Addenda and Corrigenda
Page 15, last line should read

'symmetric under all rotations about their major axes and belong to

the'
Page 74, insert after the end of the sentence in line 7

'The pig-tails and fuseclips éhown mounted on the aluminiuﬁ tube are
connected to the flashlamps in such a manner that current is able to
flow through both'flashlamps in the same direction, and in the
reverse direction in the coaxial tube. This arrangement minimizes
the magnetic field between the two flashlamps where the laser rod is
mounted, thus avoiding any further splitting of the laser transitions
due to the Zeeman effect (see §2.6, pége 24). Due to space limita-
tions, a coaxial diffuse reflector 6f the type shown in fig. 5.2.1

could not be used ...'
Page 126, insert after the end of the paragraph

'Under these circumstances, each éart éf the oscillating line is
coupled closely enough through the wings of tﬁe homogeneous 1ine‘to
help keep the pulses in synchronisation, but draws on sufficiently
different populations of ions as an energy source to avoid the

growth of some parts of the line at the expense of the rest.'
Page 164, insert after the end of the paragraph

'"There are several experiments which logically follow on
from the work described here. In the first place, it is clear that
the measurements to deteimine the cross relaxation rate by observing

the drop in the fluorescence as a function of wavelength after



Addenda and Corrigenda (continued)

Q-spoiling must be repeated, with great care to ensure that a very
narrow-band (< 1 &) probe pulse is used, and that all extraneous
light such as flashlamp radiation and superfluorescence is excluded
from fluorescent measurements. The narrow-band probe ekperiments
described in this thesis should be repeated using a longer flashlamp
pulse (but mainfaining control of the pulse shape) and studying a

' greater variety of glasses and doping levels. Perhaps an additional
cavity resonator could be included to force single (longitudinal)
mode oscillations and further narrow the iinewidth. Some experiment
should be designed to determine the actual lifetimes of the cascade
from the pump bands to the metastable level. Finally, an experiment
should be performed on a variety of glasses using an extfemely short
pump pulse to determine if the saturation observed in our experiments
is a general phenomenbn, and if it iSbtime dependent (fast solariza-\

tion) or dependent on which pump band is excited.'
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ABSTRACT

Some problems are investigated relating to the spiking
behaviour observed in the Nd3* glass laser and the energy transfer
within the broadened line of the lasing transition. It is shown
by means of group theory that the fluorescence at 1.06 um must be
a composite of twelve unresolved lines and a review of the various
possible line broadening mechanisms is undertaken to clarify their
behaviour when electronic transitions are involved. Two sets of
experiments are described: in the first, time-resolved spectro-
grams are obtained from two different glasses under normal lasing
conditions, and when lasing is delayed either by a bleachable thin
film absorber or an electronic shutter (Q-spoiled); in the second
set of experiments, the laser output as a function of wavelength
is studied when it is forced to oscillate in a narrow band by
using a diffraction grating as one of the reflectors.  On the
basis of theory and hole burning observed in the first set of
experiments, the fluorescent line is shown to be a cbmposite of a
number of lines with a common source, each of them inhomogeneously
broadened. Both sets of méasurements give estimates of the
broadening of the lines to be ~ 70 cm~!. Cross relaiation between
the ground state and excited ions is shown to be slow and is
estimated to be < 10% sec™l.. The discrepancy between these
results and those of Michon (1966) and Boyden and Clark (1966) is
resolved. A computer simulation of the rate equations shows that
neither relaxation nor the finite lifetime of the terminal level
can account for the observed random spiking. However, certain
giant pulsations observed in some of the time-resolved experiments
appear to be correctly described by these equations. Finally,
evidence is produced to show that if the source of the instability
arises from mode interactions, then it is not a strong function of

the number or type of cavity modes.
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§1. INTRODUCTION

1.1. Problems Investigated

The first successful glass laser used Nd3* as the active
jon (Snitzer 1961). Since then several other ions such as Er3*
and Yb3* as well as certain combinations of rare-earth and
transition elements have been found to lase in a glass host (Young
1969). However, Nd3* still holds the most interest for many
investigators. It is a‘four-leﬁel laser whose terminal level has
a very short lifetime, with a number of broad absorption bands in
the visible, all coupled to the metastable level. It thus has a
low threshold, exhibits efficient operation using broad-band
pumping sources and should be:caﬁable of very high power densities.
In addition, the excellent optical properties of glass and the
occurrence of emission in the near infra-red region (1.06 ﬁm)‘mean
that conventional optical techniques can be used, and large rod
volumes can be easily manufactured.

Neodymium is a rare-earth elemeﬁt, the optical spectra
of the trivalent ion originating from the partially shielded 4f
electrons. Because of the shielding, the positions of excited
levels do not shift greatly with a change in ionic envifonment.
Thus, in glass, the assignment of the laser line to the
L*Fa/2 > l+I.ll/z transition is in no doubt, based on studies of the
ion in various crystalline hosts. The shape and position of the
peak oé the relevant fluorescent line varies somewhat in different
glass compositions but, in general, it is broad and featureless,
considerably skewed on the long waQelength side, and has a full

width at half maximum of 300 - 350 R at room temperature. In



crystals, this line is observed to bé split into a number of
components, each of which have a half width of 5 - 30 A depending
on the crystal quality and the degree of matching of the Nd3* ion
to the host lattice. It is suggested that the fluorescent line in
glass is an unresolved composite of several lines which have been
broadened as a result of the many different possible environments
in which a Nd3* ion may be found in a vitreous host.

The laser output exhibits the following salient features.
First of all, if it is allowed to operate normally, the oscillating
linewidth is observed to increase as the flashlamp energy is |
increased until a maximum of ~ 100 A is reached (Snitzer 1964). 1If
the laser is Q-switched by means of a rotating mirror or an
electronic shutter, the linewidth is 20 - 30 A& and is nearly
independent of.pump energy (see §6). Secondly, like many solid
state lasers, the output is pulsating. High quality glass rods
having outputs with narrow angular divergence exhibit spikes random
in time and amplitude with a half width of ~ 1 usec and é ﬁeak
vpower of 2 - 5 kW. If cléd rods or fibres afe used, the output may
consist of periodic pulse trains whose amplitude follows the shape. -
of the pump pulse (limit cycle operation), or it may be steady
state with ringing at the leading edge (damped dscillations). In
the case of random spiking, the spe;trél output is a series of
sharp lines, whereas with the latter two types of pulsations, the
spectral output is smooth with broad maxima (Snitzer 1964).

These observations raise a number of important problems
to which we address ourselves in this thesis. In the first place,

what is the nature of the broadened line and what mechanisms, if



any, are there to transfer energy from one part of the line to
another? It is clear that the only way a line can have such a
great width is if different parts of it are due to sepérate groups
of ions, and in this sense the active medium is inhomogeneous.
Time resolution studies of the broad maxima of clad rods show thét
no two adjacent maxima oscillate simultaneously and that each
contributes independently to produce the observed total output
(Snitzer 1964). Vanukov, Issayenko and Lubimov (1964) have
obtained some low resolution time—resolved spéctrograms of a laser
rod exhibiting random spiking which show that each succeeding
spike uses a different part of the spéctrqm. These results seem
to indicate that the energy from one part of the line is not
available to any other part. On the other hand, Michon (1966) and
Boyden and Clark (1966) have performed experiments which show that
energy is available from any part of the fluorescent line to
sugtain lasing in a 10 - 20 A band at the fluorescent'peak. VThey

interpret these results as indicating a very fast energy exchange

mechanism (cross relaxation) between ions with different emission

wavelengths. It is important that these conflicting results be
resolved, since a thorough underétanding of energy storage and
transport in the medium is essential to further development of the
Nd3* glass laser.

Secondly, there is the question of the source of the
spiked output and its relation to the population inversion and
pump rate. The rate equatibns (Statz-deMars equations) for a two
level laser have been studied by a number of authors (Makhov 1962,

Sinnett 1962, Korobkin and Uspenskii 1963) with the conclusion

\
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that unless additional terms (various sorts of non-linearities)
are inserted, limit.cycle behaviour cannot occur. In ruby, limit
cycle operation readily occurs when only a single longitudinal
mode is oscillating, and the random spiking has been shown to be
due to the selective spatial depletion of inversion which occursv
in a Fabry-Perot resonator cavity (Tang, Statz and deMars 1963).
The Nd3* glass laser is certain to be a more complex situation if
for no other reason than its very great bandwidth compared with
ruby. In the latter, only one mode oscillates at a time, but this
is certainly not true of Nd3* glass. Nevertheless, it appears
that mode interactions of some sort can influence the temporal

behaviour of the output.

1.2. Methods of Investigation

These two problems ére certainiy related,~§ipce the
pulsations are indicative of fluctuations iﬁ the population
inversion, which is in turn influenced by fhe line structure. We
have invesfigated them using three approaches. Firstly, we have
made a thorough réview and theoretical study of processes affect;'
the line shape. In §2, the spectroscopy of Nd3¥ is reviewed and
related to the properties of glasses in order to emphasize the
differences between glasses and cfystalline hosts. Group theory
is applied to the analysis of terﬁ‘splitting to show that the
fluorescence at 1.06 ym must be a composite of twelve unresolved
lines, although little can be said of the degree of splitting or
the intensity of these components. &3 discusses the various
sources of line broadening in the solid state. This exposition is

necessary because there has apparently been no previous attempt to



relate the work of Van Vleck (1948), Bloembergen, Shapiro, Pershan
and Artman (1959) and others on line broadening in magnetic
resonance experiments to the similar processes in the electronic
transitions of lasers. This has resulted in considerable
confusion in fhe literature, not only in the use of descriptive
names of various broadening effects, but also in the manner in
which they can be expected to affect the laser transitions. All
the major mathematical equations and derivations used in the
experimental sections have been grouped into §4.

Secondly, two sets of experiments have been carried out
to investigate the nature of the broadened line and the source of
the spiked output. 1In the first set of eiperiments (§6), the
spectra of the laser output was studied as it varied iﬁ time
(time-resolved spectroscopy) by coupling the output of a high
resolution spectrograph to a rotating mirror streak camera. Two
glgsses were investigated‘to get an estimate of the effect of
different glass hosts on‘the behaviour of the active ions, and
. observations were made Qith two cavity arrangements, both when the
léser was allowed to operate normally, and when it was Q-spoiled
by various methods. The two cavity resonators studied weré:the'
usual Fabry-Perot resonator and a three mirror ring resonator. In
the former arrangement, standing waves must exist for each cavity
mode, resdlting inm uneven depletion of active ions in the lasing
medium (spatial hole burning). Standing waves could also occur in
the ring laser through the interaction of the two waves travelling
in opposite directions having the same mode number. However,
there should be sufficient perturbation to ensure that the

frequencies of the modes are 'pulled" so as to prevent the form-



ation of standing waves with their accompanying uneven depletion.
By using different cavities and observing any changes in the
spiking behaviour, some estimate can be obtained of the influence
of the resonant cavity on the laser. Similarly, by Q-spoiling _
the laser using different methods, one can study the laser under
pulsed and shock-excited conditions. In the first method of Q-
spoiling, é glass plate with a thin gold film deposited on it was
inserted into the cavity. When a thin absorbing film is used as
a shutter, the first pulse destroys the film, opening it for the
rest of the pump pulse. Thus one is able to study the transient
behaviour of a laser, sinée it‘is suddenly switched on after an
appreciable inversion has built up in the active medium. A
similar action was obtained by modifying an electronic shutter
(Pockel's effect cell) so that it remained open after switching
for the duration of the pump pulse. By observing the bandwidth
and wavelength structure of individual pulses and comparing
adjacent spikes, it is also possible to investigate the nature of
the fluorescent line. This is especially true when Q-spoiling
with thin films, éince lasing may start at almost any part of the
central 20 - 30 A of the fluorescent line or, in some cases,
simultaneously over the entire band. Thus one is able to probe
different groups of the inversion population and observe the
effect on adjacent ones. An organic dye shutter was also studied,
and the output was found to consist of one or two Q-spoiled |
pulses with a spectrai width of less than 2 A. Apparently
special steps must be taken to observe the mode locking described

by Stetzer and DeMaria (1966).



In the second set of experiments (described in §7), the
laser was forced to oscillate in a very narrow bandwidth (< 5 K)
by using a diffraction grating as one of the reflectors in a
Fabry-Perot cavity. The slope efficiency of the laser as a

function of frequency, dE /dEin’ was then computed from measure-

out
ments of the output. Clearly, if there are fast energy transfer
mechanisms Between groupé of ions, or if all parts of the
fluoreécence share a common energy pool, then this measurement of
the energy conversion efficiency should not be strongly dependent
on the wavelength of oscillation. In éddition, by comparing the
spiking pattern when the laser is operating in a narrow band with
normal wide-band operation, the effgct of the number of
oscillating modes on spiking can be estimated.

The third approach to the study of Nd3* glass behaviour
was to examine the behaviour of the rate equations derived for a
model which is thought to be a reasonable approximation of the
real laser. In §8, the results of a computer simulation of the
coupled equations are presented. This method of investigating
the stability of the eqqations was used rather than.the analytic
approach of Sinnett (1962) because of the mathematical
difficulties involved. The results ére correlated with those of
Peressini and Linford (1968), who investigated the spectral
properties of a similar model for a steady-stéte condition (i.e.

no pulsations).

1.3. Conclusions
On the basis of previousistudies of glasses, the “F3/2
level is known to be split and it is shown that this implies that

the degeneracy of the *I level must also be completely removed.

11/2



This means that the observed fluoreﬁcence at 1.06 ym must be a
composite of the twelve possible lines due to transitions from the
two sublevels of the uF3/2 term to the six sublevels of the ‘*Ill/2
term. Each of these lines experiences inhomogeneous broadening
due to the many possible ionic environments in a glass host.
However, unlike a similar structure in a magnetic resonance
experiment where each line arises from a different population,

there is one source (the ”F3/ level) for all these lines, and one

2
cannot speak of energy transfer between the unresolved lines.

On the other hand, it is possible for cross relaxation
to occur, i.e., for ions which contribute_to different parts of a
given line to eXchange energy. Our measurements indicate that .
this process does take place, but that it is very slow compared to
other processes. A value for the width of the broadened sublevels
is obtained by relating the peak‘of the fluorescentiline to the
major transition of the unresolved lines.

The spiking behaviour ﬁas found to be little influenced
by any of the changes in the type of resonant cavity or the band-
width of the oscillations. Thus, if the source of the instability
arises from mode interactions, then it is not a strong function of
the number or type of cavity modes. The computer simulation of
the rate equations indicates that neither cross relaxation nor the
finite lifetime of the terminal level can account for the observed
"random spiking. However, certain giant pulsations observed in

some of the time-resolved experiments appear to be correctly

described by these equations.



§2. SPECTROSCOPY OF Nd3* IN GLASS

2.1. Introduction

There has been considerable interest in the spectroscopy
of the rare-earth elements since about 1940, when they were found
to be useful as sensitizers in phosphors, and later when their
suitability as active ions in quantum-mechanical up-converters
became apparent (Urbach, Perlman and Hemmendinger 1946, Brown,
Shand and Whiting 1965, Porter 1965). ~This interest, and the
discovery of lasing action in several rare-earth doped crystals,
has led to a growing number of papers on the spectral properties
of these ions in various crystal hosts (see, for example,
Kisliuk, Krupke and Gruber 1964, Carnall, Fields and Wybourne
1965, Brown, Whiting and Shand 1965, Brandewie and Telk 1967).

However, although it may reasonébly be expected that
many of the results of studies>6f the properties of ions in
crystals can be extended to glass, some care must be exercised.
Glass certainlyvhas an ordered structure on the scale of several
atomic distances, but in many other respects it behaves more as a
liquid than a solid. Thus, in the subsections that follow Qe
first rgview the spectroécopy of the rare earths as applied to
Nd3*, and then discuss some relevant properties of the vitreous
state. This is followed by a review of the observed properties of
Nd3* in glass. The spectral properties of an ion are determined
largely by the symmetry of the crystal fields surrounding the
ionic site and, in order to discﬁss these effects in §2.6, a back-
ground sketch of the necessary theory is given in §2.5. The

section concludes with a statement of the theoretical results. and
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a comparison of them with the expefimental observations.

2.2. Spectral Properties of Nd 3+

In the trivalent rare-earth ions, of which Nd3* is
typical, all energy levels below 50000 em~! are 4f" configurations
(with the eXception of Tb3*), and being well shielded by the
completed 5s and 5p shells, the effect of the external environment
on the position of the levels is minimal. Transitions between 4f
configurations are forbidden by the normal selection rules and
thus tend to ha&e small oscillator strengths even in a highly
perturbing environment. The ions follow Russell-Saunders coupling
to a great extent and the levels are named accordingly. Because ‘
of the shielding,.the main differences in ionic spectra for a
given ion in various hosts are in the degree aﬁd extent of split-
ting of the terms. The position of the level does not change
appreciably from host to host and the energy level assignment can
be made unambiguously. Thds,vfor Nd3*, the fesults of Dieke and.
Crosswhite (1963) and others can'bé'applied to the glass matrix tb
make assignments to the transitions observed in absorption and
fluorescence. Nothing cén be said, however, about fhe number of
sublevels or the magnitude of their separation without a knowledge

of the symmetry of the sites of the ion in a given host.

2.3. The Glass Matrix
A good definition of a glass is a super-cooled liquid
whose viscosity is greater than 10" poise (Mackenzie 1960a).

Thus, any short-range order such as the formation of complex ions,



11

or the cfeation of ligands around the ion, can be expected to be
"frozen'" in the liquid as it cools. However, most substances
which commonly form glassy states are distinguished by a high
viscosity even in the liquid state. Thus, at 1700° C fused silica
has a viscosity of 107 poise and at 2000° C, where it begins to
'sublime, the viscosity is still 104 poise (Méckenzie 1960b), com-
pared with water which has a viscosity of about 2 x 1072 poise at
its melting point. The addition of metal oxides such as Naéo,
Li,0 and PbO to form the binary and ternary compounds which
characterize our optical and window glasses drastically decreases
the viscosity of the melt, lowering it to about 102 poise for 20%
mole fraction of a metal oxide (Mackenzie 1960b). Such high
viscosities at melting point may frustrate the attainment of

| equilibrium conditions in a reasonable time and inhibit the form-
ation of co-ordinating complexes between the base oxide tsilica)
and the metal ions. On the other hand, once equilibrium has been
attained, the high viscosity will prevent new equilibria from being
established és the glass is cooled past its transition point.

It is generally agreed that the structure of fused
silica consists of a random network of SiOif tetraheara and it is
this network which accounts for its high viscosity. Despite the
randomness of the structure, the angle of the bonds formed between
neighbouring tetrahedra by thevshared oxygen atom, and the
distance between neighbouring silicon atoms are quite constant.

I1f the number of Si-0-Si bonds Versus angle or the number of
silicon atom pairs versus distance is plotted, the resulting
distributions about the mean value have a full width at half

maximum of only about 10% of the mean (Mozzi and Warren 1969). On
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the addition of metal oxides, the picture is not quite as clear.
There is a discontinuity in many of the properties of glasses in
the region of 12 - 20% mole fraction df metal oxidé and this has
been taken to mean a change in structure from the network model for
pure silica. In the range 12 - 66%, where the composition corres-
ponds to the orthosilicate, suggestions as to the structure vary
all the way.from conjectures about the production df infinite
sheets or chains to hypotheses proposing the formation of iarge
ring and globular anionic complexes, isolated from one another and
bonded by the metal ions Oﬂéckenzie 1960a énd 1960b). Structures
such as Sisofg and 818025 illustrated in Mackenzie (1960b) are of
interest because they have iarge enough dimensions to act as ‘
sequestering agents for a rare-earth ion and would provide a highly

stable and symmetrical ligand field.

2.4, Rare-Earth Ions in Silica-Based Glasses

A large number of transitions in rare-earth elements,
when in solution with suitable solvents and anions, tend to form
stable groupings called complexes. These complexes consist of the
metal ion surrounded by a well ordered arrangement of anions or
polar molecules whicﬁ either neutralise or distribute the cationic
charge over a greater area, hence reducing the interaction bet&een_
the cation and its surroundings, For example, such ions as Cu?t,
Cr3* AND Ni%* in aqueous solutions are surrounded by six water
molecules with the okygen atoms of each in octahedral symmetry

about the ion. If suitable cations are present, such as SOE', one

of these may substitute for two water molecules to neutralise the
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charge (in the case of divalent cations). In some cases of

organic solvents and anions the complex so formed is highly stable.
The co-ordinating anions are bonded together in a shell around the
cation and the complex may even be precipitated out of solution.
Such compounds are known as sequestering (hiding) agents. In fact,
most early attempts to produce a liquid laser involved sequestering
rare-earth ions (especially Nd3+) in a variety of organic sequest-
ering agents. Anions and molecules which are co-ordinated in this
manner with cations are known as ligands, and the number of atoms,
ions or molecules associated in a regular manner &ith the ion is
called the co-ordination number of the cation, The electrostatic
field formed by the ligands is known as the "ligand field" and it§-
symmetry reflects that of the surrounding ligands in a manﬁer
similar to the field of a crystal lattice surrounding an ion in a
regular solid; Indeed, since the cation field decays inversely aS
the fifth power of the distance (Bates 1962), next-nearest neigh-
bour symmetry effects are generally of little consequence, and ions
in a crystal lattice behave to first order as if they were in a
ligand field formed by nearest'neighbours only.

The work that has been done on transition elements
indicates that the complexes formed by them in solution and in
glasses are of very high symmetry. The most common co-ordinate
number is six, which can give a field of full cubic (octahedral)
symmetry. The ions appear at the centre of the cube and the six
co-ordinating sites of the ligands occupy the centres of the six
faces of the cube. Cubic symmetry can also arise if eight

co-ordinating sites are arranged at the corners of a cube. Four
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co-ordinating sites in crossed, opposing diagonal corners of a
cube have tetrahedral symmetry, which is the lowest commonly
encountered. Of course, it is possible for a number of reasons to
have distortion which could lower the symmetry still further. As
an example, should it happen that the ground state of the cation
would be degenerate in the full symmetry of the ligand field, the
cation field will distort the ligand sites in such a manner as to
remove this degeneracy, a consequence of the Jahn-Teller effect
(see, for instance, Landau and Lifshitz 1958). While we are not
aware of detailed work published on the co-ordination of rare-earth
ions in glasses, they should behave in a manner similar to the
transition metals. There is good evidence that some transition
metals form complexes with the SiOif tetrahedra which have octa-
hedral symmetry or some subgroup of it. Laser glassmakers‘are
evidently aware of this since they control the site symmetry to
some extent,} probably through the use of additives which affect
the fluidity of the melt and hence the time for compleies to reach
equilibrium. If the anionic structures discussed by Mackenzie
(1960b) exist in the binary silicate glasses, they could act as
sequestering agents for the Nd3* ion. However, there is no need
for such permanent structures and similar fields would be produced
by the oxygen atoms of silicon tetrahedra (whether freebor
partially bound in a network) as long as there is suffiéient

mobility in the melt for the ligand to form.

