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ABSTRACT

This work describes the use of a ruby laser for harmonic
generation. The operation of a passively mode-locked ruby oscillator,
operating in TEMOO transverse mode, is discussed and techniques for
optimising its performance are outlined.

A single stage amplifier was used in conjunction with the
oscillator to provide Tight pulses having energies up to 4.5 millijoules.
Using an electron-optical streak camera, the pulse durations were
measured to be between 15 psec. and 30 psec. The pulse trains were
used to generate the second harmonic of ruby (at a wavelength of
3471.5 A), in a non-linear crystal.

By focussing the emergent beams from the crystal into a column
of magnesium vapour, the fourth harmonic at 1735 E was produced via
a four-wave mixing process. Xenon was used as a phase-matching gas
and served additionally as a buffer. Power conversion efficiencies

4

(from the fundamental frequency) of between 2.4 x 10™ and 1.8 x 10-3

were obtained, corresponding to a variation in the magnesium atomic
number density from 3.2 x 1022 073 15 7.35 x 102? 073, The scaling
of the fourth harmonic power with fundamental intensity was investigated,
and scans of the relative signal with pressure and temperature as
variables were undertaken.

The theory of the fourth harmonic process was developed, and
is presented in this thesis. Good agreement was found between this
theory and the experimental results for Tow magnesium number densities.
At higher number densities saturation effects were observed, and
possible reasons for this are discussed. From experimental data, a
value for the susceptibility x{3)(-du, w ,u,20) of 5.5 ( 0.7)
x 1074 m5 v-2 was deduced. Applications of the fourth harmonic, in

*
particular its possible amplification in an inverted maz medium, are

outlined.
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CHAPTER 1

GENERAL INTRODUCTION

The invention of the laser very quickly led to the demonstration
of non-1inear optical effects in various media[l’z], due to the
intense Tight fluxes which were consequently made available for
the first time. There was a rapid growth of interest in non-linear
optics, which has continued to the present day. The primary reason
for this interest was that non-linear behaviour {sum frequency
generation, difference frequency generation and harmonic generation)
could be exploited in various devices to provide coherent 1light in
parts of the spectrum where previously no coherent source was available.

With the discovery of mode—]ocking[3] came the possibility of
providing highly intense Tight pulses which had durations of a few
picoseconds or less. These pulses were ideal for improving conversion
efficiencies of intensity dependent, higher order non-linear processes.
They also offered exciting possibilities for probing the behaviour
of various media, at previously inaccessible wavelengths, on a time-
scale at which only electronic transitions would occur. Furthermore,
energy levels in the atoms or molecules of the non-linear medium which
could not be populated by straightforward single photon absorption,
could be populated by using two (or more) photon absorption or other
non-linear processes. Many experiments using these kind of techniques

have since been carried out le.g. 4, 5, 6]_

Experiments have also been
performed in which a laser producing one wavelength has been used to

generate, via non-linear effects, light of a frequency at which another



laser operates, and the microscopic properties of the active medium
have then been studied [728:°1

A knowledge of non-linear effects is also useful because
these come into play at high intensities and so set an upper bound
on the Tight flux which can be passed through a medium without either
absorption (two- or multi-photon) which depletes the incident 1ight,
or distortion of the beam (spatially by self-focussing, spectrally or
temporally by self-phase modulation). Very high Tight levels may
also permanently damage the medium, especially if it is a solid.

Much early work was concentrated on crystalline non-linear media.
This was due to the fact that the second order non-linear susceptibility
is zero in centrosymmetric media (crystals that are used lack a centre
of symmetry). Because of this, other media would only exhibit
higher order, and therefore weaker, non-linear effects. It was also
shown by several authors (10,11,12] that, by exploiting the birefringent
properties of the crystal, the phase velocities of the fundamental
and generated wavelengthscould be equalised. This so-called "phase
matching" enabled Tong ccherence lengths to be used, which greatly
increased conversion efficiencies, However, there were major draw-
backs with crystalline materials, notably their damage threshold and
their transparency (or lack of it) at the fundamental and second
harmonic wavelengths.

For these reasons, gases and vapours have been studied more
extensively in recent years. These media show very low absorption
in both the ultra-viglet and infra-red, and do not suffer irreversible
damage at large light fluxes. However, vapours generally have much
lower number densities than solids and are centrosymmetric, and
consequently the lowest order non-linear processes they exhibit are

of the third order. These effects are smaller in magnitude than ones
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of second order, and to compensate, either the electric field
strengths of the incident radiation must be correspondingly higher,
or the third order susceptibility must be resonantly enhanced. This
may be done by suitable choice of the interacting frequencies and the
non-1linear medium so that the wavelengths are close to resonance
with the energy levels of the medium.

The study of non-ilinear properties of gases was pioneered by

Ward and New[]s]

, who produced the third harmonic of a ruby laser in
a variety of gases. However, both the third harmonic and fundamental
frequencies were well away from any resonance, and the process was
not phase-matched, and consequently conversion efficiencies were
extremely low. A major advance in the field was then made by Miles

and Harris[]4]

, who used alkali metal vapours to act as the non-linear
media, which were phase-matched by adding a buffer gas. This buffer
gas was positively dispersive at the frequencies used, and its addition
compensated for the negative dispersion of the metal vapour. By
exploiting the energy levels present in these media the susceptibilities
were resonantly enhanced, and it was shown that high conversion efficiencies
were possible. Third harmonic generation with a high power mode-locked
Nd:YAG laser source has since given conversion efficiencies of several
percent[15].

If tunable sources in the ultraviolet (uv) or vacuum-ultraviolet
(vuv) are reguired, dye lasers may be used as the tunable fundamental.
The peak powers are much less than those available from mode-locked
ruby or neodymium lasers, but dye lasers offer the advantage of
tunability in the generated harmonic, and also may be tuned to a
wavelength at which the susceptibility is resonantly enhanced.

Hodgson et a].[16] obtained useful powers over a considerablie range

of the vuv by tuning one dye Tlaser source to a two-photon resonance
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in Sr vapour and frequency summing using a second dye laser source.
Bloom et a].[]7] used Na vapour to obtain up-conversion from the
infrared to the uv with a conversion efficiency of 50%.

It is apparent that harmonic and sum frequency generation
will play an important part in providing sources of coherent light in
the uv and vuv. These processes are of the the "parametric" type,
which refers to the fact that the atoms taking part in the non-linear
process are returned, after the interaction, to their initial state.
This thesis describes work which was primarily devoted to the study of
one such process: the production df the fourth harmonic of a mode-
locked ruby laser. The non-linear medium chosen was magnesium vapour,
which has not been studied at all extensively in the literature. WMost
authors have concentrated on the alkali metals, though in the past few

years Mg has been used more than previous]y[18’ 19, 20].

The process

involves the frequency mixing of two fundamental (ruby) photons and

a second harmonic photon in Mg vapour, to produce picosecond light

pulses at a wavelength of 1735 E, which is the vuv region of the spectrum,
Chapters 2 and 3 of this thesis describe the necessary preliminary

work that wasdone in order to produce the fourth harmonic, that is,

the development of a reproducible mode-locked ruby laser and amplifier

system, and the generation of the second harmonic (at a wavelength

of 3471 R). The following chapter gives theoretical details of the

frequency mixing process that generates fourth harmonic, and the

fifth chapter outlines the practical work undertaken. Chapter 6

outlines possible applications of the fourth harmonic, and in particular

*
discusses the possibility of amplification in an inverted Xe, medium.

Finally the general conclusions found from the work are presented.
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CHAPTER 2

THE MODE-LOCKED RUBY LASER SYSTEM

St
.

Introduction

The source of light at the fundamental frequency, which
was to be doubled and subsequently frequency mixed, was a ruby laser,
operating at 69433. This laser was run in T.E.M.00 mode, and was
passively mode-locked to produced pulses of approximately 20 psec. in
duration. It was possible to preserve a beam of good spatial quality
after a single stage of amplification and this allowed powers of up to
200 MW per pulse to be obtained. This availability of high powers in
a good cuality beam was the justification for-the use of the ruby system
in the work, these two features being essential for efficient harmonic
generation,

It is of interest to note that not only was ruby the first

material in which laser action was demonstratéd[21]

, but it was also

the first laser to be passively mode-]ocked[zz]. Even today it is still
one of the most useful laser materials, due to its high output power

and good spatial quality at its operating wavelength. The active medium
in ruby is Cr3+, which is present as an impurity in A1203 crystal
{sapphire). Pink ruby, which was used in this work, results from a Cr
doping of 0.05% by weight. The energy level diagram is shown in

[23]).

Ruby is normally pumped by irradiation with Tight from a pulsed

Figure 2-1 (taken from Reference

xenon lamp, which emits radiation in the blue and green, corresponding

4 3+

to the two absorption bands 2F2 and F1 of the Cr”" ions. The ions
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populating these levels guickly decay (with a Tifetime of m5><10_8

2

secs) into the upper laser level “E. This upper level in fact consists

of two levels, 2A and E, which are separated by 29 em ).

It is the
Tower of these levels E, which is actually the upper laser level.
The lower laser level is the ground state, and the ruby thus forms a
three level system. Its threshold is therefore slightly higher than
the corresponding Nd3+ systems (these being four-level systems).

The 1ifetime of the upper laser level is approximately 3 x 10'3
secs, and flashlamps used to pump ruby must have pulses of this half
width or less to optically excite the ruby efficiently. A wide
lasing bandwidth is required if any system is to be capable of
producing picosecond pulses. Ruby enjoys the advantage of having
a bandwidth of SE, which permits picosecond pulses to develop, but
is also narrow enough to aliow reduction to single longitudinal
mode operation[zsl. Picosecond pulses are generated within the cavity
by use of a saturable dye in contact with the back (100% reflectivity)
mirror. The choice of dye depends upon the duration of pulses
ultimately required (see next section), and in this work the shortest
(and therefore most intense) pulses possible were needed. Consequently
1,1'-diethyl-2, 2-dicarbocyanine iodide (DDCI) 1in ethanol was
used, which has a fluorescence lifetime of ~11 psec.[24].

The background theory to passive mode-locking is given in the
following section. The experimental system is described next, and

polaroid and streak records are presented. Finally details of the

single-stage amplification are given, and conclusions are presented.

II. Background Theory to Passive Mode-Locking

When a laser has been mode-locked, its output consists of a

train of pulses (of duration less than the round trip time) which
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are separated by the round trip time of the cavity. To achieve this
behaviour, a saturable dye is placed inside the cavity, normally in
contact with the back mirror. The dye can be thought of as a switch
which opens and closes every round trip. This technique of so-called
passive mode-locking is capable of producing pulses whose half-widths
are the order of picoseconds.

Mode-locking refers to the fact that, to produce such high
intensity, short duration pulses, it is necessary to maintain a fixed
phase and fixed amplitude relationship between all the longitudinal

[26]

modes These longitudinal modes are separated in freguency by

c¢/2L, where ¢ is the velocity of light and L is the length of the laser

[27]. Their number is determined by the shape of the laser

resonator
gain curve in freguency space. When ideal mode-locking arises, the
laser may be said to be in a perfectly organised state.

Most theoretical explanations of mode-locking are based on
a time-domain model, the so-called "fluctuation model” first suggested

[28}and F1eck[29}.

by Letokhov In this picture, the mode-locked intensity
distribution originates from the initial flucrescence intensity
fluctuations present at the time threshold is reached for the laser.

The duration of these fluctuations is of the order of the inverse

of the bandwidth. This noise pattern is random in nature and is
different on every firing of the ]aser[30]. The saturable absorber
acts in such a way as to preferentially select the most intense peaks
in the pattern, and finally one (ideally) of the peaks is many times
more intense than the rest. After this selection process, intensity
dependent non-linear effects (predominantly self-phase modulation

and self-focussing) may come into play. These usually take place

in the laser medium, and lead to spectral and temporal broadening or
even fragmentation of the mode-locked pulse in the cavity[s}}. Spatial

distortion or break up can also result.
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The build up of mode-locking has been observed experimentally

in several laser systems, in particular Nd 1asers{32]

, and the ruby
laser, where the effect of the lifetime of the saturable absorber
on the pulse duration ultimately obtained has been convincingly

demonstrated [33].

The stages of the mode-locking process are shown

in Figure 2-2. At the beginning of the flashlamp pumping pulse,
spontaneous emission occurs. As the gain builds up, the radiation
pattern within the cavity develops a structure which repeats itself
every round trip time. T(= 2L/c). At the laser threshold, the gain
exceeds the Tinear and non-linear losses in the resonator and the

stage of linear amplication begins (at time t1 in Figure 2-2). Spectral
narrowing occurs and this leads to broadening of the duration of the
fluctuations. The linear stage continues until saturation effects

in the absorber become significant. The second stage of pulse development,
the non-linear stage, then begins (at time t2). It was assumed in the
earlier theoretical papers[zs] that this second stage is complete before
the final giant pulse stage occurs, where the population inversion in
the laser medium is depletedand laser action terminates. This requires
the largest fluctuations to reach an intensity such that they saturate
the absorber without depleting the gain. If this indeed happens, the
fluctuations continue to develop independently.

However, it is found in practice that a clear division between

the non-linear and giant pulse stages can rarely be drawn. This

[34] [30]

was pointed out by Glenn and has been discussed further by New

It now seems clear that the best mode-locking occurs just above the

"second threshold" of the 1aser[32]

, where absorber saturation and
gain depletion are in a state of delicate balance and combine to

transform the random intensity structure into a single dominant pulse.
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The interplay of these two effects Teads to the individual fluctuations
of the intensity patterns losing their independence.

The pulse intensities in the non-linear stage are determined

by the equation[34]:

d
why = L | AL cFm o (2-1)

where the symbols have the following meaning:

Ik is the intensity of the ith member of the set of M pulses
¢irculating in the cavity, at the kth pass. This intensity
is normalised to the saturation intensity of the absorber

IS =(20'b T]b)-].hv

Ak is the gain of the kth pass, for the ith pulse

I'  represents the cavity losses {mirror transmission and

scattering)
°y is the cross-section of the dye absorber
T.,. 1s the relaxation time of the dye
B is the initial (small signal) absorption coefficient
k = t/T

T is the round trip time

k. obeys the equation
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where f is the rate of flashlamp pumping

o, is the gain cross-section.

Both equations (2-1) and {2-2) assume an instantaneous response
for the absorber, and that a linearly increasing value of A is
produced by the flashlamp if acting alone.
The effective gain coefficient is
B

G=A-r- —2 (2-3)

(1+ I, )
K

A clear distinction between the non-linear and giant pulse
stages can be made if the depletion of A is negligible during the
non-linear stage. In this case the value of A in equation (2-1) may
be replaced by its initial (unsaturated) value, and the M equations
become independent of one another. If this is not so, A must be
computed for each pass, and the pulses will not evolve independently.

G is positive for all the pulses in the intensity pattern
at the beginning of the non-linear stage. After this time, however,
only pulses which are above a certain critical 1ntensify IC will
continue to experience net gain. G is equal to zero for pulses

whose intensity is equal to IC, which is given by the expression

f B 7\
I = A
A-T
\ /
By (2-4)
Bo+ AA
\
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As the gain becomes depleted, aA (= A - T - BO) goes to
zerp and becomes negative, thus increasing the value of IC. This
depletion improves the pulse selection process since a very large
pulse will deplete the gain faster and cause Ic to rise more rapidly.
Smaller pulses are then more effectively eliminated. Ideal mode-locking
requires the eventual growth of cne pulse only. The basié behaviour
predicted by this model is illustrated in Figure 2-3 (from New [30]).
In particular, it is seen that ideal operation occurs under the
circumstances outlined above, where only one pulse eventually emerges
from the region of non-linearity.

The results, and those of Glenn from computer simulations,
show that the excess gain AA = A -T - B0 existing at the beginning
of the non-linear stage is the crucial parameter governing the
quality of the mode-locking. There is a small range of values for
AA > 0, for which a single pulse is nearly always selected. This
effectively means that the best mode-Tocking will be obtained when
running the laser just above threshold. For AA < 0.01, the gain is
depleted before any pulse can saturate the dye, whilst for 0.01<AA<0.02
excellent discrimination between fluctuations is predicted. For higher
values of excess gain, discrimination is poor.

The dye not only plays an essential part in selecting the
larger fluctuations, but also causes the profile of each pulse to

[35]

shorten. If the relaxation time of the dye T is longer than the

b
mean duration of the fluctuation peaks occurring at the beginning of
the non-linear stage, then the pulses of duration t< le are poorly
selected and the resultant giant pulse will frequently consist of a

series of noise spikes. To select the most intense peak effectively
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the condition

Moz /T (2-5)

[36]
should be satisfied.

II1. The Ruby Oscillator

ITI-1 General Aspects

A major part of the'ear1y experimental work of this thesis
was devoted to the development of a reliable and reproducible mode-
locked ruby laser. There are several well-known conditions which must

be satisfied if reliable mode-locking is to be achieved [37]. These

include:
a) High Optical Quality and Cleanliness.
b) Optimum Cavity Configuration

it is essential that spurious reflections inside the
cavity be eliminated, and also that feedback from optical
components outside is avoided. Single transverse mode

[30]. Thermal effects in the laser

operation is desirable
rod which can distort the transverse mode structure of the

beam should be minimised.

Sy oy S e iy B s b e e

The optimum arrangement is for the saturable dye to be
placed in a thin cell in optical contact with one of the
cavity mirrors (preferably the one of highest ref]ectivity){381.
Since the duration of the pulses is Timited uitimately by
the relaxation time of the absorber, this time should be

as short as possible [36].
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As discussed in the previous section, self-phase
modulation and self-focussing often occur in the final
(giant pulse) stage of pulse development, usually in the
laser medium. The degree to which these phenomena occur
may be reduced by working at low power densities. This
entails using a high value for the Tow light Tevel trans-

mission of the saturable dye (2 70%).

T e e T E e W el e e el e ey e o e

AA should be made as small as possible, which requires

that the laser be fired very close to threshold.

A laser design 1ncorporafing the above requirements was
utilized. The ruby rod was of the best optical quality and both ends
were cut at Brewster's angle. Since the output from ruby i1s polarised
perpendicularly to the c-axis, Brewster angled faces reduced the
reflection loss within the cavity, as well as preventing oscillation
within the rod itself. A1l the rest of the resonator components were
wedged, T.E.M.00 mode operation was achieved by the use of a circular
aperture placed in the cavity. This was drilled through a thin {(~ Tmm)
dural sheet, which was subsequently countersunk and then anodised to
prevent stray reflections. Several aperture sizes were in fact tried
before the correct size ( = 2mm in diameter) was discovered. (The relevant
burn marks on spent polaroid placed about 60 cm. from the output mirror
were examined for shape and quality in each case.)

The saturable absorber dye was in optical contact with the
back (100% reflectivity) mirror and was contained in a thin adjustable

cell, set to a thickness of 400um. As previously stated, the dye was
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DDCI in ethanol, which has a fast relaxation time of ~ 11 psec.

