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ABSTRACT

Picosecond pulses generated in a flashlamp. pumped Rhodamine 6G
dyve laser were frequency doubled and used to probe the gain and loss

in an electron beam and a u.v. preionized discharge pumped XeCl laser.

The small signal gain on the 308nmm laser transition of the electron
beam pumped XeCl laser was measured to be ~ 0.28 cm_l. Collisional
destruction of the weakly bound XeCl ground state was investigated,
and the lifetime was found to be v 19 (+ 7)ns at a total pressure of
5 Bar. The dissociation rate due to xenon was estimated by varying
the xenon partial pressure,yielding a value of 6.3(+ 1.1) x 10-12cm3s-1

for kXe' The presence of unidentified stable species absorbing at

the laser wavelength was verified.

The second harmonic wavelength of the mode-locked dye laser
was tuned to overlap different vibrational transitions in the discharge
pumped XeCl laser in order to investigate the use of XeCl as a
tunable amplifying medium. The peak small signal gain on the main
laser transition was found to be ~ 0.078 cm—l. Substantial gain was
observed on other transitions, but no gain was found for transitions
originating from high lying vibrational levels, indicating rapid

vibrational relaxation.

By amplifying the u.v. dye laser pulses to saturation levels a
rough estimate for the saturation energy density in XeCl, Es v 480
-2 . . .
(+ 170)uJ cm =, was obtained. Stable species absorbing at the laser

wavelength were also observed to be present in the discharge laser.

Mode-locking of the XeCl discharge laser was achieved by two

different methods. Injection mode-locking yielded peak single pulse



powers of v 200MW. Pulse durations as short as ~ 7ps were measured
with a Photochron II streak camera. Active mode-locking with an
intracavity Pockel's cell loss modulator driven by a GaAs semiconductor
switching device, generated longer pulses (v 360ps), but proved to be

a more versatile method in that no wavelength matching between the

dye laser and the XeCl laser was required.

Finally, computer simulations were carried out to model the

injection mode-locking and active mode-locking experiments.
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GENERAL INTRODUCTION

Since excimer lasers were introduced in 1971, the rare-gas
halide laser has emerged as the most efficient of this group. Progress
in the development of discharge and electron beam pumping has made
possible the construction of large systems yielding output energies
ranging from millijoules to several hundred joules. ‘High power pulses
in the ultraviolet spectral region are useful for many purposes.
Generation of controlled thermonuclear fusion, laser isotope separation
an@ remote sensing of the upper atomosphere are examples of research
areas where rare-gas halide lasers are employed. Another particularly
important application is pumping of dye lasers. Improved excitation
schemes and the knowledge gained about the kinetic pathways leading
to excimer formation have been important in the development of high
power excimer lasers in the blue-green spectral region for uses such
as communications with submarines. Ultraviolet laser pulses of
picosecond duration are useful in nonlinear optics and also in photo-
chemistry. In excite~and-probe experiments chemical reactions and
relaxation processes that take place on extremely fast time-scales can

then be resolved.

The subject of this thesis is to investigate the feasibility of
employing a rare-gas halide laser as an amplifier ,or source ,of pico-
second pulses. Frequency doubled ultrashort pulses generated in a
mode-locked flashlamp pumped dye laser were used in these investigations

for several reasons:

Firstly, the train of frequency doubled pulses probes and time-

resolves amplification and absorption processes in the rare-gas halide



medium for the purpose of assessing the magnitude and temporal
evolution of gain and loss in electron beam and discharge pumped
systems. Secondly, the dye laser pulses are amplified to high peak
powers in the rare-gas halide medium,with the excimer laser in a
single pass configuration or afranged as a regenerative amplifier.
Finally, the output from the dye laser is used to drive an intracavity
loss modulator in an active mode-locking arrangement whereby the rare-

gas halide laser itself becomes the source of subnanosecond pulses.

The emission wavelengths of the rare-gas halide excimers range
from ~ 160mm to " 350nm. The laser transition in XeCl coincides
with the second harmonic wavelength of the Rhodamine 6G dye laser. The
combination of these lasers was therefore chosen for the experiments

described in this dissertation.

The mode-locked flashlamp pumped Rhodamine 6G dye laser is well
known to be a versatile convenient source of picosecond pulses. Pulses
of duration < 10ps with high peak intensities.that are advantageous
for second harmonic generation can readily be generated. For the
purpose of studying transient processes in the XeCl laser, the mode-
locked Rhodamine 6G dye laser provides trains of near delta-function
shaped probe pulses of low beam divergence. Since the pulse train
lasts for hundreds of nanoseconds it is possible to time resolve

processes that take place both during and after pumping.

The probe experiments described in Chapters 3 and 4 are concerned
with investigating absorption from the bound XeCl ground state in order
to estimate the rate of vibrational relaxation and the rate of
collisional dissociation. Knowledge of these rates is important,
since "bottlenecking” in the ground state limits efficiency, particularly

for long gain duration systems.



The presence of transient and stable absorbing species in the gas
mixture also reduces efficiency, especially in discharge lasers where
the gain medium is generally long. Large absorption factors are
then possible. The probe studies in Chapters 3 and 4 are therefore also
conducted in order to gain more information about the magnitude and

temporal evolution of the absorption coefficients.

In Chapter 4, the probe pulses from the mode-locked dye laser
are used to study the gain characteristics of the u.v. preionized
discharge pumped XeCl laser. The purpose of this is to investigate
the amount of energy that can be extracted in a picosecond pulse,since
saturation effects necegsarily pose an upper limit on the maximum

energy available from the XeCl amplifier.

The XeCl molecule has a weakly bound ground state and the emission
bandwidth is thus narrower than in phe bound-free excimers such as KrF.
Discrete emission bands arise due to the vibrational energy level
structure of the excited and ground state manifold. By tuning the dye
laser probe pulses to wavelengths corfesponding to different vibrational
transitions and measuring the corresponding amplification factors,

the tunability of XeCl as an amplifying medium i1s assessed.

Furthermore, if the input pulse is of ultrashort duration, it is
important to know if the XeCl me&ium is homogeniously broadened on
the time-scale of the pulse duration. In Chapter 4, the XeCl laser is
used as a regenerative amplifier in an injection mode-locking
experiment and the bandwidth available to the picosecond pulse is
investigated. An estimate of the rate of vibrational relaxation is
made, thus indicating whether or not the vibrational levels are cross-

coupled on a picosecond time-scale,



The final section of the thesis deals with mode-locking of the
discharge pumped XeCl laser. The most generally quoted reason for why
rare~gas halide lasers are difficult to mode-lock, is that the
duration of gain in the electron beam and avalanche discharge lasers
is too short for sufficient pulse compression to take place. 1In
Chapters 5 and 7 two distinct methods by which this problem is
circumvented are described, and in Chapters 6 and 8 theoretical models
for the mode-locking experiments are presented. The resulting computer
simulations illustrating the evolution of the mode-locked pulses are
useful in understanding the mode-locking process and in investigating
the effect of the number of roundtrips made on the duration of the
pulses. It is then possible to establish whether long gain duration
electron beam sustained discharge pumping is advantageous for mode—

locking of excimer lasers.

In order to directly measure the duration of the ultrashort dye
laser pulses and the pulses generated in the XeCl mode-locking experiments,

an electron-optical streak camera is employed.

Thus, in summary, the work described in this thesis applies the
techniques for ultrashort pulse generation and detection and combines
this area of research with the more novel field of high power excimer

lasers.



CHAPTER 1

RARE-GAS HALIDE LASERS

1.1 Introduction

The term excimer is used to describe molecules
that are bound only in the excited state. When excimer molecules
radiate, they dissociate or are only weakly bound for a short time.
In 1960 Houtermans suggested that "for these spectra the maser
condition is automatically satisfied" [1]. He was referring to the
fact that if such molecules could be created, population inversion
would necessarily be achieved since the ground state is not bound and
therefore not populated. Excimer molecules appeared promising as
.candidates for efficient lasers emitting in the vacuum ultraviolet or

ultraviolet spectral region.

Since the first excimer laser was demonstrated in 1971 [2],this
promise has become reality, High energy laser systems have been developed
(350J in electron beam pumped KrF [3]) and scaling to even higher
powers for applications in laser fusion are plamned. Excimer lasers
have become the most efficient short wavelength lasers and are
therefore useful for many applications such as nonlinear optics

(4, 5],1idar techniques [6], laser annealing [7] and isotope separation
8]

Laser action from an excimer was first reported by Basov et al
in 1971 [2]. Lasing was achieved in liquid xenon which was pumped
by a high intensity relativistic electron beam. The suggestion to use

rare-gas halide excimers for laser emission was first made by Velazco and



Setser [9] after Golde and Thrush had published results of emission
studies from Ar0 and ArCl [10]. Shortly after lasing was reported

in XeBr [11], KrF [12], and XeF [13, 14]. This was followed by an
intensive study of the rare-gas halides by many researchers. Because
the rare—gas halides have ; relatively flat ground state potential
energy curve compared tvother excimers, and consequently narrower band-

width and higher stimulated emission cross section, they were found to

be more efficient

He Ne Ar Kr Xe than rare—gas excimers

F - F L L L and rare-gas oxides.

Cl - - F L L The rare-gas halide

Br - - P? F L lasers are presently

I - - - P? F the most highly
developed excimer

L = Lasing
lasers. Table 1.1 lists

F = Fluorescence

P = Predissociate the rare-gas halides

Tonic state not lowest

. that have shown laser
excited state

action or fluorescence

to date [15, 16].

Table 1.1, Rare-gas halide molecules that
lase and fluoresce.

1.2 Molecular binding of rare-gas halides

Atoms in a diatomic molecule c¢an be bound by ionic or covalent
bonds. Tonic binding is Coulombic in nature and can be described on a

classical basis. Covalent binding can only be accurately described

by quantum mechanics. In this case the electrons share an orbital

that is distributed over the two atoms. If the overlap of the charge
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clouds is large,this will be a repulsive state and if the overlap is
small, the repulsion is less and may lead to a weakly bound Van der
Vaals state. The ground states of the individual rare-gas (Rg) and
halogen (X) atoms and ions are all described by 18 and 2P terms:

1 2 + .2 ' -1 .
Rg("8), X("P), Rg ("P) and X ("S). Molecular states correlating to
these individual atomic and ionic states will therefore always be

labelled £ and .

1.3 The excited state

The strongly bound excited state of the rare-gas halides (RgX*) is
.. + 2 -1 . . e .
ionic and correlates to a Rg ("P) and a X (7S) ion at infinite inter-
nuclear distance. It is a charge transfer state where an electron
from an excited rare gas atom "hops" over to the high electron affinity

halogen atom. The molecule is then held together by Coulomb forces.

Excited state rare-gas atoms show a strong similarity to the
nearest alkali metals in the periodie table. Fig.1l.l shows the energy
level diagram for

krypton and its

o +
11oF Kr 30k Rb alkali neighbour
gz 64 —=58d L
100 ZZZDE6p . 6p rubidium [17].
'Pe sol- 7227 S5p 1510 —p The energy levels
X
T of the former are
E
8] 80 %55 0 ___55 Rb (25) ] .
almost identical
0r to those of the
L
of latter. The
ol——4p kr ('s) reason for this is

that since the

Fig. 1.1l Energy levels of Rb and Kr [17]



energy taken to excite the Kr atom is large, the electron will be in

a high orbit and will experience a core of net unit charge as experienced
by the S electron in the alkali elements. This similarity has been
extremely useful in predicting potential energy curves for rare-gas .
halide excimers. Since the ionization potential of excited rare-gas
atoms is also approximately the same as its alkali "neighbour", the binding
energy of rare-gas halide molecules will be similar to ground state alkali
halides, The calculation of the equilibrium internuclear separation and
vibrational spacing of the bound ionic state in the RgX* molecule

is based on this analogy.

By approximating the binding energy of the rare—gas halide ionic
state to be equal to the nearest alkali halide, the energy E* of the
state can be found. Fig.1l.2 shows the electronic energy level diagram

for a typical RgX* molecule.

Rg+ X
Rg%

- Rg+X
ABSORPTION oF

i
2? STRONGLY BOUND, IONIC

"
\

i

c g X
o
= LASER TRANSITION |PRg)-EALX)
\ 2y STRONGLY REPULSIVE, >
COVALENT
Rg+ X
1 WEAKLY ATTRACTIVE,
COVALENT

INTERNUCLEAR  DISTANCE

Fig.1l.2. Potential energy curves for a rare-gas halide molecule
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The energy of the ionic state at infinite internuclear separation
corresponds to the ionization energy of the rare-gas atom minus the

electron affinity of the halogen atom.
Hence the energy of the first excited state is approximately
E* = IP(Rg) - E.A.(X) - B.E. (alkali halide) (1.1)

The  covalent excited states correlate to excited state rare-gas
atoms plus ground state halogen atoms,or to excited state halogen atoms
and ground state rare—gas atoms, as shown in Fig.l1.2. The ionic state
is normally substantially lower in energy than these covalent states
except in certain molecules like the neon halides and possibly some
helium halides. In the case of ArBr the covalent potential curves cross
the ionic curve at internuclear distances close to the equilibrium
internuclear distance and the molecule predissociates. This explains
why no laser action has been obtained in ArBr. Predissociation reduces
the efficiency in some molecules that have shown laser action such as

ArCl, KrCl and XeBr.

The covalent and ionic states of the xenon halides have been
calculated by Hay and Dunning [18] and later by other workers who
confirmed that the 22 ionic state lies below the zﬂ ionic state for
these molecules. Later however, Kolts et al. [19] found that this was
not the case for XeF where the zw state lies lower. XeF has in fact
yielded high energy laser output {(6J) on the zﬂ-zﬁ transition [20]. In
molecules where the halogen atom has a high atomic number, spin-orbit

3/2

states. This effect in the XeCl melecule is illustrated in Fig. 1.3 on

effects become important. The 2ﬂ level then splits into'zw% and Zﬂ

page 9.

Labelling of the different states in the rare-gas halides is



conventionally taken as follows:

Ground state: X(ZE), A(zw )}

1/2? 3/2

Excited state: B(ZE), C(zw ),D(zw

3/2 1/2

The energy ordering of the different levels above the ground state
follows the alphabetic labelling. (Except for the C state in XeF

which lies lower than the B state),

1.4 The ground state

The rare-gas halide ground state is generally a covalent
repulsive state. Bound ground states are found in the XeCl and XeF
molecules, hence these molecules are strictly speaking not excimers.
The binding energy is low and the well depth is only‘h255cm-1 for
XeCl [21] and m1200cm_1[22] for XeF. The binding energy increases in
the sequence Xel, XeBr, XeCl, XeF due to the greater electronegativity
of the lighter halides [17]. The 22 state has lower energy than the
Zw state since for the zh level, the single occupied halogen orbital
is directed towards the closed shell of the rare-gas atom. The
potential curve for the 22 state i1s nearly flat since the overlap
of the electron cleouds is smaller than that of the zﬂ state and the
exchange repulsion is less. Furthermore, the 22 state is a mixture of
a charge transfer state and a covalent state and can therefore be

bound [15]. The 2; state is always repulsive.

1.5 Spectroscopy - calculation of 9

For laser applications, an important parameter to know is the
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stimulated emission cross section o The small signal gain, @, in
the laser will be proportional to the stimulated emission cross section

and the population inversion density, AN, by the relatiomn
-1
o (em ") = o AN . , (1.2)

o is proportional to the square of the wavelength of the laser (1), to
the Einstein coefficient for spontaneous emission (Anm) and to the

lineshape of the laser transition (g(vnm))

2 A glwv_ ) (1.3)

g = A
§ —— Tm nm
8t :

where n represents the upper laser level and m the lower.

The Einstein A-coefficient can be expressed as

4 3
c
LSRN TN (1.4)
nm 3ha3 —nm
nm
where Enm is the transition moment for the two states n and m, and
the other symbols have their usual meaning. The transition probability, A
is related to the lifetime of the state by the relation
1
T —K-'— (1.5)
nm
This expression does however assume that the transition from n to m

is the only transition possible fromthe staten. If this is not the

case the expression T = Xl- should be replaced by T = Eﬁ;—-(i.e. by
nm m nm

the sum of the A-coefficients of all the tramsitions from n to m).

In moleculeswith a dissociative ground state the variation of Anm with
1
T

frequency is usually small and Anm v is assumed to be a constant.

The expression for the stimulated emission c¢cross section then becomes

g = 2 g(th) (1.6)

mm’



If a further assumption is made that the shape of the band is gaussian
near the peak of emission, the exXpression becomes

A4

1
ey (1.7

1 .1n2,1
) a

g = T—{(—

s 4et

The small signal gain (= dSAN) will therefore depend on the fourth
power of the wavelength,on the inverse of the spontaneous lifetime
and bandwidth of the emission spectrum. Because the ground state
potential curves are relatively flat for rare-gas halide molecules, and
consequently the bandwidth is narrow, these lasers have proven to be
more efficient than other excimer lasers due to the higher stimulated
emission cross section. An expression for the small signal gain on
vibrational transitions for the molecules that have a bound ground state
can be found in Chapter 4. In this case Anm depends strongly on the
transition moment. Table 1.2 lists the stimulated emission cross
section for some

rare-gas halides

RgX* {XeF |XeCl | KrF | XeBr | Xel | ArF [23, 24].

Os 5.3 | 4.5 2.5 | 2.2 |l.4 2.9
1071052 | 3.4 1.9 | 1.5 2.0

[23] | [23] | [23] |@3,24]|[15] | [23]

Table 1.2. Stimulated emission cross sections

1.6 Emission bands

The allowed optical transitions between the excited ionic states
and the ground states are B - X, D+ X and C - A, Fig.1l.3 shows the

electronic states of XeCl (with spin-orbit splitting) and the allowed
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X
N T,
221/2

Fig. 1.3

Spin-orbit splitting of the energy levels in XeCl and allowed optical
transitions

transitions between them. Since the vibrational spacing in the ionic
level is quite large, the spectrum will generally show vibrational
structure., At high pressures the structure is less pronounced since
the higher vibrational levels are quenched by collisions and the
population distribution is relaxed to lower levels. The emission
spectrum from XeF is shown in Fig.1.4 on page 12. XeF has the most
distinct vibrational characteristics since the ground state is

relatively tightly bound.

The strongest band in the rare-gas halide emission spectrum is
the B - X band., All the bands from charge transfer states correspond
to transitions where the valence electron jumps from the negative
halogen ion to the rare-gas atom. The transition probability is
proportional to the overlap of the electron wave functions and this
overlap is largest for the initial and final po orbitals of the

ZZ > 22 state (B — X).
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Emission from the higher lying D state (z'rr%) to the X
state is possible because of the mixing of the D state with the B
state [15]. The D-X emission is blue~shifted since the D state lies
higher than the B state by an amount equal to the spin-orbit splitting.
Table 1.3 lists the wavelengths for B-X as well as other transitions

in the most important diatomic and triatomic rare-gas halides. The intensity

RgX* 3 (B-x) [15] A -x) (155641 | 5 (c-a) [18:64]

(nm) (am) (nm)
Xel 253 203 263(292)
XeBr 282 221 302
XeCl 308 235 330(320-360)
XeF 351 210 450
Krl 185
KrBr 206
KrCl 222 199
KrF 249 220 275
ArBr 161
Arcl 175
ArF 193 185 203
NeF 108 113 117

(114[64])

Rg zx* by [15]

RrF 400

Ar 2}E‘ 290

AT,C1 450

Kr,C1 235

e, c1 450, 518036

ke, Br 325

Table 1.3

Emission wavelengths in rare-gas halides
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of the D-X emission is low, possibly because this level is quenched
by collisions [25] and also because the transition moment is less for
2

2 . s . . e ,
the “m + "L transition. As expected the spin-orbit splitting is

greater for molecules with high atomic numbers.

If the temperature of the gas mixture is increased, bands due to
higher lying vibrational levels will appear and the B - X emission will
be extended to cover a greater wavelength region. Laser action hasbeen
demonstrated on higher wvibrational transitions in the case of XeF
[26] by elevating the temperature., The output energy for XeF was in
fact substantially improved under these conditions, indicating that
energy was béing fed to the B state from the lower lying C state which
then acted as an energy reservoir. This is possible since the C state

is longer lived.

™ > 2ﬂ transitions are much weaker than # -+ I and £ - I. The
bandwidth of these transitions is broad due to the strongly repulsive
nature of the lower level. Calculations have indicated that the dipole
matrix element for transitions to the A state are almost an order of
magnitude smaller than those for the B - X transitions [27, 28]. Laser
action may still be possgible,but the gain will be substantially lower
than on the B - X transition. Consequently the cavity losses at the
C-A wavelength must be small and the population in the C state large.
The latter is not easily achieved if the higher lying C level is
quenched at high pressures. TFurthermore,losses due to absorption bands
of other transient species overlapping the visible bands of the C — A
transitions inhibits lasing . In 19%9 laser action due to the
bound-free XeF € - A transition was first reported by Bishcel et al.
[29} and shortly after by Basov et al.[BO]. The feasibility of

tuning the laser emission in a 100nm wide spectral range was indicated
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by Basov et al.

Table 1.3 lists the

lad wavelength of the
A

z - - .
o C-A transition in
=

- some rare-gas

(=)

- |

halides. Fig.l.4

shows the B-X and

350 400 450 500 550
WAVELENGTH (nm) C-A emission
spectrum of XeF#*.

Fig.1.4. Spectrum for B + X and C + A in XeF*
showing vibrational structure [31]

1.7 Tuning

For spectroscopy applications (such as remote sensing) tuning
and narrowing of the laser linewidth is required. Although continuous
tuning throughout the fluorescence spectrum is not possible due to
the vibrational band structure, limited tunability has been demonstrated
with success in several rare-gas halide lasers. Wavelength tuning
has been achieved by the use of intracavity prisms BZ] and also by
replacing the total reflector in the cavity with a grating (at a
grazing angle of incidence) and a rotating tuning mirror BB]. Tuning
may also be achieved by using intracavity Fabry-Perot etalons. The
output energy is then, however, severely reduced as the filter
elements reduce the feedback into the cavity and increase the time
for lasing to build up. Since the gain duration is normally short
in excimer lasers, the light cannot make many passes through the
filters and the bandwidth of the transmitted maxima remains relatively
broad. Goldhar, Rapoport and Murray have operated an oscillator-

amplifier system where they obtained linewidths ~ 10 mi from both KrF
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and XeCl [34]. In this case three Fabry-Perot etalons were placed

in the oscillator. The low power output was then amplified in the

KrF amplifier which frequency locked to the weak injected signal.

More recently, Fourier transform limited pulses of 0.3 m& bandwidth were
obtained from an ArF laser by amplifying the narrow linewidth third

harmonic output from a C.W. dye laser [35].

Elevation of the laser mixture temperature may extend the tuning
range to higher lying vibrational levels as has been shown with

XeF [26] . For a laser tuned to a particular vibrational transition,

efficient extraction of energy depends on whether population can be
transferred from other vibrational levels on a time—scale short compared
to the gain duration. The energy stored in the excited state as a whole

can then be extracted in a narrow linewidth and the laser 'is homogeneously

broadened. The dye laser is an example of a system that is homogeneously
broadened and the energy stored in the upper laser level can be channeled
into very narrow linewidths. The XeF laser is thought not to be homo-
geneously broadened on a time-scale short enough for efficient energy
extraction in a narrow linewidth [34]. The case of XeCl will be discussed

further in Chapter 5.

1.8 Triatomic rare-gas halides

Considerable interest has been shown lately in triatomic rare-gas
halides (Table 1.3 lists the emission wavelengths of some species).
These molecules have been recognized as feasible laser
candidates for the visible region of the spectrum. The molecules have
strongly bound ionic upper states that radiate to repulsive ground states.

The emission is therefore broadband and the lower state removal fast,
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yielding a tunable laser output. However, since the bandwidth is
broad and the upper state lifetime long, the stimulated emission cross
section is low. Also, like in the case of C - A emission, laser action
is inhibited by broadband transient absorbers in the laser mixture.
Laser action in a triatomic rare-gas halidé (XeZCI) was first reported
by Tang et al.[36] and later by Tittel et al.[37]. The laser bandwidth
in both cases was about 30mm and the stimulated emission cross section
found by Tang et al.was P 8 x 10-18cm2 confirming the expected low

value for the latter. Fig,l.5 shows the fluorescence and laser spectrum

I of XeCl and XeZCl.
X92Cl

XeCl F Since the formation of

XeCl* is a precursor

in the formation of

Xezcl, operation of the

XeZCI laser requires an

“”J optical cavity that is

300 400 500 500 m;.' lossy at the XeCl*

Fig. 1.5 wavelength.

Fluorescence and laser spectrum of XeCl and
Xe,Cl [37]. The redshift of the laser spectrum
is“thought to be due to the  dependence of the
stimulated emission cross section on wavelength
and also to selective absorption in the blue
region of the spectrum.

1.9 Radiative lifetimes

Since the radiative lifetimes of the upper level in rare-gas
halide molecules are short (v 10ns), they are difficult to determine

exactly. In order to avoid quenching of the excited state by collisions,
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the measurements have to be made under low pressure conditions., Since
the short lived excimer is then formed by a relatively slow process,
it is difficult to create enough excited states from which to make the
fluorescence lifetime measurements. KrF#* and XeF* can be formed by
dissociative exitation of KrF2 and Xer, and measurements of radiative

lifetimes in these molecules have been made and agree well with the

calculated values [38, 39, 40]. Table 1.4 lists the calculated

and measured life-

¢y [15] }
Rg&* | 7(B-X) (ns) 1(€-4) (ns) | T(Rg,X) [15] (e times of the C-A and
18 ..
Xel 12 110[ ] B-X transitions as
18]
XeBr | 12, 17. 200 e .
hada » 17.5 120 well as the lifetimes
XeCl | 11 12028
of some of the
wer | 121 18.8, 16.5, 98[ii1 113[§il
13,5, 8, 15 23(*7] triatomic species.[15]
KF | 6.7, 9, 6.8 7528] 313, 181
ArF | 4.2 128, 185
NeF 2.6

Table 1.4. Lifetimes in rare gas halides

1.10 Formation kinetics

The kinetic processed leading to the formation of rare-gas halide
molecules are extremely complex and not yet fully understood. Since
KrF has been the most efficient rare-gas halide laser so far, extensive

studies have been made of the kinetics in this system [15, 44].

Only a limited genmeral outline will be given here.

The kinetics of the rare—gas halides are made increasingly complex
since the gas mixture consists of three different initial molecular and

atomic species and all the resulting products in the plasma., These are:
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light rare-gas atoms (buffergas;% 907 of the total mixture), the
heavier rare-gas atoms that form the rare-gas halide (é 10%) and the
halogen donor (é 1Z). The halogen donor can be a dimer or a complex
molecule. In general the branching ratios for forming rare-gas halides
from complex molecules are smaller than from dimers [15]. In certain
cases the complex molecule as a halogen donor is preferable, since
some of the halogen dimers are extremely corrosive (e.g. F2) or have

absorption bands at the laser wavelength (e.g. Cl, at the XeCl wavelengths).

2

Optimum concentration ratios are found by considering formation and

quenching processes and by experiment.

Electron excitation by relativistic electron beams or by discharges
leads to rapid formation of rare-gas ions or excited state rare-gas
atoms:

Rg + > Rg' + + e (1.8)
e e .
& P & % 5

Reg + e = Reg* + e {1.9)
& P & P

where ep and e, represent primary and secondary electrons.
The primary electrons in the e-beam or discharge are mostly absorbed

by the lighter rare gas atoms, M, since their number density is very high:

+
M+e -+ M +e +e 1.10
P P 5 ( )

M+e -+ M+ e {1.11)
P P .

Further excitation of the heavier rare-gas atoms, Rg, can then proceed
via the reactions
+ +
M +Rg+Rg + M (1.12)

M% + Rg - Rg* + M (1.13)

The electrons also form negative halogen ions by dissociative attachment

to the halogen donor:

o o
X2 + ep X +X (1.14)
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X2 + e, * X +X (1.15)

Attachment to the halogen atom is particularly important in
discharge pumped systems, since electron attachment controls the number
of free electrons and thus the plasma impedance. By this electron loss
process, the plasma is prevented'from collapsing before laser action

can take place.

The rare-—gas halide molecule 1is then formed via the following

main channels:

Ion recombination: Rg+ + X (+M) - RgX#* (M) (l.16)

Rg2++ X (4M) + RgX* + Rg(+M) (1.17)
Direct (harpooning):Rg* + X - RpgX * (1.18)
Displacement: Rg + MX*+ RgX* + M (1.19)

Ton recombination is the main formation channel proceeding with almost
unit branching ratio. This is the most important formation process in
electron beam pumped lasers. Two-body reactions reach their maximum
rate at pressures arocund one atmosphere. The effective two-body
recombination rate depends on the mean free path of the ions. At
higher pressures this is reduced due to the high number density of
third body particles. Three~body ion—-ion recombination reactions are
thought to have very high branching ratios, based on the high

efficiencies observed from rare-gas halide lasers [13].

The second formation channel is sometimes referred to as the
metastable chanﬁel, or "harpooning'". The latter term is used since it
describes a reaction where an electron "hops' from the excited rare-gas
atom to the halogen atom - the electron is then thought of as a "harpoon"

that forms the excited rare-gas halide species. This is analogous

to reactions forming alkali halides where the description originated.

The reacticn can take place at relatively large internuclear
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distances since the ionic potential curve representing the bound rare-
gas halide crosses the covalent curves at large internuclear
separations. Harpooning branching ratios are frequently equal to
unity [45]. " This is the main formation channel. in discharge pumped

systems.

Displacement reactions are only of importance where the light rare-
gas form a compound with the halogen. This is the case for KrF in
argon. The reaction

ArF* + Kr > KrF* + Ar (1.20)

is an example of this and occurs with a rate constant ~ 10_9 cm3$-1[46].

A great number of other reactions take place in rare—gas halide
mixtures leading to a variety of atomic, ionic and molecular species.
One process that should be mentioned, since it represents quenching of
the RgX* molecule, is the formation of Rgzx* triatomic molecunles., The
creation of these molecules are also important since they are

interesting as laser candidates (Section 1.8).

Table 1.5 1lists some of the main kinetic reactions in discharge

pumped XeCl together with the corresponding rate constants [16].

1.11 Quenching

Quenching of rare-gas halide molecules is rapid and can under
certain conditions take place at every collision. The most important
process is quenching of the excited state RgX* molecule by the halogen
donor. Quenching by the rare-gas molecules becomes increasingly

important at high pressures, yielding triatomic species or other products.
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Reaction Rate Constant
e + Xe = Xa* + g 5.0 x 10_9 emIs~L
+ —
e + Xe = Xe + 2e 5.0 x 10 1w
e + Xe* = Xe+ + 2e 5.0 x 10“? "
Electron pumping e + Xe#* = Xe** + e 6.4 x 10_7 "
and quenching '
processes: e + Ne = NeX + e 2.8 x 1012w
e + Ne = Ne + 2 1.4 x 10"19 "
+ -
e + Ne* = Ne + 2e 2.8 x 10 8 "
e + Ne* = Net* + e 6.6 x 107 "
e+ HCL , = HCL,  +e 2.0x108 n
e+ HCl, = C1 +H 5.0x 1070 "
e+ HCl , = C1” +H 5.0x 10710 v
Metastable and Ne* + Xe a Xe* * Ne 6.2 x 10'12 "
ion formation N +
via buffer gas: Ne + Xe = Xe + Ne 3.0 x 10_11 "
Xek + HC1l = XeCl* + H 5.6 x 1070w
Excimer + - -6
= *
formation: e + C1 XeCl 2.0 x 10 "
Xe** + HC1 = XeCl* + H 8.1x 1070
Radiative: XeCl* + Xe + Cl + hv T = 1lns
XeCl* + HCl + products 5.0 x lo_lacm35_1
XeCl* B(zzi) XeCl* + Xe = " 4.6 x 10712 n
quenching 2
processes: XeCl* + Ne - " 1.0 x 10720 »
XeCl* + ¢ = "
XeCl + HC1 + products 2.2 .5 x 10 Mends™1
1" -12
xeCl X(Zzp XeCl + Xe = 5.6 £ ,8x 10 "
quenching: XeCl + Ne -~ " 1.0 £ .15x 1073 »
¥eCl + e + "
Table 1.5

Kinetic reactions in discharge pumped XeCl
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In a rare—gas halide laser these processes compete with emission

and absorption of radiation:

Rg¥* > hv + Rg + X (1.21)
hv + RgX* > 2hv + Rg + X (1.22)
hv + RgX* + Rg* + X (1.23)

(1.2 and (1,22) represenf spontaneous and stimulated emission and

(1.23) represents reabsorption.

