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" ABSTRACT

. A number of excimer laser applications require ultrahigh spectral
purity sources approaching transform limited linewidth " The research
for this thesis was directed at ‘improving the spectral quality of an

existing KrF  laser. system. -The project involved studylng and

51mp1ementing an ultrahigh spectral brightness KrF laser system. A
narrow linewidth, ~ 1OOMHz has been obtained by inJection locking the

_KrF laser system using the amplified, frequency doubled, . output of a cw7

argon ion laser.

Measurem%nts of the variation in small signal gain and saturation
have been made in the peak gain region of 248.2 .to-248.4nm for a KrF
laser operating at 1.7atm, pressure, InJection of an unstable resonator
KrF laser was characterized as a function of 1input powpr using the

argon ion laser seed pulse source. The output inJection fraction was.

found to raéﬁe from 3 4% to 93% over an input 1nJection power range_of

0.075 W to 5.8 KW. =

iv
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CHAPTER 1 .

INTRODUCTION

Exc1mer.lasers are now being employed in numerous applications
which require rellable narrow ‘linewidth output sSpectr- 1
characteristics. These include lithography'of microelectronic circuits
and laser fusion studies in which nonlinear optical pulse compressior
techniques are emplo&ed. |

» §

For applications invelectronic circuit lithography, ultraviolet
(UV) wavelength lasers allow the fabrication of submicron feature sizes
and thus‘Very high device density for VLSI circuits Large field of
- view, diffraction limited optical imaging is required to project the
required patterns onto the silicon wafers. Optical materials become
very dispersive in. the ultraviolet wavelength region which makes it
difficult tovdesign optical systems that remain diffraction limited
over‘broad uaveiength regions. iyen the bandwidth of a normal KrF laser
system; 1.5THz, is large enough to require very complex lenses in such‘
systems and thus linewidth narrowing 1is probably required. The
required linewidth, ~ 30GHz [1], is not in itself very difficult to

obtain. However, it is necessary to have very high reliability and very

goaod reproduclbility of operating characteristics

Ultraviolet Qaveiength la: » are a” o good candidates for laser

fusion drivers because of thne very efficient absorption of the short
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wavelength laser radiation by thé plasma and the resulfant higﬁ
.hydrodynamic efficiency of the UV laser-produced ablation. Rare gas
halide excimer lasers have been 1dent1f¥ed as potentlaily eff1;ient
sources of high—péwer UV radiation [ 2,3 ]. The most popuiaﬁ'candidate
is the krypton fluoride ( KrF ) laser, principally because of the facf
that it has a high predicted'efficiency, on the orderapfrIOZ, and its
wavelenghth, 248nm, is far into the UV wavelength rangei
| .

The desirable properties of the KrF laser include:.(l)vit haéfa
gasllaser medium, capabié of sustaining ﬁigh- repetition rates without
damage to the medium; (2) the operéting ﬁressure is relatively low, 1-2
atm., minimizing many practical difficulties  of operating ‘large
aperture amplifiers; (3) KrF;:can”i;‘ efficlently pumped by high -
voltage, large - area electron beams at high current densities for
pulse lengths on the order a microsecond; (4) KrF lasers presently have
ach%eved an overall efficliency of 4 - 7% approachlng'ﬁhe value're&uired
for' an Inertia! Confinement Fusion (ICF) :reactor_ driver; (5) the
wavelength 1= still long enough that high ,d:;mage threshold, > 5 J/cmz,

optical materials are still avallable for the\fabrication of qptiégl

components.

decause of these desirable properties a KrF laser system has been

deve »sped in our laborafory over the last 8 years in oraef.to caﬁry out

laser fusion related studies. This‘system cons1sts of four discharge

&

laser modules, an electron beam pumped amplifier module, a nonlinear

optical puise compression syétem and an evacuated ‘target chamber



facility The front end of this laser system ig line narrowed using

/
inJection locking ftom an etalon tuned master oscillator.
g . N

One, of the disadvantages of KrF lasers i# the long pulse length

which is not well suited for nanosecond duration high intensity

- eXperiments, Therefore, the development of very high power short ‘pulse

‘lasers in this wavelength region requires the- application of optica)'>

pulse compression techniques - For many present and proposed
N / )

applications opticafmpulse compression techniques such as stimulated

Raman and Brillouin scattering may be required [2-6].. For these

processes, a high degree of'monochromaticity is required, on the order

of the natural linewidth of  the scattering process - The Raman

‘backscatter compression technique in high pressure methane gas whlch

.was originally used in our laboratory only required a linewidth of ~ 3

GHz. Recently, however, the generation of subnanosecond KrF . laser

“pulses by stimulated Brillouin scattering ( SBS ), has been

demonstrated in high pressure gases [6]. However, for efficient SBS"
pulse»compression, even narrower linewidths, of ‘the order of lOOdMHz

and less, are required {4,5,6]. ) = -
. . N

Previous studies [2,7,9] have shown that substantial improvement
in beam spectral and spatial quality is obtained by using the output of
a narroﬁ bandwidth stable resonator, master oscillator‘to injection
lock a high—energy, unstable resonator slave'oscillator. The linewidth

generated from such an etalon-narrowed, injection-locked

oscillator—amplifier KrF laser system 1is ~ 3GHz [2,7]. This was the



technique originally used to generate the" narrow linewidth reqaired for

o the Raman backscatter pulse compression process in methane gas In

order to improve the operating characteristics of our “~F laser system-(i

-

~to meet the need of SBS pulse compression o a. ne teuhnique was
developed to obtain ultrahigh spectral brightness Kr§ excimer laserd
-radiation with a spectral width of '~ 100 MHz This technique involvesﬂl
pulsed dye leser amplification of the 5 Miz llneuldth CW radiation

' fromkan‘argon ion laser at 496.5 nm. The resultant output pulse is
kfrequency doubled in a, nonlinear crystal and this radiation is used to
inJection lock a KrF laser module ,

Tow
)1

| This'neu technique of using an argon lon segd laser has . been
\ oo

- developed anc investigated in this thesis. The 'initiel experimental”
. measurements Involved the study of small signaliéain and_sqturation in
the peak gainﬁregion of 248.2 to 248.4 nm for a KrF laser operating’et
1.7 atm pressure. This was done to determine.how well matched the argon
“ion wavelengih is to the KrF laser spectral gain pLofilef As partlof
this work a pulsed dye laser amplifier system uas designed and
optimized for the produciions of the seed pulses.' Thereafter, the
injection locking of the KrF laser was studied as a function of input'
power in order to assess the/minimum input power required to obtain

[
reliable operation.

In Chapter 2, the background and theory of narrow bandwidth KrF
laser scurces 1is briefly reviewed. In Chapter 3 the experimental

arrangements are described in detail including the argon ion laser, dye



, Chapterls.tqgether:with';?}me suggéétions for future wofkh

laser, UV frequency conVérsion; injection locking system and diagnostic

systeps. In Ch pter 4, the . main experimental results are given,

-

énalyzed and diécussed. The conclusion of this theqis is given ‘in

~

$



CHAPTER 2

BACKGROUND AND THEORY
One aof the beasons for the nigh efficlency of rare gas halide
(RGH);excimer lasers is the presence of a dissociative ground state so-
that it is impossible to have quenching of the population inversion.
This can be seen if one.looks at the energy level diagram as a function

of interatomic spacing, as shown in Fig.l.

The KrF laser transitions are identified as the B<S — X=
-tran51t10ns of RGH excimer molecules, 'cemprised of:one rare gas atom
‘and one halogen atom [11,12]. The excited upper state“has a‘é%bstantial
potential well which traps the‘excited‘painvof.atems. From'the“upper
state- the molecule can undergo either a collisional or ffadiative
transttion with a lifetime of a few nanosecondé The ground state of
the transition is strictly repulsive except for the Xenon halldes wh1ch
do poesess a shallow potential well ocn the order of 0.04 eV [12]. KrF
is>the prefered candidate for high energy laser systems since it has

been found that the intrinsic efficiency of the KrF laser is gre\test

of the excimer lasers The dominant KrF formation reaction is:

- »
Kr + FZ ——— KrF + F
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Fig.1 Energy levels of the KrF molecule as a function of
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This process is very rapid, occuring in a timeitybically of the'
order of 10ns and 1is very efficient ir producing excited rare gas
halide products [12] However, the detailed kinetics of the excited
states species in a KrF laser are very complex involving over ?O rate
equations [12] and can only be modelled using numerical simulation
techniques.% )

QQL? While excimer lasers can be efficient, their upper state lifetimes
are very short, so they cannot store their energy in a population
in&%rsion such as other laser systems (e.g. CO2 or Nd:Glass). Efficient
operationurequires cont inuous extraction in order to utilise the energy
deiivereo byl the electrical excitation. Typical electrical pump

durations are u10—5000 ns. The most efficlent systems are typically

those with the longer pulse duration.

