the medium gain are assumed to have Gaussian frequency distributions
1n order to simplify the calculation. The loss frequency variation

is assumed flat over the gain bandwidth, which is in fact the case for
germanium.* The calculation outlined in Appendix F was performed for
the particular case in which the amplifier gain (g) was a constant as a
function of time. The resulting pulse broadening expression appropriate

to CO2 amplifiers is given by

1’1

tp(FwHM) = Tz/BinZQLaN : " (7-36)
Notice that this expression is independent of the initial duration of ‘r

the noise fluctuation. The final duration depends on the gain bandwidth
through TZ’ the small-signal single-pass jntensity gain coefficient

(glg),» and the number of round trips {N) through the amplifier. N is a

-

* The effect%ve absorption frequency width in germanium may be
greater than 100 cm™'. Note however that if the loss distribution had a
similar shape and width to that of the gain medium and was certered at

the §ame'frequency, then it should be possible to prevent or at least
to minimize pulse broadening.

)
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function of the gain and linear loss and is a measure of how close
lasing operation is to threshold. The above expression can be general-
ized to account for the contribution due to the initial noise fluctuation

duration (Atfz) and a 2-level time-dependent gain g(t)} (Eq. (7-2)) by

iterating the following expression, for the broadening due to the nth
double pass in the amplifier, until n = N.
_ 2 2 o %
t(FWHH(n)) = /Btn2g (1)L T + 2m2nth, (7-37)

In most cases this expression agrees with £q. (7-36) to within 15%
because the gain profile for most of the N passes is basically flat.

At the end of the linear amplification stage the number of
axial modes decreases due to the process of natural mode selection.
If the number of axial modes (mf) at time ty is sufficiently reduced,
such that only one pulse can occupy the,ZL(ckcavity round trip time,
then the transient evo]ﬁtion of passive mod;§ ocking becomes determin-
istic rather than statistical. A theory for the deterministic evolution
of mode-Tocked pulses has been outlined by C.P. Ausschnitt in June 1977
[105], Note that "deterministic" implies that a single pulse per 2L/c
traﬁsit time has eczT;ed well before substantial absorber and gain
saturation occur. The non-linear gain and absorber regions primarily
serve to determmine the temporai pulse shape and the growth of the pulse
intensity. Roughly speaking,a mode-locking syst;m can be considered
to be deterministic if the pulse spectral width, given by 1/ntp, is

less than or equal to the axial mode separation (c/2L) at initial pulse

durations tp, as can exist in high gain lasers operating very close to
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thréEhold (large N), at low laser gas pressures {long TZ)’ and for short
cavity:fengths (L). In summary, there is a strong possibility of
observing deterministic mode-locking when the laser is close to pro-
ducing a single longitudinal mode output.\‘quever, calculations of the
pulse broadening, for a 1 atm CO2 laser, indicate that there will be 2,
and possibly 3, pulses per 2L/c time at the start of the non-linear
absorption region and therefore deterministic mode-locking is not
expected to occur. Experimental observations of deterministic mode-

locking will be given in the next chapter.

(b) Non-Linear Gain and Absorption Regions

In this region the noise fluctuation intensities are sufficiently
High to start saturating the absorber and gain media. The degree of
absorber saturation, which is determined by the ratio of the instantaneous
fluctuation intensity to the absorber saturation parameter (Is)’ can be
-eaqu]ﬁted\hsing Eqs. 7<29 énd 7-31 for a homogeneously and inhomogene-
ously broadéned séturab]e absorber, vrespectively. It follows that
large intensity pulses incident on the Ge will see less absorption.and
therefore a greater net amplification per round trip, then low intensity
pulses. Calculations performed using both homogeneous (7-29) and inhomo-
geneous saturation equations, (7-31) indicate that the discrimination
between two nearly equal pulses, on a single pass through the Ge, is
greatest if I ~ Is' For example, when aOLB = 0.8 and IZ/I] = 0.8 in a
homogeneous absorber, the transmission ratio'of the largest to the

second largest pulse is ~1.04 at I] = lS, 1.01 at 1, = 0.1 IS and 1.02 at

1

I1 =10 Is‘ It is therefore benefiicial, for good mode-locking, to

-
4
&\



151

hold the pulse intensity down to I ~ 1S for as many round trips as
possible.

There can be an interplay between the absorber and gain satura-
tion if the cavity, and gain and loss parameters,are suitably chosen.
When a large intensity pulse saturates the absorber, the cavity loss
for that pulse is reduced. However,the gain may start to saturate due
to this and other pulses in such a way as to keep the laser close to
threshold for the large intensity pulses. Under such conditions pulses
of low intensity decay rather than grow in intensity. Eventually the
largest pulse is of sufficient intensity to significantly saturate both
the absorber and the gain medium. Then the pulse intensity rises dramat-
ically and the laser output is both Q-switched and mode-locked. Since
the saturation of the gain medium will be a function of the number of
propagating pulses per round trip time, a realistic value for this number

is always used for the starting pulse distribution.

(c) Pulse Decay Region

In this region the population inversion has been significantly
depleted and the pulse intensity has already reached its maximum value.
The intensity then decays with a decay time that depends on the amount
of residual gain present in the cavity and on the non-linear and linear
cavity losses. The decaying pulses can still saturate the non-linear
absorption, and further pulse discrimination is still possible. The
discrimination can be substantial since the mode-locked pulse trains
usually possess fall times which are much Tonger than the risetimes,

thus affording a greater number of passes through the absorber.
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Thus far we hé@e mentioned the saturable absorber's ability to
discriminate against 411 but the most intense noise pulses. However,
since we are dealing with a fast recovery time absorber (a few ps for
Ge), the)absorber acts in a similar fashion over an individual pulse
duration as it does to a distribution of noise pulses. That is to say
“low intensity portions of an individual mode-locked pulse see greater
absorption than intensities at the pulse peak. This results in a
symmetric narrowing of the oygra]] pulse. It is therefore not sur-
prising that we should find(éignificant pulse narrowing, as well as

pulse discrimination, across the mode-locked pulse train.

7.4 Summary
This chapter has outlined a model for the quantitative prediction
of the passive mode-locking behaviour of a CO2 laser containing a Ge
saturable absorber. The particular features of this theoretical mode-
locking treatment are: ,
{a} The model can be used without alteration to describe a TE COZJ
laser and any fast saturable absorber, provided‘that the effective
absorption linewidth is considerably greafer than the gain line-
width.
(b) The mode-locking analysis is appropriate to a regular (non-ring)
Jaser cavity, but it does not allow for standing-wave effects.
(c) Amplifer density equations, rather than rate equations, allow us
to treat the case where the pulse duration approaches the T2 time.

Furthermore, the model can easily be adopted for analysis of CO2

injection-locking systems (with or without a saturable absorber)
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f106].

(d) A 2-level homogeneously broadened time dependent gain g(t), which
accurately describes the C02 gain temporal profile, in incorpor-
ated into the model.

(e) The model includes rotational coupling effects in the amplifier.

(f) Although the mode-locking occurs On only one rotational line,
the model can be generalized to multi-line and even multi-band
operation with careful gain bookkeeping. .

(g) The non-linear and linear losses are treated in a straightforward
and easily adjustable manner.

(h) The model can accomodate either a homogeneous or inhomogeneous
2-Tevel steady-state treatment for the saturable absorber.

(i) The mode-locking simulation incorporates a parameter mi which
allows variation in the ratio of the beam area at the amplifier
relative to that of the absorber. This condition is very often
necessary experimentally to allow the gain and absorber media to
saturate at similar intensities.

(i) The number of starting pulses, and pulse durations can be obtained
directly from noise statistics and from a temporal broadening
calculation in the linear gain regi nfl “

This chapter also discussed the|four stages of pulse evolution:

Tinear amplification, non-linear absorption, non-linear gain, and pulse

decay. The conditions under which "deterministic" mode—]ocking might

occur were also outlined in this chapter. The nexf chapter will deal
with actual experiments performed with Ge to detemmine the basic
absorber parameter values, followed by a comparison of theoretical

and experimental mode-locking data.



CHAPTER 8
INVESTIGATION OF PASSIVE MODE-LOCKING USING A GERMANIUM
SATURABLE ABSORBER - PART 11

8.1 Introduction

o

The previous chapter outlined the theoretical treatment for the
generation of short pulses, starting from noise, and on through the
various stages of mode-locked pulse development. In this chapter measure-
ments of the model parameters are reported. This chapter also provides
a detailed comparison between theony and experimental measurements of
Ge mode-locking. )

Experiments with a TEA CO2 laser, employing Ge at the Brewster
angle, are reported in Section 8.2. These experiments provide values
for the smalﬂ—signal absorption (aoLB)?“fhe saturation parameter (IS),
and the beam area parameter (mi). The latter quantity was obtained from
experiments using a 3-mirror cavity similar to that described in Chapter
2. The observations of mode-locking experiments, employing anti-
reflection (AR) coated Ge in a 1 atm laser utilizing a simple 2-mirror
cavity, are reported in Section 8.3. These results are compared to
theoretical pred{ctions in ordér to assess the relative importance of
varying parameters such-as mi (Section 8.5), rotational coupliing time
Tq (Section 8.6), gain above lasing threshold (Section 8.7), linear loss
(Section 8.8), and non-iinear loss (Section 8.9) in the production of

short puises. Section 8.10 demonstrates both the scaling of the theoreti-

154
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cal parameters with pressure and the im%prtance of noise statistics in
the mode-locking of a 5 atm TE CO2 laser. The computer simulations
performed for the 5 atm laser also help to demonstrate the importance
of the parameter mg in obtaining stable mode-locked pulse generation
at high CO2 laser pressures. Section 8.11 describes the pressure
dependence of the mode-locked intensity, the energy, and the parameter
mg. In Section 8.12 it is shown that there should be some advantage

in employing a short laser cavity for mode-locking. Finally, Section

8.13 compares the mode-locking properties of SFe and Ge.

8.2 Brewster Angle Experiments

The following experiments were carried out using p-type galiium-
doped single crystal, germanium.* Ge possesses an index of refraction
of 4.0 at the 10.4 um band [107]. The corresponding Brewster angle
is 76°. Alignment of the germanium at this angle,/either inside or
outside the laser cavity, was reiative]y simple bégause the Ge was
parallel to within a 10.4 ym wavelength. Consequently, wedge and
lens effects were insignificant in spite of the high refractive index
for Ge. A ée1ative1y serious problem was damage to the Ge surfaces
caused by high intensity laser pulses. Attempts made by us to polish
the commercially obtained Ge, using standard polishing and chemical
etching techniques met with only moderate success. It soon became

apparent that to avoid surface damage to the Ge at intensities

* The Ge was typically 5 cm long by 1.5 cm wide.
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<§ near I = IS, a sub-micron finish was required over the entire active
crystal surface. This had to be done commercially (by Interoptics).
Subsequently, care was taken to keep the Ge surfaces clean to prevent
the formation of oxide coatings and the deposition of particulate
matter or grease on the Ge surface.

The absorption of Ge in the neighbourhood of 10.4 um is very

nearly constant with wavelength [108]. The absorption coef%icient ag
for p-type Ge is a function of the resistivity p, and therefore of the
doping concéntration. An approximate relationship between aS and p,
obtained from Capron et al. [107], is agp v 2.3 Q. Greater absorption
in p-type Ge is therefore obtained by decreasing the‘resistivity (i.d.»
increasing the doping concentrations). Phonon absorption (lattice
vibrations) and absorption by electrons and holes constitute the total
absorption. The contribution due to phonons is independent of the sample
resistivity and has been estimated to have the value 0.013 cm°1 [109].
This value is negligible compared to the total absorption for the resis-

\

ﬁiyities employed in this work. Electron absorption contributes ~0.01

cm" at these resistivities. Therefore, the absorption at 10.4 pm is

-

primarily due to holes, specifically involving a transition from the

heavy to the light hole band in Ge.