The first two are of course desired, whereas the third is
one of the many absorption losses that ocecur in these lasers. A

further treatment of the absorption loss processes will be given in

Chapter 3.

1.12 Electron beam pumping

Stimulated emission must compete with the rapid quenching
processes mentioned above, and the rare~gas halide laser must therefore
be vigourously pumped. The excited states also have very short life-
times which renders it difficult to sustain a population inversion.

The lack of an excitation source of sufficient power meant that

although excimer molecules were predicted as laser sources in 1960,

it was not until the relativistic electron beam was used that laser

action was first reported [2]. The main excitation methods for excimer
lasers are electron beam pumping and discharge pumping. Optical

pumping is difficult due to the lack of a source of sufficiently short wave-
length. Optical pumping of XeF was demonstrated by Mandl and Ewing [47]. A

xenon flashlamp pumped Xe (l45nm resonance line) which reacted with NF3

to form XeF*,
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E-beam pumping has provided the greatest laser output powers so
far [3]. In most e-beam pulse generators, the voltage pulse is provided
by a Marx generator., Several capacitors are charged in parallel and
discharged into the load in series. This is achieved by triggering a
succession of spark gaps with jitters of only a few nanoseconds. By
this method the relatively low D.C. (é 100KV) voltages on the capacitors

are added yielding a very high voltage pulse (v 1 MV) at the load.

The Marx bank is connected to a cold cathode electron gun. The
diode can be coaxial or transverse and the electrons enter the discharge
region through a 25-50um thick foil (aluminium, titanium or stainless
steel)., A vacuum is maintained (v 10-3 - 10-5 Torr) between the
cathode and the anode. Fig.l1.6 shows a transverse and a coaxial diode.

The coaxial diode has been

found to yield the most

ANODE

FOlL

"' uniform pumping, in this
L case 70-80%Z of the e-beam

GAS

CATHODE \\\\ " g;iGEgSURE energy can be uniformly

-H.v.

deposited into the gas [48] .

Current densities as
high as 1EKA r:m-2 [17] at the
anode can be reached in
e-beam systems. As such
CATHODE o o
densities the magnetic field

created by the electron beam

represents a limit to

HIGH PRESSURE GAS efficient energy deposition
into the gas mixture

because of self-pinching.

Fig. 1.6. Transverse and co-axial diodes
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The magnetic field generated by the electron beam itself focuses the
electrons causing non-uniform pumping. Bradley et al. have developed

a coaxial diode which utilises a radial current return geometry

that changes the magnetic field characteristics favourably yielding more

uniform pumping [49] (see Chapter 3).

A Marx bank generator is often used in conjunction with a Blumlein
pulse forming network. If the impedance of the load is matched to
the PFN, there is no voltage loss and the pulse shape at the load is

almost square with a

2= very fast risetime. Fig.l.7
e 22,
N\ Zo illustrates a Blumlein PFN.
-
v : E-beam pump pulse
W ba---- durations range from a few
f \ ' nanoseconds to a few
_ T —

microseconds.

Fig, 1.7. TFolded Blumlein P.F.N.

1.13 Avalanche discharge pumping

Avalanche discharge systems are cheaper and more compact than
e-beam pumped lasers, but yield lower output energies. The discharge
systems offer the greatest potential for high average power, since the.
repetition rate can be much larger (KHz) than for e-~beam systems and
since production of rare-gas halide molecules through the metastable

channel can be very efficient.

Initial problems with discharge systems were concerned with plasma

instabilities. Also, since the excited state rare-gas halide lifetime
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is short, low inductance circuits were needed to obtain fast enough
current risetimes for efficient pumping. The latter was solved by
mounting capacitors very close to the discharge as illustrated in Fig,
1.8. The problem of plasma instability in avalanche discharges was

not solved until

DISCHARGE ANODE
CAPACITORS Burnham and Djeu
[50] and Andrews
L LV 77 7L
Ry R a2 IR et al, [51] constructed
SC%& a u,v, preionized
- z —’ﬂTi‘- : j: discharge system.

77T I7 7

CATHODE — PREIONIZER
STAINLESS STEEL MESH

The discharge

power is proportional
to the square of the
Fig.1.8. U.v. preionized discharge

electric field.,
High electric field gradients increase the electron drift velocity which
causes an exponential increase in the number of electrons in the
avalanche due to ionization. This causes the discharge to collapse into
an arc after a very short time. U.v. preionizingwas initially obtained
by using flashlamps. More commonly a corona discharge chamber is
used in conjunction with the main chamber. The u.v. photons produce
a uniform initial electron density, through photoionization, that
creates a homogeneous plasma and prevents the strong fields of a single
avalanche from doﬁinating the discharge and the formation of a streamer
arc. Nevertheless, u.v, preionized discharges are generally only stable
for a few tens of nanoseconds. An x-ray preionized system with a very
homogeneous discharge was recently reported by Lin and Levatter.

The laser pulse duration was v 200ns indicating that x-rays generate

a very stable plasma [52].
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The discharge voltage is provided by low inductance L-C circuits
or PFN circuits. Discharge lasers are typically operated at voltages
of about 20-100 kV. Current densities reach a few hundred Amperes

per square centimeter.

1.14 Electron beam sustained discharge pumping

Electron beam sustained discharges have been used successfully
with CO2 lasers,and an extension to rare-gas halide lasers provided an
attractive alternative to e-beam and avalanche discharge
pumped lasers, Mangano and Jacob showed that it was possible to
produce stable e-beam controlled discharges for a KrF 1aser'[53].

In this case the e-beam provides the stabilising electrons.

Dissociative attachment of electrons to the halogen atom plays
an important role in controlling the plasma. Electrons attach to the
halogen atoms, thus reducing the total number of electrons and delaying
the collapse of the plasma impedance. At the same time, negative
halogen ions are formed, being the main precursor to rare-gas halide

molecules.

In a stable discharge the electron loss rate (predominately by
association with the halogen) should be more than twice the ionization
rate [53]. This may be realised in e-beam sustainer systems,and pulse
durations v lus have been demonstrated [54]. The largest output pulse
energy obtained for an e-beam sustained discharge system is 50J.in a KrF
laser [3]. The e-beam voltage was in this case n 400KV at a few
Amperes per square centimeters current density. The discharge current

density was ~ 15A cm_2.
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1.15 Amplifier operation; efficiency of e-beam and discharge systems

Since part of the work described in this thesis is concerned with
the uge of XeCl lasers as amplifiers, a brief outline of the efficiency of
different rare-gas halide systems follows.. To date, electron beam
pumped amplifi'.ers appz.ear to be more feasible for scaling to large
volumes, since more energy can be deposited from a relativistic e-beam
than from a discharge. In this way high energies can be extracted
without a great increase in laser length. Although lengths of several
meters are in principle possible, yielding energy outputs of kilo-
joules, photoabsorption processes may reduce the extraction efficiency
drastically. Photoabsorption constants up to a few percent per

centimeter have been reported [55, 56, 57] .

The highest efficiency reported for an e-beam pumped
system is about the same as for a discharge system: of the order of 17
overall. The highest output energy obtained froman e—beam pumped laser is
however two orderé of magnitude greater than the highest output energy

from a u.v. preionized discharge laser:

E-beam pumped (KrF): Egax = 3507 [3]
E-beam sustained discharge (KrF) Byax = 503 [3]
U.v. preionized discharge (XeCl) EMAX = 5J [59]
The intrinsic efficiency of a laser is defined:
_ laser output energy (1.24)

N = pump energy deposited in laser mix

The pumping efficiency (the efficiency to produce precursors) is

_E
"y =W (1.25)
where E = the most efficient (lowest energy)precursor
and W = the average energy required to form an ion (or an
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excited rare gas atom),

The quantum efficiency is defined as

nQ =5 (1.26)

where hv 1is the energy of a laser photon.

Thus,

np = np o " (1.27)
For KrF in argon [15] :

nI(MAX) = 257 (e-beam)

nI(MAX) z 407, (discharge)

Maximum intrinsic efficiency corresponds to a situation of minimum
kinetic losses and the highest possible extraction of laser energy.

It is because the kinetic losses (e.g. losses by inelastic electromn
collisions in the plasma) are lower in the discharge pumped gas mixture,
that the high intrinsic efficiency is in principle possible with these
systems. Despite this, the highest reportéed intrinsic efficiency (15%)
is obtained from an e-beam pumped KrF laser [54]. The poorer intrinsic
efficiencies obtained to date from discharge lasers are due

primarily to low energy extraction efficiency [15]. (Because of
transient absorbers formed in the discharge plasma). For the highest
reported output energy from an e-beam sustained discharge KrF laser,
the extraction efficiency was only 10%, It seems therefore that until
energy extraction from long discharge chambers can be increased, the
e-beam pumped rare-gas halide laser will remain the amplifier

yielding the highest energy output.
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1.16 Applications

Large rare-gas halide amplifiers are needed if ultraviolet
lasers are to be used for fusion applications. Analysis of plasma
interactions in deuterium-tritium fusion targets indicate that optimum
wavelengths for improved plasma compression are in the short wavelength
spectral region [}0, 61]. Rare-gas halide lasers are being developed
for this purpose as an alternative to multiplying the frequency of
solid state lasers to obtain the shorter wavelengths (e.g. at Lawrence
Livermore Laboratory). Considerable effort has therefore been directed
towards maximising the energy extraction from rare-gas halide lasers,

notably KrF since this has given the best results so far.

XeCl as a lasing medium has also received considerable attention.
XeCl lasers are used to amplify narrow linewidth pulses from a XeCl
oscillator, or from a frequency doubled dye laser, for the purpose of
remote sensing of OH in the upper atmosphere. This system may be

used in space on board a NASA space shuttle [62].

Other possible applications of large scale rare-gas halide lasers
include communications with submarines using visible transitions such as
the C-A transition in XeF at A = 460nm [63], which is near the optical
transmission window in sea water, Although several other laser systems
operate at these wavelengths, the use of excimer lasers is preferred
since these are more powerful and can be used with greater ease under

field conditions [20],

Future prospects in the laser field itself could be the use of
u.v. laser pulses of high power to generate coherent x-rays by multi-

photon processes.
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1.17 Conclusion

Since the rare-gas halide laser was introduced in 1975,
research in this field has been extensive, The kinetic pathways
leading to formation of the excimer molecules are now fairly well
understood, The knowledge gained has led to improved efficiency and
increased energy extraction from these lasers. Spectroscopic studieshave
revealed additional laser candidates with the discovery of triatomic

species.

The wavelength range of some rare-gas halide lasers has been
extended by the method of elevating the temperature of the active
medium, Lasing from more than one electronic level has also been
observed, further increasing the wavelength range to the visible spectral

region.

Pumping is achieved using electron beams or electric discharges
as excitation sources. The former offers the highest pump power
density, while the latter is superior in pulse repetition frequency.
Large scale systems are therefore likely to be e—beam pumped, while
lower energy systems for applications requiring high repetition rates are

likely to be discharge pumped.

The development of electron beam sustained discharge lasers has
rendered it possible to operate systems with long gain duration. The
work on generation of short pulses described in this thesis is partiec-
ularly relevant to lasers with long gain duration. The extension of
the methods described here to e-beam sustained discharge systems should

be straightforward.
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CHAPTER 2

THE PROBE LASER

2.1 Introduction

Tunable dye lasers have been shown to be superior to conventional
light sources in the study of absorption and emission spectra in
different elements [1, 2, 3] since the dye laser offers a high power
collimated and narrow linewidth probe beam. Trains of picosecond pulses
provide an excellent source to time resolve fast transient phenomena
such as absorption and relaxation processes [4, 5]. This is the type

of application relevant to this thesis.

When the dye laser was reported in 1966 [6], it was the first
laser that could be tuned over a wide continuous wavelength range.
Since then it has proved to be an attractive laser source in more
than this respect. The active medium is cheap and versatile and can
be used in the solid, liquid or gaseous phase. The liquid phase of
operation is the most widely used and provides a laser medium of high
optical quality, since heating problems can be avoided by the use of

simple cooling systems where the dye flows through a heat exchanger.

Pulsed dye lasers can be flashlamp pumped or pumped with other
pulsed lasers. CW. operation has been made possible by pumping the
dye with C.W. lasers (e.g. Argon-ion or Krypton-ion lasers). A
wide range of pulsed and C.W. systems arecommercially available.
Pulsed dye lasers are available in a continuous wavelength range

extending from the ultraviolet to the near infrared..

The dye laser is capable of channeling high energy into a very
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narrow spectral width. By inserting several wavelength selecting
elements in the cavity, single-mode operation is possible [7]. High
spectral power can then be attained by injection frequency locking of

the narrow line output from an oscillator in a chain of amplifiers

[8, 9, 10].

Because dye lasers have large spectral bandwidths, pulses of
subpicosecond duration can be generated., A C.W. ring laser recently
produced pulses of < 0.1 ps duration in a passive mode-locking arrange-
ment where the two pulses travelling in opposite direction in the ring

cavity were made to collide in the saturable absorber dye jet [lﬂ .

In this chapter a description of the flashlamp pumped dye laser
is given, The process of tuning and second harmonic generation are
briefly reviewed. A theoretical outline of passive mode-locking
followed by a description of the electron-optical streak camera measure-
ment technique is also included, since this forms a reference for the
later chapters on generation and measurement of mode-locked pulses

from the XeCl laser.

2.2 The flashlamp pumped dye laser

The photo-physics and spectroscopy of organic dye lasers have been
extensively reviewed and will not be dealt with here [12]. The most
important feature of the dye molecule that should be mentioned, is the
characteristic broad absorption band in the u.v. and visible spectral
region and the equally broad fluorescence band that is generated
when some dyes are dissolved in solution, Because the absorption band
in organic dyes is broad, the same type of flashlamps can be used to

pump different dyes. (Since the output from the flashlamp will overlap
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at least part of the absorption spectrum). The tuning range of the
laser can therefore be extended to cover the whole spectrum from the
ultraviolet to the infrared by changing the dye in the laser.
Rhodamine 6G (A ~ 570nm - 620 nm) is the most efficient of the organic
dyes. When frequency doubled, the Rhodamine 6G laser can be tuned to
overlap most of the vibrational transitions in XeCl. This dye was

therefore used in the experiments described in this thesis.

Because of the near continuum of vibrationazl and rotaticnal levels
that are populated in the dye molecule, the emission band is very broad
and gives rise to the desired tunability, The lifetime of the upper
electreonic level is typically only a few nanoseconds which means that
the dye laser is not capable of storing energy as in giant pulse systems.
Very high powers can however be generated if another (or several) flash-

lamp pumped dye laser is used as an amplifier [13].

The flashlamp pumped dye laser head consists of a dye flowing in
a quartz cuvette surrounded by flashlamps and a reflector. The latter
serves to concentrate the diffuse light emitted by the flashlamp onto
the dye cell. Several configurations are in use, the aim being efficient
and uniform pumping of the dye. Elliptical reflectors imaging the light
from the linear flashlamp placed at one focus of the ellipse onto the
dye cell at the other focus is a popular design [14]. Other alternatives
are several flashlamps placed symmetrically around the dye cell in a
close coupling arrangement, coaxial flashlamps [15], or a helical
flashlamp surrounding the dye cuvette. Fig.2.1 illustrates a laser head

of elliptical reflector geometry {(double ellipse).

Ethanol is frequently used as a dye solvent, The only disadvantage

with alcohol is its relatively poor thermal properties. If the active mediummust
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ALUMINIUM  COATING be of very good optical quality,
water is used instead.

The dye cell is cooled by flowing
the dye through a cooling reservoir
and in some cases the dye-cell

itself is surrounded by a cooling

liquid (ethanol, water) in

DYE CELL
another quartz cell. (This also
FLASHLAMPS serves to improve focusing of
Fig, 2.1.Elliptical geometry the pump light onto the dye
reflector

solution). Cooling of the dye
is important due to the heat given off to the solvent by non-radiative
de—excitation of the dye molecule [16]. Thermal inhomogenieties result
in poor beam quality which is particularly undesirable in probe experi-

ments where the beam profile should be uniform and reproducible .

Several different types of flashlamps are available commercially.
The simplest of these is the xenon lamp, but for very high pump powers
ablative wall lamps are often used [17]. The flashlamps are operated
in conjunction with high voltage capacitors and a spark gap (or
thyratron valve). If circuit inductance is minimized, risetimes as
short as a few hundred nanoseconds can be attained. Depending on the
powersupply, repetition rates of up to 100Hz are possible. With high
repetition rates the flashlamps must be cooled by circulating water in a
quartz envelope surrounding the lamp. The lifetime of commercial xenon
flashlamps can be over a million shots. The lifetime of the Rhodamine
6G dye in solution is, however, limited to less than this (depending on
the active volume arnd on the wavelength of the pump) since the molecules
dissociate when irradiated by u.v. light. Thus the dye solution has to

be changed after a suitable period of time.



Flashlamp pumped dye lasers are the cheapest tunable laser sources
available. Because the output from the flaslamps partly overlaps the
absorption spectrum of most dyes, this type of laser also represents the most
versatile system. Output powers range frommicrojoules to several joules,
and pulse durations from picoseconds to microseconds, depending on the mode
of operation. Inparticular, these lasers are suitable for the type of probe
measurements per formed in this work, where the probe laser had to be incorpor-
ated in existing laboratory configurations. Since the mode-locked dye
laser is relatively small and convenient to operate, this posed no problem.
Mode-locking techniques for flashlamp pumped dye lasers are well established,

and the laser provides reproducible output pulses under most

operating conditions.

2.3 The twin lamp mode-locked Rhodamine 6G laser

Fig. 2.2 shows the

. flashlamp pumped dye
laser used throughout
this work with the
frequency doubling
crystal situated in

a temperature
controlled oven in
front of the laser
head. The laser

‘ utilized a double

elliptical
Fig. 2.2. The flashlamp pumped dye laser. reflector geometry
as shownin Fig.2.1. The two linear xenon flashlamps (English Electric,GAA12)

were placed at the extreme ellipse foci and the 17cm long quartz dye cell
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(v 4mm 1/d," 8mm o/d)at the shared focus of the double ellipse. The quartz

windows were Brewster angled. No cooling was needed for the flashlamps,since
the laser was a single shot system and the lamps thus had time to cool
between shots (v 1-2 minutes). The Rhodamine 6G dye was dissolved in
distilled water (1.5 x 10—4M/L) with 57 Ammonyx-LO (N, N Dimethyldode-
cylamine-N-oxide) and circulated through a cooling bath. (The Ammonyx-
LO was added in order to prevent dimerisation of the Rh 6G molecules
which inhibitslasing). The beam divergence of the laser had previously

been measured to be v 3-5 milliradians.

The resonator was completed by a v 507 reflectivety dielectric
coated output coupler and a v 100%Z reflectivity back mirror. The mode-
locking dye cell was contacted onto the latter in a ~ 2mm thick cuvette
(wedged to prevent the formation of a sub-cavity). The saturable absorber
used was DODCI (3,3 diethyloxadicarbo- cyanine icdine) in an ethanolic
solution. The concentration was ~ lo-ﬁ/L and the mode-locking dye was

not flowed since the lager did
not operate at a repetition rate.

Fig, 2.3a illustrates the

~“50%
!% A\WA resonator.

100 % FP's OYE CELL
The electrical energy
dissipated in each flashlamp-was
~ 100J, stored im 0.5uF capacitors
b R=500 k1.
o (Hivatronic 30kV) that were
feee— " R——
FL. ) ) ]
:=105:;T TRIGGER commected in series with the two
+H.V.——WV\, v { A |I|' hl A
E=5yF‘L: i flashlamps. spark gap (type
EL,
T—-——-—E—' EGG 32B) triggered the lamps.
R=500 kL Fig. 2.3b shows the electrical
circuit.
Fig, 2.3

The dye laser resonator and electrical circuit



-39 - Ch. 2

The energy output of the non mode-
locked laser reached ~ 100mJ in a 1.5us
pulse at 25kV charging voltage. The energy
of the mode-locked output was ~ 10mJ at the
same charging voltage. An estimate of the
energy per mode-locked pulse indicated
a peak energy ~ 20uJ/pulse. Reducing the
saturable absorber dye concentration did
not change the energy content in the pulses
significantly, but did lead to 1ongér
pulse trains and ultimately to double
pulsing. The mode-locked output was very
reproducible as seen in Fig. 2.4 where
four'consecutive pulse traing are shown
on a 500 ns/div timescale (Tektronix

519 oscilloscope).

Fig. 2.4. Oscillogram of
dye laser pulse
trains (500ns/div).

2,4 Tuning

-

Tuning of the mode—locked dye laser was achieved by employing
one or two intracavity Fabry-Perot etalons. The Fabry-Perot elements
were slightly tilted to avoid the formation of subcavities. The free
spectral range (F.S.R.) of the Fabry-Perot is the wavelength difference

between successive transmitted maxima and is defined as

F.5.R. = A2/2d cosf (2.1)
where A = peak wavelength
d = etalon spacing
8 = beam angle of incidence
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When two Fabry-Perots are used,the etalon spacing must be chosen such
that the free spectral range of one etalon is greater than the bandwidth
of the other in order to ensure that only one narrow bandwidth maxima
is transmitted through the two etalons. In our case the etalon spacings

were Spm and 50um respectively.

The bandwidth of the transmitted maxima depends on the finesse

of the etalon., This is defined as

finesse = F.S.R./AA = "1‘45 (2.2)

where R is the reflectivity of the etalon plates. The latter was 657

and the finesse of our etalons was thus ~ 7.

With one 5um Fabry-Perot in the
cavity the linewidth of the mode-locked
laser output was v 203, with both etalons the
bandwidth reduced to ~ 58, Fig.2.5a
shows the spectrum of the mode-locked
laser which was tuned from v 627mm to

" 598nm by adjusting the angle of the

single 5um Fabry-Perot. Fig.2.5b shows

the mode-locked laser output spectrum with two
etalons in the cavity. 1In this case

the angle of the second 50um etalon was
adjusted sufficiently to move three
successive maxima (i.e. 3 F.S.R.)

through the bandpass of the first etalon.

The spectra were recorded on a .5m

HeNe Hilger and Watts grating spectrograph
and photographed on Polaroid 107 film.

Fig. 2.5. Dye laser spectra
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2.5 Second harmonic generation

The limited number of dyes and pumping sources available means
that the tuning range of dye lasers does not extend further into the
ultraviolet spectral region than v~ 340nm. It is, however, possible
to convert the output from standard or mode-locked dye lasers by
frequency conversion in nonlinear crystals. The second harmonic
frequency can be generated in birefringent crystals (such as ADP;

ammonium dihydrogen phosphate or KDP; potassium dihydrogen phosphate).

A near continuous range of ultraviolet wavelengths from v 240nm
to 340nm is available by frequency doubling of different dye lasers [18].
This renders the dye laser very attractive for the study of excimer
lasers, and second harmonic generation is therefore an important process

in this type of dye laser application.

When a uniaxial anisotropic crystal is subjected to an intense
varying electric field, the atoms in the medium become polarized. The

nonlinear induced polarization can be expressed as

P=¢ (X,E + X E2 + X E3
o] 1

) 3 F ovnanan) (2.3)

where X are the nonlinear susceptibileties and E is the electrie

1* 2* 3
field. It is the second term that 1s responsible for second harmonic
generation. If the applied optical field is of the form E = E0 sin wt

the second term in 2.3 becomes

2 .2 2,
PT = €0 X2 E0 sin wt = £[€0X2 E0 {l-cos 2mt)] (2.4)

In isotropic crystals, all even terms of E vanish, hence second
harmonic generation is only possible in anisotropic media. In gemeral
P and E are not parallel. In the uniaxial anisotropic crystal, such

as ADP and KDP,this means that the dielectric constant in the z-direction
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is different to the dielectric comstant in the x and y-direction:

e = Ey F € " The crystal is then birefringent and for an optical wave
propagating in the crystal two directions ofpolarization satisfy Maxwell's
equations., The two allowed directions of polarization have different

refractive indices, the ordinary (no) and extraordinary (ne) refractive

index.

Because of the two refractive indices it is possible to find a

. . . lw 2w
direction of propagation such that n_ =n, . The fundamental
frequency wave will for this direction of propagation stay in phase with
the second harmonic wave it generates. This allowes the superposition
of the second harmonic wave at the exit of the crystal by constructive
. . . s luw 2w . s
interference. The phase matching condition n, =mn, can be satisfied
by choosing the correct angular direction of the light wave propagating
through the crystal (angle-tuned) and/or by accurate control of the
crystal temperature (since the refractive index varies with temperature)

(temperature-tuned). The expression for the second harmonic power

per unit area as a function of propagation distance z is

I

2w _ (Zuﬂz(éxz)z(Ilw)z [sin(m/clnlutm?ﬂg)]z

1 2
nlm) ch'n‘w-nuw

(2.5)
2(nt% %% 3

Clearly, the second harmonic power is maximised when the phase matching
condition n1Lu = n2m is satisfied. Since perfect phase matching is only
possible for single frequencies, the conversion efficiency will be
lower for lasers with broad bandwidths. The conversion efficiency

for mode-locked pulses should therefore be reduced since the bandwidth
is generally broadened, The second harmeonic intensity does, however,
depend on the square of the intensity of the fundamental wave. The

latter will be higher for ultrashort pulses than for long duration pulses,

thus making up for the loss of efficiency due to the large bandwidth.
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The output from the mode-locked Rhodamine 6G laser described in
the previous section was frequency doubled in a 2.5cm long angle-tuned
ADP crystal. The crystal was cut at " 60° relative to the optic axis.
The correct phase matching angle could be found by varying the angle
of the crystal face to the input beam. It was important to keep the
crystal at a constant temperature in order to avoid variations in
refractive index (and hence in wavelength of the probe laser). ADP
is hygroscopic and the constant temperature of the oven mount was
therefore kept high (331.500) to prevent water vapour'from forming on the
crystal surface. Fig. 2.6 shows the possible crystal angles for
a mode-locked input
beam tuned to 6l6énm
by a single 5um Fabry-
Perot etalon. (Band-

width ~ 208). The band-

INTENSITY

CUT-0FF width eof the second
1DUE TO
'MOUNT harmonic signal

CRYSTAL
ANGLE,®

10 1 12 13 illustrating lack of

generated was only ~ 38,

.

phase-matching for the
remainder of the input

Fig. 2.6, Second harmonic signal varying spectrum.
with erystal angle.

The conversion efficiency could not readily be estimated by comparing
the energy of the fundamental and second harmonic output since the u.v.
pulse train was not intense enough to register with a calorimeter. From
single pulse energy measurements performed at a later stage, we
estimated the conversion efficiency to be o 5-10%7. With two etalons in
the dye laser, the bandwidth of the input beam was < 58 and the band-

width of the second harmonic signal ~ lﬁ, The conversion efficiency
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was then slightly higher. Fig. 2.7
shows oscillograms of the second harmonic
pulse train on a 200ns/div, 50 ns/div

and 10ns/div time-scale

(Tektfonix 519 oscilloscope). The
profile of the pulse train is less
smooth than the fundamental train
due to the dependence of the

second harmonic intensity on the

square of the fundamental power.

(See Equation 2.5).

The second harmonic of the
Rhodamine 6G wavelengths from

v 600-620mm overlap the fluorescence

and lasing spectrum of the XeCl

excimer laser. Hence by adjusting

Fig. 2.7 .Second harmonic pulse the Fabry-Perot etalons in the
trains

dye laser cavity as well as the
angle of the ADP crystal, the system could be tuned to provide a u.v.
pulse trainoverlapping any desired transition in XeCl, The mode-locked
pulses could then serve as probe pulses for absorption or gain studies
by splitting the pulse train in two and comparing the amplitude of a
pulse having probed the XeCl laser with the pulse directly incident on
the detector. The mode-locked pulse provides a "delta function" probe
that superposes on any slowlyvarying background noise signal in the
detector. Any variation in amplitude due to absorption or amplification
could easily be measured by measuring the height of the pulse on the
oscilloscope trace. Since a new probe pulse is provided every ~v 5ns

from the dye laser pulse train, almost continous time resolution is
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possible if several shots are taken. (Necessary due to the jitter in

the arrival of the pulses relative to the gain in the XeCl laser).

This method of probing was found superior to using a non mode-locked
probe beam. This is particularly the case when the dye laser is

used in conjunction with excimer lasers since the latter generate

noise signals that are difficult to isolate and are indistinguishable from

non mode-locked probe pulses on the oscilloscope trace.

2.6 Mode—locking theory

Perfect mode locking corresponds to a case where all the
longitudinal modes in the laser are locked in phase at a certain position
in the laser cavity. The output then consists of a series of pulses
separated by the cavity roundtrip time, If the gain or loss of a
laser is modulated at this frequency,a mode-locked output can be
generated. (Actiﬁe mode-locking). Gain modulation is frequeptly
used as a method of mode—-locking CW dye lasers. The laser is then
pumped by a mode-locked gas laser with a pulse separation equal to the
roundtrip time of the dye laser cavity, thus modulating the gain of
the dye laser at the roundtrip frequency. Since no gain is available
between the pump pulses, the dye laser output is also a mode—locked
pulse train. Loss modulation by inserting an intracavity acousto-optic
or electro-optic modulator driven at the roundtrip frequency is another
widely used method of active mode-locking. Most C.W. gas lasers employ

acousto-optic loss modulators [19].

The pulses generated by active mode-locking are generally not as
short as those obtained in passively mode-locked systems [20]. Passive

mode-locking is however, only possible if a saturable absorber can be
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found that has an absorption spectrum which overlaps the emission
spectrum of the particular laser. For u.v. and i.r. lasers such dyes

are not generally available. Other criteria must also be satisfied:
preferably the recovery time of the absorber (i.e. the "gate—opening
time")must be short. If this is not so,.other pulse Shortening mechanisms
must be present in order to obtain uitrashort pulses. The absorption
cross section should also be of the right magnitude; if this is low

very high intensities are required to bleach the dye and saturation is

less likely to take place.

Pasgive mode-locking has been used successfully in mode-locking
of giant pulse lasers (Neodymium and Ruby lasers) and dye lasers such
as the Rhodamine 6G laser. The bandwidth-pulse duration product of
the latter imply that, theoretically, pulsesof a few femtosécondsduration
should be possible. To date the shortest pulses reported are < 0.lps

in duration [11].

When passive mode-locking is considered in the time domain, the
standing wave modes existing in the cavity are replaced by groups of
photons travelling in the resonator. This method of investigating
the temporal profile of the pulses directly, is less complicated
than describing the pulse shortening process in the frequency domain
where a knowledge of the phase of the modes is required.. In the time
domain the cavity flux is thought of as initially consisting of random
fluorescence fluctuations of typical duration as short as the inverse of
the bandwidth of the laser. The noise''spikes”are absorbed by the
saturable absorber until the intensities are sufficiently high,
due to amplification in the active medium, to saturate the mode-locking
dye which is normally contacted to the 100%Z reflector. If the recovery

time of the dye is fast, the dye will not stay bleached for a long
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enough period to transmit other intense noise fluctuations and only a

few short duration spikes are fed back inteo the active medium.

With each roundtrip in the laser a part of the leading edge of
the "pulse" or group of "spikes'is absorbed by the mode-locking dye,
thus sharpening the leading edge. Several such groups of intense
"spiked' can develop and travel up and down the amplifier; the laser
output will then consist of several interleaved pulse trains and the
laser is "multiple pulsing". 1If the laser is kept near threshold,
however, New et al, have shown in a theoretical simulation that the
parameters can be chosen such that only one intense noise spike will
develop and the output consist of a single train of ultrashort pulses

[21, 22].