5 o
For many applications such as laser fusion, short. pulses on the
order of a nanosecsnd are required and thus additional techniques of
pulse compression ere necessary. One of these -techniques [4,5,6],
stimulated Brillouin'scattering (_SBS ), has been demonstrated .for the
generation and amplification of“nanosecond and subnanosecond duration
ultravioiet laser pulses. In this‘technique the stored energy can be;
continuously extrected from the KrF laser module for the duration of
_the laser excitation and the‘resultant long KrF pulse can then be used
to pump an SBS conversion cell. This process is illustrated in Fig 2(a)

and 2(%). When a long pump laser pulse propagates through a gaseous

{medium containing sulfur hexafluoride ( SF6 ) gas,vthe pump light with
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- _ | , “ 10
frequency vp can interact with an gcoustic wave at frequency v, igﬁ'the
gas leading to scattefed light at ‘the Stokes shifted frequency of.vs =
Up -, High efficiencylis achleved by injecting a short pulse at
frequency vs‘into the cell in the oppos%te&i?rection to the pump pulse
as it reaches the exit window. The energy from the long pulse is
converted into the<Stokes shifted pulse ihrough the Brillouin 3-wave

interaétion process in the medium..

The best results to date, using a laser linewidth on the order 6f
1 GHz, shows compression to an average pulse duration of 380 ps with

extréction efficiencies of 40 percent [6]. However, the experlmengal

. A
results [5,6] clearly show that to obtain maximum efficiency for thig

-

[

process, laser linewidths approaching the natural linewidth of the SBS
mode, Av ~ 100 MHz, are required._if such linewidths could be obtained 
conversion‘efficiencies approaching‘SOZ may be possible. The originif{
oscillatér 1p the KrF lésef front énd:system had a linewidth of 3 GHz
which was subsedUently narrowed to 1 GHz. However, ghis is 'still too

t

lagge to achieve the maximum efficienc, from the SBS pulse compression

system. Yhus a new system to generate higher spectral purity radiation
was required.

N A

There are a number of techniques which héve been used. in the
past tdvgenerate narrow ;1néﬁidth KrF laser radiation. Thesé include
intracavity prism tuning [131, grating tuning at grazing incidence
[14], 2talon tuning [2,7] and injection’.locking using frequency doubled

'

dye laser radiation [15] hith'output lineﬁldths of ~ 100GHz, ~ 10GHz,

*
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~ 3GHz and ~ 150 MHz respectively.
Motivated hy the r}‘equirement of ultra;nari‘ow linewidth f‘cr the SBS

pulse compi"ession system a much narrower linewldth front-end laser'v
. source was" bropdsed and developeci for this thesis ’pro'Ject. The KrF

laser e.mplifier was modif‘ied by ’exter'nally narrowing the radiation-
linew‘idth. The start Oof the new UV source is an argon laser operating

at 496.5 nm. The very narrow bandwidth is achieved by the combination

of a prism and an etalon in the argon - laser :cavity. The 1initial

radiation is then amplif‘ie‘a*in a three stage dye amplifier system and

frequency doubled. Finally, vthe “r'adiatiop Is used to injection lock an

unstable resonator KrF laser module. The layout 1is shown in block

'diagr‘ani form in Fig. 3.

Th)e in,jectich-locked ambiifier is a high Fresnel number unstable _
Pesonator wh’f‘ch can be analyzed using geometrical optics following the

N

: approach of Siegman [16]. The use of an unstable resonator.combines the™
advantages of large mode volume with» low-order mode opehation, yielding

a near diff‘r'action—limit‘ed beam K[ 16]. vThe stitive—br'arth' confocal:
resonator is particularly useful in that 1it. can give a collimated

output beam and has no internal focal points. I-iowever unstable

resonators do not lend themselves readily to conventional tuning and

line-nar'rcwing techniques. These methods can greatly complicate the

otherwise simple cevity and, again, place limitations 'cn peak pulse -
;eowers. Thus, different ‘techniques are required. By using injection

mode liocking one can force the laser to run at the wavelength and

-
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bandwidth of a iow power injected beam, while eliminatiné the need for
any dispersive elements. The injection locking of unstable resonators
was first described experimentally by BUCZEK, et 51.0[17], who used
‘low power".CO2 lasers with a resulting power ratio{ Pout/Pin ~ 100. We

know' that the injected power‘required to reliably loek is pnoportional

to. the number of transverse modes, m, which oscillate in the laser

cavity[18]. Thus ,

s

NN

CF , (2.1)

il

Pinj o m

fal
where C is a constant and F 1is the Fresnel nﬁmber‘ of the ‘cavity.
Therefere, single—mode/operation minimizes the required injection power
In addition to minimizing beam divergence. The inJectio? power required

for complete locking will also depend . on the differenae between the

'n
Ny

free-running peak and locked wavelength, as well as on “the pulse

.duration and total cavity-losses.

i
A

The theoretical limits to linewidth and beam divergence of the

L~
7

gnstable resonator output are given by the transform frequency spectrum

of the output pnlse'shape and the diffﬁaction of the finite outnut beami

size. It can be:easily shown by taking the Fourierftransfonm%of the

time dependent electric field that any pulse of finite duration will
-~

have a finite spectral bandwidth The minimum bandwidth, Av, for =

pulse of duration At is given by [19],

Av = = L e




where K is a constant of order unity" which‘depends on the pulse shape

For Gaussian temporai and spectral shapes the constant K= (2ln2)/n =

0.441. " For a' transform limited  20ns duration Gaussian pulse, the

frequency bandwidth is 22;MH2.

The beam divergence can be calculated for a TEMOO‘mode Gaussian

-'beam and is given by [20], ' : L

]

where BG is the full width divergence angle at the e ! field ampiitude
. N

points, W is the Gaussian beam waist and A is the wavelength of the
8

radiation. For a Gaussian beam with a beamwaist diameter of 2.5cm,‘at
< B

the full width half intensity points W, = 2 124 cm and 6_ = 7.4 urad :

-0 G
which gives a divergence angle of 4, 4urad at the half intensity points7

#

of the beam. For comparison a coherent flat- top profile of radius r

o
/0 .
produces a far field Airy function intensity pattern given by‘igll
Y 2 ._ " .
J, (2nr 6/2) - o O
I (8) =1 —_—— ] : v (2.4) \
*0 (tr.6/2 ) e S o

. ' . ’ 0

-
1

\where I0 is the peak intensity, Jl is the first order Bessel function

» ™.

and 6 is the angular position‘relative to the'central beam axis.fFrom‘t'

this equation the full width half intensity divergence angle for a

F'
flat top initial beam profile of radius ry is given by \\
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= 0.514 __ ' (2.5)
r - .

For a 2.5cm diameter KrF laser beam this would give.a divergence angle
of 10.2 purad . the half intensity position. The actual output of .the
unstable resonator module is something between the above two cases and
thus for a 2 3¢m output beam diameter we would expect ‘a diffractlon

11m1ted output beam divergence of between 4 and 10 prad.

To date, the best 1linewidth generated from the etalon tuned KrF
master oscillator in our 1aboratory is 2.5 GHz [7] In order to-achieve_
this, three etalons wetre employed within the stable resonator cavity;
The elements are an air—spaced O.1mm gap and solid O. Smm andVB.Omm
iused silica flats respectively with 75A reflectivity coatings F1g 4'
shows the transmission of the three 1ndividual tuning etalons and the
comblned transmission of all three when properly tuned The best
linewidths obtained from the direct etalon tuned KrF oscillator source
bwith opt imum tunlng is about 2.5 GHz Additional line narrowing to Av
= 1 GHz has been achieved through the use of_ a 1 GHz bandpass external
etalon at the output of the inJection locked unstable. resonator _This
;technique is quite cumbersome since temperature changeS‘:in ;the
'laboratory cause the .spectral peaks of the master oscillator and
external etalon to vdrift" necessitating frequent vretuning of 'the“
system.'ln addition, there is a large optical loss ‘in' the egternaln

etalon element.
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Using a frequency dougled funablg dye las- = source for injection
,locking it has been shown [15] that spectral widths of 150+3O MHZ can
be obtained. In principle even narrower linewidth tunable, ultrahigh
specéréi.brightness KrF excimer.laser sourcés are possible using this
technique. lﬁowever, the operation and tuning of an ultra—narrow
linewidth dye laser system.to keep it matcbed\exactly to the peak KrF
wavelength requir s a significant amount of maintenance and adjustment.

