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DYNAMICS OF H, ELIMINATION FROM UNSATURATED HYDROCARBONS

" by

Evan Francis Cromwell
Abstract

State-of-the-art laser and molecular beam techniques
are used to study the dynamics of H, eliminétion from 1,4-
cyclohexadiene and ethylene. 1Information on the tranéition
state configurations and the dynamics of the dissociation
processes for these reactions is reported. A brief
introduction to these studies is presented in Chapter I.

An ultrahigh-brightness laser system, developed to
study the spectroscopy and dynamics of molecules and
clusters from the vacuum ultraviolet (VUV) and extreme
ultraviolet (XUV) to the near infra-red spectral regions is
described in Chapter II. The laser utilizes pulse
amplification of a single-mode ring dye laser, frequency
doubling, and four-wave mixing in a pulsed jet. Pulse
energies of >120mJ in the visible, >35mJ in the uv, >15mJ in
the infra-red, and >10" photons/pulse in the VUV-XUV have
been obtained. The bandwidth of the laser has been measured
to be 91MHz in the visible and 210MHz in the XUV.

In Chapter III a comprehensive study of the dynamics of

H, elimination from 1,4- and 1,3-cyclohexadiene is reported.



Rotational and vibrational quantum state distributions asv
well as translation energy distributions for the H, product
are measured. State specific detection of H, is
accomplished with a transform limited vuv-xuv laser system
via (1+1) REMPI. Rate constants for the H, elimination and
1,4 to 1,3 isomerization reactions are derived. A (v,J)
correlation for H, with v|J primarily is observed from
anisotropy in the Doppler profiles. A clear picture of the
transition state configuration of 1,4-cyclohexadiene is
provided from the information obtained.

| A study of the dynamics of H, elimination from ethylene
is presented in the last Chapter. A complete H, product
energy distribution is obtained. The distribution of energy
in H, product from the dissociation of 1,1-d, ethylene is
also presented. Two separate H, elimination channels are
observed, a 1,1 elimination and a 1,2 elimination, in the
dissociation of C,H,. Differences in the vibrational,
rotational and translational energies for these two channels
are extracted. The D atom elimination from C,D, is examined
and kinetic energy distribution for this product is

measured.
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INTRODUCTION



Over the past thirty years progress in the realm of
experimental chemical physics has been dominated by two
factors: the development of molecular beams and the advent
of novel laser light sources. The technology behind "
molecular beams and the theory of supersonic expansions had
been worked out long before this time but it was not until
the 1960's that scientists began applying these methods
towards the study of chemical reaction dynamics. Since that
time many others have joined in the application of molecular
beams to various areas of chemical physics.'? The
»advantages offered by an atomic or molecular beam are well
documented.? A major one of these advantages is thaﬁ by
crossing an atomic or molecular beam with a second such
beam, or with a beam of photons, one can study single
reactive events. In addition, the rotational and
vibrational cooling of molecular species in a supersonic
expansion allows a much better determination of the initial
conditions in a reaction as well as clears out much of the
congestion that is normally present in molecular spectra.

The development of lasers for use in studying chemical
systems is a somewhat different story. The potential uses
of a powerful, tunable, coherent light source for
spectroscopy as well as studies of reaction dynamics was
immediately realized. However, the experiments had to wait
while the technology became available not only to generate

the light at the needed wavelengths but also to be able to



adequately control that light whether it be temporally or
spectrally. Advances in laser light sources since the

development of the Ruby laser have been significant.*

' Lasers are now available with temporal widths from a

continuous output down to a laser with pulses 6 femtoseconds
in duration. One can vary the wavelength nearly
continuously from the far infra-red to the extreme
ultraviolet and even into the soft x-ray region. The

maximum energies commercially available range up to >1

joule/pulse and/or >1x10' watts and experimental systems

can deliver >10 kJ/pulse. Even more promising light sources
will soon be available with the advent of free electron
lasers and the development of new solid-state lasers.

The experiments to be described in the following

chapters combine both state-of-the-art laser systems and

‘molecular beams. A laser system was developed in order to

be able to generate nanosecond pulses of high power
radiation with a transform limited frequency bandwidth that
would be tunable from the near infra-red to the extreme
ultraviolet.® The applications of this system, varying

from high résolution spectroscopy to probing products from
chemical reactions, are tremendous. In conjunction with the
laser system a molecular beam chamber was set-up with a high
through-put pulsed valve® that would maximize the signal-
to-noise obtéinable for any given experiment. Care was

taken through out the set-up of the experimental apparatus
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to make sure that the highest sensitivity could be realized

for any experiment that might be undertaken.

I. LASER SOURCES

Techniques used for the generation of vacuum
ultraviolet (vuv) light (106nm to 200nm) and extreme
ultraviolet (xuv) light (<106nm) have been improved greatly
over the past ten years. The first methods utilized
discharge lamps filled with helium, xenon or other gases.’
The Helium-Hopfield continuum lamp was probably the most
widely used of these. While these sources emitted
significant fluxes of photons the light was not coherent and
the resolution achievable was limited to that of traditional
vacuum monochromators. Typically bandwidths of
approximately 1A were used. The intensity of the usable
light suffered greatly going to higher resolutions.

Laser sources in the vuv region came about primarily
with the development of non-linear mixing techniques. A
main reason for this is that there are numerous difficulties
in trying to make a laser whose fundamental operating
frequency is in the vuv. Possibly the most stringent
requirement is finding appropriate molecular or atomic
emission lines for which a population inversion can be
achieved. All lasing mediums to date in the vuv have been

gaseous. This means that the medium will have to be



contained by a chamber with windows. The choice of window
materials in the vuv is very limited and can be very
expensive. Complications arise from the need for good
transmission and potential corrosion of the windows. Once a
possible lasing transition has been isolated then an
efficient means of pumping the gain medium has to be found.
For a VUV laser this is generally either an electron beam or
an electric discharge. The reason for this is that the

photon energy, or frequency, of the pump needs to be greater

than the frequency of the laser; flashlamps, or other pump

sources, often do not produce enough intensity at these

.short wavelengths. For a practical "laboratory" laser an

electric discharge is the only reasonable pumping scheme.
When it is not possible to sustain a uniform discharge in
the lasing medium an electron beam is the only other
alternative.

The most common lasers to operate in the vuv are the F,
and ArF excimer lasers whose fundamental frequencies are
157nm and 193nm respectively. While good powers can be
obtained with these systems they are very limited as far as
tunability and generally have a broad frequency bandwidth.
It is possible to shift the output of excimer lasers using
Stokes and Anti-Stokes Raman processes which extends the
range of frequencies that they can cover.?%'%"" another
type of vuv laser which has been reported is an anti-Stokes

12

Raman shifted laser. This laser utilizes group VI atoms



(in particular Se) and requires a two laser pumping scheme.
In a typical laser of this type a 193nm photon is used to
dissociate COSe which creates a population inversion in the
Se product. A second laser, a tunable "pump" laser, »
extracts gain at the anti-Stokes shifted frequency of that
laser. This system has produced radiation at 158.7nm and
167.5nm. There has also been published reports by Stoicheff
et. al. which describe a pulsed discharge Ar, excimer laser
which produced 20mJ of radiation at 126nm."

A more attractive technidue for generating coherent
short wavelength radiation is to start with visible and/or
infra-red lasers and then use frequency upconversion to get
into the vuv. For example, if one started with a pulsed dye
laser operating with Rhodamine 640 dye at 600nm (16,667cm’’)
then by frequency doubling in a KDP crystal and frequency
tripling in Argon gas one would be able to obtain laser
radiation at 100nm (100,000cm™'). This light would have
nearly the same characteristics both spectrally and
temporally as the initial laser pulse. Another method
besides four-wave-mixing that is effective for generating
short wavelength radiation is anti-stokes stimulated Raman
scattering in H, gas mentioned above. This is most -
effective when the pump laser is an excimer or a frequency
quadrupled Nd:YAG laser.