New and other workers have also shown that in dye lasers the
process of gain saturation is as important as saﬁurable absorption in
the formation of ultrashort pulses [23, 24]. Since the recovery time
of saturable absorbers used in conjunction with dye lasers 1is much
longer than the pulse durations obtained, the short pulses could not
have developed without an additional pulse shortening mechanism also
taking place. It can be shown by rate equation approximation that if
the recovery time of the active medium is of the order of the cavity
roundtrip time and much greater than the recovery time of the saturable
absorber (Ta U Tcav >> Tbl a pulse formed in the cavity will have its
trailing edge sharpened by gain saturation. The reason for this is
simply that if the small signal gain in the laser is high and the pulse
intense, the leading edge will saturate the gain, and the trailing edge
will not be amplified. Sharpening of the whole pulse is, however, only
likely to occur if the amplified leading edge is restrained from

"running away''. This is achieved by sharpening of the leading edge by
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saturable absorption. Thus if the pulse width is to be reduced, there
must be a net loss at the leading and trailing edge of the pulse,

whereas there is a net roundtrip gain at the peak. The peak is

favoured if the absorber has saturated before the amplifier. Thus
another requirement for met pulse shortening is that the absorber cross
section be at least twice as large as the cross section for amplification

(o'b/da > 2 for a collimated beam) [23, 24].

The requirements for pulse shortening are well satisfied for
Rhodamine 6G dye lasers employing DOBCI (3,3-diethyloxadicarbo-cyanine
iodine) or DQOCI (1,3f—diethy14,2'-Quinolyloxacarbocyanine iodine) as
saturable absorbers. It has not yet been possible, however, to mode-
lock many other dye lasers successfully due to the lack of suitable
saturable absorbers. Extensive research is, however, being conducted
in the field of laser dyes and several new candidates become available
every year. Active mode-locking techniques can be used with pulsed and C.W.
dye lasers, but the pulse durations obtained are not as short as with

the systems employing saturable absorbers [25,20],

2.7 Measurement of ultrashort pulse durations

The three most widely used methods of measuring the duration of
ultrashort pulses are:

1) two photon fluorescence;

2) second harmonic generation;

3) electron-optical streak camera.
These methods have been extensively reviewed in the literature and only
the streak camera will be discussed here since this is relevant to the

work presented in this thesis [26, 27].
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The only direct method of measuring the duration of picosecond
pulses is employing an electron-optical streak camera. In this system
photons incident on the streak camera photocathode are converted into
electrons that are accelerated towards the anode of the camera. By
applying a voltage ramp on deflection plates situated behind the anode
(which is made with an aperture through which the electrons pass), the
electrons are swept across a phosphor screen at the back of the streak
camera tube., The temporal information in the optical pulse is thus
converted into spatial information which can readily be measured. This can
be achieved by intensifying the image at the phosphor with an image
intensifier unit and recording the intensified image on film. Fig.2.8

shows a schematic diagram of the streak camera arrangement.

ANODE ORIFT ZONE  PHOSPHOR
[

T N
i N

SLIT

T0 IMAGE
INTENSIFIER

=,
F—=
|
L
]
I
LLL Ll LLL

CATHODE MESH (ONE DEFLECTION PLATES

PHOTOCHRON I STREAK TUBE

Fig. 2.8. Schematic of the electron-optical streak camera

The streak camera resolution was initially limited to ~ 20ps
by the photo-electron transit time spread in the streak tube. [28],
given by

ATD = mAV/eE (2.6)

]

where e, m electron charge, mass

AV

half-width of initial electron velocity distribution.
In order to reduce the transit time spread, E must clearly be maximised.

(The electrons then "forget" their initial velocities). When a camera
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with a fine mesh extraction electrode at a high potential near the cathode
was developed by Bradley [29], pulses as short as 5ps could be resolved.
Presently streak cameras with v lps resolution are commercially

available.

The recorded pulse half-width can to an approximation be expressed

as
2 2 2.}
= 2.
bty = (A1 )" + (Atp)" + (A'rp)) (2.7)
where ATS = 1/v.n is the time resolution limit due to the finite
spatial resolution (n) of the image tube at a particular writing speed

(V),ATD is the transit spread resolution (Equation2.6) and Arp is the

real pulse duration.

2.8 Temporal measurement using a Photochron Il streak camera

The u.v. sensitive Photochron II streak camera with an S$20 photo-
cathode was used to determine the duration of the frequency doubled
pulses from the passively mode-locked flashlamp pumped Rhodamine 6G
dyve laser described earlier. The laser was tuned to 308nm (the main

XeCl laser transition) by a single 5um Fabry-Perot etalon.

Assuming a dynamic spatial resolution of 10 lp/mm, and a transit
time spread of ~ 2ps, the resolution of the streak camera in this mode
of operation should be ~ 3ps. A four stage image intensifier (E.M.I.
type T2001, 9914) was used in conjunction with the streak tube, thus
intensifying the image * 106 times. Fig. 5.9 shows a photograph of

the streak camera and the image intensifier.

An avalanche transistor krytron circuit provided the voltage

ramp (v 5kV) for the deflection plates. An optic fibre coupled part
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Fig. 2.9. The electron-optical streak camera and EMI image intensifier

fe= 105ps

- -6P5

Fig. 2.10. Streaks and microdensitometer trace of dye laser pulses
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of the dye laser flashlamp output into a trigger delay gemerator which
triggered the krytron. The delay was chosen so that the ramp would
sweep as the pulses in the middle of the dye laser train were incident
on the streak camera slit (v 80um wide). The second harmonic pulses

were then focused onto the photocathode by the streak camera lenses.

The pulses were recorded on Kodak HP5 film and scanned using a
Joyce-Loebl microdensitometer. The F.W.H.M. was determined by
recording a neutral-density step-wedge on the same film as the streaks,
and scanning this to find the appropriate half-intensity point. The
shortest pulses were n 6ps in duration and were not bandwidth limited,.
(The bandwidth limit for pulses of ~ 3R bandwidth is ~ 0.5ps). The

streak photograph together with a microdensitometer trace is shown in

Fig.2.10.

2.9 Conclusion

A flashlamp pumped Rhodamine 6G dye laser was mode~locked using
DODCI as a saturable absorber. The output was frequency doubled in
ADP, thus generating a train of picosecond u.v. pulses. The laser was
tuned by ome or two Fabry-Perot etalons giving rise to a mode—locked

0
second harmoniec cutput of respectively ~ 38 and ~ 1A spectral width.

The ecutput from the laser was very reproducible and the laser
could readily be tuned to overlap vibrational transitions in the XeCl
laser in order to time resolve absorption and amplification features
of this laser. Since the second harmonic power depends on the square
of the fundamental power, frequency doubling was more efficient with
the mode-locked laser. The bandwidth of the u.v. mode-locked pulse

train with two Fabry-Perot etalons in the dye laser was wide enough



- 53 = Ch. 2

to cover rotational structure of the XeCl vibrational bands, but
narrow enough to distinguish between the bands. The relatively wide

bandwidth generated with a mode-locked laser was therefore desired.

The mode-locked pulses were chosen as probe signals for the
excimer laser experiments rather than the unmode-locked output from the
dye laser, since the amplitude of the delta function shaped pulses is
relatively simple to measure and since the very short duration probe
pulses could be distinguished from any background noise signal in the
detector and therefore represented a measurement free of distortion. The
energy density in each pulse was considerably less than the saturation
energy density quoted for XeCl and absorption and amplification measure-

ments would therefore be in the linear regime.

Finally, the flashlamp pumped dye laser was simple to operate and
could readily be assembled near the electron beam pumped XeCl laser

or the discharge pumped XeCl laser that were to be studied.
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CHAPTER 3

PICOSECOND AMPLIFICATION AND ABSORPTION IN THE

ELECTRON BEAM PUMPED XeCl LASER

3.1 Introduction

In order to scale rare-gas halide lasers to large volumes for applica-
tions such as nuclear fusion, electron beam pumping and efficient energy
extraction is needed. Several important rare-gas halide molecules;
XeF, XeCl and possibly XeBr [1} have bound ground states. A population
inversion does therefore not automatically exist when the upper level
is populated as is the case for molecules that have repulsive ground
states (e.g. KrF). To maintain laser oscillation and to avoid
absorption of the laser flux from the ground state to the excited

. state, population must be rapidly removed from the ground state. This
is particularly important for lasers with long gain duration where
"bottlenecking" in the ground state can pose a serious limit on

efficiency.

Removal of population from the lower laser levels occurs by
vibrational redistribution and by subsequent collision-induced
dissociation, or by direct collisional dissociati&n. Fulgum et al. found that
vibrational levels in the XeF ground state manifold dissociated with
the same rate [2]. They concluded that a quasi-equilibrium is rapidly
established within the vibrational manifold due to collisions with
atoms or molecules. Thus the whole XeF (X) state decays at a single
rate ag molecules are dissociated from high lying vibrational levels
via collisions with the background gases:

k

XeF (X) +M 95 g0 w7 4+ (3.1)
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In this work, the temporal evolution of the ground state
population and of the small signal gain in the g-beam pumped XeCl
laser was investigated by measuring absorption and amplification
coefficients attributed to different vibrational transitions. The

probe measurements were made using the frequency doubled mode-locked

dye laser described in the previous chapter.

The rate of collisional dissociation due to xXenon was also
estimated, by varying the xenon concentration while keeping the pressure

of the other constituent gases (HC1 and Ne) constant.

3.2 The XeCl ground state

The potential
k energy curves for the
Xe s Gl XeCl molecule are
illustrated in Fig.

50000

3.1. From an

- 400007} XeCHB) analysis of the XeCl
IE ~ emission spectrum
3 SOOOO‘E
g 300} Tellinghuisen et al.
wl
uz_[ _ - Xe+Cl determined the XeCl
200t 7
// ggg#;ﬂgﬁg& (X) dissociation
\ 7 to be v 255cm ¢
1 5 energy to be n cm
00 : —
[ XeC1(X) [4]. Twelve
O 9
L vibrational levels
25 50 75 e .
R(A) lie within this well
Fig. 3.1. Potential energy diagram for XeCl and the energy
[3] showing amplification and
absorption. ' spacing between the

(Note different scale for upper and lower curve)
first and second
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vibrational levels is ~ 27cmf1. At thermal equilibrium the relative

populations in the ground state levels follow the Bolzmann distribution:

N = N e h(vy = Vo) /KT (3.2)
n o

where n denotes the nth vibrational level and o denotes the lowest
vibrational level. The other symbols have their usual meaning.
A schematic of the thermalized population distribution is shown in Fig.3.2.

Tellinghuisen calculated that the

N
rise in gas kinetic temperature
110 due to the e-beam pumping was
08 o ,
n 60 E,hence the true temperature
.06 . .
in the laser may be substantially
.04 o
higher than 300 K[5]. The population
.02
distribution is therefore calculated
0O 1 2 3 4 5 8§ v

for a temperature of 360°K.
Fig. 3.2

Bolzmann population distribution
in the XeCl-X-state (T=360°K)

3.3 Rate equation analysis

In the rate equation analysis of the XeCl ground state the
vibrational levels are represented by two levels; Nl(t) and Nz(t).
Nl(t) denotes the population in the lower laser levels (v'" = 1, 2) and
Nz(t) denotes the population in the other vibrational levels. If the
population in the upper laser level (B state; v' = 0) is N3(t), the

rate equations are

an
1

Tt ° N0 oy *wgg) + Ny(B)uyy = Ny(E)Cwyy * 0 +wp)  (3.3)
and

an,,

Fralie N3(t)w32 - NZ(t)(m21 + mD) + Nl(t)m12 (3.4)
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where w is the average rate of vibrational relaxation in and

12° Y21

out of levels 1 and 2, ws is the rate of stimulated (or induced)

emission and absorption,w is the rate of spontaneocus emission and

31 32
Wy is the rate of collisional dissociation. The latter is assumed
to be constant for each vibrationmal level. This is true for a potential
well which is shallow such as the XeCl ground state and is confirmed

by the experiment described

N3 Wv——
later in this chapter. Fig. 3.3
illustrates the two level model

W) W O | of the XeCl ground state.

that after a time t = ¢t

@p
,/’/////;? If the assumption is made
Nj e
,////B,/a

W { Wy, w ©
spontaneous and stimulated
N e . .
emission (and absorption) has
Fig. 3.3. Two level model of the ceased, then for t > £, the

XeCl ground state
rate equations reduce to

le(t)

™ = Nz(t)m21 - Nl(t) (m12 + mD) (3.5)
sz(t)

” = Nl(t)wl2 - Nz(t) (m21 + mD) (3.6)

The coupled, linear differential equations have exact solutions

of the form:

N = A e Al + B

10 2 7 A e 2 (3.7

Al and A2 can be found by differentiating 3.5 and 3.6 and the

constants A and B can be found assuming the boundary conditioms:

1*2 172
Nl(O) = N and N2(0) =0.
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The Bolzmann factor for the population distribution is

_ No .. . 1. . _
f= ﬁz and by the principle of detailed balance : N1”12 N2m21. The

solution then becomes:

_ N -t -(w, ., + w,, + t

Ny =qop G eD +e 127 Yal “p’ty (3.8)
_ N —wnt -(w + o + w )t

N, =337 (e “p e ‘W12 21 ~ “p’H (3.9)

If the rate of vibrational relaxation w12’ w21 is fast compared to

. o e . -1 -1 .
the rate of dissociation: w12’ Wl >> Wy, and if t > Wigs Woq equation

3.8 and 3.9 reduce to:

_ Nf —w, L

Nl = 13F © D (3.10)
_ N -t

N,=or e “b (3.11)

Expression 3,10 and 3.11 imply that at a time t > mié o1 the
3

thermalized population in the ground state decays at a rate w, independant

D
of vibrational number. The rate of collisional dissociation depends
on the collision rate of all the molecules that contribute to the

destruction of the ground state., The total rate of dissociation is then

in our case

Wp T Wge T ¥hc1 T UNe (3.12)

In thischapterto,thetimewhen stimulated and spontaneous emission have
ceased, is estimated, The lifetime of several vibrational levels is
then determined by measuring absorption from the different levels in

the ground state at times t > to' The rate of dissociation can then

be determined and the above assumptions investigated. The dissociation
rate due to xenon is also estimated by varying the partial pressure

of xenon and using the relation

by, = kXe[xe] (3.13)
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where [Xe] is the number density of Xenon (cm-3) and kXe is the rate

3 -—
constant (cm™ s ])

3.4 Experimental

TUNED s
E- MODE-LOCKED Fig.3.4 shows a
GENI?I&A%R DYE LASER .
schematic of the
INT EXT |
BEAM SHG CRYSTAL experimental arrangement.
MI100% SPLITTER FILTER
3 & Mooz The flashlamp
REFERENCE pumped Rhodamine 6G probe
ATTENUATORS laser is described in the
PHOTODIODE previous chapter. The
duration of the mode-

Fig. 3.4. Schematic of experimental locked pulses was

arrangement typically n 5-10ps

and the separation between the pulses in the .5us long pulse train
v 6.2ns. The energy in the fundamental wavelength output was a few
millijoules. The energy density in- a single frequency doubled pico-
second pulse was measured to be v 1luJ cmfz(Chapter 4, Section 4.5).
The energy density in the probe pulses was therefore considerably
lower than the saturation energy density for XeCl (700uJ c:m_2 [6])
which ensured that the measurements were in the linear regime. The
probe laser was tuned to the appropriate XeCl transitions by two
intracavity Fabry-Perot interferometers.. (Plate separations 50 and
5um) . This gave rise to a fundamental wavelength output of ~ SR
spectral width. When the output was frequency doubled in ADP, the
bandwidth reduced to IK. This bandwidth was large enough to

distinguish between individual bands. However, since the bands
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overlap to a certain extent,some inaccuracy in the results is

expected (see Chapter 4,Section 4.8). Care was taken to probe
transitions that did not overlap exactly with other strong bands,

using the table of Franck-Condon factors given in Ref. 4. The dye

lasgr spectrum was monitored by a Hilger and Watts 0.5m Czerny-Turner
spectrograph. (Resolution v 13). The spectrum was recorded on Polaroid
665 (positive-negative) film and scanned on a microdensitometer

(Joyce Loebl Autodensidater). A standard mercury lamp was used to

9]
calibrate the wavelength. The accuracy of the tuning was ~ * 0.5A.

The e-beam generator used was a Pulserad 110 model. The
charging voltage was IMV, generated by a 10 stage Marx bank. The
voltage output from the co—-axial pulse-forming line was 500kV, which
was switched onto the co—axial laser diode. The diode utilized a
radial return geometry pioneered by Bradley et al.[?]. In this design
a conducting sheet is connected to the éylindrical stainless steel
anocde through a slot in the cathode, and the return current flows
radially out from the diode. This reduces the magnitude of the magnetic
field and changes the direction of the current so that electrons do not
pinch towards the centre of the anode, resulting in more uniform
pumping [8]. The current at the anode was "~ 35kA (v 900A cm-z). The
XeCl cell was 15cm long and the quartz windows were antireflection

coated with MgF, and tilted to prevent the laser from reaching threshold

2
during the probing experiménts. The gas mixture used was typically
0.27 HC1 + 37 Xe + Ne at 5 Bar total pressure. With a resonator

comprising an aluminium and MgF, coated reflector (R v 85%) and the

2
quartz window as the output coupler, a maximum laser output energy of

~ 1,353 (F.W.H.M. v 20ns) was obtained.

Synchronization between the dye laser and the e-beam pumped

XeCl laser was not critical since the train of probe pulses lasted
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several hundred nanoseconds and the e-beam pump pulse only ~ 30ns.
Synchronization was achieved by triggering the e-beam from a T.R.W., delay
pulse-generator (model 46A) which was in turn triggered by the flash-
lamp output from the dye laser. (By monitoring the flashlamp output
with an optic fibre that illuminated a photodiode (ITL S20)). Tﬁe T.R.W.
delay generator delivered a 250V trigger pulse with a risetime of

v 20ns to the Pulserad. (The risetime of the.flashlamp signal was too
slow and too low in amplitude to trigger the Pulserad 110 directly).

A suitable delay was chosen so that the e-beam would fire as the first

probe pulses from the dye laser passed through the XeCl cell.

3.5 The measurement procedure

The measurements of the small signal gain and absorption
coefficients were made using the following method: The frequency
doubled dve laser pulse trainwas split in two by a quartz beamsplitter:
one part directed towards a photodiode (ITL S20) and the other part
making a single or double pass through the XeCl cell before being
directed towards the same photodiocde. The photodiode thus detected two
interleaved pulse trains and the amplitude ratio of the pulses gave
the gain or loss in the cell. Each pulse in the train probed the
absorption at a different point in time, and the evolution of the
absorption processes could thus be investigated. The ratio between
probe and reference pulses was normalised to a calibration ratio, taken
when the e-beam was not fired, to account for all other losses (e.g.
absorption by optical elements). Fig.3.5 shows an oscillogram of the
interleaved trains of probe and reference pulses when the e-beam is
fired (top) and when the e-beam is off (bottom). The time-scale is

20ns/div. The top trace also shows the amplified spontaneous
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’kli&li¢ng

J At i
Fig. 3.5

Oscillogram of the interleaved
trains of probe and reference
pulses when the e-beam is fired
(top) and when the e~beam is off
{(bottom) (20 ns/div)

Fig. 3.6

Oscillogram of interleaved probe
and reference pulse trains. Top
two: e-beam on, bottom: e-beam
off. (50ms/div)

cause the laser te reach threshold.

Ch. 3

emission which is detected together
with the probe pulses. The ratio
of probe and reference pulses in
the lower trace serves as the
calibration ratio for the top
trace. The ratio is &~ 1:2 on the
calibration trace and is much
smaller when the e-beam is fired
indicating absorption. Fig. 3.6
shows the prebe and reference pulse
trains further into the after-
glow on a 50ns/div time-scale. The

bottom trace is the corresponding

calibration trace.

As can be seen from these
oscillograms, the a.s.e. signal
was significant due to the high
gain in the XeCl laser. Therefore,
when the probe pulses were double
passed through the XeCl cell, a
quartz flat was used as the back
reflector rather than an aluminium
coated mirror since the greater

feedback from the latter would

An aperture was for the same

reason placed in front of the quartz flat exposing an area equivalent

to the area of the probe beam.

In order to reduce the a.s.e.

incident

on the photodicde a spatial filter was placed in the path of the

probe beam in front of the detector.

Fig 3.7 shows a photograph of



- 65 - Ch. 3

Fig. 3.7. The electron beam pumped XeCl laser

the e-beam pumped XeCl laser and the optical components for a double
pass probe experiment. (Double pass probing was necessary to increase
the accuracy of the measurements for transitions with low transition

probability).

The calibration ratio (e-beam not fired) can be expressed as:

(3.14)

o
I
H»‘ﬁ»

where Ap’r is the amplitude of the probe and reference pulse on the
oscilloscope. This amplitude is directly proportional to the energy in
the pulse, (see Chapter 4, Section 4.5). In a gain medium of length L
and small signal gain (or absorption) g, > the ratio of the probe and

reference amplitudes gives the amplification factor G_according to the

E

relation:

G = BTt _ 8L (3.15)
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(This assumes that there are no saturation effects).

Hence,

A
g = ln{—P-C— } L (3.16)

gives the gain or loss coefficient. Calibration traces of the probe
and reference beam were recorded before each absorption or gain
measurement. Since any reduction of intensity of the probe beam, such
as part of the beam spilling outside the photodetector, would be
interpreted as absorption, care was taken to ensure that the whole beam
was incident on the photodiode at all times. A lens was therefore

placed in the probe beam after this had passed through the XeCl cell.

3.6 Small signal gain

The temporal evolution and magnitude of the small signal gainon the
0-2 laser transitionwas investigated with the dye laser tuned to the 308mom
laser wavelength. When the picosecond probe pulses traversed the XeCl
laser while the e-beam was fired, the probe pulses were amplified
due to the gain in the medium. The amplified probe pulses were
attenuated by a known factor by calibrated optical filters.The amplitude
of the pulses could then be compared to the reference pulse amplitudes and
to the calibration ratio, and the small signal gain seen by each pulse
could be calculated. A profile of the temporal evolution of the gain
was then obtained since the dye laser probe pulses sampled the gain

every 6.2ns  (the separation between pulses in the train).

The attenuation factor of the glass filters was measured by
comparing the calibration ratio (e-beam off) between the probe and
reference signal with and without the filters in the probe beam. The

attenuation factor could then be found directly by dividing one calibration
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ratio by the other. This method was found more accurate than using the

available spectrophotometer (Beckman Ratio Recording Spectrophotometer).

The linearity of the ITL S20 photodiode was also investigated.
The calibration ratio between the probe and reference beam was found with
optical filters of known transmission in front of the photodiode. These
were then removed and calibrated electrical attenuators were used
instead (in conjunction with the Tektronix 519 oscilloscope).
The two interleaved pulse trains were then intense enough to saturate
the photodiode. This caused the calibration ratio to change. The
photodiode response was found to be linear for signals { 50V from the
photodiode. Care was taken in all the experiments to attenuate the

beams incident on the photodiode,

30
2. 0=-2 in order to keep the voltage
ya o signal generated significantly
lower than 50V.
-~ 20r
E
o Having determined that the
== 5= .
=~ pulse amplitude measured on the
o
g 10 oscilloscope was linearly
proportional to the photon
5 DOURLE - PASS
density, the small signal gain
(ns) .

0 could be calculated. Fig. 3.8
2 shows the temporal evolution of
o
5 the small signal gain, as well
z w0k
& as the e-beam pump power, for
E
=}
$ the main 0-2 laser transition.
11}

0 The peak of the gain occurs

~ 5-10ns after the peak of the
Fig. 3.8

Small signal gain and e-beam power pump pulse. The peak small
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signal gain was ~ 0.28cm—1, corresponding

J to a single pass amplification factor of

LL\J..\\.“ u‘kL\,LLLL_LLM 67. The gas mixture for this experiment

was 0.27%7 HC1 + 67 Xe + Ne at 5 Bar total
Fig. 3.9

Oscillogram of amplified
probe pulses and reference
pulses,

pressure. The oscil;oscope trace of the
amplified pulses is shown in Fig. 3.9.
Initial gain was also observed on the oscilloscope traces containing
the absorption measurements for the 1-0 transition. In this case no
attenuating filters were placed in the probe beam in order to detect
the probe signal, and fhe peak of the amplified pulses was too intense
("off scale") to measure, The peak small signal gain was therefore not

estimated for this transition.

No initial gain was

N observed on transitions
from v'=2, Transitions
° from higher vibrational
: levels in the upper state .
3 were not probed. The
2 fact that gain was cbserved
1 I - only from v'=0 and 1 but not
o 1 2 a3 v' from v'=2 indicates that
the population in the
Fig. 3.10 upper manifold has
gzéit;t:tzzzu%;tlogsglzgrlbutlon in the thermalized rapidly.

Fig. 3.10 shows the
relative population in the upper state vibrational manifold at thermal
equilibrium. The population in the v'=2 level is low, confirming that for
a vibrationally relaxed B-state the gain on transitions from higher

vibrational levels would not be significant.
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3.7 The ground state lifetime

In order to measure decay of absorption from the XeCl ground state
due to depletion of population in the different vibrational levels,
it was important to ensure that the ground state popglation was no
longer increasing,due to fluorescence, at the time after the e-beam
pump pulse when the probe measurements were being made (i.e. determine t
to find when equations 3.5 and 3.6 are valid). This can be estimated
by measuring the fluorescence decay time of the different transitions
probed, The fluorescence from the XeCl cell was recorded using a Ilm
Hilger and Watts Czerny-Turner spectrograph. The spectrograph was
used as a monochromator and a fast ITL S20 photodiode was placed at
the exit slit., The spectrograph grating was set to monitor fluorescence
from the following transitions: v' - v" = 0-0, 0-1, 0-2, 1-5 (chosen
because of their high Franck-
Condon factors [4]).
. . Fluorescence from other
. 7=25 s transitions than the laser
transitions was, however, too
weak to detect. Fig. 3.11
. shows the fluorescence time
profile of the 0-2 transition.
The fluorescence decay time

was found to be n~ 26ns. Thus

tog Intensity {Arb.units)

absorption measurements
should be performed later

than 26ns after the peak of

] 50 100 the e-beam pump pulse.
Time {ns)

Fig. 3.11 The absorption from

Fluorescence profile for the 0-2 XeCl

[ 1 2.
transition several v v" transitions
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v n O was probed. Fig.
' | 0-1 30796
0-2 30821
V¥ A A 1-0 30587

3.12 illustrates these

and lists the wavelengths.

O ~-

The photodiode

~monitoring the probe

V" 1 2 2-0 3040.8 and reference pulses
0 2-1 30433 was used in conjunetion
with a Tektronix 519
Fig. 3.12. Vibrational transitions probed oscilloscope which was

triggered by a signal from the current monitor outlet on the Pulserad.
Thus the oscilloscope trace containing the two interleaved probe and
reference pulse trains started ~ 10ns before the e-beam pump pulse.

The time of probing relative to the pump pulse could therefore be
determined with an accuracy of a few nanoseconds. As can be seen in
Fig. 3.6, the initial data are obscured by the a.s.e, signal emitted
by the laser when the e-beam was fired, Since the measurements of
absorption were made in the afterglow period when the ground

state population was decaying away - this gap in data did not present a

problem.

The ratio of probe and reference pulses in each oscillogram was
measured in the time period of n 100-200ns after the start of the pump
pulse. Several shots were taken for each transition probed and the
results averaged in 5 or 10ns time slots. Thus a time profile of the
absorption in the afterglow was obtained. For each transition the absorption
decayed rapidly after the e-beam pumping and the fluorescence had ceased.

The decay curve was fitted to an exponential of the form

A=A o tT (3.17)

0

where A is the absorption coefficient, Ao is the maximum absorption coefficient
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Absorption coefficient plotted against time
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and T is the decay

time constant.

The fast decaying
absorption was attributed
to absorption from the
XeCl ground state, since
the absorption decreased
when the probe laser
was tuned off the bands.
Also no fast decaying
absorption was found
when a mixture of Xe
and Ne only was probed.

Fig. 3.13 shows a plot

of the absorption found with HCl removed from the gas mixture. This

absorption decayed with a time constant of several hundred nanoseconds.

Figs. 3.14 and 3.15 show the time profile of afterglow absorption

and also the log-linear plot of the fast decaying component for the

2-1 and 2-2 transitions. The 2-2 transition has a very low Frank-

Condon factor (.007 compared to .240 for the 0-2 transition) and the

amplitude of absorption is reduced as expected. The error bars represent

the standard deviation in each time slot. Table 3.1 lists the lifetimes found

for each vibrational level probed. Themean lifetime was estimated to be

~19(+7)ns. Theresults thus indicate that within the experimental accuracy,

the levels decay with the same rate (wD-l) confirming that removal of population

from the gfound state by collisional dissociation is followed by arapid redistri-

bution due to vibrational relaxation. The levels can then be saidtobe ina

quasi-equilibrium, and the theoretical assumption outlined in
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Transition Decay Time .
Gain
(v'=v'") (ns)
0-2 21 £ 9 Yes
2 -1 22 + 6 No
2 -2 15 6 No
25 £ 7
2 -
0 {1127 No
1-0 - Yes
Mean = 19 * 7 ns

Table 3.1. XeCl vibrational transitions with lifetimes

Section 3.3 are satisfied.

The relatively large scatter in the data are due to inaccuracy
in measuring the pulse amplitude. Variations as large as 507 in the
absorption coefficient are possible by a measuring error of only 0.2mm
in the amplitude of the pulse on the oscilloscope trace. Inaccuracy
in determining the baseline of the oscilloscope trace due to noise also

contributes to the uncertainty.

3.8 Transient absorbers

Another severe limitation in the accuracy of the result; should
be stressed; namely the presence of background transient absorbers.
This has also been noted by other workers [9]. For some transitions
a second absorption peak could be observed ~ 100ns after the pump

pulse. The amplitude of this second peak increased with increased
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Xe partial pressure.
Fig.3.16 shows the

temporal profile of the

absorption coefficient

T~

for the 0-2 laser

Absorption (% cm)

P . transition. In this

-
=
T

1. \ case the time-scale
~o e on the oscillogram is-

100ns/div and the

!\.l
[=)
T

absorption data were

plotted ~ 300ns into

0! ! " the afterglow. Rokni

" ! ! !
50 100 150 200 250 300

Time (ns .
(ns) et al, found that in

Fig 3.16. Temporal evolution of the absorption
coefficient for the 0-2 transitiom a mixture of Ne/Xe/F2

absorption increased with increased Xe pressure due to formation of
-~ .
Xe, and highly excited Xe [10]. The theoretical absorption spectrum

+ . .
for Xe2 does however show that the absorption cross section at the
XeCl laser wavelength should be significantly lower than at the XeF
laser wavelength [11]. Furthermore, at the time when the second

absorption peak occurs (v 100ns after the pump pulse) the number

. + . . .
density of Xe, and Xe* is expected to be lower than immediately after

2
the pump pulse which indicates that the transient absorber is some
other species. Photoionization of metastable rare-gas atoms is thought
to be unimportant since the cross sections at the XeCl wavelengths
around 300nm are small [12]. The absorption could, however, be due

to excited state absorption from XEZCI* which is formed in the after-
glow of e-beam excitation [13, 14]. Since many metastable atoms and
molecules are present in the gas mixture, the unidentified absorption

could be the superposition of contributions from several species which

renders further identification difficult.
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3.9. Long lived absorbers

By measuring calibration ratios between probe and reference beams
after consecutive e-beam shots were fired, the presence of long lived,
stable absorbing species could be determined. If no such long term
absorbers were created, the calibration ratio should remain constan£
before and after consecutive e-beam shots since all external conditions

were unchanged. Fig.