In the present system the use of an argon ion laser both simplifies and

increases the reliability of the system.

.

I'rr the implementation of the proposed system two keyﬂissues had
:t0 be addressed. Firstly, thé avallable literature [22-26] did. not
~precise1y inQicate the peak wavelength for the KrF transition . Thus it
was 1mpqrtant to identify this peak wav;length and defermine how
accurately the frequency doubled argon ion Iaserfbévelengéh would match
this wavelength. The second queétion concerned‘the power tequ. . to
achieve goodv injection locking, and 'thus »the fr;ctional output
injection locking ﬁad to be determined as a function of 1ﬁput powerp
y
In order to address tﬁe first key question ‘for the proposed
techniqﬁe, measurements of small signal gain have been méde in the peak
.gain“region for a KrF laser module [27]. In order to cé;ry out these
experiments a dye amplifier system was required and part of the
experimental proJject 1nvolved designing and optimizing such a system.

Such dye amplifier systems have been developed previously‘ and the

arting point for the presént design was taken from 'Hawkins et al .
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i

a-

[15]. A 3 stage amplifier system using Coumarin 500 dye pumped with

16mJ of XeCl 1ight produced an amplificatlon of a SimW input signal to

» -

78KW of output power.

The results of the galn measurements indicated that the frequency

doubled argon ion laser Tadiation at 248.25 ﬁm falls within the peak

*
gain region of the KrF laser.

'
The next ‘key question involved the minimum 1nput;power fequired to

achieve gbgd injection locking. The second set of experiments. were ﬁhus
designed to characterize the outp:t radiation of the KrF lasef as ‘a
function of input power for input power leyersuof 0.075’“ to 5800W

which gave output injection locked fractions ranging from 3% tq 92%L;
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CHAPTER 3 s

t

EXPERIMENTAL SET UP

3.1. Main Kd% laser system

The main KrF laser system, constructed for laser fusion related
studies, consisgs of three ma jor cemponents. These are the Uy laser
front end, the discharge and electron‘beam pumped power amplifiers, and
the Britlouin optical pulse compressor. The final beam is_directed to a
targét chamber where the laser plasma interaction experiments ére
carried out. A’ schematic diagram of the front-end and “Brillouin
compressor systems is shogn in Fig. 5. As discussed previously the
master osc¢illator was equipped with a multi-etalon system to control
the laéer linewidth. As a result of this thesis .work the master
oscillator has now been=rep1aced by an uitrahigh spectral brightness Uy
source as shown schematlcally in Fig 3. Following the 050111ator stage

there are two other amplifiers A2, A3 which generate 1.0 J, 20ns

£
- and extract the e-beam amplifier module The remaining part of the

laser radlation is used to pump the system for pulse shortening by

nonlinear optical techniques\

Fig. 6 and Table 1. glve the principle characteristics of the
unstable resdnator slave oscillator This unstable resonator"'

configuration was used previously with the etalon tuned oscillator and

" throughout the present injection lockingvexperiments.

19 L ' N
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Experimental layout:. A-input aperture, B1-4 - Quartz
plates at Brewster’'s angle, F- collimating lens, R1 - 90%
flat mirror, R2 - 2mm diameter concave mirror. '



Table I. Paramefersiof Unstable Resonator Module Al

Cavity length . : 1.6m

Reflection of flat mirr;r, R1 | : 30%
Reflection of convex mirror, R2 100%
Diameger of convex mirrob,~R2 R me’
Radius of curvature of R2 ‘ 0.6m
Distance £p collimating lens, D S4cm
Focal length of collimating lens, F 4m
" Output energy o 400mJ
Duration of pulse 24ns
Output beam cross—section : 24mm diameter
" Gas mix - He:Kr:-F2 ‘ 0.896:0.10:0.04
Tétal gas pressure A 1.7atm. i v
Discharge volume 25x35x960mm J
Discharge voltage | \ " 70Kv (

3.2. Argon Ion Laser Based Front End System
For the present experiments a commercial, prism tuned, and efalon-

narrowed argon ion laser was employed. Two_differeht lasers were used

during the course of these experiments. These were a Spectra-Physics
model 134" and a Coherent model 890-5. Both are nominally 5 W (all line)
output p.wer units. The former was used in MOst of the small signal

gain and saturation measurements and the latter was used 1in. the

. &

22 /-_- ‘
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Neasurements of inJjection mbde locking. For the former the beam
diameter of the laser is 1.25mm.at the e_2 intensity points and the
béam divergencevié about 0.69 mrad. For tge newer Coherent laser ;he
beam diameter of the laser is 1.47mm at the e 2 intensity points and
the beam divergence is about 0.44 mrad. Fig. 7 illustrates the
longitudinal mode structuré of the resonator with a tuning etalon

which was similar for both lasers.

Initiglly, the Spectra Physics laser was opérated without the
extra tuning etéloq giving a full natural linewidth of ~ § GHz for most
of the small signal gain and saturation measurements. However, for a
few of the measurements the tuning etalon‘was inserted to give a very
narrow linewidth, ~ 3MHz, to verify that the gain was the same as
. -obtalned with the 5GHz lin?width source. Becagse of the rapid drop in
output power as the laser tube aged in the Spectra Physics iaser it
was replaced wigh a newly purchased Coherent laser for subsequent
experiments. The very narrow_linewidth mode was subsequently uﬁed in
all the injection mode locked measurements. The intracavity etalon for
the Coherent laser was temperature stabilized for added stability and
the manufacturer’s specification for the linewidth in this case was

less than SMHz.

BN

\
The argon ion and dye laser amplifier system is shown in Fig.8.

The green, 486.5 nm, light was gated to glve a pulse output of 200 ns
duration, by heans of an eIectro—optical pulse switch and a polarizer.

The gating reduced the amount of scattered high intensity argon ion

0 ~
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Fig.8 The experimental érrangement of the argon ion laser and dye
amplifier system and KrF system.

Experimental layout: L1-L8B ~Lenses, Ar+—argon fon laser,
D1-D3- Coumarin dye - cells, E - etalon, M1-90% reflective
mirror, M2 - meniscus mirror, Pcl- pockel's cell, P1 -
polarizor, Urea - frequency doubling crystal, A0-=Al -
discharge KrF laser modules, HW - half wav: -late,
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laser radiation in the laboratory, reduced theﬂew background signaﬁs

LI

" on/ the. detectors used in the experiment and reduced thermal heating and
ﬁf

¢

resulting optleal distortion in the dye cells. The pulse gating system

was/not available for the initial experliments and was not used in the

—

saturation and small gain measurements. The 1light was colllmated into
the three stage dye amplifier by a beam telesebpe which consisted of a
negative 10cm lens. followed by a positive 25cm lens as shown in Fig. 8

This lens system produced-« beam waist of 178um diameter located in the
centre of,the first stage dye cell.