The biggest disadvantage of the above techniques is

that they are inherently inefficient. Straight tripling in



rare gases rarely exceeds conversion efficiencies of 107,
This can be greatly enhanced through the use of resonant
mixing but that tends to limit the tunability of the system
to the width of the resonance which for atomic systems can
be on the order of the bandwidth of the laser. Raman
scattering is more efficient, especially for the first few
anti-Stokes orders which can be up to 5% efficient, but this
is only line tunable. In order to get to 130nm by anti-
Stokes Raman shifting an ArF excimer laser in H, gas one
must get to the 7th or 8th order. At this point the
efficiency is not much better than resonant four wave
mixing. However, if one started with an F, excimer (which
are commercially available with outputs of 100mJ) much
larger powers should be obtainable at the shorter
wavelengths.

Two key aspects behind the design of the laser system
reported in Chapter II of this thesis were versatility and
reliability. The tremendous amount of time, effort and
resources that went into the development and construction of
the system diétated that it should not be a "single
experiment" laser. Similarly, the complexity of the
apparatus‘meént'that all the components would have to be
extremely reliable in order for experiments to be done on
any reasonable time scale. The laser needed to be an

experimental tool, not an experiment itself.



The basic philosophy behind the system was to start
with a continuous wave (cw) single-mode ring dye laser
pumped by an Argon ion laser to provide narrowband, tunable
laser radiation throughout the visible spectrum with good
spatial characteristics and beam quality. This would then
be pulsed amplified through a series of dye amplifier cells
which would provide a high power, transform limited
bandwidth pulse which retained the beam quality of the
original source. The combination of both good beam quality
and power would allow the use of non-linear mixing
Atechniques with high efficiency to generate ultra-narrow
bandwidth radiation from the near infra-red to the extreme
ultraviolet.

When it was possible, proven commercial equipment was
utilized in the design. The cw ring dye laser (Coherent
699-29), while finicky at times, is powerful instrument for
generation of tunable narrowband radiation. The flashlamp
pumped Nd:YAG (Quantel 581C), used as the pump source for
the amplifier chain, is perhaps the most reliable source for
high power pulsed energy in the near infra-red or the
visible. Since there was no commercially available
amplifier chain at the time the laser was built that met the
desired specifications regarding overall output power and
beam quality a "home-built" system was designed. This
system used a series of prism dye cells, modeled after a

system built by R. Falcone,' to pulse amplify the cw beam.
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While many of the techniques utilized in this system had
been developed previously, no one had combined them all into

a single laser system.

IY. CHEMICAL APPLICATIONS

The possible applications of the laser system described
above towards the study of chemical systems are wide and
varied. The author himself has been a part of projects
which involved looking for new molecular species (H,),
ﬁrobing the hyper-fine splitting in Kr,'’ preparing state-
specified ions (Nz‘),16 high-resolution photoionization
spectroscopy of H,0,' and high-resolution overtone

'  One of the capabilities of the

spectroscopy of Benzene.
systenm as a whole that has been developed over the past
years is the ability to detect H, with an extremely high
sensitivity. The measured detection sensitivity of the
laser/ion detection system is ~10* molecules/state/cm’
within the bandwidth of the laser (210 MHz in the XUV). At
the time of this writing this is the highest known
sensitivity for detection of H,.

The method of H, detection involves (1+1) resonance
enhanced multi-photon ionization (REMPI) of H,"” followed by
extraction of the H,’ through a 1m time-of-flight mass

spectrometer and detection by a Daly type ion detector. The

resonant transitions used in the REMPI scheme are from
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specific (v",d") levels of the H, ground electronic state,
X's', to specific (v',J') levels of either the B'S, or C'Il,
excited electronic states of H,. These single photon
transitions lie in the VUV to XUV region of the spectrum.
The residual uv light from the four-wave mixing process
which generates the resonant radiation is used as the
ionizing photon source in the (1+1) REMPI. The ion optics
are believed to collect the generated H; with near unit
efficiency. The ion detector is sensitive enough to detect
a single ion transported through the t.o.f mass
.spectrometer.

With the tremendous capability of highly sensitive
state-specific H, detection it was natural to probe the
internal energy distribution in Hé product from various
reactions. Initial attempts were made to observe H, formed
from the reaction of hot H atoms with HI. This reaction was
accomplished in a single molecular beam of HI by
dissociating a fraction of the HI in the beam to create H
atoms with high kinetic energy which would then collide with
the residual HI and react. H, product was observed and its
rotational and vibrational energy distribution was measured.
However, it was determined that this product came from
reactions occurring in large clusters of HI. The amount of
H, rotational energy was less than that measured by CARS in
separated experiments® which is in accord with

observations from Wittig's group that product rotational

£
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energy is cooled when reactions occur in clusters.?

There are many interesting experiments that can be done
with clusters. However, one of the limitations of
experiments involving neutral clusters has Been the
inability to categorize the size of the clusters being
studied. The pulsed valve used in the experiments described
here can produce neutral clusters, (A),, of a known size
that are well separated temporally in the molecular beam for

4.22

up to n=3 or This opens up many possibilities for

studying the properties of clusters of a specific size.

With the failure of the H+HI experiment to yield any
measurable non-cluster dependent H{ signal we chose to
study a unimolecular reaction which would produce H,. A
prime candidate for this was 1,4-cyclohexadiene (CHDN). It
was shown in previous experiments that there was a single H,
elimination channel in the unimolecular decomposition of
1,4-CHDN.?®> There was also a fair amount of data already

% ysing the laser and

accumulated about this reaction.
molecular beam system described in this thesis the
rotational and vibrational energy distribution in the H,
product from this reaction was measured. 1In addition, the
distribution of H, translational energy in each quantum
state was measured through the Dopplgr-profiles associated

with each transition scanned. The results of this study are

presented in Chapter III of this thesis.
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The state-specific probing of H, product provides a
very detailed, "microscopic" look at the dynamics of the
reaction process. The previous experiments, which involved
photo-fragment translational energy spectroscopy, gave a
much more "macroscopic" look at the H, elimination process.
These two experiments are very complementary. They not only
fill in missing pieces of information that the other
experiment is not able to gain but they also provide checks
on the interpretation of the experimental data. The ability
to compare results between these experiments, not only for
the 1,4-CHDN work but also for the ethylene project,? was
invaluable in forming a clear picture of the dynamicé
involved in the reaction processes.

The results of the cyclohexadiene experiment provided
information about the concerted elimination of H, from an
unsaturated hydrocarbon through a 6-centered transition
state. The six "centers" involved are the 3 and 6 H's and
the four carbons (C,-C,~-C,-C; or C;-C,-C,-C/) which complete
the reactive ring structure found in the transition state
region of this concerted decomposition. The next molecule
studied, ethylene, provided an opportunity to observe H,
formed from the dissociation of an unsaturated hydrocarbon
via both a 3-centered and a 4-centered elimination channel.
The results of this experiment are given in Chapter IV of

this thesis.
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The study of the decomposition of ethylene provided
several challenges. The first was the absorption cross
section of CH, at 193nm (<10'"cm®). It was not known
whether one could dissociate enough C,H, so that sufficient
H, would be generated in order to measure the vibrational
and rotational energy distribution of the H, product. A
further complication arose from the presence of two channels
for the formation of H,: the 3-centered 1,1 elimination and

the 4-centered 1,2 elimination. There were doubts whether

the rotational, vibrational, and/or translational energy

imparted into the H, product from the two channels would be
significantly different enough to allow resolution of these
channels with the expected signal to noise ratio of
exéeriment. As related in Chapter IV, the experimental set-
up was improved to the extent that full coverage of the H,
(v",J") distribution was possible and the various energy
distributions clearly indicate the presence of the two H,

elimination channels.

I;I. SUMMARY

The question should be asked whether any trends are
observable in the pattern of energy distribution in the
reactions reported in this thesis. If one were to estimate
how the amount of H, translational energy gained would vary

from a 3-centered to a 6-centered reaction complex one might
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expect it to decrease, given comparable AH's and total
energies available for the reactions, because the product
molecules would be formed farther away from each other. 1In
a concerted decomposition, the release of translational
energy is dominated, in c¢ceneral, by the repulsive potential
energy between the closely placed product molecules. If the
products are formed farther away from each other they should
feel less repulsion and gain less kinetic energy. This is
not the case for the decompositions of 1,4-CHDN and C,H,
where the kinetic energy for H, formed from 1,4-CHDN is
higher than that of H, formed from C,H,. This shows that
there are many other complicating factors involved, such as
involvement of excited electronic states and the formation
of high energy intermediates, in determining how energy is
released in a given reaction. These complexities make
comparisons between the different reactions based on the
size of the reaction centers less fruitful.