+ "Our glass composition was chosen to give the neodymium ions
low symmetry, high field sites, and consequent short fluor-
escence lifetime. As you have observed, this is contrary to
the philosophy employed by other laser glass manufacturers.'
(Eastman Kodak, private communication 1969)
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We should note that a general problém which occurs with
the inclusion of transition and rare-earth ions in glasses (and
even in solutions) is the control of the valence of the ion.
Fortunately, in the case of neodymium, the trivalent state is
always found unless rigorous steps are taken to suppress it. The
confusion of interpretation of results due to lack of knowledge of
the valence of the ion does not oécur and will not be discussed

further.

2.5. Aspects of Symmetry

Because of the intention to deduce some general
conclusions based on symmetry properties, the following brief
review is given to emphasize their nature. Most objects, whethef
man-made or otherwise, possess certain obvious properties of
symmetry. For example, one part may be the mirror image of
another, i.e., the object possésses a plane of symmetry. Or, the
object may look the same after being rotated through some fraction
of a circle about some axis. In this case it is said to be
akisymmetric and possesées rotational symmetry. In addition, if
there is an obvious centre through which an imaginary line may be
passed such that it always intersects identical positions on
opposite sides, the object is said to be centrosymmetric and to
possess a centre of inversion. The possible combinations of the
three operations of reflection, rotation and inversion éan be
classified by group theory, and the groups so formed are known as
point groups. Objects such as spheres, cylinders and cones are

symmetric under all rotations of their axes and belong to the



16

study of infinite rotation groups. Those which are brought into
coincidence by finite rotations are classed under finite groups.
If we also demand that these objects fit into a regular three-
dimensional lattice, where translations of the lattice bring the
objects into coincidence and rotations of the objects‘bring the
lattice into coincidence, we find that the rotations are restricted
to values of #27/n, where n = 2,3,4 or 6. There are only 48 point
groups compatible with these‘operations, In group theory,
operators (or generators) are associated with the three basic
operations, and these can be used to‘generate all the elements of
the group. For instance, the operation associated with the
symmetry of a flat equilateral triangle is a rotation about an axis
of 2m/3, and is called C3. The elements are [Cs, C% = Cy = C3},
Cg = E (the "identity" element)]. The importance of this is that
one can associate square matrices_with these symmetry operations
which, when multiplied together,obey the same transformation rules
as the symmetry operations themselves. In addition, there is a
fixed number of "different" sets of matrices (known as represent-
ations) which one can find to associate with a given finite group.
Any other possible matrix, vector;or number set which one can
devise can be shown to be linear combinations of these associations
(McWeeny 1963). The matrices can be chosen to be unitary‘and
orthogonal in the sense that if one forms vectors by extracting the
same element from every matrix in a representation, any two
different vectors, either from the same representation or from
other representations, give zero length when multiplied together.

In addition, no matter what unitary transform is applied to these

0
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matrices to chénge the particular representation, the'trace of the
matrix does not change and it can be used to identify the
fepresentation. Such representations are known as "'irreducible
representations of the group" and can be completely specified by
tables of their traces rather than tables of>the matrices them-
selves. The trace of a representation for a given element of a

group is known as the "character' and is denoted by the symbol .

‘The character of the identity element is always equal to the

dimension of the representation, since it is clear that the
identity must be a matrix with ones on the diagonal and zeros else-
where if it is to leave the other elements of the group unchanged
when multiplied by it. It is customary to denote one-dimensional
representations'(number sets) of a grbup by the letters A or B,
two-dimensional representationé (vectors) by E, three- by F or T,
four- by G, etc. In addition, many groups of higher symmetry
éontain groups of lower symmetry as subgroups, and it is always
possible to find a linear combinatidn of irreducible represent-
ations of the subgroups which reproduce fhe represéntations of
those elements in the higher group common to both groups. The
representation of the higher group is said to be "cérried" by those
of the lower group.

In the case of the infinite rotation groups, there is an
infinite but denumerable number of representations (Landau and
Lifshitz 1958), and they may be of infinite dimension. An infinite
group which we shall be discussing is the ''three-dimensional full
rotation group', which is the group of all possible rotations about'.

a point. Its generator is the infinitesimal rotation d¢.
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We now consider the relationship between symmetry and the
splitting of energy levels in an ion or atom. For free ions (or
atoms) the solution of the eigenvalue problem associated with the

Hamiltonian operator on the electron wave functions,

~ 2 '
iy = [’—%VZ + V(R)]w =Ey, - .. (2.5.1)

yields different values of the eﬁergy associated with the principle
quantum number n. There is not, however, a unique wave function
associated with each energy level since the angular momentum
commutes with the Hamiltonian, and its wave functions must therefore
be wave functions of the Hamiltonian. There are 2L + 1 independent
wave functions associated with any energy level, where L is the
angular momentum quantum number. The energy level is said to be
degenerate of order 2L + 1.

Let us look at it another way. Consider now an ion that
is surrounded by an electrostatic field produced by a crystal
lattice. We replace V(R) with V(X,Y,Z) in eqn. (2.5.1) and note
that the solutions to this new eigenvalue problem will not change
if the co-ordinate system is rotated in such a way tﬁat the field
is once again brought into coincidence. This is in effect a sym-
metry operation of the wave functions, and since this operation
does not change the energy eigenvalues it clearly commutes with the
Hamiltonian. Thus, the (possibly degenerate) wave function(s)
associated with the energy level form a representation of the
rotation group in question. The symmetry_operations merely trans-

form one linear combination of degenerate wave functions associated
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with an energy eigenvalue into another linear combination, each
combination being associated with a symmetry element. The number
of degenerate wave functions of an energy eigenvalue is equal to
the dimension of the irreducible representation, and the proper
representation may be found from a consideration of the symmetry of
the free ion.

As tﬁe crystal field is '"turned on'" about the free ion,
the free ion level splits into new levels and the energy eigen-
functions of the new levels are linear combinations of the energy
eigenfunctions of the oid lévels.’ Thﬁs, vhat is needed is a rule
for re—orderi;g the 2L + 1 degeneréte wave functions of an energy
eigenvalue of the free ion to form sets of wave functions which
transform like the operations of the symmetry group of the lattice.
Now the angular momentum operator is in fact an operator of the
full rotation group (since the centrosymmetric field of the ion
distinguishes no particﬁlar direction in space) and the wave
functions associated with an energy level form a 2L + l-dimensional
representation of the full rotation group. This gfoup has a

character

sin[(L + 1/2)¢]
sin[¢/2] ? o

x(9) (2.5.2)

(Landau and Lifshitz 1958). The finite rotation groups are sub-
groups of the full rotation group and any representétion of the
full group can be reproduced by a linear combination of the

irreducible representations of the finite group. The represent-

ations in the linear combination are the correct representations
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for the levels of the ion in the crystal lattice, and the total
number of these representations determines the degree of splitting.
The dimensions of the representations determine the degree of
degeneracy of the new levels. The rule for finding the linear
combination is to calculate the characters of the full rotation
group for angles corresponding to allowed rotations in the finite
group, and consult the character table of the irreducible
representations of the finite group in order to find a linear
combination whose characters add up to the characters of the full
rotation group;

When electron spinAis included, conservation of angular
momentum strictly applies only to the total angular momentum J of
the ion. It is this which commutes with the Hamiltonian and forms
a representation of the full rotation group. In Russell-Saunders
coupling, which is most applicﬁble to Nd3*, spin-orbit interaction
is small compared with spin-spin coupling, and the sum of the
orbital angular momentum L and the sum of the 3pins S are constants
of the motion to a first apfroximation. These are therefore used
as labels for the terms which in the free ion are degenerate of
order 2J + 1. Thus the angular ﬁomentum can take on half-integral
values and we note that when such is the case, the character of the
full rotation group given by eqn. (2.5.2) becomes minus the
character of the identity when ¢ = 27, rather than being equal to
it as it should. A further rotation of 2m restores the positive
identity. This is a direct resulf of the two-valued nature of the
electron wave function, due to spin, and must be taken into

consideration when comparing the characters of the full rotation
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group witﬁ tables of the finite groups. Bethe (Landau and Lifshitz
1958, Knox and Gold 1964) developed a convenient method of handling
this by introducing the concept of a ''double group'", in which a
fictitious operator Q was introduced, such that Q%Z = E. Such
double groups have other representations in addition fo those
corresponding to the normal groups, and,it is these which are used
to represent the double-valued terms;‘ Tables of the double groups
of interest to us are given in appendiX‘I, where representations
given below the dotted line are the ones to be used for the double-
valued representation. It is emphasiied that any results obtained
by these group theoretical approacﬁes are completely general; if
the configurations of the terms are known (and they are in no doubt
for Nd3*), then given a specific ligand field symmetry, the degree
of removal of degeneracy can be determined exéctly. The calcula-
tion of the difference in energy between the split terms and its
sign is, however, an extremely difficult task which depends on a
detailed knowledge of the wavekfunctions of the term and the

strength of the ligand field.

2.6. Discussion of Observations as Compared with Theory
The spectral lines of Nd3* ions in a glass matrix vary
considerably from one glass to another, and also from the spectrum
of the ion in crystalline hosts (Lengyel 1966, Young 1969). The
latter tend to have narrow lines both in absorption and emission,
these being sharpest when the crystal is of high quality and when
the Nd3* ion fits the crystal lattice well. All the glasses,

‘however, exhibit broad, diffuse 1lines with poorlyvdefined split-
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ting. This is attributed to the large number of non-equivalent
sites, that is, to the variety of different possible ligand
configurations available in a glass matrix. Of course, there will
be only a certain few different point group symmetries represented,
but quite considerable variations in the field strength will exist
and hence the magnitude of theFSplitting varies from ion to ion.

In addition, next-nearest neighbours will play some part, especial-
ly in a solid where thermai'motion cannot cause the background -
field to fluctuate about a mean of spherical symmetry as in a
liquid. The lines are therefore inhoﬁogeneously broadened and the
resulting lineshape can be thought of as the superpositioﬁ of the
individual lines of all the ions, each of these having a finite
linewidth due to homogeneous.broadening.

Thus, the assessment of the behaviour of the ions in the
glass matrix is extremely difficult and one must be careful about
making generalizations from glaSs to glass, where not only do the
lineshapes vary, but the fluorescent lifetimes also range over an
order of magnitude. Fig. 2.6.1 is an energy level diagram of
experimentally observed splittings of the relevant levels, based
on Snitzer and Young (1968). In glass, Nd3* has a number of strong,
broad absorption lines in the visible and near infrared,_strbng |
because many are allowed traﬁsitions, and broad because of high
multiplicities and the splitting of both the ground and excited
states in the glass matrix. All these states decay by radiation-
less transitions in a rapid cascade process to the 4F3/2 state.
It is metastable because there are no allowed transitions to lower

levels and because it is separated by 6000 cm™1 from the next lower



23

Fig. 2.6.1
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Energy level diagram of Nd3%, indicating the experimentally
Tesolved sublgvels, after Snitzer and Young (1968).

level, too much for the energy to be eaSily yielded to the crystal
lattice in a non-radiative transition. In glass, for concentra-
tions of around 2 - 3% atomic weight (below which co-operative:
energy transport phenomena do not occur), this excited state then
decays predominantly to the 4111/2 level, but also the ground staté
(“19/2) and to the 4113/2 level. Careful measurements by DeShazer
and Komai (1965) account for all the absorbed energy, and indicate
that only 40% of the absorbed photons are emitted in fluorescence.
This is relatively independent of the absorbing band, and varies
only slightly from glass to glass, indicating either that the
metastable level does have some non-radiative by-pass processes,

or that there is always a certain fixed fraction of ions in the
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matrix which never fluoresce. It is probable that the latter is
closer to the truth (Edwards 1966). The fluorescent ratios found
by DeShazer and Komai are 0.24, 0.60 and 0.16 for decay to the
419/2, “111/2 and L+113/2 levels, respectively. Measurements by
others of different glasses confirm these observatioﬁs.

The glass associated with the energy level diagram shown
in fig. 2.6.1 was chosen by Snitzer and Young (1968) because‘its
narrow lines facilitated resolution of any possible structure. It
appears to be representative of other glasses. The splitting of
the “Fa/z level is observed in absorption and is well resolved at
77° K. This line has been found to be split in all glasses. The
number of sublevels in the ground state was obtained by fluor-
escence at 0.88 uym and 77° K. ‘It is known to vary from glass to
glass. The splitting of the “111/2 line is uneertain, but it has
at 1eastvtwo sublevels. |

Before turning to the discussion-on the results of
application of symmetry theory, a remark should be made about the
maximum number of sublevels possible. The degeneracy of a term is
2J + 1, but a theorem due to Kramer (Landau and Lifshitz 1958)
states that in the case of half-integral values of tﬁe angular
momentum quanfum number, the degeneracy cannot be compietely lifted
in the presence of purely electrostatic fields. All the,levels
must remain at least doubly degenerate. This is why nearly all the
special double groups previously considered are even dimensioned,
and in the case of two which happen to be type A, a representation
must be taken using these in pairs which are not split. (It is

interesting to speculate on the effect of the strong magnetic
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fields often associated with glass lasers due to the close
proximity of the flash lamps.)

Fig. 2.6.2 illustrates energy level diagrams obtained
from group theory for various symmetries of the ligand field.
Figs. 2.6.2(a) and 2.6.2(b) show the splittings due to a ligand
field possessing full cubic (octahedral) symmetry and two of its
subgroups D, (tetragonal) and D3 (trigonal) to which such a field
can be reduced by distortion, indiéating how the lines are further
splif when passing from octahedral to a lower symmetry. Figs.
2.6.2(c) and 2.6.2(d) are similar jillustrations for the tetra-
hedral group of cubic éymmetry. In the figures, the positions and
the magnitudes of the sublevels have been arbitrarily chosen for
the cubic symmetries, except that Ei must be the ground state
because of the Jahn-Teller effect. The positions of the sublevels
of the lower symmetries follow from the choice for the cubic
groups. The conclusion that in glass the degeneracy of all the
levels of interest must be cdmpletély removed (as much as is
allowed by Kramer's theorem) follows from the eiperimental fact
that the 4F3/2 level is always found to be a well re;olved doublet,
and from the theoretical result that all symmetries which remove
vthis degeneracy also remove it in the other levels. The
importance of this conclusion will be brought out in later
sections. Unfortunately, because all symmetries lower than the
cubic completely remove the degeneracy, one can say little more
using this approach about the actual ligand fields surrounding the

ion.
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Energy level diagram of the L’F3/2, 4111/2 and ‘*Ig o levels, showing
how the terms split as the symmetry is lowered by distortion,
from O (octahedral) to D, (tetragonal) and D3 (trigonal), and
from T (tetrahedral) to D, (orthorhombic) and C3 (trigonal).
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§3. LINEWIDTH

3.1. Introduction

There has been considerable confusion in the literature
over the use of the terms "homogeneous broadening', '"inhomogeneous
broadening'" and "cross relaxation''. This has sometimes led to a
misrepresentation of the properties of the observed linewidth of
Nd3* in glass and of the energy exchange between the radiation
field and the ions. The confusion has arisen in part because.the
terms were originally used to describe line broadening mechanisms
in magnetic resonance experiments. The broadening of the
electronic transitions of lasers has the same sources, but the
effects will differ ih importaht ways since the observables being
measured in the two cases are quite separate. It would appear
that this has not always been appreciated and that care has not
been taken to avoid confusing the sources of line broadening.
Because qf this, and because such processes are central to the
theme of this thesis, it has been thought desirable to review what
is known of the mechanisms that produce line broadening and
attempt to categorise them and their effects.

In the subsections which follow, the mechanisms which
produce homogeneous broadening in pa&amagnetic ions - interaction
between ions and the radiation field, ion-ion interactions, and
interactions between ions and the host material - are classified
and discussed. Then, in §3.5, a hypothetical experiment is used
to illustrate the source of inhomogeneous broadening and to show
how it differs from homogeneous brbadening. The final subsection

clarifies the relation between homogeneous broadening and energy



28

transfer mechanisms (cross relaxation) in an inhomogeneously

broadened 1line.

3.2. Interaction with the Radiation Field
In considering the interaction between ions and a
radiation field, the simplest system is one in which the ions are
spaced far enough -apart that radiation of a photon by one ion does
not affect the radiation of other ions. If some of the ions are
in an excited state, they will decay at random and emit radiation

of frequency
v = (Ei - Ef)/h = AE/h ,

where AE is the difference in tho energy of the initial and final
states. The emitted radiation is mot monochromatic but has a
measurable linewidth. This arises Because of the uncertainty in
the frequency measurement of any wave train of finite length and
is described mathematically by the Fourier transform of the
function representing the wave train. When radiation froﬁ all the
ions is considered, the linewidth is described by the Fourier
components of a quasi-continuous wave which is continually being
interrupted and started again, with a phase relation random to
that previous to the interruption. If T is the lifetime of the
excited state, related to the Einstein coefficient for spontaneous
emission A by t = 1/A, then the average rate of interruption is
just A. The shape of a liﬁe whose width is due to the above
process is the Lorentzian, which has a normalized intensity

distribution about vy given by
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Av 1
gv) =75 - (v - vg)Z + (av/2)Z SR ST

where \ Av = 1/nT.

See, for example, Vuylsteke (1960 §4.5). Any other process which
can interrupt the radiation (or absorption) of a photon by an ion
will also contribute to the linewidth; In a gas, an example of
this is collision broadening; In a solid containing paramagnetic
ions, the radiation can be interrupted by the sudden change in
local fields due to an alteration of the configuration of adjacent
ions (see §3f3). The total linewidth is just the sum of the line-

widths arising from any one of these sources of interruption, i.e.,

Avtot = Avy + Avgy + Avg + ... + Av_ .
In cases where the ion spacing is not small compared to
the wavelength of the emitted radiation, an additional effect
(Lamb shift) arises due to co-operation among neighbouring ions.
Its effect is to further broaden and shift the line so that it is

no longer Lorentzian (Fain and Khanin 1969 §33).

3.3. Interactions'between‘Elements of the Ion Systém
Interactions between the ions may also cause broadening
of the line by slightly shifting the eneigy levels of the ions
from the mean position. The profile of the resulting line does
not have the Lorentzian shape. 1In the case of paramagnetic ionms,
these effects are much greater than those contributing to the

Lorentzian line and completely obscure  it. The sources of this
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broadening were first considered in connection with relaxation
effects and line broadening observed in susceptibility and
magnetic resonance experiments with dilute solutions of para-
magnetic ions in crystals and liquids. It is discussed lucidly in
papers by Bloembergen, Purcell and Pound (1948) and Van Vleck
(1948). The effects of interest here are due to the interactioﬂ
between the electrons in the ions which are in partly filled
shells (in the case of Nd3*, the 4f electrons). The Hamiltonian

for these effects is

H=-y 23..8.+8, + g2u2 1 [r:3¢8.-8.
! i BRRCHULY

-— —5 > . = .‘A
Srij (rij Si)(rij sj] R e . (3.2)

where Jij is the exchange integral between two electrons i and j,
§i is the spin operator, g is the Landé factor, and Mg is the Bohr
magneton. %ij is the vector distance between the two electrons.
The summation is taken over all the electons not in closed shells
in phe crystal. This is the Hamiltonian of the internal or
coupling energy of the system. There is obviously a large number
of different ways that the electrons and spins can be distributed,
and thus the energy stored in the interactibn may vary over a
considerable range. |

The first term is due to the exchange interaction and
arises from the Pauli exclusion principle (Dicke and Wittke 1960
§17.4). The bringing together of ions in the same energy state
such that their electron wave functions overlap causes a splitting

of the (previously) single level. With a large number of ions
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sth as found in a solid, the level smears out into a band.

The second term is the dipole approximation to the spin-
spin interaction and was first investigated by Kronig and Bouwkamp
(1938) in order to explain relaxation in the magnetization of
paramagnetic ions. See also Casimir and Du Pré (1938) and Waller
(1932). Each electron finds itselfvih‘a local magnetic field
produced by the magnetic moments'of all other unpaired electrons
and thus has a different energy according to whether its spin is
parallel or anti-parallel to this field. the again, there is a
large number of possible states with slightly diffefent energies,
and a broadening of the line results.

Of course, one cannot separate the effects of the two
processes since, for instancé; interchange of two electrons will
change the local field acting on thé electron dipole. The picture
that arises is that the spin system (i.e., the ion system) as a
whole has a definite energy but, on the microscopic scale of a
single ion, the energy levels are seen to shift around at a rapid
rate due to interchange and local re-arrangement of the magnetic
energy in the dipole-dipole (spin-spin) interaction.

If an external magqetic field is applied, there is now a
preferred direction in space and the terms can be sorted out

according to their properties, obtaining
H=A+B+C+D+E+F, c oo . (3.3)

where,
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- 2,2 .- _ 2

A = Z [ 2J + gy s (1 3cos ¢ )] iz JZ s
j>i

- g - . 2

B= I [-9;5- (/4 ghfr . (1 - 3c0s24, 31 55,8, +8; 8.,
j>i

C = Z (-3/2) gZy2 r3 sing..cosd.. (S.. S. + ) exp(- 6 )
351 B "ij ij ij i+ jz 1z j+

D = z (-3/2) g2u2 rr? 51n¢ cos¢ (S. S. +S..S.) exp (+6..)
jSi B "ij i-"jz iz j- ij’ 2

- - 2,2 .73 o502 - '
E jgi (-3/4) g Mg rij,31n ¢ij Si+Sj+ exp( ZGij) s

= - 2,2 =3 (s 2 _ '
F Y (-3/4) g up Tj5 sin ¢ij Si-sj— exP(+261j)
S, = (Sixilsiy)’ the spin creation and annihilation operators,
and ¢ and 6 are angles in polar co-ordinates which are related to
the direction cosines uij’ Bij and y.. of Tij with respect to the

1]
X, y and z axes by

a = sind cos8, B = sin¢ sin®, - vy = cos¢,

(after Bloembergen et al. 1959). Term A can now be‘seen to
consist of the interaction of the z-components of the'angular
momentum and thus represents the energy of one electron due to the
local fieid formed by other neighbouring electrons. Term B is the‘
energy on interchénge of the spins of two electrons (or‘two
adjacent spin flips of opposite sign). Terms C and D are terms
where there is a net change of one spin, while terms E and F
correspond to a net change éf two spins. If higher approximations

had been used instead of the dipole interaction, there would also
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be terms included for three and more spin flips. Only the first
two terms commute with the Hamiltonian for the Zeeman energy and
thus only these terms conserve Zeeman energy. This can be under-
stood when one remembers that if the spin system is in isolation,
conservation of angular momentum is required of the system and
thus terms involving a net change of spin cannot contribute. Van
Vleck (1948) has shown that the broadening of the electron
magnetic resonance (EMR) line duevtb spin-spin interaction is
approximately Gaussian but, if exchange terms are appreciable, the
effect is to narrow the line at halfwidth at the expense of
producing broad wings on the shape‘i function.