25¢
3.18 shows the decrease
:‘: in calibration ratio
N
]
et A /A with the number
o 20r P T
= . { ) of e-beam shots.
[
.é { I After ~ 10 e-beam
o
= { shots had been fired,
8 1.5F
the probe amplitude
was reduced by ~ 307%.
. " The measurements were
0 5 10 15
Number of shots made with a fresh gas

Fig.3.17. Calibration ratio against the number mix of 0.3% HC1 +
of e-beam shots

27 Xe + Ne at 5 Bar
total pressure. The calibration ratio seemed to stabilize after ~ 10
shots., Gower et al. found in discharge excited rare-gas fluoride lasers
that the dominant stable molecular species absorbing at the laser wave-
length was due to air impurity in the gases [15}. For XeCl, however,
they found no appreciable long term absorption. Tang et al.
found evidence of an absorber with a time constant of several micro-
seconds [13]. This accumulated with successive shots and necessitated
replacement of the gas mixture after each shot. Further investigations

in order to identify the stable absorber in our experiment were not

pursued, since this was outside the scope of the experiment.
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3.10 The ground state dissociation rate due to Xenon

Since the ground state decays with approximately the same rate for
each vibrational level, data from the 0-2 and 2-0 absorption curves
were used to determine the rate constant due to Xe. The partial
pressure of Xe wasvaried while the number density of HCl and Ne was
kept constant at 5 Bar total pressure. The percentages of Xe used
were: 17, 27, 37, 67 and 107 of the total pressure. The collisional

dissociation rate for xenon can be expressed as

k = T_l EXe]_l {3.18)

Xe

where T is the ground state lifetime found for a particular number
density of Xe and [ke]is the concentration of xenon’ (cm_3). Fig.3.19
shows the inverse of the ground state lifetimes for the 0-2 and 2-0
transitions plotted against the number density of Xe. The rate constant

found by least squares analysis was kxe =6.3 (+1.1) x 10_12cm35_1.

15

Ky 2 631107 ems™

(10°s™")

Dissociation rate

0 5 0 15
Xe cancentration (16*cm™)

Fig. 3.18. Inverse of XeCl-X-state lifetime against Xe partial pressure
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This is in reasonable agreement with the collisional dissociation

12

rate reported by Waynant et al, (5.6 + .8 x 10° cmBS_l) who performed

a similar experiment [3].

3.11 Conclusion

The lifetimes measured for different vibrational XeCl ground
state levels, have been found to be independent of vibrational number,
in good agreement with the theoretical prediction that assumes vibrational
redistribution to be fast compared to the rate of dissoclation. Further
evidence that the population in the ground state rapidly redistributes
to other vibrational levels was also indicated since the absorption from
lower laser levels (v'" = 2, 1) was not found to be significantly higher
than from other vibrational levels. Hence, the removal of population
by vibrational relaxation must be fast, since population would
otherwise have accumulated in the lower laser levels. Thermalization
in the excited state vibrational manifold is also thought to occur

at a fast rate since no gain was observed from higher lying vibrational

transitions.

The presence of unidentified transient absorbers and also of
stable absorbing species was wverified., The identification of these
was not within the scope of this experiment. Further information about
the nature of these species should, however, become available by
performing similar absorption studies while varying the gas constituents
and partial pressures. Knowledge of the absorption processes is

important if efficient energy extraction is to be achieved.

The rate constant for quenching of the XeCl-X-state by xenon

was found to be ~ 6.3 (+ 1.1) x 10_12cm35_1. When compared to the rate
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constants reported by other workers, this shows that quenching of the
ground state by Xe is less rapid than quenching by the halogen donor

HC1.
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CHAPTER 4

PICOSECOND AMPLIFICATION AND ABSORPTION IN THE

DISCHARGE PUMPED XeCl LASER

4.1 Introduction

Subnanosecond pulses in the u.v. spectral region can be
generated by amplifying short duration, frequency doubled pulses from
a dye laser in a rare-gas halide laser of the same wavelength. The
latter can be scaled to produce high powers. Amplification of third
harmoniec Nd:glass laser pulses of v 200ps duration in XeF demonstrated
peak energies of ~ 1mJ in a single pulse [1]. The output from a high
power mode-locked Rhodamine 6G dye laser was frequency doubled and
amplified in a XeCl laser yielding peak powers of 700MW [2]. In a
third experiment pulses from a XeCl oscillator were amplified in a XeCl
amplifier after having passed through a Pockel's cell pulse slicer [3].

The peak power obtained was v 10MW.

This chapter describes amplification of second harmonic dye
laser pulses that were tuned to different transitions in a discharge
pumped XeCl laser. Measurements of the small signal gain coefficient,
g,» was obtained in each case. In a double pass experiment, where
the dye laser wavelength overlapped the main laser transitidn (0-2),
the saturation energy density ES was estimated. The aim of these
experiments was to investigate the use of the discharge pumped XeCl
laser as a high power, tunable amplifier and to find the energy demsities
at which the amplifier would saturate, thus setting an upper limit to

the maximum energy that could be extracted.

Absorption studies were also conducted in order to determine the

lifetime of the XeCl ground state. A comparison could then be made
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with the results obtained with the e-beam pumped XeCl laser as

described in the previous chapter. However, because laser action in
avalanche discharge lasers can terminate due to the onset of arcs,
particular care had to be taken to ensure that the absorption was due to

the XeCl groud state and not to scattering.'

4.2 Pulse propagation in amplifiers

The amplification of pulses of duration longer than the excited
state lifetime or storage time of the medium is determined by the avail-
able energy of the medium during the pulse. However, for pulses whose
duration is shorter than the storage time, the instantaneous inversion
determines the availabie energy. Hence, in such a case, the amplifier
can be considered a two level system. If a two level model is used, the
assumption that the vibrational relaxation in the upper and lower manifold
takes place on a time scale longer than the duration of the pulse must

be made.

In the two level model described by Frantz and Nodvik [ﬁ] a further
assumption is that the linewidth of the transition isneglected. The pulse
propagating through the medium is also assumed to have a square intensity

profile and the total population in the two levels is assumed constant. Thus;

1
Tsp >> T, — >> T, Nl(t) + N2(t) = const, (4.1)
vib
and
n s, ODgt gt
n (t) = ° (4.2)

0 , otherwise

where T spontaneous lifetime

A
]

duration of the pulse travelling in the amplifier

Woit rate of vibrational relaxation

Nl(t)

number density of molecules in the ground state
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Nz(t) = number density of molecules in the excited state

no(t) n{o, t) is the input photon density

photon density of the pulse travelling in the amplifier.

n(x, t)

The photon transport equation describing the pulse passing through the

amplifier has the form:

;‘—tn(x, £) + ¢ -;;n(x, £) = gen(x, t)AN (4.3)

stimulated emission cross section

where a

AN

Nz(t) - Nl(t) = population inversion (taken to be uniform

throughout the medium}.

The assumption is also made that all the stimulating photons cause

an increase in population of the ground state only:

;T:-Nl(t) = ogen(x, t)AN (4.4)

and that all the stimulated photons are due only to the upper state:

——-Nz(t) = - gen(x, t)AN. (4.5)

By transformation of variables to new co-ordinates x/c and
t- x/c, the frame of reference is stationary with respect to the pulse.
The set of equations 4.3, 4.4 and 4.5 can then be solved to give an expression
for the photon density in the pulse at a distance x in the amplifier in
terms of the number density of photons (n = n _ctT in cm_z) in the pulse at
the entrance of the amplifier:

n

= for (4.6)

Ost=-x/cgt

n(x, t) =
1-{1-exp(-oANx) }expF2 on(t-x/c) /1)

= 0, otherwise
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For the end of the pulse, where t - x/¢ = T, we see that if
20n << exp(-0ANx) (4.7)

the energy gain n(x, t)/n0 reduces to the exponential law:

n(x, t)

n
o}

= exp (0ANx) (4.8)
Thus, if the photon density in the pulse travelling in the amplifying
medium is low, the exponential gain law is valid throughout the pulse
and the finite pulse width can be ignored. (It should be noted that
if the inequality 4.7 does not hold, the exponential law is still
recovered if the pulse is of infinitesimal width). In all other cases
where the inequality 4.7 1is not satisfied, the energy gain defined as
[=:]
__mf n (t) dt _ E0
G, = ————— = (4.9)
[ n_ (1) dt i
—e ©
will increase less than exponentially., Thus the tail end of the pulse

will see a population inversion which has been altered by the leading

edge. The energy gain in terms of input and output energy density

hv
2g?

energy at which thesmall signal gain is reduced by a factor of } [51]) is

(Ei and Eo) and saturation energy density (ES = defined as the

E =E 1n{l + expoANL(exp E./E - 1)} (4.10)
) s i’ s

where
gAN = g, is the small signal gain,

and L = the length of the active medium

If we assume a small signal gain of ~ 0.07c:m-1 for the discharge
XeCl laser the inequality 4.7 is

2gn -2 . .
exp(-gOL)m 0.3 for Ei v 1 pd em (typical energy density of

a frequency doubled dye laser

pulse)
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For the second pass through the amplifier n will be much larger since -

1

the pulse was amplified in the first pass and 2on v 3,
exp(-g L)
pl-g,

We therefore conclude that for double pass amplification, assuming
_a small signal gain g, N 0.07cm_1, some saturation of the medium will

be expected.

For single pass amplification, the gain can however, to an

approximation, be calculated according to the exponential law

E0 = Ei exp (gOL) (4.11)

4.3 Experimental

The mode-locked flashlamp—pumped Rhodamine 6G dye laser described
earlier was used for the amplification and absorption experiments. The two Fabry-
Perot etalons (with plate separations 5im and 50 ym) in the cavity provided
tuned second harmonic probe pulses with a bandwidth of ~1R. This was broad
enough to cover rotational structure and narrow enough to select vibrational
bands in the XeCl laser. The duration of the pulseswas typically 5-10ps and the

u.v. dye laser pulse train lasted ~ 0,5-1,0us.

The XeCl amplifier [6]was a transverse u.v. preionized discharge
produced between two shaped electrodes separated by 2.3cm. The acltive
region was ~ 79cm long. The anode was a sand blasted aluminium rod.
(Aluminium chloride which is formed when aluminium electrodes are
used, dissociates in the discharge and produces aluminium which absorbs
at the main laser wavelength (308 mm). Therefore , the laser performance
was, at a later stage, found to improve with the use of a nickel plated
electrode), The cathode was a stainless steel mesh, and the preionizing

discharge occured between the mesh and stainless steel pins situated
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beneath the mesh. The discharge capacitor consisted of 15 "Sprague"

capacitors in parallel, arranged as close to the electrodes as possible

in order to minimize inductance. The storage capacitor was a 0.17uF

"Hivatronic' capacitor. Fig. 4.1 shows a schematic of the discharge

chamber and electrical circuit, and Fig. 4.2 shows a photograph of the

discharge laser with a voltage monitor connected across the "Sprague"

capacitors.

DISCHARGE ANODE

CHARGING RESISTOR
CAPACITORS

777

P =

MW
D ¢~

SPARK GAP.

Y ITD i I (| HT

?
CATHODE L PREIONIZER ~ STORAGE CAPACITOR (17pf)
STAINLESS STEEL MESH

Fig. 4.1. Electrical circuit for the XeCl discharge laser.

Fig. 4.2. The XeCl discharge

laser
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The gas mixture was typically 0.3%7 HC1 + 4.5%7 Xe + Ne at 2000 Torr
total pressure. The maximum output energy obtained in the lasing mode
was v 70mJ (F.W.H.M. ~ 25ns) at 30kV charging voltage. The resonator
was in this case a flat dielectric mirror (R ~ 100Z) and a quartz flat
"(R v 8%) output coupler. Since the aim of this experiment was to
investigate XeCl as an amplifying medium, it was desirable to prevent
self-oscillations. The windows of the laser were therefore antireflection
coated and tilted to prevent feedback. Because of the large gain in
the amplifier, amplified spontaneous emission (a.s.e.) was difficult to
suppress and appeared as a background signal in oscilloscope traces
when attenuating filters were not used in conjunction with the photo-

diode.

Synchronization between the two lasers was not: critical, since
the duration of the dye laser pulse train was much longer than the gain
duration in the XeCl amplifier. Synchronization was achieved with an
arrangement similar to that used in the previous experiment with the
e-beam laser. The output from the dye laser flashlamps triggered a
T.R.W (Model 46A) delay pulse generator by the use of an optic fibre
and a photodiode. After a suitable delay a fast risetime signal of
n 500V was delivered to the thyratron of the discharge laser through
a transformer which was connected between the trigger delay generator
and the thyratron. The ratio of turns was 1:2, hence the amplitude of
the signal triggering the thyrafron was v 1kV. In this way the earth
was kept floating at the secondary, thus protecting the T.R.W.generator
from noise spikes. The synchronization was checked regularly during
the experiments by monitoring the dye laser and XeCl output on the same
photodiode (ITL S20). Perfectly synchronized, the oscilloscope trace
showed the ~ 10 ns duration amplified spontaneous emission pulse

superposed in the centre of the 500ns dye laser pulse train.
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4.4 The measurement procedure

As described in Chapter 3, Section 3.5, measurements of amplifi-
cation and absorption coefficients were made by dividing the pulse train
from the dye laser into a reference beam, which was directed straight
to the photodicde (ITL S520), and a probe beam which passed th;ough
the XeCl amplifier and onto the same photodiode. (Used in conjunction
with a Tektronix 519 oscilloscope )}, By comparing the amplitude ratio
between the two interleaved pulse trains with the calibration ratio
taken with no discharge pumping, the amount of gain or absorptiom in

the amplifier could be determined (from 4.11) according to the

expression
A /A
g =1n (L) (4.12)
c
where g, = small signal gain or loss
Ap = amplitude of the probe pulse
Ar = amplitude of the reference pulse
c = Ap/Ar with no discharge pumping
L = length of the amplifier

Fig.4.3 shows

oscillograms of the

reference and probe pulse

AL MR A

trains when the discharge
laser was not fired (top)
and with the discharge on
{(bottom). The constant

ratio between the refer-

ence and probe pulses in

Fig. 4.3. Oscillogram of calibration and "the top trace is the
amplification pulse trains(20ns/div)
Optical attenuation on lower: 256X
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calibration ratio used to determine the amplification coefficient

from the lower trace. Only five of the pulses in the probe\train

are visible in the bottom trace, since due to the high intensity of

these amplified pulses, the output probe beam was attenuated by calibrated
" glass filters. The amplitude of the amplified pulses was determined by
multiplying the pulse height on the oscilloscope trace by the attenuation

factor and the gain could then be calculated from 4.12.

4.5 Single pulse energy measurements

In order to determine whether relations 4.1l and 4.12 were
valid for single pass gain measurements, an estimate of the energy
density in the frequency doubled dye laser pulses was necessary. Since
the pulse duration (g 1Ops) is much less than the photodiode and
oscilloscope response time (% 0.7ns), the oscilloscope trace represents
the integrated signal from the photodiode. Hence, the area under
the oscilloscope trace is proportional to the total charge due to the

pulse which is in turn proportional to the energy in the pulse. Fig. 4.4

H

illustrates the oscilloscope trace

t of a picosecond pulse on a fast
v
time-scale. Since
Fig. 4.4 Q=fidt=VR;t,

Oscilloscope trace of picosecond

pulse(schematic) the charge due to the pulse is found

by measuring the amplitude, V, and duration, t (F.W.H.M.), of the pulse
on the oscilloscope trace. If the quantum efficiency of the photodiode,
n, is known, an approximate value for the energy of the pulse is given
by

(4.13)
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where the symbols have their usual meaning.

The quantum efficiency of the ITL $20 photodiode used was
estimated using 4.13 for known values of Ep. Laser pulses from the
XeCl amplifier (self-lasinp) were used and Ep could then be measured
with a Quantronix Model 504 calorimeter . The value of n was ~ 4.7 x 10—3.

(The photodiode had a diffuser in front of the photocathode, which

explains the relatively low quantum efficiency).

By placing Polaroid film(Polaroid 665) at the amplifier entrance
and exposing the film to the second harmonic pulse train (attenuated)
the beam area could be estimated. The beam area was 0.5cm2 and the
energy density in a single u.v. picosecond pulse was typically ~ 1ud cm
(from 4.12). The inequality 4.7 was thus satisfied and single pass

gain measurements were made using the exponential law 4.12,

4.6 Measurement of small signal gain coefficients at the XeCl laser

wavelength

In the gain measurements, the amplified probe pulses were
attenuated by glass microscope slides. The transmission of a single
glide at the XeCl wavelengths was found to be ~ 25%. The transmission
factor was measured using the method described in Chapter 3, Section
3.6. The phofodiode used was the same as the one described in Chapter
3 and was thus found to be linear for the light intensities in this

experiment.

The experimental arrangement is shown in Fig. 4.5. The dye laser
was tuned to overlap the 0-2 laser transition at 308.2nm. The temporal

evolution of the small signal gain was investigated for the gas mixtures
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{DELAY }—— TUNED

MODE-LOCKED
PHOTODIODE DYE LASER

INTEXT

519 OSCILLOSCOPE
PROBE

SHG CRYSTAL
. FILTER
M(1DO°/° [ DIS(HARGE M“OD%)
BEAM
SPLITTER

Fig., 4.5

Experimental arrangement for single pass gain measurements

6 Torr HCl + 90 Torr Xe + Ne = 1500 Torr and 2000 Torr. The charging
voltage was 30kV. Fig.4.6 shows the temporal profile obtained. The

peak gain found for the

higher total pressure of

2000 was ~ 0.078cm ©. At

the lower pressure of

‘T 1500 Torr, the peak small

1

signal gain reached N 0.06cm

The former corresponds to

L
\

L -0

. 5 a single pass amplification

0
TIME(ns
(ns) GE ~ 474 and the latter to
Fig. 4.6
Temporal profile of small signal gain for GE v 114,

A = 308nm at a total pressure of 2000

Torr (top) and 1500 Torr (bottom curve) The high gain obtained

at increased buffer gas pressure could be due to better energy deposition
in the gas since the breakdown voltage is greater at higher pressures.
The pumping is therefore increased. More excited states should also

be formed at greater Ne concentrations, since the rate of Xe metastable
and ion formation via the buffer gas is relatively high. (See Chapter 1,
Table 1.5). Thus the gain measurements described in the next section

were performed at 2000 Torr total pressure.
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4.7 The XeCl laser as a pulse amplifier

The dye laser was tuned to overlap the following vibrational
transitions in XeCl: 0-2, 0-0, 1-6, 1-2 and 3-0. These were chosen
because.of their high Franck-Condon factors (except for 1-2). The gain
measurements were made using the method described in Section 4.4 and
the dye laser wavelength was measured before and after each experiment,
using a Hilger and Watts 0.5m Czerny-Turner spectrograph. The spectrum
was recorded on Polaroid 665 positive-negative film together with the
spectrum from a mercury calibration lamp., The wavelength was then
determined by scanning the spectrum on a Joyce-Loebl microdensitometer.
Fig. 4.7 shows the spectrum of
the second harmonic output from
the mode-locked dye laser. Table

4.1 lists the peak small signal

Fig. 4.7 gain and amplification factors

Spectrum of second harmonic output

and mercury lines and wavelengths., The temporal

evolution of the gain on these transitions was similar to that in

Fig. 4.6 and Fig. 4.9.

FRANCK~- PEAK MAX

TS‘?NEIT\I,?N ”AX%hEgGEH CONDON  SMALL SIGNAL  AMPLIFICATION

- FACTOR GAIN (g.) exp(g_L)
- 0 0
Z cm

0 — 2 308.21 0.240 7.8 480
0— © 307.70 0.104 4.8 45
1 — 6 307.30 0.136 3.8 20
1 —2 306.37 0.011 1.6 4
3—0 302.32 0.089 0 1

Table 4.1. Results from the single pass gain experiment
{The Franck-Condon factorsare taken from Reference 7).
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The lack of gain on the 3-0 tramsition (which has a high
Franck-Condon factor) indicates that the population in the XeCl-B-state
vibrational manifold has thermalized very fast causing a rapid reduction
of population in the v' = 3 level. Fig.3.8 in Chapter 3 shows that
the equilibrium population in v' = 3 is only » 5% of the total
population. Rapid vibrational relaxation was also indicated in the
experiment with the e-beam pumped XeCl laser, since no gain was observed
from transitions originating from the v' = 2 level. Thus one may conclude
that if the tuning range of the XeCl amplifier is to be extended to
cover the whole spectral region from 302nm to 309mm, the amplifier
must be operated at an elevated temperature. This has been tried with
XeF [8] and laser emission was obtained from the v' = 1 transition

at elevated temperatures.

4.8 Discussion

The small signal gain at a transition Vor? where n denotes a
vibrational level in the excited state (v') and m denotes a vibrational
level in the ground state (v'"),is proportional to the populatiom
inversion between the two levels, the lineshape function and the
Einstein A-coefficient (probability of spontaneous emission). (See

Chapter 1, Expressions 1.1 and 1.2). The Einstein A-coefficient is

4 3 2
Anm = M—%— |_an| = ..TL. (4.14)
3h A nm
nm

where Ermt is the transition moment, Tom is the spontaneous lifetime

and the other symbols have their usual meaning.

The transition moment Rnm can be expressed as

RIZ = RSIfe v, dr’ (4.15)
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R, is the electronic transition moment and depends, to some extent, on
the internuclear distance, wn and wm are the vibrational eigenfunctions
and depend on internuclear distance, r, only. The Einstein B-coefficient

(probability of stimulated emission and absorption) is related to

the Einstein A-coefficient by

B = — A (4.16)

Thus if we combine 4.14, 4,15 and 4.16 we find that the probability of
stimulated emission is proportional to the square of the electromic
transition moment and to the square of the integral over the product

of the vibrational eigenfunctions of the two states involved. The
latter is the "overlap integral', and the square of the overlap integral
is the Franck-Condon factor. The intensity of a particular transition
therefore depends on the Franck-Condon factor and on the electronic

transition moment

Inm o an'Be (4.17)
2 _
where Ifwnwm dr|“ = Fom the Franck-Condon factor.
The Franck—-Condon factors are normalized since
Lo v an? = Ty dan’ =1 [9] (4.18)
n'm n'm '
n m
If we combine the small signal gain
2
8, = AN g(v) (4.19)
8mt
nm

with 4,14 and 4.15 a new expression for the small signal gain is

obtained:

_ 81r3c3

2 2
8 = 3m__ AN Re™ | [y ¥ dr[” g(v) (4.20)
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1 2
T ANRe“F__g(v) (4.21)
nm

hence go o

If the electronic transition moment is assumed to be constant (valid
for transitions with small change in the internuclear distance) the
gain on two different transitions (v' - v") and (v' - v'")* c¢an be

compared using the relation

*
EQ _ AAN% F* g(u)*
g, ARAN F g(v)

(4.22)

Since the total fluorescence bandwidth of XeCl is not expected to be
homogeneously broadened on a time-scale of a few picoseconds (the
duration of the probe pulse), the lineshape function is that of the
single band g(vpy). g(v) for different vibrational transitions
between the same two electronic levels of a molecule is expected

to be relatively constant and the assumption that g(v)* ~ g(v) can

therefore be made [10]. 4.22 then reduces to

gk * Tk
o - AARLER (4.23)
& A% AN F
The relative population inversion between two (v' - v'") transitions
is then !
AN* 8,F ax F
™ - T % F {(4.24)
&

In the experiment g, was measured for transitions originating
on the same v' vibrational level and terminating on different v"
vibrational levels (1-6 and 1-2 plus 0-2 and 0-0). g, was also found
for transitions originating from different v' levels, terminating on
the same v'" levels (0-2 and 1-2). For a population distribution that
is thermalized, the population in higher lying vibrational levels

should be smaller than the population in lower levels. The ratios
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AN AN AN
Zﬁggw EEQZ and Eﬁlﬁ should thus all be greater than unity.
00 12 12
AN
Inserting the values from Table 4.1 in 4.24 gives AN ~ 0.70,
(0.8
ANOZ AN .
v 0,22 and v-0,19
Ale AN12

Contrary to expectations, the ratios are all less than unity.
Since the small signal gain g, is proportional to the log of the
amplification factor (4.12), a large change in amplification factor
only results in a small change in g, (For a 50% change in Eo/Ei’ the
change in 8, is only 6%). Hence inaccuracy in the amplification
AN*

coefficient 1s not responsible for causing the low value of W

It is, however, conceivable that the bands that were probed
could have overlapped other bands due to the close vibratiomal spacing
in the ground state. TFurther investigation of the violet degraded
XeCl bands shows that, depending on the population distribution in the
rotational levels, emission lines in the 0-1 progression with high rotational
numbers can overlap the 0-0 band . Since the Franck-Condon factor
for this transition is very high (0-1 is a laser transition), the
gain g, measured for the 0-0 transition could be due partly to the 0-1

band.

The same argument also applies to other transitions. Furthermore,
since the tuning accuracy in the experiment was limited to i_-SK, the
probe could have been centered slightly off the peak of the band. The
accuracy of the measurements was thus not sufficient to draw any
conclusions about the relative population distribution in the vibrational
levels. Better results could be obtained by employing a probe laser

of narrower linewidth.
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4.9 Gain saturation; estimation of E_

Ch. 4

For pulses that have double passed the XeCl amplifier, the

relation 4.7 is no longer valid.

The amplification factor G

can not
E

be found by the exponential law, since the gain experienced by the

tail end of the pulse is modified by the leading edge of the pulse.

The energy density of the amplified pulse E0 can be expressed in terms of

the energy density of the incident pulse Ei and the saturation energy

. _ hv
density Es * 35 by

E = ES In [1 + exp g L{exp Ei/Es -~ 1)]

(4.25)

By measuring Eo’ Ei and g, for a particular transition the saturation

energy density can be calculated.

emission cross section is obtained:

=bl)_
0s 2E
s

..llﬂ"l“llun.. M1
UVPULSETRAIN 5 ¢4 ‘“E( SPEchOGRAPﬂ
>

M2

TEKX
519

poz L3 Al

Xe Cl AMPLIFIER

] A = APERTURE

Lo BS=BEAMSPLITTER
L = LENS
M's PARTIAL MIRROR

M2 M- -100%REFLECTING
MIRROR

OA =OPTICAL ATTENUATOR
PD=PHOTODIODE

Fig. 4.8

Experimental arrangement for the gain saturation
experiment

Thus an estimate for the stimulated

(4.26)

An experiment
was set up to
simultaneously measure
the single pass gain,
g, the input pulse
energy density,Ei,‘ and the
output pulse energydensity,
Eo (after a double
pass), for the 0-2
transition. The
experimental arrange-
ment is shown in
Fig. 4.8.PD1 (ITL $20)

was set up to monitor
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the interleaved probe and reference pulse trains for the single pass
gain measurements. The single pass probe beam was in this case
transmitted to the photodiode through the ~ 957 reflectivity back
reflector. The remainder of the probe beam was reflected back down the
XeCl amplifier for a second pass. The energy of the probe pulse at
this point was taken as Ei in 4.25. Care was taken to tilt the back
reflector slightly to prevent the beam from overlapping the single pass
path. This also ensured that the amplifier was not sufficiently well
aligned to reach threshold. The beamsplitter BS3 and mirrors Ml and
M2 were arranged to direct the reference and probe beam for the double
pass measurements, needed to find Eo in 4.25, to the second photodiode
PD2 (ITL S20). Both photodiodes were connected to a Tektronix 519
oscilloscope. The two oscilloscopes were triggered simultaneously

by the TRW delay pulse generator that triggered the discharge thyratron,

By measuring the amplificationm factor G_ of the single pass pulses the

E
small signal gain g, could be found and also the input energy Ei' The
energy density of the probe pulse at the amplifier entrance was
estimated by correlating the amplitude of the reference pulses at PD1
with pulse energies measured earlier with PD2 placed at the amplifier
entrance (i.e. by cross—correlating the photodiodes). The pulse area
was measured by the method described in Section 4.5. The energy of the
‘output pulse was found by multiplying the incident pulse energy by

A /A

the amplification factor found in the double pass measurements ( —EE—E ).

The aperture A2 was inserted to limit the feedback from the 95%

reflector in order to prevent self-lasing of the XeCl amplifier.

The gas mixture consisted of & Torr HCL + 90 Torr Xe + Ne = 1600 Torr,
hence the peak small signal gain was lower than the value obtained for

the 0-2 transition at 2000 Torr pressure.
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Fig. 4.9 shows
the temporal profile
of the small signal
gain obtained for one
of the probe '

experiments performed.

GAIN {%cm")

Since the double pass

probe pulse reached

the centre of the

! amplifier ~ 3ns later
0 . . : s . than the single pass
=15 =10 -5 I} 5 10 15

TIME (ns) pulse that measured

Fig.4.9. Temporal profile for the small signal

gain (0-2 transitiomn) the gain, the & value

used for each value of
Ei and E_ was interpolated from the small signal gain curve. Thus, by
knowing Ei and g, for a particular value found for Eo’ the saturation

energy density could be calculated from 4.25.

The equation can not be solved analytically. A computer was

used and the value for ES was found by iteratiom.

The value obtained was ES = 484 (+ 178)uJ cm-z. There are several
reasons for the large scatter in the results. Firstly the Frantz-
Nodvik relation {4.25) assumes that the total population in the two
levels is constant (pumping is ignored). Since pumping of the discharge
laser is rapid and the gain changes appreciably during a pass through
the amplifier, this assumption is not necessarily valid. Also the
values used for Ei and EO(nJ cm_z) were only approximate due to the

inaccuracy in determining the pulse area from the polaroid burn.
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By inspection of the Frantz-Nodvik expression (4.25) we find that
the function
= - - 27
F(Es) E0 Es In (1 + exp gOL(exp Ei/Es 1) (4.27)
only has a root if

E0 < Ei exp(goL) (4.28)

which means that for very small values of Ei there will be no
saturation. Fig. 4.10 illustrates how sensitive the function 4.27 is
to changes in the values of Ei (and hence that these measurements
should be very accurate to obtain an accurate value for Es). The
different curves are the functions F(ES) plotted for the wvalues

- - -2
E, = 80uJcm 2 and g_ = 0.055 cm t by varying Ei from 1.0 to 2.1uJ cm

FF’J Eo=80utem™
go= 5.5 %cm™
Es
100 200 300 200 500 500 700 ulem™
i .10. - JE O -
Fig. 4.10 EO ES In(l + exp goL(exP El/ s 1))
-2 =2
a Ei = 1.0 uJ cm d: Ei = 1.7 uJ cm
-9 =2
b Ei =1.3 pJ em a: Ei =1.9 pJ cm
-2 -2
c: E. = 1.5 uJ em f: E. = 2.1 pJ cm
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in steps of 0.2uJd cm-z. The intersection of the curve with the
horizontal axis gives the root ES of the function. Note that for Ei =
1uJd cmfz, the inequality 4.28 1is not satisfied, and the input pulse
energy is too low for the medium to saturate with a small signal gain

g, v 0,055 cmﬁl. For higher input energies, the medium does show
saturation, but the value obtained for'Es varies tremendously with input
energies since the saturation is still not very strong. (In our
experiment Ei was calculated from the single pass data and was taken

as the energy of the pulse when reflected back into the cavity for the

second pass. Typically Ei was 15f20chm72).

From the single pass and double pass measurements made, a plot
of E0 against Ei indicates that the pulses in our experiment only
experienced minimal saturation effects. This is shown in Fig. 4.11
where some of the data are plotted together with the theoretical curve

for ES = 480uJ cmfz.

Eour "
{micm*}

3 Es= 4B0 piem™
g,= 0.05cm™

0

i} 100 200 Joo 400 500 _2
Ew (chm )

Fig. 4.11. Output energy against input energy for E = 480uJ cm2 and
g = 0.055em™ !, Experimental data are also shown.
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Nevertheless, the value

Eﬂlﬂ'

(mJen™} of 484chm_2 agréés within the"

experimental accuracy with the
reported value of 700uJ cmhz.
[11]. The stimulated emission
Cross seetion corresponding

to our value of Es would be

o, = 6.6 x 10_16cm2 which

is higher than the quoted value

16 2

for XeCl{4.5 x 10 ° cm“).

Fig. 4.12 shows E0

plotted against Ei for a small

. signal gain of 0.05cmf1 and
' ' Ew (mJem™) - :
mem 0.08cm 1. Assuming the
Fig. 4.12. OQutput energy against input experimental and reported
energy
values for Es’ the plots
indicate that the energy extraction from the amplifier is limited due

to saturation effects., The maximum energy that can be extracted in

a single pulse froma discharge laser of this type 1s thus a few millijoules.

