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Summary

This thesis describes the initial stages of a
program in the Wills Plasma Physics Department within the
University of Sydney for developing far-infrared
diagnostics of plasmas. The author is concerned with far-
infrared hydrogen cyanide (HCN) gas lasers, wave inter-
actions with the laser plasma, and the use of the HCN
laser radiation for interferometric measurements of

electron densities in transient labcecratory plasmas.

A pulsed 337 um wavelength HCN laser is studied
experimentally and various plasma refractive effects
occurring within the laser resonator are investigated.
In particular, the production of "spiking" output pulses
by the pulsed laser is observed, and a theoretical

eﬁ%lanation of the plasma-origin of these pulses is given.

Ways in which a continuous 337 um HCN laser may be

used for plasma electron density measurements are



investigated and the self-modulating laser-interferometer
(or "laser interferometer") principle is studied in detail.
.A simple theory of loss modulation of a laser is presented.
Pfedictions about laser interferometer fringe shapes, fringe
size and freguency response are then compared with experi-

mental results.

Experiments are described which demonstrate the use
of an HCN laser interferometer for electron density
measurements in a decaying helium plasma immersed in a
large magnetic field. The performance of the laser
interferometer is compared theoretically and éxperimentally
with that of conventional interferometers using the HCN
laser as a source. In the course of these studies
interactions such as plasma beam bending and focusing,
and Faraday rotation of the 337 um beam probing the decaying

helium plasma are observed and investigated.

Finally, there is a study of the decay process of
the initially highly-ionized, magnetically-confined
helium plasma to which 337 um diagnostics have been applied.
The experimental decay rate is found to agree with the
predictions of collisional-radiative recombination theory
#nd the dominant energy loss mechanism of the plasma is
shown to be thermal conduction by the background neutral

gas -
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PREFACE

Summarx

This thesis describes the initial stages of a
program in the Wills Plasma Physics Department within the
University of Sydney for developing far-infrared
diagnostics of plasmas. The author is concerned with far-
infrared hydrogen cyanide (HCN) gas lasers and their use
for interferometric measurements of electron densities in
transient laboratory plasmas. Experimental results are
obtained with two HCN gas lasers; one pulsed and one
continuous, as well as the Sydney University Plasma
Physics Experimental Rig - No. I, hereafter referred to

as SUPPER I.

Our pulsed 337 um HCN laser is studied experi-
mentally and various plasma effects occurring within the
laser resonator are investigated. In particular the
production of "spiking" output pulses by the pulsed laser
is observed and a theoretical explanation of the plasma-

origin of these pulses is given.

Ways in which a continuous HCN laser may be used
for plasma electron density measurements are investigated
and the self-modulating laser-interferometer (or "laser

interferometer") principle is studied in detail.



ii

Experiments are described which demonstrate the
use of an HCN laser-interferometer for electron density
measurements in a decaying helium plasma ("the SUPPER I
helium plasma") in a large magnetic field. The performance
of the laser-interferometer is compared theoretically and
experimentally with that of conventional interferometers
using the HCN laser as source. In the course of these
studies interactions such as plasma beam bending and
focusing, and Faraday rotation of the 337 um beam probing

the SUPPER I helium plasma are observed and investigated.

Finally, the decay processes of the highly-ionized,
magnetically-confined SUPPER I helium plasma are also
studied and the experimental decay rate is compared with
the predictions of collisional-radiative recombination

theory.



iii

Arrangement of Material

Chapter 1 gives the general background to the
author's research topic; reasons for our interest in HCN
lasers in the plasma physics laboratory are indicated,
and we briefly discuss the occurrence of interesting plasma

effects within the HCN laser itself.

Chapter 2 describes the design of our pulsed and
continuous HCN lasers and, for the pulsed laser, an
experimental investigation of the dependence of pulse

energy on various parameters.

Chapter 3 starts by deriving the refractive index
of an unmagnetized plasma as a function of its electron
density. This serves as a theoretical background for
Chapters 4 to 7. Microwave interferometric measurements
of electron densities in the pulsed laser are presented

as an introduction to Chapters 4 and 5.

Chapters 4 and 5 then deal with plasma effects
in the pulsed HCN laser. This concludes the work with
the pulsed laser and attention is turned to the CW HCN
laser.

Chapter 6 describes a simple theory of operation
of a self-modulating laser interferometer based on a CW
HCN laser and compares the theory with experimental

observations.
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Chapter 7 describes electron density measurements
with the HCN laser interferometer system and interactions
of the 337 um beam propagating through a decaying helium

plasma.

Chapter 8 is devoted to the study of the decay
processes of the highly-ionized, magnetically-confined

helium plasma used in Chapter 7.
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Chapter 1

GENERAL BACKGROUND TO THE SELECTED RESEARCH TOPIC

1.1 Introduction

The work described in this thesis was carried
out in the Wills Plasma Physics Department within the
University of Sydney. Very broadly, the author's project
was to develop far-infrared gas-laser diagnostics for
measuring electron densities in transient laboratory
plasmas and to study the interactions of far-infrared
radiation propagating in laboratory plasmas. More
particularly, the gas-laser itself was to be regarded as
a laboratory plasma - a specially useful one - and worthy

of study in its own right.

Such a project naturally involves several branches
of far-infrared physics which may be conveniently summarized
as:

(a) Gas-laser generation of far-infrared radiation,
(b) Far-infrared optics,

(c) Detection of far-infrared radiation, and

(d) Far-infrared wavelength measurements. At the time
of commencement of the author's candidature fields (c)

and (d) were already quite well developed by spectro-



scopists, who have traditionally used black-body sources
in the far-infrared. However fields (a) and (b) were

rather less well developed.

The approach adopted was as follows. Since
development work could not be undertaken simultaneously
in all four of the fields outlined above it was decided
that the author should concentrate mainly on the generation
problem and,to a lesser extent, on far-infrared optics.
Accordingly, commercial detectors and interferometers
were purchased essentially complete and used throughout
the course of this work. Two 337 um HCN lasers were built
in the Wills Plasma Physics Department; the first was a
pulsed source and the second was continuous. Since the
physical processes which occur within HCN lasers were
far from being well understood the pulsed laser was studied
experimentally. This led to the discovery of a strong
interaction between the laser radiation and the laser
discharge plasma. The first half of this thesis is
devoted mainly to the pulsed laser and the study of effects
resulting from this interaction. The second half deals
with the continuous laser and its use for plasma electron
density measurements, concluding with the study of a
decaying helium plasma to which 337 um diagnostics have

been applied.



Evidently, we are to be particularly concerned
with plasma interaction with far-infrared waves throughout
most of this thesis. In the next section therefore, let

us briefly consider this interaction.



1.2 Interaction of Far-Infrared Waves with
Laboratory Plasmas

The convenience and reliability of interfero-
metric measurements of plasma electron densities have
been accepted by plasma physicists for some time, but in
the past most such measurements have utilized microwave
radiation (Heald and Wharton, 1965). The technique
involves the interferometric measurement of the refractive
index of the plasma under study and this is quite simply
related to its electron density. For instance, in the
case of a collisionless unmagnetized plasma, the
refractive index p is related to the electron density by

u= (1= n/nc)%, where n_ is the plasma resonance density

c
corresponding to the frequency of radiation being used.
When n is greater than n, the radiation is reflected by

the plasma.