The transmission of the dye was approximately 70% for low light Tevels,
which corresponded to a 3.1 X 10‘5 molar solution. Methanol was

used firstly as the dye solvent, but was found to cause rapid deterioration
of the rear mirror surface. Ethanol had a less severe effect upon

the coating.

The optical resonator consisted of a plane output mirror (soft
coated) of ~ 80% reflectivity at 6943 R, and a rear mirror of nominally
100% reflectivity. This latter mirror had a hard baked coating to
withstand the ethanol, and had a radius of curvature of 5m . Both mirrors
were 1" in diameter and were coated on wedged glass substrates. A red
filter, of v 80% transmission at 6943 R, was placed immediately in
front of the dye cell, to prevent the possible photo-decomposition of
the dye by stray u.v. light from the flashlamp. A schematic of the

cavity is shown in Figure 2-4.

IIT-2  Optical Resonator Considerations

Petty has shown [25]

that the ruby rod in a pumped condition
can be considered to behave as a thin, diverging lens of focal length
f = -7 m., This lens and the output (plane) mirror may be considered

to act as a single convex mirror, whose focal length f' is given by:

-- 12,4 (2-6)
f

Where d is the separation of the ruby lens and plane mirror,
and f is positive in this formula. The effective mirror is located

at a distance d from the ruby lens, where

fd
f+d
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Substituting the relevant values into these equations
yields the values f' = - 3.36m, and d'= 27.5 c¢m, where the length
of the ruby rod has been replaced by an effective length
1" =nx 7.62 cms = 13.4 cms {(n = 1.76). The effective mirror
configuration is shown in Figure 2.4 (b). According to optical

[39]

resonator theory , a cavity is stable if it obeys the condition

0 <f1-2 1-20 ¢4 (2-8)
R

Where D is the effective distance betweenthe mirrors and
RI and R2 are the two mirror radii. Using the values calculated above,
the product of the two terms is found to be = 0.54, which obviously
satisfies (2-8). The effective cavity lies in the top right hand side

of the stability diagram[40].

ITI-3 Operation of the Ruby Oscillator

A photograph of the ruby system is given in Plate 1. The
ruby rod was mounted in the cavity head and surrounded by a concentric
cylindrical quartz jacket through which cooling water {distilled)
continuously flowed. This jacket lay immediately inside the
helical, xenon filled, flashlamp; and this in turn was surrounded
by a cylindrical aluminium reflector which also served to pre-pulse
the lamps before firing (being connected to a third electrode pulsed
to ~ 25 kV). The lamps were fired from a capacitor bank consisting
of 8 x 38uF capacitors, which discharged through a 500pH inductance
to slow the rise time of the pulse (this reduced shock in the tube).
The Tamps fired when a thyratron, which held off the capacitor bank

voltage, was made to conduct by the arrival of a trigger pulse.
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PLATE 1

e e e oy s ek o ke oy i e A e o e B s e e e e Y

The Ruby Oscillator is on the L.H.S. of the photograph.
To its right 1ies the He-Ne Alignment laser, and then the
Ruby Amplifier Head. The A.D.P. Second Harmonic Crystal may
be discerned (covered with silver foil) in the background. On
the far left are gas lines leading to the heat-pipe (to be

described later).
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ITI-3.1 Alignment

B e B

The system was aligned using a He-Ne laser and pellicie (as
shown in Figure 2-4{a) and in Plate 1). The output mirror was put
in place and adjusted simultaneously with the pellicle until the He-Ne
beam ran parallel to the optical bench, and the return spot from the
front mirror fell coincidentally upon the output from the He-Ne
(i.e. it returned along the same path). A white covering with a small
aperture was placed over the front of the He-Ne laser to facilitate
location and final adjustment of the return spot. The cavity head
was then positioned such that the He-Ne beam passed down the
centre of the rod and it was ensured that the displaced He-Ne beam
still ran parallel to the optical bench (the rod had to be slightly
rotated if this was not the case). Finally the red filter and back
mirror were positioned and the transverse mode selector was placed
between the cavity head and output mirror. By adjusting the rear
mirror the reflected spet was found on the rear side of the anodised
mode selector. Since the spot was larger than the aperture,
alignment was achieved by allowing the spot to fall symmetrically,
as judged by eye, onto the hole. It was often found in practice that
optimum alignment coincided with the spot falling slightly assymmetrically

on the TEM00 mode aperture.

III-3.2 Precautions

It was found that, in order to produce an output from the
oscillator which consisted of a single train of mode-Tocked pulses
on a consistent basis, several precautions had to he taken, each one
of which was crucial in determining the degree of reproducibility

obtained. These steps are outlined below:
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IIT-3.2(a) Temperature_Contro]

The temperature of the distilled water used for cooling
purposes had to be maintained at a strictly constant temperature
(a variation of more than + 0.2°C led to irreproducibility). The

*
water was kept in a temperature controlled, 5 litre bath.

[41] that the transmission  of the mode-

It has been noted
Tocking dye can change by up to 1% for each 1°C change in temperature
for Neodymium systems. Temperature control of the dye in the present
system, to within + 0.71°C, Ted to a noticeable improvement in shot-to-
shot reproducibility. This was achieved by placing the 1 Titre conical
flask containing the mode-Tocking dye solution in the temperature-
controlled water bath, and continuously flowing the dye through the
dye cell by means of a pump (centrifugal type). By placing the pump
so that the dye solution entered it after having passed through the
cell, air bubbles were prevented from appearing in the cell. The dye
solution in the conical flask was continuously stirred (using a small
motor) and its temperature monitored. The bath and flask were covered
with an aluminium top to keep the dye in darkness, preventing gradual
photo-decomposition of the dye by the room Tights.

In order to keep the cell at the same temperature as the
dye, a brass coil, throughawhich distilled water from the bath was
pumped, was fitted to the outside of the cell. This had the additional
function of stabilising the temperature of the rear mirror mount. The
temperature of the water was usually maintained at ~ 18°C, this being
high enough to prevent condensation of water vapour from the atmosphere

on any of the optical surfaces.

* Supplied by Grant Instruments of Cambridge
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ITI-3.2(b) Voltage Control

friaiii e R/ g S -4

The voltage at which the capacitor bank was discharged,
monitored using a digital voltmeter, proved to be absolutely critical.
Once the threshold had been found on any particular day, it was
discovered that a measured variation of as Tittle as 5V above this
threshold (in usually ~ 5.1kV) led to a noticeably greater number
of trains consisting of multiple pulses. It is of interest to note
that the flashlamp was reproducible enough for this to be apparent.
Care had been taken to pre-pulse (or “pseudo-simmer”) the Tamps before
the capacitor bank voltage appeared across them, using a variable
electronic delay which could deliver a pulse to the lamps anything
up to 1 msec before the capacitors discharged through the thyratron.
Pseudo~simmer is a widely used technique to enhance the reproducibility
of f1ash1amps[41].

The Tamp was monitored to assess its reproducibility using
a biptanar fast photodiode (ITT) and a Tektronix 7844 oscilloscope.

Two photographs, one obtained from a single firing of the flashlamp,
and one obtained from a series of five shots, all overlaid, are shown
as part of Plate 2. The extreme reproducibility is immediately evident.

These results are obviously in keeping with the discussion of
Section II, in particular with the argument that the laser must be
fired as close as possible to threshold, in order that a single pulse
will be selected via absorber saturation and gain depletion, that is,
that the excess gain parameter AA should be minimised.

The apparent very low tolerance on the temperature and voltage
variation led to an investigation of the interdependence of these two
parameters. The dye temperature was controlled independently in another
temperature-stabilised water tank and the cooling water temperature was

varied in approximately 1.5°C steps, the corresponding threshold being
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PLATE 2

Photographs a and b demonstrate the flashlamp reproducibility

a - Single shot

b - Five shots overlaid

Vertical scale: 20 mv/cm

Timebase: 0.2 msec/cm
¢ and d show the effect of slight misalignment on the mode-
locked train shape.

¢ shows a mode-Tocked train when the cavity is properly

aligned.

d shows the affect of a slight misalignment.

Vertical scale: 10 V/cm

Timebase: 50 nsec/cm
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recorded for each new temperature. A graph of the results is shown

in Figure 2-5, from which it is apparent that a 1°C rise in temperature
at 18°C leads to approximately a 12 V rise in the threshold. Thus, to
control the threshoid to within 4 V, a variation in the water temperature
of no more than 0.3°C may be allowed.

A similar experiment, to determine the dependence of the
threshold upon the dye temperature, with the cooling water temperature
held constant, was attempted but proved inconclusive since the shifts
in temperature of the dye also led to the rear mirror mount changing
in temperature and the system consequently moved out of alignment.

This first led to a rise in threshold until the alignment became
s0 poor that lasing could no longer take place. It proved impossible
in practise to re-align exactly to mimic the previous conditions, and

50 no definite conclusions could be drawn from the results.

II1-3.2(c) Alignment

Alignment of the system for operation in TEM00 mode
was extremely critical, and temperature controlled mounts were
required to maintain a stable configuration. STight changes in alignment
were found to raise the threshold drastically (by several hundred voits),
and also alter the shape of the mode-locked trains (see Plate 2
photographs (c) and (d) ). These were recorded on a Tektronix 519
oscilloscope, using a fast biplanar photo-diode (ITT) as detector, via

a glass beam-splitter placed outside the cavity.

I11-3.2(d) Saturable Absorber Concentration

T - —

The dye concentration had an effect on the output power

ultimately obtained from the mode-ltocked oscillator, and upon the shape
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of the pulse trains. For a dye transmission (low light level)

of 70%, output powers of 14-18 Mw at the peak of the pulse train
were obtained. Peak powers of roughly five times this value were
obtained with a dye transmission of ~ 50%, but the train shape
altered (see Plate 3) and the higher powers introduced non-linear
effects in the later part of the train (see next section). Note
photographs (c) and (d) of Plate 2 are for a dye transmission of
n 55%.

When all these precautions were followed, a high degree
of reproducibility was obtained from the oscillator. Single trains
of pulses occurred with a success rate of up to 90%, and peak pulse
intensities were reproducible to within 25% from shot to shot.

Ptate 3 (photographs (c)} - (f) ) shows four consecutive shots to
itlustrate this.

Lastly, it may be pointed out that further improvement might
be achieved by the use of an intra-cavity beam expanding te1esc0pe[30’42],
which increases the beam cross-section at the saturable dye cell
relative to that at the rod. The configuration used in this work
(Figure 2-4 (a)) was such that the ruby rod was close to the output
end of the cavity. Thus some benefit was derived anyway from the

expansion of the beam onto the curved back mirror.

I11-4 Streak Photography of the Oscillator Pulse Durations

It was necessary to ensure that the pulses observed with
the photo-diode/oscilloscope combination were, in fact, properly
mode-locked pulses of sufficiently high quality for use in harmonic
generation experiments. The photo-diode and oscilloscope had a
combined rise-~time of approximately 0.5 nsec., so the measured duration

was detector Timited. An electron-optical streak camera (the Photocron II)
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PLATE 3

Mode-Locked Trains from the Oscillator

A . A AN S N R S A e B B AR o AR —

a - Low Power Output. Saturable Dye Transmission
= 70%.

b - High Power Qutput. Saturable Dye Transmission
= 50%.

Note: A further 0.7 N.D. Filter was placed over
the photodiode c.f. a.

c,d,e,f - Four consecutive shots at low power output
demonstrating reproducibility finally obtained.
Vertical Scale on all photographs: 10V/cm

Timebase on ali photographs: 50nsec/cm
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was therefore used to measure the duration of the pulses at yariqus

parts of the mode-locked train. This instrument has a time resolution

of ~ 1 psec, the principle limitation being transit time spread effects[26].
Figure 2-6 shows a schematic of the arrangement used for

streaking. A dielectric mirror M1 {of nominally 100% reflectivity

at 6943 E) reflected the pulses from the oscillator through a beam splitter

(B/S) onto an aluminium coated mirror M2. This was used to direct

the pulses down an optical delay line, which consisted of three plates

with parallel faces which sub-divided each pulse in intensity and so

provided a means of calibrating the streak camera. The time duration

between reflected pules from each one of the sets was 57 psec. After

reflection from the delay line, the pulses fell onto several neutral

density filters (ND) which were placed immediately in front of the

input slit (S) of the streak camera (a slit width of ~ 50um was

used). The function of the various labelled components in streak

camera was as follows:

L1 coupled the slit image to the photocathode (P/C)

of the image converter,

M was a fine mesh, separated by ~ 0.5mm from the
photocathode, and set at a positive potential of TkV.
This has been shown[43] to reduce the time dispersion

of the instrument.

C and A, the cone and anode respectively, acted to

focus the electron image.

The reflected signal from the beam-splitter (B/S) fell
onto a biplanar diode, whose resulting output was fed

into a Tektronix 519 oscilloscope. By making use of the
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variable delay facility on these instruments, an
avalanche transistor-krytron circuit (K/S) was triggered
at a later time. This supplied a fast rising (~1 nsec)
5 kV signal, the central 1.5 kV of which was used as

the ramp of the streak plates (S/P). Varying the delay
of the signal allowed pulses in different parts of the

train to be examined.

L2 focussed the streaked image on the phosphor (P) onto
the photocathode of an image intensifier. For quantitative
work, I1ford type H.P.4 film was used to record the streaked
image. Microdensitometer traces were subsegquently taken

of this film.

Two such traces are shown in Figure 2-7. The first, of
a high quality, was for a pulse from the first half of the train,
using a low dye concentration (70% transmission), i.e. low output
power, The second, of poorer temporal quality, was for a higher dye
concentration (55% transmission) and was from a pulse near the peak
of the pulse train,

For low power output, the pulses in the first half of the
train varied in duration from 10 psec to 30 psec, having an average
length of about 20 psec. In the second half of the train, after
the peak, the pulses broadened gradually to reach, on average,
about 40 psec in duration. It seems likely that this was due to
spectral broadening brought about by self-phase modulation, and
subsequent dispersion in the active medium, which gradually broadens
the pulse.

For high power output, good quality pulses were only obtained

from the beginning of the train, where their durations were again about
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20 psec. By the middle of the train the pulse had broadened to
about 40 psec, and pulses at the end of the train were longer
still, typically about 60 psec.

Again this behaviour is almost certainly due to self-
phase modulation, and occurs more rapidly due to the higher intensities.
This is in good agreement with the results of Tashiro, Schulz-Hennig
and M311er[44], who also studied the evolution of the pulse spectrum
through the train. They found that at the beginning of the train,
nearly bandwidth-Tlimited pulses were produced?)whilst in the later
parts, the spectrum broadened.b) Temporal broadening did not occur at
low power levels, however, until after the peak of the train. At
high power Tevels, the pulse duration increased before the peak of
the train, and was more severe in the latter parts.

These findings led to the use of low dye concentrations
(70% transmission) in all subsequent experiments, since good quality
pulses showing high spectral brightness were essential for efficient

harmonic generation,

v, Amplification

The oscillator yielded pulses with peak powers of A 15MY
(corresponding to ~ 0.3 mJ per pulse). In order to increase the power,
a single stage amplifier was used. The rod employed was a 9" by ;"
ruby of rather poor optical quality. Both faces of the rod were cut
at Brewster’'s angle. This Ted to a marked dispersion taking place
between the alignment He-Ne laser beam at 6328 R and the ruby beam
at 6943 E, and made subsequent alignment more difficult.

The rod was mounted in a head of similar design to that used

for the oscillator. A capacitor bank consisting of 20 x 38uf condensors

. [ ]
a) AN=0.4A b) AA=1-2 A
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was used, and a charging voltage of up to 6.6 kV (voltages higher
than this approached the damage threshold of the flash-tube). The
fiashlamp was again helical, with an overall length of ~ 25 cms

and diameter ~ 5 cms, and had a third, central, electrode which
effectively produced two lamps in parallel (this reduced the RC

time of the lamp and capacitor bank sufficiently to allow significant
gain to build up in the rogl2°]),

Because of the poor optical quality of the rod, it was
found that the TEM00 mode became severely distorted on passing
through it, which was obviously highly undesirable for future
frequency conversion experiments. By a process of trial and error,
however, one position of the amplifier was discovered for which
the mode quality was preserved after amplification. The beam
passed down one side of the rod centre, and the system was always
used with the amplifier in thisposition in subsequent experiments.
The mode sizes before and after amplication are shown in Plate 6.

To produce an efficient oscillator-amplifier system, it is
necessary to synchronise the firing of the two flashlamps, such that
the mode-locked train from the oscillator arrives at the amplifier
when its gain is at a maximum. To do this, a delay unit providing
two voltage pulses separable by times from 10usec to 10 msec was
used. The amplifier was always triggered first, since the maximum
of the flash lamp pulse always occurs later in this sytem due to
its Targer capacitance and inductance compared to the oscillator.

In order to find the optimum delay and the absolute gain
of the amplifier, two diode-oscilloscope combinations were employed.
These were cross-calibrated by using only the oscillator output and
deflecting part of this onto the two (S1) diodes via glass beam

splitters placed at 45° to the beam. The diodes were then placed to
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monitor the input and output of the amplifier, their respective
beamsplitters still being kept at an angle of 45° to the beam.

By varying the delay for a constant pump power, the optimum delay was
found. The results, as shown in Figure 2-8, indicated an optimum
delay time of 0.95 msec.

With the delay set at this optimum value, the gain was
determined for progressively higher pump powers, up to a maximum
capacitor bank voltage of 6.6 kV. The results are shown in Figure 2-9,
and give a maximum gain factor of 14(+1), which enabled pulses up
to 225Mi in power to be produced.

The rod was cooled by flowing distilled water over it, but
it was found that the system's reproducibility as a whole was not
as critically dependent upon the temperature of this cooling water
as it was for the oscillator. Variations of up to 1°C could be
tolerated, and for this reason a heat exchanger was found to be
adequate for cooling purposes. However, the amplification achieved
was severely reduced if the rod was given insufficient time to cool
in between shots. A period of five minutes between shots was essential
for the gain to remain the same over a "run", and often six or

seven minutes were allowed.

V. Conclusions

The development of a reliable and reproducible mode-Tocked
ruby oscillator/amplifier system has been described. By strict
control of the temperature of both saturable dye and cooling water,
and by voltage control on the capacitor bank, single pulse trains were
observed with a 80%-90% success rate. At low output powers, the temporal
form of the pulses over the first half of the train was good. Together
with the good spatial TEMOO mode, the ruby beam was of sufficiently

high quality for harmonic generation experiments to be performed.
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The powers obtained were ~ 15MW for a 20 psec pulse,
and by using a single stage amplifier which preserved the spatial
quality of the beam and exhibited gains of up to a factor of 14,
pulses with powers in excess of 200MW were finally produced.