4.10 Absorption studies

In order to méasure the dissociation time of the XeCl ground
state in the discharge laser (as described in Chapter 3 with the e-beam
laser), absorption measurements were made with the dye laser tuned to
different vibrational transitions in XeCl., Absorption in different gas
mixtures was also investigated. It was expected that arcing in the
afterglow period could interfere with the absorption measurements,

Since the number density in the excited and ground state in the discharge laser
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is much lower than in the e-beam laser, we also expected smaller

absorption coefficients than those found for the e-beam laser.

The probe measurements were made using the same experimental
arrangement as for single pass gain (Fig. 4.5). The ratio between
probe and reference beams, comparea to the calibration ratio taken
with the amplifier off, gave the absorption coefficient, The photodiode
(ITL S20) monitoring the interleaved pulse trains was used in
conjunction with a Tektronix 519 oscilloscope. The oscilloscope was
triggered externally with a signal from the TRW delay generator that
triggered the discharge laser. The presence of amplified spontaneous
emission (v 10ns in duration) at the start of the oscilloscope traces
gave a calibration for the probe time relative to the pump pulse.

In the figures shown, t = 0 corresponds approximately to the peak of
the pump pulse. A computer program was written to analyse the

absorption data. The computer averaged the data in timeslots of 5 or
10ns and calculated the standard deviation in each slot. The number
of data in each slot was typically ~ 15. A time period up to v 220ns

into the afterglow was investigated.

Table 4.2 lists the wavelength of the probe pulses, the
corresponding XeCl transition, the gas mixture used and the absorption
decay time found in the experiment. The absorption reached a peak
@ 50-60ns after the pump pulse and decayed away relatively rapidly. The
computer fitted the absorption data to an exponential decay and calculated
the resulting time constant (lifetime}. The time constant was greater
than that found for the e-beam laser which was, however, expected since
the pressure in the discharge laser was much lower. Figs. 4.13, 4.14,
4,15, 4.16 and 4.17 show the computer plots for the absorption profiles

corresponding to the transition listed in Table 4.2 and the corresponding
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log-linear plots yielding the lifetimes. The computer program is

listed in Appendix 1.

Decay Maximum
A probe (nm) Gas Mixture constant| absorption
.. : T coefficient
(Transition) (Torr) (ns) pea—|
308.2 6HCL + 90Xe + Ne=1500| 54 0.31
(0-2)
%gféi 6HC1 + 80Xe + He/Ne= 86 0.22
1500
616.0 6HC1 + 60Xe + Ne = 2000 31 0.56
AP 6HC1 + 90Xe + Ne =2000| 57 0.58
308.2
o) Ne = 2000 65 1.00

Table 4.2, The absorption measurements

Investigation of these results indicated that we could not
attribute the absorption to the XeCl ground state, The temporal
evolution of the transient absorption found with pure Ne in the
amplifier was very similar to the absorption found at the same wave-
length with all the gases in the laseF, except for the initial gain.
Furthermore , the absorption of visible pulses also had a similar time
prefile, although the rate of decay was faster. The absorption
coefficient was much higher with pure Ne in the vessel. Identification
of the absorbing species was not pursued further, since the similarity
of the results for different wavelengths indicated that arcs may, as
expected, have been the cause of the transient reduction in probe pulse

intensity.

By measuring the calibration ratio between probe and reference
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amplitudes after successive shots with the laser, the presence of
stable, long term absorbers was verified. Fig. 4.18 shows the
reduction of calibration ratio Ap/Ar, with all other parameters fixed.
Since the anode electrode was made of aluminium which absorbs at the
laser wavelength, this could well have been the absorbing species

(as mentioned earlier, aluminium chloride is férmed due to reactions

with chlorine. Aluminium is then formed by dissociation).

Eour/Em

CALIBRATION RATIO
‘l'
1

i —0 i 1 To
NUMBER QOF SHOTS

Fig. 4.18. Calibration ratio against number of laser shots

4,11 Conclusion

Since the measurements of absorption coefficients could not be
attributed to dissociation of the XeCl ground state the emphasis of

the probe experiments with the discharge laser was on the amplification

measurements., Appreciable gain was observed on vibrational transitions

from lower lying levels in the XeCl-B-state. No gain was, however,

observed on the 3-0 vibrational transition which has a relatively high

transition probability. This lack of gain was attributed to rapid

thermalization in the excited state manifold, since the population
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in higher vibrational levels is very low for a thermalized state. Hence,
unless the temperature of the amplifier is elevated, significant
amplification will only occur for wavelengths that coincide with
transition from low lying upper state levels with high Franck-Condon

factors.

The XeCl discharge laser was capable of amplifying short duration
pulses tuned to the laser transition with energy gains as high as 500
per pass. Double pass amplification factors of ~ 4200 were obtained
yielding peak energies of ~ 800uJ in a single pulse., At these energy
densities saturation effects were present. Saturation of the XeCl
medium poses a limit to the energy that can be extracted from the laser
by a single pulse. Using the measured value for the saturation energy
density (%%), the maximum energy extractable was found to be limited
to a few millijoules per pulse, The input intensity would have to be
very high to deplete all the energy in a single or double pass,
however, if the laser were used in a regenerative amplifier configuration,

single pulse powers of several hundred megawatts should be feasible.

This will be discussed further in the next chapter.
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CHAPTER 5

INJECTION MODE-LOCKING OF THE XeCl LASER

5.1 Introduction

High power, ultrashort pulses in the u.v. spectral region are
important for many applications such as nonlinear optics, spectroscopy
and photochemistry [1, 2, 3]. Considerable effort has been made to
mode-lock rare-gas halide lasers. Active mode-locking of a XeF laser
using an acousto-optic modulator produced anoutput with ~ 707 modulation
depth and "individual” pulse durations of N 2ns [4]. Passive mode-
locking of a KrF laser was also only partially successful with modulation
depths limited to 857 and pulse durations of X 2ns [5]. Failure to
obtain picosecond pulses arose mainly because of the short duration of
gain (v 15ns) in these systems, With short gain duration lasers it is
not possible to have a sufficient number of roundtrips to produce
appreciable pulse narrowing. In order to circumvent this problem, we
have emploved the method of injectionmode—locking to achieve, for the

first time, picosecond pulses with a rare-gas halide laser.

In the experiment presented in this chapter, the frequency
doubled mode-locked pulse train from the flashlamp pumped dye laser was
injected into the discharge pumped XeCl laser described in the previous
chapter. The XeCl laser locked temporally to the injected pulses and
a mode-locked output pulse train was generated by the excimer laser
yielding picosecond pulses with peak powers in excess of 100MW. With
a homogeneously broadened linewidth of ~ 13, pulses of * lps in duration
can be generated in the XeCl medium. Thus the XeCl laser is capable

of yielding pulses of duration at least as short as the injected pulses.

The process of injection mode-locking can be considered the same
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as multipass amplification. If the cavities of the "master™ and
"slave" oscillator are well matched, the "slave" oscillator becomes a
regenerative amplifier, provided, of course, that no self-oscillation
of the amplifier takes place. If the injected pulses from the "master"
oscillator are of sufficient power, the amplifier gain should soon
saturate, and the pulse durations from the amplifier could become
shorter than the injected pulses (or alternatively longer as will be

discussed in the next chapter).

In a medium that is homogeneously broadened over several vibrational
levels on a time-scale comparable with the pulse duration, injection
frequency locking can also take place. The pulse propagating in the
medium can then draw energy from all the bands within the homogeneously
broadened bandwidth. Tn this Chapter injection mode-lockingwith the input
pulses tuned to the XeCl laser wavelength is described. Injection mode-locking
on avibrational transition differing from themain laser transition in XeCl
was also attempted and the results arediscussed. Thevibrational relaxation
rate was estimated, hence determining the bandwidth available to the picosecond
pulse. This is necessary te know in order to estimate the duration of bandwidth
limited pulses. Indye lasers, due to the large bandwidth of the medium,
generation of femtosecond pulses is possible and has been demonstrated [6].

If several bands were available to the picosecond pulses in XeCl, subpicosecond

pulse generation would be feasible for these lasers also.

5.2 Experimental

The experimental arrangement is shown in Fig.5.1. The mode-locked
Rh6G dye laser was the same as described earlier. At ~ 20kV flashlamp

charging voltage, the energy density of a single second harmonic pulse
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Fig. 5.1. Schematic of the experimental to a second harmonic

arrangement
bandwidth of ~ 2.58.

The u.v. dye laser pulse train was injected into the XeCl cavity
through a quartz flat, Rl’ that served as the output coupler for the
amplifier. A flat 95-1007 reflectivity mirror, R2, com_bleted the

resonator. Two apertures, Al and A2, restricted lasing in the cavity

to an area approximately equal to that of the injected beam.

The discharge laser was the same as the one described in Chapter
4, Section 4.3 and was operated under high gain conditions. The
quartz windows were antireflection coated and tilted to prevent the
formation of a sub—cavity. The gas mixture was typically 6 Torr
HC1 + 90 Torr Xe + Ne = 2000 Torr. This was found fo yield a peak
single pass gain ~ 500 as described in Chapter 4. The maximum output

energy obtained in the lasing mode (without apertures A, and Az) was

1
n 70mJ in a 25-30 ns pulse at 30kV charging voltage. This was the

voltage used throughout the experiment,

The dye laser and XeCl laser were synchronized in the same way
as described in Chapter 4, Section 4.3. The output from the dye laser

flashlamp triggered a TRW delay generator which in turn triggered the
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thyratron of the discharge laser. The trigger pulse to the thyratron
was suitably delayed so that the discharge laser would fire when

the shortest pulses late in the dye laser pulse train were being
injected. The synchronization was repeatedly checked during the
experiment, by monitoring the unmodulated laser output from the XeCl
amplifier and the dye laser output on the same photodiode. Fig. 5.2

shows a photograph of the experimental arrangement.

Fig. 5.2. The experimental arrangement

5.3 Injection mode-locking on the XeCl laser transition

The process of injection mode-locking implies that all the gain
of the slave laser is swept out by the pulses from the master oscillator,
so that the former does not reach threshold. 1In this way all the
available energy in the slave laser will be contained in the short
pulses. For complete saturation to occur, the path of the injected
beam must fold back on itself when reflected from the back mirror.
Otherwise, regions of the amplifier where the gain is not depleted can

amplify spontaneous emission so that the slave laser reaches threshold.
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Careful adjustments were therefore made so that the injected pulses
followed a path exactly along the axis of the XeCl laser. Thig
aligmment was found critical for injection locking to take place. If
the two lasers were not well aligned with respect to each other, the
modulation of the XeCl output was incomplefe as seen in Fig.5.3. The
oscilloscope trace
shows the amplified
injected pulses
superposed on a strong
background lasing

component.

The length of

the dye laser cavity

Fig. 5.3. Oscillogram of incomplete injection

mode-locking _ was carefully adjusted
to be equal to that of the XeCl cavity or half this length. Cavity
matching had to be very accurate for good injection mode-locking to
take place. Any temporal mismatch between the pulse propagating in
the XeCl laser and the injected dye laser pulses increases with the
number of roundtrips. Sub-pulses could therefore be resclved on a
fast time-scaleon the oscilloscope by looking at the last pulses in
the train where the
mismatch was greatest,
An oscillogram of this
is shown in Fig. 5.4.
The durations of the late

pulses are greater

than the oscilloscope

and photodiode response

time and the two last

Fig. 5.4. Oscillogram of injection mode-locked
output from a mismatched system
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pulse envelopes clearly consist of more than one pulse. Inmost cases it was
sufficient to monitor the pulses in this way and subsequently adjust

the cavity lengths,

We felt that a small cavity mismatch could be tolerated provided
the length of the XeCl cavity was shorter than that of the dye laser.
In this case the rapidly growing pulse reflected back into the XeCl
amplifier, just before the next injected dye laser pulse, would deplete
the gain so that the small trailing dye laser pulse would experience very
little gain and hence not be amplified. This, however, depends on
how fast the gain recovers. Late in the pulse train where the mismatch
is the greatest, the injected pulse might trail so far behind the

amplified pulse that the gain has time to recover and this pulse grows.

With the two lasers well aligned and the cavity lengths
matched, the XeCl laser was found to lock completely to the injected
pulses. The injection mode-locked output was monitored by a fast
ITL $20 photodiode used in conjunction with a Tektronix 7834 storage
oscilloscope. Several optical attenuators (glass microscope slides)
were placed in front of the photodiode to reduce the signal to levels
where the response of the photodiode is linear. Fig.5.5 shows the
oscilloscope trace of the free-lasing XeCl output and the injection
mode-locked output on a 5ns/div time-scale(5.5a and S;Sb). The first
mode-locked pulse train corresponds to a situation where the dye laser
cavity length is the same as the XeCl laser cavity length. In this
case the output consists of four intense pulses and the train lasts
A~ 40ns. In the second mode-locked pulse train (5.5c) the dye laser
cavity length is still the same as the excimer laser cavity length,
but the pumping of the dye laser is increased and the dye laser is

therefore double pulsing. Hence the XeCl laser is in effect also
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double pulsing and the pulse
train consists of more pulses.
The latter corresponds to

a situation where the dye laser
cavity length is half the
length of the XeCl laser

cavity.

In order to check whether
injection mode-locking was
really taking place, the XeCl
laser output was monitored
with the u.v. dye laser pulses
alternatively blocked off
and injected in consecutive
shots. (To check that the
XeCl laser was definitely
above threshold when the gain was
not depleted by the injected
pulses ). Over a large number
of shots (v 20), the unmode-
locked laser output from the
XeCl amplifier typically had
a peak amplitude of ~ 6 + 2V

on the oscilloscope trace.

The injection mode—locked

Free-running and injection mode- pulses on the same scale had
locked output from the XeCl laser.
(The free-running output is recorded significantly higher amplitude

at a different time from the mode-

locked pulses, and the vertical scales (> 15V peak) and no background
are therefore not identical).

Optical attenuation: n 1025X was observed between the pulses.
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Fig, 5.6 1illustrates the
oscilloscope traces. Hence we
concluded that the laser energy
available was being channeled
into the ultrashort pulses and

that the laser was injection

mode-locked,

Fig. 5.6 The injection mode-locked

Iliustration of typical free-
running and mode-locked output
oscillograms.

output from the XeCl laser was
directed towards the photodiode
by a quartz beamsplitter, (v 107 of the output intensity). This signal
was too low to be detected by the available calorimeter and could not
be increased by replacing the quartz beamsplitter by a mirror since this
would reduce the energy of the pulses being injected into the XeCl
amplifier. However, by measuring the area under the mode-locked pulse
on the oscilloscope trace, an estimate could be obtained for

the peak pulse energy, (see Chapter 4, Section 4.5). The maximum
single pulse energy observed was v 2mJ. Assuming an input pulse

energy of ~ 500nJ, this corresponds to an energy gain of 4000, The
value obtained is in reasonable agreement with the maximum energy
extractable taking saturation effects into account, as shown in

Chapter 4, Fig. 4.11.

For injection mode-locking to take place, the injected pulses
must be of sufficient energy to saturate the XeCl laser after a few
passes, otherwise self-oscillation can build up and compete with the
mode-locked pulse as discussed earlier. The threshold input pulse
eﬁergy required for good injection mode-locking was estimated by
attenuating the input beam sufficiently for background lasing to

appear. This was investigated by inserting 1-4 calibrated glass
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microslides in the input beam, Each slide transmitted only 257 of

the 308mm pulses from the dye laser. With two microslides in the

dye laser beam, the oscillogram showed background lasing between the
injected pulses. Thus we conclude that for the XeCl laser used in our
experiment, an input pulse energy density 3 .luJ/cm2 is needed to
injection mode-lock the excimer laser. These measurements were averaged
over several shots to account for variations in the dye laser input

pulse energy.

An injection mode-locked pulse train can also develop from a
single injected pulse. In this case ne cavity matching would be required.
From the single pass amplification data in Chapter 4 (Fig. 4.9 ) and
from corresponding oscilloscope traces of the XeCl laser output we
find that the threshold for lasing is reached ; 10ns after the gain
starts to build up. Hence for the injected pulée to dominate over self-
lasing, it would need to be injected during this 1Ons peried.
Syncronization between the dye laser and the XeCl laser would therefore
be critical, and jitter between the two systems should be < 1lOns.

This was not possible with the trigger arrangement used in our experi-
ment, due to the relatively slow risetime of the dye laser flashlamp

output that started the trigger chain.

5.4 Pulse duration measurements

The durations of the frequency doubled dye laser input pulses
were measured using a Photochron IT streak camera. The duration of the
shortest pulses was " bps. The streak camera used is described in
Chapter 2, Section 2.7, and the streak records together with a micro-

densitometer trace of the pulses are shown in Fig. 2.10.
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The duration of the injection mode-locked pulses was measured
using the same Photochron II streak camera. The experimental arrange-
ment is shown in Fig, 5.1. 1In order to reduce the number of reflecting
surfaces in the beam path, a window with one antireflection coated
surface was inserted into the XeCl cavity and aligned with the back

reflector thus serving as an output coupler.

The intense injection mode-locked pulses were directed towards
PD2 and the signal from the first of these was used to trigger a
Krytron circuit which provided the voltage ramp for the streak camera
deflection plates. Due to the laboratery configuratiom, the streak
camera had to be placed near both the dye laser and the discharge laser.
The electrical noise generated when these lasers were fired was
considerable, It proved extremely difficult to use the Krytron
circuit to provide the ramp, since the Krytron would more often than not
trigger from noise signals thus delivering the voltage ramp at the
wrong time with respect to the arrival of the pulses at the deflection
plates. (In order to aveid these problems, semiconductor switching
devices can be used in conjunction with the streak camera [7,@ . This
was tried in a preliminary experiment, but was not pursued further

due to problems with the GaAs switch employed).

Fig.5.7 shows streaks of the injection mode-locked output with
three different streak camera writing speeds. The top streak record
shows the whole injection mode-locked pulse train. The separation
between the pulses is ~ 4ns and both the dye laser and XeCl laser
are therefore double pulsing. No background between the pulses is
observed, thus the laser is completely injection mode-locked. The
next plate shows a single picosecond pulse reflected from the front and
back surfaces of the first delay-line plate. The plate thickness

corresponds to a separation of » 100ps between the two streaks. The
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last streak record (slightly out of focus) shows the same on an

1

expanded time-scale. (Streak writing speed ~ 5 x lOgcms_ ). A

microdensitometer trace corresponding to a streak at the same writing
speed (recorded on Kokak HP5 film) is shown in Fig. 5.8. The

shortest pulse duration found was ~ 7 ps, Because of severe jitter in

the triggering of the streak camera, it was not possible to determine

whether the streaks corresponded to pulses early or late in the XeCl

pulse train.

-— 7ps

Fig, 5.7 , Streaks of Fig. 5.8. Microdensitometer trace of
injection mode- streak photograph
locked output

5.5 Injection mode-locking on the 1-6 transition

The Franck—-Condon factor of the 1-6 tramsition (A =307.3mm)} is the
fourth highest in the XeCl manifold, (.136 compared to .240 for the

0-2 -laser transition, Ref. 4, Chapter 4). In order to investigate
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whether the XeCl laser would lock completely to injected pulses over-
lapping this transition, the dye laser was tuned to 307.3nm and
injected into the XeCl cavity in the same way as previously described.
All other conditions were the same as for the 0-2 transition. The
"XeCl laser did not, in this case, lock completely to the input pulses.
A free-running component from the XeCl laser tranmsitioms (0-1, 0-2)
was always present, The output was similar to that shown in Fig. 5.3,
where the amplified pulses are simply superposed on the laser

output from the 0-2 and O-1 tramnsitions.

For the gain on the 0-2 and 0-~1 transitions to be depleted, the
population in the v' = 0 level must relax into the v' = 1 level on a
time-scale comparable to the pulse duration (v 5-10ps). The average
time between collisions under the conditions in our experiment is
estimated to be ~ 100ps. At this pressure (v~ 2000 Teorr) in the XeCl
laser, it would therefore not be possible to deplete the population in
the laser level quickly enough for injection frequency and mode-locking

to take place on transitions originating from higher lying vibrational

levels.

Goldhar et al. reported injection frequency locking of a XeF
laser on a nanosecond time-scale[9]. A narrow band sigﬁal from an
etalon tuned XeF laser was used to lock a regenerative amplifier on
the main laser transition. They found that the rotatiomal cross-—

relaxation was fast, but found no coupling between vibrational bands.

5.6 Injection frequency and mode-locking on transitions from the

v' = 0 level

With only one Fabry-Perot in the dye laser cavity, the bandwidth
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of the frequency doubled output was ~ 2.5 K. Thus when the dye laser
was tuned to the 0-2 wavelength, the spectrum of the injection mode-
locked output contained a component due to the 0-1 transition. Fig.5.9
shows the spectra from the injection mode-locked pulse train (top)

and the dye laser input (bottom) together with the free-running XeCl

output spectrum (centre).

1, [MJECTION MODE-LOCKED LASER
QUTPUT $PECTRUM

2. FREERINKING QUTPUT OF XsCl
LASER

J““\ 3. [MPUT SPECTRUM

WW"“MWWMWMN

Fig. 5.9. Spectra of mode-locked output, free-running output and input

The dye laser was also tuned to wavelengths that overlapped other
XeCl transitions originating from the lowest excited state vibratiomal
level. The transitions probed were: 0-0, 0-1, 0-2, 0-3 and 0-4, and
the wavelengths ranged from A = 307.8mm to A = 308.7mm. The
regpective Franck-Condon factors are : .104, .226, .240, .190 and .112.
{Lasing in XeCl has only been observed from the 0-1, 0-2 and 0-3

transitions, and with our laser only from the 0-1 and 0-2 transitions).
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The injection mode-locked output was monitored using the fast photodiode
and the storage oscilloscope and the spectrum of the injection mode-
locked output was simultaneously recorded. The dye laser input wave-
length was adjusted immediately prior to each measurement. When the
dye laser was tuned between the 0-0 and O—I.transitions, lasing from
the 0-2 transition was suppressed. When the dye laser spectrum over-—
lapped the weaker 0-4 transition, lasing from O-1 and 0-2

was observed and the modulation depth was only ~ 157Z. Thus we conclude
that if the input pulses are tuned to overlap a strong transition from
the v' = O level then emission from the other laser levels can be
suppressed, since the population in the v' = 0 level gets depleted by
the injected pulses. Fig. 5.10 shows the spectrum of the XeCl pulse
train together with the dye laser spectrum with the latter tuned to a

wavelength overlapping the 0-4 and 0-3 transitions (A = 308.6mm).

INJECTION MODE - LOCKED LASER
OUTPUT SPECTRUM

—3-3A e

3086 A Hg

Fig. 5.10. Spectrum of injection mode-locked output with input detuned
from main laser transitions
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No component from the 0-1 or 0-2 transitions are present. The
experiment was however, conducted under low gain conditioms. It is
conceivable that with higher gain it may not be possible to suppress

the free-lasing component from the laser transitions with low power

input pulses.

5.7 Gain recovery

The separation between injected pulses in our experiment was
either & 4 or v 8ns depending on whether the dye laser was double pulsing
or not. In neither case did the XeCl laser reach threshold between the
pulses, and no free-running component was emitted when the input wave-
length covered the laser transitions. In certain cases, however, when
the dye laser double pulsed, the separation between pulses was very
small. Injection mode-~locking was found to take place even if the input

pulses were separated by only 1-Zns. Fig. 5.11 shows the oscilloscope

Fig. 5.11., Injection mode-locked output corresponding to input
pulses of irregular separation.
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trace of the pulse train emitted by the XeCl laser when dye laser
pulses of irregular separation was injected. The separation between
the pulses is ~ 2.5ns. Hence, the conclusion to be drawn from this is
that the gain must have fully recovered in this time-scale, since the
second injected pulse following closely after the first has been

amplified to the same intensity.

In fact, the oscilloscope trace shown in Fig. 5.4  illustrates
a similar situation. In this case, however, the two closely separated
pulses that can be seen under each pulse envelope are due to a cavity
mismatch. This indicates that the gain in the laser can recover on a
time-scale of less than Ins. Fig. 5.12 shows an oscilloscope trace of
such a double pulse. The oscilloscope
response time is too slow to resolve the
two pulses, since the pulse separation is
only a few hundred picoseconds. Arranging
a small cavity mismatch is thus a possible

way of determining how fast the gain

recovers, Several sub-pulses will trail

Fig. 5.12 behind the main pulse if the XeCl cavity

Injection mode-locked

pulse. (2ns/div) roundtrip time is less than the separation

betwegn pulses. The more roundtrips, the
greater the separation between the first and last of these will
be. Hence, if a pulse trails sufficiently far behind the first
intense pulse for the gain to have recovered, it will be amplified
and can be detected. If a streak camera is used to monitor the output

pulses, the gain recovery time can then be estimated.

On a time-scale of a few hundred picoseconds pumping is not
significant. The rapid recovery of gain is therefore an indication

that vibrational relaxation in the XeCl-B-state is fast. The average
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time between collisions at the pressures used. in our experiment is
estimated to be ~ 100ps. Thus it is feasible that vibratiomal

relaxation can take place during a few hundred picoseconds.

5.8 Conclusion

Low power mode-locked dye laser pulses have been frequency
doubled and used to injection mode-lock the XeCl discharge laser. A
100% modulated injection mede-locked pulse train lasting 30-40ns was

generated yielding peak powers of 200MW and pulses'as short as 7ps.

If the number of roundtrips were increased, for instance by
the use of e-beam sustained discharge pumping, further pulse shortening
could occur because of gain saturation effects, as will be discussed
in the next chapter. This, together with saturable absorption in a
mode-locking dye is responsible for pulse compression in passively
mode-locked dye lasers. If an appropriate dye were available, a hybrid
system could be employed with a saturable absorber in the amplifier
cavity, also yielding shorter pulses. In order to generate bandwidth
limited pulses (v lps) the use of bandwidth limiting elements in the
cavity could be advantageous, although this would be at the expense of

output power.

Information about the vibrational relaxation time of the XeCl-B-
state was obtained by investigating the gain recovery time in the XeCl
laser. Vibrational relaxation was found to take place on a time-scale
longer than 5-10ps, based on the result that the XeCl laser did not
injection lock to pulses overlapping the 1-6 transition,which indicated
that the gain on the 0-1 and 0-2 laser transitions could not be depleted

sufficiently fast by relaxing to the v' = 1 level. The gain on the
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laser transitions was, however, found to recover in less than Ins. We
therefore estimate that vibrational cross relaxation in the upper state

manifold takes place on a time- gcale of a few hundred picoseconds.

The method of injection mode-locking could be extended to other
rare-gas excimer and exiplex lasers; using the third harmonic of the
Nd:glass laser to mode-lock the XeF laser, and the fourth harmonic

of the Ruby laser to mode-lock the Xe2 laser.
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CHAPTER 6

INJECTION MODE-LOCKING: A THEORETICAL MODEL

6.1 Introduction

Theoretical models for the evolution of passively mode-locked
pulses in quasi-continuous and giant pulse lasers have been extensively
reviewed [1, 2, 3]. For quasi-continuous dye lasers, the modelg have
shown that gain saturation and bleaching of the mode-locking dye are
equally important in the pulse shortening process. In giant pulse
systems saturation of the active medium does not shorten the pulse
duration significantly. The recovery time of the saturable absorber
is however relatively short compared teo individual cavity fluctuations
and picosecond pulses can be generated during the limited time-span
of the giant pulse event. The saturable absorbers used for dye lasers
have longer recovery times and the pulse developing in the cavity must
make many passes through the amplifier and absorber before the combined
effect reduces the pulse duration to 5 1lOps. Passive mode-locking
of rare-gas halide lasers has been attempted, but it has to date not
been possible to bleach the dyes completely and obtain a 1003

modulated output [5, 6].

The single pulse energy estimated for the injection mode-locked
pulses iﬁ our experiment was sufficient to saturate the gain of the
excimer laser. From the streak camera measurements described in the
previous chapter it was not possible to investigate the effects of
saturation on the pulse evolution, since it was difficult to determine
exactly which pulse in the train was being streaked. (And also

since the output and corresponding input pulse were not streaked
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simultaneously. ) In order to determine whether gain saturation, in
the absence of a saturable absorber, would actually compress the pulses,
a model for the evolution of the pulses in the injection mode-locked
XeCl laser was developed. A computer was used to solve the
nonlinear differential equation that describes the pulsé traversing
the XeCl amplifying medium. The output pulse profile after a pass
through the amplifier was then determined as a function of the input
pulse, the small signal and saturated gain. The pulses injected
from the dye laser were superposed on the feedback component of the
previous amplified pulse. A small mismatch between the XeCl laser
cavity and the dye laser cavity was introduced in the simulation and
the effect this had on the injection mode-locking was investigated.
Frequency dispersion was neglected in order to make the analysis

simpler.

6.2 The computer model

The Frantz-Nodvik model described in Chapter 4 (Section 4,2) was
used in the computer simulation [7]. The model assumes that the active
medium is a two level quantum system and solves the photon transport

function for a pulse travelling through the inverted medium:

2k, t) + c o= n(x, ) = oenlx, t)AN (6.1)

where n{x, t) number density of photons in the pulse

stimulated emission cross section (4.5 x 10—16cm2[8])

¢

AN

Nz(t) - Nl(t)fpopulation inversion

If the assumption that all the stimulated photons cause a reduction

of population in the upper level only (Nz)and.causeznlincreaseof population
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in the lower level (Nl) only, then the additional equations to be

solved are:

Nz(t) -gcn(x, t) AN (6.2)

2
ot

and

9

3T Nl(t) +oen(x, t) AN {(6.3)
If Ao(x) = AN(x, -«) is the population inversion before the pulse
enters the amplifier and no(t) is the photon density at the entrance

of the amplifier, the general solution of equations 6.1, 6.2 and 6.3

becomes
n(x, t) 1
= . t-
no(t - xfc)  1- {1—exp(-cjﬁ%§x‘)dx‘)} exp(-ZUCI x[E;-O(t')dt') (6.4)
8] -0

G(x, t), the energy gain of the pulse.

The energy gain, i.e. the ratio of the output pulse photon density to

the input pulse photon density, can then be evaluated. If the energy
density of the input pulse is lew, the expression reduces to the
exponential law. However, in most cases the leading edge will find
exponential gain, while the trailing edge will find reduced gain

due to depletion of the population inversion by the leading edge. A
change in the shape of the pulse and a shift of the centre of the pulse

is thereforé expected. The shift of the peak means thét the centre

of the pulse appears to have a velocity greater than the speed of

light. (This does not violate Einstein's theory of relativity, since it is

not the velocity of the individual photons that exceeds the speed of light).

The equation for the energy gain G(x, t) can be solved numerically
by the computer. In the paper by Frantz and Nodvik the population
inversion is assumed constant throughout the gain medium (i.e.

pumping is ignored). Since pumping in the discharge laser is rapid
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even on a timescale of a few nanoseconds, the population inversion
can change substantially during one pass through the amplifier. 1In
our model, pumping was taken into account by varying the small signal
gain (go) experienced by the pulse according to the temporal profile
of the discharge pumping. The small signal gain curve was assumed

to be gaussian shaped with a peak value of g, = 0.075/cm. This was
consistent with measurements described in Chapter 4. Fig. 6.1 shows

the small signal gain profile used in the simulation.

For a certain distance, %, in the amplifier g, corresponds to
the term: i!on(x') dx' in Equation 6.4. The 80cm long XeCl amplifier
' was in the computer
simulation split into eight
10cm long segments and go was
considered constant in
.1 each segment®, The mode-

locked pulse was described

;ga by 1600 points, each
;5' corresponding to a

3

gg. duration of 50fs. The
g temporal profile of the
53

pulse at the exit of each
10cm segment was found by
3 solving Equation 6.4 point

by point. The depletion

" T TR 30 40
TIME (ns) of gain by the previous

Fig. 6.1 points in the pulse was 1n

Small signal gdain used in the computer }
simulation (F.W.H.M ~ 25ms). _ this way accounted for. The

*In order to check that the segment size of 10cm was not too large,
a few runs were tried with lcm segments. The results were not
significantly different.
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Fig. 6.2
Mode-locked pulse propagating through amplifier segments

photon density incident on a new segment corresponded to the integral
of all the points in the pulse. Fig. 6.2 illustrates the propagation
of the pulse through the amplifier segments, The computer program is

listed in Appendix 1.