(a) Small-Signal Absorption

The sma]]-s@@na] absorptions were measured using an unfocussed
helical laser beam which was incident at the Brewster angle on polished
Ge. The transmitted beam was detected by a photon-drag detector and

observed with an oscilloscope (Tektronix 547). Ge possesses a large
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saturation parameter [ 19 ]. Therefore typical helical output laser
intensities of 50 to 100 kW/cm® could be used and still be considered
in the small-signal intensity regime. The values for aOLB, obtained
for the 3 u-cm Ge employed in the experiments described in Section 8.3,

were 0.69 + 0.02 and 0.36 + 0.01 for 0.85 and 0.49 cm thicknesses, respec-

-

tively. It was also ascertained that the value of aOLB varied by less

than 5% over the entire crystal length.

(b) High-Signal Absorption °

In this section results of measurements of the germanium satur-
ation parameter (IS) are given. This was a rather difficult expériment
to perform since the large input intensities necessary to significantly
saturate aOLB frequently led to Ge damage. The possibility of damage
was reduced by employing very good optical finishes on thd Ge samples.
As well, a train of mode-locked pulses,* rather than a conventional non-
mode-locked laser, was used to probe the Ge. The mode-locked opera-
tion allowed high peak intensities while keeping the total pulse train
energy lTower than what would be needed to obtain a similar non-mode- \\z
locked laser intensity. The mode-locked pulse train provided another
advantage. On a single passage th(ough’the Ge the variable set of in-
put intensities allowed the simu]t?%eous measurement of 10 pulse
transmissions. The increased,daf& improved the accuracy of the satura-

tion parameter measurements.‘ The experiment was performed with a 0.35

* A mode-locked pulse train can be used as a probe since the

Ge obsorber can fully recover in a time much less than the round trip
time.

-

T e
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cm piece of 0.7 2-cm Ge. The Ge was mounted at Brewster's angle to
the incident laser beam since etalon effects and corrections due to
Fresnel reflections made interpretation of transmission data for Ge
oriented at 90° to the laser beam ambiguous. Unfortuantely, the 76°
Brewster angle reduced the intensity of the laser beam at the tilted
Ge surface relative to the input beam intensity by a factor of 4.
Consequently, to obtain intensities of 25 Mw/cm2 at the Ge surface,
beam intensities of 100 MW/cm2 were needed. These high intensities
were achieved by using a 25 cm focal length Ge lens to concentrate |
a2 Mw/cmz* train of 3 ns pulses, obtainéd from an SF6 helical laser,
mode-locking configuration, which operated on the P(20), 10.4 um CO2
rotational line. The transmitted pulse train was detected by a cali- \\\
brated** photon-drag de£ector situated in the diverging portion of the
Tens to avoid detector saturation effects. Since it was only possible

to accurately obtain intensities of up to 25 MW/cm2 at the tilted Ge
surface, it could not be determined.whether the absorption saturation

was homogeneously (Eq. (7-29)) or inhomogeneously (Eq. (7-31)) broadened. '
Figure 8-1 shows the plot of n(yy/Tgyr) against Iyy-lgyr, in MW/ cm® .

The data falls on a straight line whose intercept represents the small-

* The intensity refers to the peak intensity of the mode-locked
pulse train. ’ .

** The calibration procedure for the conversion of the oxcillo-
scope signal in volts to an intensity in MW/cm? has been outlined in
Section 2.5.

+ This is because one needs > 20 MW/cm2 to observe a significant
difference (> 10%) in transmission for the two cases.
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Fig. 8-1

Plot of 2n (IIN/IOUT) as a function of, IIN - IOUT' The solid 1ine is

the best fit to the data.
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signal absorption coefficient. The value of 12 obtained from the nega-

tive increase of the slope was 8 + 2.5 MW/cm2 (this is equivalent to

an I; ~ 3.2 Mw/cmz). ThiF value is in good agreement with the value
recently abtained at Los Alamos (100]. The uncertainty quoted in the
saturation parameter reflects the uncertainty of obtaining the slope

in Fig. 8-1. A similar saturation parameter (within experimental error)
has been obtained for a 0.85 cm long, K\Q—cm piece of Ge, in agreement
with the observations of A.F. Gibson et al. that the saturation para-

meter is not strongly dependent on the doping concentration [19].

(c) 3-Mirror Cavity Experiments

A set of measurements to determine the importance of the para-
meter m(z) were performed with the double-dixharge lasers in the 3-mirror
cavity shown in Fig. 2-7. The Ge, mounted at the Brewster angle could
be moved away from M1 into the beam waist (uo)'while keeping all other
parameters constant. It was observed that moving towards the beam
waist resulted in a transition from a low intensity non-mode-locked
output-state to a progressively higher intensity mode-locked state. e
The time delay between the peak of the current pulse and the rise of
the laser pulse (t,) changed by less than 100 ns under such a transition, K
consistent with the non-linear region being very short compared to
the linear gain build-up region. Moving the Ge closer to the beam
waist slowly increased the peak output intensity, rather than causing
a dramatic switching effect as was gbserved when SF6 was used as a

saturable absorber (Chapter 6). Moving the germanium further

T e A
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into the beam waist resulted 1n surface damage. The parameter
mg was measured by using internal variable apertures placed at various
positions in the 3-mirror cavity and adjusted to just stop the lasing
action of a-low gain oscillator (i.e.,operated very close to threshold).
The measurement of the’beam diameters could quite accurately be used
to obtain beam area ratios (mg) for various positions in the laser
cavity. The value of mg which resulted in the transition to mode-
locking was ~3.5.* The optimum mode-locking region was obtained for
mg in the range 6 to 8 while the onset of damage occured for mi > 12.
These experiments demonstrated that a minimum value of mg wWas necessary
to saturate the absorber and obtain stable mode-Tocking. However, due
to the onset of damage it could not be conclusively determined if there
existed a maximum value of mg above which stéb{e mode-locking could not
be achieved.

In these experiments it was further observed that a large per-

centage of the mode-locked pulse trains contained 2 pulses per round

trip rather than the expected singie pulse. The second pulse, usually

AY
~—

of slightly lower intensity,occured even with optimization of the laser
Qarameters. It was noted that the second pulse was separated from the
first by a time equal to 2d/c, where d was the distance of the Ge to
mirror M1. Moving the Ge to the opposite side of the beam waist, but
with the same mg, gave a pulse separation in agreement with the increased

value of d. It was therefore concluded that interference effects be-

-

* The area at the absorber is the area of the elliptical beam
cross-section at the front surface of the Brewster angled Ge.

- et e i
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tween noi1se pulses travelling in opposite directions through the Ge,in
such a way that their overlapped intensities resulted in a smaller ab-
sorption coefficient than that would be obtained by independent passage
through the Ge made two pulses production more likely. Double-pulses
have been predicted theoretically [110] and observed experimentally for
Nd:Glass lasers, [7] and for other laser systems [111]. The observation
of double-pulses is of special significance since the theoretical model
does not account for such interference effects. This will be discussed

further in Section 8.5.

8.3 <-Mirror Cavity Experiments

These experiments were conducted with 1 atm double-discharge
laser tubes in the 2-mirror cavity shown in Fig. 7-1. The AR coated
Ge was placed at 90° to the laser axis, and near M2. The laser cavity
was composed of a 1.9 m radius of curvature gold mirror (M1, 98% reflect-
ing) and a 10% Lransmi%ting Ge flat (M2). An aperture situated near Ml
ensured operation in the TEMOO mode, while the oscillating wavelength
(with the Ge present in the cavity) was determined,by using an optical
spectrum analyzer,to be the P(20) line of the 10.4 um CO2 band.

The procedure for mode-locking proved to be quite straight-
forward. The AR coated Ge possessed no significant wedges and could
simply be placed, to within a degree or two in alignment, in front of
M2 without having to retune the 1%ser cavity. The Taser gas concentra-

/

tions and voltage settings were chosen to just obtain lasing.* Fine

?

* The laser parameters were also chosen to ensure that the laser
operated in a very stable discharge region.
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adjustments to the power supply voltage and to the resonator aperture
were made to obtain stable, clean,node-locked pulses. The term “stable"
refers to the shot-to-shot variation in intensity of the peak pulse in

a mode-Tocked pulse train, while "clean" pulses refers to the contrast
ratio or discrimination (D) between the largest pulse to the second
largest pulse in the 2L/c time window around the peak intensity pulse.
These terms will always be employed in this context. The mode-Tocked
pulses were detected using a calibrated (v50 Q impedance) photon-drag
detector and a fast risetime oscilloscope (Tektronix 7904). The rise-
time of the oscilloscope (10%-90% points) was measured to be 625 + 25 ps

using a 0.1 ns risetime calibration step generator (Tektronix 519). The

risetime of the detector (<200 ps) is estimated to be much less than that of

the oscilloscope so that the overall detection risetime is less than 650 ps.

It was determined from preliminary experiments with the 2-mirror
AR coated Ge system that very stable (5 10% variation in peak intensity)

and clean (D > 50)*mode-locked pulses could be obtained,over a wide

range of laser and cavity parameters,on over 90% of the laser discharges.

Pulse narrowing across the mode-locked pulse train was also observed
for a wide range of mode-locking conditions. The mode-locked train
enérgies were substantially less (factor of 3 to 4) than energies
observed under similar conditions with SF6 mode-locking. Finally there
was a trend to slightly narrower (15 to 20%) pulses as the distance of

the Ge to M2 was reduced from 5 cm to 0.5 cm. This last observation is

* This value represents a lower limit since the measurement is
1imited by noise pick-up.

TR T )
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consistent with previously mentioned interference effects observed in
the 3-mirror Brewster angle experiments (Section 8-2(c))  However,

in this case the mode-locked pulse reflects from M2 and overlaps with
itself rather than with a discrete second pulse. If the 2d/c separation
is comparable to the pulse risetime then the peak of the pulse may, for
example,overlap with its tail. In such a case the saturable absorber
transmission of the tail is enhanced relative to that of the pulse

peak. In all the foliowing 2-mirror experiments the Ge was placed as
close (0.5 cm) to the end mirror M2 as possible to minimize any pulse

broadening effects.*

8.4 Initial Conditions for the Comparison of Theory and Experiment

Sections 8.4 to 8.9 deal with the 2-mirror AR coated Ge experi-
ments in which the laser gain, linear and non-linear 1os§es and mg
parameter are varied in a systematic fashion to allow comparison with
theory. The quantities measured in the experiments were the pulse
train output intensities and temporal shapes; the individual pulse durat-
ions across the pulse train; pulse stability,and pulse discrimination.
The mode-locking parameters were obtained as follows.

¢

(a) Experimental Initial Conditions

As outlined previously the mg values were obtained by using

suitably placed apertures in the cavity to just stop lasing action when

* The optical distance from the center of the Ge to M2 was

2.5 cm. This resulted in a Zd/c of 160 ps, which is significantly less
than the detection risetime. \
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the laser was operated near threshold. The value of mg was varied by
changing the 2-mirror cavity length. A length of 1.71 m gave an experi-
mental mg of 4.5, wile a 1.81 m cavity gave an mg of 12. By replacing
the 1.9 m radius of curvature gold-coated mirror with a 3.4 m one an

mZ of 2.2 was obtained with a 1.71 m cavity.

0

The non-linear losses aULB, which will be-used in Section 8.9,
were measured in Section 8.2 to be 0.69 + 0.02 and 0.36 + 0.01 for 0.85
and 0.49 cm thickness of Ge, respectively. The laser gain for the mode-
locking experiments was measured u;ing an in-cavity attenuation tech-
nique [95]. The procedure involved inserting an accurately known
Toss (y) into the laser cavity which would just extinguish laser oscil-
lation. The small-signal insertion loss was comprised of the Ge
absorber loss, the transmission loss at mirror M2, plus some small loss
due to the Nacl laser tube windows and the gold mirror M1 (a few %).
The technique was particu]ari]& appropriate for obtain{ng the gain
since the mode-locking process also occured near lasing threshold and
involved the same insertion loss. The laser gain was then obtained
from the insertion loss value. The gain measured in this manner had
to be corrected for the fact that the temporal gain profile (Fig. 7-2)

R

was not constant and that the maximum gain, g , was greater than the

max
insertion loss value. The correction involved find the suitable Imax
which when inserted into Eq. (7-2), gave the correct growth in intensity
from the initial spontaneous flux (Ii N ]O_]] W/cmz,[Appendix E]) to a

final intensity appropriate to the start of the non-linear absorber region

N v A o wom &
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(If v 104 N/cmz) in N round trips,* i.e.,

e[g(t0 tn2L/e)L, - v] IRT:
]

(8-1)

==

I1/1. =
3 n

The correction factor was usually 5-15%.** The Imax values obtained in
this way were in good agreement (to within 15%) with the values predicted
from the oscillator-amplifier gain measurements reported in Section 2.2
(c). A1l the gain measurements, reported in Section 8.7, were obtained
in a region where the sma]]—s%gna] gain was directly proportional to
the input electrical energy to the discharge (Fig. 2-6). As expected,
ratios of the squares of the applied voltages for two lasing conditions
gave a very good estimate of the corresponding gain ratios. Once the
gain at a given voltage has been measured using the attenuation tech-
nique, gains close to this value were derived from the power supply
voltage settings.