The usefulness of this system for experiments is impaired
by the very slow repetition rate which it is necessary to adopt
to maintain reproducibility. With a Targer cooling rate (i.e. faster
water flow) it should be possible to improve this aspect of the

system's performance.
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CHAPTER 3

GENERATION OF SECOND HARMONIC

I. Introduction

In order to produce the fourth harmonic of mode-Tocked ruby
in a gas, it is necessary to employ a four-wave mixing process, since
an isotropic medium will not exhibit non-linear optical properties
of even order. The requirement in this work, specifically, was the
occurrence of the following process:

w1 + w-l + Wy g (3'1)

where wy = Frequency of the fundamental (ruby) wavelength
Ay = 6943 A
wy = Frequency of the second harmonic wavelength
A, = 3471.5 A

wy Frequency of the fourth harmonic wavelength

Ag = 1735.75 A

Thus a necessary preliminary to the production of fourth harmonic
was the production of a series of second harmonic pulses, coincident
spatially and temporally, as far as possible, with the mode-locked
train of ruby pulses. This was achieved simply by passing the ruby
beam through an ADP (ammonium dihydrogen phosphate) crystal, which
was angle tuned to give maximum conversion to second harmonic.

This chapter gives a brief ocutline of the theory of second harmonic

generation, to prepare the ground for the theory of fourth harmonic generation
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which is presented in detail in Chapter 4. The reguirements for
efficient conversion are considered. The experimental system is
then described and the results are presented. Since the first

demonstration of second harmonic generation in 1961[45]

, many types
of crystals have been used in its production, and the techniques
have been used extensively in laboratories throughout the world,

Because of its familarity, this chapter is correspondingly brief.

II. Theory of Second Harmonic Generation

Any electric field tends to lead to a polarisation taking place
in the atoms of the medium to which it is applied. The same is true
when the field is electromagnetic in character. Normally the polari-

sation P s directly proportional to the applied electric field E,

R | (1)

where X(T) is the bulk linear susceptiability of the medium,
and €0 is the permittivity of free space. x(1) is related to the

refractive index n by
X =n- -1 (3-2)

However, when the applied fields are large, as is the case with
mode-locked laser pulses (the ruby laser system delivers pulses whose
electric fields are up to ]08 V/m), the polarisation exhibits other,
non-Tinear terms which are usually neglected for Tow field strengths.

The polarisation, then, may be more correctly expressed as

p e (1) e v (B g2 4 @)
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X(Z) and X(B) are non-linear susceptibilities which lead to the non-
linear variation, and X(Z) specifically is the term responsible for
second harmonic generation. This is seen simply by considering the
contribution to the polarisation from this term when a sinusoidal

field, E0 cos wt is applied:

P2 =g X(Z)E 2 coszw]t = %[ on(z) E02 (14cos 2 w]t) ]
(3-4)

The firsttermin (3-4) represents a d.c. component ¢f the
polarisation, while the cos 2wt term represents the second harmonic
production. Where the crystal concerned is isotropic, or has a
centre of inversion, a reversal of the field direction leads to a
reversal of the polarisation, and so even terms in the expansion (3-3)
have to be eliminated. Thus second harmonic generation (S.H.G.) is
only possible in non-centrosymmetric crystals.

The susceptibility X(Z) is most generally a tensor, and the
direction of P does not necessarily coincide with that of E. The

relationship between the two may be written

2w
= g z z Woew {3-5)
Pi o~ dﬁjk Ej EK

where dijk is the non-Tinear optical coefficient of the medium.
This is a third rank tensor containing 27 elements which may be
simplified by following simple symmetry arguments. Since no physical
significance can be attached to an exchange of Ej and EK in (3-5), the
subscripts jk may be replaced by a single symbol 1. The resulting

tensor dH becomes a 3 x 6 matrix, which obeys the same symmetry
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restrictions as the piezoelectric tensor. The number of non-vanishing
elements then depends upon the point group symmetry of the medium[46].
Ammonium dihydrogen phosphate has a 42 m point group symmetry, and for
crystals belonging to this class, all elements of the tensor are zero

except for d14, and d36' Furthermore, the elements dM and d25 are

d25
equal.

Kleinman has shown[47] that, when the non-Tinear polarisation is
electronic in origin and the crystal is transparent throughout the
frequencies encompassed by the non-Tinear process, further restrictions
apply to the number of independent di] elements, Dispersive effects
may then be neglected and the non-linear tensor becomes independent of
the frequences, and hence symmetric for the interchange of any two
indices. It then follows that d]4 = d25 = d36 and there is only one
independent coefficient for A.D.P.

Thus a polarisation may be induced in A.D.P. which varies at
twice the frequency of the applied field. If the electric field at the
fundamental fregquency varies as cos (k1x - m]t), then the second harmonic
polarisation varies as cos (2k1x -2 m]t), the spatial variation of the
polarisation being tied to the spatial variation of the fundamental.

The second harmonic which is radiated as Tight has a spatial variation
given by cos(kzx -2 w1t) where k2 = 2w1|v2, and Vo is the phase velocity
of radiation at freguency 2“1‘ Thus the polarisation wave and the

second harmonic radiation will in general be out of step with each

other, unless the refractive indices at frequencies wy and 2w] are
identical.

It may be shown[46] that the second harmonic electric field
generated at a point z in the crystal varies as
iAkz}

QE?M
dz

a Re {e (3-6)
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where Ak = k2 - 2k].

Summing throughout the length of the crystal, and assuming

no second harmonic input (Ezw(O) = 0) we find

L
£ J Re of '2KZ } 4
o]
= Re o't (3-7)
1A

The intensity Izw of the second harmonic at the end of the
crystal is then

129 4 12 sin 2(aKkL/2) (3-8)

(AkL/2)?

2

If Ak is not zero, the second harmonic generated at plane z},
say, is not in phase with the second harmonic generated at a plane Z,.
The resulting interference is described by the above equation (3-8).

Thus a maximum intensity is obtained for a crystal length of 1c, where

lc = m/Ak (3-9)
or, using the relation k(m) = Qﬂ(m)
c
c = .Ao (3-10)
where 1c is termed the coherence length, and
Ny = refractive index at the fundamental frequency
n, = refractive index at the second harmonic frequency
A = wavelength of the fundamental in vacuum
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The periodic variation of the second harmonic intensity with
crystal Tength, as indicated by Equation (3-8), was first demonstrated

by Maker et al.[48]

Phase Matching

It can be seen that appreciable conversion to second harmonic
may take place only if Ak = 0, or ny=n,, for in this case the
power generated should scale as the square of the crystal length
(Equation 3-8). It is now an estabiished technique[48’49]to obtain
this phase matching requirement by exploiting the natural birefringence
of crystals such as A.D.P. This is achieved by choosing the direction
of propagation and the polarisation for the light propagating through
the crystal in such a way that the fundamental ray is an ordinary ray and

the second harmonic is an extraordinary ray, and

n{ = n,%(e) (3-11)

where the superscripts o and e refer to the ordinary and extraordinary
refractive indices. The point is illustrated in Figure 3-1{a). This

shows the refractive index surfaces of a negative (n

e NS 0) uniaxial

crystal, The matching can be achieved for rays orientated at an

angle 6, to the optic axis, where

sin g = (n,°)7% - (n,0) (3-12)

and nze is the refractive index of the second harmonic

extraordinary ray perpendicular to the optic axis. By rotating
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Figure 3-1(a) about the optic axis, an index surface is obtained,
as in Figure 3-1(b), which illustrates the cone of possible phase-
matched directions for the phase-matching angle em. It has been
shown, however, that the conversion to second harmonic is greatest

for an azimuthal angle of ¢ = 45°{50]. Kleinman first formulated the

complete expression for the second harmonic power P2[51]. For the
plane wave case, it is given by {in MKS units)
3/2 2 2,2 oz 2 . 2, AKL
€ (n,%)° A (AkL/2)2
(3-13)

Where P1 is the fundamental power at anguiar frequency Wy and

A is the beam area.

Limitations to Efficient Conversion

It has been shown £52] that the direction of energy flow, which
is given by the Poynting vector, is normal to the index surface. Thus
the direction of phase propagation is parallel to the Poynting vector
for the ordinary wave, but deviates by an angle p from it for an

extraordinary wave. This angle is given by (52]

tan o = 3 (n,°) 1 sin® e (3-14)
When phase-matching in A.D.P., the fundamental (O ray) is

undeviated, so this walk-off exhibited by the second harmonic e ray

limits the effective volume over which harmonic generation may occur.
An additional loss of efficiency occurs when the fundamental beam

has a finite divergence. There is an effective coherence length LC‘,
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beyond which the harmonic output scales as L instead of L2, given
by 53]

Ll = a2 n]° ASin o (3-15)

where A is the beam divergence of the input beam at wavelength A.
The limitations caused by walk-off may be removed by phase
matching for em = 90°, The phase propagation direction of the second
harmonic is then perpendicular to the index surface, and so colinear
with the Poynting vector and the fundamental beam. This non-critical
phase-matching is obtained by variation of the crystal temperature
(both ordinary and extraordinary refractive indices are temperature
dependent). For a wavelength of 6943 E, however, the required temperature
is too high for this method to be used [54], and angle variation must
be empieyed—for phase matching. The temperature of the crystal must
be kept constant for this latter technique to be efficient. The
variation of Ne and o at constant temperature is shown in Figure 3-2[55].

Using this and Equation (3-12) allows the phase matching angle to be

determined. For a ruby laser beam, this angle is 52°.

III. Experimental Second Harmonic Generation

The ADP crystal used in this work was cut such that the ruby
laser radiation normal to the input face was incident at the phase
matching angle of 52°, It was assumed that type I phase matching
occurred (wo + o = 2we). The crystal measured 25 mm square in Cross-

section and 37 mm in Tength. It was mounted in a cylindrical container,
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which had sealed entrance and exit quartz windows, and was subsequently
filled with index matching fluid. In this way, contact of the crystal
surface with air was avoided, so preventing the hygroscopic crystal
from absorbing water vapour from the atmosphere. This precaution also
ensured that the crystal faces were free from dust and dirt at ali
times. Because of the temperature dependence of the refractive indices
of ADP, it was necessary to mount the container in a simple oven, whose
temperature was maintained at a constant value of approdimately 35°C.
This ensured that effective phase matching could take place. Fine
adjustment of the crystal was afforded by the use of micrometer heads
on the mounts to which the oven was attached.

The crystal was placed approximately 1 m from the output face of
the ruby amplifier and the harmonic signal generated was detected on an
ITT biplanar photodiode (having an S-20 photo-cathode) via a glass beam
splitter and a set of filters which eliminated the fundamental radiation.
These filters had a 10'4:1 discrimination ratio between the ruby and
second harmonic wavelengths. A sample of the incident ruby beam was
also deflected by a similar beam splitter onto a fast photo-diode to
monitor the fundamental intensity. Usually, two Tektronix 519 oscillo-
scopes were used in conjunction with the photo-diodes to give a
simultaneous record of the incident and harmonic radiations, although
on some occasions, a Tektronix 7904 replaced one of the 519 'scopes.
The photo-diode monitoring the second harmonic was first placed to
receive incident ruby light from immediately in front of the crystal.
No signal was recorded, indicating that the discrimination factor
of the filters was satisfactory. It was then replaced in its normal
position to monitor the second harmonic cutput. Plate 4 shows two
typical trains from the mode-locked oscillator-amplifier system and

the corresponding second harmonic output. The non-Tinearity of the
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PLATE 4
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process is shown gualitatively in these photographs.

By adjusting the angle of inclination of the crystal face to
the input beam aplot was obtained of relative second harmonic signal
against angle, which peaked as the phase matching angle was passed
through. This is shown in Figure 3-3. The variation of second harmonic
power with that of the incident fundamental was also investigated, and
is shown in the log-log plot of Figure 3-4. Both these graphs were
in reasonable agreement with the behaviour predicted by Equation (3-13),
the second harmonic showing a (sinc)2 dependence on the angle, and the

plot of Figure 3-4 indicating a power dependence of the form

(3-16)

The efficiency of conversion at the phase-matching angle was
calculated to be 2%, the two photo-diodes having been calibrated [56]
previously. This corresponded to an estimated incident fundamental
power of 209.5 MW, and a power in the second harmonic of ~ 3.5 MW.
The low conversion efficiency can be accounted for by taking into
account walk off and beam divergence (v 1 mradians), which results in
only a small fraction of the crystal length contributing efficiently
to the harmonic generation process. It may also be noted that later
pulses in the ruby train will not be phase-matched over their entire
spectrum. The second harmonic falls to half its peak value at a

bandwidth ax given byl[®7]

1 3“2e 8”10
ar = 1.39 l1/WL 5 — - (3-17)

BAZ 8}\]

Substituting the relevant parameters into the above equation

yields a value for ax of 1 A at 6943 A, a bandwidth to which the ruby
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pulses bave increased by the middle of the train (see previous chapter).
This will Tead to a decrease in the power dependency, as observed,

There will also be some (small) absorption at the second harmonic
frequency, as is indicated from the steeping slopes of Ng and Ry in
Figure 3-2 at this wavelength. Group velocity dispersion is not

an important effect at these frequencies. The second harmonic and

ruby pulses will only be out of step by ~ 3 psec by the time they have
traversed the crystal length (the average pulse duration for the ruby

pulses is ~ 20 psec).

Iv. Conclusion

Using a mode-Tlocked ruby laser/amplifier system, gnd an A.D.P.
crystal as the non-linear medium, frequency doubled trains of pulses
at 3471.5 R have been generated, with powers up to 3.5 MH. The powers
obtained represent aconversion efficiency of approximately 2%, and are
Timited by several processes, predominantly walk-off occurring inside
the crystal, and a possible failure to phase-match over the entire
fundamental spectrum for the most intense pulses. These powers are
sufficient, however, for use in frequency mixing experiments to generate

the fourth harmonic of the ruby fundamental.
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CHAPTER 4

BACKGROUND THEQORY TO THE GENERATION OF FOURTH HARMONIC

I. Introduction

This chapter gives theoretical details of the method used to
produce the fourth harmonic of ruby, at a wavelength of k4 = 1735.75 A,

A four-wave mixing process in magnesium vapour was employed, i.e.:
 F g B, =W .
I T Bl (4.1)

wherecu1 = frequency of the fundamental (Ruby) wavelength x1= 6943 E
Wy=2w, = " " second harmonic o= 3471.53

=4w] = " * " fourth harmonic A4= 1735.75A

Thus, this process involves the combinations of two ruby photons
with one second harmonic photon in the non-linear medium, to produce one
photon at the fourth harmonic frequency.

A gaseous metalvapour was chosen since the standard non-linear
crystals (ADP or KDP) are strongly absorbing at wavelengths below their
cut-off at approximately 2,000 E, so simply doubling twice in two
consecutive crystals is not feasible. Metal vapours also have the
advantage of higher breakdown power and energy densities than crystals,
and if breakdown does occur, it does not destroy the medium. Also
Poynting vector walk-off is not exhibited, since the gas is isotropic.

A four-wave mixing technique has to be employed because it is only
possible for an isotropic gas to exhibit non-Tinear optical processes

of odd order (first, third, fifth, etc.). This may be most simply
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understood in terms of angular momentum considerations. In an
isotropic gas, all energy levels have a well defined parity, so for
each photon in the process, the selection rule A1 = + 1 must be obeyed.
Thus only odd numbers of photons in combination are allowed.

Magnesium was the metal vapour eventually chosen since its term
diagrams exhibits a near two-photon resonance for the combination

]

+ 2m1, the mismatch being approximately 300 cm ', and so has a

“2
correspondingly enhanced non-Tinear susceptibility. It is transparent
in the vacuum-ultraviolet, and, being anomalously dispersive for the
frequencies chosen, can be phase matched by adding xenon (which is
normally dispersive) as a buffer gas. The magnesium vapour was generated
in a concentric heat-pipe oven arrangement, which will be discussed more
fully later on.

Immediately after propagating through the ADP crystal, the ruby
and second harmonic beams passed through a half-wave plate at 6943 R,
so that the polarisation of the ruby beam rotated through w/2, whilst
the second harmonic polarisation remained unaltered.

Thus the polarisations of the two beams were

rendered parallel before focussing into the Mg vapour. The incident
ruby and second harmonic beams were focussed, using an achromatic doublet,
to the centre of the oven. This doublet ensured that the beam waists
of the two incident beams were coincident.

The fourth harmonic signal was optimised by varying the partial
pressure of the Xe buffer gas, which was mixed with the Mg vapour, until
a maximum signal was obtained corresponding to the optimum ratio of
Xe:Mg atoms for a given {constant) temperature. Fuller details of
the experimental apparatus and procedure will be given in the next
chapter, but a brief outline has been presented here to anticipate the

model used in the theoretical description of this problem, which is
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presented in the next two sections of this chapter. The first of these
deals with the theory for the case of a focussed laser beam in a non-
Tinear medium, and the second with considerations of the non-linear
susceptibility for this process. Phase matching details are dealt with
in the Tast section.

A discussion of the results obtained, as well as processes likely

to 1imit the generation efficiency, is given in the next chapter,

II. Theory of Generation and Optimisation for the Focussed Case

The theory of third order optical processes has been studied

extensively in recent years, notably by Ward and New[13], Miles and

[14]

Harris , who first suggested using metal vapours, and more recently

58]

by Bjork]und[ Higher order processes have also been treated

recently by Tomov and Richardson{sg].

The analysis presented here follows closely that of Bjorklund's,
applied to the specific case of fourth harmonic generation.

We consider the case of two focussed Gaussian beams in the non-
linear medium, having the geometry depicted in Figure 4.1. These beams,
at frequencies W, and w, are lowest order Gaussian modes propagating
concentrically along the z-axis with identical waist locations and
confocal beam parameters. We denote the wave-vectors of these beams in

the non-Tinear medium by k] and k2 respectively, and the electric field

amplitudes by E]0 and EZO' The fundamental electric field is thus

E(r,z,t) = Re {2E1(R,z)exp (-iw,t) + EZ(R,z)exp(-imzt)]

1
(4.2)

Kogelnik and Lil27] express E (R,z), n =1 or 2, as
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W ik
= exp {i(k z -0) - RE(Ly - 1)
W W 2R‘n

En(R,z) = £

(4-3)

Where they take z as the distance measured from the beam waist,

radius We s and

R=  (xPayd)? (4-42)
Az 2
w22y« w 2| 14| (4-2b)
n no " 2
™hno
_ 2 -
¢ = arc tan (A z/mW_ °) (4-4c)

R'n(z) = radius of curvature of the wavefront
that intersects the axis at z.
2
R' (2) =z |1 +("no® (4-5)
Anz

The various terms in 4-3 are explained in the following way:

The phase angle ¢ represents the phase difference between the
Gaussian beam and an ideal plane wave, and the factor wo/w gives the
amplitude decrease on axis due to the expansion of the beam. Note that
the phase goes from - 7/2 to + n/2 as z goes from - = to + = ,

The factor exp (- B"Z) gives the decrease of the electric field

Wn
amplitude at z with distance, R, from the axis.