A more useful comparison to make with the data obtained
is to high level calculations of the structures found in the
transition state regions for each of these reactions. The
measurement of the distribution of energy in the H, product
from a given reaction provides a wealth of information about
the critical configuration at the transition state of that
reaction. Translational energy helps determine the distance
between the product molecules formed, vibrational energy

indicates the H-H distance in the critical configuration,
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and rotational energy gauges the anisotropy in the repulsion
between the two H atoms from the transition state region.

For 1,4-CHDN such a calculation has already been done and is

reported in Chapter III.%*'¥ fThere is very good agreement

between the calculated transition state structure and the
structure expected from the experimental results. Hopefully
a similar calculation for the transition states of ethylene

will be forthcoming.
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VUV-XUV LASER SYSTEM
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a Nd:YAG laser as the pump source.
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I. INTRODUCTION
The intent of this chapter is to describe in some
detail the different components of the Vuv—xuv laser system
that is ﬁtilized in the experiments reported in this

! The basic technique used in the construction of

thesis.
this laser system is pulse amplification of a single-mode
dye laser. This approach was first demonstrated by Salour?
using a nitrogen laser as the pump laser. Megawatt power in
the visible was later achieved using the second harmonic of
3 The initial design of
the laser system described below was done by A.H. Kung.
Where possible, proven (and reliable) commercial systems
were utilized in order to minimize the amount of development
time. The main, non-commercial unit in the system is the
dye amplifier chain which was assembled and tested by the
author. A schematic of one leg of the laser system is shown
in Figure 1. The complete system consists of two, nearly
identical, such subsystems for generating visible radiation.
This chapter will be divided into two parts. In the
first section a description of the ihdividual cbmponents of
the laser system will be given. There are five lasers
utilized by the system as well as a variéty of non-linear
optical mixing techniques. A brief account of each of the
lasers (their lasing mediums, resonator configurations,

etc.) and other specifics of the laser system operation will

be presented. References will be given which will hopefully
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contain any information the reader desires that is not
presented below. The second section will deal with the
results and performance of the laser system. This will
cover the output energies that have been obtained from the
infra-red to the xuv. 7The different frequency generation
schemes that have been utilized and those that can be used

in the future will also be discussed.

II. THE LASER SYSTEM
A: THE PHOTON SOURCE
The heart of the laser system is the Coherent 699-29

ring dye laser.‘

This laser is capable of emitting a
continuous wave of radiation (cw) at nearly any visible
wavelength. The laser is capable of operating on a single
longitudinal cavity mode and is frequency stabilized by a
servo~loop referenced to an external confocal étalon cavity.
A two-stage wavemeter external to the cavity is used to
measure the laser's wavelength to a high degree of
precision. The specifications are for a bandwidth of <1MHz,
a resetability of 50Mhz and an absolute frequency accuracy
of <200MHz.>

The pump source for the 699 laser is a Coherent Innova
100 Ar' laser. 1In an Ar ion laser the lasing medium is

created by a high current dc electric discharge (=700

Amperes/cmz) through a long tube made of a glass or ceramic
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material filled with an Ar gas mixture. The tube is encased
in a strong magnetic field in order to confine the plasma to
the tube axis. Collisions between electrons and Ar atoms

populate many Ar® excited states.®

The most common lasing
transitions are between the (°P)4p’s,,, (3P)4p2P3/2’1/2,

(3P) 4p°D;,, 3,,, and (°P)4p‘Dy,, ;,, states of odd parity and
either the (°p)4s?p,, or (°P)4s?P,, state of even parity.’

The upper state lifetimes average around 5ns while the lower
states are répidly depopulated to ground electronic state of

8 The only rigid selection rules are for parity

the ion.
flip and for Al=+1. The common lasing transitions are shown
in Figure 2. The laser can be operated in two modes:_ all
lines or single line. 1In the all lines mode the laser
cavity consists of two broadband reflecting mirrors: a flat
high reflecting rear mirror and a concave partially
transmitting (®5%) output coupler with a radius of curvature
of 5-15m. In this mode the largest Ar+ lasers can deliver
up to 30 Watts of power. In the single line mode a
dispersive prism is inserted into the cavity in order to be
able to select a single lasing transition. There is little
competition between the different lines in an Ar' laser
which makes the amount of output power at any given
wavelength roughly the same in the two modes of operation.
However, the total output power is reduced in the single

line mode with typical energies of 10-12 watts on the

strongest lines (488nm and 514nm) being obtainable. The
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Figure 2. Some of the visible lasing transitions in the Ar*

laser (taken from Ref.6).
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single line cavity is shown in Figure 3. 1In the laser
system described below the Ar+ laser is set for single line
operation on the ('7'P)4rp"05/2 - ("‘13')452P3/2 transition at
514.532nm.

1n the 699 dye laser the lasing medium is a jet of
ethylene glycol (or benzyl alcohol for DCM dye) into which
is dissolved various organic dyes, depending on the output
wavelength desired. The laser is pumped with the output
from the Ar' laser. Typically 6 watts of 514nm light in a
TEM,, mode is focused onto the jet. Approximately 80% of
this radiation is then absorbed by the dye molecules
providing the population inversion for the lasing action.
The lasing transitions occur between the lower vibrational
levels of the first excited singlet level and the upper
vibrational levels of the ground electronic state. Singlet-
triplet transitions are important because of the detrimental
effect they have on the number of molecules in the upper
state. Triplet quenchers can be introduced (e.g. COT) in to
the dye mixture in order to improve the performance of the
laser if necessary.

The jet is the most critical aspect in the laser with
regard to achieving stable operation. The width of the jet
where the lasing occurs is only =100um. It is imperative
that this region be extremely stable with regard to
fluctuations in pointing or width. Precautions that need to

be taken to insure this are cooling the dye solvent, keeping
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the nozzle clean and removing sources of vibration (such as
the dye pump module) from contacting the laser.

For coherent build up of radiation in a laser cavity it
is required that after one round trip through the cavity the
radiation must be in phase with itself.?':' For a
standing wave cavity this means that there will be nodal
planes, or destructive interference, every 1/2 of a
wavelength (see Figure 4a). This becomes very important in
the region of the lasing medium because it causes spatial
hole burning in the gain profile. If a laser tried to
.operate on a single longitudinal mode in a standing wave
cavity the gain would be depleted only where the waves
interfere constructively.' As one tried to pump the laser
harder (to extract more energy from the laser) these regions
would saturate and other cavity modes, which would utilize
the gain in the areas where destructive interference of the
first mode occurs, would be promoted and eventually lase.
This phenomenon, known as hole-burning, makes it extremely
difficult to stabilize the frequency of the laser. 1In a
traveling wave cavity (see Figure 4b), such as is found in a
ring lasér, the gain is depleted uniformly allowing one to
extract all the available energy in a single longitudinal
cavity mode. Ring lasers are inherently easier to stabilize
on a single longitudinal mode than standing wave lasers.

In a ring laser there is inherently no preferred

direction for lasing. In order to force the laser to



Standing Wave Cavity

———

«

Figure 4.
indicated).

27

Ring Cavity
(waves not to scale)

NODES

?

g

o]

a) Standing wave laser cavity (with nodal points

b) Traveling wave laser cavity.