The values for the linear loss due to the insertion of an aperture
near M} were also obtained using the attenuator technique (measured with

and without the aperture in the cavity).

(b) Theoretical Initial Conditions

Once the laser pressure and gas concentrations are known the
gain bandwidth, and therefore the T2 time, can be calculated using the

expression given by Robinson [95].

* N was obtained from the maximum time delay for which lasing
action was just observed.

** Since g is obtained from the natural logarithm of I¢/I§ it is
not sensitive to the values of I¢ and I;.

*

R
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2C

( co, Py Paz
Av(FWHM) = [p t o =], (8-2)
(8ﬂkT)1/2 co, ~ 769 © 1.33

where CCO is a constant approp;ﬁate to CO2 and is related to the optical
2

broadening cross-section, P,

; 1s the partial pressure of gas (i), T 1s

the discharge gas temperature, and k is Boltzmann's constant. The total
gas pressure for the experiments was 1 atm, while a typical gas concen-
tration used was 85% He, 5% Ny, 10% €O, . The discharge temperature was

estimated at ~320 K in accoraance with the findings of Ref. [112]. Sub-

stitution of these values into Eq. 8-2 yields a value for Av of 3.76 x
10° Hz. The value of T, can then be obtained using Eq. (7-15)> and is
0.085 ns.*

The average number of noise pulses (mi) generated in a round
trip about to can be found by dividing the gain bandwidth Av by tHe
axial mode separation c¢/2L. For a 1 atm laser with L = 1.71 m, ¢/2L =
0.88 x 108 Hz, and using a Av of 3.7 x 109 Hz, one obtains an m. of 43,
The initial fluctuation duration Ategs given by Eq. (7-33),turns out to

be 2.2 x 10710

s, provided that m, >> 1. Knowledge of TZ’ Ateos the inten-
sity gain coefficiont gmaXLa, the number of roqnd trips N, and use of

Eq. (7-36) ,allows one to calculate the pulse duration just before the
onset of the non-linear gain and absorber regions. The value obtained

is v2.4 ns. This duration corresponds to a spectral width of 1.3 x 108

Hz which very nearly approaches 2 axial mode separations. At this point

-

* Since the calculated T, values for other gas concentrations
and discharge gas temperatures uéed in the experiments were within 3%
of each other only dne value of T2 was used in the computer simulations.

e na = S ® e €

bt A A .
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one can, in principle,calculate the statistical distribution of the
random intensity noise pulses and obtain information,such as the ratio
of the second largest pulse intensity I, to the largest intensity I],
to obtain mode-locking within certain confidence limits. However, to
perform such an analysis the number of pulses per round trip (mf) mus t
be large* to approach a white noise distribution [102]. Since the
starting distribution for a 1 atm laser consists of 2, or possibly 3,
start{ng fluctuations per round trip,such an analysis cannot be per-
formed. It was therefore decided to run the mode-locking computer
simulation with 2 input pulses per round trip time and with a high**
starting intensity ratio of 12/11 = 0.6. This high ratio allows the
id%ntification of a set of mode-locked parameters which will produce
stable, clean mode-locking largely independent of the starting input
pulse intensity ratios from one mode-locked train to another.

Three further observations were made concerning the theoretical
starting pulse distribution. The. development of clean and stable mode-
locked pulses was largely independent of the time separation between
the starting pulses, since the separations were always much greate}
than’the rotational recovery time and absorber recovery time. Secondly,
the order of the pulses did turn out to be of some importance. The
pulse which was propagated into the amplifier first always experienced

more gain than the trailing pulse. The effect could be significant

may actually be as low as 5 for a reasonable approximation
to a wh1te ﬁo1se statistical distribution [ 113].

** Tt will be shown in Section 8. 10 that the probab111ty of
observ1ng two pulses with intensity ratios 2 0.6 (on the rise of the
pulse train) was small (~10%).
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when the first pulse reached a sufficient intensity to reduce the dain
in a few round trips. In high gain amplifiers this effect can actually
cause significant pulse shaping over the pulse duration itself. How-
ever in our simulations the effect led only to an increase (x2) in
pulse discrimination over the pulse train if the largest intensity
pulse was fed first into the gain medium. This discrimination is

much smaller than that typically achieved by the saturable absorber

(102 to 10%).

Furthermore, pulse shaping effects due to the order of i
}he input pulses amounted to <10%T§hanges in the pulse FWHM,compared
to factors of 5 to 10 in narrowiﬁg due to the Ge absorber. For consis-
tency, the largest pulse was fed seéond into the amplifier in all
the simulations performed in this\chapter.
The third observation was that the final pulse intensities
generéted by the model were very insensitive to the starting intensities
at td. This .proved useful since these intensities could not acéﬁrate]y

be predicted due to the large uncertainties in calculating the intensity

of spontaneous emission at to. The starting intensities used (~10 kN/cmz).

1
'! -
]
|
h

were ﬁypica]]y 1/500 of the Ge saturation intensity.

8.5 Influence of the Beam Area Parameter (mg) on Mode-Locking

In the following sections the theoretical predictions of mode-
lockiﬁg are compared to experimental data Qhere possible. The theoreti-~
ca]kp?edictions are given over a much wider intensity range than can

accurately be measured experimentally and thus the region for which

experimental and theoretical predictions can be compared is somewhat

restricted. For example, experimental observations in regions where
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the laser intensity causes damage to the AR coatings is prohibited.

Fig. 8-2 shows the theoretical predictions for the output
intensity (at M2, Fig. 7-1),of the largest pulse of the 2 input pulses,
as a function of the number of round trips from the starting time td and
for three different mg parameters. The curves are continuous for
appearance sake, since each round trip contributes one intensity data
point to the curve. The intensity of the second pulse is not included
in these curves. However, the effectiveness of the pulse discrimination
is indicated by using the parameter D defined previously. The values
for the other laser and cavity parameters for these three curves are
outlined in Table 8-1. Notice that the output intensities for the
three mg parameters at low round trip numbers are different since the
reduction in the beam area at the absorber also increases the output
intensity just outside mirror MZ2.

‘ The mg = 4.5 curve illustrates the inability of the laser in-

tensity to significantly saturate the absorber. At higher m2

o values

there is a progression to very fast changes in intensity risetimes. It
was found that the discrimination parameter,measured at the output peak

1nténsity of each mode-locked pulse train,is adtua]]y optimum for the

mC = 9.0 case (D = 60) compared to the mg

0 “
" the m ='4.5 case (D = 5.0). The poorer discrimigation at high m;

= 18.0 case (D = 6.0) and

(i.e.»laser cavities which focus the laser radiation at the absorber)
is due to the fewer number of passes in th% absorber. As well, the
large majority of the passes are at intensities much higher than the

absorber saturation parameter Is,resulting in less than the optimum
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Fig. 8-2

Variation of the theoretical output peak intensity as a function of\the-*

number of round trips for different mg values indicated in the figure'.
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TABLE 8-1

‘Mode-Locking Parameters

L 1.7 m

2L/c . 11.4 ns
] 0.87
RA " 088

o L 0.69

g la 0.99
td 2.5 us
t] 0.4 us
t2 | 10.0 ps
TR 0.2 ns
T2 0.085 ns

172
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discrimination per pass. Experimentally,an mi parameter of 4.5 gave
better agreement with the theoretical predictions employing mi = 9.0.
The discrepancy of a factor of 2 may result from the fact that the

pulse overlap mechanism mentioned in Section 8.3(c) creates effectively
higher intensities in the Ge (equivalent to a x 2 change in mg).* An mg
of 9.0 produced experimental mode-locking of somewhat poorer stability

than that observed for the mg = 4.5 value and also resulted in damage

to the AR coatings after 10 to 30 laser "shots". An experiment with

=
1

2.2 produced low intensity pulse trains similar to the theoretical

4.5 predictions. It should be emphasized that these mg curves

=
"

were all obtained using the same gain, and linear and non-linear losses.
Increasing the gain,from that given in Table 8-1 for the mi = 2.2 cavity,
caused significant saturation.ef Ehe absorber, with a subsequent large
increase in the observed output puise intensity. However,increasing the
gain from threshold to allow saturation of the absorber also resulted
in poorer discrimination and eratic pulse intensities.

Figure 8-3 shows the pulse narrowing with round trip number (N)
for the three cases described above. The arrows indicate the round
trip number at which the peak intensity of the mode-locked train occurs.
For both mg = 9.0 and 18.0 the pulse narrowing reaches durations whith are the

order of the rotational relaxation time TRV 0.2 ns. There is, however,

* The time averaged intensity due to standing waves in the Ge
gives a factor of 2 over the sum of single independent travelling wave
intensities. In future sections, unless stated otherwise,we shall refer
to experimental values of mg whenever the me parameter is used.

ot s bl By e e = =
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Fig. 8-3

Comparison of'theoretical and experimental pulse narrowing (FWHHS\as

a function of the number of round trips for aifferent mg values. The
(x), (o) denote experimental data points for mg of 2.2 and 4.5, respec-
tively. The arrows indicate the round trip numbers at which the output

intensity peaks for each of the mg values.
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a distinct plateau for the mg = 4.5 curve which again reflects the ina-
bility to saturate the absorber under these conditions. The mg = 18.0
curve shows rapid narrowing at low values of N due to the very fast

intensity build-up for this case. However, narrowing for sthe mg = 9.0
case soon catches up (by N = 12) since the intens?ties at thé absorber

are now close to IS. Finally as the large intensities at the absorber

2

for the m0

= 18.0 case decay, to approach I (N 2 14), the rate of
narrowing again increases. The data points denoted by crosses and

solid circles were obtained for mg = 2.2 and 4.5, respectively. The
agreement with theory is satisfactory. Unfortunately,it was not possibie
to obtain data for N < 8 since the experimental intensities were too
low in this region for accurate pulse duration measurements. Figure 8-4
shows a single mode-locked pulse obtained using a fast risetime oscillo-
scope (Tektronix 7904, 625 + 25 ps risetime). The pulse was selected
from the mode-locked pulse tail for an mﬁ setting of 4.5. The experi-
mentally observed duration was corrected for the oscilloscope risetime
to give a true pulse duration of 350 + 100 ps.** The error bars shown

in Fig. 8-3 indicate the uncertainty in obtaining the pulse durations

using the correction technique.

* The round trip number for a measured pulse duration was obtained
by counting pulses from the experimental peak intensity, using the assump-
tion that the theoretical and experimental peak positions coincide.

** A FWHM detector plus oscilloscope response tdet (650 ps)

was used together with the formula Tpea} = T2x - T to obtain
the real pulse FWHM from the experimentally ogsgrved duration.



Fig. 8-4

An experimentally observed mode-locked pulse obtained from the pulse

train tail for an mg = 4.5 and using a Tektronix 7904 oscilloscope

(625 + 25 ps risetime).
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This section has demonstrated that, both theoretically and
gxperimental]y,there is an optimum value of mg necessary to achieve
stable, clean, narrow, high-intensity laser pulses. Experimentally,

‘\however, mode-locking at high mg values is 1ikely to be prohibited due

to Ge damage rather than the onset of poorer mode-locking stability.

8.6 Influence of Rotational Coupling on Mode-Locking

It ha; been mentioned previously that depletion of the rotational
population 1nversiop oﬁ a particular rotational line, and the subsequent
collisionally induced return to equilibrium in a time TR has been
included in the theoretical mode-locking treatments. It will be demon-
strated in this section that the inclusion of rotational coupling into the
mode-locking analysis actually aids in the theoretical production of
stable, clean mode-locked pulses. This is accomp]ished/by holding down the
laser pulse intensities to produce a larger number of passes in the
absorber at intensities near IS. It will also be shown in this section
that the cumulative effect of the passage of high intensity ﬁu]ses in
the amplifier can lead to substantial asymmetric pulsé shaping.