This green llght was subsequently amplified 1n the three stage dye
amplifier system as shown in Fig.‘8. The three dye cells were 10,.20
and 20‘mm‘long respectively and were fllled with solutions of Coumarin
SOO dye dissolved in a mixture of 95%. dioxane and 5% ethanol atla
concentratlon of 1.25 x 10 M. The dye amplifier was pumped with a 17
mJ, 6.5 ns duration XeCl laser pulse split 1nto three parts. For the
1nlt1a1 gain and saturation measurements the beam was split uslng knife
edée alum1nized mirrors to Intercept pleces of the bean. Subsequently,
for the injection experiments the beam was split into three parts, 8%,
27A and 85% using an uncoated quartz beam splltter a partial reflector
ymirror and an alumlnium mirror respectively. The pump beams were
focussed into the dye cells using cylindrical lenses of 75, 100 and 200
mm focal lengths respectlvely The focl of the lenses were fecated at
0. ZSmm 0. S5mm and 0. 7Smm geé%ectively inside the dye cell windows. For

—

simplicity, non- flowlng dye cells were used in the present system since

a maximum repetitlon_rate of 0.5Hz was anticlpated. The dye cells were

pos
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tilted at an angle of ~ 15° to avoid lasing from the dye cell w1ndow
reflections. Resultant output powers in excess of 70 KW were obtained
in S ns pulses at the end of the dye amplifier chain. As shown in
Fig.8, the distance between. the telEScope lenses and the dye cell was
more than 1 meter so that amplification of backscattered ligh€\ from
the lens faces could be avoided ‘

The green laser line at 496.5 nm’ was converted to 248.25 nm using
typ; I frequency doubling in a urea crysial [28]. The crystalfﬁas 8 mm
long and capable of giving a conversion efficiency of about 0.7x10 W
for single transverse mode radiation at room temperabure. The laser
was focussed into the crystal using‘a SOO mm foqal length lens. The
distance between the lens and crystal was 42 cm and focal 5pot size
Just atv the entrance of the. crystal was ~ BOOuQ. Tbe angle of
incidence on the crystal was nearly zero degrees as the crystal was
cut gor 496 nm type I operation Output powers in excess of 2 5 kW in a
pulseyof 3.5ns duration were obtained at the exit of tHe crystal when

the argon lon laser input power exceeded 60m"- ='.d the XeCl laser pump

eneréy was 16mJ.

Fob ihe injection experiments, pulsed output powers of 2.5 kW were
normally used since the argon ion laser input power was typically 51imW
and the XeCl laser pump energy was 16mJ. Tbe pulse duration, 3.S5ns, was
-too short for achieving optimum indection so a pulse splitter/delay
unit was .employed to obtain longer pulses as shown in Fig.8. The UV

beam was split using a 50% mirror and half of the pulse ‘was sent

\
\

yog
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tﬁrough an opticalvdelay systém. The two beams were recombinéd using a o
second 50% beam splitter. The overall traﬁsmissidn"bf the éyétem was
~43%. Alignmgnt of' the output beams to make thex\perfeétly parallel
required careful a&justment of tﬁe beam delay mirrors. We did not use

the pulse splitter/delay system for the initial small signal gain

. N
measurements.

¢ - . -

-

The UV beal was then passed through a prism to separate out the
origindl green radiation and finally through an alignmeﬁt pinhole and
half'wave plate -to achieve tH.' correct vertical‘po}arizatioﬁ for the

o~

injection locking experimehts. The vertically polarized light was then

amplified in a single pasé KrF ampl{fier-module.’This amplifier module,
A - .

which was the old original master oscillator module had a 30cm gain

length with a ®ingle pass Smallxsignal gain of 100.

-

»

3.3. Small Signal Gain Experiments

As shown in Fig.8, for the small signal gaih versus, wavelength

-experiments the tunable wavelength source was obtaineé by etalon tuning

a KrF master osCiliator modu}e. The KrF aiser os¢111a£or and amplifier
moduiés used in this experiment aré the pulseléharged, pﬁoto—preionized'
dischafge moddles of the type déScfibed preViouély. The master
osciliator is a feddced size version of the amplifier modﬁles with - a
gsjn length of 30 cm and a stable resonator optical caéity employing a
conégve 4.metre radius of éurvature 100% reflective mirror and a flat
90% ;egisctive output mfrror,‘Transversg mode quality was controlled by
means of a 2mm g1ame£§r éperture ;n thé resonator cavity. For most éf

o

28
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Fig.8 Experimental .layout using both . an etalon tuned KrF
: oscillator and a frequency doubled argon ion laser source
for small signal gain versus wavelength measurements.’

Experimental.Iay@@tzéﬁﬁ~A2 - apertures, Ar+ - argon '
ion laser, D1-D3 - Coy#artt’ dye cells, E - tuning etalons,

EC - energy calorimentiar, F1-F3.- calibrated fillters, KrF
Amp - -discharge amp¥iffer module, Ml-Mg - mirrors, OMA -
monoc¢hromator & optical multichannel analyzer, PD1-PD2 -
biplanar photodidodes, Q1-Q3 - quartz beam splitters, 2w -

.frequency doubl ing crystal. : ; ‘
R - ~:\1,';\

v
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" the experiments two‘tuning etalons were 1mserted 1ntreoayity in the
oscillator giving a measured output laser linewidthlof ~ 10 GHz. Under
these conoltions an output power of several kilowatts in a 10 ‘ns pulse.
was obtained from the osciilator. Elther the’ frequency doubled argon
}on radiation orvthe tunable osciilator ;adiation could be selectedvas

input to the amplifier by the insertion of a removable mirtop which

was located at the entrance of the Al laser module, as shown in Fig.9:

The KrF amplifier module.has a totag accessible'gain croes—section
'of 2,523.5om with berameters as givém intTable 1. However, onty the
FCentral,. relativelyﬁ:uniform, l.i‘ cm - diameter portion of Vthe- gain
cross-section was pfobed in ltheuDSaturatioh .amo small, sigmal gain
experiment. The q1scharge gaim ' length of the particular amplifier
module used for the present measurements was .96 cm. A éas mixture of
’He:Kr:Fz - 0.896:0.10:0.004 wes used 1t a totaltpressmre of 1300 Torr.
- The measurements were made using a static fill of” laser gas .Only-
Pesults obtained ‘in the first 30 shots ~after a gas reflll 'weme
analyzed, during which time no signifcant degradation 1n gain was:

.

observed. The duration of the gain pegiod was 24 ns.
In order to jsomewhat Teduce ‘the gain saturation, during the
experimentél measurements a divergent beam geometry was employed as
shown in Fig. 10. A negatiVe‘273 mm focal Iength lens together with a‘2

. mm diameter aperture at the emtfence:to the amplifier modute ppoduced a
oiroUIar divergimg beam.of full angle B = 7.32 mrad.jéurnpatterns made

on UV sensitive paper were used to obtain the spatial beanm profile at
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Fig. 10 The geometry used for gain and saturation measurements.
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various axial points in the system indtcating tmat“the intensity was
approximately uniform over the cross-section throughout the system. The
end wimdows of the amplifier were_tilted at Brewster’s angle and lems
elements were slightly tilted 1in order tovpﬁevent any back reflectron
of radiattoh into theu amplifier module which could cause' parasitic
-lasing. The output of the amplifier module was coilimated using a 4 m

focal length lens and then directed to the dlagnostic monitors which

were located approximately 5 m further avay.

The main diagnostic measurement was a pair of cross calibrated
photodlodes to measure the input and output power from the amplifler
.module. Sample_iphotodLOde traces are shown in Fig.11 for ooth the
frequenCy doubled aréon ion and.tunable KrF oscillator input. The
input and_output‘sighals were displayed on the same oscilloscope trace,
while the sweep was triggered from the electrical tri 2r used to fire
the laser modules The tlming of the robe pulse relative to the peak
-gain time of the Al laser module could be determined by the position of
the photodiode traces on the sweep Only those shots which indicated
the 1nput'arriv1ng during the peak of the 24ns gain period for the
' " amplifier were analyzed to obtaln 'he system gain. In order to measure
the exact probe beam wavelength the ‘amplified output was also
transported by a fiber to'the entrance of a 57 cm focal length Ebert
mdnochromator, the output of which was imaged onto an optlcal
multichannel analyzer system Overall spectral resolution was 0. 03nm.

The frequency doubled argon ion laser line was used for absolute

spectral calibration of the system to an accuracy of 0. 01nm

~_
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Fig. 12 The experimental setup for the injection locking

measurements.

Experimental layout: A - aperture, E - etalon, M1-90%
reflective mirror, M2 - meniscus mirror, , P2 -
polarizor, AO-Al1 - discharge KrF laser module, PD1-PD2 -
biplanar photodidodes, PY15 - -energy calorimeter, F -
calibrated filters, HW -. half wave plate, L-collimating
lens. / :
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3.4. Injection Locking Experiments
The layout of the injection locking experiment is shown in

Fig. 12. In these measurements, the former master oscillator- module

- was now used as a.single pass KfF amplifer which amplified the argon

ion generated UV pulse. This system could provide - powers up to 10* W.
The overall system alignment was very critical for all ths injection
measurements,'difectly affecting the.efficiency of Injection and the
dutput beam poiarizatios of the unstabie resonator KrF laser amplifier.
Thé polarization was affected since the beam path involved a beam

periscope and a number of 90° turning mirrors. If the beam path was not

-square to within ~ 2° on these mirrors significant depolarization of .

the beam would occur, Throughout the measurements, the 'small KrF
4 : '

amblifier module, AO, was turned on and off in order to obtain higher

and lower injection power. The agreement of the results using

nonamplified UV and amplifed UV output power was checked for

intermediate injection powers. ' A .