Clearly a fundamental limitation arises because
electron densities above the plasma resonance density
(or cutoff density) n, cannot be measured. The radiation
frequency £ and the cutoff density are related by
e

f[Hz] = Zﬂ(ncez/meeo)% = 8979 (nc[cm- When micro-

wave techniques are extended to their practical limit
(f =~ 120 GHz) n_ is only of the order of 1014 cm—3; the

interferometric measurement of higher densities requires



i

a higher radiation frequency. However the minimum
detectable density, corresponding to the smallest phase-
shift which may be measured by a given interferometer, is
simply proportional to the radiation frequency f£. The
result is that the use of optical or infrared radiation

does not generally give satisfactory sensitivity.

Thus it is apparent that the radiation chosen to
probe a plasma should not have its cutoff density very
much higher than the largest densities of interest. The
337 uym (f = 890 GHz) HCN line with its cutoff density
near 1016 cm_3 is particularly favourably placed in this
regard; it considerably extends the range of densities
accessible to microwave interferometry but overlaps part
of this range. Furthermore, since the maximum density

2 and the

which may be measured is proportional to £
minimum density is proportional to f the dynamic range of
a far-infrared interferometer is somewhat better than that
of its microwave counterpart. We have already seen that
in principle the 337 pm line allows electron density
measurements up to its cutoff density of 1018 cn”3; on

the other hand, we shall show in Ch. 7 that under suitable
donditions ‘densitles Bs Tow as 2 ¥ 10> an’? may be
measured. This wide potential range makes 337 um inter-
ferometry a very attractive diagnostic technique. Further

advantages are discussed in Chs. 6 and 7, where we have



exploited not only the 337 um wavelength but also the

advantages of the self-modulating laser interferometer
principle.

But the foregoing discussion leads us to én
interesting observation. Since électrOn densities as low
as 2 x 1012 cm—3 can cause measurable phaseshift of 337 um
radiation and since the discharge of the HCN laser itself
has densities of 2 x lO12 cm_3 and larger (see Ch. 3) then
the laser plasma must significantly change the phase of
the radiation propagating through it. In a continuous
laser this is of little consequence but in the pulsed
laser, where the electron density is actually decaying
during the period of laser emission it is very important.
We may view the laser discharge as having a time-varying
effective length (through the refractive index of its
plasma electrons). Resulting from this, any particular
laser cavity mode has a time~varying resonant frequency.
Now the beat frequency between adjacent low-loss cavity
modes is generally greater than the linewidth of the
laser transition in HCN lasers so that under suitable
conditions laser action may only occur when the frequency
of one or more low loss modes is swept through the
spontaneous emission line. Under such conditions the

laser output pulse shape, as well as its delay and

duration, will be determined by this cavity mode sweeping



effect; multiple mode sweeping will produce "spiking"

output.

These are the plasma effects which we mentioned
in Sec. 1.1 and they are studied in detail in Chs. 3, 4
and 5. Firstly however, we shall examine in Ch. 2 the

generation of far-infrared radiation with HCN gas lasers.



2.1

Chapter 2

FAR-INFRARED WAVE GENERATION WITH HCN LASERS

2.1 Introduction

Since the initial observations in 1964 of far-
infrared lasing in cyanide compounds (Gebbie et al, 1964)
many groups have studied the radiation generated by both
pulsed and continuous electrical discharges through a
variety of gas mixtures and organic vapours containing the
elements carbon, nitrogen and hydrogen. These studies
have clarified many features of the laser action, but the
mechanisms of the gas discharge which produce emissive
molecules in inverted population states are very complex

and are in need of more detailed investigation.

The work that has been done can be divided into
four categories: (a) spectroscopic studies of the line
emissions and the consequent identification of the HCN
molecule as the source of the 337 um line and other lines,
(b) studies of modes of excitation of the resonator, (c)
observations of the output power, pulse shapes, etc., under
a variety of discharge conditions, and (d) studies of
chemical and physical properties of the active emissive

medium itself. Topics (a) and (b) have been investigated



in considerable detail. The frequencies of the various
emission lines have been carefully measured (Hocker et al,
1967; Hocker and Javan, 1967; Mathias et al, 1968), and
the precise vibrational-rotational transitions of the HCN
molecule involved in the generation of the 337 um line and
associated lines established (Lide and Maki, 1967; Maki,
1968). Theoretical and experimental studies (Kneubuhl and
Steffen, 1967; Steffen and Kneubuhl, 1968; Schwaller et al,
1967) of the resonances in Fabry-Perot resonators with plane
and concave mirrors have enabled the identification of the
modes of excitation. The literature shows that topics (c)
and (d) have been less thoroughly investigated. There is

a need for a study of the dependence of laser output power
on a full range of discharge parameters covering and
extending the previous partial investigations, and there is
a need also for study of the plasma properties of the
discharge for these have hitherto been almost totally

ignored.

It should be stated at the outset that our
principal interest in this chapter is in the pulsed HCN
laser. We first describe the design of a pulsed HCN laser
which was built specifically to allow study of topics (c)
and (d) mentioned above. We then describe an experimental
investigation of laser operation at 337 ﬂm, leaving the

~study of plasma effects in the pulsed HCN laser until



Chs. 3, 4 and 5. We then describe a continuous HCN laser
which was built for use as a source for 337 um interfer- -
ometry. The performance of this laser is not studied in
detail; we merely present operating characteristics which
are impbrtant in our studies of laser interferometry (Chs.

6 and 7).

The present state of understanding of HCN lasers
is dispersed in a literature of about one hundred papers.
It is desirable therefore, as a background to our studies
of HCN lasers, to summarize some of the most significant
relevant features of this level of understanding. This

is done in the next section.




2.1.1 Background to HCN Lasers

Consider the situation of a low pressure (1 torr)
mixture of gases containing the elements carbon, nitrogen
and hydrogen which fills a Fabry-Perot resonator designed
to have low losses at far-infrared wavelengths. If a
pulsed electrical discharge suddenly delivers approximately
1 eV per molecule to this gas mixture it becomes partially
ionized (< .1%) and in the subsequent decay many chemical
reactions take place. Among the reaction products the
formation of hydrogen cyanide is highly favoured but even
so, not very much of it is formed (estimated partial
pressure = 1 mtorr; Chantry, 1971). If the gas mixture is
flowing through the resonator at a constant rate,and if it
is pulsed repetitively, an equilibrium concentration of HCN
will be maintained. Now each discharge pulse excites the
hydrogen cyanide molecules into various modes of vibration
and rotation. If conditions are favourable, some of the
vibration-rotation levels will have higher populations
than levels slightly lower in energy. For hydrogen cyanide
this state of population inversion is readily achieved for
a number of pairs of energy levels whose separations are
so small that downward transitions between them cause the
emission of far-infrared photons. If the resonator is

tuned to the wavelength of one of these transitions laser
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Fig. 2.1. Energy Level Scheme for the Observed Transitions
of HCN near 300 um.

For a molecule which is not rotating the v, bending mode is

a degenerate pair because vibrations in the plane of the

page and perpendicular to it are indistinguishable. However,
certain combinations of these two vibrations give rise to
rotation of the molecule about its axis with angular momemtum
component * £h. The quantum number [%2| is writteh as a
superscript after v,. In the case of a rotating molecule the
two possible values * 2h of vibrational angular momentum split
the rotational levels into pairs when |¢| # 0. This splitting,
known as &-type doubling, accounts for the pairs of rotational
levels of the 11 0 vibrational state. The alternate plus and
minus signs refer to the symmetry of the wavefunctions of the
rotational states. For further explanation see Townes and
Schawlow (1955).



action will be observed and a small amount of coherent

far-infrared radiation may be coupled out of the cavity.