28
operate in a single direction an optical diode assembly is
inserted into the cavity. The basic idea is to incur more
loss to one direction of lasing than to the other
direction. A difference of only a few percent or so is
usually sufficient because the exponential gain in the
preferred direction will deplete the gain medium so fast
that the other direction will not be able to lase. In the
699-29 polarization rotation is used to select one direction
of operation (the forward direction). All the elements in
the cavity are set to prefer vertically polarized light.
AThis is accomplished by setting all non-mirror surfaces
(rhombi, dye jet, etc.) at Brewster's angle for vertically
polarized light thus minimizing transmission losses due to
changes in the index of refraction at the surfaces of these
elements. The optical diode consists of a Faraday Rotator
and a piece of birefringent material. In the forward
direction the two polarization rotations caused by these
elements cancel each other out and the forward light remains
vertically polarized. In the reverse direction, because the
Faraday Rotator is a nonreciprocal polarization rotator
(i.e. the direction of rotation changes for the forward and
backward directions) while the birefringent material is not,
the polarization rotations add up and the light ends up
elliptically polarized. Thus the net effect is to

discriminate against the reverse lasing direction.
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In the 699 cavity fhere are three elements which limit
the bandwidth of the laser: a birefringent filter, a thin
étalon and a thick étalon. Each one of these elements
successively limits the number of cavity modes lasing at any
given time, by transmitting a limited frequency range, till
lasing occurs on only a single longitudinal mode. 1In order
to assure that only one longitudinal mode is resonant with
the three filter elements at any given time two requirements

must be fulfilled. First the spacing between the orders of

one of the elements must be larger than the bandwidth of the

previous element. For the birefringent filter this spacing
must be larger than the bandwidth of the dye. For the two

etalons the free spectral range (FSR), given by FSR=c/2L

(where c=speed of light and L=width of the étalon), must be

larger than the bandwidth of the previous element (the
birefringent filter fér the thin étalon and the thin étalon
for the thick étalon). The second requirement is that the
bandwidth of the most narrowband filter (in this case the
thick étalon) must be less than the cavity mode spacing. A
diagram showing how this selection occurs is shown in Figure
5. The bandwidth of an étalon is described by its Finesse
(¥ ) where ¥ =FSR/FWHM. The finesse is dependent on the
reflectivity and on the parallelness of the étalon surfaces.
The higher the finesse of an étalon the narrower of a
bandwidth it will pass through. A high finesse also means

less transmission through the étalon which is a very
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Figure 5. Depiction of process for single-longitudinal-modé
selection in the 699-29 laser. Shown are the transmission
versus frequency curves for the three tuning elements and
the total transmission curve for those elements.
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important consideration in designing a laser cavity. Thus
the optimum design is one which selects a single
longitudinal mode while incurring the least amount of cavity
loss.'% For the 699 laser the thin étalon has a
FSR=10cm™' and the thick étalon has a FSR=0.5cm’'. Both are
low finesse étalons with their surfaces coated for only =20%
reflectivity.

For more information on the 699-29 laser the reader is

referred to the laser manual® and to the previously

referenced papers which contain information about the servo-

loop used to stabilize the laser, the scanning mechanisnm,

and the wavemeter.

B: THE S8OURCE ISOLATION

There are two elements in the laser system between the
699-29 and the amplifier chain which are necessary to
isolate the two lasers. The first is a Faraday Rotator
optical diode' and the second is a pinhole spatial
isolator. Each of these will be described below.

The Faraday Rotator is necessary to prevent amplified
spontaneous emission (ASE) in the amplifier chain from
getting back into the 699-69 and affecting the frequency
stabilization. Since the amplifier chain is essentially
lined up on axis with the 699 cavity, ASE from the three
amplifier heads is directed into the 699 cavity and can

disrupt the photodiode signals used to run the 699-29 laser.
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The Faraday isolator provides four orders of magnitude of
rejection of the ASE which is sufficient to let the 699
laser operate properly.

The isolator utilizes the Faraday effect where a
polarization rotation is realized for light passing through
certain mediums in the presence of a strong magnetic field.
A measurement of how much polarization rotation occurs in a
given medium is given by the Verdet constant of that medium.
One of the most efficient of these mediums, and the one used
in our system, is FR-5 glass (Hoya Corporation). This glass
combines a very high Verdet constant with excellent
transmission in the visible and near infra-red. The amount
of polarization rotation is dependent on the strength of the
magnetic field, the Verdet constant (which is wavelength
dependent), and the interaction length. For a given
wavelength the polarization rotation (8) is calculated as

follows: 6.7

G-IV*BZ dz (1)

where V=Verdet Constant, B,=Position dependent magnetic
field strength along the z-axis (the axis of propagation),
and the integral is over the length of the glass. The
amount of rotation can be controlled by either varying the
strength of the magnetic field inside the glass or by
varying the length of glass that the light passes through in

the magnetic field. The latter method is utilized in the
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laser system. Unlike the Faraday Rotator in the 699 laser
which rotates the polarization only a few degrees, for
optimum isolation from feedbaék one requires a 45° rotation
of the polarization. This can be accomplished for visible
light with <lcm of FR-5 glass in a 1l2kGauss magnetic field.

A schematic of the Faraday isolator is shown in Figure
6. The laser beam from the 699-29 passes through a Glan-
Taylor (G-T) polarizing prism set to pass vertically

polarized light (the polarization of the 699 laser). Next,

it passes through the Faraday rotator which rotates the

plane of polarization of the light by 45°. It passes
through an second polarizing prism which is set to pass that
polarization. Finally a half-wave Fresnel Rhomb is used to
adjust the polarization of the light back to the desired
direction for propagation through the amplifiér chain.

Light coming in the reverse direction, which in general will
be unpolarized, is first filtered by the 45° G-T prism and
then its 45° polarization is rotated in the opposite sense
of the 699 beam, leaving it horizontally polarized. The
light is then completely rejected by the first polarizing
prism (set to pass vertically polarized light). The
efficiency of rejection is dependent on the quality of the
Glan-Taylor prisms and how close the rotation of the 1light
by the Faraday Rotator is to 45°. The bandwidth for:
sufficient isolation is =*10nm at wavelengths around 600nm.

Thus, the Faraday isolator requires optimization if the
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amplifier dye is switched but not while tuning over the gain
profile of a single dye. The maximum transmission through
the Faraday isolator for the 699-29 beam is =62%. This
transmission drops off slowly as a function of waveiength to
~50% at *20nm from the wavelength for which the isolator has
been optimized. Greater transmission could be achieved
through the use of anti-reflection (AR) coated surfaces in
the isolator. |

The next element in the laser system is a pinhole
spatial filter. This filter serves two purposes: it
‘decouples the pointing of the 699 beam from the amplifier.
chain and it sets the beam diameter for the first dye
amplifier cell. The isolator consists of a 50mm f.1l.
achromat which focuses the beam down on to a 50um pinhole.
The pinhole.typé used.through out the system are diamond
wire dies (Fort Wayne Wire Die Corp.) which have been
drilled with the appropriate diameter hole. A 65mm f.1l
achromat is then used to recollimate the beam expanding from
the pinhole. A schematic of the set-up is shown in Figure
7.

Pointing decoupling can be achieved if the spot size of
' the laser beam at the pinhole is significantly greater than
the diameter of the pinhole. Under these conditions the
pinhole acts as a point source of light and the direction of
the laser is controlled by the recollimating lens. This

necessarily reduces the amount of light transmitted through
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the pinhole. The 1/e? focal spot radius (w,) for a
Gaussian, diffraction limited beam of radius, w, focused by

a lens of focal length, f, is given as follows:

W, --f% _ (2)

where A=wavelength of the light being focused. For a beam
radius of 0.5mm, a focal length of 10cm,vand a wavelength of
600nm this gives a focal spot radius of 38um, or a diameter
of 76um, which is ®50% greater than the 50um pinhole. 1In
practice, due to the non-Gaussian nature of the laser beam,
a 5cm focusing achromat is found to give a better balance
than a 10cm lens between spatial isolation by and beam
transmission through the filter. The transmission through
the spatial isolator measured is ~60% with the 5cm focusing
achromat.

The intensity distribution of the beam propagating from
the aperture can be described by an Airy pattern. The

functional form of this distribution is given as follows:'

T . {Z*J"l,(v)]2 (3)

V-IO

where v is given by:

va ED, I - (4)
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and J,=1st order Bessel function, I,=intensity on the beam
axis, D=diameter of the aperture, z=distance from aperture
(along the beam axis), and r=radial distance from the beam
axis.

The first zero of the function I, occurs at v = 1.22%*r.
The choice of the focal length of the second lens in the
spatial isolator is dictated by the desired beam diameter at
the first dye amplifier cell. Using equation 4, one can
calculate that for a diffraction limited beam expanding from
a 50um diameter aperture the radius of the first minimum is
1mm at a distance of 68mm from the aperture. The use of a
65mm f.l. achromat as the collimation lens sets the FWHM of
the beam approximately equal to the diameter of the first
dye cell (diameter=1mm). This fills the first dye cell
completely allowing for efficient energy extraction and good

control of the ASE and laser beam quality.