That the spin system is indeed isolated from its
surroundings (in particular, from the host material) is illustra-
ted in relaxation experiments of the type described by'Casimir and
Du Pré (1938), Kronig and Bouwkamp (1938) and Purcell and Pound
(1951). The implications are discussed very thoroughly by Abragam
and .Proctor (1958) in an article on the interpretation of spin
temperature. In a magnetic field, the unpaired electron of a
paramagnetic ion loses its Kramer's degeneracy, and the ratio pf
the number of electrons in each Ievel follows the Boltzmann
distribution. The magnetic moments line up with the external
field and the magnetization will be a function of temperature

given approiimately by
Moo Mi2JH/3KT L, L. (3.4)

where ﬁe is the magnetic moment of the electron and k is
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Boltzmann's constant. In fact, when an experiment is performed to
measure the magnetization of a dilute paramagnetic salt, it is
usually found that considerable time is needed for the magnetiz-
ation to reach equilibrium after the application of the magnetic
field, sometimes of the order of minutes. This is the time needed
for the spin system to come into equilibrium with its surroundings
and indicates how well isolated it is. Suppose now that the spin
system has been allowed to come into equilibrium with its surround-
ings and that the magnetic field is suddenly lowered to a new
value. The magnetization does not change and thus according to
eqn. (3.4), the spin temperature must have dropped since the Zeeman
energy is now less. For constant ﬁ, the internal energy of a

system is given by the balance equation
du = dQ - M-dil ,

(see, for instance, Kittel 1958 §18) and since the spin system is
in isolation from its host (dQ = 0), the interaction energy M.afl
must have been taken up into the internal energy of the system,
"This has been brought about by a re-arrangement of the spins in
the system, the net spin-up : spin-down ratio being conserved. Of
course, if the field should pass through zero, one can no longer
speak of the spin (anguiar momentum) being conserved. Neverthe-
less, if the ﬁagnetic field is now increased again to its former
value the magnetization is found to be the same as before. The
entire Zeeman energy can be supplied or taken up by a Te-arrange-

ment of the spin system.
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The above discussion illustrates a number of poinfs;
firstly, it is apparent that there is a rapid interchange of
energy between the magnetic interaction (or Zeeman) energy and the
internal energy of the spin system, brought abouf by relaxation of
the spin configuration. The time constant for this relaxation is
of the order of 1072 sec or less and is known as the '"transverse
relaxation time". It is the reciprocal of the linewidth measured
in an EMR experiment due to interchange and spin-spin interactions.
If equilibrium is attained in the entire system on this time scale,
changes at any one atomin site must occur at least this fast.
Unless one examines the system on fime:scaleé typically of the
order of 10-12 sec no inhomogeneities.will.ﬁévfound. We will
return to this point later.

3.4. Interactions between the System and the Host Mate;ial

Secondly, in order for the spin system to come into
equilibrium with its surroundings, there must be interaction,
however weak, with the host material. Waller (1932) first invest-
igated this interaction and was able to show that energy could be
transferred by means of emission or absofption of phonons, or by
scattering of phonons. It is difficult to see how this can be
effective in hosts other than highly perfect crystals, and even
then it is relatively slow. This wns realized by Bloembergen,
Purcell and Pound (1948) who had been investigating relaxation
effects in liquids. They developed a theory Based on Brownian-
type motions which could be very effective in transferring energy

and angular momentum from the spin system to the host via the
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ligand field. This interaction can also be effective in dis-
ordered solids.

The time for the spin system to come into equilibrium
with the host material is known as the "longitudinal relaﬁation
time". In most solids, it is much longer than the transverse
relaxation time and therefore its contribution to the linewidth is
negligible (this may not be true in a liquid). Its main effect,
along with spin flips and intefchanges, is as an interrupting
mechanism on the interaction with the radiation field.

3.5. Inhomogeneous Broadening

Suppose that one is studying a dilute paramagnetic ion
in a crystalline host, and that there are two non-equivalent sites
in which ions may be situated. Alternate sites will differ at
least in tﬁe separation of sublevels.and, if of different symmetry,
may also have a different number of sublevels. One will then
observe two sets of lines; whethér in an EMR experiment or in an
experiment involving electronic transitions. -Not only this, but
any experiment which is done on one set of lines will have no
effect on the other set. For all practical purposes'there are two
different systems and each will exhibit line broadeniné in the
same manner as the systems discussed above. If we now consider
the ion to be in a liquid or in a highly disordered solid such as
a glass, there will be a very large number of different sites and
a very large number of distinct lines, all of them broadened by
the abovementioned processes and all overlapping to form one broad
line. But each group of ions (however small in‘number) with the

same site will still be a separate system. It will be possible to
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perform experiments on this system without disturbing the others.
The resonant line of such a system is called an '"inhomogeneously
Broadened line" and we choose to limit the use of the term to the
case described above, where one can diétinguish systems of non-
equivalent ions. The inhomogeneity is entirely on a microscopic
scale and is not to be confused with effects due, say, to inhomo—
geneous applied fields or to gradients in the concentration of
impurity ions in thé host. 1In particulér, it is not to be confused
with spatial inhomogeneities in the inversion‘populafién of an
excited ion in a laser material in a Fabry-Perot cavity. This
periodic variation of the inversion population along the optic

axis is brought about by the standing waves of the induced radia-
tion field. We shall refer to such effects as "spatial hole burn-
ing" and to any possible diffusion of enéfgy from regions of
higher inversion density to regions of lower inversion density as
"'spatial cross relaxation". This distinction will be'amplified in
§9.2, In addition, some of the confusién in the literature has
arisen from the use of the term "inhomogeneous broadeniﬁg" to des-
cribe the linewidth arising from the exchangg and spin-spin inter-
actions. In fact, for times that are short compared ;o the trans-
verse relaxation rate, the ions appear to be "frozgn" in a giveh |
configuration and behave as if the linewidth were inhomogeneously
broadened in the sense that we use the term. But these times are
very short and may be of the order of the oscillation period of the
radiation field, in which case there is no possiblé experiment that
can show up this inhomogeneity. If the relaxation time were of

the order of 1072 sec, it would presumably be possible to perform

an experiment which would measure only the Lorentzian linewidth.
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We shall refer to the combined effect of the Lorentzian linewidth
and the eXchange and spin-spin interactions as the homogeneous
linewidth and justify the use later.

It should be clear from what has been said that there is
considerable difference in the behaviour between lines that are
broadened homogeneously and those broadened inhomogeneously.
Consider, for instance, an absorption experiment on an inhomogen-
eously broadened species. An intense monochromatic source of
radiation is allowed to impinge on a sample, and at.the same time
the absorption as a function of wévelength is measured by using a
weak probe beam at right angles to the intense source. The absorp-
tion curve will then be observed to have a notch in it at the wave-
length of the intense beam. This is due to the fact that the
absorbing transition has beenlsatUrated; there are fewer ions in
the ground state at that wavelength to contribute to absorption of
the probe beam. Such an effect is known as 'hole-burning'". In
the case of a species which_is'homogeneously broadened only,‘the
sole effect oBserved would be an overall degreaée in the entire
absorption curve of the material when the intense source is on, as
compared to when the source is turned off. This is because any
one ion can absorb the monochromatic iadiation a certain fraction
of time (or, what is equivalent, can absorb sometimes). Thus, the
absorption peak is decreased by the fraction of ions which are in
the excited state and unable to absorb the probe beam. On the
contrary, an inhomogeneously broadened species always has some
jons which can never absorb at the intense monochromatic wave-
length. It is this fundamental difference which prompts us to

choose the definition of inhomogeneous broadening given above. It
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is now clear that in order to justify using the term 'inhomogen-
eous broadening" to describe exchange and spin-spin effects, one
must be performing the equivalent of the above experiment, but in
a time which is short compared with the transverse relaxation time.
It is also clear that if the radiation pulses necessary to perform
the experiment are so short that their Fourier transforms give
linewidths comparable to the linebreadth being measured, then such

an experiment has no meaning.

3.6. Cross Relaxation

In fact, it would be difficult to find a substance on
which our simﬁle experiment could be successfully performed. It
was recognized that separate spin systems do come into equilibrium
with one another, and that this time is usually much shorter than
the longitudinal relaxation time but longer than the transverse
relaxation time (Abragam énd Proctor 1958). However, until the
fundamental paper of Bloembergen et al. (1959), the mechanism of
the energy transfer between the different spin systems remained
obscure. In a magnetic resonance experiment inVolving ions in two
dissimilar sites, if therevis not too great a difference in their
Zeeman energies, then the spin-spin and exchange energy is common
to both systems. Bloembergen et al. were able to show that under
such conditions Zeeman energy could be transferred from one ion type
to another, with the energy balance being maintained by a re-
arrangement of the spin system. The terms in eqn. (3.3) which are
involved are those labelled C, D and E, F. Spin is not conserved,
but the angular momentum can be coupied to the host through the

ligand fields and angular momentum of the solid as a whole is con-
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served. It is clear from the discussion in §3.3 that the spin
system has an adequate energy reservoir to supply the energy
increment (or decrement). The strength (and hence the rate) of
this "cross-felaxation” effect is proportional to the overlap of
fhe shape functions of the two lines. The inhomogeneously broad-
ened line was also discussed by Bloembergen et al., who general--
ized the above to the case of an infinite number of closely spaced
homogeneously broadened lines.

Qur interest, however, is in electronic transitioﬁs in
zero magnetic field. Nevertheless, Nd3* is a paramagnetic ion and
exhibits spin-spin and interchange intera;tions between its
unpaired electrons and between any unpaired electrons in the
ligands surrounding them. Tﬁe only difference is that now there
is no preferred axis (for the spin system)‘andrthe interactions
cannot neatly be dissected mathematically into.components. One
cannot carry the étep from eqn. (3.2) to eqn. (3.3). Now,
exchange of électronic excitation between the ions in two non-
equivalent sites takes place with the balance of the enefgy being
taken up by the spin systeﬁ: Indeed, it is this sort of pfocess
which can be postulated for the rapid cascade of excitation to the
metastable state discussed in §2.6. We have previously mentioned
that exchange processes had the effect of narrowing the line at
the expense of greatly enhancing the wings. This is just the sort
of thing that makes for good overlap’énd hence fast cross relax-
ation, and it is this which Bloembergen et al. consider to be
important. A more recent paper on such energy transport in rare
earth ions (Birgenau 1968) indicates that exchange and 'super-

exchange" (eXchange with the orbital parameters considered) effects
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have large matrix elements, at least for Nd3* in a crystal lattice.
These effects of course decrease quite rapidly with distance
between ions, but there is no dependence on symmetry or order and
so they can be ekpected to make comparéble contributions in a
'glass matrix. It is thus entirely bossible to have rapid crdss
relaxation in the inhomogeneously broadened line of Nd3* in glass,
but even an order of magnitude estimate of the rate is impossible,

and it must be determined experimentally.
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§4. LASER RATE EQUATIONS WITH INHOMOGENEOUS BROADENING

4.1. Introduction
All the major mathematical equations which are used in
the succeeding sections are grouped together here. Starting with
a realistic model of the behaviour of the Nd3* ion whicﬁ includes
inhomogeneous broadening and cross relaxation, the rate equations

for a three level approximation are derived. These are subsequent-

" 1y tested for stability in a computer.simulation described in §8.

A two level approximation is obtained from the three level equa-
tions by assuming the lifetime of the terminal level to be
infinitely short. Two relations which couple observables with
theory are then derived. The first is thg relation between the
internal and external photon density and the second is the relation
between the threshold for laser operation and the lineshape
function. The final subsection is devoted to a study of the steady-
state equations obtained from the two level approximation. From
these come expressions for the shape of the laser output as a
function of frequency for the limiting cases of infinife CTOSS
relaiation and no cross rélaxation. They are then compared with

the experimental results in §7.

4.2. Three Level Approximation
4.2.1. Model Adopted and Basis for Assumptions
The rate equations for the Nd3* glass laser are based on
the following model (see fig. 4.2.1):
1. The lifetime of the terminal level is 20 nsec.

This is smaller than the upper limit set by Michon (1966)

and agrees with a recent experiment (Dunstan 1970).
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Fig. 4.2.1
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Energy level diagram of model for three level approximation.

2. All transitions induced by the pump light can be lumped

3.

together to give an equivalent pump rate from the ground state

to the metastable state.

All pump,light at the wavelength of the 1 » 2 transition‘
is absorbed by the glass matrix, and the terminal level
(2), because it is 2000 cm'; above the ground state and
because of its short lifetime, can be expected to be
almost empty. Thus the only pumping from the terminal
level to the metastable level that is of any importance
is that due to absorption of the laser beam itself.

Since the cascade from the pump bands is extremely rapid
compared to the pump rate Wiy, it is equivalent to pump-
ing the metastable level directly.

The ions can be divided into two groups - those which always

decay to the ground state by non-radiative transitions, and
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those which always decay by radiative transitions.

DeShazer and Komai (1965) indicate that the quantum
efficiency of the L*F3/2 level is about 40%, and of this
energy 24% is emitted in the “Fg/z - ”Ig/z transition,
16% in the “F,/, > "I/, transition and 60% in the
“Fa/z > 4111/2 transition. The assumption that the
populations which fluoresce and those which decay non-
radiatively are independent is necessary to make the
problem tractable and is discussed by Edwards (1966) who

concludes that it is probably a reasonable assumption.
4. The levels are homogeneously broadened.
5. There is no splifting of the levels.

This is certainly not a correct assumption. Its effects

will be discussed in detail later.
6. A cross-relaxation rate, Wc, is assigned to the metastable
level. i
A list of the symbols used in the following subsections
is given below. Although functional relationships and subscripts
~ are listed in full below, these are only included in the equations
where necessary. Symbols which do not conform to the.list are

defined in the text.

SYMBOLS
Np number density of the ions in the active medium which
fluoresce
2' true length of the active medium
L' true length of the Fabry-Perot cavity
n index of refraction of host material relative to air, at

the lasing wavelength

1 ' .
L = nd equivalent free air optical length of the active

medium



ms

n
ms

nm

B
nm
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] |
=L + (qn - 1) equivalent free air optical length of

the cavity

cross-sectional area of the active medium

1
AL equivalent free air volume of the cavity

]
A % equivalent free air volume of the active medium

. .
Nm(v,t) total number of ions in state m per unit

wavenumber

1 .
= Nm(v,t) = Nm/V number density of ions in state m per

unit wavenumber

= nm(v,t) = Nm/No normalised number density, equal to

the fraction of ions per unit wavenumber in state m

= N_ (t) OI Nm(v;t)dv number density of ions in -

ms
state m

-

= nms(t) = Of nm(y,t)dv normalised number density of

ions in state m

[} : ’
=P (v,t) total number of photons per unit wavenumber

in the cavity

t 1
= ¢(v,t) =P /V photon density per unit wavenumber in
the cavity

= ¢(v,t) = Lo/aNy normalised photon density, equal to
the number of photons per ion in the cavity, per unit

wavenumber

¢4 (1) = of $(v,t)dv normalised photon density

Wp(t) pump rate, photons per second per ion

cross-relaxation rate between excited ions in the meta-
stable state and ions in the ground state, per second per

ion

'spontaneous decay rate from state n to state m

= c3Anm/81rhv3n3 Einstein coefficient for stimulated

emission from state n to state m
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k(v) absorption coefficient of an absorber, defined in the

equation

I(v,x) = Ig(w)-exp{-k(v)x}

a’(v) = -k(v)  gain coefficient when the medium is amplifying

oa(v) = k(v)/Nm absorption cross segtion per ion

o(v) = a‘(v)/Nm stimulated emission cross section per ion

B - a constant which is equal to the fraction of fluorescent
photons which contribute to the cavity photon density

a(v,t) photon loss rate from the cavity due to all processes

R mirror reflectivity

g =27 + 1 multipli;ity‘of ievel m

K =

c2Ng/L a constant

4.2.2. Relationship between Absorption Coefficient

and Stimulated Emission Cross Section

There are basically two ways to obtain the stimulated
emission cross section of a laser material - by absorption measure-
ments of the desired transition, or by gain measurements with a
known inversion. As will be seen, for four level lasers, they
yield different results and the cross section to which one is
referring must be specified ekactly. For Nd3* in glass, Mauer
(1964) made measurements of absorption by heating the glasses
sufficiently to populate the terminal level, and Edwards (1966)
obtained a value of the stimulated emission directly by measuring
beam gain in a carefully controlled ekperiment. Both methods refer

to the Fuchtbauer-Ladenberg formula
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© © hvgn :
of k(v)dv = -Of o (Wdv = — {anNm - BnmNn], (4.2.1)
where Nm = of Nm(v)dv.
Using the relations
_ _ 8rhv3n3
ganm = gman, Anm = -——'c—a-—' Bnm, . . (4.2.2)
one obtains
- g
[ xMWdv =«|N_ - =N, .... (4.2.3)
0 m o g, n
where
c2Anm g
K = > T e e e e .. (40200
8ﬂn2V0 €m

(See, for instance, Lengyel 1966.)
If an absorption measurement is made, there are véiy few

ions in the upper state, i.e., Nn << Nm’ and
loj k(v)dv = KNm = Nm of oa(v)dv = Nm ha Avn,
then

= —, N ()

where Ay is the full width at half maximum of the absorption line,
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and E;é'is the mean peak absorption cross section per ion.
On the other hand, if the cross section is determined by
gain measurements we have from eqns. (4.2.1) and (4.2.3)

bt g

Oy = kBN SN | L. 4.2.6)
0'r m

gy 1
In this case, the ‘terminal state is almost empty, i.e., N_ << N

m n’

A &n v bt _—
and f o (vV)dv ® k—N_ =N f o(v)dv = N_o_ Av_.
0 g, n n g n n n

Thus
0 =m——, . (4.2.7)

and 3;} the peak stimulated emission cross section per ion, is

related to the peak absorption cross section per ion by

ga

_— m — -
"n.'gc’na' SRIIE R (4.2.8)

3+ =
In the gase of Nd°*, gm/gn = 3.

4.2.3. The Cross Relaxation Term in the Rate Equations

Fig. 4.2.2 illustrates the two possible forms of cross
relaxation that could occur with our model. In the first case,
CToss reiaxation takes place between an ion in the excited state
(which decays then to the ground state) and an ion in the ground

state (fig. 4.2.2(a)). The second case, illustrated in
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fig. 4.2.2(b), involves the transfer of energy from an ion in the
excited state to an ion in the terminal state, the first ion decay-
ing to the terminal state. This latter process will not be
considered here because there are always so few ions in the
terminal state as to make such transfers highly improbable even

with cross relaxation rates the same size as the terminal level

decay rate.
Fig. 4.2.2
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—_ 172 —
\ 4 4
l9/2

(a) (b)
Energy level diagrams-of possible cross relaxation processes.

We assume that any ion in a given ligand field has a
preferred emission frequency v, and that the number density of ions
in the host material capable of emitting in a region dv about v is

Nog(v)dv,.where g(v) is the normalised lineshape function describ-
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ing the inhomogeneously broadened line. Each ion experiences homo-

geneous broadening and has a stimulated emission differential cross
|

section per ion, o(v,v ), centred on v with full width at half

maximum of Avn such that
* 1] ‘ ] —_ —
OI oc(v,v }Jdv =0 = o, Avn. e o .. (4.2.9)

Note that the integrated cross section per.ion and the peak cross
section per ion, etc., are assumed to be the same for any ion no
matter what its surroundings, and that the total shape function of
the fluorescent line is assumed to be due to_the number distribution
of the ions as a function of their emitting frequency.

We assume that any éxcited ion is able to transfer its
excitation energy to any ground state ion, with a cross section
Sep = x/rn, where x may be some function of the energy defect (but
which will be assumed to be a constant), r is the radial distance
between ions, and n > 6 (see Bates 1962, Birgeneau 1968). First
consider the influx of ions from the ground state to the excited
state which are capable of emitting in a frequency region dv about
v, This influx is due to the interaction of excited ions not
capable of emitting in this region with ground state ions which,
if excited, could emit in the region. The number density of

excited ions not capable of emitting in the region dv about v is

N3g - N3(v)

and the number density in the ground state which, if excited, could

emit in the region is
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N1(v) = Nog(v) - Na(v) - N3z(v).

The fraction of ground state ions which can interact in a region dr
at a distance r from an excited state is 4mr2dr[N;(v)], and the

probability density of interaction is

4mr2dr[Ny ()] o = 22

T rn)-<2 [Nog(v) - Na(v) - N3(v)]dr.

The probability of interaction of any ground state ion in the whole

volume is

4rxNog () - N2 () = Na()1 [ rﬁfz
= INog () - N2 (v) - Ng()] — 2%,
(n-3)R

where R is the nearest neighbour distance. There are [N3g - N3(v)]
ions per unit volume which can intéract, and thus the influx is

[N3s - N3(v)][Nog(v) - No(v) - N3(v)]W_,

- 4my
where W =3

© (a-3)R

is the cross relaxation rate per ion. Similarly, consider the
efflux of ions from the excited state to the ground state which are
capable of emitting in the region dv about v. This can only happen
if excited ions which emit in the region transfer energy to ground
state ions which, if excited, would emit outside the region. The

number of ground state ions which would emit outside the region is
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[N;s - N1()] = [{Ng - Npg - Nag} - {Nog(v) - Np(v) - N3(v)}],

and by similar considerations to the above, the efflux is

N3 () [Ngg = Ny ()W,

" The net flow rate is influx minus efflux, or

{st(v)

= = W_[N3s{Nog(v) - Np ()} = N3(v) (Ng - Npo)] = NF(v).

] Cross

Dividing through by Ng, one obtains the dimensionless cross relax-

ation rate

dns(v) 4 )
— =W [ngs{g®) - n2 (1} - n3(v) (A - ny4)]
Cross
- jdny (v) [
B T = FO)
CYrosSs

J

(4.2.10)

!

That this form is proper can be seen by noting that it fulfils
certain very general conditions required of the cross-relaxation
term. These are:

1. There can be no cross relaxation when fhere is no inversion or
when there is maximum inversion, i.e., F(v) = O when Ngg = 0 or
nyg = 1.