Stimulated emission by hydrogen cyanide molecules
has been observed at more than a dozen wavelengths through-
out the far-infrared. About one half of them are pure
rotational transitions; the rest are vibrational-rotational,
as is the strongest line which occurs at a wavelength of
337 uym. Figure 2.1 shows the energy level scheme (Lide
and Maki, 1967) for the family of HCN lines near 300 um.
The energies of the vibration-rotation levels, all of which
are about 2800 cmﬂl above the ground state, are known quite
accurately from infrared studies of HCN. The calculated
frequencies of the far-infrared lines agree with the
observed frequencies within 0.01 cm-l. Precise frequency
measurements (Hocker and Javan, 1967) have verified that
the parallelogram formed by the 310 um, 311 um, 335 um and
337 um lines in Fig. 2.1 closes to 1 part in 10%. Thus
there is little doubt about the validity of this assignment.
All of the other HCN lines lie between 110 uym and 165 um.
In the discussion which follows however, attention is
restricted to the 337 um transition and the 337 um HCN
laser. Reference to Fig. 2.1 shows that the 337 um
transition occurs between the 11'0 and 04°0 vibrational

states, and involves a simultaneous change from the J = 10



to the J = 9 rotational state. Such a transition would not
normally be very probable but the near degeneracy of the -
11'0 and 04°0 states at J = 10 causes Coriolis coupling

and significant mixing (or overlapping) of the wave-
functions of the two states. This allows a much higher

transition probability.

Hydrogen cyanide lasers are typically several
metres long and 10 cm in diameter, and because far-infrared
window materials tend to be lossy they usually employ
internal mirrors. Metallic reflectors with output coupling
apertures are commonly used because partially transmitting
reflectors are virtually non-existent in the far-infrared;
notable exceptions are metal grid reflectors which have
been used with a fair degree of success (Yamanaka et al,

1968) .

Both hole-output and grid reflectors seriously
perturb the mode structure of the laser. Alternative forms
of output coupling use a beamsplitter mounted inside the
laser resonator or an annular transmitting region around
the edge of a laser mirror. This latter method merely
couples out the diffraction losses of the Fabry-Perot
resonator. The optimum output coupling for pulsed HCN

lasers is of the order of 10% per pass.

The emissive material or fuel used in HCN lasers



can be almost any organic vapour (e.g. CHBCN) or mixture
of gases (e.g. methane and nitrogen) containing the
elements carbon, nitrogen and hydrogen. In a 2 m long
Aischarge tube, a pulsed electrical discharge delivering
of the order of 10 Joules (ten times per second) to

10 litres of such a fuel at a pressure between 0.1 and

1 torr gives a pulsed gain of up to 0.7 per metre (Jones
et al, 1969) while a D.C. discharge (e.g. 1 kV at 1 A)
gives a continuous gain in the vicinity of 0.l per metre
(Jones et al, 1969). However, in a repetitively pulsed
laser or in a D.C. laser the fuel is quite rapidly used up
and a flowing gas mixture is required. In fact, the flow
rate is as important as any other of the abovementioned
parameters and the performance quoted would only be
obtained at the optimum flow rate which is of the order

of 1 litre/sec.

With continued use HCN lasers build up a deposit
of brown polymer film on their walls and it seems that the
formation of this is associated with the removal of HCN
from the discharge. Murai (1969) has observed spectro-
scopically that a discharge through nitrogen in a vessel
contaminated by the brown wall deposit results in the
formation of cyanide (CN~) ions and that this production
is enhanced by the addition of bromine to the discharge.

He suggests that the cyanide ions thus formed in a laser



discharge may react with hydrogen ions to form HCN. In
support of this he finds that a given static filling of
gas will lase for hours if bromine is included in the gas

mixture but only for minutes if it is not.

When excited by short current pulses (£ 10 usec
duration) HCN lasers produce a single output pulse in the
afterglow of the discharge (Fig. 2.5). Peak powers of
1 to 10 W are common for the 337 um line and pulse durations
of 10 to 50 usec are typical. With long current pulses of
lower amplitude lasing can occur during the period of
active excitation but under these conditions the output
radiation occurs as a succession of short (v 1 usec)
spikes followed by the usual pulse in the afterglow which
is longer in duration (Fig. 5.1). The origin of this

spiking is discussed in Ch. 5.

With one kilowatt of excitation continuous HCN
lasers produce milliwatts of power at 337 um while the
figures in the previous paragraph imply that a pulsed
laser working at 10 pulses per second delivers an average
power of 0.1 to 1 mW. Assuming 10 J per electrical
discharge pulse the average excitation of the latter is
100 watts. Thus the efficiencies of the pulsed and
continuous HCN lasers are about the same; they are about

10-3 to W %. It is interesting to compare this with



the maximum possible efficiency which may be achieved by
pumpiné the upper laser level from the ground state of the
HCN molecule. The ground state is about 2800 cm-l below
the 11'0 and 04°0 vibrational states and their separation
is about 30 cm-l (Lide and Maki, -1967). The maximum
efficiency, taken as the ratio of these figures, is about
1%. Thus in principle, a considerable improvement in the

efficiency of HCN lasers is possible.
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Figure 2.2. Diagram of the pulsed HCN gas laser.

The laser vessel has a length of 2.2 m between mirrors, a
diameter of 7.6 cm and discharge electrodes 1.5 m apart.

The peak discharge voltage was measured with the meter M

. and the pulsed current was observed by integrating

(t = 1 mS) the output of the Rogowski coil and displaying
it on an oscilloscope.
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2.2 A Pulsed HCN Gas Laser

2.2.1 Mechanical Design

The pulsed laser (Fig. 2.2) is constructed from
7.6 cm I.D. pyrex pipe sections, joined by means of annular
stainless-steel flanges with O-rings in grooves and sealed
at its ends by the resonator mirrors. A stainless steel
flange near one end of the laser is used as the positive
discharge electrode; the other electrode is a 5 cm x 24 cm
strip of thin molybdenum wrapped inside the pyrex pipe to
form a short tube. The electrodes are 1.5 m apart and
positioned symmetrically with respect to the laser mirrors
which are 2.2 m apart. The mirror at the high voltage end
of the laser is clamped directly to the end of the vessel.
At the earth end the mirror is mounted on a flexible
bellows and its tilt and axial position are adjusted by
three micrometers. Adeqguate vacuum is provided by a
single stage mechanical pump connected to a sidearm in the
discharge tube near the earth end of the laser. Base
pressures in the vicinity of 20 mtorr are readily achieved
even in the presence of the brown deposit which builds up

on the walls of the discharge tube in normal operation.

The pressure in the laser was measured by means

of a Pirani gauge which was calibrated against a mercury



2.11

McLeod gauge. No precautions were taken to prevent
mercury vapour from entering the laser vacuum system
although the McLeod gauge was isolated when not in use.
No adverse effects on laser operation were cobserved, even

when the McLeod gauge was used while the laser was running.

2.2.2 Gas Inlet and Monitoring System

The gas used in the laser consists of a mixture
of approximately equal quantities of methane and nitrogen,
- flowing at about 1 litre/second at a total pressure near
1l torr. The flow rates of the gases are individually
controlled by needle-valves and measured upstream of the
needle-valves at a pressure of approximately 100 cm Hg.
Commercial flowmeters consisting of a sapphire ball in a
vertical tapered capillary tube were used. The operation
of the flowmeters is not viscosity dominated so that their
calibrations are not strongly temperature sensitive.
Temperature variations are quite validly ignored as the
laser is housed in an airconditioned laboratory (T = 22 % 3C).
The flowmeters were calibrated by timing the displacement
of a known volume of (saturated) water at atmospheric
pressure for each individual flow rate which was used. As
the flow rates were very small the accuracy of this
procedure was limited only by the accuracy of the volume

measurement. It was estimated to be 10%. Pressure
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measurements were made with aneroid-type pressure gauges
to an accuracy of a few percent. In practice the gas
inlet system operated with sufficient precision to ensure

very reproducible laser performance (e.g. see Fig. 2.7).