In the expression for the energy gain in Chapter 4 (Section 4.2),
the pulse shape is assumed to be square.
In the simulation presented here, we have considered three different

profiles for the injected input pulses. These were

gaussian: No(t) o exp(t/20)2
hyperbolic secant: No(t) o sechz(t/1.763.1p)

and lorentzian: No(t) o 1/(t2 + sz)

where No(t) is the photon demsity and T_ is the duration of the
injected pulses. It was, however, not possible to simulate the
injection mode~locking experiment using a lorentzian input pulse

shape for reasons that will be discussed later.

6.3 Gain saturation

The output pulse profiles found after consecutive roundtrips in
the XeCl amplifier varied considerably with the injected pulse shape.

Already at the end of the first roundtrip through the amplifier, the
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gain showed saturation. Thus, the amplification of the tail of the
pulse was less than the amplification of the leading edge. In the
second and third roundtrip the gain was strongly saturated and the
tail of the pulse experienced no net gain. This caused the peak of
the pulse to shift for all the inpﬁt pulse shapes. Fig. 6.3(a) and
(b) show the evolution of the energy gain (6.4) within the picosecond
pulse duration plotted with the corresponding mode-locked pulse

(N(x, t)). TFig. 6.3(a) corresponds to the output pulse of the amplifier
after the first roundtrip for a gaussian input pulse of 6ps duration.
The energy density of the pulse was 1uJ cm-z. The plot shows that
thé photons in the first 2ps of the pulse have depleted the gain
sufficiently for the rest of the pulse to experience reduced amplifi-
cation. The total energy density in the pulse at the exit of the
amplifier was in this case 59uJ r:m_2 and the duration 5.9ps. 1In Fig.
6.3(b) the corresponding situation is shown at the exit after the
third roundtrip. The small signal gain is now much higher due to
pumping, and when the pulse has reached the peak, all the gain has
been depleted. The tail then experiences no net gain (G = 1). The
total energy density in the pulse was in this case ~ 1.1mJ c:m-2 and

the duraticen 5.5ps.

6.4 Pulse evolution for gaussian input pulses

The gaussian pulse profile is characterised by a sharp leading
and trailing edge compared to hyperbolic secant or lorentzian shapes.
Less energy is therefore concentrated in the wings of the pulse and
the leading edge does not "run away" as is the case for a lorentzian
pulse. Fig. 6.4 shows the pulse evolution for a gaussian shaped injected

pulse of 6ps duration. This duration was chosen for the injected
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Figs. 6.3(a) and (b)

Plot of the equation for emergy gain with the mode-locked pulse for

the first (a) and the third (b) roundtrip
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Fig. 6.4

Pulse evolution for gaussian input pulses. No mismatch

pulses in all the computer simulations, since this was the shortest
duration found for the dye laser pulses in the measurement described

in Chapter 2, Section 2.8. For the same reason the energy density of

the input pulses was chosen to be 1 uJ cm_z. The pulse duration and
energy density of the pulse after consecutive roundtrips in the XeCl
laser are indicated in Fig. 6.4. TFor every roundtrip 4% (= reflectivity
of the output coupler) of the output pulse was fed back inte the XeCl
amplifier together with the next injected pulse from the dye laser

pulse train.

The significant effects of gain saturation appear after the second
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roundtrip. The peak of the pulse has then shifted by ~ 6ps and the
pulse duration has increased to v 6.4ps. The pulse shape is no longer
gaussian and is asymmetric. This is not surprising, since the peak of
the pulse traversing the amplifier experiences less gain than the
leading edge due to saturation, causing the trailing edge to fall off
slowly. After the fourth and fifth roundtrip the pulse shape is again
symmetric, since the tail end “shoulder" disappears due to gain
saturation. Thus the plots show that the net effect of gain saturation
is to cause the peak of the pulse to shift forward and the leading edge
to sharpen. This ultimately results in pulse compression, and after
five foundtrips the pulse duration is reduced from 6ps to 2.3ps. The

peak of the pulse has then shifted forward by 15ps.

The peak energy density (after the third roundtrip) is ~ 1,1mJ c:n-2
which is in good agreement with peak pulse energy obtained in the
experiment (1-2mJ). When a temporal mismatch of + 6ps was introduced
in the program to account for a difference in the roundtrip time of
the dye laser and excimer laser (corresponding to a cavity mismatch
of 1.8mm), the injection mode-locking evolved as shown in Fig. 6.5.
The excimer laser cavity was in this case taken to be longer than the
dye laser cavity. Therefore, the pulse fed back trailed the pulse
being injected by an increased amount every roundtrip. This resulted
in a double pulse appearing after the second roundtrip. The forward
shift of the peak is now enhanced since the gain is depleted by the
early injected pulse rather than by the pulse fed back into the cavity
by the output coupler. In the third roundtrip the injected pulse
competes with the feedback component, since both are very intense.

In the fourth and fifth roundtrip the effect of the injected pulse is
less important, since the gain is reduced due to pumping and the

injected pulse (1uJ cm—z) cannot grow large enough to compete with
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the feedback component (v 75 pJ cm_z).

GAUSSIAN INPUT
_______—d///\\\\\h-__‘ 4.3ps
27

| Opl

4.9 ps

7951)

a & a
oe
=)

= 9.1ps

g ;i 1855u)

7.3ps

) 836pJ

59ps

1 S59u)

6.0ps

INPUT 1pd ,

TIME (ps)

Fig. 6.5. Pulse evolution for gaussian input pulses (+ 6ps mismatch).

Apart from causing structured pulses, the mismatch also results
in pulses of longer duration and higher energy density than with the

perfectly matched cavities.

Fig. 6.6 shows the pulse evolution with a mismatch of -6ps,
corresponding to the XeCl laser cavity being shorter than the dye
laser cavity. The effect of the mismatch is now almost undetectable.
This is to be expected, since the injected pulse now always trails
the pulse that is fed back into the excimer laser by an increasing
amount every roundtrip. Due to gain saturation it therefore experiences
very little gain and never grows sufficiently to cause a structured
intensity profile. The evolution of the pulses is therefore very

similar to the perfectly matched case (Fig. 6.4).
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Fig. 6.6

Pulse evolution for gaussian input pulses. (-6ps mismatch).

6.5 Pulse evolution for hyperbolic secant input pulses,

Fig.6.7 shows the evolution of the injection mode-locked pulses
for hyperbolic secant input pulses. The plots show a more dramatic
shift forward of the peak than for the gaussian input pulses; after
five roundtrips the peak has shifted by a total of 34ps. The pulses
broaden considerably in the second and third roundtrip. The
broadening can be explained by the relatively slowly rising shape of
the leading edge. The gain then saturates less rapidly than for a

sharper leading edge, causing a larger proportion of the pulse to be
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Fig. 6.7

Pulse evolution for hyperbolic secant input pulses. (No mismatch)

amplified and thus increasing the pulse width. After the third round-
trip, the energy in the pulse is high enough to saturate the gain early

and the pulse starts to compress,

Fig.6.8(a) and. (b) shows the pulse evolution for mismatched
excimer and dyve laser cavities. Again the temporal mismatch was chosen
to be + 6ps. Fig. 6.8(a) corresponds to a XeCl laser cavity that is
longer than the dye laser cavity. Thé effect of the mismateh is not
significant, apart from shifting the peaks of the pulses forward. The
pulse durations are almost the same as for the perfectly matched case,
except for the second roundtrip where the pulse has a slight double

structure. With the shorter XeCl laser cavity the mismatch has no



ROUNDTRIP

ROUNDTRIP

- 144 -

HYPERBOLIC SECANT INPUT

INPUT

TIME (ps}

-

HYPERBOLIC SECANT INPUT

Ch.

3

99ps
©35uJ

12.7ps
2077 pJ

17.0ps
3503 )

12 1ps
1392

6.0 ps
59p)

6.0ps
Tl

b

9.9ps
630u)

— x—

12.6ps
2067pJ

INPUT

TIME (ps)

Figs. 6.8 (a) and (b)

SN
AN

16.9ps
34924

10.8ps
124 )

6.0ps
59uJ

60ps
Tud

Pulse evolution for hyperbolic secant input pulses. (+ 6ps mismatch)
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effect at all, apart from a weak shoulder appearing on the pulse after

the second roundtrip.

6.6 Pulse evolution for lorentzian input pulses

A characferistic of lorentzian pulses is that the "wings" are
fairly spread out and contain a significant fraction of the pulse energy.
The photon density at the start of the leading edge is therefore not
negligible. The result is that the leading edge is strongly amplified
after a very short time., This causes the gain to saturate and the
trailing edge to sharpen. However, since there is no saturable absorber
to deplete the rapidly growing leading edge [9], the net result is
that after a few roundtrips the pulse broadens and looses its
symmetrical shape. TFig.6.9(a) shows the computer simulation of the
evolution of a lorentzian input pulse train. A low small signal gain of
go = 0.035cm_1 at the peak was assummed for the XeCl laser and the
input pulse duration was again taken to be 6ps. The energy density of the
input pulses was in this case only 0.2 uJ cm-z. For each roundtrip
the superposition of a new pulse being injected into the excimer laser
from the dye laser was taken into account as in the previous
simulatioﬁs. The plots show how the peak remains centered and the

leading edge starts growing.

In Fig. 6.9(b) the pulse evolution assuming a small signal gain
of 0.04 cm_l at the peak is shown. Here the leading edge rises even
more dramatically, and after five roundtrips (ten passes) it starts
competing with the peak of the pulse in intensity. The shape of the
pulse is highly asymmetric since the leading edge has "run away" and

the trailing edge has been sharpened by gain saturatiom.
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Pulse evolution for lorentzian shaped input pulses. Energy density

of injected pulses:

0.2uJ em—2 {No mismatch)
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When higher values for the small signal gain were used in the
simulation, the leading edge grew so rapidly that after very few passes
all the energy was concentrated in the first half picosecond of the
leading edge. The peak had therefore shifted to the first points in
the array of 1600 that described the pulse . This was clearly not a
realistic situation and was due to the limits of the theoretical
model. The input pulse in the simulation did not have a sharp'cut-
off"at t = 0, thus the very initial value for the photon density grows
too high and causes depletion of all the gain before the actual pulse

arrives.

6.7 Conclusion

For the small signal gain values characteristic of rare-gas
halide lasers, the effects of gain saturation become evident after
very few roundtrips in the laser. This means that in an injection
mode-locking experiment, gain saturation will most certainly modify
the shape and duration of the pulses. Depending on the input pulse

shape, broadening or compression might occur.

For gaussian and hyperbolic secant input pulses the peak
-invariably shifts forward. A mismatch between the peak of the pulse
developing in the excimer cavity and the injected pulses will then be
introduced, even if there initially was no mismatch. However, since
the injected pulses trail the intense peak of the pulse fed back from
the output coupler, the effect of the "mismatch" is negligible since
gain saturation will ensure that the injected pulse experiences very

little gain,

If a real mismatch is introduced between the excimer laser and
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dve laser cavity lengths, the pulse evolution will only be influenced
if the former is longer than the latter. Some double pulse structure
will then occur, but after a few more roundtrips, the sub-peaks
disappear because of gain saturation. A complete analysis should,
however, incorporate gain recovery, since if this is raﬁid, p&lses
trailing the main pulse may be amplified. This was, however, outside

the scope of our study.

In conclusion, the simulations show that gain saturation does
not necessarily lead to pulse compression. Knowledge of the
input shape is needed, to predict whether the pulses in.an injection
mode-locking experiment will broaden or compress. Excellent agreement
was obtained between the simulation and the experiment in estimating
the peak energy density thus confirming the maximum energy
density that can be extracted in a single pulse from a XeCl laser of

this dimension.
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CHAPTER 7

ACTIVE MODE-LOCKING OF THE XeCl LASER

7.1 Introduction

Injection mode-locking was shown in the previous chapters to be
"a feasible method of generating ultrashort pulses with excimer lasers.
The method does, however, depend on matching the wavelength of the
master oscillateor to the laser transition of the excimer slave
oscillator. For some eXcimer lasers a mode-locked master oscillator
that can be frequency doubled to the correct wavelength may not be

available. This is particularly the case for short wavelength lasers.

Passive mode-locking depends on spectral matching of the laser
medium and the saturable aborber, and is therefore alsc a less versatile

method than active mode-locking.

Active mode-locking by intracavity gain (or strictly speaking
loss) modulation in Nd:YAG lasers has been demonstrated by several
workers [1, 2]. Gas lasers have also been mode-locked in this way [3, 4].
Active mode-locking of a discharge pumped XeF laser was reported by
Christensen et al. [5]. An intracavity acouste-optic device was used
to modulate the gain. The modulation depth obtained was, however,
limited to ~ 707 and the pulses were relatively long (i 2ns)., The
short duration of gain limited the number of roundtrips possible and

hence the temporal compression of the pulses.

Recently a new method of active mode-locking was reported [6].
A flashlamp pumped dye laser was used to activate a semiconductor
switching device. The picosecond voltage pulses thus generated were

applied to an intracavity Pockel's cell that actively modulated a
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coumarin dye laser. In this chapter the extension of this technique
to rare-gas halide lasers is described. A GaAs switch driven by the
flashlamp pumped Rh6G dye laser activated an intracavity Pockel's
cell in the discharge pumped XeCl laser, and a 1007 modulated train of

5-8 subnanosecond pulses was generated by the excimer laser.

7.2 Experimental

A schematic of the experimental arrangement is shown in Fig.7.1
The mode-locked Rh6G dye laser was the same as the one used in the
previous experiments. Wavelength tuning of the dye laser was achieved
by a single intracavity Fabry-Perot interferometer. The laser was
tuned to A ~ 605nm where the best mode-locking occurs. The output
was a pulse train of ~ 1-1,5us duration. The total energy of the
train was ~ 10mJ and the energy in a single pulse approximately
20-30uJ, which is sufficient to efficiently activate the GaAs device.

The duration of the ultrashort pulses was v 5-10ps. The cavity length

il

M1 3]7//—@ lkt " GaAs)

of the dye laser

Vi was adjusted to

be either equal to

L
I
‘ll V2 or half the Iength

FP RéG
of the XeCl cavity.
I F |I| " The best results were
M& | B F ™ obtained with the
A XeCl P PC M3 shortest cavity.

The dye laser beam
SCHEMATIC OF EXPERIMENTAL ARRANGEMENT FOR ACTIVE MODE-LOCKING
P = POLARISER, PC = POCKELS CELL, A = APERTURE, M1, M2, M3, M4 ARE MIRRORS

Fig. 7.1. Experimental arrangement
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area was then larger and more uniform which gave a better illumination

of the semiconductor switch.

The discharge XeCl laser was operated just above threshold at
~n 20 kV charging voltage. The gas mixture used was 12 Torr HC1 +
100 Torr Xe + Ne = 1500 Torr. The anode electrode had been changed
from aluminium to a nickel plated electrode and the optimum gas
mixtures were therefore slightly different to the earlier combinations.
The XeCl cavity was defined by mirrors MA(RNIOOZ) and M3(Rm802) and the
roundtrip time was + 8.3ns. A Glan-Thompson polarizer (P) was inserted
between the laser medium and the KDP Pockel's cell (PC) which was placed
very close to the output coupler M3. Apertures (A) of ~ lem diameter
were inserted at both ends of the cavity to restrict lasing to the

area covered by the Pockel's cell.

The two lasers were syncronized as in the earlier experiments by
triggering a TRW delay generator with the signal from a photodiode
monitoring the flashlamp output from the dye laser. The TRW
generator then delivered a trigger signal to the thyratron of the
discharge laser after a suitable delay. As before, jitter was not
critical since the duration of the dye laser pulse train was much

longer than the duration of gain in the excimer laser.

7.3 Gain modulation

The gain modulating arrangement was similar to the one in Ref, 6
and worked as follows:

Initially lasing in the XeCl amplifier is inhibited by the
application of a D.C. voltage VA/4 to the Pockel's cell. Fluorescence

emitted by the amplifier in the direction of the output coupler M3 is



- 153 - A Ch. 7

partly transmitted through the poiarizer P which rejects the vertical
component of the light. When passing through the KDP crystal the
horizontally polarized light becomes circularly polarized due to the
D.C. voltage on the crystal. The light then reaches mirror M3
circularly polarized, is reflected back and after a second pass through
the Pockel's cell has its linear polarization restored, but rotated

by a total of 90°% It is then rejected by the polarizer, and since no
feedback 1s allowed into the amplifier, the laser does not reach
threshold. When, however, a short duration voltage pulse is added to
the D.C. voltage Vl/4, the polarization of the ligﬁt is rotated by a
total of more than 90°, A short duration burst of light which is not
linearly polarized is then formed. 1Its horizontal component is not

rejected by the polarizer and is fed back into the amplifying medium

allowing the amplifier to

M(1007%) e . P pC M(B0Y)

reach threshold. The arrival
+ + [ [ | W '

of this pulse at the Pockel's

!
[:] //D V’%, cell after a roundtrip in the

cavity is syneronized with

l:l Z D 0 Vi, the application of a subsequent

short duration voltage pulse

I:' ZI ID V'\éq switched by the GaAs device,allowing
! further amplification and the
L 1 1 O | w . |
build-up of a mode-locked
pulse train. Synchronization is
1 [+ | v

achieved by adjusting the dye

!
- - IZ] D \/%-I-A\/ laser pulse separation to

correspond to the XeCl cavity

Fig. 7.2. The modulation process roundtrip time or half of

= Polarizer, PC = Pockel's cell

vertically polarized light this. Fig. 7.2 illustrates
horizontally polarized light

circularly polarized light the modulation process.

@\ e Mg
nun
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7.4 The semiconductor switching device

The mode-locked dye laser pulses were used to drive the semi-
conductor switch so that voltage pulses could be supplied to the Pockel's
cell, Picosecond op;o-electronic switching was first demonstrated by
‘Auston in 1975 [71. Since then Si, GaAs and GaP semiconductors, have

been shown to be capable of switching kilovolts with picosecond risetimes

[, 9].

The GaAs switch consists of a slab of semi-insulating Cr doped
GaAs connected between a D.C. power supply and the load (in our
case the Pockel's cell). The electrodes on the switch used in our
experiment were silver and were painted on the substrate. Ideally the
electrodes should have been evaporated on, however, painting the
electrodes was a versatile method and new switches could readily be
made in case of electrical breakdown. The gap size was ~ 2mm which
meant that the switch could only hold off ~ 800V. Fig.7.3 illustrates

the semiconductor switch.

GaAs
~ Initially the high

resistivity (p ~ lxlOSQcm)

of the device prevents

4£///, voltage from appearing across

the load. However, when

TN
l

‘ illuminated by a picosecond
Fig. 7.3. Semiconductor switching device.
‘ laser pulse, photoinduced
carriers cause the conductivity of the semiconductor to increase by

several orders of magnitude. 1In this way the voltage is effectively

transmitted to the Pockel's cell.

Semi-insulating GaAs is ideal for ultrafast switching since the

recombination time of optically excited carriers inm Cr doped GaAs is
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only "~ 100ps [10]. The separation between pulses in the dye laser
output train was ~ 4ns during most of the experiment, thus the semi-
conductor had to "turn off" in a time less than this to be ready for
the next pulse. In Si, due to slow recombination times, the repetition
rate is too slow for this type of operation, unless a second optical
pulse is used to turn the device "off" after the desired amount of
time [7]. Another advantage with GaAs is the very high resistivity
leading to very low leakage currents and limited thermal problems.

The bias voltage does therefore not have to be pulsed as is the case
with Si switches., If the electric field across the slab is limited to
& 3kV cm-l, electrons in the conduction band exhibit very high
mobilities (% 7 x 103cm2V-13_1). In this case relatively modest
optical energies (~10pJ) illuminating the device is sufficient for
efficient switching. (Also by limiting the voltage applied to the
switch, electrical breakdown can be avoided). With the photon energy
available in the ultrashort laser pulses (v 2eV for n 600nm wavelength
pulses) electrons can be directly excited from the valence to the
conduction band (Egap = 1l.4eV for GaAs), and single-photon induced

conductivity is dominant.

Fig.7.4a is an oscillogram of the train of voltage pulses
switched by the GaAs device when illuminated by the mode-locked dye
laser pulses. 1In this case the semiconductor acts as an Opticaldetectof.
The switch was connected to a Tektronix 7834 oscilloscope through
calibrated electrical attenuators. The oscilloscope traces showed
that voltage pulses of v~ 200V were switched with a D.C. bias of 700V.
When accounting for the fact that the signal seen on the oscilloscope
is integrated due to the 0.7ns risetime of the 7A19 amplifier used,the

true amplitude of the 200V signal is found to be ~ 350V [11]. For the



- 156 -

Fig. 7.4 (a) and (b)

Oscillogram of voltage pulses switched
by the GaAs device

(a) 200ns/div
(b)  2ns/div

ch. 7

particular configuration
used only half the applied
D.C. voltage can be
switched [10], hence the
switching efficiency was

v 100Z. In Fig. 7.4b the
voltage pulses are shown
on an expanded time-scale
indicating oscilloscope
limited rise and fall

times.

It should be poidted
out that the voltage pulses
appearing across the
Pockel's cell exhibited
ringing and were somewhat
integrated and therefore
differed considerably from
those shown in Fig. 7.4.
This was mainly due to
impedance mismatch, stray
inductance and the finite

capacitance (v 5pF) of the

Pockel's cell. The Pockel's cell (E.0.D. PC 12KD) used in our

experiment had a risetime of v 250ps.

7.5 Experiment and results

Initially the Pockel's cell and polarizer had to be aligned

*
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so that the XeCl laser did not reach

threshold when a voltage V was

A4
applied to the Pockel's cell.
It was very important to
properly align the polarizer. Other-
wise the modulation of the output was
poor, since some feedback would

always be present. When this was done

the Pockel's cell was positioned

using the He-Ne alignment laser
R R situated behind Mé' The position of

the Pockel's cell was adjusted so
___;‘u__;_ﬂ__i__ _ ll that the reflection coming back from
' mirror Ms(having passed through the
Pockel's cell twice) disappeared

with the D.C. voltage at ~ 1.8kV. The

corresponding quarter wave voltage for

the u.,v. light was ~ 650V. Since the
gain in the XeCl laser was high, the optical
elements in the cavity were slightly
misaligned to prevent the formatiom

of subcavities. When the D.C.

voltage vA/& was then applied to the
Pockel's cell, the lager consistently did

not reach threshold. With no voltage

on the Pockel's cell, the unmedulated

Fig. 7.5(a), (b) and (c) XeCl laser output was typically

Unmodulated and mode-locked

XeCl laser output as shown in Fig. 7.5(a). The output

a, b): 5ns/div ' ' was monitored by an ITL S20 photodiode
¢): 2ns/div :
in conjunction with the Tektronix 7834
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storage oscilloscope.

When pulses of v 350V amplitude from the dye laser activated

switch were added to the V D.C. bias on the Pockel's cell, the XeCl

r 4
laser did reach threshold. A train of 5-8 1007 modulated pulses was
emitted as seen in Fig. 7.5(b). The train lasted 20-30ns, and the

pulses exhibited oscilloscope limited rise and fall times as shown

in the expanded time scale of Fig.7.5(c).

The peak pulse energy was not sufficient to detect with the avail-
able calorimeter. Since the pulse duration was not necessarily shorter
than the response time of the photodiode and oscilloscope, the
oscilloscope trace did not correspond to the integrated current and
the method of measuring single pulse energies described in Chapter 4,
Section 4.5 could not be used. From the amount of optical attenuators
needed to see the pulses on the oscilloscope compared with the injection
mode-locked pulses, a rough estimate for the energy in the pulses could
be cbtained. By this method we estimated the energy to be 1-2 orders
of magnitude lower than the peak energy in the injection mode-~locked
case which was 1-2mJ. The electrical energy deposited in the discharge
laser was, however, much lower in this experiment since the charging
voltage was only v 20kV. A straight comparison is therefore not
really valid. Apart from the fact that the laser was just above
threshold, the low energy was mainly due to the lossy elements in the
laser cavity. The Pockel’s cell windows, for instance,were made of glass
with a "cut-off" at 300nm. Thus the absorption losses were considerable.

Also, if the voltage switched onto the D.C. voltage V had been equal

A4
to VA/4’ the short burst component fed back into the laser would have
been more intense, since the burst of light emerging from the Pockel's

cell would then have been completely horizontally polarized.
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7.6 Streak camera pulse duration measurements

The pulse durations were measured using the Photochron II u.v.
streak camera (with an S20 photocathode). The streak camera voltage
deflection ramp was generated by a fast Krytron circuit as described
in Chapters 2 and 5. . The Krytronm was in this case activated
by part of the signal from the TRW delay trigger generator to the
XeCl thyratron. The signal to the ramp was suitably delayed by cable
so that the ramp would sweep when the pulses had arrived at the streak
camera. The output pulses from the XeCl laser were directed towards
the streak camera slit by a single ~ 1007 reflectivity mirror. Temporal
calibration for the streaks was provided by the known separation between
the pulses in the train. Slow sweep speeds were used (n 1.4x108cms_1)
yielding a temporal resolution of ~ 100ps. In this way streaks from
the whole pulse train could be seen on the phosphor screen and any
background between the pulses detected. Furthermore, the jitter present
due to electrical noise from the lasers was less severe. Again it had
proved difficult to isolate the Krytron circuit properly from this

noise, as in the injection mode~locking experiment.

The shortest pulse duration detected was ~ 360ps. Fig. 7.6 is a
microdensitometer trace of two consecutive pulses showing no background
and thus 1007 modulation. In this case the roundtrip time of the dye
laser cavity was half that of the XeCl cavity yielding output pulses
separated by ™~ 4ns as seen in Fig. 7.5 (b) and (¢). Therefore the
excimer laser is double pulsing, and the streaks shown correspond to
pulses that have evolved from different initial bursts of light. The
recorded width of the pulse shown on the left is ~ 380ps. When
deconvolving the 100ps temporal resolution of the camera (assuming a

dynamic spatial resolution of ~ 10 lp/mm), this corresponds to a real
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380 |
pS 670

Fig. 7.6

Microdensitometer of streak photograph showing two consequtive output
pulses,

TIME —

Fig. 7.7

Microdensitometer trace of streak photograph showing XeCl pulse train.
The half-intensity point is indicated on the last pulse. (Recorded
F.W.H.M. ~ 500ps)
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pulse duration of " 360ps.

A microdensitometer trace showing several pulses in the XeCl
pulse trainis shown in Fig. 7.7. The durations of these pulses were not
determined due to overexposure of the streak photograph. The traces
indicate that the leading edge of the pulses is sharper than the trailing

edge. This was consistent with the results from the computer simulation

described in the next chapter.

7.7 Suggestions for generating shorter pulses

The compression of the pulses depends on the number of passes
made through the modulator. Therefore a large number of roundtrips is
advantageous. Alternatively, a second Pockel's cell could be placed
in the excimer laser cavity since this would be equivalent to doubling
the number of passes. The introduction of a second modulator was
attempted in our experiment. The additional Pockel's cell together
with a Glan-Thompson polarizer was placed near the 1007 back reflector.
The voltage pulse to both elements was supplied by the same GaAs device
and synchronization was achieved by connecting the modulators with a
suitable length of cable. The additional cable did, however, introduce
reflections and caused the signal seen by the first Pockel's cell to
deteriorate. With the added elements in the cavity the losses were
extremely high, since the second Pockel's cell also had glass windows.

The output from the laser was therefore not very reproducible and the

attempt was abandoned.

In the experiment described in Reference 6 where a coumarin dye
laser was mode-locked by this method of gain modulation, pulse durations

n 30ps were obtained using the same Pockel's cell. In this case gain
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saturation of the dye medium could have been important in the pulse
compression process. The computer simulations in Chapter 6 showed that
gain saturation can lead to shorter pulses also in the XeCl laser. In
order to generate the high intensities needed for saturation to occur,
it is important to reduce the losses in the cavity by choosing suitable
optical elements. If the energy density were sufficient to saturate

a dye in a passive-mode-locking experiment, a hybrid system could be

employed, yielding even shorter pulses.

Finally, the veoltage applied to the Pockel's cell should be
equivalent to the full quarter wave voltage. The losses as the pulse
traverses the polarizer are then minimised and the intensity of the

pulse fed back into the active medium is maximised.

7.8 Conclusion

Active mode-locking of the discharge pumped XeCl laser was
demonstrated. 1007 modulated trains of subnanosecond pulses were

generated yielding single pulse durations as short as n 360ps.

The experiment demonstrated that voltage pulses generated by a
semiconductor switching device provide a loss modulating signal of
very fast rise and fall time when applied to an intracavity Pockel's
cell modulator. The signal is of shorter duration and of greater
modulation depth than the sinusoidal waveforms that are characteristic
of acousto-optic loss modulators. Consequently the pulse durations
obtained were shorter than those obtained using acousto-optic

devices.

Finally, since this method of mode-locking does not depend on



wavelength matching between two lasers, it could easily be extended

to other excimer systems.
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CHAPTER 8

ACTIVE MODE-LOCKING: A THEQRETICAL MODEL

8.1 Introduction

Active mode-locking with acousto-optic modulators has been successfully
demonstrated with several lasers such as Nd:YAG, Nd:Glass and Argon ion
systems. The analysis of the mode-locking process has been extensively
treated by Kuizenga et al.and by other workers [1, 2]. The steady
state duration of a gaussian pulse in a homogeneously broadened laser
can be derived analytically and is proportional to the inverse of the
modulgtion frequency and depth and to the inverse of the square root
of the number of roundtrips. The primary difficulty in generating
short pulses by these methods of active mode-locking in rare-gas halide
lasers has been that the mode-locked pulses could not make a sufficient
number of passes through the modulator for the pulse width to shorten

appreciably.

In our experiment the Pockel's cell modulator rather than an
acousto—optic modulator was used. The shape of the modulation signal
is in this case determined by the voltage delivered to the Pockel's
cell by_the semiconductor switch. The voltage signal is a pulse of
picosecond duration, and the transmission function of the modulator
(which depends strongly on the shape of the voltage signal applied to
the Pockel's cell) is thus not sinusoidal as for acousto-optic
modulators. The analysis by Kuizenga et al. can therefore not be
employed., A full theoretical analysis of the mode-locking process
in our experiment would be outside the scope of this work and only a

brief investigation is described here.
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8.2 The Pockel's cell loss modulator

In a birefringent material such as KDP light has two allowed
directions of propagation and is split into an ordinary ray and an
extraordinary ray.When an electric field is applied to the KDP Pockel's
cell, the phase of the extraordinary ray is retarded. if the voltage
applied is equal to VA/Z the resultant polarization when the light
emerges from the crystal is rotated by 90°, Alternatively, if the

light passes twice through the crystal, the corresponding voltage

is V as in our exXxperiment.
A b P

When a short duration voltage pulse is added to VA/A’ the
polarization of the light that has passed twice through the crystal
when the added field was on, will be rotated by more than 90°. A short
duration burst of light is then fed back into the active medium and

evolves as a mode-locked pulse. The duration of the light pulse will

\Vﬁ = qv depend strongly on the duration
Zit
500 () 500 of the voltage pulse applied to

R the Pockel's cell.

The shape and duration of

A a the voltage pulse can be found

by considering the equivalent

circuits shown in Fig.8.1a and

2 s Vec b
——
) —
R Z(t) Iy llt When illuminated by the
—_— pulses from the dye laser, the
Vapp 250 PC
current switched by the GaAs
b —_— e device is
, app
Fig.8.1 ] I (&) = 7% (8.1)
Equivalent circuits for the active s 10047 &7
o

mode-locking arrangement
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where Vapp is the D.C. voltage bias across the semiconductor gap and
t/1 , . . . .
Zoe is the impedance of the conducting switch [3]. The time
constant has the value 100ps which is the recombination time of optically

excited carriers in Cr doped GaAs. (Reference 10 in Chapter .
Since energy and chargeare conserved, the expressions:

Is(t)2 x 500 = I (t) x V. (t) + IR(t)2 x 509 (8.2)
and

Is(t) = I_R(t) + IT(t) (8.3)

can be solved to find the current transmitted into the junction of
the Pockel's cell and the 250 load as shown in Fig. 8.1b. (The 259
load corresponds to the impedance of the coaxial cables that were

connected in parallel from the Pockel's cell to V, and to the 509

2
termination used in the experiment).
Therefore,
Ip(t) = ZIS(t) - VPC/SO (8.4)

The current charging the Pockel's cell, Ipc(t),is then found by sub-
tracting the current charging the cables,represented by the 25

impedance, from IT(t):

IPC(t) = (ZIS(t) - VPC(t)/SO) - VPC(t)/ZS (8.5)

If the Pockel's cell is considered a perfect capacitor, the current

can be related to the voltage by

Ic(t) = c dV, (t)/de | (8.6)

Using 8.1, the expression yielding the voltage on the Pockel's cell

becomes

av_ . (t) 2 xV 3v__(t)
C__EEL_. = e 8PP . _PFC " (8.7)

dt 100+Zoe 50
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This equation can be solved numerically thus obtaining the amplitude and
the temporal profile of the voltage pulse which is later added to the

D.C. bias V on the Pockel's cell.