The 0.1mm air spaced etalonlﬂoilowing the single pass amplifier
was used to block ASE from the amplifier module and was removed when

the oscillator was turned off in order to reduce the absorption losses.

- The measured transmissivities of the quartz hbeam splitter used for

diagnostic purposes and the etalon were 84% and 34.5% respectively. The
15% reflection of the UV light from the quartz plate was monitored by
photo diode PD2. The signals on PD2 were used to measure the input
power into the A1l moduig and to check the timing between UV injection

and the gaih period of module Al. The etalon was set st a small angle

-
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to avolid sﬁbntaneous oscillations in both laser;modules. A 2mm diameter
pinhole, A, was inserted in\Ehe laser beam aféer the etalon and priob
to the diagnostics ‘to give an accurate measurement of power injected

Into the unstable resonator, Al.

In front of the aperature thg‘full UV laser sﬁot‘was approximately
4mm diameter. After Al the amplified UV light was split into several
parts for the various measuremené diagnostics. The output energy was
measured using a pyroelecfric calorimeter; the output power, pulse
shapé and timing using a biplanar vacuum photodiode; and the output
spectrum using a monocﬁromator system and a Fizeau Interferometgr

System.

A 0.57 M Ebert monochromator coupled to an optical multichannel
analyzer ( OMA ) was.dsed for the_brbadband speétral measurements. The
main function of the system was to measure the fraction of output
power in.the ﬁarroﬁ output linewidth as compared to. the total gutput
power; The spectra were captured and stored on a.Hewlett Packard model
éé computer and then transferred to an iBM AT cbmputér for data
processing.‘An example of a resultant spectrum froh this syétem 1§
shown in'Fig.13. The spectral data was processed by sﬁoothing the data
and then subtracting\the background signal..As shéwnbin Fig.13)the
integrated broadband\ASE signal was determined and'éubtracted from the
tptal signﬁL leaving\the narrow linewidth component. The ratio of the
ﬁarrrow—lipewidth to total area wasf»then calculated to give the

percentage injection locking for a given shot.
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Fig. 13 A typical output spectrum including broadband ASE. ‘and
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data is given by the dotted line.

€



3.5. Diagnostic Systems

The main diagnosgics‘ used . for the present ‘experimental
9 o <
measurements consigéed of cross—calibrited photodiodes, pyroelectric
energy calorimeters and a monochromator/OMA system. The pyroelectric,
energy calorimeters were home made'units witn active areas of 2cmx20m
or 5cmx5cm and were cross calibrated to an accuracy *5% with a Gentec
Model ED-200 calorimeter. The photodiodes were Hamamatsu model R-1193U
biplanar vacuum photodiodes with 300 ps rise times and‘were calibrated
using beam splitters and filters tc an accurac& *10% against the above
energy monitors. These calibrationsﬁwere carried out at a wavelength of
'248nm. The energy calorimeters had’a resulting absolute accuracy of
*10% which together with errors of +10% in beam cross-sections led to
an overall experimental uncertainty of +15% in beam intensiti{es. The
photodiodes were also cross-calibrated relative to each other in their
respective measurement positions with the KrF laser modules turmed cff
and evacuafed. Calibrated filters were then employed 1in front.cf the
photodiodes, as.required[ to "maintain tne signals within the linear
range of the photodiodes For the .small signal gain measurements the
measured intensities, taken from the peak of the photodiode signals,
were corrected for losses in all optical elements in:the beam path in
order to give the true intensities at the entrance and exét of the gas
medium in ‘the amplifier module. For the single pass gain}measurements
the possible contribution’ of ASE light to the output signal was
determined by observing the output signals with the 1nnlt/beam blocked:
AThe levei of ASE observed in this case was less than 10% of the weakest

”

signal recorded andvthus‘could be neglected.

38 -
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Asuﬁentioned.earlier a monochromator¥OMA II system together with
| an IBM AT computer ‘were used for spectral. analysis. The OMA - II
detector head was a silicon intensified two dimensionai detector
(EC&d PAR model 1254E), with a UV -scintillator coating applied in
order to obtain response at 248nm. The outpu:t of the 57 cm Perkin Elmer
model E- 1, monochromator was imaged with a magnification ratio of
3.5 times onto the OMA detector. The disbersion-of the combined system
using a 2880 line per mm UV grating was 0.00546nm/OMA channel.
. \

For the injection experiments a narrow linewidth reference signal
for calibratiogypurposes was obtained from three different sources; the////
Brillouin backscatter radiation from the generation stage (Bl in
Fig.5), a UV mercury lamp (253 nm) or the direct frequency doubled
output:of the argon ion /dye ampliflier system. A reference signal was
recorded once or more during each day’'s experimental run in order to
determine_ the level of scattered light signal on the OMA detector
outside of the narrow linewidth signal. The results of these referelce
measurements indicated a background scattered light level equivalent to
4% of the narrow linewidth peak. A correction factor was applied in the
analysis of the data to account for this amount of scattered background

light.

The OMA linearity was determined using calibrated fllters and a
flxed energy source: either broadband KrF laser radlation orﬁ
narrowband SBS radiation from the Brillouin generation stage Bl (see!

Fig.5). It was found that the OMA output was not Linear with ..
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illumiﬁatfon intensity for low 1ntenéity'1evels, as shown in Fig. 14
(a). From the measﬁred response a correction factor was calculated to-
give the correct intensity for‘a given level.of output counts as shown
in Fig. 14 (b). This correction factor was applied to the data in‘ﬁhe
analysis pfocedure in order to compensate for the noﬁlinearity of the

OMA system.



CHAPTER 4 /

) 1
EXPERIMENTA; RESULTS AND D}SCUSSION

‘ \ \
1 “!rgen/Dye/UV laser systém

The "argon ion laser was normally edjusted to deliver Slmw of
ultra—narnoﬁ-linewidth power at the entrance of the first dye laser
»lifier. This velue was chosen to stay well below the damage
threshold (10W/cm®) of tBe‘optical switcﬁ. The power at the entrance of
the electro-oétic switcﬁ wae 150mW but since the electro-optic switch
.wWas preyiously damaged the transmission with voltage applied was less
~than 100%. In addition, the following polariier and lenses were .not
dnti—feflection coated resulting in an overall trensmission"of.34z,fbdm

the entrance of the pulse switch to the entrance of the first dyéCféLi."

-

.lﬁ;, Lecause of the large amount of aqplification required for the weak

:1nput s1gna1 vﬁhe ampllfier stages were designed for high gain.

Consequently, they did not operate at high efficiency

The outr ‘owWwer of each dye amplifier stage was measured as a
function of t.. aput argod ion laser power. The results are plotted 1nf
Fig. 15, The typical cperating bower level is listed for each.stage in

3 V

Table 2. The amplification factor of the first dye stage” ' is

approximatély‘ 1800 times with lowef amplification factors in the

42
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subsequent

stages.

These results are in agreement with the expected

saturation of gain -at -high intensity for the second and third dye

cells.
Table 2_Typica1Alaser power at various stages
1. Argon ion laser output power (496.5nm) 150mW
2. Input power of the first stage dye cell (496. 5nm) S51mW
3. Output power of the first stage‘dye cell (496.5nm) 92w
4. Output power of the second stage dye cell (496.5nr) 10. 1kW
. ) . - )
5. Output power of the third stage dye cell (49S.5nm) 78kW
6. Output power of ‘the Urea crystal (248.2nm) N ‘2.5Kw
7. Output power of the first stage UV amplifieh (248.25nm) " 10kW

o

In order to characterize the dye amplifier system so that it could

, be optimized’

.operatinggparameters.

in the futufe a number of measurements were magde of the

The measured dye laser ASE output spot sizes

were 1.2mm, O.20mm and O.11mm Just after the first amplifier for dye

concentration of 1x10

' . shown in Fig.

mol, 1x10~ moi Kand 1x10~ mol respectively as

16. The measurements were made by moving a 80 ﬁm slit

across the exit face of the dye cell at a distance of, 2mm from ‘the

" cell. The output ASE sizes when corrected for geometrie;factors gave

usable gain- cross- sections of 0.86mm, O 18mm -and 0. 067mm. The output

5

beam size as measured here gives the effective depd

) e of the XeC’ numpec
> "

gain region which can then be used to optimize‘the concentration of

T
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“each dye cell for the beam size of the amplified narrow linewldth
pulse |

The input argon ion beam spot size at-the’first‘dye ampllflemﬁ
stage was 178 um ( from the teléseope Qesign data, seeiAppendlx A ),
which was bigger tham\ the measured galﬁ region of the flrst dye‘
amplifier stage. Thus the amplified laser beam d1vergence and beam spot
slze are determined by the size of the gain region- pumped by the XeCl
. laser. The d&e amplifier crossjsectlon was‘chosen to be smaller than
ﬁtA? beam cross-section at eaeh stage in oroer to ensure overfllllng of
the galn volume. This had the two effects of reduclng the ASE slgnal
since all the gain medium was" extracted, and of making the alignment

through the_dye laser system less critical.