C: DYE AMPLIFIER PUMP SOURCE

The power source for the dye amplifier chain in the
laser system is an injection seeded Nd:YAG laser (Quantel
model 592). A NdA:YAG laser was chosen because of the high
powers obtainable at 532nm, a wavelength readily absorbed by
many efficient dyes, and because the pulse duration afforded
a good compromise between temporal duration (important when
considering peak powers which affect non-linear mixing

efficiencies) and frequency resolution. The laser is
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capable of emitting >500mJ of doubled fundamental radiation
(532nm) although it is typically operated at an output of
450mJ. The pulse has a temporal width of 10ns and is
specified for a bandwidth of 90MHz at 1064nm. The spatial
and temporal profiles are both near Gaussian.

As mentioned above, the Nd:YAG oscillator is seeded
with narrowband radiation in order to force the laser to
operate on a single longitudinal mode. The seed laser is a

diode pumped monolithic Nd:YAG crystal cut in a non-planar

ring oscillator (NPRO) configuration (LightWave Electronics

model S-100). This design produces a single-mode cw beam of

1064nm radiation with an output power of =5mW. A schematic

" of the seeder laser is shown in Figqure 8. 'The Nd:YAG

crystal is forced to lase in a single direction by a dual
rotation of the beams polarization during a transit of the
ring."” One source of rotation comes from an out-of-plane
motion realized by the photon beam during a trip through the
cavity. The other source is a Faraday rotation induced by
an electro-magnet which encases the NPRO crystal. As in the
case of the optical diode in the 699 laser described
previously the polarization rotations in the forward
direction cancel out while those in the reverse direction
add up and induce losses at the reflective surfaces. The
wavelength of the seed laser is controlled by varying the
temperature of the crystal. The seed laser is isolated from

feedback from the main oscillator by a Faraday isolator
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utilizing a temperature controlled electro-magnet.

The seed laser beam is introduced into the oscillator
by polarization coupling. The beam is reflected off a
beamsplitter, set at Brewster's angle with respect to the
cavity's polarization, along the axis of the oscillator
cavity. The seed laser polarization is orthogonal to the
cavity's polarization. It is neceséary to match the
wavelength of the seed laser with that of a single
longitudinal mode of the oscillator. Furthermore, for
stable seeded operation one requires that this frequency be

at the peak of the gain of the oscillator.?

The frequency
matching requirements are shown pictorially in Figure 9.
Frequency matching is obtained as follows. First, the
wavelength of the seeder laser is set to the maximum of the
Nd:YAG oscillator by temperature tuning the monolithic
crystal. This is determined by observing the doubled
frequency output of the laser in seeded and non-seeded modes
through an appropriate étalon (FSR*®1GHz). The cavity length
is then adjusted via the rear mirror which is on a piezo-
electric (PZT) crystal driven mount. The optimum cavity
| length is Obtained_by monitoring the cavity build up time.
When the seed laser frequency exactly matches that of a
cavity mode the time that is required for lasing to occur
after_the Q-switch ;s activated will be a.minimum.' A

- photodiode monitors the timing of the laser output at 1064nm

and an internal circuit in the seeder laser housing compares



42

Nd : YAG GAIN PROFILE

) T \\\\ (NOT TO SCALE)
/

AVWANAAY

Nd:'YAG SEEDER
LASER OUTPUT

FREQUENCY

SINGLE
CAVITY,
MODES

Figure 9. Depiction of single-longitudinal-mode selection
in the Nd:Yag laser. Shown are the frequency outputs of a
non-seeded Nd:YAG oscillator and the seeder laser and the
relative position (in frequency space) necessary for correct

seeded operation.
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that to the Q-Switch synchronized output and adjust the
voltage applied to the PZT crystal on the rear mirror till
the timing difference is a minimum. A high frequency
oscillation is applied to the pzt crystal in order to
provide information on which direction to change the
voltage.

Injection seeding of the NA:YAG oscillator has two
important effects on the performance of the laser system:
it reduces the bandwidth of the dye laser and diminishes the
magnitude of intensity fluctuations for the mixed radiation.
The actual spread in frequencies of thede:YAG laser does
not affect the bandwidth of the dye laser directly because
it is decoupled by the fast non-radiative decay in the
excited electronic state of the laser dye. However, the
temporal profile of the NA:YAG pulse does affect the dye
laser's bandwidth. An important limiting factor on the
bandwidth of the system is the temporal profile of the
amplified dye laser pulse. This, in turn, is determined
mainly by the temporal profile of the pump laser pulse.
This coupling is a result of fluctuations in the gain in the
dye amplifiers which mimic the intensity fluctuations of the
pump pulse due to the relatively short lifetime of the dye's
upper excited state and the continuous extraction of energy
from the amplifiers by the dye laser pulse. Since the
Nd:YAG lases on a single longitudinal cavity mode, there are

no mode-beating induced modulations in the temporal profile
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of the pump beam and the dye laser's temporal profile is
made as smooth as possible resulting in the narrowest
bandwidth.

Use of the injection seeded Nd:YAG laser also produces
a more stable uv and xuv power. In a multi-mode pulse
instantaneous peak powers during the pulse can be much
higher than in a smooth single-mode pulse for a given
average pulse. Since non-linear processes are proportional
to a higher order of the peak intensities present in the
pump pulse there is inherently more fluctuation in the
lmixing efficiency when a multi-mode pump pulse is used.
This is because the mode beating pattern, and hence the peak
intensities, changes from pulse to pulse. For a train of
single-mode pulses (where the pulse to pulse energy
fluctuations are the same as for the multi-mode train) the
peak intensity is significantly more steady. Hence not only
is the doubled Nd:YAG power more stable under single-mode
operation, the fluctuation in the uv and vuv output from the

dye laser systems is also reduced.

D. THE DYE AMPLIFIER SYSTEM

The dye cells used are similar to the prism cells
developed by D.S. Bethune for an excimer pumped dye
laser.?' These are side-pumped cells with the pump beam
being internally reflected into the dye off the sides of the

prism. A cut-away view of a prism dye cell showing the
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pumping geometry is given in Figure 10. Similar systems
have recently been used to amplify ultra-short pulses with
high gain.®*# The prism type dye cell has certain
advantages associated with it. The dye is pumped from all
sides so the gain can be made uniform to preserve the
spatial quality of the seeding beam. There is no window
damage by the pump laser because of the large pumping area.
Finally, the amplified beam's spatial profile is decoupled

from that of the pump beam. This enables the system to be

used with pump sources that have very different beam shapes.

Three dye amplifiers are used in our design. The first
cell has a bore size of 1mm¢ x 20mm long. The second cell,
which is double-passed, has a 3mm¢ x 30mm long bore. The
final amplifier is émm¢ x 60mm long. We find that by
adjusting the dye concentration such that one dye absorption
depth at the pump wavelength equals approximately_the bore
diameter the best output beam profile and power combination
are obtained. 1In this design the amplifier gain is changed
by varying the pump beam intensity at each stage.

As mentioned previously, the population inversion that

is induced in an organic dye is generally between the lowest

ro-vibrational states of the first excited singlet

electronic state (S,) and the upper ro-vibrational states of
the ground electronic state (S,), also a singlet state.
Absorption of the pump radiation, which promotes the

molecules into high ro-vibrational states of S,, is followed
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by fast non-radiative decay into the lower energy region of
the S, manifold creating a large upper state population.
After radiative decay into the S, manifold the lower lasing
levels are rapidly depopulated by relaxation of the highly
ro-vibrationally excited molecules, again by non-radiative
processes, into the lower energy region of the S, manifold.
In any analysis one also needs to include the first excited
triplet state (T,) which can reduce the upper state

population density. A schematic of these energy levels is

shown in Figure 11.

The total gain expected in any given cell is a
complicated function of the total number of pump photons
absorbed, the stimulated emission cross section of the dye
(which is wavelength dependent), the excited state lifetime
of the dye, position dependent saturation of the gain medium
and also the losses present due to absorption, ASE
depletion, singlet-triplet transitions, reflections etc.