Considering the form of a spherical wave from a point radiator placed

at z = 0 gives us:
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Eag exp {+ ikR'n}

n

o} —

exp {+ ik(x2+y2+22)%}
n

7| —

exp {+ ikz + ik(x2+xz)} x2+y2 <<z

n 2 Rt
n

0| —

(since z = R'n, the radius of curvature of the spherical wave).

explains the origin of the term exp {iﬁgz/ZR'n} in {4-3).

2

(4-6)

This

For the geometry we have chosen in Figure 4.1, we find that the

z of Kogelnik and Li[27] corresponds to our z-f, and that it is convenient

to define the parameter £ = -giiéfl

where f is the position of the focus along the z axis

2
and b = -2—11 Wlno
*n

]
B2k

b is the so-called "confocal parameter".
where enis the farfield diffraction angle given by

en = in_
Wno

we thus find, from (4-4b), (4-7) and (4-8), that

w
o= (1R
no
and k o = l-z
b{1+z") w,

(4-7)

(4-10)

(4-11)

(4-12)
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®
and we may re-express En(R,z) as

£ (r) = € exp (ik2) (1+18)"]

x exp {-k (xP+y%)/b(1+i ) (4-13)

We may justify the assumption of equal confocal parameters using the
following simple argument: it is assumed that the ruby laser beam passing
through the A.D.P. crystal has an approximately plane wavefront, and

a beam waist radius of W. Due to the power dependence of the second
harmonic, we would expect it to have a corresponding waist size

of W/vZ2, if we neglect walk-off. The focal spot size Wi of the

fundamental beam focused by a Tens of focal Tength f is given by{ﬁo]

2
. Roo2f fe< KM
10 —
‘{1+(k12w4/2f2)} : kW 2
Wi
N (4-14)
W

Neglecting the differences in refractive index in the

medium for A1 and kz, we have

* 1) (1+i a-] may be written

(1+ig)" = (1462} exp (-itan” '3

and 2
using 2) AZ - T Wy [271
]
™00 AR',

we have kg . _K
b(1+£%) 2R
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_ 1 -
Yoo T TRWVZ (4-15)
2 2
A F A/ F
it 1 2 1
Thus by = = s = b, = (4-16)

Thus, this assumption is seen to be a reasonable approximation
to reality.

The basic approach taken within the theoretical frame-work is

as follows:
1) Obtain an expression for the driving polarisation at w,
2) Decompose the driving polarisation into its plane-wave components

using Fourier analysis

3) Calculate the harmonic radiation generated from each such
component
4) Sum these individual contributions to obtain the total field.

The fundamental and generated beams are all assumed to be
linearly polarised in the same direction, as we have ensured experimentally,
and so we neglect the vector nature of the electric fields and the
tensor nature of the non-linear susceptibility. The driving polarisation

at W is given by

P4(r,t) = Re[P4(r) exp (-1 m4t)] (4-17)
3 3 2
where Pa(r) = 3 Nex ) (mugs wps wys wy) E45(R)E,(r) (4-18)
and N = no density of atoms

X(3)= non-linear susceptibility per atom.
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From Figure 4.1, we consider the non-linear medium to occupy
the space where z>0, and where for z < 0, we have vacuum. From (4-13)

and (4-18)

2 .
(—m4; Wys Wys wz) E10 E20 exp (ik'z)

0
o3 k'(x2+y2)
X(]'I"IE) exp {- F(TI{E—)— }B(Z) (4-19)

where k' is the wave-vector of the driving polarisation,

k' = 2k +k, (4-20)
and  B(z) = | 2<0 (4-21)
0z<0

We now Fourier decompose P4(r) to find the amplitudes of the
piane wave components of the driving polarisation. Thus the amplitude

of a plane wave component with wave-vector K is

P4(K) = —l;3 J dx" J dy" J dz" P4(r”)exp(-i5:[")
— - - (4-22)

The total polarisation may be written

p = NeOXL E + ENL (4-23) X = linear susceptibility

ENL= non-1inear polarisation

and ENL= P4(r) for our case, though of course it is properly a

sum over all the possible non-linear polarisations.

Maxwell's Equations read:

V-2=0 v.E:O
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5D
V-H= "= = 3
- 3T 3t {€ E+P)
B
VA E = - a...
L T (4-24)
Taking the curl of the fourth equation, we obtain
3
TV E(KNr) = -y ==y (208 Eg(K)(rsdy () ) (4-25)
or
2
pA 2 k = P, (K)(r 4-26
ST B0 - k" Ey)(r) = fo PalO(N) (4-26)
0
where k4 = wave-vector of 4th harmonic in the non-linear medium
ko = wave-vector of 4th harmonic in vacuum
This has the so1ution[5]]
ik 22
E4(K)(r) = o g(UK) exp {iK-r} P4(K) (4-27)
2k4e0
where
2 2
K + K
Uy = iz [Kz-kq v (%K )] (4-28)
and

(4-29)

These expressions are

valid for K, Ky<< Kys and |K| -k, << K.
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We define the wave-vector mismatch by
4" k {4.30)

This has the opposite sign to the convention adopted by Ward
and New.
1 L
We now substitute k4 = k' + Ak and p = - gméaéé__i)

into (4-28)and (4-29), and assume Ak << k4, k', to find
3

2 2)

g(Uy) = 5 | dg" exp {ib [K,-k' + (K, +Ky /2k ' -AK]

-z
x(g'-&/2)} (4-31)
where £ = 2(z-f) and g = 2f/b.
b

The total generated field E4(rj is then found by combining
all the E4(K)(r)

Eg(r) = J dK, { K, J K, E4(K)(r) (4-32)

E4(r) being defined by (4.27), (4.31) and (4.22).

3
Integrating over KZ gives the factor £(Z"-z), and the

remaining integrals are evaluated first over z", then over x", y",

Kx and Ky'
The result is
2, (3)
iaN Ko X
4k4 4

W 2
('UJJ43 "-L'Is m]swz) E 10 EZO

E4(F) =
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x exp (ik'z) (1+1£)_1x exp | - k‘§X2+y2)
b{1+i£)
£
x | exp [-ib/2 Ak(E'-E)] dg' .
| TI4ETs (4-23)
-z

Assuming the non-Tinear medium to be contained in a cell of length

L, and the location of the focus at Z = f it is seeh, that with

£ =2(L-f)/(b) and ¢ =2f, z =L,
b

equation (4-23) completely describes the amplitude of the generated
field at the plane of the output window.

For the process w1+w1+2w]e- 4w1, E4(r) is a Gaussian beam of
lowest order mode and has the same confocal parameter and waist location as
the input beams. Furthermore, E4(r) is circularly symmetric about the
z-axis and the total generated power at w4(= 4w1) is found by evaluating

integrals 1like

J ZwRIEa(R)|2dR

0

= (Pl d -
where R = {x +y")% and z = L.

Thus we find the total generated power, P4 to be given by

fea]

'I £ 80 2
Py= =~ |==2 | 2n RIE,(R)| dR
2v Yo 4

1]
4 2
_ 115 % a? Kb g 2k 26 12
PRI 4 x 07 (g sy a0y50,) 32 [E147 Byl
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X

g
J exp {}(ib/Z)Ak(g'-g{} dg '
(1+ig')?

=z

o0

] [ oxer?
x {1+£2%) 1 27R exp l; k'R dR

b(1+£2)

we find
4, 2
S T ] Al T Nl B O SR YRR
4 16 ’IT2€0 i 1/5281 k 2 k!
4 (4-24)
g
exp {.-(j Ak(E*-2} b,
where I(Ak,£,z) = : (1?4§%£E§§ 1! g (4-25)

-C
Approximating the refractive indices by unity, we obtain

2

2.2 4
ey (11)

Thus the power of the fourth harmonic signal is proportional
to the power of the second harmonic P,andtothe square of the fundamental
power, Py. It is also related to the square of the modulus of the
integral I(Ak,£,z) which is the integral defined by Ward and New (with
Ak of opposite sign). In the tight focussing limit (b/L < 0.1) which is
approached in the experimental configuration, b is short compared to
the cell length, and the entire focal region is contained within the

cell. In this case, we may take £ and z to approach infinity, and the
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integral may be solved analytically to obtain

I(Ak,=,»=) = 7bak exp (3 bAk) Ak £ O
(4-27)
=0 Ak 2 0

The shape of the integral is shown in Figure 4-2a for the
tight focussing 1imit, and the variation of the shape for differing
values of b/L is also shown (Figure 4-2b). For the specific experimental
configuration used, b/L was equal to 0.25,and f/L = 0.5, and so the
tight focussing regime was not quite reached. However, the deviation
of the expression |I(Ak,£,z)!? for b/L = 0.25from the analytically
derived expression above is quite small { ~ 0.5) and so the following
arguments may be justified using the analytic expression above.

As may be seen from Figure 4.2c,|I(Ak,~,»)|? is relatively
unchanged as a function of bAk as Tong as the fundamental beam waist
region is entirely contained within the cell. This is also the case,
to within about 15%, for b/L = 0.25(see Figure 4-2d for the case with
b/L = 0.3). The optimum value of bAk and the invariance with respect
to focussing position in the tight focussing case may be explained
by a simple model, which takes into account the additional phase shift
caused by focussing, and which we will now consider.

If we examine Equations (4-13) and (4-18) we find that the
amplitude of the driving polarisation strongly peaks in the region of
the fundamental beam waists. We can define a region of significant
generation as that which is bounded by values of z for which the driving
polarisation falls to 10 per cent of its peak. For tight focussing,

b << L, the fundamental beam waist region is located entirely within
the cell, so the boundaries of the generating region may be regarded

as z = f-b, and z = f+b, that is £ = -2 and £ = +2.
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The term (1+1‘.E)"1 may be re-expressed as

2,-% . -1
(14£7) 2 exp {-i tan ‘&)
Thus the focussed T.E.M. = fundamental beam undergoes a shift

-1

in phase given by tan £ as it propagates through the waist region.

The driving polarisation given by (4-18) undergoes a phase shift of
3 tan'1g. The generated radiation, whose amplitude is given by (4-23),
only experiences a phase shift of tan-lg. There is thus a phase slip

of 2 tan”!

¢ between the driving polarisation and the generated radiation.
This slip in phase causes destructive interference between radiation
generated in different parts of the generating region.

The wave~vector mismatch Ak, introduced by the dispersion of

the non-linear medium, compensates to some extent for the slip in phase

due to focussing. To exactly cancel the total slip in phase for the
1

the tight focussing case (where £ = 2, i.e. tan & = 1.1), we need
a value for Ak given by
~ =2.2
opt * B (4-28)

The actual optimum value of Ak which maximises the integral

I{ak,z,z) for the tight focussing case is

Ak = 5 (4-29)
as may be readily derived from (4-27).

As significant generation only occurs in the generating region,
the exact position of focus should have little effect on this behaviour
as long as the entire generation region lies within this cell.

Thus, this simple argument Teads us to the same conclusions

as the rigorous theory.
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Yet another approach is to consider the process from the
point of view of matching moments of individual photons. For Ak
negative, wave-vector match can be achieved for non-collinear plane
wave components existing within the focussed fundamental beam.

This is equivalent to the requirement that the momemtum of the photons
taking part in the process be conserved. It is readily seen that the
momenta of two fundamental photons at angles of 6/v/2 and -6/v2 to

the beam direction, and the momentum of a second harmonic photon at
zero angle are matched to the momentum of a fourth harmonic photon

at zero angle to the beam direction, if Ak = —% (see Figure 4-3}.

We now turn to discussing optimisation of the total v.u.v.
power for the case of tight focussing. Limiting processes such as
pump depletion, absorption, breakdown, saturation, thermal defocussing
ana the quadratic Kerr effect are negiected for the time being, but
will be discussed at a later stage. The generated power at 4(».i is
then given by (4-24}, and may be expressed as

2

5 >
Py oP PZNZX | 1(8K,2,2)]

(4-30)

If we consider PT’ P2 and y as constants, the optimisation
reguires maximising N2 1I(Ak,€,c)lzs and this may be achieved by
varying the parameters N, bak, b/L and f/L. If N is independent of
bak, b/L and f/L, we may simply maximise N to its largest possible
value, and independently maximise I{Ak,&,z). Under tight focussing

conditions, the integral I(Ak,E,z) reaches its maximum value for

bAkOpt = -2

regardless of the exact values of b/L and f/L as has already been
discussed.

The method of varying bak experimentally is by varying Ak.

By introducing another medium with negligible non-linearity but with
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Matching Momenta Of Photons
Participating In Fourth Harmonic
Generation

Kk, = 277/?\1 , ko= 2nlA, /Ay , (D N2

©= Mnrw, = (4/k1b)"2
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Tofal x momentum = Ekﬁin(@—ﬁkﬁin(@

Total z momentum = Ti(k,+2k,Cos ¢)

=hik,+2k[1-974])  (© Small)
= Nk, + 2k, - 2/b)

Total x momentum =0

Total z momentum =Tk,

Momentum Conservation Requires
ke = ko+ 2k,- 2/b,1e Ak=-2/b

Fig 4-3
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appreciable dispersion Ak may be varied independently of N, simply
by varying the concentration of the added medium.
If N is not independent of bak, we require a different
procedure.  Experimentally, this occurs if N is increased by
raising the temperature of the oven, in which case Ak, being proportional

to N, increases while b remains constant. Here, the quantity (bAk)2

-|I(Ak,€,f;)|2 has to be maximised. In this case, we obtain maximum
signal for
k= - f (4-31)

in the tight focussing regime. If we define the coefficient

of proportionality «, such that

Ak = oN (4-32)

then N must be adjusted to N0 - E%— (4 33)

pt ~

Note that o must be negative. Further consideration of

optimisation is undertaken in SectionlIV of this chapter.

II1. Theory of the Susceptibility for Magnesium

We now turn to consider the nonlinear medium employed in
the process, and give some outline to the calculation of the susceptibility.
The first general approach to the calculation of non-linear
susceptibilities was given by Armstrong et al.in a classic paper published
in 1962[61]. Since then many derivations have appeared and continue

62}. Butcher[63} has produced a compact formula

to do so e.g.Ducuing[
for the general non-Tlinear susceptibility making use of the density-
matrix approach, which is used here. Very often it is possible to use

the classical models of a forced harmonic and anharmonic oscillator to
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64’65]. Briefly, the basis of

describe the non-linear polarisation [
the gquantum mechanical theory is as follows; we write the electric

dipole interaction V between matter and radiation as

V= - Q.E (r,t) (4-34)

0

Where Q is the electric-dipole-mgment operator for the atom.
If an atom in an unperturbed stationary state |j>, evolves into a
mixed state |j>',determined by time-dependent perturbation theory,

the induced dipole moment D(t) is given by the expectation value
b = '<3Q]3>' (4-35)

The expectation value appears as a power series in V and thus
of the applied field, and the terms may be sorted according to the

powers. The macroscopic polarisation is given by

where N = no density of atoms, and the bar represents an orientation
average.

The result is

n L)
¥ ( W5 Wyees wn)

T p(9) Fgb, Vbiby  Fbpg

n
nlh EO (Qb g-w-l-. . --wn)(ﬂb g-wzo . -wn)-.-(ﬂb g‘wn)
! 2 n
.gb]...b

(4-36)
The meaning of the terms is as follows:

1) g refers to the ground state, and bn refers to the nth state

2) the transition frequencies Qij are defined by
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R = (EsE.

y S (4-37)

where Ei and Ej are the atomic energy levels of the states

[i> and |j>.

3) The Bi5 are matrix elements between stationary states of

the unperturbed atoms

uiy = ex<ilzli> (4-38)

where we assume the incident fields are Tinearly polarised in the

z-direction, which we have ensured experimentaily.

4) The summations } are over all of the atomic states.
gb]..bn

5) o{g) is the probability of occupancy of the ground state.

6) Tt is the overall permutation symmetry operator (Butcher[10]).

This requires that the expression following it is summed over all
permutations of W AWy e Wi though if some of the frequencies are
equal, the number of distinct terms may be greatly reduced.

The use of diagrammatic representations is the easiest means
of following all of the terms in (4-36) generated by Cr- ward[ss]
has given a scheme for calculating the nonlinear polarisation using such
diagrammatic perturbation theory.

The diagrams have obvious pictorial advantages as a notation,
and lend themselves to an interpretation of the denominators in (4-36).
The positive frequency |wi| is associated with the destruction of a
photon, and the negative frequency ~-|w1.| is, accordingly, associated with
the creation of a photon. The denominator fi (ana,- wn) represents the

net change in energy in the atom-field system as the atom undergoes the

transition a » bn, and the field loses a photon of frequency Wy through
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absorption; the associated matrix element is Ub"a . This may be
visualised as a Reman- type process, where the states are virtual, that
is, they are occupied for a time less than that determined by the
uncertainty relation AEAt 3 fi. In this way, energy conservation is

not required for the individual steps in the process, although the
overall process obviously does conserve energy. Diagrammatically (4-36)

becomes

W “y L:2/ “n
1 \ {
e pl9) g
q b1 b2 bn g

t
nf Eo

g
(4-39)

Where summation over the intermediate states b]"'bn is
implied. A downward pointing arrow corresponds to absorption and
a positive frequency, an upward pointing arrow to emission and a

negative frequency. generates the sum of all the {(n+1}! diagrams

°T
that result from permutations of the arrows in the diagram.

In the case of fourth harmonic generatioﬁ, we are interested in
the susceptibility X3("4w15 Wy sy s 2m1). Figures 4-4(a) and (b) show
the diagrammatic representation for this case. The T generates twelve
distinct terms, each of which occurs twice from indistinguishable
permutations of the w arrows. The energy level diagrams of Figure 4-4(b}
refer to the three permutations of the first subdiagram.