Figure 8-5 shows the normalized vibrational population inversion

. D2 - D], for the three m2

o cases of Section 8.5.* It was determined oOver

the course of the mode-locking simulation work that the optimum mode-

////Tézked regimes ﬁshaily possessed inversion profiles similar to that

2

.shown for the mg = 9,0 curve of this figure. The m, = 4.5 case barely\

depletes the gain while the nl =

o 18.0 curve depletes it too fast.

* The populat1on inversion is appropriate to the 1ast of the
5 spatial increments in the amplifier (Appendix B).
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Fig. 8-5
,
Plot of the normalized vibrational population inyersion, DZ-D]; as a

function of time, relative to td’ for mg values of 4.5, 9.0, 18.0.

The arrows indicate the round trip numbers at which the output inten-

4 sity peaks for each of the mg values.
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Figure 8-6 shows the normalized vibrational ((DZ-D]), top curve) and
normalized rotational inversion (GJO/K(JO)) for a 3 ns time slice about
the peak intensity of the mode-16cked pulse train with m2 = 18.0. The

0
arrow indicates the position in time where the peak of the mode-locked

pulse occurred. This figure illustrates the hole that is burnt in the
rotational population distribution by the mode-locked pulse. The hole
then recovers to approach the vibrational population inversion after
the pulse has passed through the amplifier. The width of such holes

is proportional to the mode-locked pulse duration,provided the duration
is > tp. For durations less than TR the holes recover exponentially in
a 1/e time given by g The depth bf the holes increases with'the pulse
intensity but does not follow it in any linear fashioh. Due to the
rotational hole-burning effect the leading edge of a symmetric mode-
Tocked pulse propagating in the amplifier sees a greater gain than that
of the tréi]ing edge. This results in a faster risetime pulse which,on
repeated propagation in the amplifier,further increases the pulse
asymmetry.* Figure 8-7 illustrates the result of the cumulative pulse
shaping on the peak intensity pulse (mg = 18.0). The cumulative aspect
q of the pulse shaping is emphasized since on a single-pass basis the
mode-locked inteﬁsfties in the amplifier (1-5 Mw/cmz)hare insufficient

to fully deﬁ]ete the population on a given rotational line.**

* If rofationa1 coupling were not included in the analysis, com-
pletely symmetric narrowing by.the Ge absorber would be expected.

** It has been estimated that for a 1 ns pulse ~100 MW/cm2 in-
tensitjes are necessary (for a 1 atm laser) to significantly deplete. the
rotational population {114]. -
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PTot of the normalized vibrational population inversion, szD1, (top
curve) and the normalized fotational population inversion, § o/K(JO),

as a function of time for a ~3 ns time interval about the peak intensity
of the mode-locked pulse train. The population inversions are appropriate

to the last section of the amplifier (Appendix B): The value of mg is
N—

18.0. The arrow indicates the time at which the peak of the mode-Tocked

pulse passes through the Jaét amplifier section.
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Fig. 8-7

Theoretical prediction for the output pulse at the peak of the mode-

locked train for the m§‘= 18.0 case.
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The effect of varying the rotational coupling time T ON the
ind#vidual mode-locked pulse energies (keeping all other parameters
fixed) is illustrated in Fig. B-8.* The curves are appropriate to a

single starting pulse in a 250 Torr amplifier with g _ L_ = 0.6, aOLB =

max 4a
0.4, R" = 0.95, &' = 1.0, m% = 12.0 and T

9 = 0.3 ns. The figure shows
that the effect of rotational cahpling is to lower the mode-locked pulse
energy ,thereby resulting in longer envelope risetimes and FWHM. The
longer risetimes and reduced pulse energies allow a greater number of
passes in the absorber at intensitfes near IS. The net result is
better discrimination and pulse narrowing. Rotational hole-burning
prevents the immediate use of the gain on the envelope riié, but makes
the stored gain available on the envelope tail in such a way that the
total mode-locked train enérgy extracted with and without rotational
coupling is similar. It is\clear from the observations mgde in this,
section that rotational coupling is important to correctl;faescribe

the mode-locked train output intensity, temporal profile of the train

envelope and individual pu]sé shape and duration. -

8.7 Influence of Gain on Mode-Locking(

The next set of curves illustrate the dependence of the mode-

* The continuous nature of the curves is for appearance sake
only.



Fig. 8-8

Plot of mode-locked pulse energy as a function of the number of round
trips for a 250 Torr CO2 amplifier. The curves (a), (b), (c) corres-
ponds to rotational coupling times (TR) of 0.0, 0.6, and 1.2 ns, respec-

tively. The curves are continuous for appearance sake only.
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locking behaviour on the small-signal gain coefficient gmaxLa° This sec-

tion demonstrates that there éxists an optimum value in how close to

lasing threshold one can operate in order to obtain clean dependable pulses.
The experiments and simulations were performed with the parameter

values recorded in Table 8-1. The experimental m2

N value was kept at 4.5.

Figure 8-9 shows the variation in output intensity ‘with the number of round
trips (relative to the time td). The gmaxta value of 0.9 represents the
gain value just sufficient to observe lasing. The corresponding experi-
mental time delay was ~3.7 us. At the higher gains (farther away from
lasing threshold) the intensity rises very fast. Note that the intensity
(1.8 MW/cm2 at N ~8) for gmaxLa = 1.17 is actually less than that of the
lower gain (O.99)Icase (3.3 Mw/cm2 at N ~20). However, due to poorer pulse
discrimination the simulation with the gain of 1.17 possesses a signifi-
cant contribution from the secohd inserted pulse (D = 1.8 compared to a

D = 60 for the 0.99 gain case). Furthermore the pulse duration for

this éain setting (1.5 ns)‘is three times greater than the correspond-

ing durations for the 0.99 case. Consequently, the mode-locked pulse
energy is actually 2.3 times the energy of the pulse at the lower gain
setting. However, since the envelope of.tﬁe mode-locked gain for the 1.17
case rises and falls quite fast, the total energy of the pulse trains for
the two cases are in fact very nearly equal. The time scale for the
energy extraction from the amp]ifjer is the main difference between

the two cases. If the initial input pulse ratio (0;6) was much lower

(say N 0.2),’then the theoretiéa] peak intensity of the two cases would

be within 20 to 30% of each other. It was in fact observed experi-



Fig. 8-9

Theoretical predictions for the output peak intehsity with the number of

round trips for values of the paramter gmang indicated in the figure.
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mentally that the peak.dUtput intensities (v 2 Mw/cmz) were not particu-
larily sensitive to the variation in gain from threshold once the experi-
mental gain was greater than or equal to ~0.96. Stable and clean mode-

locking (X 10% intensity variation, D > 50) was obtained experimentally

i e e g PEORT TR o PO RN T R

on 95% of the laser discharges in a gain range of 0.96 to 1.05.* On
either side of this range there was a progression to poorer mode-locking.
= Figure 8-10 indicates that the computer simulations predict a very

. sharp maximum in pulse discrimination (D)** as a function of small-

signal gain. Knowledge of the parameter settings to obtain very large

' values of D (typically 2 10° ) is valuable if one plans to switch out a

Ny e vt

single pulse from the mode-locked train and cannot avoid switching out

a secondary pulse in the 2L/c time window.

Figure 8-11 jllustrates the pulse narrowing for the different

L e e AR rem e

gain cases. Poor narroying occurs when the laser is operated so close
to lasing threshold that the intensity at the absorber is insufficient
to cause a Q-switching action. Note, however,that thére is a]go a
plateau at 0.8 ns far the high gain value of 1.17. In this case the
1 . " gain is depleted too rapidly,thus preventing the large number of passes
' in the absorber necessary for pulse narrowing. It is clear from these
curves that the region for best narrowing is also the region for best

pulse discrimination,indicative of the mode-locking behaviour of a fast

Vo _ * On the gain variation experiments,as with all subsequent para-
\ meter variations,the stability of the laser discharge was excellent and

\ did not preferentially influence the mode-iocking stab111ty of certain
ga1n settings.

Ny ** D is appropriate to the round trip number correspond1ng to
o the peak intensity of each mode-locked pulse train.

@u‘:ﬁ?{c‘x’w}’&wﬂ

s



Fig. 8-10

Plot of the theoretical prediction of pulse discrimination (D) as a

function of the value of the small-signal gain gmaxLa' The value of
) .

m, was 9.0. A1l other parameters were obtained from Table 8-1.
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Fig. 8-11 (
Theoretical and experimental pulse narrowing (FWHM) as a function of

a
shown in the diagram. ‘The solid circles (e) represent experimental

the number of round trips for the values of the parameter gmaxL

Lt

" data points for the 0.99 gain case. The value of mg was 9.0. ATl

other relevant parameters were obtained from Table 8-1.

1,
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response time absorber such as Ge. The data points denoted by solid
circles are appropriate to the 0.99 gain case and fall in reasonable
agreement with the theoretical predictions. One further observation
can be made from this figure. Since the 0.96 peak intensity (at N = 27)
corresponds to a very narrow pulse duration (0.25 ns),high intensity as
well as very §bg££fbulses should be possible for this setting. However,
it appears that in order to obtain large-intensity very short pulses
one must sacrifice pulse-to-pulse stability,since the optimum gain fo;
such pulses is very close to the gains where the intensity is Just
sufficient to saturate the absorber (i.e., 0.90 to 0.93). A compromise of
reasonably short pulses (0.45 ns) of large intensity, and good discrimin-
a

ation and stability, can be obtained by operating very close to gmaxL =

0.99 (i.e. ~10% above the lasing threshold value of 0.99).

8.8 Influence of Linear Loss on Mode-Locking

The linear loss is comprised of an aperture insertion loss RA

and a lumped cavity loss RM. In this section we demonstrate the effect

of varying RA to change the total linear loss, while keeping the non-linear

. n
loss constant (at aoL“ = 0.69). The experimental value of m2 is again

(o
4.5. The laser gain is appropriately adjg::éd to give the same ratio

of gain to total loss (linear plus non-lindar) for the different values

of RA tested. Experimentally,this correspo;ﬁs to adjusting the gain to

keep the time delay constant. Figure 8-12 illustrates the output °

A

intensity against round trip number for 3 values of R"; 0.88, 0.55 and

0.35. It is observed that the lowering of the linear loss increases the

3

,peak output intensities,as one might expect. Note however, that the

A



Fig. 8-12

Theoretical predictions for the output peak intensity with round trip
number as a function of the linear loss (RA). The solid and dashed
curves for RA = 0.55 were obtained using an inhomogeneous and homogeneous

Ay

saturation parameter, respectively.
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peak intensity F§ shifted:to a higher value of N at lower loss due to
the increased effect of rotational coupling. The discrimination (D) at
the peak pulse intensity is 2.2, 7,0 and 6.0 for the progression to
lower loss. Experimentally,reasonably clean mode-locking was achieved
even for the high linear loss case. This indicates that the initial
input pulse ratio of 0.6 used in the simulations is larger on average
than that which is observed experimentally. Figure 8-13 illustrates
the theoretically predicted mode-locked output pulse train togther with

A

the experimentally observed output for the R = 0.55 case. Thé theoreti-

cal output peak intensity (exit from mirror M2 of Fig. 8-1) indicated in
Fig. 8-12 is 1.2 MW/cmz. The experimental value is 1.3 + 0.3 Mwlcmz-
The agreement in absolute intensity and output pulse shape is excellent.

Figure 8-14 shows the pulse narrowing for the three values of RA.
The experimental data poiﬁts are denoted by crosses, open circles, and
solid circles, for RA = 0.35, 0.55, and 0.88, respectively. It is
observed that the greater the linear cavity loss the broader the final
pulse durations.

The dashed curve of Fig. 8-12 and Fig. 8-14 represent the model
predictions using the homogeneous saturation parameter for the RA = 0.55
case. The homogeneous treatment predicted output intensities that were
twice those observed experimentally. It also'predicted ~35% narrower
pulses than were observed experimentally. This is in contrast to the
inhomogeneous saturation case which gave good agreement in both intensity

and pulse narrowing. This provides further evidence that Ge is in fact ,

an inhomogeneously broadened saturable absorber.