In order to facilitate alignment of the laser system the dye
solgeht mixture was adjusted (85% dioxane and 5% methanol) to give a
peak amblifled spontaneous emlsslon (ASE) wavelength of 487nm. Since
the peak wavelength shlfts towards the blue end of the spectrum as the
concentration of dioxane is increased the blue ASE output provided a

‘contrast to the green amplified argon ion signal for ease of aligning

g
iy

. the systenm.
s

I

sy

When o rated at a high input wer level of 70mW into the flrst.
po

dye - cell a peak output power of 84 KW' was obtained at 496.5 nm.

0

Nornally, ln order to prevent optlcal damage (to the Pockels cell, exit -

/

face of the flnal dye ampllfier anp turnlng mirror after the exit of

yed
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level of 78KW with an input signal of 5imW.
! .

The output radiation was subsequently focussed through the
frequency doubling crystal, type I Urea. The cone angle of the incident
radiation was ~ 10mrad {(Smm diameter beam, 500mm focal length lens),
with the input face of the crystal located approximately 80mm before
the focus -of -the beam, thus making the crystal less sensitive to
angular alignment.>‘The measured output power is plotted in Fig. 17 {al,
as a function of input argon lon laser power; it reached a peak of
2.8KW at 70mw input power implying a conversion efficiency of 3.5%. The
variation in output power as a function of tuning angle is shown in‘
Fig.. 17(b) giving a tuning range of ~ 14mr in approximate agreement
with the incident focal cone.

4.2. Saturation and Small'Signal Gain Measurements

JuUsing the tunable oscillator and argon ion laser source,
measurements of single pass amolification in a KrF laser module were
made with a number of input intensities, and at several wavelengths.
Because of the limited free spectral range of the tuning etalons
employed in the oscillator, the range of available wavelengths was
limited to the peak galin region of the KrF transition. Single line
output was observed on the spectral monitor system over the wavelength
range of 248 2 - 248.4 nn. Approximately S shots were taken for each

input intensity and wavelength combination and the results averaged

together The complete set of results is tabulated 1n Table 3. All the

a7
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g,
I

)

resulting data points{ére shown plotted as aﬁﬁyﬁction of input power in

Fig.18. Saturation of the output power is clearly observed as the inpdt
. B . . .

intensity is increased.

SV~

Table 3. Measured Output Power as a Function of Input Power

N .

A0 pin Pout 6] Pin Pout
(nm) (W) {MW) {nm) (W) (MW)
248.22  15.9 1.58 248.31  219.6 3.83
248.22°  218.7 4.13 248.32  19.0° 1.94
248.25 2.5 0.48 248.32  154.4 3.12
248.25 ¢ 12.1 1.41 248740  11.7 1.33
248.25  32.2 2.70 248.40 15.8 ' 1.53
248.25  213.9 3.87 248.40  225.9 3.82
248.31  15.5 1.52

In order to ‘determine the variation in galn as a function of,

~

wavelength, a model for the gain saturation has been used. In the model

it is assumed that the laser lin. is homo eneously broadened anufthat
. g . : w0

. . Ny Pk
the'duration of the gain period and the 1nput pulse lengths are“&ong

_enough - for the population inversion to reach its steady state value.

U31ng these assumptlons and keeping in mind the divergent beam geometry

for 'the measurements,

as shown in Fig. 10.

one can write down the .

equation for the spatial rate of growth .of thé total power in the beanm,

f
&
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P, as followﬁz

4
\. T P )
A dz @‘—*’?

where g is the small signal gain per cm, a is the nonsaturable loss per
cm, B 1s the full diverg§29e<angle of the expanding circular beam cone,
IS is the safuration' ihtensity, and z is the distance from the

imaginary point source of the input gaser bean.

:'The_above differehtfal equation was solved on a computer using a

fourth order Runge-Kutta technique for various values of g and IS The

input pulse started at =z, = 45cm and the amplification was calculated ‘

1
up to the point to 22\= 149 cn, corresponging to the parameters for the

gain medium in the experiment. Because of the difficulty in measuring

the nonsaturable.absorption, a, the value is taken to be 0.01 cm_lr as

- measured for a similar KrF discharge laser [29];_The best fit to-the

complete set of ekperimental data was obtained with a gain and

2

saturation value of g = 0.142 * 0.002 cm » and I,=2.3%0.3Micn” as

shown in Fig. 18. ' ..

" To compare the gain and performance for the various wavelengths
an average saturation intensity was assumed and . th@ best fit gain for
each measured wavelength was calculated) It was assumed that the

saturation intensity was fixed at Is= 2. 3MW/cn® for all wavelengthé



o L] 52
within the galn region. With this assumption the gain corresponding to

each input wavelépgth could be found by fitting to the measured

; .

ampllflcation factors. The various values obtained from different input
1ntensit1es for eacl} wavelength were averaged together to give an
average gain for each wavelengtht
. 4; | R

The resultant‘values of the gain are shown plotted in Fig.ig. In
the graph the ﬁeasufed gain ranges from the highest value of g = 0:143
cn! at the wavelength of 248.2 nm to the vaIue of g = 0.141 cm! at
the wavelengtﬁ-248.4 nm. In our experiment the fact that the KrF
oscillator hopghto the next wavelength mode as the etalonsnare tuned to
wavelengths shorter than 248.2 nm or anelengths above 248.4nm
indicates that the gain must fall off for both shorter and longer
wavelengths than the measurement range .

5

The gain was also measured using the frequency doubled argon ion
laser source; it turned out to be equal to the peakvgain of 0.143 cm_{
From the observed ASE spectrunm (see Fig.13) the peak ASE signal occurs
at a wavelength of 248.34nm which indicates that the peak gain occur

at this wavelength. Thus the best overall fit to the gain profile

v

‘estimated to follow the dashed line shown in Fig. 19. Within

W

experimental .error of +1.5% it appears that the gain at the freque v
déubléd argon ion wavelength is essentially equal to the peak gairn
Thus, it appears that the. argon lon wavelength is well matched for
- iInjection locking and subsequent amplification in a largé multi-stage

KrF laser system.

)

o
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4.3. Injection Mode Locking Measurements'

Since the pulse’ duration of our . frequency ‘doubled ~argon ion

wradiation was too short (~ 3.5 ns) to obtain complete injection locking

of the Al module output, an optieal delay system was used' after the
the Urea crystal to doubie'the pulse width ( see Fig.8 ). The typical
photodiode traces of the UV 1nput and ampllfied laser pulses for the-
injection measurements are shown in Flg. 20. The pulse durations
are 3.5ns and 855ns with and without the pulse stacker respectively.
The short 3.5ns injected pulsed is too short to fili.one complete round.
trip of radiation in the unstable resonator, which requires 10.7ns, and
_thus part of the laser’ mode still builds,up Trom spontaneous broadbano

emission. In contpast, the longer pulse; S.Sns‘, I1s sufficient to lock .