2. Cross relaxation does not change the total inversion but rather
eXchanges inversion with ions capable of emitting at different

frequencies, therefore

©

Of F(v)dv = 0.
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3. There should be no cross relaxation if the system is in equil-
ibrium and the distribution density of ions in all three states

is the same, i.e. if

n3(v) = kag(v), na(®) = kog(®),

nm (v) = kig(»), ky + ko + kg = 1.

4.2.4. The Stimulated Emission Te;m in the Rate Equations

Let AP'(v) be the number of photons in a region dv about
v which are produced by stimulated emission in a time At. During
this time? a photon travels a distance A% = cAt. There are on the
average N;(v')Azdv'/v' ions‘per unit area in the volume trave;sed
by a photon in time At that can emit in a region dv' about v', and
the differential probability dP that é photon of frequency v will
stimulate emission in one of these ioms i§ ‘ |

IR
1 NS(\’) '

dP = p(v')dv' = a(v,v ) —A%dvy
\ .

and the total probability for all frequencies is

©

: 1 ] 1
p -4t J oo N0 dv .
v

Thus P (v) = 20 g J o (v,v Ny v,
V .

8P (v) P (v)

or At

Oj c(v,v')N;(v')dv‘,

since A% = cAt. Thus
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! ] . ' ©
lim AP (v) _ {dP ()} _ P (v) ' .
t—)Oy At T [ dt Jstim = L 0,[ g(v,v )N3g(v )dv ,

and normalising
CAN,¢ (V) }
[dg(v)} C O e e . .21
t . L 0
stim

1
Now consider the loss of excited ions AN (v) in a region dv about v
due to stimulated emission. The differential probability that
. ! 1 !
P (v) photons in the region dv about v will stimulate one ion to

emit radiation is
vt t o ' '
dP = p(v )dv =P (v )a(v,v )dv ,
' Py ' '
or P = OI P (v Jo(v,v )dv ,

| 1 1 1 .
and there are Ns(v)Az/V = N3(v)cAt/V excited ions per unit area

in the volume traversed by a photon in time At. Thus

' ' '
. AN, (v) [dN (v)] N, (V) = , L
lim — 37 _ 3 _ 3
t>0 ~ At [ Jstim == " Of P (v do(v,v )dv ,
or
dn (\))] cIN ® . ' 1 ' [dn (\))]
3 0 2
= -ny(v) —— (v )o(v,v )dv = -
[ dt stim "at? L OI ¥ dt stim

(4.2.12)

To these terms are added expressions for the pump rate and the

fluorescent losses to obtain the following equations:
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cln3

i Wp[g - ny - ng] + Wc[n35(g - np) - n3(1 - ny.)]
n, © ' ' '
- K|n; - =z df ¢(v Jo(v,v )dv - A3ng, (4.2.13)

dn, n, © ' ' ' .
T K' n3 - — Of ¢ (v Jo(v,v )dv + Agpng - Apny,
(4.2.14)

*® ' 1 nz(V') '
g%—= K¢ OI o(v,v )[ns(v ) - —3 }dv + fn3 - ad.

(4.2.15)

Terms have been added to corréct for absorption of cavity photons
by the terminal level,'derived in a manner similar to the emission
term but with the cross section corrected for the multiplicities

of the two levels. A3 is the measured decay rate from level 3 and
contains contributions to all levels, while A3p is fhe decay rate
to level 2 only. The expression for the pump rate is simply the'
product of the pump rate per ion Wb and the number\density of ions

in the ground state which, if excited, would emit in a region dv

about v.

4.2.5. Two Level Approximation -
The two level approximation is obtained by assuming that

A, » » and hence ny, >~ 0. Thus, from eqns. (4.2.13) and 4.2.15),

one obtains

dn ' o : '
3 t 1 1
- = Wp[g - n3] + Wc[gnBS - n3] - Knj Of g(v,v )¢ (v )dv - Aznj,

(4.2.16)
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%%= K 6(v,v Ing( )dv + Bng - ap. (4.2.17)

These equations are formally identical to those obtained by

Peressini and Linford (1968).

4.2.6. Relationship between Internal and

External Photon Flux Density
On the average, half of the P'_photons in the cavity are
travelling in each direction. Thus, if one of the end mirrors
were suddenly removed, P'/Af photons per unit area would be seen

for 2L/c seconds, a flux of

‘ '
The cavity flux density, ¥ , is twice this because there are

photons travelling in both directions. Thus

If one of the mirrors is partially transmitting, with transmission

(1 - R), then the external flux density, ¥, is

cN, (1 - R)
w=_°(_12'_qus=——-°—ﬁ—-—— 6. ... (4.2.18)

If the only cavity loss is the mirror, then the cavity loss rate

is related to the reflectivity by
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_c(l -R
- S C e e e e . (4.2.19)

as can be seen by noting that each photon is incident upon the exit

mirror c¢/2L times per second. Thus

[
-4P- = P == (1 - R)At,

1
: © dP_ c(1-R) !
or T 5L P = -aP .
4.2.7. Threshold

We wish to relate the threshold condition to the line-
shape function, g(v). Referring to the integral equation from

~which eqn. (4.2.7) is derived, we note that for an inhomogeneously

broadened line

©o

d'(v) = N(v) of c(v,v')dv' = N(v)E;hvn.

At threshold, the gain per pass just equals the losses in the
cavity (assumed here to be due entirely to the output mirror) and
the number density of excited ions will be in equilibrium, i.e.
N(v) = ng(v) = Non:g(v). If_the pump}rate is less than the
threshold value, then the inversion population reaches an equil-
ibrium level such that the fluorescent loss rate is just equal to

the pump rate, i.e.,

_ o - o °°=___P.E_
Wpt(l ns) Aps, or n .
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Th ' —%-N bt G Av_ = Ngg(v)o_A __th___
ug a (V) = T = onsg(v)on v, = Nog(v)o Av, wbt Al
or g (v) =—£_i_R—[1 . WA] . e .. (4.2.20)
22N00nAvn pt
. 1
i.e., : gv) = W
rt

where Wpt i5 the pump rate at threshold. This equation is meaning--
ful only if the laser is osciliating at a single frequency at
threshold. If the laser can be forced to oscillate at a single
frequency and tuned over the fluorescent linewidth, then the line-

shape function g(v) can be obtained from the threshold as a

. function of frequency.

4.3. Equilibrium Equations

4.3.1. Introduction

We now consider the case where the pump rate, the
populations of the ionic energy levels and the photon density can
be assumed éonstant. These equations were first considered by
Peressini and Linford (1968), who used them in a discussion of the
spectral properties of inhomogeneously broadened lasers exhibiting
fast cross relaxation. The solution of these equations gives a
description of the steady ;tate spectral output of the laser, and
a qﬁestion arises concerning their validity in the description of
a spiking laser. The ions excited to the metastable state can
only decay by fluorescence or through stimulated emission and any
conservation equations which include both terms will be correct

when averaged over the duration of the pumping pulse. 1In a laser
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which is operating well above threshold, the stimulated emission

exceeds the fluorescence by several orders of magnitude and thus

the equations should also be approximately correct for the energy

output due to stimulated emission, even though spiking.is taking

place and causes gross changes in the rate of stimulated emission

over a short time scale. The accuracy of the description of the

spectral character of the output is a different problem. It should

be clear that if cross relaxation is the same order of magnitude as

the spike period, or is slow compared to the pump pulse duration,

then the equations will not correctly describe the spectral shape

of the output.

In what follows, we re-derive the basic equations

{(4.3.3), (4.3.4), (4.3.6), (4.3.7), (4.3.9)} of Peressini and

~

Linford with the exceptions that no assumption is made on the mag-

nitude of the cross
From eqns. (4.2.16)

ibrium equations:

dn _ _
3w=0° Wp(g
do

dt

relaxation, and fluorescent losses are included.

and (4.2.17) one obtains the following equil-

e

m + W (gng - ™) -'n{K J c¢dy' " AJ,
| (4.4.1)

=0 = ¢[K 0[ ondv - u] + Bn. (4.3.2)

We integrate over all v to get

wp(1 -n)) - An_ = K Of n(v) 0f o (v Yo(v,v )dv dv,

(o]

b | Of a(v)o(v)dv - 0

| (4.3.3)
IO S ERTONN| n(v Yo,y Ydv dv.

(4.3.4)
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The limits of integration may be interchanged, and equating (4.3.3)
and (4.3.4), one obtains the fundamental conservation equation

©o

oj a¢dv - 0] fndv = W (1 - n) - Ansf . . (4.3.5)
4,3.2. Single Frequency Operation

Our interest is in the caée where the laser is constrained
. to oscillate in only a few modes such that the oscillation line-
width Avg << Avn, the homogeneous linewidth. 1In the stgady state
case, the term containing g can be ignored since it is very small
compared to the total flux ¢g> and only has an appreciable effect
as a ﬁoise source at the onset of the osciilations in a given mode.
Thus, for ¢(v) = ¢56(v - va); (4.3.5) becomes | -

) Wp(l - ns) - AnS

¢s = a . Cee e (4.3.6)

In addition, for ¢(v) > 0, from (4.3.2)

©

' ' v
Of nv )o(v,v )dv = o/K,
[+e] . f ' ' . ’ .
or 0[ n(v Jo(v,,v Jdv = o/K. C e .. (4.3.7)
Solving eqn. (4.3.1) and using eqﬁ. (4.3.6) and the relation

S 40e I = eo v,

we obtain
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- yg (v)
n(v) = 13 eo (v,v )’

where ¢ = W + W + A,
P c

W_+Wn e_wp(l-ns)-AnS.Egﬁs_K
3 ’ - z o T

(4.3.8)

When the cross relaxation is infinite, the value of n_ can be found
by noting that the distribution of excited states is always in

equilibrium, i.e. n(v) = n:g(v). Applying this to eqn. (4.3.7),

2 — = [ o ,vdv =0 = o Ay,
g(\)a)Kns
ie. n o= e—2, e e e e ... (4.3.9)
Kg(v o B |

One can relate the total inversion, n, for a given cross relax-

ation to n:, by inserting eqn. (4.3.8) into eqn. (4.3.7). Thus,

o g(v,)o (v, ,v)

0 1 + eo(va,v) dv =

[¢]
Y E. e e e (4.3.10)

It will now be assumped that g(v) is a normalized Gaussian centred

about vg with full width at half maximum Avd,

\J--v\)()2
gv) = [4322]1/2-Aid exp{-4€n2[ o ] },

1 : - .
and that o(v,v ) is a Gaussian with peak ol and width Avn at half

maximum
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J.°° ' ' A T 1/2
0 o(v,v Jdv = Ay .
We set of = f since the functions are nearly zero except for a

-0

. . .
small region in the positive half of the plane. g(v) and o(v,v )

have the forms

2
g(v) = %exp[-%z— © - vo)z},

I

o(v,v|) Gn exp(-%g-(v - v')z},

2
Thus eqn. (4.3.10) becomes, on setting x?2 = %5-(v - va)z,

o 020w _ 12 2 . ,
1 - fee(x D e .o
- 2 - yeonK ?

1+ onee-x
r 4.3.11)

_8 LB o
where ‘ 0 = i a=x (vo va).

4.3.3. Case I: OL€ < 1

The requirement O, E < 1 cofresponds to the case of little
hole burning. This can be seen from eqn. (4.3.8) where the term
eo(v,v‘) perturbs n(v) from the equilibrium shape g(v). ‘Thé con-
dition is met at threshold, where Wp(l - ns) x Ans, or if the cross
relaxation rate Wp x5 x 104, or greater, based.on typicél values
of parameters for Nd3* in glass and a pump rate of 100 sec™l. With
this condition, the term in 6 in eqn. (4.3.11) is seen to be very
slowly varying compared to the termvinvolving o €. We expand the

term in 6 {eqn. (4.3.11)} about x = 0

A



-p2 - 2 -p2,52
o ® (x - a)° _ o702

. . - -X
and approximate the expansion to zero order since e

. —x2
-6252 e X
I=e / " dx,
1 + ¢de
where ' . $ = o €.
. %
Let x2 = -Zn'y. Then I becomes
62,2 1
I=e 6“a dy

[1 + 262ax + ..

Using eqn. 17, p.551 of Gradshteyn and Ryzhik (1965),

1 q-1
[ tn@/x)Pt X
0 ‘ 1 - an aqp

[p>0,q>0, |a] <1],

' . -82,2 2
one obtains : I=f1-feea 1—-—9-+¢—— ceels
2 V3
. _a2.2 g_€
or gg;k L e ALl | .
Y8, Y2

to first order in o € We note that

3

_p2,2 '
ge 0<a A _ cnd
—— T g(\)), g = B
YA

=L rp )

-1,

" VIR (A + dy)

2

k
a_

k=1 kP

(4.3.12)

+ 0 for x # 0.

3
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o n. o€ )
Thus —— = == |1 - 2=,
yKog(v ) Y 2
or n” = Wyt W w,a - vns) - Mng Ko,
S - _L—____. 1 - p .
¢ ¢ - V2
i} W+ chs L W (1 - ns) - AnS {ZKVLZ] / 1 '
' z T ul ©
g(va)nsAvn
=W+Wn l_wp(l—ns)-Ans]
C . oo
Cpns
' . \1/2
where = 5w g(va)Avn.
| (4.3.13)

The form of this expansion wi;l remain the same even if g(v) and
o(v,v') are not Gauésian in shape, although the expression for p .
will be dependent upon them.

This relationship is now used to provide a value for the
cavity flux density in terms of the fundamental constants of the
system. Using eqn. (4.3.6) to give ¢; in terms of n_, after some
manipulation, one obtains

ad_}2 od pn°°
S| __35 ® 4+ B -0 - Al =S =
[ z } [pns + Wc -k[wp(l ns) Ans] wc 0.

o
Now —E§-< 1072, so we linearize to get

st 1 )

© W W

¢ €14 —B :
pwcnS - e v .. (4.3.14)

where ¢, = )



where 6 =1+ ——-E;',
P g ‘
(4.3.15)
: lim ' _ 1T |
and o b= ——>. ... ... (4.3.16)

) {
Now, the slope efficiency dEout/dEin is proportional to ¢S, and
using eqn. (4.2.18) for the external flux density, and eqns.

(4.2.19) and (4.3.9), one obtains

dEout o ' '
=t = NoV{1 - n_} = NoV|1 - —2— . (4.3.17)
dE. s o ~ 7
in Kg (v)o :
Thus, for fast cross relaxation, the slope efficiency is independent
of the pump rate WP and is only weakly dependent on the oscillation

frequency over the central portion of the fluorescent linewidth.

(See §7.4.)

4.3.4. Case II: o e >1
This condition corresponds to deep hole burning into the
equilibrium distribution of the inversion density, and can be

expected to occur with moderate pumping rates and slow cross relax-

ation.

We write the integral of eqn. (4.3.11)

I = o/ - jw dx _ ® dx
yéo K 2 92(x - a)2 - DiD2

X
(cns + e e

2 20y - 212
and expand eX and ee x - a) about x = 0 to second order,
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eZaZ

200 N2 ., '
T - AT 1 BTaTr | e2,x 4 62(1 4 202a2)x2],

x2

¢ + e = [1+ ¢+ x%], where ¢ = g €-

Then the denominator is separated into two fractiomns

where . f = -202a, g ='62(1 + 202a2), k=1 + ¢.
The sclutions to the equations are
a-= £%3 b=t ;gn’ c = -§3 d = 23
where n=1- gk, é = f k + n2. : .

The following integrals can be obtained from any standard table:

f—— T a2,
-0 ax“ + 2bx + ¢ éc»— b2
® xdx b m

= - ,  [ac > b2].

—o  ax? a
axc + 2bx + ¢ éc Y

Thus

Pege @@l L feon, -2 gy, 1 n
e U et TS

to second order in both terms. Since 6 << 1, a =1,
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n = 1 -062(1 + 202a2)(1 + ¢)
* 1 -02(1 + ¢) + terms of order 4 and higher in a and 6.
£ =46%%(1 + ¢) + [1 - 02(1 + 26%a2) (1 + ¢)]2

= [1 - 02(1 + ¢)]2 = n2 + terms of order 6 and higher.

02,2 :
Thus I =1 6%a { 1 [1 1 3 {} - 1 1
o s 1- 021+ o)
L,.2 .
20"a ] . 1 1 }

[1 - e2(1 + ¢)]2J VI +¢1-062(1+¢)

a2.2
Te 0%a l 1

1 - 0201 + ¢) (/T + ¢4

+

e

- e] to second order in 6,

_n2,2 .
'neea a/r -

) L +6/1+ ¢)/ 1+ ¢ YecnK i

§2a2 n.
1 : oe s
l.€e. = = .
L +6/1T+¢)/T + ¢ J?}ecnk Yy
Let m = n://F , k=1+¢.
Thus 1/m2 = (1 + 82k + 20vk)k.

We wish a solution of k in terms of 6 and m. If the cross relax-
atiqn rate is assumed to be zero,bthen Y = wp/(wp + A) = 10-2
[eqn. (4.3.8)], and ¢ ~ 10, m = 1/2. If the fluorescent linewidth
is assumed to be 150 A andvthe homogeneous linewidth iO K, then

8 = 1/16. Re-arranging terms in the above equation

2 ' 2
L oas o] = 1 s 202k + b2 - 202 8K ey
km?2 k2mt* ' km2
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5)
or (km?2 - 1)2 + (1 - k62)2K?m* = K2m* [1 + ZQE] .
m

Let f(k)

2
(km?2 - 1)2 + (1 - k62)2k2m"* - k2m* 11 + 39_}

n

1 - 2km? + k2m2 (m2 - 262) - 2k3m"e2 + k'mte" = 0

be the solution. Since k > 1 and 8 < m < 1, a first approximation
is k = 1/m?2. A better approximation (to second order) can be

obtained by the Newton-Raphson method, using

£ (ko)

£ (ko)

k1=ko+

£0) _ 1 - 2kn? + K2n2(m2 - 262) - 2k3n*62 + K'm*o"

1] R
f (k) -2m2 + 2km? (@2 - 262) - 6kZm"62 + 4k3m“o"
Lo 2m2 2 _ 2
and ky = 1,1 }e 46“m< _ 1 56 14m
m2  2m? 26% - 562m2 2m? 2062 - 5m?
Yy 2 :
= L4 1+ 3.9 to second order in 6.
2 70 2
m m
2 2. 0,2
ie., 1+oe=28m7 1y, 30000 0 (4.3.18)
n 252 70 o,
S 3

or using eqn. (4.3.8),

v . 2
1+ on¢sK _ldm {W + wc(zp :¢s)]
+
P p J

| 2
{1 . 51.[_2}2[w . ety - a¢s)1 }
70 wJ P W_+ A J. :
n p
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od
This is multiplied out and separated into powers of —E§-< 10-2 to

second order, to yield

and linearizing, one obtains

2 ( 2 2
0  1lim _ wp A g ‘Wp 14+ 31| 8 __j&L__ -1
¢g = W >0 ¢s Ko WA 70| = W+ A >

®y2
n (ns) ! (n, P
0
' 2)
ond dos b0 o1 flaw || A
aw s KXo © 2 W+ A
n ((ny) P )
3 [ )2 W 4A1[ W, 2\
1+ 35 1=l i ZAJ TR J - wp . (4.3.19)

nj Lp U'p

The first term in eqn. (4.3.19) is large compared with Wp and to
© !

second order in n_, ¢g « 1/(ns)2. Using eqns. (4.2.18), (4.2.19)

~and (4.3.9)

oy _ NoVa g 4y 1.4nNoVKo,

. ) nfewav ) . (4.3.20)
dE, Ko @y o BB "
in n (ns)
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Thus, when the cross relaxation rate is slow, the slope efficiency
is proportional to the square of the lineshape function g(v).

(See §7.4.)
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§5. EXPERIMENTAL ARRANGEMENT

5.1. Introduction

This section describes the major pieces of equipment used
in the experiments, their calibration‘and, in\some cases, their
design and construction. §5.2 is concerned with the design of the
laser pumping head, while §5.3 deals with the energy Storage bank
and power supply used to drive the flashlamps; §5.4 describes the
design and construction of thé 5 m spectrograph, while §5.5 details
the calibration and use of the energy and peak power monitors. The
construction of the optical bench is briefly outlined in §5.6 and

some details of the streak camera are discussed in §5.7.

5.2. Laser Head
5;2.1. Choice of Léser Rods
As the percentage of Nd,O3 in the glass is increased above

1% by weight, there ié a.corresponding reduction in the measured
fluorescent lifetime due to concentration quenching. Thus, a trade--
off betweén ion dénsity (which determinés gain, energy storage
density, and pump light absorption efficiency) and fluorescent life-
time is required. Commercially évailable material ranges between

% and 5%, and a choice of 3% seems a reasonable compromise. Rods
were chosen doped with 3% by weight 6f Nd,03 in a silicate-based
glass 6 1/2 in. long by 1/4 in. diameter with ends polished flat

and paraliel and anti-reflection coated. High energy output is not
necessary in a study of the spectrographic properties of the Nd3+
ion and ekperience has shown that rods of this size can give a Q-

spoiled pulse of several tenths of a joule. The rod length is such
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as to give satisfactory gain with a 75% reflectivity output mirror,
and the cross section is sufficient fo keep energy densities below
the level where internal damage is a ﬁroblem when Q—spoiling is
attempted. The anti-refleétion coatings are necessary to avoid
complications of yet anothef resonant cavity and possible self -
oscillation. They are gradually damaged by Q-spoiling, but are
preferable to the alternative of Brewster angle énds because then
a resonant cavity with offset mirrors is required, and this‘is
difficulf to align. Kodak ND-11 glass was chosen for the original
rods, but when experimental results appeared to be at variance with
some of the published data uéing other glasées, a Schott LG-56
~glass rod was purchased for comparison. A summary of the rélevant
properties, as provided by the manufaCturers,.is given below in

table 5.1.

5.2.2. Pumplight Cavity and Flashlamps

Ideally, one wishes to obtain uniform ihversionvthrough;
out the entire lasér rod. Uniformity can be approached by using
helical or coaxial flashlamps surrounded by a diffuse reflectqr and
by choosing the laser rod dimensions and doping so that it is |
optically thin at the‘pﬁmping waﬁelengths, thus avoiding gross
radial inhomogeneities. There is another important reaéoﬁ for
avoiding uneven pumping; the low thermal conductivity of glass can
cause temperature gradiénts and severe thermal distortion if the
pump energy distribution is uneven, resulting in rupture of the rod
or, at least, undesirable optiéal distortion (thermal lens form-

ation). Unfortunately, no source could be found to supply helical
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Table 5.1. Optical and Phyéical Properties of Two Laser Glasses

Type

Basic Glass
Doping
Emission
Wavelength

Fluorescent
Linewidth

Fluorescent
Time Constant

Refractive
Index ny

Density

'Young's
Modulus

Coefficient
of Expansion

ND-11
Silicate

3% by weight
of Nd203

1.06 + 0.01 um

0.03 um
360 usec
1.592

3.09 g/cm3

10.65 x 106 psi

11.3 x 10-8/°C
(25°C - 200°C)

650 psec

LG-56
Silicate

3% by weight
of Nd203
1.06 ym

Not supplied

1.5199
2.69 g/cm3.