Fig. 8-13

Comparison of an experimentally observed mode-locked pulse train (a)
and the theoreticdlly predicted output (b) for the case RA = 0.55.

The peak output intensities are 1.3 and 1.2 MN/cm2 for the experimental

and theoretical predictions, respectively. The cavity round trip time

is 11.4 ns.
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Fig. 8-14

Theoretical and experimental pulse narrowing (FWHM) as a function of the
number of round trips for various values of RA. The experimental data

points denoted by (x}, (o), (e) correspond te_values of RA.= 0.35, 0.55,
0.88, respectively. The dashed curve represents the predictions for RA

= 0.55, but with a homogeneously broadened saturation parameter.
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8.9 Influence of Non-Linear Loss on Mode-Locking

The non-linear loss was varied while keeping the linear loss

A M 0.87). The experimental m2 value used was

= 0.88, R o

constant (at R
4.5. The laser gain was adjusted to obtain a 2.5 us time delay (td) in
order to ensure a similar gain minus loss va]ﬁe to that used in the
previous sections. The mode-locking behaviour was observed experimentally
for two non-linear to linear loss ratios, 5.3 and 2.8, which corresponded
to aOLB'S of 0.64 and 0.36, respectively. The ratio of 7.7 (aoLB of 1.0)
was also tested theoretically.

The curves of Fig. 8-15 indicate a sharp rise in intensity, at
Tow round trip numbers,with increased uoLB. The discrimination at the
peak of the pulse train again favours the parameter setting whose curves
take time to reach their peak intensity. The D values were 10.0, 60.0,
4.5 for aOLB of 1.0, 0.69 and 0.36, respectively. Figure 8-16 shows the
pulse narrowing for the three cases. The wide discrepgncy in starting
durations is due to the variation in gnaxLa for the three cases (i.e.,
in Eq. 7-36). These curves illustrate that the fast rise in intensity;

due to the large non-linear to linear loss- tig obtained using aoLB =

1.0,does not in this case prevent suybistantial pulse narrowing. In fact,

the duration predicted at 24 round trips is very clgse to the gain
medium's T2 time. The experimental data points dénoted by crosses and

closed circles refer to aOLB

of 0.36 and 0.69, respectively. Once again
there is reasonable agreement with the observed durations and those

predicted by the mode-locking model.



— - e

Fig. 8-15

Variation'of the theoretical output peak intensity as a function of
the number of round trips for non-linear loss values (aOLB) indicated

in the diagram.
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Fig. 8-16

Thedretical and experimental pulse narrowing (FWHM) as a function
of /the number of round trips for non-linear loss values (aoLB)
indicated in the diagram. The experimental data points (x), (e)

correspond to aOLB values of 0.36, 0.69, respectively.
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8.10 Mode-Locking as a Function of Laser Gas Pressure

We have mentioned that the starting pulse ratio of 0.6 in the
simulations was chosen to test the theoretical parameters, rel-
atively {ndependent of the pu1se—to-ph]se variation in the noise distri-
bution. Experimentally, clean mode-locking has been observed over a
much wider range of conditioﬁs. It was attempted experimentally to
ascertain whether the clean mode-locking was simply a result of a
reduced number of starting pulses (2 or 3) per round trip time or due
to the fact that we were in a deterministic mode-locking regime (defined
in Section 7.3(a)) with a single starting pulse per 2L/c time. By
sending 65% of the output beam to a Au:Ge detector (2.5 ns risetime) to
set the oscilloscope time base for the observed mode-locked pulse trains,
we were able to look at pulses on the train rise with intensities as
low as v1/40 of the peak pulse intensity. It was observed that the pulse
durations did not exceed 2 ns (FWHM). Furthermore, there was a much
greater probability of observing double-pulses in this early time region
with the intensity of the second pulse typically being 20 to 40% that of the
main pulse. These secondary pulses were usually significantly suppressed
at the 10% rise pcr:t of the mode-locked train, which accounted for the
clean mode-locking generally observed. The question still arises as to how
Tow in intensity one should check to see if the starting distribution
consists of 1 or more-pulses. The analysis by Ausschnitt [105] indicates
that a single pulse output per 2L/c makes a transition to a series of
discrete narrow pulses when the initial pulse begins to gaturate the
absorber. For our case this is close to the region in which measure-
ments were made. Equation (7-36) predicts that %f gmaxLa and N are

!

kept constant, then the starting pulse duration should be proportional
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to T2 and therefore be longer at lower laser pressures. The formula
predicts that only a single pulse should occuhy the round trip time at laser
gas pressures somewhere between 1/3 and 1/2 atm.* The laser pressure
was therefore lowered keeping the linear and non-linear losses and gain
the same as for the 1 atm mode-locked operation. The value of mg was increased
to 12.0 by slightly increasing the cavity length to 1.81 m. The increase in mg
ensured substantial saturation of the absorber to aliow compa?ﬁson
with 1 atm results. At a Tlaser pressure of 1/2 atm there was ~20%
probability of obtaining a single pulse whose width occupied the éntire
round trip time. Decreasing the pressure to 250 Torr produced mode-
Tocked trains similar to that shown in Fig. 8-17. There was a large
probability (3 70%) of obtaining a starting pulse which occupied the
round trip time. It was concluded that deterministié mode~locking
occurs for pressure§ near 1/3 atm but does not occur for 1 atm laser
operation. Therefore the excellent mode-locking observed at 1 atm is
due to the reduced number of starting pulses (but still 2 2). It was
also observed for the pressures tested that the initial pulse durétion
scaled with T2 and therefore inversely with pressure, as expected from
Eq. (7-36).

There is considerable interest 1n'understanding the mode-
locking processes of multi-atm CO2 lasers in ordér to produce very short
-(ps) laser pulses. The good agreement between theoreyica1 and experi?

-

mental predictions for the 1 atm laser pressure indicates that the

* The uncertainty is largely due to not knowing the exact pulse
shape in the calculation of pulse broadening in the linear gain regiop.

At L ek i, i S
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Fig. 8-17

Experimentally observed mode-locked train output from a 250 Torr amplifier.

The value of mg is 12.0. A1l the other relevant parameters were obtained

from Table 8-1. The round trip time is 12 ns.

43
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theory 15 well established and can be used fb predict, with some con-
fidence the mode-locking behaviour at high COZ pressures. The nmdef
tocking behaviour at 5 atm,for example, although véry similar to that
at 1 atm,has some important differences. For the same cavity length
(1.71 m) 217 axial modes (mi) lie under the 5 atm gain bandwidth. The
resulting random beating of these modes produces fluctuations (at to)
of roughly 20 ps duration. The final calculated duration at td is the

/

order of 300 ps. Since it is now possible to fit 15 to 20 of these

pulses into a 2L/c time, yhite noise or incoherent noise statistics can

be used to predict the ratio of all the fluctuation intensities relative

to the peak fluctuatiop intensity for a certain probability of)mode- 1
locking. Clean mode-locking will most crucially depend on the ratio of
the largest to the second largest pulse intensity. The probability (V)
that the largest pulse is C times larger than the second largest pulse

is given by [103]

V(me,C) ~ ¢ . (8-3)

C-1
(me +1)

For example, at me = 20, if one can arrange the laser parameters to
obtain adequate pulse discrimination for the ratio 12/11 = 0.8,then

Eq. (8-3) predicts that clean mode-locking should also be obtained in

60% of the subsequent laser ghots,since in these shots 12 is £ 0.8

I]. The value of 0.8 for 12/1 plus the ratio of each pulse intensity !

]’
to I] and the average fluctuation durations are used to generate the
starting noise distribution. The 5 atm theoretical simulation para-

meters were obtained using the parameters recorded in Table 8-1,together

PRI
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with the pressure scaling of all relaxation times t], tz. 1gs and T2.*

Figure 8-18(a) shows the mode-locking predictions when the mg parameter

results in a slight focus at the absorber (mg = 1.8). The peak intensity
predicted at the CO2 amplifier is ~140 MW/cmz. Very poor discrimination

and relatively 1ittle pulse narrowing (from 300 to 100 ps (FWHM)) occurs across
the pulse train. Fig. 8-18(b) indicates that one can do much better if the laser
beam is expanded,rather than contracted,at the Ge absorber (mg = 0.36).

The peak intensity at the amplifer in this case is 80 MW/cmZ. The pulse

FWHM narrows from ~300 ps to 130 ps at the pulse train Béak, to 70 ps

for the last pulse shown in Fig. 8-18(b) and to ~30 ps farther down on

the mode-locked pulse tail. mg values significantly less than 0.36

failed to saturate the absorber,and poor mode-locking was obtained.

This section has demonstrated that deterministic mode;locking
occurs at laser pressure of ~1/3 atm. The excellent mode-locking stabili-
ty at 1 atm is therefore due to a reduced set of starting pulses. This
section has also indicated that 12 will be harder to obtain clean mode-
locking at high laser gas pressures due to the jncreased statistical
nathre}of the staijng pulse distribution. A further problem at high
laser pressures (e.g\: 10 atm) will be the rapid decay of the upper
Qibrationa] level, thereby preventing sustained operation near lasing
threshold. This section Qas also demonstrated the importance of seiect-

. s . 2 .
ing the correct amplifier-to-absorber beam area ratio parameter m, 1n

producing stable, clean, narrow mode-locked pulses.

* The scaling should be possible for pressures up to 5 atm.
Care must be taken for higher pressures due to the significant overlap
of rotational lines and the inclusion of sequence band lines [115].




Fig. 8-18

*

Theoretical predictions for the output intensity of a 5 atm 002 laser

for m’ values of 1.8(a) and 0.36(b). The round trip time is 11.4 ns.

<

Each horizontal division corresponds to 2.2 ns.
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- mode-locked pulse train,as well as the scaling of m
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8.11 Pressure Secalability of the Mode-Locked Output Characteristics

In this chapter we have described mode-locking simulations at
gas pressures of 1/3 to 5 atm and have obtained experimental mode-locking
data at pressures of 1/3 to 1 atm. It is therefore appropriate to com-
ment on the pressure scalability of the various parameters such as peak

pulse intensity, pulse energy, pulse duration, and total energy in a
2
o
The gain parameter Imax is independent of pressure for pressures
>50 Torr and pressures 55 atm.* Since the Ge saturation intensity is

g must be scaled

obviously independent of CO2 laser pressure the quantity m
inversely with the square of the pressure to achieve optimum mode-locking.
At fixed linear and non-linear losses and ga%n,and scaling mg in such a
manner,one finds that the peak pulse intensities at the amplifier scale
proportional to the preﬁsure squared, the pulse energy proportional to

pressure, and therefore the pulse duration inversely proportional to

pressure.** Since the mode-locked train.envelope durations are very

similar at the different pressures the total energy in the mode-locked

train also scales with pressures.

8.12 Influence of Cavity Length on Mode-Locking

Long laser cavities possess small axial mode separations (c/2L).

* At pressures >50 Torr the increased number density in the upper
and lower lasing levels is compensated by a reduced radiative cross-
section. Above'5 atm overlap of rotational 1ines and sequence band lines

must be-taken into account.