So the expression will read

3

"“’%‘"—'— Z p(9) Hga Hab Mbe Meg Aaibe (4-40)
3 o gabc¢
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Diagrammatic  Representation Used
In The Susceptibility Calculation

The Overall Sum Consists Of :-
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gabcg g a bc g’
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g a b cg

g a b cg

These Four Parts Are Made Up
As Follows:
Part

bhw mmw/lw sw mw2yw o Zuyw/a
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Fig 4-4(a)
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H

where Aabc

1 + 1
(Qag-4m])(ng-3w])(ﬂcg-2w1) (Qag'4w]xﬂbg'3“ﬂ)(gcg'w1)

1
+ (Qag-4w-| ) g2 )Tﬂcg-w1 )

+ 1 + 1

(Qagﬂ”] ) (ng-:ﬂw.t ) (ch-&% ) (Qag'l' (ll-l )(ng_3w'| ) (ch“w'l )

+ 1
(g ? 2 ) (g2 ) (T g )
* t + 1
(nag+m1)(ng+2m1)(mpg-2w1) (R ) (g 307 (2 g07)
+ 1

(3207 (g Py T (0l g7

1 + 1
+
(aq ¥y ) (pg 2oy (0 g y) (B ¥y (0 ¥30y (0 4700,
. 1
(Qag+w1)(ng+3w1)(ﬂcg+4w1) (4-41)

Since in free atoms, all states may be Tabelled by parity, and “ij
is non-zero only for states of opposite parity, the states |b> and |g>
must have equal parity. Hence, referring to the first six terms in

(4.41), the susceptibility may be enhanced by choosing wavelengths such

that there is a near two-photon resonance for either mﬁ2w1or wfu&



Magnesium was chosen as the non-linear medium since it is found that the &7
Mg 3s 4s 'S line exhibits a near two-photon resonance, having an energy

-1 [68]  The wave-number for the

1

corresponding to a wavenumber of 43504 cm

frequency combination of w+2w has a value of 43208.99 c¢cm ', so differing

12

by 294 <:m'1 from the former. Thus the freguency combination lies 8.8 x 10 "Hz

below the 3s 4s 'S 1ine.* Figure 4.5 gives the energy level diagram of
Magnesium {Mg is an atom consisting of two equivalent electrons in the 352
configuration, surrounding an inert Neon core. It thus demonstrates a Helijum-
like energy level structure composed of singlet and triplet states}).

A two photon resonance has the advantage that there is not the limitation
imposed of strong single photon absorption which would occur if we had a

near single photon resonance say Wy Qs OF the absorbtion of the generated

g
radiation if we had a near three photon resonance w1+m1+2w]zﬂag. Both of
these Tatter cases would still enhance the susceptibility.

The summation of equation (4-40) is over all possible atomic states.
For two electron atoms, calculations of the matrix elements pose many
difficulties, and it is simpler to use tabulated values of the oscillator

[69,70] 4nd relate these to the matrix elements, although, as

strengths,
will be seen, this leads to an uncertainty in their sign. Unfortunately,
for magnesium, not all the oscillator strengths required are known, but an
approximate value for the susceptibility may be obtained by calculating only
the dominant terms in the summation. The oscillator strength is denoted by
f(o Jsa'd'), (where o J is the Tower Tevel and o' J' is the upper level} and
is positive for absorption. J and J' refer to the quantum numbers for the
total angular momentum in the lower and upper states, and ¢ and o' to any

other quantum numbers,

f is related to the line strengths S(a' J', ad) by [/1]

2m(E ., -E ) .
flad,a'd) = __J,_J_z S{a'd',ad)
(2J+1) 3 1 (12)
(M.K.S.)
* The bandwidth of the ruby pulses, is, at maximum ~ 8 x 1O]OHZ, 50 the

bandwidth does not overlap with the atomic transition frequency. Under
t?gie conditions it is justifiable to use the expressions quoted for
X (~4w1;w1,w],2w1) which are strictly for monochromatic 1ight [67].
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Magnesium Energy Level Diagram
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S{a'd',ad) is given by

:
S(a'd,ad) = [<a J ||g( f( o J'>|2 (4.43)

Where Q‘]) is, in general, a tensor operator of rank one,
The matrix elements which appear in the summation (4-40) have the

form

< JM|T(k)q| o' g'M'>

h

Where T(k)q represents the qth component of the kt rank

tensor T(k)

By the Wigner-Eckart Theorem {72]

< o JM|T(k)q|u'J'M >

<ag LMty s

= (JI'M', kq|IM)
V2 J +1

S I P N I A T (4-44)

-4 g M

= (-1)

where (J'M',kqlJM) is theClebsch-Gordon coefficient and

J k J!
is the Wigner coefficient.
-M g M

Note that the Clebsch-Gordon coefficients have the property

that they vanish unless

qg=M-M (4-45)
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For our particular case, we are interested in matrix elements

Tike
<a JM|z] a'gM'>
i.e. we have the dipole z-matrix elements only. Here, z (=rCos8) is

the zeroth component of the r vector (where 6 is the angle between

the z-axis and the r vector). Since a vector is a first order tensor,

we have
k=1)
) (4-46)
q=0)
and from (4-44)
M= M-M'"=2q=0 (4-47)

Since we start in the ground state 'S0 with M = 0, we must
have M = 0 for all matrix elements, and so the Wigner coefficient

becomes

and the sum over all values of M in Equation (4-40) vanishes.

Thus our expression for the matrix element becomes

<a J0[z] a'g'0>
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G0 ol I R R T IR TR AN TP I
0 0 0
( ) S
=i(~1)JJ 1 J' /S(a'a',ad)
0 0 0
J
_ J| ) i -
=+ (-1 1 J (2d+1) 3 %% flada'd')
2m(EJ.-EJ)
0 0 0 J

(4-48)

We are now in a position to perform the summation in (4-40).

The following approximations are used:

2)

We ignore intercombination transitions singlet -+ triplet since

the osci1ator_strengths for ]SO > 3P] are minute. Thus we

assume LS coupling to apply.

As has already been discussed, the summation over M vanishes

due to (4-47).

Only the most dominant terms in the summation are calculated.
For the smaller ones, often the required oscillator strengths
are untabulated anyway. The terms calculated are given in

Table 4.1.

Due to the sign ambiguity in (4-48), there is an error in our
estimate of the susceptibility since the two largest terms may
add or subtract. As will be discussed later, a more consistent
value with experiment is obtained if we assume that these two

values subtract.



92

TABLE 4.1
Magnesium - Parameters for estimate of y

m, = 9.1091 x 10‘34Kg. f o= 1.0545 x 1074 sec. ¢ = 2.9979x10%m sec”!
@ = 2.713 x 10"z 20,= 5.426 x 10 *Hz 30y= 8.139x10" *Hz
4= 10.852 x 10'° Hz

1 1 0 = 01 1 1

0 0 0 0 0 0 V3

-
Since
2-m
-1
g g0 = N [73]
JTEIT from Edmunds
m-m O
J

TRANSITION £ BE(eV) | <z>(h) | %ig (HZ)

3s%1s > 3s3p P, 1.72 | 4.341 1229 | o, =6.604x10"°

3s3p 3545 'S 0.18 | 1.047 1.403 gbq=8.193xw‘ 5

3s4s IS +3s3p P 0.18 | 1.047 1.403 Qag=6.604x1015

3s3p P »3s% 75, 1.72 | 4.341 1.229

B =40 _
<z>ga <Z> o <Ix <z>cg =2.973 x 10 2 Frequency Factors = -2.63x]1

Product = -7.82 x 10"

85

645
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Table 4.1 (contd.)

TRANSITION £ AE(eV) | <z>(A) fiiglHz)
352 ‘s, +3s3p'P, 1.72 4.341 1.229 g = 6:604 X 101°
353p 3545 IS 0.18 | 1.047 1.403 2, = 8.193 x 10'°
3s4s 'S +3sbp’P 1.2 | 0.726 2.55 g = 9:295 x 10'°
4s4p P - 352 'S, 0.107 | 6.128 0.258
B, <oy B T = 1.134x107%0 } Frequency factors = -11.49x10™%°
Product = -13.03 x 10°°
352 1s0 N 353p1P1 1.72 4341 | 1229 |0 = 6.604 x 1015
3s3p Py 3s4s S 0.18 1,047 | 1403 |2 = 8.193 x 1013
3545’5 + 3s5p P 0.04 1391 0331 | @, = 10.305 X 1015
3ssplp + 357 s 2.27 x 1072 | 6.792°) o0.113
) -40 . -45
<z>ga<z>ab<z>bc<z>Cg = 0.06449 x 10 y Frequency factors = -36.02x10
Product = -2.322 x 10°8°
352 5 3s3p P 1.72 4.301 | 1.229 | 9 = 6.604 x 1015
3s3p P 353d'D 0.28 1.4096 | 1.508 | @ = 8.741 x 1015
353d D + 3s3p P 0.28 1,409 | 1.508 | @, = 6.604 x 101°
353p P - 32 5, 1.72 4.341 1.229
<z>  <z> . <z>, <z>__ = 3.435 x 107*0 ] Frequency factors = -0.240 x 107%°
ga ab bc cg : equency .

Product = -0.824 x 10707
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Assuming the above approximations to be valid, we obtain a

value for the susceptibility of

)((3)(—4w] S0 567 5 Zw]) = 6.3 x 1078y 2 V-2

Note that this could be written, taking into account the

uncertainties in the sign, as

W3 2 (6.3 +21.2) x 10748 = 27.5 x 10748 ® 72
or W32 6.3 -2y x 108 - 4310780 V2
Iv. Phase Matching Considerations
Iv-1 Matching of Phase Velocities for constant magnesium

number density

As discussed in Section II, we require (Equation 4-29)

bak = -2

for optimum conversion to fourth harmonic, assuming a constant
number density of Mg, and a variable partial pressure of buffer gas.
This gas is introduced as a normally dispersive medium to compensate
for the anomalous dispersion of Mg at the freguencies in question, and
for the experiments undertaken, Xenon was used.

We therefore require

kg - 2ky - ky = -p



95

or ;% {2 (n(dwp)-11 - [n(w)-1] - n(2u)-13 3 = &

(4-49)

where n refers to the refractive index of the Magnesium vapcur-
Xenon gas mixture. This resultant index is found by adding the (n-1)'s
of Xenon and Magnesium at the number densities relevant to each
experimental configuration.

The refractive index of Mg is calculated using the standard

Sellmeier equation:

1= oy i (4-50)
Trand - and
where N = no. of atomsim®
r, = 2.818x 107 °n
fi = oscillator strength of the 1th transition
li = wavelength of the ith transition in metres
A = wavelength of incident light in metres

We assume that at the temperatures involved in the experiment

21

(v 700°C) only the ground state of Mg is populated and so only 3s S0

+ 3sn'p 1P°1 (n' » 3) transitions are considered.

Table 4.2 gives the relevant fi and Ay The oscillator strengths

are taken from Mitchells' data [70].

The refractive index of Xenon is calculated using Koch's

empirical equation [74]:

= 393235 393235
n_ -1 =-{ - .t 3
Xe 46.3012-10 ~/x*® 59.5779-10 °/3*
+ 7366100 1 x 1078 (4-51)

139.8310-107°/22
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TABLE 4.2
OSCILLATOR STRENGTHS FOR Mg

Transition

Avacuum (nm} f
21
35° ', 285,296 1.72
- 35np1P1° 202.647 0.107 £ 0.0019
182.793 (12.27 £ 0.12)x10~2
174.780 (8.53+0.46)x1073
170.706 (4.11£0.36)x1073
168.341 (2.38+0.15)x10™°
TABLE 4.3
REFRACTIVE INDEX VALUES FOR Xe AND Mg
Frequency n-1 for a number density N
Magnesium
oy N. 2.58 x 1072° N, 7.34 x 10727
0y N. 2.75 x 1072 N.19.65 x 10°2°
o N. 4.24 x 1072° -N. 5.17 x 10722
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where, here, A is in centimeters. This equation holds at S.T.P., so
it implies a number density of Xe atoms equal to Loschmidt's number,
n» given by
n, = 2.69 x 10° n”
The approximationsto the refractive indices of Xe and Mg
are given in Table 4.3,
The condition for optimum conversion ray be written
(bAk)

= (bak)y + (bAk), = -2 (4-52)

mix Mg Xe
and bAk for each gas may be calculated using the relevant refractive
index in Equation 4-49.

Using the values from Table 4.3 and taking b = 2.15 cm,

-22

(DA Ky = =1.45 Ny x 10 (4-53)

g

(bak) -23

|3

1.226 Ny x 10 (4-54)

Xe X
Thus magnesium is negatively dispersive, and there must be some

number density for which

(bak)yy = -2 (4-55)

This is obviously for a number density of
N, = 1.38 x 10% m™3,

Below this value, (bA.k)Mg will be more positive than -2,

Thus, for working conditions below this critical number density, addition
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of the positively dispersive Xe gas will make the bAk value for the

mixture yet more positive, and its optimum value of (bAKk)

never be

for a Mg

mix - -2 will

reached. The ratio of number densities for optimum conversion

number density NMg 2 NC is found by substituting (4-53) and

(4-54) into {4-52) and rearranging, to give

23
% = 11.83 - 1.63 x 10 (4_57)
NMg Mg

OPT

See Figures 4.6(a) and 4.6(b).

The number density for magnesium is calculated from the vapour

pressure. For pressures of around 1 Torr, the vapour pressure may
be written [75]
p(Torr) = exp [-(A/T) + B] (4-58)

where T is in Kelvin

and A = 16953.39, B = 19.53.

The vapour pressure of Magnesium as a function of temperature

is plotted in Figure 4.7(a).

is given

Assuming the perfect gas laws to apply, the density of Mg atoms
by
- 24 3
Ny, = 9.66084 x 10 p(Torr) atom/m (4-59)
T

Mg

The number density of Mg atoms as a function of temperature is

plotted in Figure 4.7(b).
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Ny, Versus Temperature
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The number density of Xe atoms for optimisation at the
corresponding temperature is then given by (4.57) and the partial

pressure of Xe gas will be given by

Po = Pxe (4-60)

00 XeTXe

=
—
=

(Assuming perfect gas laws are valid)

Where P0 = 760 Torr PXe = Pressure }
o - 25 _ o datT
NO—nL— 2.69x10 ng = Number Density ) Xe
TD = 273K

This resultssimply in the ratio of the number densities of the
two gases being equal to the ratio of their partial pressures at the
temperature concerned.

From the knowledge of Nc’ we find that the partial pressure of

Mg below which phase matching will not occur is

PC = 1.26 Torr (4-61)
corresponding to a temperature of

T_ = 878.4K, (4-62)

Thus, whenever an experimental scan of relative fourth harmonic
signal versus Xexon gas pressure was undertaken, it was ensured that

the (constant} temperature chosen was above Tc‘

Iv-2 Matching of Phase Velocities for a variable magnesium number

density
For the situation of a variable magnesium number density, in

the absence of xenon buffer gas, we must satisfy the condition of
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Equation (4-31), i.e.

bak -4

as previously discussed. The situation is achieved experimentally

by having magnesium alone in the oven, and varying the oven temperature.
Normally, however, some Xe was bled into the oven at room

temperature before the beginning of the experimental run. This ensured

Mg vapour did not coat the input and output windows of the oven. It is

a simple matter to calculate the xenon number density present at the

temperature at the beginning of the experiment. This temperature, typically,

is at about 880°K. The temperature was normally taken up to about 980°K

at most, so the variation of xenon number density will only be about 10%.

Assuming then, a constant xenon number density, we have

(bak) .. = (bak)

e #(bAK)yy = = B Ny + (bak)

Mo (4-63)

Mg Xe

where B = 1.45 x 10722

and (bAk),  is constant for change in N

Xe Mg~

The electric field at the fourth harmonic frequency is then

. 2
Ew o Nng§)510 Epg 1(2ks =) (8-64)

o [f(ba,k)mix+(bAk)Xe:l I (AK,o,») 5102520 (4-65)
B
is

and the quantity to be maximised w.r.t. (I:nﬁk)m.X

} (4-66)

mix

[(bﬂk)Xe"(bAk)mix] m(bak), <. exp {3(bak)
B
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The resultant expression for (bAk)mix corresponding to maximum

conversion is

OPT . (BK)yg = 4+ 116 4 (bky)?] 2 (4-67)

mx 2

(bak

We note that for no xenon present, (bak) o is zero, and the

X
formula gives

OPT

(IO

-4,0 for (bak) 0 (4-68)

Xe -

We therefore discard thepositive root as being unphysical.
(It originates due to the fact that we have ignored the vanishing of
I[(Ak,»,») for values bAk » 0).

Thus our final expression reads

-4 - 2,2
2
(bAk)OF.)T as a function of N, is plotted in Figure 4.8
mix Xe U

Thus we see that how much Xe is originally bled into the oven

will affect the temperature at which maximum conversion will be observed.

Iy-3 Group velocity considerations

For ultrashort Tight pulses, we require that the condition
for optimum conversion to fourth harmonic be satisfied over the entire
frequency spectrum which comprises the pulses. We also require that
this mismatch condition does not drastically affect the group velocities,
j.e. that the fundamental, second harmonic and fourth harmonic pulses
maintain at least 50 per cent temporal overlap through the entire length

of the cell.
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A minimum pulse length Atmin which satisfies this condition

may be defined by[la]

Athin = Dyl [amz . 3“’1] = Mol avg

c2 LLY) ak1 c2

where L cell length

Av group velocity difference

]

Obviously similar formulae apply for the various combinations
of wys 2w, and 4w pulses.

It is found in all cases that At is of the order of ]0']Sseconds

min
for our experimental conditions, and so group velocity mismatches present

no problem.
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CHAPTER 5

EXPERIMENTAL DETAILS OF FOURTH HARMONIC GENERATION

I. Introduction

This chapter gives details of the equipment and techniques used
in order to produce the fourth harmonic of a mode-locked ruby Tlaser.
A description of the laser-amplifier system, and of generation of the
second harmonic, have been given in earlier chapters and is not
repeated here. The chapter is divided into five parts. Firstly the
equipment pertinent to fourth harmonic generation is described. The
design and operation of the heat pipe oven are considered in this
section, as well as the use of an achromatic doublet and half-wave
plate. This 1s followed by an outline of the experimental procedure
adopted, and then the results obtained are presented. A discussion of
the results, and their interpretation and explanation is given next,
as well as a discussion of general factors Timiting the efficiency of
conversion to fourth harmonic. Finally, the conclusions to be drawn from

the work are presented.

II. Equipment

1I-1 The Heat-Pipe Oven

From the discussion in the previous chapter, we see that it is
obviousiy necessary to ensure that phase matching takes place over the
whole Tength of the non-linear medium. This can only occur if the
magnesium vapour/xenon gas mixture is homogenecus and if the atomic
number density of the magnesium is constant over the entire vapour column.

For this to be the case, the column of Mg vapour must be at the same
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temperature throughout, and, to this end, a concentric heat-pipe oven
arrangement was employed. Before discussing this system, a brief
review of heat-pipe operation is given.

A simple heat pipe is shown in Figure 5-1. It is composed of an
evacuated chamber whose walls are lined with a mesh to form a capillary
structure or "wick". This wick is saturated with a wetting Tiquid.

By heating one end of the pipe, the liquid is made to evaporate and

the vapour travels down the tube to a heat sink at the other end, where

it condenses again. Capillary action returns the condensate through

the wick to the hot end of the pipe. The original purpose of the heat-
pipe design was to provide a device having a very large heat conductivity[76].

By introducing a non-condensable inert gas, the performance of
the heat pipe may be considerably influenced. The active liquid will
then boil at the temperature for which its saturated vapour pressure
has a value equal to the partial pressure of the inert gas. On
bailing, the vapour drives the inert gas down the tube to the cool
region, thereby compressing it, its volume decreasing with rise in
vapour temperature and hence pressure. When equilibrium is reached,
the hot part of the pipe is filled with the vapour at a pressure

determined by the inert gas pressure at the end of the pipe.