8.79 x 10% psi

10.9 x 10-%/°C
(20°C - 300°C)

flashlamps at the time and the more readily available 1inear‘flash—

lamps were used. Those purchased have an arc length of 6 in., a

fused quartz envelope 1 mm thick by 9 mm O0.D., and a maximum energy

input rating of 2000 J.

A reflector was constructed by filling the space between

two glass tubes with reagent grade powdered MgO which has a high

 diffuse reflectivity throughout the near ultra-violet, visible and

near infra-red spectral regions. The first version of the pumping

cavity consisted of a single flashlamp and the laser rod (protected
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from solarization by a 1 mm thick soda glass sleeve) mounted sym-
metrically inside the MgO reflector and aligned by end plugs of
asbestos fibre board, the entire assembly being slipped into an
aluminium tube for support. Fig. 5.2.1 is a photograph of the
assembly. This arrangement was later replaced by that shown in the
photograph of fig. 5.2.2 when it ﬁas found that one flashlamp was
not satisfactory because of saturation. Due to space limitations,
a similar coaxial reflector could not be used and it was replaced
by a single piece of glass tubing, coated on the outside with a
heavy slurry of MgO and water glass. Thié reflector was not as
satisfactory as the former sincé the flashlamp caused discoloration
of the coating. In addition, it was found»neéessary to cool the

'second assembly with forced air.

5.2.3. Flashlamp Triggering Circuit

There are two common ways of firing the flashlamp. The
first is to inject an additioﬁal‘voltage pulse in series with fhe
capacitor bank'voitage sufficienﬁ to exceed the breakdown potential
of the lamp (usually about 8 kV). The second is to initiate break-
down in the lamp by applying‘a short, high voltage pulse to a plate
or wire in close contact with the flashlamp envelope.‘ The latter
method was adopted because of its greater simplicity. To prevent
the radiation of the high-voltagevpulse from interfering with
measuring equipment, the entire pulse circuitry (except its power
supply) was enclosed along with the laser pump cavityAin a care-
fully shielded box. Both ends of the flashlamp were earthed by

coupling them with small by-pass capacitors to the box. All cables
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Big. 5.2.1

Photograph of the single flashlamp pumping cavity.

Fig. 5.2.2

Photograph of the double flashlamp pumping cavity.
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to the laser head were coaxial, and the chargiﬁg network was

floated above earth. The degreebof success of these steps can be
judged from oscillograms which show no pickup from the high voltage
. pulse and less than 20 mV inductive pickup from the flashlamp dis-
éharge current, even when the external circuitry contained some
unavoidable ground loops. Fig., 5.2.3 is a schematic diagram of the-

circuit.

5.3. -Flashlamp Energy Storage Bank and Power Supply
5.3.1. Design of the Energy_Sfdrage Bank

" The design of a power supply and energy storage unit
turns out to be rather senéitive to the type of flashlamp and the
range of energies over which it must operate. It is also dependent
upon the type of laser mateiial which is being pumped. This is
illustrated in the following discussion.

The circuit is assumed to be_a classical LCR network,
where the inductance is used tb limit the current and the flashlamp
impedance is the resistive element. »This impedance is a function
of the current (Perlman 1967), but for the flashlamps used is
relatively constant at about 0.6 Q once the arc channel has fully
expanded. Sinceblaser energy storage’capacitors are not designed
to withstand ringing and their life is severely shortened if it is
allowed tb occur, only critically damped or over-damped discharges
can be allowed. This limits the size of inductor that can be used
with a given flashlamp-capacitor combination. In addition, the
flashlamp will not work reliablf if the applied voltage is less

than 1.5 kV. Since the threshold for lasing is of the order of
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Fig. 5.2.3
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200 J when the rod and flashlamp are coupled as described above, a
capacitance of 200 pF is chosen so that this energy is stored in
the bank at the minimum flashlamp voltage. If ringing is to be
prevented the inductance for this circuit must be < 180 pH. This
will produce a pulse whose width at 1/3 of the peak is 360 usec.
However, according to the manufacturers'data,ra pulse of this width
will cause immediate eXplosive failure of the flashlamp if the
energy exceeds 2500 J. For a lifetime of 1000 shots, recommended
maximum operation energy is 40% of the explosioﬁ energy, or 1000 J,
which is less than the maximum energy desired. An additional
factor which must also be considered is the need for the pump
energy to be delivered in a time short compared with the fluoresent
lifefime-of the active ion;inlordér to obtain high inversion. For
the laser glasses used here, this time is 360 and 650 ﬁsec (table
5.1). Thus, there are a number of conflicting design criteria and
a compromise solution must be 6btained._ One solution is to
distribute the total capécityvamong several capacitors and to
construct a lumped constant delay line to give a square pulse.
This has fwo advantages. 'Firstly,‘fof a given.energy input and
time interval, a square pulse will have the lowest possible peak
current and will thus cause less wall loading of the flashlamp.
(This is offset somewhat by the possibility of lamp failure due to
plasma shockwaves if the current risetime is too fast.) Secondly,
the pulse shape lends itself to eésy calculation of inversion
population. |

The final design conﬁisted of a five section delay line

approximating a trapezoidal pulse with risetime equal to 8% of the
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pulsewidth, based on a network in Pettit (1959). Assuming a flash-
lamp resistance of 0.6 2 the calculated pulse width is 264 usec.

Fig. 5.3.1 is an oscillogram of the curreﬁt waveform.

Fig. 5.3.1
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Using the single flashlamp iaser cavity described above,
and with 100% and 75% reflectivity mirrors, laser threshold was
80 J and the slope efficiency 0.6%. The largest output obfained
was 3.5 J, and saturation was found to be severe at 3 J output.
These performance figures are significantly poorer than estimates
by one manufacturer (Kodak) that their laser rods are capable of
delivering 3 J/cm3, or about 14 J for the rod size used. This
should be compared with 130 J if thé entire ion population could
be inverted, based on the known quantum efficiency (DeShazer and
Komai 1965) and the ion density in the glass host. The saturation
effect was thought to arise from nonlinearity in'the flashlamp due
to opacity of the plasma to its own emission at the longer wave-

lengths (see Emmett, Schawlow and Weinberg 1964). Measurements

v
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were made of the light in the pumping cavity as a function of wave-
length and input energy for the five main pumping bands of Nd3* and
the results are indicated in fig. 5.3.2. The photodiode used in
the measurements was checked for'liﬁearity in the range of outputs
measured but was not calibrated for sensitivity as a fﬁnction of |
-wavelength, although the published sensitivity curve indicates a
variation factor of less than 1.5 over the wavelength region
covered. The graphs show that-nonlinearity qf three of the pumping
bands is quite severe for energies greater than 400 J. |
Because of the desire to make quantitative measurements
of laser output versus inversién,:it was necessary to modify the
pumping arrangement in order to improve the linearity. This was
accomplished by using two fléshlamps in series as described earlier.‘
The pulse-forming network was fédesigned to drive an impedance of
1.2 Q, resulting in a.calculated‘pulsewidth of 527 usec. It can be
seen from fig. 5.3.3 that there is considerable improvement in the
linearity, élthough the waveform of the current pulse driving the
flashlamps is not as flat as that obtained with the single flash-
lamp (fig. 5.3.4). Because, the coupling between the iaser rod and
the flashlamps in the new pump cavity was not as efficient as in
the old arrangehent, the perfofmance was degraded considerably, the
new threshold being 140 J and the slope efficiéncy 0.42%. Despite
the improvement in the flashlamp output linearity, there was not an
accompanying improvement in the performance of the laser and the
maximum energy that could be obtained was 3.6 J. Later measure-
ments and the sharp cutoff of the energy output tend to indicate

that the saturation was due entirely to the laser material itself.
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Fig. 5.3.2
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Fig. 5.3.3
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Fig. 5.3.4
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5.3.2. Power Supply

There were two reasons for designing and constructing the
power supply rather than purchasing one: firstly, one of the
experiments required that the output should be as reproducible as
possible from shot to shot, necessitating careful control of the
capacitor bank voltage; secondly, for the reaséns previously dis-
cussed, it was desirable to float the capacitor bank above earth.
Neither of these features is readily available in commercial
designs. ’

Our solution to the problem is to use a constant current
- power supply and compare the charging voltage with an adjustable
reference. When the charging voltage and the reference become
equal the power supply is turned off and the capacitor baﬁk
isolated from it. Two purposes are served by using a constant

current power supply, the first being that the capacitors are

charged in the minimum time, and the second that the error in the
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charging voltage is independent of bank voltage. Because relays
must be used to shut down the power supply and isolate the
capacitor bank, and they take a finite time to operate, the voltage
on the capacitors will differ from the reference value. This
difference can be an appreciable fraction of the capacitor bank
voltage for small bank voltages, and if a high charging current is
used. However, if the current is constant, then the voltage
difference between the referenhce value and the capacitor bank
voltage will also be a constant and any error due to‘jitter in the
closing time of the relays will be independent of the capacitor
bank voltage. The calibration curve of capacitor bank voltage
versus reference voltage will be linear and the only effect of the
finite operating time of the relays will be to shift the zero point.
The principle of the constant current source used here is
due to Steinmetz as reported by Chandler (1949), and can be under-
stood by referring to fig. 5.3.5, which is a series circuit
resonant at mains frequency. R represents resistive and core

losses in the inductor, and Z is the load. The magnitudes of the

Fig. 5.3.5

Simplified circuit of the constant current power supply.
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inductive current I; and the load current I, are givén by

E(X2 + 22)1/2

I = ’
nl [R2X2 + (X2 + Rz)2]1/2

I 1 EX
[R2X2 + (X2 + RZ )2]V/2°

‘and in the limit of no losses in the inductance,

lim E(X2 + z2)1/2

R>0 IIll = X2 s

o |ng| = Ex

where X = 2nfL = 1/27fC at résonance. To a good approximatibn, the
current through Z is a function of X and E only if R << X and

RZ << X2. If computations are made for such a circuit to provide
100 mA charging current to a voltage of 5 kV, the physical size of
the inductor turns out to be completely unrealistic. This is over-
come by designing a circuit driven by mains voltage to provide a
cohstant current to a low impedance, éndrusing a transformer to
match the required high impedance. A special high-voltage trans-
former is used, rated at 5 kV and 100 mA, but designed to give low
leakage inductance by using interleaved windings in a manner
similar to a high quality audio transformer. Full wave rectific-
ation is used to avoid any direct currents in the windings. ' The
primary reactor must be designed to have a low resistance winding
and should have an air gap to avoid saturation.

The switching of heavy inductive currents is always a
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problem; in this case a special heavy duty mercury-wetted relay
was used, with make-before-break single pole double throw contacts
shorting to a quenching resistor. For safety reasons and for cir-
cuit protection, the switching logic is quite complicated. A logic
| diagram is given in fig. 5.3.6. The fast switching relay RYl has
normally closed contacts and RY7 acts as a delayed switch to
prevent the high ?oltage from-being energised when fhe.power is
first turned on. Safety from accidental charging of the capacitors
is assured by RY2 which is normally open and isolates the capacitor
bank from the high voltage power supply. In addition, RY3 is nor-
mally closed, short circuiting the capacitors. These relays can
only be energised if the proper charging sequehce is initiated.  If
the green light is on, then the capacitor bank is shorted and iso-
lated from the power supply. Pressing the charge button turns out
the green light, releaseé the éhort, connects the power supply and
turns it on. When the preset voltage has been reached, the red
light is turned on, the p§§er supply turned off and the charged
capacitor bank isolated from it. Pressing the discharge button
shorts the capacitor bank and turns on the green safety light.
The‘stability of the power supply charging voltage is
largely a function of the stability of the reference véltage, since
the resistqr chain from which the voltage is sampled consists of
pyrolytic carbon film resistors designed to have high stability and
a low coefficient of resistive change as a function of voltagé.
The change in resistance with temperature partially offsets the-
change in the reference voltage with temperature. The fractional

change in voltage AV/V of the capécitor bank voltage as a function
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of temperature is calculated to be -5 x 10~%/°C, and the voltage

stability with respect to mains variation dv_ ./dv, , 1.2 x 1073,

t

Fig. 5.3.7 is a schematic diagram of the power supply.

5.3.3. Calibration of the Power Supply

Because the capacitor gradually discharges through the
finite input impedance of the voltége measuring device, a dynamic
method of measurement must be soﬁght, A suitable arrangement is to.
use a Tektronix type P6105 high voltage probe feeding into a
Tektronix type Z plug-in unit. The\pr&be is a resistive divider
with a 100 M2 input resistof, giving a discharge time constant of
2 x 10% sec. All resistances in the probe and the plug-in input -
- were measured with an ESI model 42 Kelvin-Varley bridge with |
resistance standard accurate fo within * 0.005% on all ranges. The
type Z plug-in unit is é comparator providing a precise back-off
voltage whiéh may be.subtracted from an ﬁnknown input voltage. Its
comparison voltage is accuréte to withinri.lso mV on the 10 V range
and its potentiometer is linear to + 0.05%. The éccuracy.of the |
unit was checked against‘a‘standard cell before its use in calib-
rating the power §upp1y. The calibfétion of the power supply has
been found to be resettablé to £ 5 V even after two years between

checks.

5.4, Five Metre Spectrograph
5.4.1. Introduction
The fluorescent line of Nd3* in glass is about 300 A wide

centred at 1.06 pym. However, the linewidth of the laser oscillator
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is usually about 30 A and is never greater than 180 & even with
extremely hard pumping unless the laser is mode locked (see
DeMaria, Stetser and Gienn 1967, for instance). The mode spacing
‘ of a Fabry-Perot resonator is given by AX = A2/2L, where L is the
cavity length and A is the wavelength. Thus, for a cavity length
of 50 cm, the mode spacing is only 0.0l R and cannot be resolve&
even with a good grating spectrograph. However, in one set of
experiments thin-film absorbers were inserted into the cavity to
Q-spoil the laser. These films are deposited on 1 mm thick glass
microscope slides, which have a mode’separation AN = 3.75 R if they
behave as a Fabry-Perot or a tilted-plate etalon (Snitzer 1966),
and the desire to observe this structure determined the minimum
resolution of the spectrograph. If any greater resolution were
found to be necessary, it would have to be obtained using a Fabry-
Perot etalon in conjunction with the §pe¢trograph.

There was no spectrograph or spectrometer available that
could easily be converted to operate as é high resolution spectro-
graph in the near infra-red, and one had to be constructed. It
should be stated that original design‘considerations were dictated
by the wish to use an image coﬂyerter camera with an infra-red
~ sensitive photocathode to observe the variation of the spectrum
with time and, although the camera was never used, the choice
tufned out to be fortuitous. The image converter considered had a
~ limiting resolution of 20 line pairs/mm and hence the Spectrograph
should have a linear dispersionbgreater than 20 &/mm in order to
resolve any possible structure from the thin film plates. In add-

ition, .to investigate the time resolved structure of a Q-spoiled
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pulse, the image converter camera needed a trigger pulse 50 nsec in
advance of the pulse. This would require some sort of an optical
delay line, and when preliminary calculations were made on the

~ focal length required to give the desired linear dispersion, it
became clear that the folded light path in a 5 m spectrograph would
give sufficient delay (67 nsec). The focal length calculations '
were based on a 600 line/mm grating,‘blazed at 1 ym, which was tﬁe
only reasonable choice amoﬁg those available from our sources. A
plane grating 102 mm x 102 mm was used, which gives an instrument

speed of f/44.

5.4.2. Spectrograph Design and Construction

Any realistic design of an instrument this size will use
folded reflecting optics, limiting the choice between the Ebert and
the Czerny-Turner arrangements. The latter was chosen because its
two mirrors allowed moré freedom of layout and becaﬁse the diameter
of the single mirror of the Ebert must be as large as the sum of
the two used in the Czerny-Turner configuration. The size of the
input mirror mustAbe'sufficient to illuminate the whole of the
grating with light from the entrance slit, i.e., it must be at
least the size of the grating. Similarly, the exit mirror must be
large enough to contain thevdiffracted images of the grating at the
two extremes of wavelength to be imaged in the exit focal plane.

The linear dispersion is given by |
da/ds = a cos 8/mf, . . . . .. (5.4.1)

where 6 is the angle of incidence, m is the order, a is the spacing
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of the grating lines, and f is the focal length of the spectrograph.
Thus, for a range of 200 R in first order, the image displacement
- at the exit mirror will be A% = 60 mm. The entrance mirror must
_ therefére contain a square 102 mm x 102 mm, and the exit mirror a
‘rectangle 102 mm x 162 -mm. Using these figures, the final diam-
eters chosen were 160 mm and 200 mm for the entrance and exit
lmirrors, respectively. They were manﬁfactured and coated in the
optical workshops at Mt. Stromlo Observatory. Gold was selected as
the coating because its reflectivity at 1 um is significantly
better than aluﬁinium - 0.982, a$ compared with 0.939 (Hass 1955).
The focal length of the two mirrors was matched to within 1 mm, 7
although the exact value of the foéalslength was not controlled to
better than 1 or 2 cm. Surfaée finish and coating quality left
- something to be desired if the instrument was to be used in the -
visible and if low scatter and maximum resolution were important,
but the optics were perfectly adequate for the near infra-red.

Once the focal iength hés been chosen, there are yet
several variables such as the positions of the grating, entrance
slits and focal plane which can be manipulated to reduce aberrations
(the most serious of which is coma) as discussed in papers by
Allemand (1968) and Chandler (1968). For speeds less than f/30,.
however, the advantage is negligible and these variables were there-
fore chosen to provide a convenient.physical laybﬁt. The centre-to-
centre distance between the mirrors was kept as small as possible
(240 mm) and the grating axis was set in the same pléne as the
entrance slits and thé image plane, 120 mm away from the entrance

slits. Fig. 5.6.2 is a plan of the laboratory layout. The theor-
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etical resolving power is given by
R = A/AA = mN

where N is the total number of lines on the gfating and AX is the
resolution. Thus, in first or&er, R =6.12 x 10* and AX = 0.173 R.
The dispersion, given in eqn. (5.4.1), is 3.18 X/mm in firs; order
and 1.59 A/mm in second order.

| Because of the short duration of the phenomena to be

analysed, vibration in the spectrograph is not a problem, and all
the heavy construction and isolation usually associated with a
spectrograph of this size can be eliminated. In fact, because of
the limited space available, it was decided to run the axis of the
spectrograph across the diagonal of the laboratory with free access
in the centre, and the entire room was made lighf tight as in a
camera obscura. The mirrdrs,are mounted in thé standard four point
arrangement employed in all large spectrographs and the grating is
set on three points for ease df alignment. Fig. 5.4.1 is a photo-

graph of the arrangement.

5.4.3. Energy Collection and Image Brightness

There are still thé questions of whether the numerical
aperture of the instrument is‘great enough to provide sufficient.
energy at the focal plane of the insfrument and of how the source
is to be imaged on the slits. We discuss the second pfoblem first.
For maximum resolution, the energy passing through the entrance
slit should fill the width of the first mirror (thus using the

entire grating). However, the beam divergence of even a poor qual-
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Pig. 5.4.%

Photograph illustrating the arrangement of the grating mount and
the slits,
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ity laser rod will be much less than the angle subtended by the
first mirror at the entrance slits and, in addition, some method
should be devised to sample light from every part of the laser rod
in éase filamenting occurs. This can be done by focusing the laser
beam on tp‘the slits with a 5 m focal length lens. Because there
-was not enough room physically for this to be done, a shorter focal
length lens (1.33 m) was used. Even this arrangement was found to
berﬁnnecessary'as the laser rods used did not oscillate in fila-
ments to any great ektenﬁ, and no difference in the spectrograms
could be seen whether the lens was used or not. Since the lens
caused some damage to the mirrors and slits, its use was discontinj
ued. Further consideration indicates that if the slits are set to
a width of 90 um, the first maximum of the diffraction pattern will
just fill the area of the first mirror, and the maximum resolution
of the system will be attained with this condition. There is no
point in making the slits any smaller and the resolution is
instrument limited to A\ = 0.29 R.v’

A worst case estimate may be made of the energy density
incident upon the focal plane of the spectrograph, under the follow-
ing aséumptions: the laser is assumed to emit a Q-spoiled pulse of
0.04 J (about half that expected)‘with the energy evenly distributed
across its exit aperture and uniformly dispersed in a 206 R band;
further, the radiation is not focused on to the slits which are set
to a width of 100 ﬁm. If there is no loss from the mirrors or
grating, then the energy density at the focal plane éhould be 1.7 x
10~%* J/cm? in first order. This exposure should be just adequate

for Kodak type I-Z spectrographic plate, the only photographic
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material available which is'sensitive at 1 ym. On the basis of
data supplied by Kodak, an exposure of 6.3 x 10-7 J/cm? is required
to produce a density of 0.6 above gross fog.‘ However, there will
be serious reciprocity failure due to the short duration of the
laser pulse, and the above exposure will have to be increased by a
-factor of 10 to 100 to produce the same plate density. An estimate
of the image converter sensitivity was much more favourable and
indicated that an exposure of 3 x 10710 J/cm? should be detected.
Recent indications are that this value is too small by several
orders of magnitude and thus the sensitivity of the image converter

should be comparable with the plates.

5.4.4, Calibration of the Spectrdgraph

By far the most vexing problem was calibration of wave-
length. An exhaustive search of all spectral sources for strong,
distinct lines of any waveleﬁgth that would fall withih 20 R of
1.06 ym in first or secén&_order indicated that only argon had
lineé that might be suitable, and none pf these could be classified
as strong. The spectrogiaph coﬁld éasily be set visually to its
approximate wavelength using the resonant line of Tﬁallium at
5350.46 A in second order (equivalent to 10700.92 K), But I-Z plates
are not sensitive to this wavelength. Thallium also has one suit-
able strong U.V. line at 3529.43 RY(10588.29 K, third order), which
was later uséd as a fiducial mark with the streak camera. However,
for most of the work, a strong argoﬁ source Qas used. The principle
lines used are listed in appéndix II. Fig. 5.4.2 is a photograph of

the final version of the numerous lémps tried. It has a water-
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cooled capillary discharge about 20 cm long and an air-cooled
stainless steel hollow cathode joined by a glass-to-metal seal.
Fill pressure is 1 Torr and the lamp is run at 350 mA, dissipating
about 160 W. The end of the lamp is placed adjacent to the slits
of the spectrograph, the capillary along the optic axis so that the
spectrograph ''sees'" a deep, dense plasma. Good calibration lines
are obtained on I-Z plates with the slits set at 100 pym and an

exposure time of about 3 min.