** This arguement strictly refers to the initial pulse durations
but can apply to other pulse durations as well since similar narrowing

factors across the pulse train are obtained for all the pressures studied.
' V .
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The increase in the number of axial modes under the gain bandwidth leads
to a corresponding increase in the number of initial noise fluctuations
of slightly shorter initial duration Atfl. It was pointed out in Section
7.3 that under most circumstances the linear pulse broadening in nearly
independent of Atfg, but depends on T2, Iax’ La and N, 3)]1 quantities
which have no explicit dependence on cavity length. In this case the
starting pulses at td, for long laser cavities, will have similar dura-
tions to those of much shorter cavities. However, the longer cavity

can accomodate many more starting fluctuations, thereby increasing the
statistical nature of the input pulse distribution. When one is dealing |
with only 2 to 3 initial pulses per round trip .an increase in cavity
length by a factor of two can be significant. It has been observed
experimentally that there was a greater occurence of a large number of
pulses per round trip time in mode-Tlo¢king with the 3 m long 3-mirror
cavity as opposed to the 1.71 m 2-mirror cavity (with all other para-
meters constant). Therefore, a short cavity length may be suitable

for further optimizing the mode-locking once the optimum values for the
other parameters (gain, loss etc.) have been found.* |

s
X

8.13 Comparison of SF6 and Ge as Passive Mode-Lockers

Although there are a number 6f candidates for passive mode-

4

* Once the cavity length is shortened to the point that the
initial number of axjal modes at tq is small, (say < 10) one begins to
sacrifice the ability to get short pulses due to the increased starting
pulse duration at ty-
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locking at 10.4 um, SF6 and Ge are certainly the most widely used. In
order to compare the SF, and Ge mode-locking capabilities it is of course

1‘ ‘w
s to establish suitable selection criteria. For example, if

necessagny
one is interested in obtaining sub-ns pulses operating on mu]ti-rotatipna]
line or multi-vibrational band wavelengths,then Ge is the only possibility.
Los Alamos Laboratories have in fact been keenly interested in the short
pulse, multi-line (band) operation of a Ge mode-locked oscillator for
their large €O, amplifier systems [24]. However, if 6ne only requires

2 ns pulses on one rotatiénal line,then the comparison between saturable
absorbers is much c]oger. Table 8-2 outlines such a comparison between

Ge and SF6. The outstanding features of each absorber have been under-
lined in this table; however,one or two of the features deserve some
clarification. The Ge saturation parameter varies very slowly with 002
wavelength.* This is an advantage since it is not necessary to change

the cavity design to obtain the optimum m§ setting when one changes the
lasing wavelength. On the other hand, the SF6 systein can be quite easi]y‘
scaled to accomodate large aperture lasers and can be very easily scaled
to be used with both low and high gain lasers by simple variation of the
SF6 and buffer gasnpressures. Furthermore, variable mode-locked pulse

durations in the range 2 to 7 ns can be obtained with an SF6 absorber,

again by changing only the SF6 and buffer gas pressures.

*

* Los Alamos have recently reported a factor of 2 increase in
I for the 9.4 um band compared to the 10.4 um band value (June 1977
- CLEA conference in Washington D.C.)
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TABLE 8-2
J) " Comparison of Ge and SFg Mode-Lockers
Wavelength Range Multi-Tline Single line
Multi-band
Damage Threshold ] J/cmz* 2 5J/cm2+
(for a 1 ns pulse)
Min. Pulse Duration’' 350 ps (exp) 2 1.5 ns (exp)

Saturation Parameter (Is) I; v 3 Mw/cm2 Function of wave]eng%h
typically << 1 Md/cm

o

B Vary Ge thickness  Vary cel] thickness or

and/or Ge doping §F6 presgure

Scalabilily of al

(expensive)
Pulse Discrimination (D) D > 50** D > 50%*
Number of Variable \ Laser discharge Laser plus gas fiow
Elements only system
D
M.L. Intensity Stabil- Excellent, < 10% Good, S 15%
ity .
Variabi]ity of Pulse 0.3 to'2 ns 1.5 to 6 ns (by changing
LengthT* ' SFg and/or buffer gas
pressures)

* The value may be as low as 0.2 J/cm2 for AR coated.Ge.
+ Refers to the damage threshold of the salt windows (NaC% or KCe).
#+ Values are appropriate for a TEA co, laser.

** This value was limited by detector noise pidk-up.
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8.14 - Summary

This chapter has described the measurement of the basic mode-
locking parameters for p-type Ge. The major portion of the chapter

described the quantitative theoretical and experimental comparison of

the mode-locking process for a TE CO2 laser and a Ge saturable absorber.

The purpose of such a treatment was to define the %egions for which

stable, cledn mode-locking could be obtained. Furthermore, the regions for
which large intensity, short duration pulses occur could also be determined.
The understanding of the mode-locking process should facilitate predicting
the effect of variation of any of the mode-locking parameters on the

output characteristics,as well as predicting the scalability of the system
to larger CO2 laser pressures. The conclusions of this chapterbare as
follows.

(a) The fheony can successfully predict the experimentally
observed pulse narrowing, outputhintensities,and mode-locked train temp-
oral profiles,for a wide range of parameters. .

(b) Standing wave effects do occur in TE C0,-Ge mode-Tocking
systems and can either lead to double-pulse production OF to pulse
broadening. "

(c) The inclusion of rotational coupling in the theoretical
analysis is important in obtaining good mode-locking and in predicting
the pulse shaping of individual mode-locked pu]ses.

(d) The ratio of the laser beam area at the amplifier to that’

. T
of the absorber is an important parameter for optimum mode-locking.

Experimental valhes of mg of 4 to 6 are acceptable for a TEA-CO2 laser.

i
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(e) The mg parameter is of even greater significance for high
pressure CO2 lasers since one is more severely restricted in the ability
to vary the other mode-locking parameters to compensate for a non-ideal

m2. An expanded beam area at the absorber should be used for multi-atm

0
mode-TlocRing.
' (f) One can operate neither too close nor too far from lasing
threshold to obtain stable, clean mode-locking. Gain coefficient values
~10% above ' the gmaxLé to just obtain lasing action should prove near
optimum.
(g) Better discrimination and pulse narrowing can be achieved
at Tower linear losses. Equ%valent reflectivities 20.65 should be
satisfactory. ( k ‘
(h) Large values of theinon—]inear loss (aoLB) ultimately pro-
duce the shortest pu]seg{ However, non-linear to linear lass ratios 2
5 should be adequate for short, pulse production.
(i) Experimental evidence of deterministic mode-locking occurs

at laser pressures, of 20Q to 250 Torr,in reasonable agreement with the

theoretical prediction of ~300 Torr. The excellent experimental mode-~
8 i

" locking stability ($10% intensity variation) and discrimination (D 2. 50)

observed at 1 atm laser pressures is due primarily to the small number
of starting pulses at the beginning of the non-linear gain and loss
regions. : .S
\\\ (j) A1l other parameters congidered equal, a shért cavity length
may improve the mode-locking stability qnd discriminatipn.
“To date Ge has produced the shortest pulses of any saturable

absorber at the 10.4 ym €O, band. Pulses in the order of 350 ps for a
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TEA.CO2 laser have been obtained by several different research groups
{211, including the group here at McMaster University. Pulses as short
as 150 ps have been obtained at N.R.C. (Ottawa) using a 12 atm CO2
laser [12]. The fast absorber recovery time of Ge should allow the
generation of 10 to 50 ps pulses in the future. Such pulses are of
extreme interest for their used as starting pulses in long chain or
multi-pass CO2 amplification systems. The‘aim of such a system is to
produce high energy, high power pulses to initiate controlled nuclear
fusion. The interest wi11'undoubted1y be intensified since it was an-
nounced at the 1977 CLEA conference in wa§hington 0.C. that the CO2
laser must now be considered the prime laser candidate for controlled
nuclear fusion. The major drawback of Ge at this moment, whether it is
used as a mode-locker or as an isolator in large mu]pi-paés amplifier
systems,ié its low damage threshold. If this problem can be alleviated

then Ge would be the CO2 saturable absorber par excellence:
[

)



CHAPTER 9
CONCLUSIONS

The research in this thesis has provided,for the first time,
an understandin% of the passive mode-locking behaviour of TE CO2 lasers
employing the saturable absorbers SF6 and Ge. This chapter outlines
the important conclusions that can be drawn from our work and discusses
the overall significance of the research.

It has been emphasized on several occasions throughout the thesis
that, in order to predict the mode-locking process, it is important to
know the dynamical behaviour of the saturable absorber on a sub-ns to

us time scale. In the case of SF. the dyrnamical behaviour was simply

b
not known previous to our research. Chapters 3 to 5 of this thesis
discuss in detail the saturation and dynamical processes involved in

the SF6 absorption of pu]éed radiation, using such powerful investigative
tools as non-linear transmission and infra-red daﬁble-resonance spectro-
scopy. The non-linear behaviour-of SF6 was measured for the first time,
over a range of CO2 wavelengths that characterized the entire SF6 absorp-
tion at 10.4 ym (P(12) to P(28)) and over a range of gas pressures used
in mode-locking exberiments'(]0-400 TJorr). The trahsmission curves, as
well as the details of the associated pulse shaping, could be accounted
for over this wide rénge of CO2 wave]engths'and SF6 gas ‘pressures using

intensity saturation and vibrational bath heating effects. Chapter 6

demonstrates that the mode-locking behaviour of & TE CO, laser, used in

210

———
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conjunction with an SF6 saturable absorber, could also be predicted
from a knowledge of the satu;ation and vibrational heating effects.
In the case of Ge, it was initially not clear whether a homogeneous or
an inhomogeneous treatment of the saturation process was appropriate.
The evidence accumulated in this thesis indicates that an inhomogeneous
treatment best describes the saturation behaviour. In addition, the
dynamical behaviour associated with the evolution of mode-Tocked pulses
in a Ge--CO2 mode-locking system was not well known. For example, the
conditions necessary to produce very short, stable, high intensity
mode-locked pulses, and the quantitative effect of varying the laser
and cavity parameters in the production of such pulses, have not been
discussed in the literature. Chapter 7 describes the development of -
mode-1ocked pulses from a noise source. In Chapter 8, it is shown
that the theoretical predictions are in excellent quantitative agree-
ment with mode-locking experiments. Such agreement allows accurate
prediction of the quantitative effects o% varying the laser, absorber
and resonator parameters.

The main conclusions of each chapter are summarized below.
. Section 3.2 presents accurate measurements of the small-signal absorp-
tion coefficients of SF, for a'wide range of CO, wavelengths (P(12) -
P(28)). The measurements were performed with a laser probe source having
the same pulse characteristics as that employed in all the large-signal
transmission measurements. It is observed that the absorption coefficients

are linearly dependent on pressure in the range 10 to 200 Tofr,‘con—

sjstent with the absorption being due to a large number of overlapping
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resonance lines. Section 3.3 outlines the first complete study of the
saturation behaviour kto pulsed radiation) of SF6 over a wide range of
wavelengths (P(12) - P(28)) and gas pressures (10 - 200 Torr). The 4-
level analysis presented in that section provides information on the
contribution of excited-state absorption to the total absorption, and
provides values of the saturation parameters which characterize the
intensity saturation behaviour of SF6. The scalability of the level
relaxation times with SF6 pressure is also demonstrated in Section 3.3.
Particular emphasis is placed on obtaining measurements of both the
transmission behaviour (at the peak intensity) and the entire pulse
shaping characteristics to obtain a restricted set of 4-level para- '
meters. It is -concluded that a 4-level intensity saturation model is
adeqliate~ for the description of the trapsmission behaviour of low J-
value CO2 rotational lines. Agreement between theory and experiment

. becomes progressively poorer at the longer CO2 wavelengths.

In Chapter 4 a vibrational bath model is proposed to account
for the discrepancies at the 1ongé> wavelength lines. The model has
remarkable success in predicting the transhission behaviour of double-
. resonance- experiments performed at low SF6 preséJ;EEi This is particu-
1ar1y impressive since previous publications predictéd that a vibra-
tional equilibrium could not be maintained over the pulse duration at
those Tow pressures: Infrared double-resonance experiments detailed
in Chapter 4 indicate that V-V and rotational relaxation times (<20 .ns-
Torr,. 6 ns at 1 Torr, respectively) are much faster than indicated 1n'
‘the'literature aﬁd explain the success of the model at the low pressures.

2 R
It is also suggeéted that such a model has wider applicability than
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to the case of SF6 and should apply to other polyatomic molecules such

as BCg N2F4, CF2C£2, SiF4 which interact with pulsed 002 radiation.

3
Chapter 5 demonstrates the success of the vibrational bath

model in predicting the transmission and pulse shaping behaviour fpr
all the CO2 lines at high SF6 pressures. This chapter indicates t;at,
although the SF6 absorption was strongly "saturated" at these high
pressures, no genuine intensity dependent saturation effects occur.
It is further concluded that the contribution of vibrational heating
is significant at Tow SF6 pressures for the high J-value CO2 lines such as
P(26). In these cases, genuine intensity saturation of the absorption
becomes more difficult since the saturation involves a greater number
"of tightly coupled levels than for the Tower J-value C0, lines. In
most of the transmission experiments reported in this thesis, the in-
cident pulse durations were ~200 ns. Since vibrational heating effects
are eneréy rather than intensity dependent the exact behaviour of the
transmission curves for the longer wavelength CO2 lines w1}1 depend
on the laser pulse duratien used. However, the range of pulse dura-
tions for which the vibrational bath model is expected to apply is very
large due to the short V-V and rotational relaxation times observed at
even moderate SF6 pressures.