" most of the output'radiation; However, because of the difflcuity in

aligning the pulse stacker no attempt was made to go to a pulse tripler

system to give complete input inJection

&* series of traces of the raw output spectrum is shown as a
function of 1nJection power in Fig. 21 for the 6. Sns long inJection
.pulses The inJected signal is varied by changing the neutral density
lfilters shown in Fig. 12. The input_ power is defined as the power
enﬁering the 80% rear refleotor of the unstable resonator module which
‘falis'within the diameter of the meniscus mirror upop exiting the
unstable resonator With zero. inJection the unstable resonator.
.produced a broadband output signal. The inJected signal‘competes with

amplified spontaneous emission for low Injected powers levels.  The

narrow linewidth component 1is too narrow’ to be resolved by the

54
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monochromator/0OMA systeg and'thus appears on'the outputttrace with an
instrumental linewidtht of 0. 03nm However the energy in the narrow
linewfdth component i1s*still given by the area under the instrumentally
:‘broadened curve: The peroentage inJection locking is defined as the
'ratio of the area for the narrow linewidth component to the total area -
nunder the spectrum As can be.seen from the traces‘ above 10W inJected
'vpower,v the output of the high energy 1 oscillator ‘ is forced -

almosttotally into the 100MHz 1inewidth of the-frequency dolibled argon’
. L3 o -

ion laser line.

. .
3 "'4‘_

Another critical factor in the’ injection locking process is the.

o

timing of the injection pulse particularly if the pulse duration is ;
k4

only 'the length of one- cavity round trin Normally the beam should be

inJected into the unstable resonator concurrent with the initial rise

3 k] - -

tof gain in the unstable resonator and should last until the stimulatedu
'mode in the unstable resonator is well above the spontaneous emission‘

llevel The optimum timing was determined by setting the injecticn
< o
;signal at’ a relatively low fixed level and varying the‘time -of the

[y

',input pulse relative to. the gain peak of the unstable resonator. The

) ]

resulting measured percentage inJection of the output is plotted as a
1ifu@ct10n of time in Fig 22. As can be seen the time window for optimum ‘
output locking, I.ev > 90% of the peak, is on the order of 9ns

-A,In order to’ deconvolve the residual amount of ASE light gpmaining,

,for . high input injectfon signals it was necessary to correct for

v”vscatteredvlight withtz-;:;;mﬁgggyﬁf
. ‘_ . o sl .

r/OMAgsystem.'To"do so required ‘

o
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recording signals from known spectrally .pure sources under 2déntica1
measurement conditions. This‘yas_done using three differeﬁt spectral
sources which were: the Brillouin.béckscatter light from thé generation
stage of the optic#l bulse°compressg; system ( see Bi .in Fig.5), the
pure second.harmonic signal after the Ureanfrequency doubling é%;stal
and the 253 nmdﬁiin? of a mercury calibration ¥amp. The resultanz}
calibration spé&tra are shown in Fig.23. By analyzing these signals
using | the(’ same v technique és \for the expeiimental data the
backgrounds1gna1 to narrow linewidth signal>~was found to be 95.8%
85.8% and 94 0% in the three cases, Basgd on these'residual background;
signals all the raw results were corrected by an_avérage correction
factor of 1.044 times in data prdcessing In addition, as describedlin

ths clagnostics section all the raw OMA signals were corrected for the

nonlinearity of the OMA response. )

With the above correction factors the injected fraction bf the

output signal was‘calculated from the measured data as a function of
& .

input injection poweyi The input inJjection power refers to the power at
the entrance to the 90% reflective ﬁiréor, 0.1m, 1in Fig.12. In
addition, only the part Qf the bean whiph interceped the meniséus
mirror of the unstable resonator, 49.3% of the beanm throqgh the
~aper‘ture, .was counted in the {input powef. ) Thereéfter the total
;transmission through the 90% reflective pléne mirror, the Brewster

polarizing plétés and the calcium 'fluoride entrance window into the

laser gas was 8.3%.
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The results are plotted in Fig.24 fer the 3.5ns input pulse and

in Fig.25 for the 6.5ns input pulse. As can be seen with the longer
pglse the inJeetion fraction reaches 80% at an Input power of 100W and
falls below 20% at an input power of O0.3W." For the 3.%ns case the
injection locking never reaches 80% even at 10kW 1nput power and falls

to 20/ at an 1nput power of O0.4W.

ln both cases the injection fraction never reaches }00% even for’
\
the highest 1nput powers available. This is due to two factors.

First,the input pulse duration is not sufficient to completely fill one
round trip of the resonator. As can be seen, 1ncreasing from the
A

3.5ns to 6.5ns gives a marked improvement in the resulting output.

Secondly, with the given unstable resonator geometry, at the end of the

cavity by the flat mirror a large volume of the lasér is not extracteai
and it acts as a source of ASE which su?sequently Is amplified through

Al and mixes wlth the injected output at the exit of the laser module.

: . Raq
1, vy . ,“--‘1 .
* VS

Another 1mportant factor for injection locking is mode matching of
L'y

the input seed pulse and the injection locked cavity. This requires‘
matching of both the transvepse and longitudihal modes. However, tpe
previoue repofﬁs of the effects of accurate mode matching have dealf
with stable resonator geometries.- When injecting into an unstable

resonator the detalled wavefront of the unstable resonator mode is very
<y
complex and canqot be matched accurately using an injection source; In
E J

this case best matching is achieved by matcghing the radius of curvature

of the seed pulse wavefront with that of the unstable resonator at the
' ’ . /5

N
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"~ radiation duration of 6.5ns. The solid line is a least.
squares polynomial fit to the dat‘a. )



Y
position of the first mirror reflector [29], i.e. at the meniscus

mirror in our case. The measnred‘divergence of the UV injection seed
beam gives a radius of curvature of 5.8M forv the 1injection seed
wavefront .at the meniscus mirror. Following the equations given in
-referenee [28] the unstable resonator mdde itself has a wavefront
curvature of 3.48M at this point. Using ‘the criterion that good
injecﬁidnirequifes a wavefront matching of better than A/é after one
round tfip in tne resonator, .good injection can be achieved with input,
radii of curvatures of 0O to 9.2m [29]. Our injection wavefront‘
cdrvature gfalls within this range and thus indicates'vreasonable
matching.
. _

Previons experiments with unstable resonator geometries have not
’ established whether exact cavity length matching 1is important for
.unstable resonators. Certainly, such exact matching is importantifor
stable resonator cavities‘ [30]. In order to determine whether such
cavity’length matching is important in the present laser system is very
' difficult since the cavity length must be adJusted to a fractlion of a
' wavelength The optical mounts used in the present unstable resonator
are not stable enough for such precise adjustments and it is estimated
that the cavity length varied by a wavelength on a time scale of ten
minutes,' Thus[ it  was’ ﬁbt ‘possible to attempt any systemati cavity

1 .

length scanning Instead, as a partial test of cavity length at ‘g
the 1nJection signal level and'timing vere fixed and 25 shets were

taken in succession while adJusting the cavity length- randomly by

_multiple wavelengths every four or five shots. I} was expected that a



65

o

random distribution of cavity lengths was obtalned by these means. If;
as in the case of stable cavity geometries,‘a very large improvementvin
.output injected power is observed when the cavitv length is matched to
within one tenth of,awwavelength [30] it was expected that two to three
shots should show very much improved‘ output characteristics The
distribution of results is shown in Fig 26. While there 1s some spread
in the data, no exceptional shots were observed. Because of the slow
transfer times of the data from the OMA system to the HP8S computer it.
was not feasible to take a larger number of shots in one day’s run. The
results T at least, are consistent with‘fthe expectation that
longitudinal cavity .modes are ; not well defined 1in unstable
resonatorsand thus exact cavity length.mathingvis‘not critical under

s

such conditions. C 1, .

The output linewidth of the injection locked system was measured
using a Fizeau Wedge interferometer system. The interferometers
consisted of two 90% reflective mirrors separated by a distance of
A29 ?c* giving a free spectral range of‘ SiSMHz The -planar - laser beam
wavefront produced parallel fringes at the output of the interferometer
wh?ch were adJusted to a spacing of about'4mm apart and viewed.with a
uv sensitive vidicon. The image recorded on the vidicon was captured
-using a video digitizer system and stored on floppy diskettes for
subsequent analysis. A typical output spectrum showing two fringes is
shown in Fig,. 27 While showing some structure, as expected for such a
Fizeau wedge interferometer system, the recorded linewidth is ~ 100MHz.

3

However, a number of correction factors such as the linearity of the
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v

camera response, the accuracy of alignment o the incident laser beam
perpendicular to the interferometer pi tes, the Ebeofetical
instrumental resolution and divergence of fhe put beam must be taken

into account‘in determining an éccurate value or the true linewidth.

~

This more detalled determination is being carried out as part of

another student thesis project.