Fig. 5.4.2

Photograph of the water-cooled argon spectral lamp.
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5.5. Detectors
Two types of quantitative detectors in addition to photo-
graphic plates were used in the experiments. Energy was detected

with a ballistic thermopile and power with a PIN photodiode.

5.5.1. Ballistic Thermopile

| The thermopile used was a TRG model 100. It is a calori-
metric device in which the beam energy is measured by observing the
subsequent temperature rise of a small thermal mass in which the
energy is totally absorbed. Two identical niékel-plated silver
cones are arranged so that ten seriés-conngcted iron-constantan
thermocouples have their hot junctions connected to one cone (the
receiver) and cold junctions'conneéted to the other (the referencé),
tﬁe energy being totally absorbed in the receiving cone by multiple
internal reflection. The instrument has been factory calibrated
Vwith standards traceable to NBSVand has a sensitivity of 163 uwV/J,
accurate to + 5%. The thermal time constant is 80 sec. A perm-
anent record of the energy is obtained by detecting the thermopile
voltage with a Keithley model 150A Microvolt/Ammeter connected to
a Philips PR 2210A/00 chart recorder. The recorder is calibrated
to 0.5, 1.0 and 2.0 J fﬁll scale by means of the circuit shown in
fig. 5.5.1. All of the resistances in this circuit are adjusted to

+ 0.2% with the Kelvin-Varley bridge.

5.5.2. PIN Photodiode
The peak powef was monitored with a Hewlett-Packard type

HPA4205 silicon planar PIN photodiode. It has a quantum efficiency
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Fig. 5.5.1
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Schematic diagram of the circuit used to calibrate the chart
recorder to read energy directly in joules.

of 75% at 7700 K, a rise time of‘less than 1 nsec, and a sensitive
area of 5 x 10™% cm?2. The equivalent circuit of the photodiode is
shown in fig. 5.5.2, and the electronic connections in fig. 5.5.3.
By using a 50 Q te?mination, the 4 nsec rise time of the Tektronix
585 oscilloscope could be fully exploited. The maximum power dis-
sipation is claimed to be 50 mW but diodes were repeatedly subjected
to 100 nsec wide pulses of 500 mW and occasionally to pulses of 4 W
without any indication of damage. (One diode did fail after
repeated exposure to pulses in the range of 1 - 2 W.) Two experi-
mental arrangements for sampling the beam were tried, and are shown
.in fig. 5.5.4, The beam-splitters used are 2 in. diameter ﬁncoated
cellulose-based pellicules 8 uym thick, obtained from National Photo-
color Corp. In the first arrangement, the diode had a lucite lighf

pipe with a 3/8 in. diameter fine ground light collecting surface.
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Fig. 5.5.2

500

Equivalent circuit for the HPA4205 photodiode.

Fig. 5.5.3

2

Schematic diagram of the oscilloscope connections to the photo-
diode.
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Fig. 5.5.4
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Diagram of the arrangements used to sample the beam for the photo-
diode: (a) with light pipe, (b) with ground glass screens.



102

It was not satisfactory because of non-reproducible results when-
ever any Qf the optical components were moved, probably caused by
interference effects in the pellicules which were readily observ-
able with the He-Ne laser (see Hillenkamp 1969). To destroy these
coherénce effects, the second arrangement employed a naked diode
behind two ground glass screens in a manner described by Edwards
(1969). The Fresnel numbers for the two screens in the second
arrangement are 115 and 230.

The linearity of the diode for high power pulses was
checked with a Lumartron Electronics argon spark gap light source,
which provides a fast-rise,‘exponentially deca}ing light pulse with
a halfwidth of about 200 nsec. Two methods were used. = In the
first, calibration was provided over a 200:1 range By observing the
intensity of the light source as a function of distance. The spark
is nearly a point source and the intensity should follow the inverse
square law. In the second method, measurements were made at a fixed
distance with a sét of célibrated néﬁtral density filters. Correct-
ions were made for changes iﬁ the oscilloscope vertical deflection
scale range and the results for the two methods normalised to zero
density for purposes of compérisOn. A graph of these results is
“shown in fig. 5.5.5. There is some departure from liﬁearity for
the first set of results and this is attributed to measurements
being made too close to the source for the inverse square law to
hold. The maximum point on the curve corresponds to a peak diode
-dissipation of 4.6 W.

Two approaches to‘calibrating the diode for peak power

were tried. In the first, the calibration was obtained from
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Fig. 5.5.5
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Graph of photodiode output voltage versus density (circles) of the
neutral density filters, and equivalent density (triangles)
for the inverse square data, referenced to zero density.



104

measurements of normal lasing. One way was to integrate the.output
by placing a 0.2 uF capacitor across the 50 Q resistor to give a
time constant of 10 psec. Alternatively, the laser wasxrun at
threshold to give 3 or 4 spikes, which were all recorded using a
fast sweep 6n one oscilloscope and multiple exposures. Another
oscilloscope was used to count the number of pulses and verify that
all were included in the multiple exposufe. The areas under each
spike were then measured and added together. In either case the
results were then compared with the energy measured with the calori-‘
meter to give the calibration factor. |

The seéond approach to calibration of the photodiode was
to measure the energy of é single Q-spoiled pulse using the calori-
meter and compare this with the area under the intensity-time curve
obtained from the photodiode. The two approaches give calibration -
factors which differ by a factor of 10. No reaéon can be found foi
such disparate results unless it is assumed that the response éurve
of the photodiode'has a knee below the point where linearity checks
were made. In any case, the measurements made directly on the Q-
spoiled pulses give a calibration féctor of the expected magnitudev
and since linearity was Checked in the region of the power levels
used with Q-spoiling, the latter was adopted as'the’correct

calibration factor.

~ 5.6. Optical Bench
All the optical components excluding the spectrographv.
were mounted on a 3 m optical bench for stability and ease of

alignment. It was constructed using 1 m sections of PTI triangular
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rail mounted on steel girderé which were braced with angle iron.
The rails were carefully shimmed and aligned so that a crossﬂair
mounted on any part of the rails deviated from a true line By less
than 0.1 mm in both the horizontal and the vertical direction.
Later, another rail was added at right angles to the others in the
middle of the bench to provide;space for the ring laser (see §6).
A plan of the entire setup is sﬁown in fig. 5.6.1 and a photograph

is given in fig. 5.6.2.

5.7. Streak Camera

instead of the image converter camera, a rotating mirror
streak camera was used for timé resolved spectroscopy. Basically,
the camera consists of a staihless steel mirror rotated about a
horizontal axis by a speciélAhigh speéd air turbine, capable of
20000 rpm. By placing a slit 100 pm wide at right angles to the
spectrograph slit, a time reSoluﬁion of 0.3 usec is obtained when
the streak cameravis adjﬁsted to give a streak speed of 150 usec/in
on the photographic plate. Synchronization with the mirror
position is provided by a photodiode which picks up light passing
through an off-centre hole drilled through the turbine axis. 1In
the experiments to be described later, the pulse from.the photo-
diode was used to trigger the laser, thus ensuring that the event
fell into the acceptable time "window" of the camera., The elect-
rical connections and their operation are illustrated by table 5.2
~and fig. 5.7.1. Type I-Z plates were used in a modified Polaroid

roll film camera back.
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Fig. 5.6.1
G-GRATING S
M1. M2.M3,M4- SECTROGRAPH ,
MIRRORS
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Plan of the laboratory illustrating the arrangement of the optical

bench and the spectrograph.
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Table 5.2. Oscilloscope Control Settings

Type 564 Horizonfal Scale; 2 msec/cm.

Type 585, No. 1 | Mode: "A', single shot.

"A'" Sweep: External Trigger, Positive D.C.;
Horizontal Scale; 100 usec/cm.

"B" Sweep: External Trigger, Positive, D.C.
‘Sweep Width adjusted so that "B"
gate = 1 msec;

| “Horizontal Scale; 100 usec/cm.

Type 585, No. 2 | Mode: "A'" delayed by '"B'".

"A" Sweep: Internal Trigger, Positive, A.C.
Hdrizoﬁtal Scale; .50 nsec/cm.

npn Swecp:‘ External Trigger, Positive, D.C.

Horizontal Scale; 100 usec/cm.
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Fig. 5.7.1
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§6. TIME RESOLVED SPECTROSCOPY

6.1. Introduction

This section deals with experiments designed to invest-
igate how the wavelength of the laser emission varies with time.
By studying different glasses in two different cavity configur-
ations, both when the laser is operated normally and when it is Q-
~ spoiled, the importance of these various factors on the spiking
behaviour can be assessed. In addition, by observing the band-
| width and wavelength structure of adjacent spikes, it is possible
to investigate the nature of the fluorescent line. The special
procedufes used in the experimenfs and the scope of the investig-
ation are described in the first two subsections,. and the resﬁlts

are presented and discussed in the last two.

6.2. Infra-Red Plate Processing

One of the more troublesome aspects of the experiment was
the processing of the infra-red-sensitive plates. These plates
(type I-Z) are supplied by Eastman Kodak in minimﬁm quantities of
four boxes of 36. Their lifetime is estimated to be three months
if refrigerated, but we have found platesvto be usable for up to
18 months if kept under deep-freeze conditions and dessicated to
prevent condensation,

Before use, the plates must be hypersensitized. A modi-
fied procedure given by Pope and Kirby (1967) was followed and it
is described here briefly. The plates are sensitized in a dilute
solution of ammonia, neutralised in an acétic acid-alcohol solution,

dehydrated in 90% methyl alcohol, and dried in a cold air blast.
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All baths are kept at 5° C. Several failures indicated the import-
ance of keeping the plates cool at all times, so the following
method was adopted. A cold room was available which could be set
at 1° C. The solution trays were put in a recirculating water bath
which was heated to 5° C, and’the plates were dried in the air
blast from the cold room heat exchanger fan. Plates thus sensi-
tized were kept in the cold room until immediately before use, and
returned there after exposure if processing could not begin immed-
jately. Even with these precautions, they deteriorated noticeably
if not processed within one hour after sensitizing. Fresh devel-
oper was used at all times, and déveloper temperature was adjusted

so that average temperature was 20° C during processing.

6.3. iExpériments

Since the majority of the expefiments used a thin: film to
produce Q—5poiling, a short description will be given of the prep-
aration of the films and fhe behaviour of the laser when this |
method of Q-spoiling is used. ‘The film consists of a thin layer of
gold sputtered on to glass microscope slides. The densities used
varied from 0.2 to 0.8 (at 1 pm) and were measured by comparisoﬁ of
photocurrent from a HPA4201 photodiode when the slides.were inserted
and then removed from a collimaﬁed beam of 1 ﬁm radiation. The
density variation from one area of a slide to another was generally
less thaﬁ 20% and, providingvﬂo mirror damage occurred, reproduc-
ibility of laser energy output from shot to shot using different
areas of the same slide was also within 20%. When the pulse output

is observed on an oscilloscope, it is seen to consist of one or
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more Q-spoiled pulses followed by normal spiked lasing. The laser
shot vapourises the gold film, producing an extremely bright
plasma. Time resolved photographs of this plasma indicate that the
light output falls by at 1éast three orders of magnitude in the 10
usec following the Q-spoiled pulse, and by an order of magnitude in
the first 500 nsec. Switching is therefore virtually over by the
end of the first Q-spoiled pulse and any pulses following are
‘produced in a static situation as far as the cavity losses are con-
cerned. Thus one is able to study the transient output of the
laser after a high inversion has been produced.

| Experiments were perfofmed with both types of laser glass
(Schott LG-56 and Kodak Nd-11) in order to asseéss the effect of
different glass hosts, and also in two types of resonant cavities,
a Fabry-Perot cavity and a ring cavity. In a ring'céﬁity, waves
travelling in both directions are amplified by the medium, the
modes being such that self-consisténcy‘is established when the wave.
has travelled once around the closed path. If stationary condi-
tions ekist, then two waves tréveiling in opposite directions with
the same mode number will set up a sfanding wave in the cavity.
However, as discussed in §9,.thi$ situation will briﬁg about an
uneven gain distribution in the active medium, which should result
in sufficient non-linearity to slightly alter the frequeﬁcies of
these two waves so that a Standing wave no longer results. This is
in contrast to a Fabry-Perot cévity, in which the waves travelling
in opposite.directioné are not independent, and standing waves must
arise. - A study of the two cavities shéuld aid in the assessment of
the importance of: mode interéction on the spiking behaviour of the v

Nd3* 1laser.
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Finally, a comparison was made between different methods
of Q-spoiling. Strgak photographs were taken of the output when a
Pockel's Effect shutter was inserted in the laser cavity rather
than the gold film. This shutter was modified electrically so that
rather than opening and then cloSing 50 nsec later, it remained
open for séveral hundred ﬁsec, thus behaving in a similar manner to

the thin film switches.

6.4, ‘Results-

Photographic reproductions of representative time-
resolved spectra are given in‘figs. 6.4.1 - 6.4.9. On all plates
time increases from léft to right, and wavelength from top to bot-
tom. No attempt was made to maintain a consistent scale in the
reproductions beéause different stieaklspeeds were used on differ-
ent'plates. However, the approximatevstreak speed scalings are
indicated on the figure captions and comparison can be made by not-
ing that the fine structure in wavelength is in all cases dug to
the Fabry-Perot etalon formed by the 1/8 in. thick sapphire flats
on which the dielectric mirroré were coated (AXA = 1.78 R). A study
of the plates indicated that the pulses can be classified into five
major types based on the correlation of tﬁe pulse time as a function
of wavelength. These are described below. For ease of iﬁterpreta—
tion, sketches illﬁstrating thevessential features of the different

types aré given in fig. 6.4.10.

Type I - No Correlation with Wavelength
Each mode appears to. start oscillating independently of

other adjacent modes, with a random start time relative to previous
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Fig. 6.4.1
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Plate #1-1 of 15-2-69: time scale - 49 usec/in; wavelength scale
- 26 A/in; Kodak ND-11 glass rod in 60 cm Fabry-Perot cavity,

Q-spoiled with gold film, D = 0.63; Ein = 900 J (5.6 x thres-
hold; Eout = 1.5 J. ‘ .
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Plate #1-2 of 15-2-69: same parameters as fig. 6.4.1.
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Fig. 6.4.3
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Plate #2-4 of 16-3-69: time scale - 59 usec/in; wavelength scale
- 32 A/in; Kodak ND-11 glass rod in 251 cm ring cavity, Q-
spoiled with gold film, D = 0,50; Ein = 1200 J (3.75 x thres-

hold); Eout = 1.0 J.

Fig. 6.4.4
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Plate #1-1°of 5-4-69: time scale ;.59 ﬁsec/in}> waveléngth Scale
- 21 A/in; Kodak ND-11 glass rod in 251 cm ring cavity, Q-
spoiled with gold film, D = 0.59; Ein = 1000 J (3.1 x thres-

hold; E = 0.3 J.
out »
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- 31 R/in; Kodak ND-11 glass rod in 251 cm ring cavity, Q-
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Plate #3-6 of 19-9-69: time scale - 86 usec/in; wavelength scale

- 46 K/in; Kodak ND-11 glass rod in 100 cm Fabry-Perot cavity
with open Pockel's cell; Ein = 1000 J (3.7 x threshold);

Eout = 1.1 J.
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Plate #1-1 of 16-8-69: time scale - 96 usec/in; wavelength scale
- 52 R/in; Schott LG-56 glass rod in 251 cm ring cavity;

Ein = 800 J (1.95 x threshold); Eout =1.0J.
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Plate #4-8 of 20-8-69: time scale - 51 usec/in; wavelength scale
- 27 A/in; Schott LG-56 glass rod in 251 cm ring cavity, Q-
spoiled with gold film, D = 0.24; Ein = 1400 J (3.4 x thres-
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Fig. 6.4.9
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Plate #1-1 of 10-6-69: time scale - 79 usec/in; wavelength scale
- 42.5 R/in; Schott LG-56 glass rod in a 100 cm Fabry-Perot
cavity with a Pockel's cell, Q-spoiled 100 psec after the pump
pulse begins, E,, = 1200 J (4.0 x threshold); E oyt = 0-55 J.

pulses, and continues in é series of pulses for tens of ﬁicro—
seéonds. There is little or no relationship between pulses of
adjacent modes. A good éxample of such behaviour is seen in fig.
6.4.6. This behaviour is typical of the normal laser and is

similar to the results of Vanukov, Issayenko and Lubimov (1964).

Type II - Short Term Correlation of Adjacent Modes

This behaviour is usually associated with spectfallf
localized Q-spoiling. There is intense pulsing of several adjacent
modes up to 10 A wide. Sometimes twobsuch groups are correlated,
with many missing ﬁodes in between. Correlationllasts.only for the

duration of the single pulse. See figs. 6.4.1 and 6.4.9.

Type III - Limited Correlation in Wavelength, extending

over Hundreds of Microseconds

Each oscillating mode produces a train of pulses up to 200
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usec long, with a period of 7 - 8 usec. Only two or three modes
oscillate and may be up to 30 A apart, while still exhibiting a
high degree of correlation. See figs. 6.4.3, 6.4.4, 6.4.7

(especially).

Type IV - . Dispersion in Time

Cbrrelation lasts only for the duration of a single
pulse, but extends over manyvﬁngstroms, dispersed in time. That
is, each mode starts oscillating at a progressively later time as
wavelength is. increased (or decreaéed). The dispersion is usually
in the direction of the peak of the fluorescent line. Fig. 6.4.6
shows some indication of this type of pulse at the edges of the

oscillation linewidth.

Type V - Correlation over the Entire Oscillating
Linewidth

All the modes in a 30 - 40 R wide band pulse simultan-
eously with a quasi-regular period of 7 - 8 usec {or some multiple)
with a correlation time of 50 - 100 usec. See figs. 6.4.5, 6.4.7,

6.4.8, 6.4.9.

6.5. Discussion
6.5.1. Cross-Relaxation Rate
Figs. 6.4.1 and 6.4.2 are exceptionally good examples of
hole burning in the peak of the-fluorescent line and can be
explained in no other way than by assuming that cross relaxation is
slow compared to the length of the Q-spoiled pulse. Indeed, the
oscillations in the lineshape tgke nearly 200 usec to die down, and

give an estimate of the time for cross relaxation to re-establish
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equilibrium. It should be noted that even without appreciable
cross relaxation, the intense pulse has managed to deplete the
central 15 A of the fluorescent linewidth. Cavity photons have
been able to induce emissibﬁ in ions with preferred emission
frequencies displaced from thé phofon frequencies by tens of

Kngstroms by interacting with the wings of the stimulated emission

cross section.

6.5.2. Q-Spoiled Pulse Spectral Width

A éomparison of the streak plates according to method of
Q-spoiling immediately suggests that there are systematic différ-
ences in the spectral widths of the Q—spoiled pulses. No streak
photos were taken when a saturable dye absorber was used as Q-
spoiler, because it invariably 6scillated over a very narrow
spectral range, typically one or two modes. By compariéon, Q-
spoiling with the Pockel's cell produced pulses whose width was in
some cases greater than the acceptance range of the streak camera,‘
i.e., greater than 80 A. When.Q-spoiling is attempted with thin
films, the pulse may be quite narrow spectrally, may consist of
several narrow peaks acroés the flﬁorescent peak, or may consist of
a single broad peak similar to the results obtained with the
Pockel's Cell shutter, but rather narrower spectrally. The results
of the dye and electronic shutter agree with those obtained by
others (McFarland, Hoskins and Soffer 1965, Michon 1966). Sooy
(1965) has suggested that this effect can be explained by the
difference in time which the two systems allow for oscillations to

build up. The argument is that longer times for oscillating modes
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to build up allow greater selectivity between modes. In the case
of the electronic shutter, this build-up time is the 10 nsec it
takes for the shutter to open fully. On the other hand, dye
solutions are always partially open (D ~ 0.2), and there is thus
several tens of microseconds for oscillations to build up. The
results of the high speed photography of the destruction of the
thin films indicate that the speed of shutter opening for the films
lies somewhere in between that of the dye shutter and the electronic
shutter. However, th%s is noi a valid approach. In fact, the dye
ﬁhutter can switch from minimum transmission to maximum in a few
psec.A The real difference between the dye and electronic shutters
lies in the minimum transmission. Dye shutters have densities of

~ 0.2 - O.S, whereas the equivélentvdensity of a good electronic
shutter is ~ 4 - 6. The thin films used here ranged from 0.2 - 0.8
in density and thus clearly fallvinto the same class as the dye
shutters.

There are two feasons'why the thin films do not behave in
the same manner as the dye shutter. Sooy's discussion was based on
considerations for ruby, which is homogeneously broadened. In this
case, mode competition is very important since all ﬁddes are
competing for thé same pobulation inversion. However; in an
inhomogeneously broadened laser, coupling is only through population
inversions that have overlépping homogeneously broadened lines and
thus should be much weaker, assuming that cross relaxafion is slow
‘compared to the development of the Q-spoiled pulse. In fact,
further consideration of the plates of the thin film Q-spoiling -

show that those exhibiting wide band Q-spoiling are associated with
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the ring laser, and to a lesser extent, with the Schott glass rod.
See table 6.1. (Since the transition from the broad band to narrow
band Q—spoiléd pulses is rather arbitfary, a pulse was assumed to
be broad band if it belonged to two or more Type V pulses.) If the
transitiop is inhomogeneously bioadened, one would.ekpect‘the
oscillating linewidth to broaden with increasing population
inversion, and this is just where broadening is more pronounced,
since the threshold in.the ring laser is considerably higher than
in the Fabry-Perot cavity. It is due partly to the addition of an
extra mirror, but mainly‘because the cavity length is four times
longer (251 cm as compared to 60 cm). This situation aisb occurs.
in our case with the electronic shutter, becausevof higher cavity
loss and because the timing bf the shutter is delayed until late in
the pumping pulse (minimum 100 usec). The implication is that the
effects discussed by Sooy are not of major importance in a laser
which is inhomogeneously broadened with slow cross relaxation, but
~ one then has to explain the line narréwing observed with the dye
solution. Our suggestion is that in a system involving a thick
absorber such as a dye cell,.preferred.modes grow because of
spatial hole burning at the maxima of the standing waves set up in
the dye cell. For the dyes used with Nd3* lasers this process
could happen quite rapidly, and the.preferred wave Qould experience
considerébly lower losses than all others. The homogeneity of the
absorption line of the dye is thus the determining factor rather
than the fluorescent line of the laser. There is good evidence
‘that this does happen in such dye solutions, although Harrison,

Key, Little, Magyar and Katzenstein (1968) attribute the diffrac-
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Table 6.1. Breakdown of Streak Photographs
into Wide and Narrow Band Pulses

GLASS CAVITY BAND WIDTH
TYPE TYPE NARROW | WIDE
" Kodak gabry‘ 10 0
erot ‘
Ring 17 5
Schott Ring 8 8

tion effects observed through the phase grating thus formed in the
liquid (observed in a cross-beam experiment) to thermal inhomo-
geneities set up by the uneven'ab$orption‘rather than arising

directly from changes in the absorption.