- It is concluded in Chapter 6 that the observed mode-locking
with an SF¢ saturable absorber can be predicted from a combination of
the intensity saturation pro&esses outlined in Chapter 3 and the
heating effects described in Chapters 4 and 5. This agreement §mphasizes

the importance of knowing the exact &ynamica] characteristics of \fhe

saturable absdrber in order to fully understand its mode-lbcking

v
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behaviour. Chapter 6 also reported the first record of mode-locking
on the P(12), P(14), and P(28) CO2 rotational lines. The choice of
the proper value of the beam area parameter mg
sideration in obtaining mode-locking on these lines. The mode-locked

was the important con-

pulse durations obtained are on a par with the shortest durations
recorded in the literature (1.5 ns). It was not possible, however,
to obtain sub-ns duration pulses. Mechanisms such as multi-level
saturation, vibrational heating and multiple-photon absorption are
proposed as .possible explanations for this apparent minimum pulse
duration.

In Chapters 7 and 8, dealing with Ge mode-locking, it is shown
that a relatively straightforward computer model incorporating proper
allowance for rotational coupling successfully describes the Ge-CO2
mode-locking behaviour. It is concluded that as the TE CO2 laser
pressure is raised, there is a progression from deterministic mode-
locking (at ~300 To;r) to mode—iocking whose starting pulse distri-
bution consists of-2 to 3 pulses per round trip time (at &1 atm) and
then to hode—locking from a pnogressfvely more statistical starting
pulse distribution (at 5 atm). 'Thé mode-locking exﬁeriments and
computer simulations demonstrate that there are optimum parameter
settings necessary to obtain narrow, high intensity mode-locked pulses.

Estimates of how close to lasing threshold, the range of 1inear and

2
0

sq&ted'for optimum mode-Tocking are given in those chapters (7 and 8)

non-1inear losses, and which cavity configuration and m_ are best
In conclusion, this thesis demonstrates the importance of

understanding the dynamical properties of both tﬁe saturable absorbe}

-
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and the gain medidm in predicting the mode-locked behaviour of TE CO2
lasers incorporating SF6 and Ge saturable absorbers. The results of
this thesis should be very useful in enabling researchers not only to
understand and be able to optimize CO,-Ge and CO,-SFg mode-Tocking
systems, but also to understand the mode—]ockiﬁg characteristics

of other pulsed-laser systems using saturable absorbers.

o
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APPENDIX A
CALCULATION OF 3-MIRROR CAVITY PARAMETERS
/Lﬁ)this appendix the beam radii (wi).anq resonator stability
critef{a are calculated using the.formulae in Ref. [36]. The formulae
/9ﬁé appropriate for Gaussian (TEMOO) beams propagating in an empty (no
’ gain)'laser cavity, -such as shown in Fig. 2-7.
Thé fundamental mode of'the electric field in any beam cross-

)
‘section varies as

" exp (-rzkmﬁ - j{gé] ] . ' (A-1)
In Eq. (A-1), R represents the r§dius of curvature of éhe phase front.
The 1/e beam intensity diameter is défined by Eq. (A-1) as /2 wy. The
analysis of the 3—mirr6r cavity is treated in a similar fashion to a
.2Jﬁirror cavity wiéh an internal lens of focal length f. A 3-mirror
eﬁuivalent,fésﬁnator is constructed with the cavity parameters defined
in Fig"£;7. The laser stab%lity criteria are defined in terms of G]

and 62 by [36]

where

- J__ \ " 1 ’ ‘
G] = [1 - dZ/f - R] (d] + d2 - d]dzlf)] (A-3)
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. . for our cavity were d2 = 1.95 m, d1 = 1.05 m, f=0.52 m, R, = 0.52 m, )
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and
- 1 - ‘
=1 - d]/f - Rz (d] + d2 - d d2/f)] (A-4)

The expression in round brackets can be replaced by a parameter.do.

The Seam rgdii at mirrors Ml and M2 can be determined from

Ado - ' .
gy = —%9 (1 - 6,6,) 172 (A-5)
' and

1/2 ‘

/ey = (GG (A-6)

Different values for d,, d;, Ry, Ry, and f were tried in Qbsg;bove equations

to maximize W)y Wy (and minimize w_, the minimum beam radius) while still

0

keeping within the stable lasing regions. The va]ues for the parameters obta1ned .
1 e !

and R2 = o, Us1ng these values in Eqs. (A-3) and (A-4) we obta1n Gy =

~-0.95 and G2 = —1.02,or G]G2 0.97, which satisfies the stability
condition (Eq. (A- 2)) for a Tow diffraction loss cavity. Substi?ution

of these va]ues in Eqs (A-5) and (A-6) yields values of 0.42, and 0.41 cm
for 0y and Wo s respectivelx. The beam diameters at mirrors 1 and 2

]
are therefore 0.60, and 0.58 cm,respectively. In order to calculate .the

beam radius w, one must define an equivaient radius of curvature
R, by [37)
P ' szz

Fe T {d, G, - R, - 1) - (A-7)

7
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which for our cavity values reduces to -

2

’ ¢ -
R2 N '(d—z—_—f)- ==-0.19m . (A-:B)
An eff@ptive resonator separation, defined by
dzf ' ;
d = d] - dz ¢ -0.3m, . (A-9)

is also necessary -to calculate w, using the formula

N

A2d(R ;1\’ HR, + K, - d)
4 VAR - DRy - dNRy + R, - d)
0 TRy + K, - 2d)°

(A-10)

obtained from Ref. [37]. On substitution of the apﬁropriate’va1ues
we determine that Wy = 0.042 cm. These formulae therefore predict
that there should be a factor of 10 reduction in the beam diameter (100

in beam area) at the position of the minimum beam wafst relative to

that of the beam diameters at mirrors M1 and M2.

'
) \’;
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APPENDIX B
FINITE DIFFERENCE METHOD

-

+

o

// ,
The (x,t) plane is divided into a 2-dimensﬁgﬁa] array of points
X - .

A{m,n) in which the spacerand time points (m and n, respectively) are
. \ '
separated by Ax, At increments, where = cAt. A Taylor‘expansion is

carried out about (m,n) for each différential equation. For example,

\]

==

at . At £7- 32 ‘
\-\/ - ’ ) '
and ‘ . ’ '

aELm,nl,= E{m,n) - E(m.- 1,n) + éé.éfgimlﬂl (8-2)
™ T X 2 5¢? ]

; J .
ith similar expressions for P, D], D2 and 8 0 The second order deriva-

{ves can be removed from tfese equations by differentiating the
original density equations and substituting in the first order deriva-
tive expressions. Summatizg of Eqs. (B-1) and (B-2) yields the electric

field density equation ((7-14)). Substitution of Eq.  (7-14) eliminatés

the left hand side of tﬁe above summation. ' Further substitutions to

. eliminate all first order derivatives results in the following expressions.

E(mn + 1) = diE(m - 1,n) + dP(m,n) + d36J°(m,n) + d;P(m.- 1,n)

d] = ].01'

i B



Simi]ariy one obtains

D](m, n+ 1)

ag

Dz(m,n +1) =

Aty) G :
> 1 - v.4t]
2
2
3 v %6, /() :
At
7 Yo G,

P(m,n)E(m - 1,n) + a56J°-(m,n)E2(m,n)
At

éﬁ%& [ - vt - 8t/ty]

2At26

7

b]Dz(m,n) + bzP(m,n)E(m,n) + bgP

Y, At
YLZAtZ

4K(Jo)

2(m,n) + b

P(myn)E(m - 1,n) + b & °(m, n)E (m,n)

n

- At

1.0 - [1.0 - ]At/t2
'A:Yl-Ll 0 - yiAt - At/t)]
- J_zAtz G

3

4

= a]D1(m,n) + azP(m,n)E(m,n) + é3P2(m,n) YR

(8-4)
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b, = --.Y.LAt
4 4

b = - 'Y_LzAt.z
S 4k(J ;)

o

Pmn +1) = CP(mn) + CEX(mn)P(mn) + CoE(mn)o, (mn)
* CqE(mn)0y (mn) + CoE(mn)6”(m,n) + CE(m - 1,n)

§9%(m,n) + C76J°(m,n)P(m,n)

(e
1}

1.0 - (1.0 - Iié’—t)AtyJ_
C, = &ty " (8-6)

_ At :
Cg = Zﬁ‘&) [1.0 - vy At - At/p]

Myl
Ce '2?{00).

*

) 2 &
At 2
C7 = —-é—YJ_ Ga/K(JO) .
GJP(m,n +1) = e]GJO(m,n) + ezE(m,n)P(m,n) + e3P2(ﬁ,n)

+ e4P(m,n) E(m - 1,n) + e 6J°(m,n) Ez(m,n)

5
+ eGDZ(m,n) + e7D1(m,n)

2
_].0.-_A_t.+9_§_2
TR 2¢

1)
)
1
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» ?
~bty| Cap ket
e, = 5 (1.0 - yjat- E + o ) |
) ' :
=YL AtZGa :
&y " 7 <
-y At \
ey = —o— . (8-7)
i J_2“2
€5 = 2(3,) .
BICALY At -At
e = —— .05 5]
R 2 R
Y (1.0 - At Aty
7 Tp : ?f; ??E .

In ihe above expressions y| = 1/T2, Ga = gocTz/Z and k‘do)'is defined
by Eq. (7-6). At a time t thé input flux to the amp]i%jer is propagateq .
through a ‘number of amplifier segments, establishing ﬁew\valdes for E,P,
B, etc. The calculation is then carried out for the next time interval
(t ; At) and input intenéity‘increment (AI). This is repeéigd until

all the time.intervals have been used for a complete round t;ip time
2L/c.” .The whole process is repeated with the.resulting transformed:
input pulse for each of the N round trips. The time interval At must
be shorter than éither the dipole dephasing time.(fz) or the inverse

of the stimulated emission rate (which is intensity dependent) in

order to obtain stable and accurate pulse progagation. Only five ampli-
fier spatial increments were used in order to reducé computer co;tsﬁ

Twice as many increments changed the final parameters by less than 5%.

It should be mentioﬁed that the finite difference equations given
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above must be modified at the input to the amplifier to correct f;;~:;;\\\\\\~_/,‘

spatial disE:ﬁ?ﬁnuity at the amplifer input. This can be done by

redefining {B-1) as :

2E(n,n) _ E(mn + 1) - E(mn)
gtn _ E(myn gt m,n . (8-8)

and repeating“the procedure to determine E(m,n + 1), etc. The use of

Eq. (B-8) changes the finite difference equations. In the equations for

D],'Dz,.dJo; a3, b3, e; are set to zero and the P(m,n) E(m - 1,n) term
}s replaced by P(m,n) E(m,n + 1). For the equation involving P, C2 = (

and E(m - 1,n) 6J°(m,n)'is replaced by E(m,n + 1) 6J°(m,n).

|
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APPENDIX C
BAND CONTOUR MODEL

The intensity of an absorption from a Tower molecular state 2

to an upper state u can be expressed as [61]

, 8
z
where Nl refers to the po ulétion of the lower stafe. Here the quantity

ka,TR) involves the rotatiok‘] dependence and has the form [62]

f(J,Tp) = Ay ,9595 Texp( K%Rj Lhe) (C-2)

where Q, is the rotational partition function, g, the degeneracy of the
AR J

?

rotational level, and AJ v the transition amplitude, which for octrahedral

molecules has the value [63] .