A4

The intensity of the light emerging from the Pockel's cell

modulator, POUT(t), in terms of the input intensity, PIN(t), is
2 Mpe ()
POUT(t) = PIN(t) sin (-2—"—]-):74—) (8.8)

The temporal evolution of the voltage
pulse VPC(t) therefore determines the intensity profile of the trans-

mitted 1light pulse. Maximum transmission occurs when VPc(t) = Vl/&'

8.3 Computer simulation

The intensity profile of the light pulse as the mode-locked
pulse train evolves can be simulated by solving Equation 8.7 numerically
and using Relation 8.8 for'every roundtrip. The temporal evolution of
the pulse with successive passes through the modulator can then be
investigated. The initial fluorescence intensity experienced by the
Pockel's cell modulator was in our model taken to be constant.
(Assuming that the detector is not capable of resolving signals varying
at optical frequencies). Passive losses were incorporated by
introducing a loss factor of 0.1, and the gain per roundtrip was for

normalization purposes chosen to be 100.

Fig. 8.2 illustrates the cavity model. The current delivered by
the switch was assumed to have negligible risetime and the losses in
the cavity are illustrated by the reflectivity of the output coupler.

Saturation effects were neglected in order to make the analysis simple.
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>
Fig. 8.2. Cavity model used in the computer simulatioms.

By adding reflections to the voltage pulse applied to the Pockel's
cell to account for impedance mismatch, a more realistic situation
could be simulated. Also, by delaying the voltage pulse VPc(t) with a
set delay time every roundtrip the effect of a cavity mismatch between

the dye laser and the XeCl laser was investigated.

8.4 Results

The capacitance of the Pockel's cell used in our experiment was
specified to be ~ 5pF and the impedance of the conducting GaAs switch
at t = 0 was 10 [3, 4]. Thus the computer simulations were made using

these values in the calculations of IPC(t) and VP

C(t). A plot of

VPC(t) against time is shown in Fig. 8.3 together with a plot of V__.(t)

PC
with reflections (top). (The amplitude of the first reflection was half
the amplitude of the main pulse and arrived at the Pockel's cell 400ps
delayed. Reflections of reflections were also taken into account).

The duration of the voltage pulse in the first case was v 520ps and

in the second case v 900ps. Reflections trailing 800ps after the main

signal gave rise to four almost independent voltage pulses on the
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Fig. 8.3 Fig. 8.4
Temporal evolution of the voltage Temporal evolution of the voltage
pulse applied across the Pockel's pulse applied across the Pockel's
cell (C=5pf and z = 1) Lagtime = cell (C=5pf and =z —19 lagtime =
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Fig. 8.5 Fig. 8.6
Evolution of light pulses showing Evolution of light pulses for 49
pulse compression. (Duration cavity roundtrips. (Pulse duration
after roundtrip 1:4400ps, after roundtrip 1:~400ps, pulse

duration after roundtrip 19:v110ps) duration after roundtrip 49:770ps)
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Pockel's cell lasting a total of 3ns. Fig. 8.4 illustrates this. The
"gate-opening''time of the modulator is thus typically ~ 0.5ns or greater,
depending on the reflections and therefore on the quality of the electrical
connections of the Pockel's cell. Fig. 8.5 illustrates the evolution of
the normalized mode-locked pulses, assuming a voltage signal on the Pockel's
cell with no ringing. The pulses are shown after every second roundtrip
in the cavity. A total of nineteen roundtrips was assumed for this
simulation, With a cavity roundtrip time of v 8ns, as in our experiment, the
gain would then have to be above threshold for ~ 160ns. To achieve this,-e-beam
sustained discharge pumping would have to be employed. Fig.8.61isa

computer plot of the pulse evolution for a laser with even longer gain duration
(>400ns above threshold). The pulses are shown after every eighth roundtrip.
This simulation was made in order to investigate the effect of the
modulator on pulses of relatively short duration. The plots show that

the temporal compression is more dramatic for the initial pulses. This

is expected since the width of the first pulses is of the same order as

the width of the modulating signal. After a few passes, however, the
duration of the light pulse becomes much shorter than that of the

modulating signal, and the latter has less effect on the pulse.

If consecutive pulses are examined, it appears that an approximate
expression for the pulse shortening is:

T N (8.9)

where N is the number of roundtrips and 1. is the duration of the first

1
pulse, Thus the pulse compression seems to be inversly proportiomnal
to the square root of the number of roundtrips. This is perhaps not
surprising, since both the shape of the initial light pulse and the
transmission function sinz(wVPC/ZV)\/A) can be approximated to a gaussian

in shape near the peak. In the computer model the transmission

function of the Pockel's cell modulator is in fact identical to the
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first pulse, since the initial flux is assumed to be constant,

When reflections are taken into account and the voltage signal
applied to the Pockel's cell exhibits ringing, the effect on the
mode—-locking is to causestructured pulse. The computer simulation of
the pulse evolution in this case is shown in Figs. 8.7 and 8.8. Fig. 8.7
corresponds to the voltage pulse shown in Fig. 8.3 (top) where the first
reflected voltage signal lags the main voltage signal on the Pockel's

cell by 400ps. In this case the pulse evolving in the cavity consists‘

ROUNDTRIP

ROUNDTRIP

1000 1500 0 500 1000 1500
TIME (ps) TIME (ps}
Fig. 8.7 Fig. 8.8
Evolution of light pulses when Evolution of light pulses when
reflections are taken into reflections are taken into

account {lagtime:400ps) account (lagtime:800ps)



- 173 - Ch. 8

of two fairly intense pulses. With each pass through the modulator
however, the first of these looses intensity relative to the second.
The shape of the initial pulses is very similar to the shape of the
voltage signal applied to the Pockel's cell. The strongest pulse tends
to dominate after a few roundtrips. The duration of the dominating
pulse after 19 passes is in fact shorter than in the case where there

was neo ringing.

When the first reflection of the voltage signal arrives at the
Pockel's cell 800ps behind the main signal the sub-pulse caused by this
reflection disappears after very few passes (Fig. 8.8). The main
pulse then evolves in much the same way as when no ringing is present.
If the amplitude of the reflections were higher, the sub—pulse would

last longer as was the case in Fig,8.7.

The plots showing the formation of sub-pulses are in good agree-
ment with the results obtained in the experiment. The lagtime of 400ps
for the reflection of the Pockel's cell voltage was in fact chosen
since a second peak separated from the main peak of the mode-locked

pulse by ~ 400ps was observed on some streak records.

8.5 Further computer simulationsg

When the initial value for the impedance of the conducting switch
was increased from Zo = 12 to ZO = 100 (corresponding to reéucing the
intensity of the dye laser pulses illuminating the semiconductor[BD, the
voltage signal on the Pockel's cell changed substantially. The duration
of the voltage pulse reduced to v 370ps. A plot of VPC(t) in this
case (assuming the capacitance of the Pockel's cell to be 5pF) is

shown in Fig. 8.9. The corresponding signal with reflections lagging
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400ps is also shown (top).
VOLTS

The initial and
final mode-locked pulse
durations were substantially

shorter than for the

200y WITH REFLECTIONS lower value of the

impedance and the
successive pulse
durations approximately
obeyed Relation 8.9. The
100
sub-pulse caused by the
reflections on the

. [] - -
WITHOUT REFLECTIONS Poc}(el 5 Cell dld in

this case disappear

N — after a few roundtrips.

o 05 10 18 2.0 25 30
TIME (s} . .
Again this was expected,
Fig. 8.9. Temporal evolution of voltage since the amplitude
applied across the Pockel's
cell with zo=109(C=5pF) of the reflected signal

was low. The duration

of the dominant pulse was found to be the same as for no ringing.

The capacitance of the Pockel's cell has a low value and is there-
fore difficult to measure. To account for inaccuracy in the capacitance
specified by the Pockel's cell manufacturers (5pF), the computer program
was run with C = 10pF. The duration of the voltage pulse VPC(t) was in
this case 570ps compared to 520ps with the lower capacitance. This was
found to have little effect on the temporal evolution of the light pulses.
Fig. 8.10 shows the evolution of the pulses with an

intermediate value of 5% for z, and with C=10pF,taking reflections into account.

In this case the second peak is not as intense as inFig.8.7 and eventually gets
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suppressed.

The simulations indicate
that the important factor in
determining the duration of the
voltage signal on the Pockel's
cell (and hence the duration of
the mode-locked pulses), is the
current switched by the GaAs
device rather than the capacitance
of the Pockel's cell. The current
depends on the impedance of the
conducting switch (Relatiom 8.1).
The impedance depends on the
intensity of the pulses
illuminating the semiconductor.
At high illumination levels
the duration of the voltage
pulse increases. Lower light
intensities yield shorter
duration voltage pulses, but
also gives rise to a signal
of lower amplitude. Therefore the

amount of light illuminating the gap

should be determined from the compromise

between the voltage pulse amplitude

and durationm.

8.6 Computer simulation for mismatched cavities

By introducing a .delay of the voltage applied to the modulator

for each roundtrip, a cavity mismatch between the dye laser and the

excimer laser was simulated (i.e. a temporal mismatch between the XeCl
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cavity roundtrip time and the
arrival of the voltage pulse on
the Pockel's cell). A mismatch
of 100ps corresponding to the
situation where the XeCl cavity
is 1.5c¢m longer than the dye
laser cavity was introduced. A
plot of the pulse evolution is
shown in Fig. 8.11, assuming no
reflections at the Pockel's
cell. The pulse compression is
much more dramatic than for

the case where the cavities are
perfectly matched. This is

not surprising since the effect
of the mismatch is to delay

the arrival of the pulse with
respect to the modulating signal
thus reducing the "gate opening"
time. After 11 roundtrips

the pulse misses the "open gate'
entirely,rand lasing stops.

Cavity matching should therefore

be accurate since a mismatch causes lasing to cease prematurely.

8.7 Conclusion

Although the theoretical model employed was somewhat limited in

that the inductance of the Pockel's cell and saturation effects in the
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gain medium were ignored, the simulatations agreed reasonably well with

the experimental results described in the previous chapter.

The computer simulations show that the effect of the Pockel's
cell modulator alone is not sufficient to yield pulses of ultrashort
duration, since the pulses after a few roundtrips become much shorter
than the modulating signal. However, generation of bandwidth limited
pulses could still be feasible, if other compression mechanisms

such as saturable absorption or amplification, were also present.

Finally, the computer plots indicated that apart from compressing
the pulses to a steady state duration, the advantage of a large number
of roundtrips is to suppress sub-pulses and to cause the intensity
profile to assume a more symmetric shape. With e-beam sustained
discharge pumping, the actively mode-locked excimer laser should thus
provide a train of relatively constant duration, symmetrically shaped

picosecond pulses.
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GENERAL CONCLUSION

The method of probing gain and absorption with frequency doubled
pulses from a mode-locked Rhodamine 6G dye laser proved to be successful
in estimating gain and loss coefficients of the XeCl excimer laser,
Second harmonic generation, necessary to match the dye laser wavelength
with that of the excimer laser, was as expected more efficient with the
mode—-locked dye laser output than with the unmodulated output.
Synchronization of the dye laser with both the electron beam and discharge
pumped XeCl laser was not difficult since the dye laser pulse train
lasted significantly longer than the gain in the excimer lasers. This
also ensured that the XeCl medium was probed both during and after
pumping. The amplitudes of the near delta-function shaped probe pulses
could readily be measured from the oscilloscope traces (by comparing
with reference pulses) thus determining the amount of amplification or
absorption in the XeCl medium. An important advantage of employing
picosecond probe pulses was the greater accuracy attained since the
ultrashort pulses could easily be distinguished from slower electrical
noise signals on the oscilloscope traces. The amplitude of the probe
signal did therefore not include any components due to noise. The
energy density in the ultraviolet pulses from the dye laser was
substantially less than the saturation energy density for XeCl, thus
ensuring that the measurements were linear. The aid of a computer
to analyse the amplification and absorption data and plot the resulting
gain and loss curves was advantageous, since the most accurate results

were obtained when the average of a large number of data was taken.

Absorption studies performed with the electron beam pumped XeCl

laser indicated that vibrational relaxation of the bound ground state



manifold is rapid. This conclusion was reached since within the

accuracy of the experiment, the population in the different vibrational
levels decayed at the same rate. Furthermore, the lower laser levels

did not show any accumulation of population. The ground state lifetime
was shorter at higher xenon partial pressures and the rate of

dissociation due to xenon was found by experiment to be kXe v 6.3 (#1.1) x
10_12cm3 s_l. When compared with the values reported by other workers,
this confirmed that quenching of the XeCl-X-state by Xe is slower than

quenching by the halogen donor HCL.

Probing in the afterglow period of both the electron beam and
discharge pumped XeCl laser, verified the presence of unidentified
transient and stable absorbers, Since such losses could impair
efficiency, particularly of long gain duration lasers, further studies
should be made to identify the nature of these species. Absorption in
discharge pumped lasers is a more serious problem than in electron beam
pumped lasers, since the length of the active medium is generally
greater in the former. 1In the XeCl discharge laser the amplitude of
the probe pulse was found to decrease by as much as 257 after ~ thirty
shots, This implies reduced energy extraction efficiency particularly
for high repetition rate systems. Further probing with different
wavelengths should reveal the spectral as well as temporal characteristics
of the absorbers. Varying the constituent gases and the materials

of the laser electrodes and chamber should also aid in identifying

the species.

The feasibility of employing the XeCl discharge laser as a high
power amplifier for short duration pulses was as expected found to
depend on the wavelength of the input pulses. For wavelengths
corresponding to the XeCl laser transitiom, large peak amplification

factors of up to 500 in a single pass and 4200 in a double pass yielded

+



peak energies of ~ 800uJ in a single picosecond pulse. Significant
amplification at wavelengths overlapping other strong XeCl transitions
was also observed. The lack of gain on the 3-0 transition was
attributed to rapid thermalization of the excited state vibrational
manifold. This was consistent with observations made with the electron
beam pumped laser. Thus in order to extend the tunability of the XeCl
amplifier by increasing the population in higher vibratiomal levels,
the temperature of the laser medium could be elevated. This has been

demonstrated with other rare-gas halide lasers.

When the discharge laser was arranged in a regenerative amplifier
configuration and the dye laser input pulses were tuned to the main
XeCl laser transition, the input pulses were found to deplete the
population inversion in the XeCl laser which therefore did not reach
threshold for self-oscillation. The excimer laser was then injection
mode-locked yielding an output pulse train of high power picosecond
pulses, With the use of an electron—optical streak camera, the shortest
pulse duration was founa to be v 7ps. Peak powers of v 200MW were

thus generated in a single picosecond pulse,

Further experiments showed that it was, however, not possible to
suppress self-oscillation of the XeCl laser when the wavelength of the
input pulses overlapped the relatively strong 1-6 transition originating
from a higher vibratinal level. The modulation of the output was in
this case incomplete. The results indicated that the vibrational
levels in the XeCl-B-state were not cross—coupled on the timescale of
the pulse since population from the laser levels was not depleted
sufficiently fast. This confirmed that vibrational relaxaticn within

picoseconds is, as expected not feasible at pressures of v 2 atmospheres.

The presence of a second intense pulse trailing the injection



mode-locked pulse by ~ 500ps in a cavity mismatch situation, suggested
that the gain recovers in less than a nanosecond since the first pulse
saturates the medium and the second pulse cannot receive gignificant
amplification before the gain is restored. (Pumping on this time-scale
.is insignificant). A more accurate estimate for the gain recovery time
could thus be obtained by varying the delay of the gecond pulse and
investigating the time necessary fér the gain to recover sufficiently
for the trailing pulse to be amplified. This could be achieved with
the aid of an electron-optical streak camera. It would then be
possible to determine the rate of vibrational relaxation and thus at

what time-scale the spectrum of XeCl is homogeneously broadened.

The effect of gain saturation on the pulse duratiom was studied
in a computer simulation of the injection mode-locking experiment.
The simulation of the pulse evolution showed that gain saturation does
not necessarily imply pulse shortening. The effect of saturation
was found to be strongly dependent on the shape of the input pulses.
By obtaining simultaneous streak records of input and output pulses
it should be possible to investigate pulse compression due to gain
saturation experimentally. Careful investigation of streak records
could reveal the pulse shapes and serve to confirm theoretical models

based on different input pulse profiles.

Finally, by employing the mode-locked dye laser in conjunction
with a semiconductor switching device that in turn activated an intra-
cavity Pockel's cell loss modulator, it was possible to generate a
1007 modulated train of subnanosecond pulses from the discharge pumped
XeCl laser. The success of this active mode-locking technique was due
to the good modulation depth and short duration of the signal delivered
to the Pockel's cell modulator. Using the electron-optical streak

camera, the shortest pulse duration was found to be ~ O.4ns. A



theoretical simulation of the active mode-locking process indicated
that pulses of shorter duration are possible if more roundtrips were
available. The effect of the modulator, however, is diminished as the
pulse compresses since the pulse duration becomes substantially
shorter than the modulating signal. Thus to generate bandwidth
limited pulses, other pulse shortening mechanisms, such as gain

saturation or saturable absorption, should be present.

In conclusion, investigation of gain and loss coefficients by the
use of probe pulses from a mode-locked dye laser has lead to greater
understanding of the relaxation processes in XeCl and of the potential

of the XeCl laser as a tunable amplifier.

The large small signal gain coefficients found in both the
electron beam and discharge pumped XeCl laser renders these systems
suitable for high power pulse amplification. Mode-locking experiments
showed that picosecond pulse generation is possible with excimer lasers
and theoretical models indicated that for these purposes it is advantageous
to employ electron beam sustained discharge pumping yielding longer

gain durations and therefore shorter pulses.

The XeCl laser should be a useful source of high power u.v.
pulses for purposes ranging from nonlinear optics and photochemistry
to separation of isotoﬁes and remote sensing of the upper atmosphére.
Generation of extreme vacuum ultraviolet radiation or coherent X-rays

by multiphoton processes is a possibility for the future.



APPENDIX 2

PUBLICATIONS



g7
arvs
8ga
825
898
895
280
9085
219
915
928
925
936
93s
sS4
945
930
9535
968
965
ava -
9vs
9c9
985
392
993

1680
1805
1010
1915
1628
1025
1828
1835
1940
1845
1858
1855
1868
1965
1870
1075
1899
1088
1890
1095
1100
1195
1110
1115
1120
1125
1131
1125
1145
L L4
1159

1155

COMPUTER PROGRAM FOR ANALYSIS OF ABSORPTION DATA

REM

REM FPROGREAM Hell

OPTIOM BASE !

DIM Title${38]1,Results[25]

SHORT L,To,Tr,Ts,Nd,Gmin,Gmax, 5t

SHORT Inp<35,257,IpC38,4>,0utp(35,25),0p¢29,4)>,T(35,25)

SHORT MHodat(25),Nocdat(42,Crat{(4r,Ratl(3g, 4>, Hodatalsdd

SHORT Rat(35,25>,Mean{68),Anpl (23,25, A1f2(35,25),%1anad25),5ignal (25>
SHORT Alpha(30,66),5igna2(&dl,Low(BA),Up 5B, Mid<eds,C(E8)

INTEGER Cph,Iph,Ic¢c,Id,1a,Nophot,Nostots,It,Ti,Ilog

BEEP
INPUT "TYPE IN DRTE",Dates
BEEP i

INPUT "TRANSITION®,Transitions

Transition¥="Trans, "&Transition$

BEEP

INPUT "LASER LENGTH IN ecm",L

BEEP

INPUT "CAVITY ROUNDTRIP TIME",Tr

Cph=1 I COUNTS MNo. OF CALIERATION PHOTOS
Iph=i . ! COUMTS Mo. OF ORDINARY PHOTOS
tHophot=1 .
Start 1 INPUT "CAL.RATIOQ (1) OR CAL.DATA <2¥2",Answ

ON Answ GOTO Crat,Cdata
Crat: BEEP

INPUT "TYPE CAL.RATIQ, SIGMA RHMD YARIATION",Crat{Cphl),SigmalCph),Signaliilph

GOTD Start2

Cdat afBEEP

INPUT "TYPE NUMBER OF CHAL.DRTA',Mocdat<{Cphd

Crat (Cph)=0 .
FOR Ic=t TD Mocdat(Cph> ! Iec COUNTS Ho. OF DATA IM CAL. PHOTO
READ Ipcic,Cphi,0pclc,Cphl
Ratl1¢lc,Cphy=0pdle,Cpho-Ipilc,Cphi

Crat(Cph)=Crat (Cph)+Rat1Clc,Cph>

HEXT Ic

Crat{Cphl=Crat (CphdsHocdat (Cph?

SigmnadCphi=0

FOR Ie=1 TO Mocdat<Cph?
SigmadiCphi=SigmalCph)+{Ratl(lz,Cphi-Crat(CphX>~2

HEXT Ie

Sigma(Cph)=SOR(SigmalCph) (Nocdat(CphX=-1)1
Sigmal(Cph>=1808+SigmacCph2~-Crat (Cph’

PRIMT "Crar=";Crat(Cphi;"Signa="}3ignadCphij"Yariation=";3ignal{Cph’
DISP "IF EYERY¥THING IS5 Q0.K. PRESS CONT !"

PAUEE '

Start2: INPUT "D3 YOU WANT PRINTED QUTPUT. (Y~M)Z",A%

IF A$="¥" THEN PRINTER IS @

IF R¥="N" THEH PRIMNTER I%£ 1%

PRINT Datef,Transition#

EEEP

INPUT "TY¥PE SHOT HNo.",Shot#

BEEFP

INPUT "T¥PE ATTENUATION FACTOR",Hd
EEEF

[HFLIT “TYFE ZEF TIME",To

EEEF

IHPUT “TYPE HUMEER OF DATA",Modat (Iphi

FOR Id=1 TOQ Hodat<Ipkd-



1120 READ Inpild,iphs,Qutpild, iphk;

1165 T¢Id, Iphi=To+(ld=-12%Tr

117v8 IF Inplld,Iph?=0 THEN ti%a

1175 Rat(Id, IphrsHd2dutpc]d, Iph)-Inplld, Iph?

1139 Ampldld, Iphi=Rat (Id, Iph)/Crat{(Cphl

1185 Alfadld, Iphi= lﬁﬁéLDG(Hmpl(Id Iphii-L

1198 HEXT Id

1195 PRINT

1280 PRINT USING 12R5;Shot$,Cratllphi,SigmadcCphl,Signal{Cph
1205 IMAGE "SHOT MNo.",3R,5X¥,"Cal.ratio=",2D.2D,5%,"Sigma=",D.2D,1X,"[",D.2
n, OI:).]II

1210 PRINT
1215 PRINT "Ho INPUT OUTPUT AMPL RLPHA TIMELns1"
12286 PRINT " LX%scm3”

1225 FOR Id=1 TO Nodnt(lph)

1230 PRINT USING 1249:1d,Inp<ld,Iph),O0utpCld,Iph?,Ampl<Id, Iphy,Alfacld, Iphd,TC1d
, Iph)

1235 HEXT 1Id :

1249 IMAGE 2D,3¥,2D.2D,3X,3D.2D0,54,30.2D,4X,MD.2D,5%,20.2D
1245 BEEF

1256 IMPUT "MORE PHOTOGREAPHS (Y-NO?",E$

1255 IF Bs$="%¥" THEH 12?5

1266 BEEP )

1265 IMPUT "RARE ¥Y0QU SURE <Y~ H)?",C#$

1270 IF C¥="%¥" THEN Start3

1275 Iph=Iph+1

1286 NHophot=Iph

1282 WALIT 2008

1285 BEEP

1296 IMPUT "D0O *OU WANT TO CHAHGE CAL.RATIO (Y~ MI?",Crats
1295 IF Crat$="N" THEN GOTO Start2

1308 Cph=Cph+1 )

138% GOTO Startl

1319 Start3PINFUT "D0 YOU WAHNT PRINTED OQUTPUT (¢rH3?",D$
1315 IF D#¥="¥" THEM PRIMTER IS 8

12328 IF DE="H" THEMN PRINTER IS &

1325 INFUT "ENTER TIME SLOT",Ts

1338 Ti=1

1335 FOR K=-<(3B8-Ts)> TO 258 STEP T=

1340 It=1

1345 Mean(Tir=0

1350 FOR Iph=1 TO0 Hophot

1355 la=1

1368 FOR Id=1 TO Nodat<{Iph>

1365 IF Inp¢ld,1ph>=8 THEH 1428

1379 IF (TCId,Iphd>=K-T=z> HND CTCId, Iph)<K)Y THEN 1239
1375 G0OTO 1428

1388 Alphadlt,Tid=A1falld, Iph)

1285 Mean<TilX=Mean(Ti)+Alphadlt,Ti

1398 Louw(Ti»=K-Ts

12395 UpdTir=K

1480 Mid(Ti>=C(LowCTi>+Upl{Til»)#.,5

1485 It=It+1

1410 Ia=la+l

1415 IF Ia>2 THEH 14285

1428 HEXT Id

1425 MEXT Iph

1428 Hodata(Tix=Iit-1

1435 IF Hodatad(Ti>=a THEN 145§



1448 Mean<Tir=Hean(Ti) Hodat a<Ti

1448 Ti=Ti+!

1458 NEXT K

1455 Nozlots=Ti-1

148@ FOR Ti=! TO Hoslots

1465 Sigmaz2(Ti>=0 .

1478 IF (HModatadTi>=@d) 0OR (Nodata(Ti»=1> THEHN 1495

1475 FOR It={ TO Hodata(Ti? ‘

14238 Sigma2(Ti)=Sigma2{(Ti)+(Alphadlt,Tid=-MeandTi)i~2

1485 NEXT 1t

1499 Sigma2(Ti>=SRR(Sigma2(Tids(Nodata(Ti)~122

1495 NEXT Ti

1589 PRINT

1565 PRINT Date#;Transition¥

1518 FOR Ti=1 TO Hoslots

15i5 PRINT . .

152a PRINT USING 1525;Ti,Low(Ti),Up(Tid,NodatalTi>,MeandTi),Sigma2(Ti}
1525 IMAGE "TIME SLOT “,2D,3X,"L",NM3D.2D,"~-",M3D.2B,"1",3H, "Nodata=",20, 3K, "ME
fH=",M2D,. 2D, 3¥,"Sigma=",MD. 2D

1528 NEXT Ti

1535 IHPUT "DO ¥OU WAHT A PLOT ¢Y- N)?",E%

1549 IF Es$="Y¥" THEN GOSUER Plot

1545 GCLERAR

1550 EXIT GRAPHICS

1555 INPUT "REPEAT HWITH HEW TIME SLOT(Y~/N)?",F#

1568 IF F$="¥" THEN Start3

1565 STOP

1578 Plot:Lp$s="H"

1575 BEEP

1580 Plot1:INPUT “TY¥PE LOWER AND UPPER LIMITZ AMD STEP",Gmin,Gmax, St
1585 PLOTTER I35 “GRAPHICS" ’

1590 GRAPHICSE

1595 LINE TYPE 1

1680 FRAME

1605 LDIR A

1619 LORG &

1615 MOVYE £5,95

1626 IF Lpf="N" THEMN Title$="GAIN A3 FUNLCTION OF TIME"

1625 IF Lp¥="¥Y" THEN Title$="LOG GAIN AS FHNCT OF TIWE®

16280 LABEL USIHG "10A,5¥,25R,5H,11A";Tranzition$, Titlae¥, Dates

1635 MOVE 60,4

1643 LABEL USIMG "K“3;"TIME[ns1"

1645 LDIR PI~2

1858 MOVE 2,55

1655 IF Lp#="H" THEM LAEBEL USING "K";"GAIN [xrcml"

1660 IF Lp#="¥" THEN LABEL USING “K";"LDG GAIN"

1645 LOCRTE 12,120,195,92

1670 FRAME

1675 SCALE -44,248,Gmin, Gmax

1636 AXES 18,.05,0,0,2,2

1685 LDIR A

1699 LORGC 2

1695 CSIZE 2.5

1798 FOR TI=Gmin TO Gmax STEP St

17465 MOYE -~495,1

1718 LABEL USIHNG "MD,2D";I

1715 MEXT I
i72a LDIR PI-2
1725 FOR J=-42 Tix

Z48 STEP 20
1738 MOVE J,Gmin-.4a2



1735 LABEL USIHG "M3D,2D":J

1749 MEXKT J

1745 LORG S

1758 IF LpE="%" THEN Logpiot!

1755 FOR K=1 TO Hoslots

1768 MOYE Midd<K),Mean{K)=-Sigma2(K)

1765 DRAW MidCK),Mean(K)+Sigmaz2 (K’

1778 MOVE Mid(K),Mean(K>

1775 LABEL USING "K";"=*"

1780 HEXT K

1785 BEEP

17996 PRUSE

1795 INPUT “DG YOU WANT A HARD COPY (¥/N)>7?",Hcs
1800 IF Hc#="H" THEM 13289

1885 DUMP GRAPHICS

1816 INPUT DO YOU WAHT TO DUMP GRAPHICS <Y~ N)>7?¥,Da¥
1815 IF Dg¥="%" THEN 1385

1820 GCLERR

1825 INPUT "D0 YOU WANT A LOG PLOT (Y-H>?",Lp¥
1820 IF Lp¥="H" THEHN 2198

1835 Ilog=1

1840 Logplot:INPUT "EMTER LIMITING TIME SLOTS",Lesft,Right
1845 IF Ilog=1 THEH Plintl .

1858 GRAPHICS

1855 LogplotiiNos1=Right-Laft+] ! Mo .0OF SLOTS WITHIH INTERVAL
1868 FOR L=Le=ft TO Right

1865 C(L>=LOG{(ABS(MeandclL))) i

1878 MOVE Mid(L),LOGCARBS(Meanlli=-3igmaz(Li)’

1875 DRAM Mid(L>,LOGCAES (MeaniLr+5igma2cLy )

1888 MOYE Midd(Ly,CCLD

1825 LABEL USINHG "K";"#"

1898 HEXT L

1895 BEEP

1906 PRAUSE

1995 Pt=0

191@ INPUT "DO ¥Y0OU WANT TN REMOVE A POINT?".Points#
1915 IF PointE="H" THEH 1375

1928 P1=P1+1

1925 IMPUT "TYPE Mo.OF TIME SLOT®,Hm(Pt>

1930 PENM -1

1935 GRAPHICS

1949 MOVE Mid{Mm(Pt>>,LOGCABS(Mean(Hm(PL3 i -SigmaZ(NmCPt 2233
1945 DRAW Mid{Hm{Pt>>,LOG{ABS(MeantHm{PtI)+Sigma2(HmiPt i3>
1958 MOYE MidC(Hm(Pt>),C(Hm{Pt)>

1955 LABEL USIHNG "K"j"#"

1968 BEEP .

1965 PRUSE

1978 GOTO 1918

1975 PEN 1

198@ Midbar=Meanbar=Prod=3ig=8

1985 Pt=1

19968 FOR L=Left TQ Right

1995 IF L=Hm<{Pt) THEM 2025

2060 Midbar=Midbar+Mid(L}

29085 Meanbar=Mzanbar+C(L>

28189 Prod=Prod+Mid(L)*C{L>

2815 Sig=Sig+MidcLi~2

2020 GOTO 2924

2025 Pt=sPy+

ZB39 MEXT L



2033
2949
2945
2858a
28595
2969
2065
2879
2875
20319
2989
20998
2895
211849
2185
2115
2113
212a
2125
2139
2135
2148
2143
2158
2159
2160
2165
2179
2178
213¢
2185
21919
2195

Noszl=Nesl-C(Pt-1>

Migbar=Midbar-Hos1

e anbar=Meanbar-/Hosl

Prod=Prod/Hos] *

Sig=Sig-Nosl-iidbar~2
M(Ilogr=¢Prod-Meanbar#Midbar) Sig
B(Ilog)=Meanbar-M(Ilog)*iidbar

MOVE 9,B(Ilog

DRAW 248,M<(11o0g)#248+B<(IlogD

BEEP

PRAUSE

INPUT "HEW LIMITIMG TIME SLOTS <Y N>?",TI1s$
M(Ilog+1)=B{ITog+1>=8

IF T1s="H" THEH 2115

I11og=1109+1

GOTO Logplot

M=MC1Y=MC2)

B=B(13-B(2) o
Resuit$f="Lifetime="%YALF{(DROUMDCL-AESC(M2, 22 2&"ns"
MOVE 3,B

DRAW -Bs/M,8

LDIR ©

MOYE 289,Gmax-.1

LABEL WSING "12A";Resuit$

BEEP

PRUSE

INPUT "DO YOU WANRT A HARD COPY (Y N)?",Hc¥
IF Hc$="N" THEHN 2190

DUMP GRRAPHICS

INPUT "Dd ¥0U WANT TO DUMP GRAPHICS (Y- H>?",Dg¥
IF Dg$="%¥" THEM 2175

RETURH

END



00100
00119
09120
Q13
ec149
0c1so
Gale0
0ulé5
00170
QG1ls0
opolaz
on18s
Qg190
00200
ou2l0
ouz290
QU230
0p240
9,250
onzeo
op2vo
D284
0299
Lu300
96310
0u32g
00330
ou3a0
00350
00370
qu3su
0G39¢
0Qu0s
05410
oo42d
00430
00440
Qo449
ouuso
00460
Qas7g
00480
op490
00510
93539
gusuq
acS42
dusuy
0550

0L560

COMPUTER PROGRAM FOR INJECTION MODE-LOCKING MODEL

PROGRAM INJLOK({IMPUT,QUTPUT.GRACEL TAPES=IHPUT »TAPEE=GRACE)
DIMEMSION G(120)PZFRO(1605) PIN(160S) +POUT(160S)GaAIM{1505)
SI1GMAST,2

PEAKG=0,075

MISMAT=q

CROSEC=u4,5

PMAX=0,

AREA=Q,

K=0

T1l=0,

LIMSUP=p

LIMINF=D

$1G=3

SIG=5IGx20,

WRITE(6+18)

18 FORMAT(" WHAT IS THE INPUT EHERGY IN MICROJOULES 7?2%)
READ(S+®*)LENERGY

L=10

MISM=MISMAT=*20

HOSAT=]

SUMJd=10,.