6.5.3. Pulse Period

A large number of microdensitometer traces were made of
the plates, with scans both in the time and in the wavelength
directidn, and although no reprodﬁctibns will be presented here,
the results will be given andvcan be compared with the figures of.:
the streak photos themselves. |

The most obvious periodiciﬁy is that associated with the
giant Type V pulées. They all havé peak powers of such magnitude
as to class them as multiple Q-spoiled pulses, and multiple exﬁos—
- ure photographs of a‘superposed train of them on the oscillo-
scope show that the peak output power is decaying monotonically.

The inter-pulse period is between 7 and 8 usec, and sometimes
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pulses appear which are a sub-multiple or multiple of this period,
i.e., 3.5, 10.5 or 14 usec.

There is even a limited periodicity 6bserved in a single
mode of Type I pﬁlses. In this case the period is shorter; about
4 usec, and less regular, and the peak power is not necessarily
monotonically decreasing. All these pulses appear tohhave their
origin in the gross dynamics of the inversion populations, and are
damped out after 5 - 10 cycles. Further evidence that the pulses
are due to inversion dynamics can be found in the Type IIi pulse
trains obserfed in fig. 6.4.7. It is impossible for the coupling
‘between these two pulse trains, separated by some 30 X, to be due
to mode coupling through fhe ihteraction of non-linear susceptib-
ilities. The coﬁputer solutions of the rate equations, discussed
in 88, give similar results.

Careful inspection of the streak plates, however, shows
that many pulses also possess a fine structure with a period of
about 0.3 ﬁsec (the 1imit‘of-resolution of the stfeak phofos), but |
which can be as long as 1.9 usec. These are rapidly damped. Such
oscillations do not appear in the computer solutions and it is
difficult to imagine what sort of méchanism could be responsible
for them. It is certainly not the quantum statistical properties
discussed by Fleck (1970), as those_fluctuations have periods in
the sub-nanosecond raﬁge. Perhaps it is due to a beating effect
betwee; the 25 - 30 cavity modes associated with each resolvable

sapphire etalon mode.
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6.5.4. Comparison between Glasses

As might be expected from similar glasses, there are only
minor differences in the gross features of the lasing pulses.  The
most obvious is the difference in the mean wavelength of the.lésiﬁgﬁ'
line. In the Kodak glass, it is centred at 1.060 uﬁ, whereas the
Schott glass has its peak at 1r058 um, In addition, the Schott
glass was found to have a threshold 30% higher than the Kodak rod.
This is due to a variation in the behaviour of the Nd3* ions,
since the optical quality of all thé rods was checked on a Mach-
Zender interferometer and found to be comparable. There appears to
be a tendency for the Schott rod to produce regular Type V pulsa-
tions more easily than the Kodak rod. Certainly there are no
instances with the Kodak rods of the behaviour shown in fig., 6.4.7,
where the laser output both begins and ends with highly regular
spiking. It is particularly noticeable on the oscillograms of the
photodiode output. Some of this behaviour can be attributed to the
higher threshold as mentioned in §6.5.2, but it is also possible
that cross relaxation plays a less important part in the dynamics
of the Schott rod, or that the homogeheous linewidth is narrower

than in the Kodak rod.
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§7. TUNABLE NARROW BAND LASER

7.1. Introduction

If the laser can be forced to oscillate within a line-
width narrow compared to the natural linewidth, twc aspects of
laser opefation can be investigated. In the first place, narrowing
the spectral output limits the number of longitudinal modes which
can participate to several hundred or less, thus giving an estimate
of the effect of large scale mode‘interaction on the oscillations.

Secondly, forcing oscillation at one frequency and measur-
ing the output gives an estimate of the amount of stored energy in
the active medium available fbr bséillation at different wave-
lengths. If the medium possesses fast cross relaxation mechanisms,
one should expect little difference in output whether the 1a§er is
constrained to oscillate at one wavelength or is free to oscillate
over the entire widfh of the line.

In the sections which follow, a description is first
given of the method used to force the laser to oscillate over a
narrow bandwidth, and the aiignment procedure. The results are

then presented and discussed.

7.2. Method
Several authors (Wright, Carmichael and Brown 1965,
Hercher 1965, Snitzer 1966, Magyar 1967) have discussed. interfero-
metric methods of achieving single mode operation, but these’
suffer from disadvantages which are important in an experiment of -
this type: They generally réquire precise optical flats and

spacers in an arrangement which must be accurately aligned, and
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they are tunable (if at'all) only over a range over several
Angstroms. For these reasons, it was decided to attempt to use a
diffraction grating as a frequency selective mirror in the cavity.
Such an arrangement allows continuous ﬁuning across the entire
width of the transition but does not possess sufficient selectivity
to force single mode oscillation.

The aluminised surface of the replica grating would be
easily.damaged by the high power density found in a laser cavity.
Some experience with gold-plated optical flats used as mirrors in
the cavity indicated 'that there was no possibility of successful
operation unless the powér denéity could be reduced significantly.
A telescope can be used to expand the laser beam to fill the entire
area of a grating and thus‘redUCe the power density considerably,
with the added advantage of decreasing the linewidth over which the
laser oscillates., This is because the linewidth is determined by
the acceptable angular divergence of the beam in the cavity which
will maintain oscillatidns., The telescope magnifies any angular
divergence of the beam leaving the grating and thus greatly
increases the sensitivity of the cavity to the dispersive power.of
the grating.

The arrangement used consisted of a 1 in. square grating,
600 lines/mm, blazed at 1 um, and‘a 4:1 beam expander constructed
by C.S.I.R.0. Division of Physics, National Standards Laboratory
and based on a design of‘a Galilean telescope by Gelles (1968).

One of the main problems with such an arrangement is to
ensure proper adjustment of tﬁe telescope. If the spacing between

lenses is not correct, the telescope behaves as a diverging or con-
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verging iens and transforms the cavity into either a long radius
or an unstable arrangement, This has three deleterious effects.
Firstly, the angulér acceptance of the system increases with a loss
in frequency selectivity of the grating. Secondly, there is the
possibility of a divergent beam being focused.on the grating or the
exit mirror, with disastrous consequences. Thirdly, the trans-
verse modé structure of such a system may be significantly differ-
ent from the Fabry-Perot modes, and studies of the effects of the
number of moaes on laser spiking would be difficult to interpret.
An investigation of the variation of beam profile for
long radius resonators suggested the folloWing considerations. One
can consider the cavity to consist of a plane mirror (the output.
mirrof) plus a second mirror of variable focal lengfh. Cavity
‘losses will be lowest for the TEMgq mode, and these increase as the
focal length of the seﬁond mirror increases, until the plane mirror
configuration is reached. Any further cﬁange in radius of curva-
ture will drastically increase losses in the beam, because negafive
curvature produces an unstable resonator cdnfiguration. Fig. 7.2.1
is a’graph of the size (1/e) of the TEMyy mode, (a) at the plane |
mifror, (b) 72 cm from the plane mirror, and (c) 250 cm from the
plane mirror, as a function Qf the focal length of the second
miiror in the cavity. A line is drawn to indicate the diffraction-
limited spot size of the 1/4 in. diameter laser rod. Thus, a care-
ful comparison of beam spotbsize with and without the telescope
will ensure that the resonator is very close to a plane parallel
configuration, and monitoring of the threshold as adjustments are
made on the telescope will indicatevif the curvature has become

negative.
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10k Fig. 7.2.1
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Spot size (1/e) of the TEMgy mode for a 60 cm cavity with one plane .
mirror and one curved mirror, as a function of the focal
length of the curved mirror; at the plane mirror (solid line),
72 cm from the plane mirror (broken line), and 250 cm from the
plane mirror (broken and dotted line).
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7.3. Proceaure

The initial adjustment of the telescope was carried out
using a 1 in. diameter, 100% reflecting plane mirror rather than
the diffraction grating. The arrangement was first centred and
aligned_using a He-Ne laser and the beam ekpander adjusted for a
compromise between useful beam output and possibly converging
optics,.as described above. Photographs were taken of the visible
output produced by allowing the beam to impinge on a sheet of
Kodak I.R. phosphor at various Aistances érom the output mirror, to
determine if a beam waist occurred. Adjustment was deemed satis-
factory when no waists could be found and when the beam profile was
similar to that obtained without the telescope.

The grating was then substituted for the 100% mirror. It
had preyiously been.approxiﬁately'aligned using a lens and.slits
mounted on the optical bench and the 5350.57 & thallium line in
second order. The centre of the laser line could be set to + 1 &
by comparing the output of the laser at the focal plane of the
spectrograph (in second order) using the Kodak phosphor and fiducal
marks established from argon spectral lines. With the laser tuning
gréting in first order at 1.06 um, the linewidth was found to be
about 15 A and it was therefore decided to use the grating in
second order to give a narrower linewidth.

Measurements of the grating reflectivity for various
orders using a He-Ne laser indicated that the grating was blazed in
second order at the -2 position relative to the first order blaze
and this was’confirmed by threshold measurements with the laser. A

check on the spectrograph grating indicated the same conditions and
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henceforth it also was used in the -2 position. With the grating
in second order, linewidth was always less than 5 X and usually was
= 3 k. |

A series of meésurements was then taken at various wave-
lengths and different output energies in order to yield curves from
which threshold and slope efficiency could be obtained for each

wavelength.

7.4. Results and Discu;sion

Fig. 7.4.1 is a reproduction of a sweep camera plate of
the laser output with the telescope inserted and the 100% mirror
used instead of the grating. VA careful examination of this plate
and the oscillograms of the output when the grating was used to
tune the laser indicates that there is no apparent change in the
spiking output.due to the telescope or to the numbér of modes
having been reduce@ by a factor of 10 or more to less‘than 500.

Figs. 7.4.2, 7.4.3, 7.4.4 -and 7.4.5 are the graphs
of the slope efficiency and the square root of the slope efficiency
versus wavelength for a Kodak laser rod and the Schott glass rod.

A graph of the reciprocal of the threshold versus wavelength is
superposed on each of these for compariéon, and all are normalized
to unit aréa.

We note from eqn. (4.2.20) that the reciprocal of the
threshold is proportional to the lineshape function g(v). In add-
ition, with no cross relaiation, the slope efficiency should be
Toughly proportional to the'square,of the lineshape [eqn. (4.3.20)],

and with very fast cross relaxation, there should be little depend-
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Big. 7.4.1

Plate #1-1 of 15;10-69: time scale - 101 usec/in; wavelength
scale - 54 A/in; Kodak Nd-11 glass rod in 60 cm Fabry-Perot
cavity with grating and telescope; Ein = 800 J;

Eout =S

ence of slope efficiency upon the wavelength [eqn. (4.3.17)].

The gross discrepancies between theoretical prediction
and experimental results illustrate a number of important short-
comings of the theory. Consider the graphs for the Kodak rod.
There is an indication of a slight flattening at the peak of the
slope efficiency curve compared to the reciprocal of the threshold.
This is attributed to cross relaxation taking place over popula-
tions which have centre frequencies near -the peak, bupt it is
limited to relaxation between ions with an energy defect less than
~ 45 em~l. However, if one remembers from §2.6 that the splitting
of the L*133/2 level means that the degeneracy of the qul/z level

must also be completely removed, then the fluorescent line must be
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Fig. 7.4.2
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Normalized slope efficiency (triangles) and reciprocal of the
threshold (squares) as a function of wavelength for Kodak
ND-11 glass. '
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Fig. 7.4.3
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Normalized square root of slope efficiency (circles) and reciprocal
of the threshold (squares) as a function of wavelength for
Kodak ND-11 glass.
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LG-56 glass.
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Fig. 7.4.5
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Schott LG-56 glass.
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a composite of the twelve possible transitions between the two
split metastable sublevels and fhe six terminal state sublevels.
The broadening of the efficiency peak is then seen as a manifest-
ation of cross relaxation between inhomogeneous ions in one “F3/2
level (probably the lower) as observed in its major transition. If
the other transitions could be resolved, tney also would be seen to
be broadened. Even if only a portion of the fluorescent line is
not coupled through cross relakation, the shape of the slope
efficiency curve for that part should be proportional to the square
of the lineshape function. This is not the éase, and it further
illustrates defects in the theory. By relating the lineshape
function to the fluorescent lineshape the tacit assumption has beén
made that the peak stimulated emission croés section is not a
function of’centre frequency, and that the lineshape is due to
different number densities of ions with different centre frequen-
cies. In fact, the fluoresceht lineshape is due to a superposi-
tion of the transitions to different sublevels of the L*In/z level,
and each has a different stimulated emission cross section. The -
lineshape arises from different transition probabilities rather
“than number densities.

It is true that all the transitions making up the fluéf-
escent line have their source in the same two sublevels and, in
this sense, reduction in the inversion by lasing at one wavelength
will reduce the fluorescence in the other transitions which have
the same “F3/2 sublevel as a source. This is the reason why
Michon (1966) and Boyden and Clark (1966) were able to conclude
that the line exhibited very fast cross relaxation. In Michon's

experiment, a Brewster angle rod was Q-spoiled with a rotating
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prism and the change in fluorescence was observed by looking down
the end of the rod. This Q-spoiled pulse was 20 R wide and would
thus completely deplete the inversion through the major transition
whether or not there was any cross relaxation. In addition, by
monitoring fluorescence thrbugh the end of the rod one observes a
combination of super-radiance and scattered laser emergy. Boyden
and Clark monitored the fluoreSéence of a rod used as an amplifier
for a Q-spoiled pulse produced by a Nd3*:CaW0, rod, which lases at
1.06524 um with a iO R bandwidth (DeShazer and Maunders 1968).
When one also considers the wing depletion effect mentioned in
§6.5.1, it is easy to see that any cross relaxation is unlikely to -
be detected in this ekperiment. The experiments of Belan,
Gregoryants and Zhabotinski (1969) are difficult to interpret
because too few details are giyen.but, for it to be successful, thé
Q-spoiled pulse must.have been narrow band, either through the use
of filters or by the optical arrangements. In any case, their
‘value of 10% sec~! for the éross~re1axation rate is the same as
indicated by our streak photos (§6.5;1) and is consistent with the
small flattening observed in the experiments described in this
séction. In fact, such a slow rate means that the relakation time
constant is of the same order as the pump pulse lengtﬁ used in our
ekperiments, with the result that any flattening of the slope
efficiency peak due to cross relaxation will be considerably

attenuated.
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§8. COMPUTER SIMULATION OF LASER RATE EQUATIONS

8.1. Introduction

One of the main problems in the understanding of the
behaviour of solid state lasers has been to explain the existence
of pulsations, often highly irregular, in the output. In glass,
three types of pulsations have been described. The first is the
type observed in all our experiments and is the most common. .The
output consists of a series of spikes random in time and amplitude
with a half width of ~'1 usec and a peak power of 2 - 5 kW, and
generally has ‘a narrow angular divergence. This random spiking is
characteristic of glass rods of high optical quality, especially
where steps have been taken to suppress trapped internal modes (so-
called "whispering modes"), e.g., by giving the rod surface a
ground-glass finish. The second and third types occur if clad
rods or fibres are used. In these cases, the output may consist
of periodic pulse trains whose amplitude follows the shape of the
pump pulse (limit cycle operation), or it may exhibit ringing at
the beginning and thereafter follow the shape of the pump pulse
(damped oscillations). See Snitzer (1964). Attempts to relate the
observed spiking to theory have been largely unsuccessful. Makhov
(1962) and Sinnett (1962) have shown that the rate equétions for a
two level system with a homogeneously broadened line and a single
oscillating mode do not admit random spiking or limit cycle
solutions.. Limit cycle behaviour can be introduced by the addition
of ‘a term involving some power of the inversion, but there is no
physical basis for it. Korobkin and Uspenskii (1963) were able to

demonstrate 1limit cycle operation in a similar system by introduc-
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ing a frequency shift term between the polarization of the medium
and the electric field of ?he stimulated emission and have attempted
to relate this to the behaviour of ruby, which is adequately des-
cribed by a two level system with homogeneous broadening. In fact,
ruby can be made to show limit cycle behaviour if care is taken to
force oscillation in a single longitudinal mode. It appears that
in ruby, the major cause of irregular spiking is due to ''mode
hopping". This effect is due to spatial_inhomogeneitieé in the
inversion as a result of the standing waves of a Fabry-Perot reson-
ator. As one mode depletes the cavity volume available to it,
another mode soon hgs sufficient gain to break into oscillation and
replaces the previous one. Fleck and Kidder (1964) have considered
the case of an arbitrary number of oscillating modes in a homogen-
eously broadened two level system, using a density matrix formal-
ism. They include terms which couple the various msdes through
non-linear susceptibilities and are able to arrive at limit cycle .
and irregular spiking behaviouf in computer simulations for the
case of two coupled modes.r The nbﬁ—linear behaviour of the medium
is due in part to spatial inhomogeneities introduced by the Fabry-
Perot resonator, as previously discussed, and in part to radial
inhomogeneities in the pumping rate. Moreover, the assumption of
pumping inhomogeneities appears to be essential for limit cycle or
irregular spiking behaviour, and it is through the coupling of off-
axis modes that this is accomplished. However, it is difficult to
believe that off-axis modes are excited to any great extent in
Fabry-Perot cavities &ith'lasér rods of high optical quality. This

is especially true if the cavities are long. Another conclusion
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which certainly contradicts experimental evidence is that irregular
spiking is observed for "moderate'' pumping inhomogeneities, whereas
the spiking becomes regular forb"severe"_pumping inhomogeneities.

Nd3* can be realistically approximated by a three level
scheme with inhomogeneously broadened lines, but a two level
approximation is not likely to be a valid description of the popul-
ation when periods as short as a single spike are concerned. It is
possible that absorption by the terminal level could lead to limit
cycle or irregular.behaviour, as Qould the cross relaxation inter-
action, and it was thought desirable to inveétigate these possibil-
ities. However, the investigation of the stability of the coupled
equations (4.2.13) - (4.2.17) by analytical methods is a formidable
if not impossible problem and recourse to computer simulation of
the equations was adopted.

8.2. Computer Simulation'

8.2.1. Numerical Integrator

Early solutions of the réte equationé were obtain;d from_
an analog computer and were subsequéntiy found to be in error (see
Makhov 1962), indicating that great care should be taken to make
certain that the numerical intégration method used is stable at all
times. The requirément that stability and truncation error be mon-
itored for each step means that somé form of predictor-corrector
method must be used and that change of step size should be accomp-
lished without an undue amount of re-computation. The routine
finally chosen is based on a mefhbd of’Nordsieck (1962), who orig-

inally developed it for a fixed point binary machine, and modified
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for floating point use by R.H. Hudson (C.S.I.R.0.) and
I.R. Simpson (A.N.U.). It has a number of advantages’which make itv
suitable as a general integrator. Because the stored constants are
the coefficients of a truncated Taylor expansion’of the approxim-
ation polynomial, rather than the coefficients of the polynomial
itself, changes‘in step size are particularly simple and fast.
Stability and trunction error are continuously monitored and the
step size adjusted automatically (within prescribed limits) to
satisfy the tests.‘ In addition, the integrator is self starting.
Tests were made with our‘programvusing both single and double
precision arithmetic to see if round-off errors could be signifi-
cant, but with no appreciable differences even after thousands of
iterations. Since the integrator had previously been tested
exhaustively by Nordsieck himself and by Simpson, it was considered

that it should behave satisfactorily.

8.2.2. Method of Computation

| Equations (4.2.13) - (4.2.15) (three level approximation)
and (4.2.16), (4.2.17) (two level approximafion) could be investi;
gated by the same program by making minor changes to several of thé
subroutines, and the discussion below on the three level approkim-
ation applies as well to thevtwo level‘approiimation. The three
derivatives as a function of frequeﬁcy were approkimated by 3N
simultaneous differential equations, where Nmai = 20 is a practical
upperllimit above which computer time becomes excessive. The
definite integrals in the equaﬁions are evaluated by a modified

Simpson's rule. The problem is somewhat simplified by considering'
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both g(v) and c(v,v') to be symmetric functions, and storing only
one half of the function values. This quantization of the equa-
tions as a function of frequency simulates very closely the actual
case of a Fabry-Perot cavity with its discontinuous mode structure,
but such a coarse grid means that the quadratures involving c(v,v'},
are rather poor approximations to the definite integrals, since
c(v,v') is a rapidly varying function of frequency. Hdwever
c(v,v') is not a function of time and one should ekpect the quad-
rature estimates tb be in error by the same proportion for all
frequencies and thus have no effect on the general behaviour of the
system. Provision was made in the program to investigate the
effect of a variety of lineshapes but, due to computer time limit-
ations, the investigation was reétricted to the case where g(v) was
a Gaussian with full width at half maximum of 133.5 cm-1 (150 K),
centred at 1.06 um, and c(v,v') was a Lorentzian with full width at
half maximum of 8.9 cm~1 (10 R). The peak absorption cross séction
was assumed to be 10720 cm? and the ion number density 1.66 x 1020
jons/cm3. Following calculations of Cabezas and Treat (1966), a
pump rate of 100 sec"‘1 was used. The cavity parameters were chosen
to approiimate those used in our eXperiments, namely, a cavity
length of 50 cm and a laser rod 6 1/2 in. long with a.75% output
mirror. The fluorescent decay time constant was assumed to be‘360
usec, and simulation runs were made fof cross relaxation rates of
0, 105 sec™! and 106 sec~?,

Some mention should be made of the method of introducing
initial conditions, and the values used. By referring to eqns.

(4.2.13) - (4.2.15), ohe can see that if the photon flux density is
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initially zero, and the term in B8 (the fluorescence contribution)
is also set to zero, no stimulated emission takes place and the
normalized inversion density rises to its equilibrium value of
Wp/(A3 + Wp). The term in B8 is.a forcing term for the system and
represents fluorescent photons emitted into the cavity modes. The
fraction coupled into the modes of the cavity will be approximately
equal to the solid angle subtended by the rod cross section and the.
cavity length, Thus, considering a single excited ion, whether 6r
~not it emits a phofon into the cavity modes is a random experiment
of two outcomes. This leads to a Poisson distribution when large
numbers are inyolved. In the computer simulation, all variables
and their derivatives weré-initially set to zero and the pump light
introduced as a step function. An inversion then starts to build
up/and the fluorescence‘is used to prime the stimulated emission
through the term B in such a manner that 8n(v) is a Poisson vari-
able with an expectation equal to the mean number of photoné which
are emittéd into the cavity. The Poisson distribution is generated
by a method describéd by Hufnagel and Kerr (1969) from a normal

random variable.