II-1.1 Principles of Design and Construction

Figure 5-2(a) shows a schematic of the concentric heat-pipe
oven employed, and includes the dimensions. Both inner and outer
pipes were made from stainless steel, and were concentric.

The outer pipe acted as a heat-pipe oven in the manner

described by Vidal and Cooperl’’1,

The wick, made from stainless

steel mesh, had one end welded to the outer surface of the inner pipe,
and was wound in a fan-like structure consisting of several leaves.

{In order that capillary action takes place, it is essential that there

are at least two layers of mesh in near contact.) The outer pipe was
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filled with sodium (argon gas was blown through the outer pipe whilst
it was being loaded so that the sodium did not suffer oxidation).
The sodium had been washed in alcohol to remove any traces of liguid
paraffin, in which it was stored. Sufficient sodium was placed in
the pipe such that when it melted down it would saturate the wick.
Heat was applied centrally using a coil heater. Thus in this case
the heat pipe action was symmetric, argon gas (which was the inert gas
employed) being contained at both ends of the pipe at a pressure which
determined the temperature of the pipe (when a steady state was
established). It should be noted that the inert gas in any such
a system will be completely separated from the sodium vapour except for
a short transition region (whose thickness depends upon the pressure)
where the temperature drops sharply. The vapour stores energy at the
temperature at which it was created, and since evaporation and condensation
take place at almost the same temperature, the temperature will be
constant to within at most 1°C over the whole metal vapour zone[76].
It may therefore be used to heat the inner pipe isothermally, which
thus acts as an ideal oven for our purposes.

The magnesium, in chip form, was placed inside the inner pipe.
This was partially filled with xenon gas which acted not only as the
phase-matching medium but also as a buffer gas to prevent the Mg vapour
condensing on the windows. The magnesium vapour passed towards the
cooling coils where it condensed, reformed into the solid phase, and
remained. Magnesium does not wet stainless steel mesh, and so it
was pointless using such a wick to assist the return of the magnesium
to the centre of the pipe through capillary action. Besides which, for
nearly all the experiments carried out, the magnesium was below its
meiting point and would not therefore flow back even if a wettable wick

were present.
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At the typical operating temperatures (600-700°C) the heating
coil and the outer surface of the outer pipe were both 1iable to
oxidise rapidly on contact with air. For this reason, after winding
the coil onto the outer pipe it was covered completely with a thick
layer of white plaster made from an aluminium oxide/sodium silicate
paste, which prevented any air reaching the coil or outer pipe. The
plaster paste was applied layer by layer, and dried between successive
applications using an infra-red lamp. Several sheets of mylar had
been placed around the outer pipe and beneath the heating coil before
plastering commenced, to prevent an electrical short between the
heating coil and the pipe.

The heating wire used was 1.25mm diameter nichrome, and, for the
power supply used, a length giving a total resistance of ~ 2.5 chms
was required. The current to the heating coil was controlled using
an auto-transformer which ran from a mains transformer delivering
a 50V, 20 Amp supply from its secondary coil. The nichrome wire was
pre-wound, using a lathe, onto a wooden former to facilitate its
winding onto the outer pipe.

After construction the entire "hot" region of the outer pipe
was finally enclosed in a ceramic box containing insulating material,
to protect the experimenter and reduce heat losses. The protruding
ends of the coil were covered with ceramic beads up to their connections
with the power supply, in order, as before, to reduce oxidation.

A half-metre Tong, commercial, Nickle Chromium/Nickle Aluminium
calibrated thermocouple was used in conjunction with a digital voltmeter
to monitor the temperature. This thermocouple was placed along one
side of the inner pipe, and passed through one of the window holders
to which it was silver soldered. The difference temperature it
measured corresponded to the temperature of the inner pipe compared
to room temperature, the latter being continuously monitored. Typical

operating temperatures were between approximately 600°C and 700°C. A
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quartz (Spec A) input window was used to transmit the incident ruby
and second harmonic radiation, and a Barium Fluoride exit window to
transmit the generated fourth harmonic (this material also has a high
damage threshold). Both windows were i" in diameter and sealed with

“0"-rings onto stainless steel mounts attached to each end of the heat

pipe.

I1I-1.2 Operation

The system was evacuated using a mechanical rotary pump and
simple mercury diffusion pump. A schematic of the gas handling system
is shown in Figure 5-3. Speedivac vacuum guages were used to determine
the pressures within the xenon and argon supply Tines and the inner
and outer pipes. With the diffusion pump, a pressure of typically

nv 1078

Torr was achieved. This was measured using a Penning gauge
connected into the inner pipe's gas handling system. When the pumping
was completed, the three valves interconnecting the inner and outer

pipes and the pumping line were closed. A certain amount of argon gas
was then bled into the outer pipe using a needle valve. The guantity
bled in depended upon the ultimate temperature required - see Figure 5-4.
Typically pressures between 20 and 120 Torr were used. The heating

coil was then turned on, and the system was allowed to reach equilibrium.
It was checked whether or not the outer pipe was acting as a heat-pipe
by bieeding in more argon gas and observing an immediate rise in
temperature in the inner pipe. Such behaviour was taken as indicative
of heat-pipe action. Failure to observe this usually indicated that

the quantity of sodium present was insufficient to saturate the wick.

The desired final temperature was obtained by careful fine adjustment

of the argon pressure (either addition or removal) and of the power

supply current. The heat pipe oven is shown in Plate 5,
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PLATE 5
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On the whole, the heat pipe functioned reasonably well over
a period of several years. The major problem was the heating coil which
burnt out several times, and rewinding a replacement and setting it in
plaster proved a lengthy task. A more suitable alternative would be
a heating arrangement whereby the heat source may be clipped over the
puter pipe and may readily be removed. Such designs are now commercially
available. It would also be advantageous to have a demountable system
such that the flanges at the ends of the outer pipe and the cooling

coils are removable,

1I1-2 The Achromatic Doublet

It has been shown that a small displacement in the focal spot
position of the beams at the interacting frequencies can drastically
reduce the conversion efficiency to the higher harmonic[sg]. For
this reason, an achromatic doublet for the ruby and second harmonic wave-
lengths (69433 and 3471.5 E respectively) was used to focus the two
beams to the centre of the heat-pipe oven. The doublet consisted of
an equi-convex fused silica lens and a lens made of LF5 glass, separated

in air. The combination had a focal length of 44.1 cm. The relevant

parameters are as below:

Doublet for 6943, 3471 B

Radius Clear Rad Separation Material
18.4cm 1.25cm
0.235cm Fused silica
-18.4cm 1.25cm
0.1 cm
-17.9197cm 1.25¢cm
0.25cm LF5

-1171.633cm 1.25bcm
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II-3 The Half-wave Plate

Due to the technique used for phase matching in the ADP crystal
for second harmonic generation, the emergent second harmonic is
polarised perpendicularly to the incident ruby laser radiation. For
maximum conversion of the fundamental and second harmonic to the fourth
harmonic, it is necessary that the two polarisations are parallel.

To this end, a half-wave piate for 69433 was placed immediately after
the A.D.P. crystal. This was set up using a Glan-Thomson prism to
polarise the He-Ne alignment laser in the same direction as the ruby
(i.e. horizontally). The polarised light was passed through crossed
polarisers which were adjusted for zero output. The half-wave plate
was then placed between the crossed polarisers and rotated for maximum
transmission . It was then attached to the mount of the A.D.P. crystal
in this orientation.

It sHou]d be noted that we assume the half wave plate is full wave
plate for the second harmonic, so the polarisation of the latter remains
unchanged whilst the fundamental is rotated through w/2. This requires
the birefringence of the material to be the same at the fundamental
and second harmonic wavelengths, which is obviously unlikely. However,
for the material used (the plate was a mica sheet of 72um thickness)
the birefringence is constant to approximately 10% over this range of
wavelength, so we may assume about 90% of the emergent second harmonic

beam is linearly polarised in a direction parallel to the fundamental.

ITI. Experimental Technique

ITI-1 Magnesium Handling

Before any experimental "run" was carried out {either a scan
through temperature for constant Xe pressure, or a scan through Xe

pressure at a constant temperature), the inner pipe was "baked" at
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typically 300-400°C for several hours whilst being constantly pumped
out by the mercury diffusion pump and backing pump. This was primarily
to reduce the oxygen level present, as magnesium is a "getter" for oxygen
and rapidly forms a covering of Mg 0 over its surface, which affects
its properties and its vapour pressure. After baking, oxygen-free-
nitrogen (OFN) was passed into the inner pipe up to a pressure slightly
in excess of atmospheric. The end windows of the pipe were then
removed, and the constant stream of OFN out of the oven ensured little
or no air could pass into the system. Magnesium, in chip form, was
loaded into the pipe using a small aluminium scoop to deposit the Mg
at one end. The charge was then pushed into the centre of the inner
pipe using a dural rod, and a rod of smaller diameter was used to press
the charge down so that the He-Ne alignment beam could pass unobstructed
along the central axis of the pipe.

The end windows were then replaced and the inner pipe was
slowly evacuated (rapid evacuation caused dispersal of the light
magnesium chips to both ends of the pipe).Whena pressure of ~ 10_4 Torr
was attained the system was again baked for several hours. After being
alllowed to cool again,the inner pipe was filled to a predetermined
pressure with xenon gas, and was then raised to the desired temperature
to begin the experimental run, in the manner described in the previous
section.

The magnesium used was spectroscopically standarised and obtained
from Johnson Matthey Chemicals Limited. It was necessary at all
stages in the loading procedure to observe strict cleanliness. Plastic
gloves were worn at all times when handling the magnesium chips and the
dural rods, the latter having been already thoroughly polished and
washed with alcohol, followed by Inhibisol. It was found that very
small amounts of grease from the hands or oil vapour from pumps cQuld
result in the formation of a black coating over the magnesium when its

temperature was raised to the required value (600-700°C), preventing
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vapourisation of the magnesium. Consequently no fourth harmonic

signal would be observed on these occasions. This was made particularly
evident after one incident, in which the backing pump failed whilst
roughing the system, and oil was sucked back into the inner pipe's

gas handling system. Despite repeated thorough cleanings of the inner
pipe and associated gas lines, the black deposit re-appeared continuously.
Finally, the source of the contamination was traced to the speedivac
vacuum guage, whose inside was found to have a very light covering of
oil. It was clear that this small quantity of oil was responsible for
the probiem, since after its removal, the magnesium successfully
vapourised and this effect did not occur again, as long as the handling
procedures outlined above were followed.

Magnesium, as has already been discussed, does not wet stainless
steel, and was usually below its melting point. Because of this, the
magnesium vapour condensed onreaching the cool ends of the pipe and there
-formed "stalactite" and “stalagmite" structures which grew in size as
the experiment progressed and eventually partially or completely blocked
the path of the input and/or output beams. Normally, by this time, the
magresium in the oven centre would be virtually exhausted, but this
effect gave a maximum time Timit to any possible experimental run of
about five hours, regardiess of the quantity of Mg originally present.
With a minimum time between shots of 5 minutes (see Chapter 2) this gave
an upper limit of about sixty shots for a "scan”. The areas of
condensation marked the ends of the vapour column, and this was measured
to be ~ 9 cm in length.

One possible solution to this problem, it is suggested, is the
use of a rotating inner-pipe similar to that described by Hessel and

Lucatorto[78].

This is suspended in slip seals and spun at about
600 r.p.m. A 2° double conical taper on the inside wall ensures that

a compeonent of the centrifugal force will drive the condensed fluid back
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towards the centre of the oven. Even if the temperature is below the
melting point, the centrifugal force component will reduce the rate of
vapour flow to the cool ends of the oven and thus reduce the rate of
deposition of solid magnesium.

At the end of the experiment, the pipe would be allowed to cool,
and the inner pipe was cleaned using hydrochloric acid, distilled water,
alcohol and acetone in that order. It was then rebaked as before in

preparation for another "run".

IT1-2 Alignment and Detection Procedure

The full experimental arrangement and the two detection systems
used are shown in Figures 5-5 and 5-6 respectively. Alignment of the
ruby laser and amplifier, and of the second harmonic crystal was as
previously described. After removing the achromatic doublet and mount,
an exposed sheet of polaroid film was placed in front of the entrance
window of the heat-pipe oven, and the laser-amplifier combination was
fired. The burn mark obtained on the polaroid was examined for
quality. Usually the burn mark was slightly displaced from the red
spot formed where the He-Ne laser beam was incident on the polaroid.

A parallel plate of glass was introduced in the He-Ne beam (to displace
.the beam parallel to its original direction) and was adjusted to an
angle such that the burn mark ef the ruby laser and the red spot from
the He-Ne laser were coincident. It was then assumed that the He-Ne
beam was following the same path as the ruby laser beam. After removing
the polaroid, the heat-pipe was translated horizontally and vertically
so that the He-Ne beam passed centrally through the entrance and

exit windows and along the axis of the oven. The achromatic doublet

was then piaced in position so that the He-Ne beam passed through the
pole of the lenses. In this position the.He-Ne beam was therefore
undeviated. By adjusting the position of the doublet the beam was brought

to a focus at approximately the centre of the oven.
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Detection Systems Used
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The glass plate was then removed, and another shot was fired,
this time burning polaroid placed after the exit window of the oven.
In this way it was ensured that the ruby beam did indeed pass
unobstructed and centrally through the apparatus. Typical burn
marks obtained from the ruby oscillator, amplifier {single pass) and

after the exit window of the oven are shown in Plate 6.

I11-2.1 Use of Monochromator for discrimination purposes

In the preliminary experiments, low magnesium number densities
were used (1-2 Torr) and it was not known what size of signal could
be reasonably expected. Because of this, a solar blind E.M.R.
photomultiplier, model 541G-08-18, was used in conjunction with a
McPherson scanning monocromator, model 225, to detect the fourth
harmonic radiation produced and to discriminate between it and the second
harmonic signal. To direct the beam to the monochromator a dielectric
beam splitter with peak refiectivity in the vacuum ultra-violet (v.u.v.)
was used, this being placed in the path of the He-Ne beam (leaving the
heat-pipe) at an angle of 45°, It was necessary to use this method,
since allowing the ruby beam to fall directly onto the input slit of
the monochromator would cause damage. The beam splitter was mounted
in a circular chamber which could be evacuated, and connections to
this chamber from the heat-pipe and monochromator was made via one-
inch, easily removable, brass piping. A1l detection after the heat-pipe
had to be done in vacuum, since the fourth harmonic, being in the
vacuum ultra-violet, is easily absorbed in air.

The reflected beam from the beam-splitter was made to pass
centrally through the monochromator entrance slit and to fall centrally
upon the concave diffraction grating. The vacuum piping and seals were

then positioned and the deflection chamber and monochromator evacuated.
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PLATE 6
Burn Marks_on Polaroid
a - After Oscillator and before amplification
b - After amplification
C - After exit window of heat-pipe oven

(Note mode-shape is still well preserved at

this stage)

A1l photographs are twice actual size.
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The concave diffraction grating, ruled with 1200 lines ),
had a radius of one metre and was blazed at 1500 E in the first
order. This was mounted within the scanning monochromator, which had
an automatic focussing device to maintain correct focus throughout
the wavelength range. The instrument was calibrated for use with a
600 lines mm_-I grating and so all scale readings represented double
the actual wavelength observed. The setting used for detection of the
fourth harmonic at 1735.75 E was 3482, which included a zero scale
reading of 0011,

Evacuation was achieved using mechanical rotary and mercury
diffusion pumps, as shown schematically in Figure 5-6(a). The rotary
pump was used firstly to evacuate the monochromator and beam deflection
chamber through the roughing line. At a pressure of approximately
0.05 Torr, the backing line was switched in. Cooling water was turned
on and the cold trap was filled with liquid nitrogen. The diffusion
pump was switched on, and when this had warmed up, the main chamber
flap valve was opened. The pressure, as read directly above the diffusion
pump, fell typically to a value of 2 x 107° Torr. During evacuation, the
exit slit chamber was sealed using a transparent inspection cover.

Both entrance and exit slits were used at the maximum width of 2mm.

The alignment was checked by setting the monochromator to zero order

and verifying that the He-Ne reference beam emerged from the exit slit.
Having established correct alignment the slit chamber flap-vaive was
closed and the chamber was let up to atmospheric pressure. The
inspection cover was removed and replaced with the photo-multiplier,

and the chamber was evacuated once more through the slit chamber roughing
line.

A Tektronix 556 oscilloscope was used in conjunction with the
photomultiplier. This combination had too slow a rise-time to resolve
the individual pulses at 1735 E, and so only the envelope of the mode-

locked train was observed. The photomultiplier was operated with an
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applied voltage across it of 3 KV, giving a current amplification
of 9 x 106. Published data alsc indicates a discrimination of the
order of 105 between second and fourth harmonic. The scatter of 3471 E
into the output slit of the monochromator has been quoted as approximately
10-5 of the signal passing through in the zerc order, and it was
therefore expected that only fourth harmonic would contribute to the
photomultiplier signal.

As shown in Figure 5-5, glass plates were used to split off part
of the incident ruby and second harmonic beams and to deflect them
onto biplanar photodiodes (ITT). These were used in conjunction with
fast Tektronix 519 oscilloscopes. Filters were used to discriminate
against the fundamental beam, when detecting second harmonic, as
mentioned previously. The 'scope monitoring the fundamental beam
was used to externally trigger the 556 'scope, since it was found that

the latter triggered off noise relatively easily. The results obtained

are shown and discussed in the first part of the next section.

I11-2.2 Use of Filter for Discrimination Purposes

It became apparent that there was sufficient signal at slightly
higher magnesium number densities (pressures of 3 Torr and above} to
use a photo-diode and transmission filter at 1735 R to detect the
generated fourth harmonic. A fast solar blind photodiode, model F4115,
was used, with a Tektronix 7904 oscilloscope. This enabled the
individual pulses of the mode-locked train at 1735 R to be resolved,
and so power dependencies and conversion efficiencies could be calculated.
The filter used to discriminate between the second and fourth harmonics
was an Acton Research Corporation, model 172-N, filter with a peak
transmission of 24% at 1735 E. This was mounted in the circular chamber
used previously to hold the dielectric beam splitter. The filter was
held in a gimbal mount which was adjusted so that the reflected He-Ne

beam from the filter's front face was sent back at a very small angle
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(about half a degree} to its incident path, in order to prevent
feedback occurring.

The photo-diode was mounted directly behind the filter, as
shown in Figure 5-6(b). Several circular, 1" diameter, stainless steel
gauzes were placed in front of the front surface of the filter, to prevent
the incident ruby beam from burning a hole in the filter. Usually three
were used, but five were employed in some of the Tater experiments.