The gain can be estimated with the following differential

equation:?

d[I(Xd,xt,l)] - N (x,t)0 (M) I(x,t,A)
+ TN, (%, t) E(X) g(x) (5)
- 0, (A Ny (x, t) I(x,t,A)

- 0 p(AYNp(x,t) I(x,t,A)
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Figure 11. Three main electronic levels involved in a
typical organic dye laser and the important transitions.
Lasing occurs between S, and S,. S=singlet level, T=triplet
level, oy =absorption cross-section, o,=emission cross-

section, o,=triplet state absorption cross-section.
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where I(x,t,A)=photon flux per unit wavelength which is a
function of the position in the dye cell (x), the time
during the pulse (t) and the wavelength of the photon (1),
Ni(k,t) (i=0,1,T)= population density in_so, S,, and T,
respectively, o,(A) (i=e, 01, T) = cross section for
stimulated emission, singlet state absorpﬁion and triplet
state absorption respectively, r=natural lifetime of S,
state, E(A)= fluorescence spectrum normalized to the quantum
efficiency, and g(x)=geometrical factor determining the
amount of spontaneous emission directed through the dye
cell. The four terms in (4) describe stimulated emission,
spontaneous emission, absorption from the ground state and
triplet state absorption respectively.

Telescopes consistinq of a lens-pinhole-lens
combination and magnifying powers of x1, x3 and x2 are used
to shape the c.w. dye laser beam profile‘to fill the bore of
the first, second and third amplifiers respectively. 1In
optimizing the performance it is necessary to £ill the dye
cells as completely as possible. There are a number of
benefits from this. The larger the dye beam the larger the
extraction volume will be. Since the total output is
dependent on the number of excited dye molecules accessed
(N,) and that number is proportional to the extréction
volume a larger dye beam extracts energy more efficiently.

A second effect is to reduce saturation in any given dye
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cell. The saturated gain is given by:

G Co

sat - (1 + Io/Isat) (6)

Increasing the amplified beam decreases the local I, théreby
reducing saturation effects. A third, and important, effect
is to help deplete the ASE. Fast extraction of energy from
the dye cell by the amplified beam reduces the amount of
gain available for ASE. If there are areas in a given cell
in which no amplified beam is present there is nothing to
‘prevent the ASE from "taking off" and robbing gain from the
amplifier beam in the next dye cell. Since the ASE is
strongest along the circumference of the dye cells it is
necessary that the amplified beam fill all the way to the
edges of the dye cells in order to control the amount of ASE
present in the final beam.

The pinholes serve as spatial filters to maintain a
diffraction-limited profile for the dye beam as well as to
control the growth of ASE which could deplete the gain in
the amplifiers.? The first pinhole has been described
previously. The second pinhole and third pinhole are chosen
to transmit 99% of the fundamental mode energy and to block
higher order modes. This serves to eliminate off-axis
growth of ASE.

Double passing of the second dye cell is accomplished
through a polarization rotation technique. The horizontally

polarized beam is filtered through a Glan-Taylor prism
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before going into the dye cell. After passing through the
cell the polarization is rotated 45° by a Fresnel Rhomb.

The beam is then reflected back on itself by a broadband
high reflectance mirror and makes a second pass through the
Fresnel Rhomb which changes the plane of polarization to the
vertical direction. This vertically polarized beam then
makes a second pass through the dye cell and is completely
reflected by the Glan-Taylor prism at an angle of =60¢.

In setting up the double pass arrangement two things
proved quite critical. One was to avoid reflecting
.fluorescence off of the Fresnel Rhomb into the dye cell. If
this was not done the amplification of the laser beam in the
second dye cell suffered greatly due to gain competition
with the reflected light. Second, it was necessary to keep
the beam path as short as possible in order to keep the
pulse length as long as possible. The fluorescence lifetime
of the dye is typically on the order of two to five
nanoseconds. For a beam path of two feet (i.e. having the
reflecting mirror 1 foot away from the dye cell) there would
be a delay of two nanoseconds before the amplified pulse
returned to the second dye cell after making its first pass.
A geometry such as this would tend to cut off the end of the
pulse which in turn would increase the bandwidth of the
pulse. Moving the reflecting mirror from 1' to 5" (the
minimum length practical) resulted in decreasing the

bandwidth from 110MHz to 91MHz for operation with Ré6G dye.
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The methods used for the bandwidth measurements and more

complete results will be presented below.

E. UV GENERATION

Second harmonic generation is accomplished with either
an INRAD 5-12 autotracking unit or a Quanta-Ray WEX1
utilizing KDP crystals. Extension to shorter wavelengths is
achieved by mixing in f-Barium Borate (BBO). There are two
basic requirements for non-linear optical mixing of two
photons. The first is conservation of energy. The energy,
or frequency, of the generated photon must be equal to
either the sum or the difference of the frequencies of the
two ihput photons. The second requirement is one of
conservation of momentum which is generally referred to as
the "phase matching condition". These relations are given

as follows:?

W, = 0, + @, (7)

k(w,) = k(w,) + k(w;) (8)

The magnitude of the wave-vector of a photon, k, is given

by:

k - 119 (9)
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Since k is dependent on the index of refraction, n, of the
medium the wave-vector matching criterium is sétisfied, for
collinear propagating beams, if the index of refractions for
the different photons are equivalent (i.e. n;=n,=n,).

In a normally dispersive and isotropic medium the
variation of n with the frequency of light is such that the
above criteria cannot be satisfied. However, in a
birefringent medium the index of refraction for ordinary (o)
and eitraordinary (e) rays are different. Furthermore the
value of n, is a function of the angle between the direction
of propagation through medium and the optical axis of the
medium. For certain birefringent crystals the index of
refraction matching criterium for mixing processes can be
satisfied over a wide frequency range by varying the angle
of the crystal with respect to the incoming radiation
provided that one of the photons is polarized orthogonal to

the other two. This provides two types of mixing:%

Type I: ki = k'© &+ k{9 (10)

~

Type II: k3(e) - kl(e) + kz(O) (11)

~
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The wavelength region covered by any given crystal
depends on the angle that the face of the crystal has been
cut with respect to the optical axis of the crystal and the
acceptance angle of the crystal. The absorption by the
crystal at any of the wavelengths used in the mixing process
is also important. A standard INRAD KDP crystal, which has
a 10mm x 20mm face and is 30mm long can double wavelengths
over an =60nm range in the visible. For generation of uv
wavelengths below 260nm KDP is not very useful because of
its strong absorbance. BBO has a transmission window down
to =190nm and has successfully been used to frequency double

to =205nm and to frequency mix to =191nm.

F. SHORT WAVELENGTH EXTENSION
VUV generation is done via four-wave mixing in a pulsed
jet of atoms or molecules. This process has been described

27,28,29,30,31 A gchematic of the

in detail previously.
four-wave mixing chamber is shown in Figure 12. Here we
list a few of its features. First, there are no exit
windows for the tripled light to pass through so there is no
short wavelength cut-off absorption by the window material.
Second, the length of the tripling region is not necessarily
greater than the confocal parameter of the beam so the
tripling medium does not have to be negatively

dispersive.3 Finally, for the shorter wavelengths the

problem with self-absorption is reduced.
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In the four-wave mixing process three input photons, or
waves, are mixed together to form a single output photon, or
wave, hence the term four-wave. There are many variations
of this process. One can mix three of the same photons, in
which case the process is called straight tripling, or one
can take the sum or differences of photons of different
wavelengths, in which case the process is called sum or
difference frequency mixing. In addition to extensive
review articles on vuv and xuv generation’3 there are
numerous references dealing with straight tripling and sum

35,36

frequency mixing in metal vapor cells and rare gas

37,38,39,40 41,42

cells, resonance mixing in rare gases, and
mixing in the molecular gases CO0%:4.45.46 anq No.47.48
The overall efficiency of the tripling process can be

described by the polarizability:

P(w,) =P(@)3*N2xy, (w) *|$]? (12)

where P is the polarizability of the mixing medium at a
given frequency, N is the number density of the medium,
x3(w) is the non-linear susceptibility, ¢ is a function of
the wave vector mismatch, and 0,;=3w. The figure of merit
for how efficient a medium will be for mixing is the non-
iinear susceptibility, x;(w). This factor depends on the
various energy levels present and can be calculated

according to:
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Equations (12) and (13) can be extended fo describe mixing
processes.

One change we have made compared to our previous vuv
generation experiments is the use of a large travel PZT

driven pulsed valve.*’

This new home-made valve (operated
with a 1lmm diameter nozzle) éllows for a larger throughput
than the commercial valve that was used previously
‘(LaserTechniques). This gives nearly a factor of ten
increase in number density in the tripling medium which in
turn results in a greatly.improved tripling efficiency.
Together with a higher uv power, up to two orders of

magnitude improvement in xuv signal has been seen with the

new valve.