8.3. Results and Discussion
Figures 8.3.1 - 8.3.6 are density plots of ¢(v,£) and
log, (¢ (v,t) for cross relaxation rates of 0, 10% and 106 sec!,
plotted on the computer's line printer using a routine supplied by
MacLeod (1970). Fig. 8.3.7 is a representative plot of the graphs
of ¢(v,t) versus t for four adjaceﬁt wavelengths. A normalized

photon density of -1077 corresponds to a peak power output of 5 kW
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Fig. 8.3.3
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Fig. 8.3.4
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Fig. 8.3.5
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Fig. 8.3.6
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Fig. 8.3.7
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using a 1/4 in. diameter 1éser rod and a 75% reflectivity output
mirror.

7 All the solufions are seen to correspond to transient
oscillations and thus the equations do not admit limit cycle or
random spiking solutions. In addition, careful appraisal of
equivalent runs for the three level.and the two level approxima-
tions fails to disclose any éppreciable differences. One is thus
forced fo the conclusion that inhomogeneous broadening, with or
.without cross relaxation, fails to proﬁide the necessary instab-
ility for spiking to occur. This is also true of absorption of
the cavity photons by the terminal level which has been considered
in the three level approximation. The results are still of
interest, however, Whatever.the mechanism responsible for the
.random continuous spiking, it appears to be generally agreed that
its effect is to shock ekcitevthese transient oscillations, or to
somehow modify them so as to make them unstable. There appear to
be no other mechanisms which give the same order of magnitude of
pulse train period., Several éspects of the model solution should
apply to a real laser. This is true because the population
dynamics are adequately described before the oscillations are
damped out. First of all, even with very rapid cross relaxation,
lasing can take place over much of the central portion of the line-
width, This is in agreement with the results of Peressini and
Linford (1968), who considered the steady state solutions of the
rate equations [eqns. (4.3.1) ahd (4.3.2)] to arrive at a criterion
for oscillation linewidth. 1In addition, some evidence can be seen

in our solutions of the spectral peaking observed by them. The
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initial transient spiking observed in our solutions occurs over a
much broader band than their results, but this can be related to
the slower cross-relaxation rates we investigated.

Secondly, the computer solutions correctly simulate the
random behaviour of the spiking of different modes observed in a
real laser. Compare fig. 8.3.2 with fig. 6f4.6, which is a streak
spectrogram of a normally oscillating laser. In the simulation,
each mode begins oscillations when threshold is reached,_nearly
independent of adjacent oscillating modes. Nearest neighbour
modes are inhibited from spiking, and as the cross relaxation rate
increases, fgwer modes begin spiking. There appears to be more
correlation between the spiking of the modes as they are coupled to
a common power source and sink.

Thirdly, it is clear that the simplistic model of the
noise driving source used here, while providing a suitable random
starting flux, does not have sufficient variance (even with the
help of the inhomogeneous broadening) to cause the instability
needed for random spiking. The bbserved pulsations seem to require
a model in which the population inversion is depleted sufficiently
for the stimulated emission to become the same order of magnitude
as the background fluorescence into a given mode. Fluctuations
then introduce uncertainty into the starting time of the next
pulse. In other words, if the rate equations can be made to
: eihibit limit cycle behaviour, a suitable random driving source
would proVide the observed random spiking. While it is true that
the simulations were investigated only for a few parameter varia-

tions, spiking is a quite general phenomenon in solid state lasers
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and thus appears to be relatively parémeter independent. If
certain gross features 6f the dynamics, such as the existence of
inhomogeneities, cannot cause the rate equations to become
unstable, then another approach must be used ‘in the description of

laser dynamics.
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§9., DISCUSSION AND CONCLUSIONS

9.1. Line Broadening and Energy Transport within thé Line
First of all, consider the group theoretical results of

§2. These results show that if the metastable ”F3/2 level is split
into two sublevels, then the degeneracy of the terminal level
(4111/2) and the ground level (”19/2) is completely removed. All
experimental evidence to date indicates that the metastable level
is split in glassi(See, for example, Maurer 1963 and Sﬁitzer and
Young 1968.). This means that the fluoresceﬁt iine must be con-
sidered a composite of the twelve lines arising from the splitting
of both the metastable and the ferminal lével. However, just as
the cascade process from the pumping bands to the metastable level
is mediated by coupling of ekcess energy to the lattice, so also is
the transition between the two sublevels of the metastable state,
as illustrated in the results of Maurer (1963). He shows that khe ,
number densities of the excited ions in the two sublevels are given
by the Boltzmann distribution for the temperature of.the glass
host. Judging by the cascade process, energy transfer between the
host structure and the ions is very fast compared to~any other
relaxation processes. An excited ion thus spends part of its time
in each of the two sublevels and theréfore both form a common
energy source for the laser action. Each of the twelve lines is
inhomogeneously broadened as is shown conclusively by the experi-
ments described in §6. It is unfortunate that streak photographs
of the glass fluorescence could not have been made at the same time
as the streak plates of fig. 6.4.1 and 6.4.2, which illustrate so

well hole burning in the population inversion. This is because all
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the lines have a common source and hole burning will occur in each
one. Even with such heavy overlapping, some evidence should be
visible of this effect in the fluorescence. An attempt was made to
observe the fluorescence from the side of the laser rod in the
single frequency experiments, but the 1 ym radiation from the flash-
lamp could not be sufficiently suppressed.

Secondly, now that the origin of the 1ineshape.is under-
stood, an estimate of the width of the inhomogeneoﬁsly Broadened
line can be made. We first note that even at room'temperature)
only about 14% of the excited ions are in the upper sublevel of the
metastable state at any‘one time, and thus the major portion of
fluorescence and stimulated emission is due to the six possible
transitions from the lower sﬁblevel, assuming that each sublevel of
the metastabie state has comparable transition probabilities to the
terminal levels. The peak in the fluorescent line is thus seen to
be due to the major transition from the lower sublevel of the meta- |
stable state, and the 20 - 80 A wide Q-spoiled pulses are seen as
| belonging to that transition. This is so because the stimulated
emission cross section is highést for this particular transition.
Therefore, the width of the Q-spoiled pulse is taken to be equal to
the half—widthvof the inhomogeneously broadened transition. This
proposal is further strengthened:by Michon's (1966) observations,
which agree with ours, that the line width is quite independent of
energy output. In addition, the beak flattening observed in the
experiment described in §7 for the Kddak glass, attributed to cross
relaxation, is nearly the same width as the Q-spoiled pulse. In

this manner, one obtains a value for the half width of the inhomo-
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geneous broadening of the Kodak glass of 65 * 5 cm~!, and of the
Schott glass of 70 + 5 em~l,

Thirdly, the hole burning effect sometimes displayed when
Q-spoiling with thin films can be used to obtain an estimate of the
cross relaxation rate of the glass. The cross relaxation rate is
certainly less than the reciprocal of the time taken for the hole
to fill in as indicated by the convergence of oscillation in the
streak photographs. On this basis, and using figs. 6.4.1 and 6.4.2
for the Kodak glass, and figs. 6.4.7, 6.4.9 and others for the
Schott glass, one obtains Wc < 1.5 % 10% sec~! for the Kodak giass,
and WC < 3.8 x 103 sec™! for the Schott glass. However, the
measurements of slope efficiency described in §7 should be quite
sensitive to cross relaxation réte, and only a weak response is
shown for the Kodak glass, and no detectable one for the Schott
glass. The problem is that the theory is based on an assumption -of -
steady state, which means that the pump pulse should be long com-
pared to the cross relaxation rate and this is not the case. Judg-
ing by the poor response to this test, it is likely that the cross
relaxation rates are considerably less than the above values, a
more likely value for the Schott giass being the reciprocal of the
pump pulse width, i.e., W < 2 x 103 sec-1. |

As discussed in §7, these results disagree with those of
Michon (1966) and Boyden and Clark (1966), for the reasons given.
They did not take into consideration fhe special nature of the
fluorescent line structure and thus used probe pulses so wide and
so intense as to deplete completely the entire inhomogeneous line

through the saturation of the major transition. Only by using
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pulses whose spectral width is less than 1 - 2 A could they have
been successful in observing hole burning. In fact, rather than
‘exhibiting fast cross relaxation, the glasses they used should
exhibit slower rates than the glasses studied here. This is based
on the fact that the glasses'gsed by both investigators have
longer fluorescent lifetimes than our glasses. Cross relaxation
depends on suitable energy transfer mechanisms between ions, and
these same mechanisms allow concentration quenching (Snitzer and
Young 1968) to compete with the cross relaxation aﬁd shorten the
measured lifetime of the fluorescence. Thus, in'general, thez
longer the lifetime of the fluorgscence of a glass, the smaller

will be the cross relaxation.

9.2, Spiking Behaviour

The problem of the irregular continuous spiking found in
many solid state lasers is still far from being solved, and our
contribution is largely é negative'one, i.e., in the sense of what
does not produce the pulsations. There are two aspects. One must
first find the source of instability which will allow limit cycle
behaviour (regular pulsing) and secondly an interruﬁting mechanism
which produces the randpm‘spiking.' It may be that oné mechanism
fulfils both requirements. The computer solutions show that inhomo-
geneous broadening with or without cross relaxation cannot prévide
the instability necessary to cause continuous spiking in the rate
equations. In addition, the three level approximation allows one
to consider the effect of cavity photon absorption by the terminal

level in conjunction with the effects discussed above. The trans-
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ient pulses produced in the simulation of the rate equations are in
many ways (shape, period, peak power) similar to the spikes
observed in real lasers, and it is thought that the real spikes are
produced by.random starting and cut-off of these oscillations. In
some materials, such as ruby) the irregular pulsations can be shown
to arise from spatial hole burning due to the Fabry-Perot resonator,
and subsequent mode hopping as the other modes use the inversion in
volumes inaccessible to the pievious modes. On the basis of our
results, this doesAnot éppear to be the case with Nd3* in glass.
It is true that the cavity modes are not resolved and hopping could
occurr in adjacent cavity modes, but this is certainly not the case
on the large scale of the modes arising from the sapphire flats.
The ring resonator cbnfiguration minimizes spatial inhomogeneities,
since any tendency for two counter-rotating modes to form a stand-
ing wave would cause frequency ﬁpulling" of one mode to use the
-higher inversion thus obtainable. In addition, for reasons we haVe>
not been able to fathom, one Kodak rod (#1) consistently produced
over 90% of its total power in the C.W. direction. No differences
in spiking were noticed with this rod when compared with the other
three, which produced output energy evenly split in the two direc-
tions, With this rod at least, there should be very little if any
-spatial inhomogeneities and, if mode hopping was effective, regular
pulse trains should have been produced as in experiments with ruby.
Snitier (1964) in his early work with clad rods and fibres, was
able to produce regular pulsations as well as damped regular
oscillations similar to our coﬁputer solutions, but these appeared

only when observing all wavelengths simultaneously. Such regular-
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ity failed to show up when the output of a narrow frequency band
was observed. In this case, there are so many modes, and they are
so scrambled, tﬁat one is really dealing with a super-radiant
laser. We conclude that if ﬁode interaction is the source of
irregular spiking in Nd3* in glass, it is a more general inter-
action which is not dependent either on the number of modes or the
mode structure to any gfeat extent.

‘Three other observations from the stréak photographs are
clearly separate problems to that discussed above, although the
first, the existence of micrq—puisations within a spike, may poss-
ibly have its source in the samé»instabilities that drive the
macro-spikes. Our observations indicate that it is most often
associated with Q-spoiled pulses or large normal spikes, and that
it is probably coupled somehow to inversion dynamics, since it is
correlated completely with frequency when it.appears in a Type V'
pulse. We venture three possible suggestions as to their source.
The suggestion given in §6.5.3 that the fluctuations may be due to
mode Beating is unlikely because it dogs not account for the
correlation in Type V pulses unless very stringent requirements are
placed on the allowed modes, and because it would take some very
strange modes to give such low beat frequencies. Another unlikely
possibility is that the micro-pulsations are due to ultrasonic
oscillations being excited in one of the optical components of the
cavity. If the micro-pulsations had been observed only with thin
fiim Q-spoiling, then a quite pléusible explanation would be that
the exploding plasma of the thin film had shock excited the glass

slide, which has the correct thickness for ultrasonic oscillations
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at this frequency. However, the micro-pulsations are also observed
in Q-spoiling with a Pockel's effecp shutter, and in this case
there appears to be no other suitable driving source or resonant
structure. The final suggestion is that the pulsations are due to
oscillations set up in the inversion population by the time lag
between photon emission and the recycling of an ioh to the meta-
stable state by the pump source. In our approximation, the cascade
from the pump bands to the metastable level is assumed to be infin-
itely fast, but it‘is possible that this time together with the
lifetime of the terminal level could introduce sufficient phase
delay to cause oscillations. The effect would be quite weak,

sinée the maximum possible inversion density is only ~ 10-2,

A second observation from the streak photographs is the
character of the giant TypevV pulsations. Clearly they behave
exactly like the damped pulsations in the computer solutions, and
there is no doubt they are correctly described by the rate equa-
tions. Their remarkable'coherence across a 50 A band is simply a
result of all the modeé being started simultaneously by the sudden
lowering of threshold in a Q-spoilihg experiment. The re-appear-
-ance of these pulses towards the end of the laser pﬁlse_in éuch
examples as fig. 6.4.7 is attributed to the synchroniiing effect of
a sudden peak in the pumping rate at the end of the pumping pulse.

The third observation concerns the Type IV pulse train of
fig. 6.4.7. The existence of a Type IV pulse train implies a
common energy source, if inversion dynamics are to provide‘the
coupling. There is no problem where the pulse trains are several

Kngstroms‘apart, as they share the same homogeneous line. In the
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case of fig. 6.4.7, the separation is 25 X and for these trains to
share a common source, they must be a result of transitions to

different subievels of the terminal level.

9.3. Implications of Results

It is evident from the type of experiments previously
performed to determine the cross relaxation rate (Michon 1966,
Boyden and Clark 1966) and the subsequent wide acceptance of the
results (for instance, Cabezas and Treat 1966,‘Peressinni and |
Linford 1968) that there is general confusion as. to the nature of
" inhomogeneous broadening in electronic transitions as opposed to
Zeeman transitions. We believe that the review and analysis in §2
and §3 indicates the'prdper épproach, and that our experimental
results support it., The confusion of lines witﬁ a common source
which constitutes the fluorescent line means that for many experi-
ments and applications inhomogeneity and cross relaxation cannot be
used as labels to describe the behaviour of the experiment. One is
usually concerned with inhomogeneity in connection with amplifiers,
either with extracting the maximum energy from an active medium for
pulse amplification, or with the linear amplification of small
signals. In the former case, unless the pulse spectral width is
eiceedingly narrow and the pulse is just beginning to drive the
amplifier into the saturation region, then essentially all the
énergy stored in the medium is available for amplification and the
amplifier will behave as if the entire linewidth was homogeneously
broadened.r Amplification in the linear region is another tﬁing

altogether. Narrow band signals can be expected to burn holes in
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the fluorescent line, and care must be taken to avoid the result-
ing saturation. In short, for small signal amplification, the
line appears to be inhomogeneously bfoadened and all the effects
such as saturation at low gain, hole burning, etc., will be
observed. However, when operated well into the saturation region,
or with wide band signals; the energy of the entire line is avail-
able for amplification and the line appears to be homogéneously

broadened.
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APPENDIX I

Complete Character Tables for ''Double' Groups

The "double" groups are formed By adding a fictitious
operator, Q, such that Q2 = E. The additional representations so
formed are given under the dotted line in the tables and are those
used with the half-integer values of J. Because of the artificial
nature of Q, many of the elements have the same character and are
thus grouped together in the same column. In addition, most of
the more complex groups aré:obtained by allowing a single new
symmetry operation on a simpler group. These new groups will have
twicé as mahy classes and twice as many representations as the
subgroups from which t.hey are formed. Only the characters of the
additional elements formed by the new symmetry operations will be
indicated, by listing tﬁe elements of the new operations, enclosed
in double lines, below the tables of the simple groups. The
values of the special symbols used in the character tables are

listed below:

-
n
J
et
-
o]
n

exp(mi/4) , B = exp(m/6) ,

e = exp(2m/3) , w = exp(m/3) , o* = exp(-m/4) , etc.
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A. Triclinic (C3,S2), Monoclinic (Cy,Cz,C2h), Orthorhombic

(C2y>D2,D2p)
]
1
. ]
: :
Cb |E ! Q QC, Qch i 1 Q
———..___:___. C2h E :
: Cp o i !
A 101 :
1 : ;
PPN S I < !
‘ e Q¥ Qo* !
] 1 l
A 1 1-1 Cov E , v
]
1
i
Qs Q¥ Qe ! .
D, | E 1
- o |
GG ¢ C i
5 z
1
S2 E i E Q Qi LV S N T T S g 1
i ]
‘ B B By | 1 -1 -1 1 ¢ 1
C2 E C2 E Q QCy g 2 3 E
E Ay [A2 B 11 a1 a1
} ) ’
Cih | B 0, 1+ Q Qo B, (B1 |B2|1 -1 1 -1 |1
i 1
A |Aa | A® |1 1 E o1 T TTTT[TTTTTTTTTTTTTTTTTTT i“‘
g E E" E' E' 2 0 0 0 E -2
A fB [ A% |1 11 a1
u : B ;
N R R i """""" QU Q, Q@ Q
D -
R | O . ox oy O
E' | E' | E ; N
I -1 -1

Doy, = Dy x Sp. Dop has representations of type g and u, dependihg on

whether x(i) = x(Sp) = #1.
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B. ‘Rhombohedral (Trigonal) (C3,Sg,C3y,D3,D3q), Hexagonal

(C65C315C6p5C6y sD6 5D3hD6h)

1
2 2
Cs E € C31 Q QCp Q¢
i
A 1 1 1 E 1 1 1 C3sh = Cg x S
]
. 1 ¢ e* E 1 € e* S¢ = C3 x S,
]
1 e* e 1 e* € A' doubles to E' in C3p and
1
) .
-------------------- R Sg. In Cgy, A becomes A°
A 1 -1 1 3-1 1 -1 o . ‘
; or A”, depending on whether
1 ©  -e* ) -1 -w cw*
E' d x(op) = £1. Similarly, in
1 w* -0 -1 -u* o
! Sg, A becomes A_or A as
g u
2 .
Csh » o, Sz S3 Qo QS3 Qs3  x() = #1.
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1
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1
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E E i
1
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1
' ' _ 1
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| W Be ) )
LECER S 30 Qi 3Q9
Sg  Se
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D3g = D3 x S,.
D3q has
representations
of type g and u,
depending on

whether x(i) = *1.
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1
2 5 2 5
Ce E C C3 C C3 C 1 Q QC QC3 QC; QC; QCf
]
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]
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Ceh = Cg x Sp. Cgp has representations of type g and u, depending

on whether (i) = #1.
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whether y(i) = #1.

Dg,CqysD3p
) 1
2 i ii) ! 2
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Dgn = Dg % Sp. Dgn has representations of type g and u, depending on
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C. Tetragonal Point Groups (Cy,Sy,Cyt,Cyv,Dy,D24,D5h)

3 3
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Sy E 8 C S, : Q QS; QC; QS,
i
A 1 1 1 1 ' 1 1 1 1
1
I
B 1 -1 1 -1 1 -1 1 -1
1
:
I
)
|
]
]
]
!
)

- e e e e e e o - . - . —— -

1
1 o 1 -o* V-1 - -1 o*
El{ !
1 o* -1 -a E -1 -a* 1 )
. ]
1 -a 1 a* 1 -1 «a -1 -a¥
E, : |
;| :
1 -a* -1 o v -1 o* 1 -o
:
3

Chp> i 82 o

Cyn = Cy X Sp. Gy, has repreéentations of type g and u, depending

on whether (i) = #1.
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APPENDIX II

Tables of Spectral Lines Used for Calibration

In the following tables are listed the spectral lines
used in calibrating the‘spectrographf They are gfouped according
to the order of the infra-red spectral lines being observed as
they appear on the plate, in increasing order of wavelength.
'Atactual) is the true waveiength in air of the observed spectral
line, and A(Equiv.) is the wavelength of the position it occupies
on an infra-red plate for the infra-red order being observed.

All wavelengths are given in KngStroms. The values for the wave-
lengths of the spectral lihes aie taken from the Handbook of

Chemistry and Physics,'40th Edition, 1958, Charles D. Hodgman, ed.

(Cleveland: Chemical Rubber Publishing Co.), with\the exception
of the infra-red spectral lines of argon, which are from Rao,

Humphreys and Rank (1966).

A. FIRST ORDER INFRA-RED

i. Thallium

~A(actual) order  A(Equiv.)

3519.24 3. 10557.72

. 3529.43 3 10588. 29
*

5350.46 2 10700.92

. ,
used only for locating the proper order
visually, since the plates are not sensitive
in this region. ‘ :



A (actual)

10470.
3491
10478.
10506.
10506.
3506.
10529.
3514.
3545

3545,

~A(actual)

10470.
10478.
10506.
10506.
10529.

7067.

4251.

4259.

05

.54

04

12

50

46

32

39

.58

84

05

04

12

50

32

22

18

36

ii.

A(Equiv.)

10543.17
10636.74

10637.52

SECOND ORDER INFRA-RED

Argon - Actinic Lines

order X(Equiv.)

——————— -
- - — -

10600. 83
10627.95

10648.40

Argon

A (actual)

3554.31

3555.97

10673.56

10681.77
10683.40
3563.26
3564.27
10700.98
3567.66

10712.77

~ A(actual)

4266.29

4266.53

10673.56

4272.17

10681.77

10683.40
10700.98

10712.77

order

3

order

176

A (Equiv.)

10662.93

10667.91

10689.78

10692.81

A (Equiv.)

10665.73

10666.33



A (actual)

4190.71
4200.67
7030.26
7067.22
4259.36
4266.29
4272.17
7147.04
5373.49

4300.10

ii.

Argon - Lines Used for Visual Calibration

order

A (Equiv.)

10476.78
10501.68
10545.39
10600. 83
10648.40
10665.73
10680.43
10720.56
10746,98

10750.25

A (actual)

5410.47
4333.56
4335.34
5421.35
4348.11

5451.65

7272.94

5473.44

5495, 87

5506.11

order

E=N

177

A (Equiv.)

10820.
10833.
10838.
' 10845.
10870.
10903.
10909.
10946.
. 10991.

11012.

94
90
35
70
28
30
40
88
74

22
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