The transmission of each gauze was estimated to be approximately 30%.

One outlet of the chamber was connected to a small oil diffusion
pump and rotary pump, which were used to evacuate the chamber. A cold
trap was used to isolate the chamber from the diffusion pump. Pressures
of typically 10"4 Torr were reached, at which point the experiments
commenced.

As before, the 519 'scope monitoring the fundamental was used to
externally trigger the 7904 'scope, since this was extremely prone to
noise pick-up, especially on very sensitive scales (10 mV/cm). To ensure
that no second harmonic was detected, a shot was fired with the system up
to air, and the trace on the 7904 'scope for a scale sensitivity of
10mV/cm was observed. No signal was ever observed, and so it was
concluded that the discrimination factor was satisfactory. When a
fourth harmonic signal was observed, the chamber would be filled with
air, and another shot fired, so ensuring that the observed signal was
in the v.u.v, This was always found to be the case.

The results recorded in this way formed the main body of the

data collected, and are discussed in the following section,
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IT1-3 A Note on Phase-Matching Technique

The problem of inadequate mixing of the phase-matching gas with
the non-linear medium has been mentioned by several authors (79,6 ].
To ensure that proper mixing did indeed take place when scans of Xe
pressure were undertaken, the following technique was used. For the
operating temperature required, the expected phase-matching ratio was
calculated using the method described in the previous chapter.
Approximately double the expected pressure of xenon for optimum signal
was bled in at room temperature, and the heat-pipe was then turned on.
This consequently meant that the partial pressure of xencn in the
hot region of the pipe was well above the optimum when the desired
temperature was reached, but because it had warmed up with the
magnesium vapour, it was felt that proper mixing was ensured. The scan
consisted, then, of slowly bleeding out xenon and recording the fourth
harmonic signals at various decreasing values of xenon pressure., In
this way, the point of optimum ratio of Xe:Mg was always passed, and
mixing was always guaranteed in a way that need not necessarily occur
if cold xenon gas were bled into the system when the desired temperature

had been reached. 1In the latter case, it may have been necessary to

wait for an indeterminate period before proper mixing had taken place.

IV. Rasults

The results taken fall naturally into two parts, those taken at
Tow magnesium number densities (Mg partial pressures of below 3 Torr)
and those which were taken for higher number densities (Mg partial
pressures above 3 Torr), As will be discussed, saturation effects
occurred at the higher number densities. These higher pressures were
first used in an effort to increase the conversion efficiency, since

according to the simple theory of the previous chapter the relative



fourth harmonic power should scale with the square of the number density

(see Equation 4-26). This theory omits consideration of any competing

processes or saturation effects.

Iy-1 Low Number Densities (M. < 3.5 x 10°% atoms/m°)

Mg

The preliminary experiments were all carried out at low number
densities, and, as indicated, the monochromator/photomultiplier combination
was first used for detection purposes.

Plate 7 shows a series of three typical ruby mode-locked trains and
their corresponding fourth harmonic signals (note the individual fourth
harmonic pulses are not resolved because of the slow rise time of the detection
system). These three results are not at the optimum conditions, but are chosen
because they show well the extreme non-linearity we should expect from the
harmonic process, especially shot (b), where the s1lightly Tower second maximum
in the fundamental train is shown up as a much smaller second peak in the
fourth harmonic signal. Also shown in (d) is the effect of "detuning" the
monochromator 20 E away from its normal setting, which resulted in no recorded
signal and demonstrated conciusively that fourth harmonic was being observed.

Whilst the monochromator was in use, a spectrum of the radiation
at 1736 E was also taken. An entrance s1it width of 25um was used, and the
Tine was photographically recorded as Kodak SC7 film. The mercury line at
1849.68 E was used for calibration purposes. A typical result is shown in
Plate 8. The dispersion of the monochromator was measured to be 8.46 R/mm[so].
The linewidth (full width half maximum) was estimated to be 0.35 R. There is
reasonable evidence[44’25] to suggest that the bandwidth of the ruby pulses
increases from ~ 0.53 at the beginning of the train to ~ 1.2 E at the end.
The measured bandwidth of the fourth harmonic should be one-eighth of the
maximum of the fundamental, if no complicating factors are considered. The
bandwidth obtained was approximately double the expected value, so some
self-phase modulation in the Mg vapour may have occurred.

To gain more quantitative information, it was necessary to

131
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use the photodiode/filtercombination for detection. Scans of relative
fourth harmonic versus xenon pressure were taken. The appearance of
the pulse trains at the fundamental and fourth harmonic wavelengths
is shown in Plate 9, and the extreme non-linearity of the process again
is evident. It should be noted that the pulses as photographed represent
the total energy in each light pulse, as their width is limited by
the rise-time of the photo-diode osciilloscope pair. This width was
estimated to be approximately four nanoseconds. The area of the
photographed pulse is proportional to the total number of fourth
harmonic photons detected, and so the height is proportional to the
enérgy of the Tight pulse. It may be taken as proporticnal to the
power of the pulse if we assume the pulse duration is a constant.

A graph of fourth harmonic power as a function of fundamental
power on a log-log scale is given in Figure 5.7. These results were
typical for a Mg number density of 3.2 x 1022 53. Each point is the
average of several shots, the points being taken from measurements
of the heights of the third, fourth and fifth pulses in the ruby train,
the fifth being the largest. (It was assumed that the Targest pulse in
the fourth harmonic train corresponded to the largest pulse in the
fundamental train, in the results analysis.) It is of interest to
note that the value of the gradient implies a power dependence for the

fourth harmonic of the form

Py @ Py (5-1)

This is readily understood when the second harmonic power
dependance is investigated. From Figure 5-8, which is also plotted

on a log-log scale, we find

, o P (5-2 )
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for the results taken at the time of this particular experiment.
The simple theory of the previous chapter predicts a power dependance

of
(5-3)

and so, using {5-2) in (5-3) we recover (5-1), which is thus
in exact agreement with the theory.

A typical scan of relative fourth harmonic signal versus xenon
pressure is shown in Figure 5-9. Again the points plotted are an average
of several shots. The graph is normalised to a maximum value of one.

[f instead the graph is normalised to a maximum value of 5.78, and the
relative signal plotted against the bAk value for the mixture, as in
Figure 5-10, very close agreement is obtained with the theoretically
predicted curve. This theoretical curve was calculated using a computer
program for a value of b/L = 0.25. This program is discussed in the
Appendix. A maximum is obtained for a xenon partial pressure of 19(+})Torr,
indicating a number density ratio for optimum signal of 6.3 (+ 0.3):1,
and a bAk value for optimum of -2.1 (+ 0.2). This is in close agreement
with the theory as indicated in Figures A-1 and 4.6(b), especially
when it is considered that the vapour pressures used in the calculations
are not accurately known, and that the calibration of the thermocouple

is also subject to some error (+ 5°C).

The maximum fourth harmonic power obtained at these low number
densities was 40.3 x ]03=;atts, assuming the pulse at 4w to be ten
picoseconds in duration. This represents, with a fundamental power of

* -
165.7 x 106 watts, a conversion efficiency of 2.4 x 10 4 and implies

* These values are calculated taking into account reflection losses.
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-49 m5 -2

a non-Tinear susceptibility of approximately 5 x 10 v
(Equation 4-26). The discrepancy between this value and the theoretical
one is discussed inthe next section.

One last point of interest is the rapid fall-off of fourth harmonic
with fundamental intensity once the peak of the ruby mode-locked train
has been passed (i.e. after the fifth pulse). This was an effect which
was observed at all number densities and for all shots. It can be seen
in the photographs of Plate 9, and the log-log plot of power dependency
is given in Figure 5-111, for number densities of 3.2 x 1022 m"3. These
points were taken from measured heights of the sixth, seventh, eighth
and ninth pulses of the ruby train. Evidently, from the gradient, a
power dependence is implied for the fourth harmonic of the form

5.55

P40LP.| (5-4)

This effect can be explained quite simply in terms of the pulse
broadening which occurs in the second half of the fundamental train
due to self-phase modulation in the ruby rod. This is discussed in
Chapter 2. Since the pulse heights measured are really proportional
not to the power, but to the energy of the light pulses, the power of
the pulses in the second half of the train is overestimated. (It is
implicitly assumed that the pulse duration remains constant throughout
the train when using this measurement technique). As the pulse duration
increases, so the realpower decreases more quickly than the photographs
would imply, and consequently the fourth harmonic power drops more
quickly than would be expected. It also follows that the fourth harmonic
pulses in the second half of the train should be longer, and so the
power of these is also overestimated from the photographs. This

effect (self-phase modulation) increases the bandwidth of the pulses, so
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the spectral brightness decreases, and this will also Tower the

power of fourth harmonic generated.

V-2 Higher Number Densities. (N, > 3.5 x 102 03y

In an attempt to 6btain higher conversion efficiencies, higher
magnesium number densities were used. This led to the unexpected
observation of saturation effects, which became more pronounced with
increasing number density. Fourth harmonic trains observed for nunber

22 -3 22 -3 22 m-3

densities of 3.85 x 107" m >, 7.35 x 10" m =, and 9.8 x 10 are

shown in Plate 10. The power dependencies for number densities of 3.85

22 =3 5.2 % 1022 m™3 and 7.35 x 10%¢ p73

x 10 are plotted in Figures 5-12
to 5-14. The corresponding pressure scans are plotted in Figures 5-15
to 5-17. A1l these graphs are normalised to a maximum value of unity
(this value does not indicate their relative magnitudes). As before,
the points are all averages of several shots, and were taken from the
third, fourth and fifth pulses in the train, the fifth being the largest.
The relative power of the fourth harmonic, which is the ordinate
in Figures 5-15 to 5-17, was calculated using the respective power
dependancies deduced from the log-Tog plots of Figures 5-12 to 5-14.
It is noted that at the highest number densities, the fourth harmonic
has become insensitive to change in the fundamental or second harmonic
intensity.
The relative fourth harmonic signal as a function of magnesium
number density is shown in Figure 5-18. The expected scaling with the
square of the number density is followed.

At the highest number densities (7.35 x 10°2 m™3

) the maximum
power obtained was 297 x 103 watts (again assuming a ten picosecond

pulse at 4w and taking into account reflection Tosses at the exit window).
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PLATE 10

g e s e e e . L

_ 22 -3
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_ 22 -3
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_ _ 22 -3
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a. Vertical Scale: 10V/cm Vertical Scale: 10mV/cm
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b. Vertical Scale: 10V/cm . Yertical Scale: B50mV/cm
Timebase : 50nsec/cm Timebase : 20nsec/cm
c. Vertical Scale: T0V/cm Vertical Scale: 100mY/cm
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This implies a power conversion efficiency of approximately

3 -49% -2

1.8 x 1077 (or 0.18%) and a non-linear susceptibility of 5.8 x 10" "mv
in good agreement with the earlier results. Since all the points of
Figure 5-18 lie reasonably well on the line with gradient two, this
value of the susceptibility is confirmed over the range of number
densities used. Taking into account the errors involved in the
experiment, the experimental value of the susceptibility may be

quoted as 5.5 (+ 0.7) x 1079 W V2,

Two scans of the relative fourth harmonic signal with temperatures
for a constant xenon pressure are shown in Figure 5-19 and 5-20. Again
saturation effects showed up at the temperatures for which maximum
relative signal was observed.

The inconsistencies of these results with the theory of Chapter IV

are discussed next.

V. Discussion of Results

From the results presented, it can be seen that at Tow number
densities, agreement between theory and experiment is good. The power
dependancies are as predicted, as are the phase matching curves. There
is a disparity between the theoretical value of X(3)(—4w1,m],w],2w])
and the experimentally obtained one, but this value was found to
be consistent at all number densities. The expected scaling of relative
signal with increasing number density was also observed.

Two features of the experimental results requiring further

clarification are:

a) The fall off of the power dependency of the fourth harmonic

1S

with increasing Mg number density
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b) The Tow value of the susceptibility, X(3), compared to the theoretical

prediction (5.5 x 1074%° y2 compared with 6.3 x 10798 n V'Z),

With a maximum conversion efficiency of about 0.2%, it is unlikely
that depletion of the fundamental or second harmonic beam occurs. This may not be
entirely discounted due to possible absorption effects. Other workers with
Magnesium{8]] have found that large amounts of MgO are liberated when any test sample
is heated up to the temperatures used in this work. It is thought that anything
up to one third of the vapour pressure could be attributable to the presence of
this impurity. Mg0 has broad absorption bands in the ultra-violet and vacuum-
uttraviolet, so it is likely that some absorption of the second harmonic beam
and the generated fourth harmonic beam will occur. Quantitative values for the
absorption cross-section are sparse in the literature however, and it is difficult
to put a value to either of these absorptions. This obviously will reduce the
second harmonic intensity taking part in the process, and the intensity of the
recorded fourth harmonic, so the conversion efficiency may well be higher than the
experimentally measured one. However, a reduction in the fourth harmonic intensity
of about 400 is required if depletion of the fundamental beam is to take place, and
cause such a fall-off in the power dependency. An absorption of this magnitude
by what would be only a few torr of gas at most seems unlikely, However, such
absorption may help to explain the low experimental value of the susceptibility.

In the absence of any quantitative information, it is difficult to be more precise
on this point. A large absorption would also significantly affect the overall
refractive index at 4w1, and change the phase matching conditions. Since at low
number densities good agreement between theory and experiment was obtained, the
implication is that amounts of absorbing media present in the Xe:Mg vapour mixture

are small.

A possible cause of the fall off in power dependency is the
intensity-dependent refractive index. A simple explanation of this

effect is that, with intense fields, the ground state population is
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depleted, and so the refractive index changes. The change in population

across the incident beam is non-uniform because of the Gaussian

distribution of intensity. Thus a radially varying refractive index

profile is created which acts as a lens-Tike medium, and either

focusses or defocusses the beam, depending on the sign of the refractive-

index change., Usually the incident frequency has a refractive index

greater than one, as is the case with magnesium, which decreases

with depletion of the ground state. In this case a defocussing

results, since the medium acts as a negative lens. This defocussing

obviously will reduce the intensity of the pulse, and the most intense

pulses will be affected most, leading to the fall-off observed. Since

the intensity-dependent refractive index is number density dependent,

its effects are more likely to become apparent at higher number densities.
Thus the defocussing is a result of the radial profile of the

gaussian beam. The pulse has a temporal profile as well, and each

point of this will have a different intensity from its neighbour and

so experience a different refractive index change. If we write the

polarisation at o by

(

3 2
.Pw1 = €4 X (-w1;w]) Ew]+ 3 g, x( )(-m1;m},-w],w1)]Ew1| Ew,

+ %sox(s)(-w1;w],-w1,w1,-m1,w1)(Ew])4 Em1+ cen
(5-5)
Then the change in refractive index at wy is given by [82]
(3) (.. - i,
anwl 2 A x| wys wys w],w1) Iw1 (5-6)
2
£6C Ny

where Ty is the intensity at the fundamental frequency. At

very high intensities, the next higher order term x(s) should be included.
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If the fourth harmonic field grows to a significant level, there will
be an optical Kerr-effect contribution X(S)(-m1; 4”1’_4w1’w1)|E4u>!2
I

to Bnm!. Similarly there are contributions

(3)(-4w 3 Wys-w,s Moq)|Ew |2 and
X (it St Kt R bt

{3) 2
Y = to an,

(—4&;1; 4m1 R -4{;.)1 . 4w-|) |E4w] |

There will also be changes at the second harmonic frequency,
involving terms such as

2

1

(3)

The effect is that each point on the corresponding fourth harmonic
pulse will require different conditions for phase matching and it will
be impossible under any usual conditions to phase match for the entire

[83]. Thus in general the resulting harmonic temporal pulse will

pulse
be reduced in intensity and altered in temporal profile compared to
a pulse generated under perfect conditions. A full investigation of this
effect requires numerical analysis, using calculations for a large number
of points on the pulse, and is beyond the scope of this thesis.

A comparison between the theoretical curve of 4-6(b) and experiment
(see Figure 5-21) shows that there is disagreement at higher number
densities for the phase-matching ratios, these being higher than predicted.
The above explanation would predict a change in the phase-matching ratios,
but does not directly explain the observations. These ratios may however
oniy reflect the unreliability of the vapour pressure data at higher
pressures (the exponential behaviour is strictly only valid for pressures

of around one Torr), and uncertainties in the thermocouple calibration .
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Mechanisms which can reduce the efficiency of conversion

include:

a) Single_photon_absorption. This is probably insignificant

b) Two_photon_absorption. Again this is probably small, since

i

the two photon virtual state is ~ 300 cm ' away from the atomic

level.

c) Multiphoton_ionisation. This may be considerable. The photon

combination
W1 + Zw1 + Zw]

is sufficient to 1ift one outer electron into the jonisation
continuum. Other authors (84, 85] have shown that it is possible
to ionise completely a 10 torr-ion column of Na vapour using

only a 1 MW dye-Taser beam.

d) The a.c. stark shift. This can cause considerabie shifts in

Ly e e e oy Ak

the energy levels and this will obviously affect the conversion

efficiency via the suscepti bility and the refractive index.

Finally it should be emphasised that due to the lack of phase
information in the calculation of the susceptibility, the quoted theoretical
value has a large error associated with it. If the smallest value is
taken, it is possible that other contributions in the sum (4-40), which
were not calculated, may become significant and reduce the susceptibility

stil1l further.
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VI. Conclusions

It has been shown that fourth harmonic generation of ruby laser
pulses in magnesium is possible, and that phase matching and relatively
high conversion efficiencies (0.2%) may be achieved using a concentric
heat-pipe arrangement. This conversion efficiency is as high as has

[18, 86, 871 .14 considerably

been quoted by other workers in the field
higher than some. It is probably due toc the very intense fields,
particularly in the region of focus, employed in this series of experiments,

12 watts cm'2

compared to those of others (power densities of up to 2 x 10
were being used}.

At Tow number densities, the behaviour was as predicted by straight-
forward theory, although the experimental susceptibility was lower than
the theoretical value. This theoretical susceptibility (6.3 x 10_48m5v_2)
has a large error associated with it due to a lack of phase information.
Taking into account the known‘errors inthe experiments, a value for the
susceptibility of 5.5 (+ 0.7) x 1074 0% v"2 yas deduced. At higher
number densities (73.5 x 1022 m-3) saturation effects were observed and
it is believed that these were due mainly to the intensity-dependent
refractive index variations in the magnesium vapour, which affected the
overall index at 6943 R and 3471.5 ﬁ. This effect is one of the few
saturation mechanisms which is both number density dependent, and intensity
dependent.