G. PHOTON SEPARATION TECHNIQUB

The last component to be discussed here is the 1m
normal incidence monochromator (McPherson model 225) used to
separate the photons of different wavelengths present in the
laser beam. While the monochromator reduces the vuv-xuv
beam intensity by a large factor it introduces a tremendous
amount of experimental versatility making it an invaluable
component in the laser system. The monochromator offers two
major conveniences. The first, as mentioned above, is that

it separates out the fundamental light beams, permitting the
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use of vuv and xuv photons without interference from the
powerful uv and/or visible beams when desired. The second
is that the curved grating recollimates the vuv-xuv bean
allowing an optimal spatial overlap of the photon beam with
our molecular beam in the ionization chamber. Optical
damage to the grating is minimized by expanding the uv beam
to fill the size of the grating.

The position of the grating inside the monochromator
can be varied in order to change the spot size of the laser
beam in the interaction region. This can be accomplished in
two different manners. The grating mount can be adjusted to
position the grating closer to the entrance and exit slits.
The focal spot of the laser beam is then moved closer to’the
interaction region by twice the distance that the grating is
moved. With the grating in its normal setting the focal
spot of the laser beam is =1l2cm in front of the axis of the
ion optics. The mount is designed with enough travel so
that the laser can be focused underneath the ion optics. A
second degree of freedom is provided by moving the four-wave
mixing nozzle, along with the focusing lens, along the axis
of the laser beam. This is a more sensitive adjustment and
allows only 1-2cm of travel.

In addition to the 1m grating, a 1.18m grating has also
been used in the monochromator. This is mounted in a
separate holder connected to the rear flange of the

monochromator. The position is set to focus the beam
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underneath the ion optics although a small amount of travel
is provided with the mount for adjusting the location of the
focal spot. In this set-up it is not possible to scan the
grating so, in essence, the grating acts as a focusing
mirror. An advantage with the longer focal length grating
is that the uv spof size at the grating is larger reducing

the amount of damage to the coating.

H. NORMALIZATION TECHNIQUES

The inherent fluctuations in the vuv power can often be
the limiting factor in the signal to noise ratio obtainable
for any given experiment. As a result of this it is
important to be able to monitor the intensity of the vuv,
shot by shot, so that one can normalize the ion signal to
this intensity. This is not a trivial problem for many
experiments. The presence of the residual uv light from the
four-wave mixing process often interferes with attempts to
measure the vuv power directly due to its much greater
intensity (uv >10° x vuv). Furthermore, the large
fluctuations in the vuv signal require that the sensor
maintain a linear response over a wide dynamic range.

The most trivial method for vuv normalization is to use
the EMT to monitor the vuv power. The EMT does not have a
window so it is useful for any wavelength within the
response range of the CuBe cathode (=5 to 15 eV). It also

has a wide dynamic range. While this provides a good
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normalization signal it is only useful for experiments where
the monochromator is set to first order. For experiments
which require the monochromator to be set to zeroth order
the uv light swamps the EMT making it useless as a source
for a normalization signal.

A second method that has been used successfully is the
introduction of secondary gas into the molecular beam which
is directly ionized by the vuv radiation. This provides an
ion signal which is proportional not only to the vuv power
but also to the gas density in the molecular beam. There
Aare certain requirements for the molecule to be used for
normalization. It must have a low enough ionization
threshold so that the wavelengths where it will be used will
lie in the ionization continuum of the molecule. There must
be no structure due to autoionizing resonances in the
frequency range of interest. Finally, it should not
interfere with the ion signal being measured and its signal
strength must be on the same order of magnitude as that of
the ion signal. Perhaps the gas most useful for this
purpose is acetylene. It is still limited to wavelengths
shorter than =100nm. NO is another gas that should work
successfully (although the author hes never used it for
normalization purposes) but it has the drawback of being
very noxious. One gas that appeared to be promising was
allene (H,C=C=CH,) however it turns out to have a fair

amount of structure in its ionization spectrum making it not
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very useful for experiments which involved scanning the
laser.

There are no readily avai;able gases which work well
for normalization at wavelengths longer than ®110nm. In
order to normalize at these wavelengths a solar blind
photomultiplier tube (SBPMT) was set up inside the
monochromator to look at the 1st order vuv light diffracted
off of the grating. This is shown in Figure 13. The SBPMT
used had >10% discrimination against uv light. Even so,
there was a fair amount of background from scattered uv
llight in the chamber. This signal could be reduced to
tolerable levels by the use of baffling around the SBPMT.
The SBPMT has a LiF window covering the cathode so it is
only useful for wavelengths longer than 1065m; In addition
the uv response starts to increase rapidly for wavelengths
shorter than 285nm. This method proved useful for
normalizing to vuv generated by 2+2+1. 'mixing in Xe using the
5p~7s and 5p-5d resonances in the wavelength regions 113nm
to 117nm and 117nm to 119nm respectively.

Perhaps the most versatile method for vuv normalization
involves using a Platinum photodiode (Pt P.D.). The use of
this type of system has been noted by White et al.’® a
significantly different design'was developed in this
laboratory primarily by A. Stolow. A schematic of the Pt
P.D. used is shown in Figure 14. The vuv light impinges

upon a piece of Pt ejecting electrons by the photoelectric
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Figure 13. Set-up of the solar-blind photomultiplier tube
(SBPMT) in the vacuum monochromator for vuv normalization.
The large arrows indicate the directions of the different
diffraction orders for a 1200grooves/mm grating. Layers of
a fine mesh screening were used to attenuate the vuv
intensity at the SBPMT.
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Figure 14. Schematic of the Pt. Photo Diode used to measure
vuv and xuv radiation intensity. The main body (shown
roughly to scale) is constructed of glass and the Pt is held
in place with wire. -V=low voltage power supply,
CR=electron collector ring.
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effect which are then collected by a metal ring. The
current generated is then amplified via a low
background/high gain amplifier. 1In this design the uv light
is discriminated against by two methods. The high work
function of the Pt metal (6eV) prohibits electrons from
being ejected by the uv photons. In practice there is a
fair amount of background electrons from the uv generated
either by tunneling, impurities in or on the Pt surface or
multi-photon effects. To further reduce this signal a
negative bias is applied to the collector ring. Since
electrons generated by uv light will be much lower in energy
than those generated by vuv photons they will not bevable to
overcome as high an electric field gradient. Application of
a -0.5 to -2.0 volt bias is enough to reduce the uv
background signal to tolerable levels. This bias is
generally adjusted to maximize the ratio between vuv and uv

signal.

IXII. LASER PERFORMANCE
A. VISIBLE

Through three stages of the amplifier chain a gain of
approximately 10% is obtained with a Nd:YAG pump laser
energy of 450mJ per pulse at 532nm. The pump energy is
distributed in the ratio of 1:8:91 resulting in a gain of

103, 3x10%® and 33 for the three stages respectively. For
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less efficient dyes the middle cell'can be pumped harder, if
needed, by increasing the reflectance of the beam splitter
which directs the Nd:YAG beam into that cell. The laser
system has been operated in the visible from 548nm to 725nm
using R560, R590 and DCM and LDS698 dyes in the c.w. dye
laser and various other dyes in the amplifiers. The power
output curves for these dyes under normal operating
conditions are shown in Figure 15. For FL548 and LDS750 the
laser output was measured only at a single wavelength. The
dashed curves in Figufe 15 for these dyes are estimated
response curves (from Exciton) scaled to the measured energy
point. The concentrations of the different dyes uéed in the

three cells are listed in Table I.