A comparision can be made between the results measured here and
previous injection locking expeelments for KrF lesers. Goldhar and
Murray [26] used the oﬁtput of one etalon tuned stable resonator module
to injection lock an unstable resonator module. They did not give
detailed measurements of percentage injection locking. However, basedon
the output spectra which they presented‘{gey requlred S00W of injected
eower to achieveealeost complete loekidg and 50W of injected power to
achieve ~ 50% 1njection'locking. These powers are somewhat higher than
the present experimental resultsvbut the authors state that no attempt
was made tov achieve mode matching or to optimize the unstable

resonator.

Bigio and .Slatkine [9,18] reported almost complete 1injection
locking with 10W of power through a 1mm hole in the ﬁnstable resohator
.mirror..At O.IQ Injected power they observed injection locking on the
order of a few percent. Again, no quant{tative numbers  are given so
that it is diffieult to‘compare_with our reeults in detail. If we take
the 10% transmission of fhe entrance mirror in the present experiment

I3

into account our measured values are compardable;to Bigio and Slatkine’s

- )
U
T
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Injeqtion Locked KrF Oscillator Oﬁtput

Free 4S’pec‘tra1 Range = 515 MHz

Linewidth ~ 100 MHz

Fig.27 Fringe pattern measured with - a Fizeau wedge
interferometer system.
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I3

'results. In their experiment they took great cafe to mode match and
optimize the unstable resonator geometry which would indicate that the
system used in the present experiment is also fairly well mode matched.
Thus the injection 1locking results réported‘ here appear to be

comparabie to the best reported results to date.r’
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CHAPTER S

CONCLUSION

e

-

An ultrahigh spectral brightness KrF laser system employlng an

argon ion laser source has been developed and ‘studied. The system is.. .

characterized by reproducible 1linewidth characteristics and reliable

. : .

operation. Ihego syétem is 1ideally suited for appfications fﬁ

opt1ca1 pulse.
- _radiation a;? i”Ekperimeﬁtalﬂmeasurements have been made of the
saturation ih *ay
for the peak gain region of the KrF laser. The injectiop'mode locked
output of an unstable resonator H@s been characterized as a function of
thé‘injection input power.

This stud; indicates that the centre of“ the peak laser gain
region is at 248.34 nm decreasiqg at both shqrter and longer

a

wavelengths. Within experimental accuracy the measired small signal

gain at the frequency doubled argon {on laéer line of. 24t 25nm is the.

same as the measured peak intrinsic galn. The measured peak gain wés

0.143 t 0.002cm™’ and the average saturation Intensity was IS = 2.3 ¢

;W

0.3 MW cm 2. ' '

It is also demonstﬁated in this study that there is a very low

-~

threshold, approximately 0.1W input power, for inJjection locking the

unstable resonator” The input power required to achieve the maximum

-

70

on where sources of ultra-narrow linewi&th uv .

y and variapion in gain as a function of wavelength



-be replaced by a 20ns pylse duration XeCl "laser as the pump source. In

. _ ) [

output injection locking pf 90%' was measured as lkw Based on this work

it looks very posslble to obtaln ~ >SSA injection lockin" outpugiusing

'a longer pulse duratior, lens, for the inJjected laser pulse.

,}' Co

For the ultrahlgh spectral brizhtness KrF excimer laser system. .’

developed ln the present thesis a number of more’ detailed measurements

should be carried out in the, future Firstly, a detailed numerlcal-'

- model ogg&the dye ampllfler system. must be developed in order to

opt?mize the system parameters Some of” the experlmental measurements

N ¥

Tequired to provide the,parameters for such aqmodel have been carried

out " during the course of the present thesis work. This ‘1nc1udes
- o

‘measupements of gain volumes ASE output powers dye fluorescence llfe

times andcgain per stage for the three dye cell stages. Only ste of”

these results have been included in the presenq thesis.

9

Next }hwmore detalled numerical model of " the injection locking

- IS

process is required For this modelling there are only a few re’ed

papers on dye laser systems [31] and excimer laser systems [32]

H T ' \ ‘ ‘ | ‘ ‘ ‘ i
~Since the dye ampllfier pulse duration presently available is too\
\

short to glve total” inJectlon éf “‘the KrF unstable resonator, a lqnger
/-

\

pulse duration ~ 20ns source should be employed as the 1njectiqn seeg

pulse in the future To carry this out ‘the present XeCl laser should

\\

s

»*
&

\ ,
the event of such a replacement all the parameters [for the "~ dye

. amplifiers, for .example, the pump focal lengths of the. cylindrlcal

’
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lenses, "have to be very carefully readJusted In‘partibular care must
be taken not to exceed the damage threshoLds on the dye cell windows
and dye laser’ optipal components.

Even after installing a longer pulsewid£h dye sburce there‘may
still be a ééntribution to the broadband output signal from the
unextracted laser volume in the unsgfble resonator. In that case it ,may
be desirable to replace the present unstable resonator geometry witg a
true confocal cavity. The latter geometry would ensure extraction of

) , . . .
the complete laser volume on the output pass of thg unstable resonator.

¢ .
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~ APPENDIX A

r

S

3

DESIGN OF THE BEAM TELESCOPE FOR THE ARGON ION LASER
“a

AND DYE AMPLIFIER SYSTEM

In order to transport the output beam from the argon ion laser to
the dye laser ampllfier system a flexble beam telescope consisting of
‘pos1t1ve and negative focal length lenses was employed As shown in
Fig. A1, a negative focal length lens, F1, and positivé focal iens, F2,
are separatedvby a distance of S. The léhses are placed at a distance
'So from the source beam waist, w01, of the Argon ion laser and it is
. desired to form a neulcaussian beam waist, wo2, at the,positiod‘of the
firstcfgye laser - ampiifier cell. By verying the separation of thef
lenses,'S, the position of the output of the beam waist can be varied.
The distances are fixed by the geometric layout of the system at So =

2. 2m and S1 ‘= 1.Sm. The focal lengths were -chosen according to the

avaiﬂ%ble lensés,as F1 = -Ofim and .F2 = 0.25n.

The problem of finding the\correct lens $eparation, S,Vto gi?e e
required beam waist position was‘SolQed using the ABCD law for Ga.ssian

beams together Wwith the ray matrices for the optical system [20].
&
h’
K.(

-‘a.‘ (

F . . v . . " ."~' - ’
For the opticaI ray matrix, M for the\combined lenses and imaging

distances we have



78

¢ M +
Input-= ,cll—); o . qz—)'
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\

Fig.A.1 Beam telescope used to 1mage the argon Jdon laser beam
waist ato the first dye amplifier cell.

T



('—'1/Fz) + [(-1/F1)(1-3/F2)] . 1-S/F2
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! [ (1-S/F1) + S1{(—1/F2)+[(-1/F1)(1—S/F2)]} S+S1(1-S/Fg)

A B
_ [ ¢ z] (A1.1)
For the Gaussian beam using the ABCD law; we obtaiz
q, = o1 +
Zo1= TNX0LY
q2'='1292 f,? '
"~£':‘;' R /
- At +B _ A ( {Zo1 + So ) + B .
e D ez . s 4D '
_ ACSo + BC - ACSo - AD 201 + “AC(201)®~ ASo(CSo + D) - B(CSe/+ D)
-(Cizon)? - (CSo + D)2 . - (CZo1)?- (cso + D)2/
. l /
- AD-BC iZ01 + ACZOI + ASO(CSO*D) + B(CSO+P) (A1.2)
(CZox) + (CSo+D) (C201) + (CSo + D)

o

But we know that the determinants of the ray- atrics used~afe all

equal tb 1.

det |M|

1]
—
P

0o
[u—y

AD - BC

(A 1.3),

/
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Thus we obtailn ‘ @‘
Zo1 ., AC(ZBi+ sB) + (AD + BC)SO « ED
1 = 2 - z T R '
(CZo1)® + (CSo + D)* .+ (czod + (Cso +
. i v‘f w, : ‘ ¢
= i Zoz + 2 o : (A 1.4)

—

For.q2 to have its beam waist,at'the position Si1 requires that

ZI

0. Using the valuet : So = 2.2'M, £f2=0.25 m, S1 = 1.5 m, £1 =
'70.1 m, wo1 = 0.735x107°m, and Ao = 496.5x10°°, the required
lens separation is found numericélly to be S = 0.201m.

K4
« i /

The resultant béam,ﬁéist is then given by

v wo2 = l—égﬁgga—~ : S (A 1.5).

R

which gives a value of’woz = 89um at the entrance

cell.