2.2.3 The Laser Resonator

In the study described in Sec. 2.3.3 the laser
resonator consisted of an 8 m radius spherical mirror at
the high voltage end of the laser and a plane mirror at
the earth end. The concave mirror was aluminized to a
diameter of 5.1 cm but the plane mirror had an aperture
of only 3.8 cm on a fused quartz plate. Laser output was
extracted through the quartz plate from the annular region
bounded by the aluminizing of the plane mirror and the
inside diameter of the bellows on which it was mounted
(5.1 cm). As this resonator configuration was used quite

extensively it is worthy of some discussion.

Firstly, the aperture of the resonator is
restricted to a maximum of only 5.1 cm while the diameter
of the discharge tube is 7.6 cm. Murai (1969) has shown
that wall chemistry can play an important role in HCN
lasers using a static filling of gas but it is probable
that wall chemistry also plays a role when a flowing gas
is used. Restricting the aperture of our resonator does

tend to be wasteful of active medium but has the advantage



of confining the region of laser amplification to the
vicinity of the centre of the discharge. It follows that
the continuous buildup of brown wall deposit with use of

the laser will be less likely to cause a long term variation
in its performance. This is highly desirable for the
experimental investigation presented in Sec. 2.3.3. Another
advantage of the small aperture resonator is that excitation
of "tube modes" (Steffen and Kneubihl, 1968) which depend on
reflection of radiation by the inside wall of the discharge
tube will be much less likely. Tube modes are undesirable
in our mode studies in connection with the observations of
spiking output (Ch. 5) because they are far more complicated
than the modes of an open resonator. They are also |
undesirable because the buildup of brown deposit on the

tube wall will causé long-term variation in its reflection

coefficient.

Secondly, the choice of annular output coupling
has the advantage that it perturbs the modes of the
resonator and their relative losses far less seriously
than the very popular hole-type output coupling. Hole-
output coupling preferentially loads axial modes and may
prevent them from oscillating at all (McCumber, 1969).
Nevertheless hole-output coupling was used for some

observations of spiking (Ch. 5) and exclusively for



experiments with continuous HCN lasers. Beamsplitter
output coupling was not used because of the difficulty of
mounting a beamsplitter in the laser vacuum system and

providing suitable output windows.

The diffraction loss of the resonator described
above is obtained as follows. One first uses the
equivalence relations given by Kogelnik and Li (1966) to
find an equivalent plane-concave resonator with mirrors
of equal apertures. It is then straightforward to use the
numerical results of Li (1965) for the diffraction losses
of the TEM

and TEMOl modes for such resonators. This

00
procedure gives a value of 22% loss per pass for the TEM)
mode and 60% per pass for the TEM01 mode. Of course, one
would expect the latter mode to oscillate only under very
high gain conditions. However, it is worth noting that
Li's theory does not take into account the possibility of
internal wall reflections. Steffen and Kneubuhl (1968)
have calculated the effect of the glass walls on the modes
of a plane-parallel resonator and found that their losses
are much lower than for the modes of an open resonator.
They have also verified this result experimentally.

However, we do not expect wall reflections to play

an important role in our small-aperture resonator.

The rather high value of 22% for the loss per

pass of the TEM mode is not surprising when one realizes

00



that the spot diameters (calculated on the basis of infinite
mirror apertures (Kogelnik and Li, 1966)) on the two
mirrors are both of the order of 4 cm. According to
Gordon and Kogelnik (1964) the ratio of the spot size w
to aperture a may be taken as a measure of the loss at a
mirror. It follows that if the subscripts 1 and 2 refer
to the two mirrors of a resonator then the quantity
wlaz/wza1 is a measure of the relative magnitudes of the
diffraction losses occurring at the two mirrors. For the
present resonator this ratio has a value of 1.1 when
subscript 1 refers to the plane mirror. Thus slightly
more than half of the diffraction loss of the resonator

appears as output.

Finally, it is interesting to calculate the Q of
the resonator for the TEMOO mode. If the steady radiation
intensity in the cavity corresponds to N photons then
0.22 N are lost per (one-way) transit. Thus the Q is
approximately 2m x 1/0.22 x d/A where 4 is the length of
the resonator and l‘is the wavelength. Assuming A = 337 ﬁm
which corresponds to the strongest of the HCN lines, gives
a value of 2 x lO5 for Q. The e-folding time for decay
of photons in the resonator is Q/w (Garrett, 1967) or
approximately 0.03 psec. This is significantly shorter

than the decay times of 337 um pulses normally observed.
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Fig. 2.3 Typical voltage (a) and current (b) waveforms
for the laser discharge. There is a delay of Vv 2 usec
between triggering the ignitron and the commencement of
gas breakdown. This delay decreases slightly at higher
discharge voltages but at any particular discharge voltage
it is quite reproducible. Although the discharge
extinguishes before the voltage across it falls to zero
the 800 Q dump resistor (Fig. 2.2) ensures that the energy
storage capacitor is fully discharged before the next
pulse. This is important in reducing pulse to pulse
variations in laser excitation.



2.3 Empirical Study of the Performance of
the Pulsed Laser

2.3.1 Electrical Properties of the Gas Discharge

In normal operation, with a mixture of roughly
equal proportions of methane and nitrogen at a total
pressure of about 1 torr, the laser requires a discharge
voltage in the range 4 to 10 kV for maximum output pulse
energy. This produces a current pulse of duration 3 to
4 psec and peak amplitude 400 to 2000 A in the discharge
circuit of Fig. 2.2. Typical voltage and current wave-
forms are shown in Fig. 2.3. The discharge voltage is
not measured from a waveform such as that shown in Fig.
2.3(a) however but from the meter M across capacitor C,
in Fig. 2.2. This capacitor is necessary to allow rapid
recharging of the discharge capacitor C, (Fig. 2.2)
between pulses when repetition rates up to 20 per second
are used. C, also has the desirable effect of reducing
pulse to pulse variations in the discharge current. The
pulsed current is measured by means of a Rogowski coil
which is conveniently calibrated by comparing the steady
current which charges C, with the integral of the current
waveform (Fig. 2.3(b)) multiplied by the pulse repetition

rate.

In addition to the discharge capacitor Cl' and

the impedance of the gas discharge which is largely
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resistive, the discharge circuit of Fig. 2.2 includes
about 4 pH of series inductance. Thus when the ignitron'
is triggered there is a tendency for the circuit to ring
unless it is critically damped or overdamped. This is
undesirable as the ignitron is erratic in its conduction
of reverse currents and this results in large fluctuations
in laser output power. For C, = 0.3 uF the circuit is
critically damped when the discharge resistance is about
7 @ but reverse current does not flow if the discharge
resistance is greater than about 1 Q2. Figure 2.4 shows
the discharge impedance as a function of time for a range
of operating conditions. It is greater than 10 for most
conditions and no ringing is observed. If Cl is reduced
to 0.2 uF however, the discharge current does ring under

some conditions.

Kon et al (1967) have observed that, if all other
parameters are kept constant, the performance of a pulsed
HCN gas laser depends only on the input pulse energy. In
view of this there is no reason why C, should not be quite
large (so long as the appropriate discharge voltage remains
high enough to produce breakdown); a lower discharge
voltage is safer to use and reduces noise pickup in
sensitive detection circuits. In the present laser
however, a value much larger than 0.3 uF is not convenient

because of the limited current available from the D.C.
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ko SR AL Records of the 337 um Output of the Pulsed
Laser

(a) Shows the time resolved 337 pm output observed with
a Putley Detector.