00 1 I=t,11n

T=1

1 G(II=(1U04/(1e772R%2%xSIGMA) I*EXP (= ((T/3e-18,)/(2xSIGMA) Y ax2)
WRITE(6.+30)

Z0 FORMAT("™ T(NS) GAIN® /)

ANORM=PEAKG/G(585)

D0 20 I=1.1l1o0

GLIY=SG(1)®AMORM

20 CONTIMUE

LO 32 I=1+4110+3

K=K+1

22 WRITE(B4«33)KG(IY

33 FORMAT(1X,I4+2XsF5,.4)

21 FORMAT{LX (I8 uX,F7.2)

o 2 J=1.16400

PZERO(JIZG « /((EXP((T1=600.)%1+763/S51G)+EXP (= (T1«600,)%*1,763/516))%%*2)
AREA=AREA+PZERO({ J)

2 T1=T1+0.5

WRITE(&+2%)

24 FORMAT({/," MNORMAI IZED IHPUTY,/" T{(.5PS) NP, /)
ANORM=1,56*ENERGY/AREA

Lo 1% J=1.1600

PIN{J)=PZERO(J)*ANORM

19 P2ERO(J)Y=PZERO(J}«ANORM

1=0

DO 38 J=141600.,10

38 WRITE(6+21)J/10+PIN(J) =500,

WRITE(6,11) S16/10+3.33xSIGMALENERGY PEAKG,CROSEC ,MISMAT
11 FORMAT{/," WICTH OF INPUT PULSE: ",F3,0," PS FlHE",/,

03570+" WIOTH OF GAUSSIAM: "yF3.,04" MS FuHp e/ INPUT EMAVOL 3%,
00580+F 743, MICROJOULES",/ " PEAK GAIMIMaFS.3¢/ 4" SICMAIP FS,241 10%x%x=14",
00590+/+" MISMATCH= "413,» pPS")

0neoo
00elo
0ze20
gue3o
0e40
Q0659
queéed
Gib70

CROSEC=CROSEC*2.x0.0001
6 I=I+1

N=(I-8),722

RE=N*22+8al
IFIR.EQ.0)I=I+6
NPASS=I/11

N=Il/s22

REN*22=1



Jue80 IF(R,EQ,0)WRITE(e+41MPASS/2
036S0 4 FORMAT(///7/7+" AFTFR ",I2," ROUNDTRIP(S) It THE LASER THE OUTPUT IS"»
0070047/ 4" I1{+5PS) M MORM GAIN® 4/ /)

30710 DO 3 J=1.1600

99720 SUMJSSUMJ+PIN(J) ‘

0oT30 GAIN(JIZ1a/(le=(1e=FXP(=G(l)}*xl ) )% (EXP({~CROSECXMASAT#SUMI) 1)
QU740 POUT(J)I=PIN(J)}=GAIMN{J)

JCT750 IF((PMAX=POUT(J} ) +LT.D)IPMAX=POUT (J)

J0760 3 PIN(J)=POUT(J)

20770 LNERGY=SUMJ=*0D,03/1.56

BO780 N=1s22

V0790 R=sN=22-1

03800 IF(R,NE,0)G0 T0O &

03810 0O 35 J=1,1600,10

0u815 OUT=POUT{J)*PZERO(1201)/PMAX

JUB20Q 35 WRITHL(6,7)J/10+0UT2500,+GAINIJ}

008295 7 FORMATI(3X+IS+8X1F7.2+7%XF8,21

0u826 MHALF=PMAX/2,

Q0827 DO 10 J=1.+1599

N9832 IF(POUT(J).GT.PHALF)ILIMSUP=Y

00833 IF(POUT(1600=J).6T . PHALFILIMINF=1600-J

ous3% 10 CONTINUE

N0835 WIDTH=(LIMSUP-LIMINF)/20.

0p850 DO 5 J=1,1600

QU855 JMISM=J+MISM&MPASS /D

QuBE0 IF((JMISM=1600).G6T.n)JMISM=1500

00865 IF(JMISM,LE,Q)}JMISM=1

JUuB70 PIN{J)=0,04=POUT (J)

0yY880 5 CONTIMNUE

00890 WRITE(B+17IMPASS/2.FNERGY xWIDTH WIDTH

0906 17 FORMATI/," ENERGY DENSITY IN THE PULSE AFTER ",I2," ROUNDTRIP(S)It.
JU91042XFB+0s" MICROJOULES M"o/o" PULSE DURATIONI".Fhel, " PS FipM*,./)
00e20 & SUMJ=0.

3930 PMAX=0.

Qu9%y IF(L.LT,110)60 TO &

03950 SToP

00960 END



00100
cdlla
gglau
‘00130
Qols&0
0gise
gcleu
G317¢0
ggiao
a4l130
au290
00210
Quaz2o
00230

COMPUTER PROGRAM FOR ACTIVE MODE-LOCKING MODEL

PROGRAM XECL{INPUT xECL3Z,TAFES=INPUT sTAPLg=XECL32)
CIMENSION VPC{4U0S),IGALN(SS5)POUT(2.4005}

FRACT=0,.,%
LAGTME=840,
JELTAV=(Q,
V=0,
DELTAT=1,
VAPPL=700.
Z=1.
TAL=1900.
C=95.
TIME=0.

WRITE {(64+1) VAPPL+Z+TALWCFRACT,LAGTME
1 FORMATI(" VAPPL=Y",FS5,0," Z="FS.1l."
00240+/ 4"

TALZ? JFdo0,"

CAPAC=" 4 F3.0,

AMPLITUUE OF REFLECTION="+F2,1+" COMPARED TO THE PEAK",/»

00250+" AnND QCCURING ",I4" PS AFTER THE mMAIN VOLTAGE PULSE"./)

00260
90270
00280
06294
06300
00310
00320
00330
0334y
20350
00360
0a37u
g03ac0
03390
33841
00442
Jubss
00450
99452
30454
00470
00488
00490

Qaso1
0asS03
03504
03505
00506
U520
00%30
00sS50
00560
0J564
20570
00580
ug59u
03592
00594
case0u
00&10

WRITE (&.+2)

2 FURMAT("™ TIME IOUT VOLTAGE")

DO 4 I=1.3001

AIOUT=VAPPL/ (100,+2«EXFITIME/TALY))

V=V+OELTAV

DELTAV=(2.#0ELTAT/C) = (AIOUT-y/33,3333)

J=l=1
M=I=LAGTME
VPCII)=v

IF(L.GT.LAGTMEIVPCI(I)=VPCIL)+FRACT=VPC (M)

IF(MOD{J+20)4EQe0) WRITE(&+43)TIMELALQUT VPC(I)

3 FORMAT(FG.0¢FB.3¢Fa.U)
4 TIME=STIME+DELTAT
IGALN(1)=1

DO S5 ITIME=1,2001
S POUT{LITIME)=1
IT=0.

0Q 7 NPASS=2.20
IGALM(NPASS)=100
FPMAX=Q.,

DO & ITIME=L1.2001
M=ITIME+IT

POUT(2+ITIME)=041xIGAIN(NPASS)=POUT(1.ITIME)x{SIN
00500+ (3,14159«VPC(M)/1300.) I m=n2

IF(PMAXLTPOUT(2.ITIME) IPMAX=POUT(2,ITIME}

& CUONTINUE

R=2 «/PMAX

DO 11 ITIME=1.2001

31 POUT(LyLTIME)=POUT(2,ITIME)
WRITE (6.8) NPASS

8 FURMAT(//+" TIME PASS",+13)
G0 10 (=1.2001.,20

n=I=-1

POUT(2+I1)SPOUT(2+1) xR

WRITE (6¢9) K+ePOUT(2.,1I)

9 FURMAT(IS+F8,3)

10 CONTINUL

IT=1T+100

7 CONTINUL

STOK

END
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Vibrational Relaxation Studies
in Noble Gas Halides

M.H.R. Hutchinson, C.D.P, Levy and G.M. Reksten
Physics Department, Imperial College of Science and Technology

In this work we investigated the scaling of e-beam
diodes used for pumping ncble gas halides, and the kinetics
of the XeCl ground state in e-beam pumped systems. For
high power, large volume applications such as nuclear fus-
ion, e-beams are essential for efficient pumping.

At the top of Fig.l is shown a conventional co-axial
diocde. This is limited to powers below about 10 GW,
because beyond this the return current flowing axially to
earth aleong the anode creates a magnetic field strong
encugh to cause beam pinching onto the centre of the anode,
leading to foil rupture {1]. We have developed a co-axial
diode which is scalable in that pinching effects at high
current levels are avoided. The return current gecmetry
has been changed to a radial path out along a conducting
sheet inserted through a gap in the anode. This reduces
the magnetic field strength B and changes its directioen
favourably. Electrons in the gap region are deflected to-
wards the ancde, 1if B is high enough.

The diode can be increased in length and power indef-~
initely, since B reaches a maximum proportional to the cur-
rent density.

The output from a diode we built using radial return
geometry was comparable to that from an axial return dicde,
e.g. 1 joule in 20 ns from unoptimised KrF, at an e-beam
power of 10 GW. Slight pinching was evident using axial
return geometry. Increasing the power level would be impos-
sible using axial return gecmetry, whereas using radial
return the efficiency would increase due to increased coup-
ling of electrons in the gap, to the ancde.

XeCl lases at 308 nm between two bound states, on the

"v' - v" transitions O - 1 and O - 2, where v' is an upper
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state vibrational level, v" a ground state level [2]. The
ground state has a well depth of about kT, and is thermally
unstable, Assuming no population in the upper state, and
no dominant background absorption, the population in a v"
level is directly proporticnal to the absorption coeffici-
ent on a vibronic transition out of it [3].

Fig.2 shows the experimental arrangement used to probe
XeCl. The output from a tunable mode-locked Rhodamine &G
dye laser was frequency doubled, resulting in a picosecond
pulse train 400 ns long with pulse separation of 6.2 ns and
bandwidth 1 2, narrow enough to pick out different v' - v"
transitions. A Pulserad ll10A e-~beam generator {35 kA, 500
kV, 30 ns) was synchronised to firxe as the picosecond pulse
train passed through the XeCl cell. The pulse train was
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split into two, half going direct to a fast photodicde and
the other half making a double pass through the XeCl cell
before hitting the same photodiode. A quartz flat back re-
flector reduced ASE and a spatial filter cut down its
detection. The photodiode sees two interleaved pulse
trains, and the ratioc of their heights at any time relative
to a calibration ratic gives the gain or loss in the cell.
All optical losses except those due to absorption by the e-
beam pumped XeCl gas mixture were made to cancel by taking
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calibration shots through the unexcited XeCl cell. Timing
accuracy of this system is * 2 ns, due to jitter in trigger-
ing the 519 oscilloscope and uncertainty due to double pass-
ing.

Fig.3 shows the results of probing the 1 ~ O transition
at 3058.7 ®. Several shots were taken, each prebing the
cell at 6.2 ns intervals. Each data point represents the
average of a 5 ns time slot. Zerc time corresponds to the
beginning of the e~beam pump pulse. An initial gain region
is followed by a gap in the data due to ASE, and then by the
decay tail of absorption. Fig.4 shows the same result semi-
logarithmically, together with results of 2 - O at 3040.8 )4
and 2 - 1 at 3043.3 B. We also prcbed on 2 - 2 and O -~ 2
transitions. To within experimental accuracy, all v" levels
decay with a lifetime of 20 ns (% 3) using a typical laser
mixture. Absorption decreased if the Xe concentration was
changed from cptimum or if the laser was tuned off resonance,
implying decay is due to XeCl ground state.

We conclude that vibraticnal relaxation is fast compar-
ed to the decay time of 20 ns, since v" = 0 is populated and
all levels have the same lifetime. The cbserved decay is
due to collisional dissociation of the ground state.
Vibraticnal relaxaticn in the upper state must also be very
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fast, since we cobserve gain from v' = 0,1 but not v' = 2,
implying thermalisation. The slower lifetime of 250 ns is
sometimes not visible due to noise. We believe it may be
due to slow decay of an equilibrium concentration of XeCl
in the ground state, due to chemical scavenging of free Cl
atoms by Cl or H atoms.

In conclusion, powerful, efficient XeCl lasers will
not be limited by e-beam problems, but it appears that
bottlenecking in the ground state may reduce efficiency.
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Picosecond injection mode-locking of the XeCl laser

G. Reksten, T. Varghese, and D. J. Bradley

Optics Section, Blackert Laboratory, Imperial Coilege, London SW7 2AZ, England
{Received 24 November 1980; accepted for publication 30 December 1980)

Ultrashort pulse generation has been achieved in a UV-preionized transverse discharge XeCl
laser by injection mode-locking using the second harmonic of a passively mode-locked Rh 6G dye
taser tuned to the XeCl gain bandwidth. Temporal measurements using a Photochron I1 streak
camera showed pulse durations ~7 ps with single-pulse peak power of ~ 150 MW.

PACS numbers: 42.55.Hq

Several attempts have been made to mode lock rare-
gas—halide lasers. Active mode-locking of the XeF laser' and
passive mode-locking of the KeF laser® have, in each case,
produced pulses of ~ 2-ns durations. Failure to achieve pico-
second pulse durations arose because of the short durations
{15 ns} of the gain in the discharge-pumped laser systems
employed. As a consequence there was not a sufficient num-
ber of cavity round trips to produce appreciable pulse nar-
rowing. The spectral bandwidth of the XeCl laser transition
is large encugh { ~0.5 nm?) to support pulses of subpicose-
cond duration. We have empioyed injection mode locking*
of this laser to produce, for the first time, picosecond pulses
with a rare-gas-halide laser. Pulses of ~ 7-ps duration and
peak powers of ~ 150 MW are thus obtained.

513 Appl. Phya. Lett. 38 (7, 1 April 1581
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The experimental arrangement is illustrated in Fig. 1.
The second-harmonic pulse train of a passively mode-locked
Rh 6G dye laser output® was injected into the XeCl laser
cavity through an uncoated quartz flat which served as the
output coupler. A flat 1009 reflectivity mirror completed
the laser resonator. Two apertures 4, and A, restricted laser
action in the cavity to an area equal to that of the injected
beam. The UV-preionised, discharge-pumped XeCl medium
was operated under high-gain conditions (maximum small
signal gain ~ 500) and the windows were antirefiection coat-
ed and tilted to prevent self-oscillation. The gas mixture was
typically 6-Torr HCl + 90-Torr Xe + Neat 2000 Torr total
pressure. Without apertures the output energy was ~70 mJ
in a 30-ns pulse at 30-kV charging voltage. The dye laser
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FIG. 1. Experimental srrangement.

second-harmonic pulse train had peak pulse energy ~ 300nJ
giving an energy density ~ 1 2J cm ™. The pulse separation
was ~ 8.3 ns and the train contained ~ 100 pulses. An intra-
cavity S«m gap Fabry-Perot étalon permitted spectral tun-
ing of the dye laser to the XeCl transition at 308 nm and the
bandwidth of the second-harmonic output was ~2.5 A. The
length of the dye laser cavity was ajusted to be either equal to
that of the XeCl cavity or half this length. Good mode lock-
ing was obtained in both cases showing that the gain recov-
ery time in the XeCl laser is less than 4 ns.

The two lasers were synchronized so that the XeCl laser
would fire when the shortest pulses, 1ate in the dye laser
pulse train,? were injected. Careful adjustments were made
so that the pulses followed a path exactly along the axis of the
XeCl laser. This alignment was found to be critical for good
injection locking to take place. If the two lasers were not well
aligned, the modulation of the XeCl output was incomplete,
and self-lasing would build up in the XeCl cavity.

The gain duration of the XeC) laser was ~-40 nsand the

output pulse train had five pulses {Fig. 2{b)]. With an input
pulse energy density of 1 4J cm ~2, the second pass, after
reflection from the 100% mirror, showed gain saturation.
The XeC! laser was found to lock completely to the injected
pulses. The mode-locked pulse train emitted by the XeCl
laser had practically zero background energy between the
pulses. The peak energy in a single phase was ~1 mJ,

The threshold energy requirement for good mode lock-
ing was investigated by varying the input pulse energy. If the
energy of the injected pulses was low, amplification after a
few round trips of the XeCl cavity was not sufficient to de-
plete the gain enough to prevent the laser reaching threshold
at the peak of the discharge gain. In this case, seif-lasing
competed with the picosecond pulse in the cavity and result-
ed in incomplete modulation. When the frequency-doubled
input pulses from the dye laser were attenuated by a factor of
15; by inserting two glass slides in the beam, background
lasing started to appear. Thus, for a discharge laser of the
type used in our experiment, input pulse energies of close to
£J cm~? are needed to generate a 10095 modulated injec-
tion-locked pulse train. Figure 2(b) shows an oscillogram of

514 Appl. Ptys. Lett., Vol. 38, No. 7, 1 Aprit 1581

(a)

FIG. 2 Oxcilloscope trace of injection mode-locked autput of XeCl laser.
Timescale 5 ns per major division. {o) Oscilloscope trace showing deteriora-
tion of mode locking for low.input energy.

the XeCl laser output when the injected pulses were attenu-
ated. An intense background was also obtained when the
injected laser beam was not correctly aligned along the axis
of the XeCl laser. A similar effect was obtained when the dye
laser was tuned away from the peak of the discharge laser
gain bandwidth.

The XeCl cavity had to be accurately matched to be
equal to or double the dye-laser cavity length. Any temporal
mismatch between the puise propagating in the XeCl laser
and the injected dye-laser pulses increases with the number
of roundtrips. Scbpulses could sometimes be resolved on a
fast time scale on the oscilloscope by looking at the last
puises in the train where the separation was greatest. In our
experiment the cavity lengths were adjusted in this manner
by monitoring the pulses on a {ast time scale on the oscillo-
scope. For very accurate adjustment, a streak camera was
employed.

The duration of the dye laser and injection-locked
pullses were measured with a Photochron 11 streak camera®
with an $20 photocathode. The duration of the shortest
pulses in the dye laser second-harmonic pulse train was
found to be ~ 6 ps. The duration (Fig. 3} of the shortest
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FIG. 3. Streak photograph of injection
mode-locked XeCl laser. Streak-cam-
era time resolution -2 p3.

injection mode-locked XeCl pulses was found to be ~7 ps
{(FWHM), giving a peak power of ~ 150 MW for 1 mJ ener-
gy. There is very little background energy between the
pulses. Since our results show that a typical injection mode-
locked pulse was of about the same duration as an injected
pulse, it can be concluded that there are no significant pulse-
temporal broadening mechanisms in XeCl for pulses as short
as 6 ps.

The saturation energy density for XeCl is estimated to
be ~ 700 cm~2." The peak energy density measured fora
single pulse in the injection-locked pulse train exceeded this
value, thus the pulses could be further shortened by gain
saturation, as found with dye lasers® if the number of round
trips were not limited. With other pumping methods, such as
e-beam-sustained discharges, which give longer gain dura-
tion, bandwidth-limited (~ 1 ps for XeCl) pulses could be
obtained, even if the injected pulses are not as short, The use
of bandwidth-limiting clements in the XeCl laser cavity

§15 Appl. Phys. Lotl, Vol. 38, No. 7, 1 April 1881

would also help the generation of bandwidth-limiting
pulses.’

In summary, injection mode locking of XeCl has been
achieved by injecting low-power, frequency-doubled pico-
second pulses from a conventional flashlamp-pumped Rh
6G dye laser. A 1009% modulated pulse train consisting of
ultrashort pulses of up to 150 MW peak power was produced
by the XeCl laser.

This method of mode locking could be extended to oth-
er rare-gas excimer and exciplex lasers, using the third har-
monic of the Nd:giass laser to mode-lock the XeF laser, and
the fourth harmonic of the Ruby laser for the Xe, laser.

The authors thank M. H. R. Hutchinson, W. Sibbett,
and J. R. Taylor for the experimental help and useful discus-
sions. We are pleased to acknowledge financial support from
the Science Research Council. One of us (T.V.) was support-
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Active mode locking of a XeCl laser

Grace Reksten, Thomas Varghese, and Walter Marguiis
Optics Section, Blacket Laboratory, Imperial College, Prince Consort Road, London SW7 2AZ. England,

{Received 23 February 1981; accepted for publication 24 April 1981)

Active mode locking of a UV preionized transverse diséharge XeCl laser has been
achieved by modulating the gain using an intracavity Pockel's cell. The output was
100% modulated, and pulses as short as ~310 ps were measured. Generation of

shorter pulses by the same method is discussed briefly.

PACS numbers: 42.60.Fc, 42.60.Da, 42.60.Kg

Raregas halide lasers have proved 1o be powerful
sources of UV radiation and can be scaled to provide pulses
of very high energies. High-power, short-duration pulses are
important for many applications, such as nonlinear optics,
spectroscopy, and photochemistry,'? and considerable ef-
fort has therefore been made to generate picosecond pulses
from these systems.

Single-subnanosecond, 308-nm wavelength XeCl laser
puises have been obtained by slicing fechniques,” and pico-
second UV radiation has been generated by amplification of
second-harmonic dye laser pulses in XeCL** Recently, the
generation of ultrashort pulses by injection mode locking
was reported.® In this case a 100% modulated output train
was produced, with individual pulse durations of —7 ps.
This method is, however, somewhat limited by the fact that
the injected pulses must have the same wavelength as the
particular rare-gas~halide laser. Previous attempts to mode-
Iock XcF and KrF lasers have been only partially successful
in that the output pulses were relativaly long ( S 2 ns) with
incomplete modulation.”® These methods failed to produce
ultrashort pulses, since the duration of optical gain in con-
ventional discharge and e-beam systems is toa short for
mode locking to build up.

Recently a new mode-locking technique was reported.”
A flashlamp-pumped dye laser was used to activate a semi-
conductor switching device. The picosecond voltage pulses
thus generated were applied to an intracavity Pockel's czil
that actively modulated a coume 2 dye laser. In this ietter
we report the extension of this technique to rare-gas halide
lasers. A GaAs switch driven by a flashlamp-pumped Rhé-
G dye laser activated an intracavity Pockel’s cell in a XeCl
laser, and a 100% modulated train of 5-8 pulses was gener-
ated by the excimer laser. Individual pulse durations as short
as ~ 310 ps were measured.

The experimental arrangement is shown in Fig. 1. Acon-
ventional flashlamp-pumped dye laser was used. The mode-
locked output consisted of about 400 pulses of ~ 5-ps dura-
tion. The energy per pulse was ~20 uJ. The cavity length
was adjusted to be either equal to the XeCl cavity or half this
length.

The excimer laser was a UV preionised discharge sys-
tem operated at 30-kV charging voltage. The gas mixture
used was 12-Torr HCi + 100-Torr Xe + Ne = 1500 Torr.

The maximum laser cutput produced from this system was
~70mJ. In the configuration used for this experiment, how-
ever, the free-lasing output was substantially reduced dueto
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lossy elements in the cavity. Synchronization between the
two lasers was not critical, since the duration of the dye laser
pulse train was much longer than the duration of the dis-
charge pumping.

The XeCl laser cavity was defined by mirrors M,

(R = 1009) and M, (R = 80%), and the roundtrip time was
8.3 ns. A Glan—-Thompson polarizer (P} was inserted be-
tween the laser medium and the KDP Pockel's cell (PC),
which was placed very close to the output coupler M. Aper-
tures (A) of 1 em diameter were placed at both ends of the
cavity to restrict lasing to the area covered by the Pockel's
cell. -

The modulating arrangement differed slightly from the
one described in’ and was operated as follows: Initially las-
ing in the XeCl amplifier is inhibited by the application of a
dc voltage ¥, . [~650 V) to the Pockel's cell. Light reaches
mirror M; circularly polarized, is reflected back, and after
the second pass through the Pockel's cell has its linear polar-
ization restored, but rotated by a total of 90", It is then reject-
ed by polarizer P, and since no feedback is allowed into the
amplifier the laser does not reach threshold. When, however,
a short duration voltage pulse is added to the dc voitage
¥V, se» the polarization of light traveling through the Pockel's
cell is rotated by a totzl of more than 90°. A short-duration
burst of light which is not linearly polarized is then formed.
Its horizontal component is not rejected by the polarizer and
is fed back into the amplifying medium allowing the laser to
reach threshold. The arrival of this pulse of light at the Pock-
eP’s cell after a round trip in the cavity is synchronized with
the application of a subsequent short-duration voltage pulse
switched by the GaAs device, allowing further amplification
and buildup of a mode-locked pulse train. Synchronization

iy, —— "
M1 W_W ¢
FP R6G : lI v2
L b
;’: XeCl P PC M3

FI1G. 1. Experiment arrangement.
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FIG. 2. (2} Oscilloscope trace of unmodulated XeCl laser output. Vertical
sczle: 2 V/divition. Horizontal scale: 10 ns/division. {(b) Oscilloscope
trace of mode-locked Xe(T laser cutput. Vertical scale: 2 V/division.
Horizontal scale: 10 ns/division.

was achieved by adjusting the pulse separation of the dye
laser to be equal to or half that of the XeCl cavity round-trip
time.

The short-duration voltage pulses used were provided
by a semiconductor switching device'? consisting of a slab of
semi-insulating GaAs connected between a de power supply
and the Pockel's cell. Initially the high impedance of the
device prevents voltage from appearing across the load.
However, when illuminated by a picosecond laser pulse,
photoinduced carriers cause the conductivity of the semi-
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FIG. 3. Microdensitometer
_trace of streak photograph
showing two consecutive
output puises. Streak carnera
time r ion — .
380 | esolution — 200 ps.
pS &70

conductor to increase by several orders of magnitude. In this
way the voltage is effectively transmitted to the Pockel's ceil.

Semi-insulating GaAs was chosen, since it is capable of
switching several kilovolts with picosecond rise times."! Itis
also particularly useful for high-repetition-rate applications,
since the recombination time of optically excited carriers is
only ~ 100 ps.'? If the electric field across the slab is limited
to 33 kV/cm, electrons in the conduction band, promoted
by the activating light pulse, exhibit a very high mobility
(~7000 cm? V™' 57", In this case even a relatively modest
optical energy (~ 10 2J} illuminating the device is sufficient
for efficient switching. Also by limiting the voltage appiied
to the switch, efectrical breakdown can be avoided. Typical-
ly, pulses of 200-V amplitude were switched by the GaAs
device when biased to 700 V. It should be pointed cut that
voltage pulses appearing across the Pockel’s cell exhibited
ringing and were somewhat integrated, This was mainly due’
to impedance mismatch and the finite capacitance of the
Pockel’s ceil {~ 5 pF). The Pockel's cell used in our experi-
ment has a rise time of ~250 ps.

With no voltage on the Packel’s cell the unmodulated
laser output lasted ~25 ns as shown in Fig. 2(a). When volt- -
age pulses of ~200-V amplitude were applied to the Pockel's
cetl and added to the ¥V, ,, dcbias, 2 1009 moduiated train
of puises was generated by the XeCl laser. The train lasted
20-30ns and the pulse separation was ~4 or 8 ns depending
on the dye laser cavity length. An oscillogram of the latter is
shown in Fig. 2{b}. :

The pulse durations were measured with a UV-sensitive
Photochron II streak camera.'! Slow sweep speeds were
used { ~ |4 X 10* cm/sj allowing the observation of series of
pulses and the background (if any) between them. Figure 3 is
a microdensitometer trace of consecutive pulses showing no
background and 100% modulation. In this case the round-
trip time of the dye laser cavity was half that of the XeCl
laser, as in Fig. 2(b). Therefore the excimer laser was double
pulsing, and the streaks shown correspond to pulses that
have evolved from different initial bursts of light. The re-
corded width of the pulse shown on the left is ~ 380 ps
F'WHM. When deconvolving the 200-ps time fesolution of
the camera, as used in our expériment, this correspondstoa
real pulse duration of — 310 ps.

The relatively long pulse durations obtained in our ex-
periment could be improved by the use of impedance-
matched Pockel's celis of faster rise time. Furthermore,
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since pulse narrowing occurs with each pass of the light

pulse through the modulator, a large number of round trips

is desired, and it would therefore be advantageous to use

" systems with longer gain durations (such as e-beam sus-
tained discharge lasers). Alternatively the introduction of a
second Pockel’s cell at the other end of the XeCl laser cavity
should, for the same reason, shorten the pulses. Synchro-
nized voltage pulses can be applied to each cell by using a
single GaAs switch connected to both elements by suitable
lengths of cable.

In our experiment the energy density of each UV light

" pulse was much less than the expected saturation energy
density [~ 700 uJ cm™%)." If single-pulse energies were
higher, pulse shortening by gain saturation (analogous to the
meode-locked dye laser)'* could become significant. In order
to increase the energy available in the picosecond pulses,
lower loss elements (PC and P) could be used. In ourcase the
useful area of the beam was restricted by the physical size of
the polarizer and the diameter of the Pockel's ceil. Also the
short-wavelength cutoff of the former | ~0.3 um) was close
to the wavelength of the XeCl laser. This fact should be con-
sidered, if the method is to be extended to shorter-wave-
length excimer lasers. Extention to longer-wavelength lasers
should be straightforward. Finally, if the encrgy density is
sufficient to saturate a dye in a passive mode-locking ar-
rangement, a hybrid system could be used, also leading to
shorter pulses.

In conclusion, we have for the first time demonstrated

generation of 1009 modulated trains of subnanosecond

pulses from an excimer laser by a method that can easily be
extended to other excimer systems.
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