_2d -1

AJ,v = 577 P-branch

AJ,v =] Q-branch (C-3)
_ 20+ 3

The contribution of all the rotational lines that can absorb within a
line-width av is included by means of a scale factor Av/IAvJI, where
AvJ is ;he spacing between adjacent rotational lines in the neighbour-

hood of a given J: The product of this scale factor and f(J,TR) can
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‘be considered as an effective rotational cross-3ection. For the case

of SF6 it is found to be a stowly varying functioq of rotational t&mper-
ature as is discussed further in the text.
By regarding the V3 mode as an independent harmonic

L

it can be shown that

v
feafulu | = —— 0+ 35)(%5392 : ©(c-4)
u

where vy is the number of vy quanta present in the lower level. The
factor 1/3 accounts for the 3-fold degeneracy of the V3 mode.
Using the value of du/dQ3 given in Ref.'[54] and setting Vou

equal to the V3 fundamental, results in-

l<2[ulus]® = (1.50 £ 0.15) x 10737 (esu-cm)? . (c-5)

Substituting in the standard Boltzmann expression for NR and summing the
contributions from the vibrational (Ev) and rotational (J) levels involved,

as given by Eq. (C-1), yields the total absorption coefficient

v .

v

XZQJ Ry, o(20 + 1) rexpl- M . (C-6)

: v E
a(v)av = (1.91 ¢ 0.20)% [1 - exp(- %’—)](1 ¥ 3—3-)9(EV{LD,V-]exp(-. o

-1

in units of cm'1-Torr . The summation is to be evaluated for all J

v§1ues at each value of E,. E:)
The values of J to be summed over at any vibrational level can

- ’ -
be obtained in the following manner. The frequency of a vy transition

L ey




. 226
¢

%
\

;D
from a particular vibrational 1&121 represented by a set of qdﬁntum

numbers {vil, is [62]

v{vid = v+ 2Xgav, +1§3X'3}.v1 , (C-7)

where Vo is the ground state transition fréquefny and the x,. the

3i
anharmonicity coefficients.
The transition frequencies for the various brdnches are then

obtained from

W(P) = vlv,} - (By + B - 2Bg3)d + (B, - B)J%
™ v(Q) = vivy) - (By - B )W + 1) , and
W(R) = w{v;} + (By + By - 280,)(3 + 1) + (8, - B)(3 + 1) .

(C-8)

SF6 has a very small rotational congtant B. Therefore, the
separation of rotational 1evels is such that, within the 1imits of the
model, J can be considered as a continuous variable. Hence the summation
over J in Eq. (C~6) .s aver all ﬁhe posifive real sé]utions of Eq. (C-8)
when the frequency for the particular branch is set equal to that of
the laser 1ine:

The summation over all the vibrational levels would be a formi-
dable task due to Fhe high density of states in SF6. However, app]igation
of the Whitten-Rabinovitch method [65] has been successful in obtaining \
both’ the proper density of states and the average_values of the quantum

numbers in those states [48]. The levels were considered as discrete
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up to 2000 |

as the number of states in this region is still
sufficiently'low for practical calculation of the absorption coefficient |
as given by Eq. (C-6).
Values for the spectroscopic constants were taken from Ref.
[64]. A best fit to the 300 K absorption spsctrum'for the C0, laser
lines ranging from P(14) fo'P(32) was used to determine the optimum
values of the anharmonicity coefficients. These are (in cm']) X31 =
-2.1, X3p = -1.4, Xqq = <2.6, X3g = ~1.5, X

= -1.5 and X, = -1.0.

35 36
Simi]ar]y,_a value of 1.76 fbr the constant in Eq. (C-6) was found to
give the best Fit to the experiﬁenta] data over the range specified
above. _

Jensen et al. [66] have recently calculated the anharﬁanic
splittings for SFG. Including such splittings in our model may<prov1de a
small improvement in the already good agreement between theory and
experiment, but at the cost of conside;ably increased ca]cu]ationa‘Lw

compiexity.
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APPENDIX D

L

CONVERSION OF ELECTRIC FIELD AMPLITUDE TO INTENSITY <.

A two-level dipole moment can be defined in terms of the spoa-

taneous emission rate by [95].

. 3 :
3hc e A >
) = 1—3—39 (mks units) (D-1)
6w v : '

where €0 is the permitivity of free space, h is Planck's constant, ¢

1

is the speed of light, and v ig the CO2 laser frequency. Using A;p =

5s [96], one dbtains

32 -

tu] = 9.2 x 107% C-m » "~ +(D-2)

or
=z

. |u] = 9.2 x 10739 ¢c-cm . (D-=3)

"For a real field amplitude E-defiﬁed in Eq. (7-18) the intensity can be
found using [97] '

5 )
I=1/2¢c E™ (mks units), (D-4)
or
eocﬁZE2
I =1/2 ——, (D-5)
2.2

where we have used the electric field normalization defined in Eq.

.

ot

2P g 2 0
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(7-{7). || refers to the dipole moment between two rotational levels. :
However, since our equations are appropriate to the coupling of the |
radiation to two vibrational levels, it is therefore necesSary'to use ]
«(3)|ul? in Eq. (D-5), where (J) is defined by Eq. (7-6) as the

fraction of rotational levels, in equilibrium at a temperature T, .

that are in the rotational state J. For J = 19, «(19) ~ 1/15. Substi-

tution of K(J)lul2 in Eq. (D-5) yields

| -12 :
1(W/en?) = {gﬂiiﬁégl——] E° (D-6)
T
2
where T2 is in seconds. For T2 = 8.5 x 10-115 (1 atm case) the qonveri
sion:from normalized intensity E2 to an intehsity in N/cm2 is given hﬁ
2 ' : , s
I=3.6x100E . | (79— }
N lh' q ' %
~
4
L

<L

T
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’ APPENDIX E \

t

" CALCULATION OF THE INTENSITY OF SPONTANEOUS éﬁESSION

)

\ "
The calculation of’ the spontaneous emission intensity for a
single axial mode, near the peak of the vibrational-rotational emission
line {P(20); 10.4 um band) in a region about Eo’ can be diferminéd

using the formula from Ref. [104].A>

Py - (g B e
where |
v = () | (E-2)
- and
T, = 2l/c (en1/R)7T | ' - (E-3)
and where A |

n, is the number of mo}ecules/cc in the upper (00°1) vibrational Tevel

(typically 1.5 x {0 /cc)l

L is the length of\the laser cavity (1.71 m).

k(J) is the frac on- of the toté] rotational population in the J = 19

rotational state (k(19) ~ 0.066).

A js the reflecting area of the smallest cavity mirror (v2.5 x 107
) .

T, is the cavity photon population decay time (5 x 1078 3).

5 m2).

S
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R is the equivalent mirror reflectivity which represents the total

cavity losses (R~ 0.2).

9

Av . is the HWHM of she collision broadened linewidth (1.9 'x 107 Hz,

refer to Section 8.4(b)).

t'] is the spontaneous emission rate (0.25'],[96]).

Sp
34

h is Planck's constant (6.6 x 10~ 'J-s).

V(A) is the co, laser frequency (wavelength)(2.83 x 1O]3Hz (10.4 um)).

On substitution of these values one obtains

1P (W/cn®) & 5 x 1071 yycmg_. (E-4)

A

Y

R R T P
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APPENDIX F
CALCULATION‘OF NOISE PULSE BROADENING IN THE LINEAR
AMPLIFICATION REGION

In this appendix we. shall calculate the pulse broadening of a
single noise f1ﬁctuat16n‘Hav1ng an initja] duration At - The ga1cu—
tation can be performed for a single pu{se since the ensemble of noise
pulses can be considered statistically independent in the linear gain
region (t‘f td)? where the stimulated emission processes do not cause
significant gain depletion. As mentioned in Section 7.3 the calculation
starts at a time (to) for which gain equals Joss and continues to the
start of the non-linear gain region (td). The frequency distribution
of the noise pulse, assumed to be Gaussian and of amb]itude EO, is

given. by

M) = ) . ‘
w) = Atg, e — . (F=1)

For ease of calculation the collision broadened Lorentzian gain distri-

. bution centered at a frequency w, is also approximated by a Gaussian

distribution.*

* This approximation results in at most a few peréent"error.'
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6(w) (F-2)

—g——(-Law—w)zTZ .
_ o' 2
= Go e

Here g is a single-pass intensity gain per unit length of gain medium
of Tength L,. T, is the dipole dephasing time, and G, is defined by

4

6, = e/t . - | (F-3)

In the above equation the.gain (g) .is assumed constant as a function
of.time. Since the effecti;e'z-]evel absorption bandwidth of ~ 10]3Hz
for a germanium saturable absorber, is much larger than'the 3.8 x
109Hz/atm 002 gain bandwidth, it can be considered a constant over

the gain bandwidth. Thereforg, a constant A; defined in terms qf the

(.3

small-signal saturable absorptibn aOLB by
o L%/2 , :
A'_'e s o .t (F'4)
is used for the loss frequency distribution L(w). The frequency transfer
function, T(w) = G(w)L(w), is allowed to act on the initial noise dis-
tributiop. This gives a filtered noise distributionﬂ denoted by

5, (), such that ' o

- N
—
—_—
€
—~—
i

= .T] (0) N(w) ) . /

T,(6) Ty(0) ) = Ty(w) S;() (F-5)

w
N
—
€
S
n

SN(w) = TN(w) SN_](w) .
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N is defined as the number of round trips in a laser cavity of length

L and in a time interval from t0 to td, i.e.,
N = (t, -t )/@L/c) . (F-6)

After substitution for G(w), L(w) and N{(w), we obtain

2 2, .2
NN ~(w - wy)T[NgL, T5 + ot /4]

SN(m) Bte, E A GO (F-7)

The corresponding ampltitude function in the time domain fN(t) can he

obtained from SN(w) using Fourier transform theory.

£,(t) = FT 7[5y (w)] | C(F-8)
1 -iwt ‘. '
fN(t) = V%% !w SN(m) e %t dy - (F-9)

-We are generally interested in the cases where N > 50, gL, v 1.0, and

. . ! 2 2
Atg, is a few times T,. Thus gL.NT, >> (At. /2)5 and at?/4 can be
neglected compared to gLaNTg in Eq. (F-7). In this case the final pulse
duration will be inuependent of the initial puise duration. Eq. (F-9)

- can therefore be written as

-gl NTS 2
ooo
N N :
At EA 2 2 2. .
fN(t) = ————;;:7—- e exp - (gLaNTZm - ZgLaNTzwwo)
2T v
exp - (iwt)dw. . (F-10)

This integral is a generalized Gaussian integral of the form

-
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J
. —ax? - R
Jooag=] e X dx , (F-11)
where
B = -2gL NTaw_ + it
T eI Y
2 ’
o= gl_aNT2 (F-12)
- (
The solution of Eq. (F-11) is
B%/4a. .
Jo = //g e ‘ (F-13)
Therefore S ) )
4 2,2 .
Nl TZ 5 -t +(29LaNT2) wy - 14gLaNT2w0t
~Hgtatog ? 2
At. E ANGN 4AgLaNT2 4AgLaNT2
_— fto To ) 7 .
von gL _NT '
‘ a 2
| (F-14)
S
which reduces to
2
_t .
——— -iw t
st € ANGN gl NTS °
fN(t) = - Y e e . (-F‘]5)
/ 29LNTS ' :

Van .
The noise pulse infénsity distribution after N round trips is given by -




e

*
I(t) = fN(t)fN(t) )
or
. 2
N(gL, - o) -t
0 2
2gL _NT
2 2 a 2
Atleﬁol
I{t) =~ e e
29LaNT2
| -t2/v
The FWHM of the Gaussian noise pulse, e » 1S

v 42n2y2 ,

which results, fofr our case, in a pulse duration

tp(FNHM) = T2 v8an2gL N ,

. Capl 2
provided that Atf£/4 << gLaNT2 .
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(F-16)

(F-17)

(F-18)

(F-19)

- The above expression can be generalized to include the small

contribution due to the initial no}se duration Atfl and the contribution

due to a 2-1eve].t1me-deﬁendent gain defined by

"9, (t) =g (e e

(g +n2kr)/ty  -(tg n2L/c)/t3).'

a

(F-20)

where t] and t2 are the times whiéh characterise the rise and fall

times,‘respectively of the gain. The resulting expression for the

broadening due to the ﬁth_doub1e pass in the gain medium is given by

2 .

(FuM(n) = /Benzg (L)L T2 + 2n2at,,” ;

t
p

(F-21)

et o vy

TANA Y P NI e
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The total duration is found by iterating Eq. (F-21) over n until n = N.

In most cases thqre is less than a 15% difference between calculations
employing this expression and Eq. (F-19) since for most of the N round

trips the gain is nearly flat.

g o e :—\;».ﬂg;;—;. ay

P
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