(b) Shows the response of a Golay cell to a pulse like
that in (a).

(c) Shows a superposition of fifty Golay cell records
indicating the normal fluctuations in laser output
pulse energy.




power supply (Fig. 2.2). In any case, the laser produced
more power with Cl = 0.3 ﬁF than with Cl = 0.4 pF in
contradiction to the results of Kon et al (1967) (Sec.

Zsds3sd) o

2.3.2 The Laser Output

Wavelength measurements with a far-infrared
Michelson (N.P.L. cube) interferometer and a mesh~-type
Fabry-Perot interferometer (Advanced Kinetics, FIR 1)
indicated that the laser output always consisted
entirely of 337 um radiation. No other wavelengths were
observed. With the pulsed discharge described in Sec.
2.3.1 the output of the laser occurs as a single pulse of
337 um radiation in the afterglow of the discharge. It
is delayed 0 to 10 ﬂsec with respect to current extinction
and its duration is 10 to 50 usec. Figure 2.5(a) shows
such a pulse, observed with a liquid helium cooled Putley
detector (tr = 0.2 usec; see Appendix 1) working at 4.2 K
with a 25 kG magnetic field. The exact values of the
delay and duration of the laser output pulse (as well as
its shape) change as the length of the laser resonator is
altered. The explanation is that laser emission occurs
as the time-varying refractive index of the plasma
electrons sweeps the effective length of the cavity

through a resonant length. This effect is studied and



discussed in detail in Ch. 4. However, the pulse shown
in Fig. 2.5(a) is representative of the output obtained
when the resonator length is tuned to give maximum output

pulse energy.

Because of the variability of laser pulse shape,
output pulse energy is a more suitable measure of laser
performance than peak output power. Thus, in a study of
laser performance over a wide range of operating
conditions it is appropriate to integrate the detector
output or alternatively, to use a slow detector. Figure
2.5(b) shows the response of a Golay cell (tr = 25 mS;
see Appendix 1) to a laser pulse like that of Fig. 2.5(a).
This detector effectively integrates the laser output
pulse giving a pulse whose peak amplitude is simply
proportional to pulse energy. The Golay cell is a room
temperature detector and therefore much more convenient
to use than a Putley detector. Because its use is
entirely appropriate anyway, the whole study of laser
performance presented in Sec. 2.3.3 was carried out using
a Golay cell. The method of recording pulse energy is
shown in Fig. 2.5(c) which is a superposition of fifty
laser output pulses observed with the Golay cell. This
method has the advantage of simultaneously recording
fluctuations in pulse energy. These fluctuations are

attributed to discharge inhomogeneity, perhaps arising



v

(b)

(c)

—| |- 5msec

Pig. 2.6 Polarization Characteristics of the 337 um
Pulsed Output.

(a) Shows a superposition of fifty Golay cell traces for
the laser working under normal conditions.

(b) Shows the same output as (a) when a polarizer is
placed between the laser output window and the
Golay cell.

(c) Shows the same output again, this time with the
polarizer rotated 90° with respect to its
orientation in (b).

The reduced amplitude in (b) and (c) is due to attenua-
tion by the polarizer.




from the fact that the discharge always emanates from one

or two of a number of preferred points on the surfaces of

the annular electrodes. These inhomogeneities apparently

play an important role in determining the polarization of

the laser output, as much larger fluctuations in output

power are observed when only one component of polarization

reaches the detector. Figures 2.6(a), (b) and (c) show

this effect.

The peak output power of the laser was estimated

by comparing Golay cell and Putley Detector records of

the laser output. The Golay cell was assumed to have its

nominal responsivity (Appendix 1l). Our measurements

indicate that the maximum peak output power of the laser

was of the order of 100 mW.

2.3.3 Dependence of Laser Pulse Energy on

Various Parameters

2.3.3.1 Continuous Gas Flow

The power generated by the pulsed laser is a

function of many variables; the most important of these

are the gas mixture, pressure
well as the discharge voltage
frequency. In this study the
these variables while keeping

is determined. This leads to

and volumetric flowrate, as
and pulse repetition

effect of varying each of
all of the others constant

a phenomenological under-
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Fig. 2.7. Reproducibility of Results: The two sets of
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November 1970 for the dependence of laser output pulse
energy on discharge voltage. All other parameters were
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estimate of the laser behaviour based on both sets of
results.
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standing of what happens in a pulsed HCN laser. In
addition, an optimum set of operating conditions is

evolved.

In view of the fact that this is an empirical
study; that there is no theory to compare the results with,
it is natural to enquire about their reproducibility.
Figure 2.7 shows the variation of laser output pulse
energy with discharge voltage for gas conditions similar
to those which produce maximﬁm pulse energy. There are
two sets of error bars on this curve, one set correspond-
ing to experimental results obtained early in the course
of the empirical study and a second set for results
obtained five months later, when this study was completed.
The error bars indicate the spread in pulse energies
obtained from superpositions of fifty Golay cell traces
as shown in Fig. 2.5(c). This comparison gives a measure
of the reproducibility of the laser behaviour as well as
the accuracy with which the gas conditions and discharge
conditions could be reproduced and the extent to which
the responsivity of the Golay cell may have deteriorated
in the intervening period. Taking all these possible
variables into account, the agreement between the two sets
of results is good. It indicates that there were no
serious omissions from the set of laser parameters which

were controlled and monitored.
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Fig. 2.8. Laser Pulse Energy as a Function of Discharge
Voltage

The three sets of curves (a), (b) and (¢) corres-
pond to different mixing ratios of the nitrogen-methane gas
mixture (R). The units on the three ordinates are the same,
so it is clear that the R = 1/2 gas mixture is optimum.
Stoechiometrically, this mixture is best for the production
of hydrogen cyanide from nitrogen and methane. The dashed
curves in (a) are five times actual size.
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Pulse repetition rate (n) = 10 p.p.s.

p = Total pressure (torr).
f = Total flowrate (litres sec™1).
R = Ratio of nitrogen to methane.
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The strong variation of laser pulse energy with
discharge voltage apparent in Fig. 2.7 was observed with
all of the gas conditions which were investigated. 1In
fact, the nature of this variation was always the same,
as can be seen in Fig. 2.8 which shows pulse energy as
a function of discharge voltage for a wide range of gas
conditions. At any particular pressure there is a voltage
which produces maximum laser output pulse energy. The
laser pulse energy falls off almost symmetrically for
voltages above and below the value for maximum output.
The reason for fall-off with increasing voltage is not
fully understood but is discussed in Sec. 2.3.3.4. The
units of energy in Figs. 2.8(a), (b) and (c) are the
same, indicating clearly that the gas mixture which
produces maximum output power is that used in (b) where
the ratio R of nitrogen to methane is %. It may be
significant that-this mixture has the highest potential
hydrogen cyanide yield. As shown in Fig. 2.8(a) the
maximum pulse energy is less when R = 1 although curves
are not shown beyond that for maximum output. Methane-
rich gas mixtures produce even less laser pulse energy,

as can be seen in Fig. 2.8(c) which is for R = 2/9.

As might be expected,the electrical pulse energy
required to produce maximum laser pulse energy at any

pressure is approximately proportional to the pressure.
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Fig. 2.10. Variation of laser output pulse energy with
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discharge repetition rate.

Shows the variation with repetition rate for two
different gas flowrates. Evidently, the repetition
rate which causes the laser to produce maximum output
pulse energy is approximately proportional to the
flowrate.