This experimental method is thus capable of producing fourth harmonic
pulses of high power (up to 3 x 105 Watts). For increased reliability,

a more demountable heat-pipe design is required. A higher repetition-
rate source at 6943 E and 3471.5 E is also a necessity for more detailed

and searching investigations into this process.
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CHAPTER 6

APPLICATIONS OF THE FOURTH HARMONIC

I. Introduction

One of the potentially most interesting applications of the

fourth harmonic pulses which have been generated is their possible

* *
amplification in an inverted Xe2 medium. At the present time Xe2

cannot be mode-locked, for two main reasons. The first is the fact the
*

9 lases only for the

duration of the pumping pulse (which is a relativistic electron beam).

upper state lifetime is so short that the Xe

There are no suitable pump sources at the present time of sufficiently
long duration for mode-locking to build up. Secondly there are no suitable
dyes available which exhikit saturable absorption in the vuv.

Consequently, the only way of obtaining picosecond pulses from
Xxenon is to use it as an amplifier for injected pulses. Furthermore,
it may be anticipated that by using xenon in such a way, information may
be obtained about the nature of the broadening (homogeneous or inhomogeneous)
that occurs on a picosecond time-scale. A fuller description of the
xenon molecule and the principles behind such an amplification experiment
are given in the next section. The third section deals with the way such
an experiment may be carried out, and its feasibility using the eguipment
described in this work is then assessed in the final section. OQther

possible applications are briefly outlined.
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IT. Brief Background Theory

I11-1 Structure of the Xenon Molecule

Houtermans[as] was the first to realise that transitions from
bound molecular states to loosely bound states could be exploited for
laser action. Two distinct advantages are offered by a transition
from a bound to a dissociative state in diatomic molecules. Firstly,
if the final (ground) state is strongly repulsive, then this lower
state will remain aimost unpopulated, the ground state of the molecule
flying apart as it is formed. Secondly a broad band emission results
because of the repulsive ground state and the laser is thus tunable
over a wide range.

Basov[sg] first proposed the use of xenon to achieve vuv laser

action, the ground molecular state potential being repulsive due to

(907

the "“closed shell" structure of the ground state atoms By

colliding an excited state atom with a ground state atom a stable bound
motecule can be formed. The transitions from this molecule to the ground
state result in a broad continuous emission spectrum around 170nm. Figure 6-1

shows the potential curves of xenon. The ground state atoms of xenon

have the configuration {... 552 5p6) So’ which results in a repulsive

ground state except for a weak Van der Waal's force. By exciting one

of the 5p6 electrons to the first s orbital, the configuration 552 5p5 6s

is obtained, which gives rise to four atomic states: 3P1, 3P2, 1P1,

and 3Po' Although L-S coupling notation is used here, the coupling is

in fact j-j with the spin-orbit interaction of the five p electrons

dominating the spin-spin interaction between 65 and 5p5.

The 3p. and |

1
1ifetimes of about 4 ns

P, states both radiate to the ground state { So) with

(917 With wavelengths of 147 nm and 129 nm

respectively. The other two levels cannot radiate due to the selection
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rule

+

Collision of atoms in the 3P1 and 3P2 states form the ]Eu

3

and Zu+ states of the xenon molecule respectively. Hund's case (c)

coupling is app1icab1e{92], and consequently the selection rule AS = 0

is not strictly obeyed. In this case, the triplet state, as well

1

as the singlet, may radiate to the Zg+ ground state.

1

Transitions from the high vibrational levels of the Zu+ and

3Zu+statestnthe]zg+ ground state result in the so-called "first
continuum”, The "second continuum” is due to transitions from the lower
vibrational levels of these states, and is favoured at higher pressures.
This is because molecules in high vibrational levels are collisionaily
relaxed to the lTower vibrational levels by ground state atoms. At

the typical operating pressures for the xonon laser (5 to 15 ktorr) only
the second continuum is observed. These high pressures are required to
make the formation and relaxation processes of the excited molecule

fast compared to the fluorescence decay time[93].

II-2 Formation Processes
[93]

It may be shown that the majority of the species formed as
a result of the interaction of high energy electrons with high pressure

xenon gas are ions. The atomic ion is removed in the 3-body reaction

Xe© + 2 Xe = Xe2+ + Xe (6-1)

The formation rate {which is proportional to the square of the

pressure) was measured by Smith et al.[9%] t5 be 3.6 x 10731 em® sec”!.
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The molecular ions are then in turn removed by dissociative
recombination

+ *Xx

Xe2 +e = Xe + Xe (6-2)

LI ) : . [95] ..
where Xe is a highly excited atomic state. Bates first
proposed this type of process in an attempt to account for the fast

ionic recombination observed in certain species. These atoms are

then thought to radiatively decay to the 3P2 or BP] states:

*
Pn) = Xe (3P2 or 3

P]) + hvy (6-3)
These lower states may also be filled after collisions with electrons
or ground state atoms:

*%

Xe + e {or Xe) = Xe + e {or Xe) - {6-4)

Electron-induced reactions have been used in models for fluorescence

from high pressure xenon developed by Georges et a].[97].

1 3

The molecular states Eu+ and Zu+ are then formed via the

3-body reaction

* *
Xe + 2 Xe = Xe

o ¥ Xe (6-4)

and both these states can radiate to the ground state.
The role of these two states is still the subject of some contro-

versy. Earlier studies assumed only a single radiative decay rate

[98]

and formation rate , but later experimental results indicated two
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separate radiating levels may occur[gg]. In modeling fluorescence

from xenon, Fournier [97] assumed values of 4nsec and 16nsec for the
lifetimes of the two radiating levels and a different formation rate
for the singlet and triplet. The cause of the shift in the peak of

(33991 45 seim

; [100]

the spectrum towards the red with increasing pressure
not exactly understood. Koehler et a].[ggl and Gerado et a
suggested firstly that the shift was due to increasing absorption

from the ground state molecules. However, it could also be due to

[101]

the distribution of the population in the upper state » Which is

determined by vibrational relaxation in collision with ground state

atoms {102]

» and subsequent mixing of the ];J+ and 3qj+ states.
The xenon molecules are originally formed in high vibrational

levels, which at high pressures relax to the lower vibrational states:

* *
Xe2 (vi) + Xe = Xe2 (vf) + Xe + AE {6-5)

where *
Xe, (vi) denotes the molecules in the intial vibrational state

*
Xe2 (vf) denotes the molecules in the final vibrational state
AE is the energy which is carried away with the ground state atom.
1 {102]

estimate the rate constant for vibrational

relaxation out of the initial levels to be 6.6 x 10']0Tf'] cm sec'l.

[93]

Fink et a

For a pressure of 10 ktorr and a lifetime of 10 nsec , the vibrational

relaxation time should be about 40 psec.

11-3 Amplification and Requirements for Saturation

It is well established now [93,103] that there is gain over

about 80 A in xenon, centred on ~ 172 nm. Evidently pulses of 1735.35 A
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*
will experience amplification on passing through an inverted Xe2

medium. To measure the vibrational relaxation time, it is first
necessary to saturate the gain at some point in the xenon cell, and
then monitor the build up of gain. For picosecond pulses, the
saturation intensity (required to deplete the population inversion to

e ) is given by

_ hwv -
Iy T oT (6-6)

where v frequency of the pulse

cross-section for transferring molecules out of

Q
It

the excited state (either by stimulated emission or

photo~-ionisation)

duration of the pulse

~
1]

Using a value for the photo-ionisation cross-section of ~ 4.2 x 10
-18

and a value for the stimulated emission cross-section of v 7 x 10 cm

gives a saturation power density of

I, = 10'% wen? (6-7)

assuming a pulse duration of 10 psec. This is the intensity which

must be reached, in order that the vibrational relaxation time may be

measured.

ITII. The Proposed Experiment

The schematic of a possible experimental arrangement for
amplification is shown in Figure 6-2. A Febetron 706 would be used

to pump the xenon, in the coaxial arrangement described by Hu11[93].

-] 8cm','2

3
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Proposed Arrangement For
Amplification

Mirror (See Text)

Cathode «——=5600 KV

Anode Tube Containing
High Pressure Xenon

BaF, Windo

F VUV Filter

Solar Blind
Photodiode

G Gauzes

Beam -Splitter

4Radiation From
Heat Pipe

Detector
(Photodiode
or Streak Camera)

To Diftusion and
Backing Pumps

Fig 6-2
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The anode tube is 4 mm in diameter and has an excited length of
12 cm. A gain of 0.2 cm-1 may be expected using the Febetron, which,
with a Blumlein arrangement, delivers a 5 nsec pulse of 0.5 MeV
electrons, and thereby deposits ~ 10 Joules inte the gas. Using a
mirror to focus the fourth harmonic pulses into the xenon, it may be
expected that they will be sufficiently powerful to saturate the
gain at the point of focus on the return trip.

The curved mirror at the end of the anode tube, as depicted
in Figure 6-2, has a 50% reflecting front face and a 100% reflectivity
back face (at 1735 R). Its function is to return a set of sub-pulses,
of known relative intensity and separation, along the gain length,
Hopefully the leading pulse will saturate the gain at the focus, and the
following pulses, as observed on a streak camera, should indicate the
rate of build-up of gain by their relative intensities, and thus give
a measure of the vibraticnal relaxation time.

A mirror is used to steer the beam into the xenon since its
focal length is precisely known. Using a lens would give the additional
complication of an uncertainty in the position of focus, since the
refractive indices are not accurately known at vuv wavelengths. The
prism is used to steer the beam through a right angle so that it is
incident on the focussing mirror at a smail (mso) angie of incidence,
which makes astigmatism negligible.

Obviously it is necessary to synchronise the firing of the
Febetron 706 so that fourth harmonic pulses are travelling along
the anode tube length when there is gain in the xenon. The suggested
method here is to use the red filter in front of the oscillator's
rear mirror as a beam splitter, and to monitor the build-up of mode-
locking using a photo-diode and 519 oscilloscope combination., By
altering the number of neutral density filters infront of this photo-

diode, the osciiloscope may be triggered up to several hundred nanoseconds
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befofe the mode-locked train proper emerges from the osciliator.
The output gate of the oscilloscope may then be used to

trigger a Krytron Box. It is suggested that a stacked krytron
configuration should be used, consisting of two KN 22 krytrons in series,
which can hold off up to 10 KV. By switching this voltage

onto a-  Blumlein , the resultant voltage is large enough
to trigger the first spark gap in the Marx bank of capacitors in the
Febetron. Preliminary investigations have indicated that this triggering
mechanism works, and sufficient delay is obtainable for synchronisation

to be possible.

IV. Conclusions

Although the experiment as described above is possible in
principle, there are severe limitations on its practical realisation,
due to the various behavioural characteristics of the available
equipment. Perhaps the most important of these is the jitter in the
firing of the Febetron 706. The variation in the time at which the
voltage pulse appears at the cathode is + 75 nsec, which is to be
compared with a fourth harmonic pulse train length of approximately
100 nsec or Tless. Additionally, the duration of the gain is about the
same as that of the pumping pulse, i.e. 5 nsec, which is half the
separation of fourth harmonic pulses. This means that even if the
pumping pulse occurs somewhere in the fourth harmonic puise train,
there is still a good chance that it will fail to amplify a pulse.

The situation is made worse by the fact that the system cannot
be fired more than once every fifteen minutes, due to the requirement
that the gas be cooled. As mentioned in Chapter 5, the heat pipe may
be run for a maximum of about five hours, so the number of shots is

Timited to about twenty in a "run" before the magnesium has to be
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replaced. Obviously this means that acquisition of data will be
very slow.

Some of these difficulties may be overcome if a higher repetition
rate system were developed. There is avaiiable a high repetition rate
xenon laser, capable of firing twice a second[]Od] , which might be used,
if the ruby oscillator and amplifier system could be used to run at a
higher rate. The problem with the jitter still remains, but this
would be balanced by the huge increase in the number of shots it would
be possible to make in a "run". It must be concluded that with the
present equipment described in this thesis, however, such an experiment
would be probably unfruitful.

The pulses generated have possible uses in other areas. Having
a photon energy of 7 eV, the pulses may have applications in photo-
fragmentation spectroscopy. Most bands in large organic molecules found
in plant and human tissue may be broken with light of this energy.

The analysis of the fragments produced may then reveal the structure
of these molecules.
The frequency generated is sufficiently hich for diagnostic purposes

[104]

in high density plasmas. The plasma frequency wp is the frequency

which must be exceeded if a phton is to propagate through the plasma.
The mr)for the fourth harmonic corresponds to an electron density

22 cm-3.

of about 3 x 10 Thus scattering measurements could be made

on very high density plasmas.
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GENERAL CONCLUSIONS

The development of a reliable, mode-locked ruby oscillator
has been described. This Tlaser is capable of delivering a train of
single pulses, having a peak power of 15 MW, with a success rate of
between 80% and 90%. The pulses have been shown to be between 15 psec
and 30 psec in duration, and are unbroadened by non-linear effects
before the middle of the train. Pulses after the middle of the train
broaden gradually to about 40 psec on average (for a saturable dye
transmission of 70%). Such a high degree of reproducibility was
achieved by very tight control of the operating parameters, in particular
the voltage on the capacitor bank, and the temperature of the cooling
water. Temperature control of the saturable dye was also shown to
significantly improve the reproducibility. This Tatter refinement
for improving the performance of a passively mode-locked ruby laser
has not been mentioned in the literature.

By employing a single stage amplifier, peak powers in the pulse
train in excess of 200 MW were obtained, and the system was then
considered to be of sufficiently high quality to perform harmonic
generation studies. Many different types of non-Tinear processes should
be accessible to study with this system. Second harmonic generation
in a A.D.P. crystal was observed, and the conversion efficiency was
estimated to be about 2%. This process provided a source of coherent
1ight in the uv.

Fourth harmonic generation in Mg vapour was also extensively
studied. This process used the second harmonic and fundamental pulses,

and was investigated theoretically and experimentally. Good agreement
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between the theoretical predictions and experimental observations were
obtained at Tow Mg atomic number densities. Here the scaling of the

fourth harmonic intensity with that of the fundamental was as expected,
and phase matching curves were in close agreement with the theoretical
shapes. It was found that the power dependencies deviated from theoretical
predictions for high Mg atomic number densities, but phase-matching was
still observed (though not at the predicted partial pressure ratios for

Xe and Mg). The scaling of the fourth harmonic signal with number
density was as predicted for all number densities. An experimental value
for the fourth harmonic susceptibility X(3) (-4w];m],w1,2w]) of

-49 m5 -2

5.5 (+ 0.7) x 10 V © was inferred from the data. This disagreed

with the theoretical value of 6.3 x 10748 m° y~2,
It was concluded that the low value of the susceptibility probably
reflected the Tack of knowledge of the phases of the individual terms in the
theoretical calculation. The drop in the observed power dependencies
was thought to be attributable Targely to intensity-dependent refractive
index effects in the Mg vapour. At the highest number densities, a
conversion efficiency of about 0.2% was achieved (from fundamental to
fourth harmonic) and this process then provided a source of intense (0.3MW)
radiation in the vuv.
It has been shown further that amplification of these pulses in
Xez* should be possible, and a measure of the vibrafiona] relaxation
time of the upper state could then be obtained. It was, however,
concluded that with the present repetition rate of the ruby system, the
jitter and duration of gain in the xenon system would prove large
obstacles to the practical realisation of this proposal. If amplification
is possible, the pulses may then be used in further non-linear processes,

which should produce coherent radiation in the soft X-ray region of the

spectrum.
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APPENDIX

2

NUMERICAL EVALUATION OF [I(Ak,Z,z)| © FOR THE

EXPERIMENTAL PARAMETERS

As indicated in Chapter 4, the integral
£
exp{—(ib/Z)Akg' }dg!

F(bak, b/L, f/L) = :
(1+ig")

-C

may only be evaluated analytically in the tight-focussing 1imit,
in which case both £ and ¢ tend towards infinity. If this 1imit is
not applicable for the experimental prameters used, then the integral
must be calculated numerically. For the experiments described in this
theéis, the Tength of the Mg vapour column was estimated to be < 9 cm.
Using Equation (4-14) and a value for the beam waist radius at the
achromatic doublet of ~ 2 mm, the confocal parameter b was calculated
to be 2.15 cm, thus giving a value for b/L of ~ 0.25. To evaluate the
integral for this value, a computer program was used which employed a
fast Fourier transform (FFT) algorithm.

It is noted that if the substitution

onkt = 20K (A-2)

is performed in (A-1), then the integral has the form of the

Fourier transform of the function

(T+ 15')2
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A11 that is then required is to perform a discrete Fourier
transform on the computer. Using the notation H{n/ND) for the approxi-

mation to the continuous Fourier transform H(k'), and h({kD) for the

function to be transformed h{g'), we have[]os]
N-1
Hl n = D E h(kD) exp {-i2mk/N} (A-4)
ND ‘
k=0

n= 0,1, ... N-1

where D is the size of each element in the spatial mesh, and
N is the total number of elements. A value of N = 4096 was chosen,
and a value for the total lengthX (= ND) of 40w. This meant that at
the end of the program, when all the real and imaginary elements of
(A=3) in the spatial array had been replaced by frequency components

labelled by n, that the separation of each frequency element was 1/40m

i.e. kln+1 - k'n = 1/40m (A-5)
or, using (A-2)

(bak) = 0.1 (A-6)

Thus the bak values ran in discrete steps of 0.1, which was the resolution

required in order that comparison with experimental results could be done.
The program sets up the real and imaginary parts of the function

{A-3) on the spatial mesh such that the function is centred on the

middle of the mesh. When the FFT has been performed, all the elements

on the spatial mesh have been replaced by frequency components. The

second half of the mesh then corresponds to the negative frequencies,

running from zero at the centre to more negative values (going from left
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to right). Swapping the two halves of the frequency array around
gives the correct sequential order for the bak values. When these
values are printed out, only one hundred element values either side
of bak = 0 are used, since all other values are very close to zero.
The two values A and B in the program determine the limits between which
the function (A-3) is transformed, i.e. which value of b/L is chosen.

The program was first run with the function (A-3) being evaluated
and transformed over the entire length X{= 40r), which should give output
approximating to the analytical solution. This was found to be the
case, agreement being to four decimal places between analytical and
numerical solutions. Values of b/L = 0.3 and b/L = 0.25 were then used.
Qutput for b/L = 0.3 agreed well with Bjorklund's results (Figure 4-2(b) ).
This indicated that the program gave accurate results. Using the b/L = 0.25
value gave output, having a maximum of 5.78 at bak = -2.1, which was
in very good agreement with the experimental results (see Figure 5-10},
The graphs for b/L=0, 0.25 and 0.3 calculated using this program are
given in Figure A-1. A copy of the print-out of the program follows.

[105]’ who

The algorithm for the FFT was taken from Brigham
discusses it thoroughly. It is not intended to reproduce the text

here. Note that these findings indicate that (bak) -2.1, and

OPT ~
so the theory presented in Chapter 4, Section IV is subject to a 5%
error. With this adjustment, agreement between theory and experiment

is practically exact at low number densities.
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Calculations  For F(bAk,b/L, /L)
(f/L=0-5)

b

' \—bIL =025
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