_ ITABLE I: DYE CONCENTRATIONS FOR AMPLIFIER SYSTEM
'~ DYE 1mm CELL 3mm CELL ~ 6mm CELL
(MOLES/LITER) | (MOLES/LITER) | (MOLES/LITER

FL548 1.0x10°3 4.7x10°* 2.7x107°*
R590 2.2x107* 8.3x107° 4.4x10°
R610" 1.7x107% 6.2x107° 4.0x1073
KITON RED 2.5x107* 9.0x107° 4.0x107°
R640" 1.9x107% 7.6x%107° 5.1x107°
SR640 2.6x107% 1.1x10°* 6.7%x1073
DCM 5.8x107% 2.2x107% 1.2x107%
LDS688 2.4x1074 7.6x107° 5.4x107°
LDS750 4.1x1074 6.8%x107° 2.3x107

*Denotes Basic Solution
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Figure 15. Output response curves of the dye laser for
various dyes. The dashed lines are estimated response
curves (from Exciton) scaled to the measured output energy
(v). R590/R610 denotes R610 in the final amplifier only
(discussed in text) and " denotes basic solution.
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The maximum output obtained so far has been 135mJ at
568 nm, the peak of R590 dye. However, at this power the
beam contains some hot spots in its spatial profile. Under
operating conditions that result in a uniform beam, the
pulse energy is approximately 10% less than the maximum
energy obtainable. ASE is depleted by the amplified c.w.
beam to less than 10% of the measufed energy over most
(#90%) of the tuning range. Near the edge of the range the
ASE can be effectively subdued by using a different dye in
the final amplifier (as shown in Figure 15 for the R590/R610
combination where R610 is used in the final amplifier). The
depletion of the ASE in the dye amplifier chain as a
function of wavelength for the dyes R6G and R610 is shown in
Figure 16.

The final near-field beam profile is a circle émm in
diameter with hard edges and a few.diffraction rings. The
diffraction rings come from the éperturing of the near-
Gaussian beam by the bore of the amplifier cells. These
rings can be minimized by reducing the c.w. laser beam
diameter. However, this causes a loss in output power of
20% or greater. A compromise between spatial beam quality
(both uniformity and extent of diffraction rings) and pulse
energy is required.

As discussed above (§II.D), the actﬁal modeling of the
energy extraction process in a dye cell is a very

complicated procedure and is beyond the scope of this
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WAVELENGTH

emission (ASE) in the dye amplifier chain for R6G and R610

(100% = ASE

completely depleted).
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thesis. A measure of the performance of each of the dye
cells can be obtained by calculating the ratio of extracted
energy to the energy available. The analysis presented
below is for a steady state extraction. While this
assumpﬁioﬁ is not quite valid for the amplifier cells it
simplifies the calculation and provides a feeling for the
relative performance of the different cells.

If one assumes that the puhp pulse has a square
temporal profile and pumps the dye cell uniformly then the
" population difference (per cm’) , AN,,, can be estimated

by:°!

AN, = R 7% [1-e ™%/ (14)

where R5=pump photons absorbed per second per cm’,

7,=lifetime of the upper state and T,=pump pulse length.

This further assumes that the lower state is rapidly
depopulated so that its population is essentially zero. The
available energy is then given by:

AN, *ho oL
T2

(15)

avail =

where L=length of the dye cell. The extraction efficiency,
n, for each cell is calculated from the known input

intensity (I,,) and output intensity (I_ ,) as follows:

2 (16)



70
The results of the calculations performed for the three dye
cells (using R590 dye) along with the parameters used are

presented in Table II.

Table II: Dye Cell Extraction Efficiency Calculations
T, 5.5 x 10" sec
T, 1.0 x 10 sec
Pump Energy 450mJ @ 532nm
Extraction A 575nm
1mm Cell 3mm Cell émm Cell
Pump Energy 2mJ 36mJ 412mJ
Length (L) l1.5¢cm 3cm 6cm
AN, (cm'3) 2.06x10" 2.10x10" 2.99x10"
I, i (W/cm?) 1.9x107 4.0x107 1.1x108
I, (W/cm®) 38 4.2x103 1.1x10°
I_.(W/cm?) 3.8x10% 4.2x10° 3.6x107
n 1.8x10°3 0.10 0.32

The temporal profiles of the Nd:YAG and pulsed dye
laser beams are shown in Figure 17. The dye pulse shows
significant deviation from the near Gaussian profile of the
pump beam. The fast rise in the front end of the pulse is
caused by the exponential gain of the amplifiers. Double
passing the second amplifier contributes to the slight
broadening at the top. The steep fall and shortening of the
pulse to 6.5ns is due to gain saturation in the second and
final amplifiers. These factors will contribute to the
spectral broadening of the pulse discussed below.

Bandwidth measurements were done with two different

confocal etalons: a 300MHz FSR étalon with a finesse of 100
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Figure 17. Upper trace: temporal profile of the injection-

seeded Nd:YAG laser pulse (FWHM=10ns). Lower trace:
temporal profile of the dye laser pulse (FWHM=7ns).
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and a 1.5GHz FSR étalon with a finesse of 130. 1In both
cases the c.w. and pulsed signals through the etalons were
measured simultaneously as the c.w. dye laser was scanned.
The pulse bandwidth, measured with R590 dye in the
amplifiers, was found to be 91MHz (see Figure 18). 1In
comparison, the Fourier transform-limited bandwidth for a
Gaussian pulse 7ns wide is 32MHz. The discrepancy between
these two numbers is consiétent with that observed in other

3 An important

pulse-amplified single-mode systems.
contributing factor to the larger than transform-limited
bandwidth is the exponential dye gain that produces the non-
Gaussian temporal profile of the pulse described above.

This profile, in turn, is dependent on the amplifier dye.
Thus slightly different bandwidths are observed in the other
dyes used. No powér broadening of the bandwidth is seen.

In fact, a gain narrowing effect of roughly 5-10% occurs
when the pump power is increased. Hence the entire origin
of the broadening is still not well understood. Frequency
pulling of the amplified beam was also seen. The amplified
beam was shifted by a few MHz to the blue of the c.w. bean.
This effect has been observed previously®’ and attributed

to a Stark shift by the high electric field produced in the
dye by the pump laser. However, in our laser the pump beams
are not focused in the dye cells so the electric field

strength is much lower then in conventional dye cells. We

have observed that this shift is configuration and dye
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Figure 18. Scan of the pulsed dye laser through a 300-Mhz

étalon with R590 dye in the amplifiers.
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dependent. Fof high absolute accuracy the shift must be
measured for the experimental conditions used.

The present scanning capabilities are set by the 699-29
laser. These include a minimum step interval of 1MHz and a
slowest scanning speed of 10MHz per second. As of this
writing a new computer control unit for the 699-29 laser
system has been developed by Coherent affording much more

versatility in the scanning capabilities of the laser.

B. ULTRAVIOLET

As mentioned previously second harmonic generation is
accomplished in KDP crystals. The maximum conversion
efficiency measured (after reflecfion losses at optical
surfaces were accounted for) was 40% with a well collimated
beam. During operation, when the beam must be slightly
diverging for the doubling units to track, the conversioh
- efficiency is around 30-35%. The uv beam profile is very
similar to that of the visible beam with the diffraction
rings being more pronounced.

Extension to shorter uv wavelengths from 230nm to 200nm
is accomplished by two techniques. The first involves
mixing the frequency doubled dye output with the residual
1064nm beam from the Nd:YAG laser in an angle tuned pg-Barium
Borate (BBO) crystal. Pulse energies of about 5mJ have been
obtained using this set-up. This conversion is limited by

the divergence and large spot size of the IR beam
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(dia; >2dia ). The second method involves doubling the
visible beam and then mixing the generated uv radiation with
the residual visible light in a BBO crystal. To accomplish
this the visible light is separated from the uv beam via
dichroic mirrors, its polarization is rotated by 90° with a
1/2A Fresnel Rhomb, and then the two beams are recombined
and sent through the mixing crystal. A schematic of this
arrangement is shown in Figure 19.

There are certain advantages associated with the
tripling technique as opposed to the infra-red mixing method
for generating far uv radiation. The wavelength of the
tripled light is known to the accuracy of the 699 wavemeter.
While the 1064nm radiation has the same bandwidth as the
visible light, giving single-mode far uv, its absolute
frequehcy is not known to any precision so the frequency of
the uv light is also unknown. The ﬁavelength can be
calibrated but since the frequency of the Nd:YAG laser
changes every hour or so due to mode hops performing an
experiment which requires knowledge of the absolute
frequency, or even relative frequency, of the laser is
extremely difficult. The conversion efficiency achieved by
straight tripling is also better. The main reason for this
is a much better spatial and temporal overlap of the mixed
beams (visible and uv) since they come from the same source.
Pulse energies of up to 10mj have been achieved at

wavelengths around 212nm and 204nm utilizing the frequency
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