Shows the variation with repetition rate for two
different gas pressures. Here the repetition rate
which causes the laser to produce maximum output pulse
energy is approximately proportional to the pressure.
The discharge voltages used in obtaining curves 1 and 2
are close to those corresponding to maximum output for
their respective gas pressures (c.f. Fig. 2.8(b)).



Figure 2.9 shows the electrical energy % Clv2 for maximum
laser pulse energy, plotted against pressure, for each of
the three gas mixtures. It is most interesting that the
proportionality constant between electrical pulse energy
and pressure is the same regardless of gas mixture or

flowrate.

For constant voltage, pressure, and flowrate
there is an optimum pulse repetition frequency which
produces maximum energy per laser pulse. Figure 2.10(a)
shows this effect for two flowrates and Fig. 2.10(b) for
two pressures. It is clear that the optimum pulse
repetition frequency increases approximately linearly
with both gas pressure and flowrate. The latter effect
suggests that at any given pressure there is an optimum
number of pulses for a volume element of gas mixture
entering the laser to experience while flowing through
the discharge region. This optimum number is proportional
to the pressure and for the present laser it lies between
100 and 200 pulses. It is natural to interpret this
effect as being due to a balance between the rate of
hydrogen cyanide production and the rate at which it is
subsequently deactivated. Deactivation probably results
from some chemical action at the walls of the discharge

tube where a brown deposit is formed.
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It is not surprising that for constant voltage,
pressure and pulse repetition rate, there is a flowrate
which produces maximum laser output pulse energy. This
can be inferred from Fig. 2.10(a) but is more strikingly
illustrated by comparison of Fig. 2.7 and curve 3 of Fig.

2.8(b). Both of these curves show the dependence of laser

pulse energy on discharge voltage under identical conditions

except for the flowrates. The flowrate for the latter is
two thirds of that for the former. As a result the power
levels of Fig. 2.8(b) are three times greater than those
of Fig. 2.7 but the form of the dependence of output
pulse energy on discharge voltage is quite similar. On
the basis of these observations and those of the previous
paragraph, one might expect the flowrate and pulse
repetition frequency to vary in approximate proportion
for the maintenance of maximum output pulse energy. That
is

oan

3F = constant. e o

:|maximum pulse energy
Yamanaka et al (1968) have found such a relationship to
exist but they give no supporting data. For the wide
range of operating conditions investigated with the

present laser it is only roughly satisfied.

The dependence of laser output pulse energy on

input pulse energy for a number of values of the discharge
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capacitor ¢y of Fig. 2.2 is shown in Fig. 2.11l. Kon et

al (1967) have presented results showing that the laser
output energy depends only on the value of the electrical
energy input to a static filling of CZHSCN pulsed once

per second. The results of Fig. 2.1l indicate that this
is not the case for a flowing mixture of nitrogen and
methane; changing C1 does make some difference to the
laser output energy. Although increased laser output is
available when C; = 0.2 uF the discharge circuit is subject
to ringing (see Sec. 2.3.1) under some circumstances. For
this reason a value of C, = 0.3 uF was used for studying
the performance of the laser over a broad range of the

variables which affect it.

2<-3.3.2 Static Filling

With a static filling of gas, lasing starts only
after several discharge pulses; the pulse power then rises
to a maximum after a definite number of discharge pulses,
and falls gradually to zero by the time approximately
twice this number of pulses has elapsed. This behaviour
is consistent with the observation in the previous section
that maximum power output occurs under continuous £flow
conditions for particular combinations of flow rate and
pulse repetition frequency which subject an element of the

gas to an optimum number of discharge pulses.
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The results of a static filling experiment plotted

in Fig. 2.12 show not only that the power rises to a
maximum and subsequently decays but that the pressure in
the discharge vessel behaves similarly.' It increases
rapidly with the early discharge pulses and rises to a
maximum somewhat before maximum laser output is reached.
Beyond this there is a steady fall in pressure. The
initial pressure rise is a natural consequence of the
dissociation of the molecules in the gas mixture and the
formation of new molecules such as HCN. It seems likely
that the pressure drop is due to the formation of the
brown wall deposit mentioned earlier and the associated

removal of HCN from the gas mixture.

2.3.3.3 Optimum Operating Conditions

It will be useful for future reference to define
the "optimum operating conditions" for our pulsed HCN
laser. Study of the results presented in Sec. 2.3.3.1
shows that the laser produces maximum pulse energy when
the gas conditions correspond to those for curve 3 of
Fig, 2.8(b) and the discharge voltage is 6.5 kV. This
assumes a pulse repetition frequency of 10 pulses per
second. Accordingly we define the optimum operating

conditions of the laser to be :



Discharge Capacitor : 0.3 ﬂF

Discharge Voltage : 6.5 kV

Pulse Repetition Frequency : 10 p.p-8-.

Gas - Mixture : 1:2 (nitrogen:methane)
- Pressure : 0.7 torr
- Flowrate : 0.5 litre sec_l

The last three quantities in this list shall be taken to

define the "optimum gas conditions" for the pulsed laser.

2.3.3.4 Discussion

In optimizing the performance of a pulsed HCN
laser a compromise is made between the chemical processes
which form HCN molecules in a pulsed discharge through an
appropriate gas mixture, and the physical processes which
subsequently produce an inverted population of these
molecules. Certainly it is clear from the static filling
experiment and from the investigation of power variation
with pulse repetition rate that the two roles of the
discharge are distinct. For the laser will not operate
on the first few pulses in the former experiment, nor will
it work at all when low repetition rates are used in the
latter. In both cases it can only be because insufficient
HCN is formed. However,distinct as the two roles of the

discharge might be they are not completely independent,



because if they were equation 2.1 would have been

satisfied more accurately.

The static filling experiment has another message.
Not only does a pulsed discharge_through nitrogen and
methane produce HCN molecules, but it has the capacity to
remove them as well. There may be circumstances where
this is the dominant effect. So now there are three

processes to balance, but how do they compete?

To restate the problem; one has to optimize the
average quantity of HCN molecules maintained in the
repetitively pulsed, flowing gas mixture while optimizing
the excitation mechanism responsible for producing excess
molecules in the 11°0 vibrational state. It has been
suggested by Chantry (1971) that the optimum quantity of
HCN molecules in the discharge is very small. Otherwise,
self collisions of HCN would rapidly restore thermal
equilibrium between the almost coincident (in energy)
11'0 and 04°0 levels which are responsible for the 337 um
line. In the light of this, the fall-off in laser pulse
energy at high discharge voltages (Fig. 2.8) is not
surprising. It may be that high discharge voltages
produce too much HCN. Or perhaps at high voltages HCN is
removed more effectively than it is produced. The latter

possibility is quite real as HCN is unstable to electron



impact (Chantry, 1971). In any case it is certainly true
that there is so little HCN in the HCN laser that it is
extremely difficult to detect (Chantry, 1971; Gehre,

1972) .

There is one other impdrtant complication which
arises from the refractive effect (Heald and Wharton, 1965)
of the electrons in the laser plasma, an effect which is
quite significant for the 337 pm wavelength radiation.
Because the refractive index of these electrons is less
than unity and decreases with increasing density it follows
that in most lasers, where the electron density is greatest
at the centre of the discharge, the electrons will constit-
ute a diverging element which becomes less diverging as the
plasma decays. McCaul (1970) has shown that this effect
can prevent stable resonator modes until some time in the
afterglow of his laser discharge (but see Sec. 4.4.2). It
seems likely that this process could sometimes be
responsible for the delay which is generally observed
between the extinction of the current pulse and the onset
of laser action. This mechanism may be the clue to under-
standing the fall-off of laser output with increasing
discharge voltage. It is possible for example, that the
laser resonator cannot sustain any staﬁle modes during
the period when a population inversion exists. In addition

the author has shown (Ch. 4) that the direct cavity mode
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sweeping effect of the laser plasma electrons contributes
to the form of the fall-off of laser output power at higﬁ
discharge voltages. Chépters 4 and 5 of this thesis are
devoted to the study of plasma effects in our pulsed HCN

laser.

It is possible that several of the factors
outlined above play a role in the decrease in laser output
pulse energy at high discharge voltages. There may be
other factors which are not known to us. The study
presented in this chapter contributes to our understanding
of how these factors may interact and our study of plasma
effects (Chs. 3, 4 and 5) makes an additional contribution

to this level of understanding.
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2.4 A Continuous HCN Laser

Following the pulsed HCN gas laser, a CW laser
which was required as a source for 337 um interferometry
was designed and constructed. Its dimensions are similar
to those of the pulsed laser, ana its gas inlet and vacuum
systems are identical. In the description of the CW laser
which follows it is implicit where details are omitted,

that it is essentially the same as the pulsed laser.

2.4.1 Mechanical Design and Assembly

The mechanical design of the laser, shown in
Fig. 2.13, maintains a constant distance between its
(internal) mirrors despite thermal expansion of the 1.8 m
long discharge tube. The tube is fabricated from standard
7.6 cm I.D. pyrex pipe sections which are sealed by O-rings
and the whole assembly is held in compression by four
steel rods connecting (but suitably insulated from) two
stainless steel end flanges. The laser tube is air-
cooled by means of a high capacity blower and the discharge
electrodes are water cooled. The cathode consists of a
deep (v 15 cm) brass cylinder closed at one end. It is
similar to the hollow brass cathode described by Yamanaka
et al (1968). The gas mixture is admitted into the laser

through a small hole in the cathode.
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The mirrors of the CW laser are mounted similarly
to those of the pulsed laser, the important difference
being that they are both aluminized to a diameter of
7.6 cm. Thus the diffraction losses in the CW laser are
much lower than those in the pulsed laser; in the latter
however these losses actually produce the output. In the
CW laser, 337 um output is extracted through central holes
in one or both of the mirrors which are sealed by 25 um

mylar films.

2.4.2 Resonator Configurations

Two resonator configurations were used. In both,
the mirror at the cathode end of the laser had a 2.8 m
radius of curvature and a 5 mm diameter output coupling
hole. Hole-output coupling yields a divergent, diffrac-
tion limited beam but avoids the problems associated with
mounting a beamsplitter in the discharge tube. The mirror
normally used at the anode end had a 3.7 m radius of
curvature. Alternatively a plane mirror with a 5 mm
diameter hole could be used to provide double-ended output.
All of the mirrors are aluminized to a diameter of 7.6 cm
giving a Fresnel number of 2.4 for the 1.8 m mirror spacing
of the laser. For an axial mode in either resonator the
spot sizes and waist diameters (calculated on the basis of

infinite apertures; Kogelnik and Li, 1966) are of the



order of 3 cm, In the absence of holes these resonators
would have very low diffraction losses. However the
presence of coupling apertures in one or both of the
mirrors introduces high losses in the axial and low order
transverse modes. Meanwhile, the possibility of internal
wall reflections will allow very low losses for the higher
order transverse modes. Thus in our resonators it is
difficult to estimate which will be the lowest loss (or
operating) mode. It will depend strongly on resonator
imperfections such as the non-unity reflection coefficient
of the discharge tube wall material and losses occurring
at side ports etc. However, assuming that the laser has

a gain of about 10% per metre (Jones et al, 1969) we infer
that the operating mode can have losses of no more than

about 15% per pass (for a 1.5 m discharge column).

The double-ended output configuration was tried
because it allowed easy alignment of the external cavity
of a self modulating laser interferometer analogous to
the He-Ne laser interferometer developed by Ashby et al
(1965) (see Sec. 6.4 and Fig. 6.6). However in this case
the alignment of the laser resonator was far more critical.
Even when the laser resonator was well aligned the output
power levels were about an order of magnitude smaller
than those obtained with single-ended output. Furthermore,

the 337 um output was extremely noisy, to the extent of



being quite unusable.

2.4.3 Operating Conditions

The gas mixture used in the laser consisted of
methane (0.9 torr) and nitrogen (0.3 torr) flowing at 0.5
litre-torr/sec. A discharge current of 1A through this
mixture produced a bright central column of plasma 3-4 cm
in diameter with a voltage drop of 1500 volts, causing
the pressure to rise to approximately 1.5 torr. Under
these conditions the discharge had a negative dynamic
resistance so that a 600 2 ballast resistor was required
to stabilize the discharge current. These conditions
were found to give the highest output power, consistent
with the limitations imposed by the pumping ability of
the mechanical vacuum pump. However the laser was not
very stable in operation as its output power decreased
rapidly after about 2 minutes of continuous operation.
In spite of the air-cooling the hottest point on the
outside of the pyrex tube reached 100 C in this short
time. It seems likely that the rise in temperature is
directly responsible for the rapid deterioration of laser

performance (Frayne, 1969).

With single-ended output the laser resonator was

very easy to align. After a preliminary procedure



utilizing a He-Ne laser beam, adjustment of one of the
micrometers of the mirror mount was always sufficient to-
produce 337 um output. [The wavelength was measured with
a mesh-type Fabry-Perot interferometer. Only the 337 um
line was observed, at average power levels up to 1 mWJ
As the micrometer was adjusted continuously through several
wavelengths many resonances were encountered. For a large
number of these the laser output had a large wideband noise
content like the output obtained with the double-ended
system (coupling holes in both mirrors). However, several
modes were noise-free and suitable for interferometry.
| The interesting aspect of this behaviour is that while
turning one micrometer alters the length of the resonator,
thereby tuning it through the resonant lengths of success-

ive modes, it also changes the tilt of the adjustable

mirror by a large amount. Some of the modes observed

lased quite strongly with the mirror tilted as much as

50" off axis. These may correspond to the "tube-modes"
described by Steffen and Kneubithl (1968), some of which
have enhanced output with an end mirror misaligned. A
plausible explanation of the noisy modes is that they

were probably those tube-modes which had a large proportion
of their field distribution in areas outside of the central
plasma column of the gas discharge. In these areas

fluctuations in light intensity emitted by the plasma were




clearly visible and would certainly have been associated
with fluctuations in the gain of the laser discharge.
Such an explanation is consistent with the observation
that the double-ended output configuration always yielded
noisy oﬁtput. With this configuration the high losses of
the axial and low order transverse modes caused by having
holes in both mirrors (McCumber, 1965) may have left only
the higher order tube-modes (Steffen and Kneubiihl, 1968)
with low enough losses to sustain laser action. It does
not follow that all the tube modes observed were noisy.
In fact, many of the quiet modes corresponded to large
off-axis tilts of the adjustable mirror. A consequence
of the laser's operation in tube modes, particularly when
the mirrors were not strictly parallel, was that the
output was not always directed along the axis of the
discharge tube. Measurements of the angular position of
the peak of the diffraction limited output beam were made
by scanning with a Golay cell. These measurements indic-
ated that misalignments of the order of 3° were quite

common.

Further measurements of the variation of laser
output in any one mode with mirror displacement indicated
a gainwidth for the 337 um (891 GHz) transition of about

13 MHz. As the laser was not highly excited (337 um was
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the only wavelength at which output was ever observed)

the linewidth should not be less than the gainwidth. We
infer that the total linewidth (full-width at half power)
of the transition was of the order of 13 MHz. It is
important to know the relative contributions of Doppler
and collision (pressure) broadening to this figure in
order to determine the appropriate form of the saturation
formula; eq. 6.3 used in Ch. 6. To place an upper limit
on the contribution due to the Doppler effect which varies
as the square root of the temperature, we estimate the
maximum neutral gas temperature in the discharge as follows.
We assume that the 1500 watts dissipated in the tube
maintains a 3 cm diameter central column of plasma at a
uniform temperature. Heat is lost from this column by
thermal conduction through the surrounding gas to the tube
walls (at temperature 400 K). The thermal conduction
calculation indicates a value of 2600 K for the temperature
of the central column. A column narrower than 3 cm would
imply a higher temperature but visual observations
indicated that the bright central column was at least 3 cm
in diameter. The inside wall temperature of 400 K is also
an upper limit, based on estimates of the temperature
gradient in the wall of the pyrex tube. The Doppler line-
width (Townes and Schawlow, 1955) for an HCN molecule at

2600 K and radiating at 891 GHz is about 6 MHz which is
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to be compared with our estimate of 13 MHz for the total
linewidth. Since tht total linewidth is approximately
equal to the square root of the sum of the squares (Townes
and Schawlow, 1955) of the contributions from the two
sources the contribution from pressure broadening must be
considerably greater than 6 MHz. We conclude that the

337 um transition in our laser is essentially homogeneously
broadened. This is consistent with the fact that no
published continuous 337 um laser resonator interferogram
shows the Lamb-dip (Sinclair and Bell, 1969) even though
most of the lasers involved use lower working pressures
than the present laser so that the collision linewidths
were proportionally smaller (see Appendix 2).

Yamanaka et al (1968) mention observing a Lamb-dip of 2%

in a CW HCN laser operating at 0.2 torr where the collision
linewidth would be an order of magnitude less than in our
laser (p = 1.5 torr). For further discussion of line

broadening processes in far-infrared lasers see Appendix 2.



2.5 Summary

In this chapter we have described two 337 um
HCN lasers; one pulsed and one continuous. The pulsed
laser was designed and constructed for the purpose of
investigating physical processes occurring within the
laser; the continuous laser was for use merely as a source

for 337 um interferometry.

We have presented a detailed empirical study of
the dependence of the output pulse energy of the pulsed
laser on all of the parameters which affect it. For a
nitrogen-methane gas mixture we have investigated the
effect on laser output pulse energy of discharge voltage,
pulse repetition frequency, gas mixture,pressure and flow-
rate. This study represents the major original contribu-
tion of this work. In addition we have evolved a set of
optimum operating conditions; conditions which produce
maximum 337 pm output pulse energy from our laser (Sec.
2.3.3.3). These operating conditions were used as a basis

throughout subsequent investigations of the physical

‘processes occurring within the laser (Chs. 3, 4 and 5).

In the case of the continuous laser we have
described a set of operating conditions which produce
about 1 mW of continuous 337 um output. These operating

conditions were used exclusively in subsequent experiments.
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In addition we have described aspects of the operation of
the laser which are of importance in relation to its use ~
in a self-modulating laser interferometer configuration

(Chs. 6 and 7).




3.1

Chapter 3

ELECTRON DENSITIES IN THE PULSED HCN LASER

3.1 Introduction

In this chapter we describe measurements of the
time varying electron density in our pulsed laser plasma
for several different discharge conditions. Much of the
importance of this data lies in its use in Chapters 4 and
5. But because electron density effects are central to
the theme of this thesis they must be carried out with
techniques that we understand well and can use reliably.
See Section 4.4.2 as an illustration of the results of
insufficient care or experience in work of this type.
Accordingly in this chapter we describe the techniques of
microwave interferometry that we use, we present records
of interferograms as well as plots of the data they yield.
Since we interpret out experimental records in terms of
well known plasma dispersion equations let us start with
a summary of some useful plasma equations. These equa-
tions are also fundamental to our studies of far-~infrared
electromagnetic waves in the laser cavity and are the basis

of our far-infrared diagnostic work (Ch. 7).

We first derive the equation relating the plasma

refractive index to its electron density, establish that



collisional attenuation is unimportant, and obtain
equations which are of use in microwave and far-infrared
diagnostics. Following this we present the results of
electron density measurements in our pulsed HCN laser

for the optimum set of operating conditions evolved in

Ch. 2. These densities were so high that we were
immediately able to predict strong plasma effects on the
337 um radiation in the laser cavity. Subsequent invest-
igations of plasma effects in the pulsed HCN laser required
further electron density measurements. These measurements
are also presented in this chapter and will be referred to

in Chapters 4 and 5.



3.2 Propagation of Electromagnetic Waves in
Plasmas with no Magnetic Field

An electromagnetic wave propagating through a
plasma interacts with the charged particles through its
oscillating electric field, the interaction with its
magnetic field being negligible by comparison. Because
the ions are so much more massive than the electrons they
may be regarded, with the neutrals, as a stationary back-
ground through which the electrons move with viscous
damping. It is apparent that an electron displaced from
its equilibrium position will experience a restoring
force due to space charge effects and an elementary
analysis (Heald and Wharton, 1955; hereafter referred to
as H and W; p.2) reveals that this force is proportional
to displacement. Thus there is a natural frequency of
oscillation mp (radians/sec.) for electrons in a plasma

given by (H and W, B2l 4
w = — o i I

where m and e are the mass and charge of an electron, n is
the electron density and €5 is the permittivity of free-
space. This frequency is of considerable practical
importance. If a wave of angular frequency less than ®

P
impinges on a plasma boundary the electrons respond at



the wave freguency and set up a conduction current which
is much larger than the displacement current. Consequently
the wave is reflected. For wave frequencies greater than

the plasma frequency electron inertia reduces the electron

I —

response considerably and the wave can propagate, the
principal effect of the electrons being a reduction of the
dielectric constant below its free-space value and a

corresponding increase in the phase velocity of the wave.

A model of a plasma which is appropriate for the

present purpose is the so called "cold plasma” in which

the electron thermal velocity is much less than the wave
phase velocity. This assumption is readily verified for
the plasmas encountered in this thesis, where electron
energies are no greater than about 1 eV. 1In addition we
assume that the collective properties of the plasma
electrons can be inferred from the motion of one electron.
Accordingly, we start with the equation of motion for a

single electron,

nX = - eE - vmx . 3.2

E is the electric field which results from the wave field
and space charge effects and v is a phenomenological
damping constant; the collision frequency for momentum

transfer. In assuming a "cold plasma" we have eliminated




all dissipative effects other than collisions. For a

steady state solution (= exp(jwt)) and a current density‘

J = - nex eq. 3.2 gives the complex conductivity,
2
= ne2 3 5 V. eowp‘ 3.3
m v + jo v + j Y ’

We now consider Maxwell's fourth equation for a
steady state solution at frequency w in a conducting

medium;

oE
Jrx Bommlol weeg oo
- ]
= [“*%ﬁ]ﬁ
= [0 + Jmeo] E . 3.4

We see that it takes on the form which it has in free-

space (0 = 0) if we define a complex permittivity

L3 ] 35
o Jw

which automatically defines a complex dielectric constant,

R S : 3.6

we
J (o]




Indeed, it can be shown rigorously (H and W, p.6, p.3%26)
that propagation of electromagnetic waves in such a
conducting medium is described in terms of a complex
refractive index 1 which is simply the équare root.of
this complex dielectric constanf. For the plasma under
discussion we obtain, on substituting eq. 3.3 into eq. 3.6,
w 2 : w 2
K = ll———l’-—]—l‘i{—-—ﬂ—-—] : 3.7

w2 + v2 w w2 + v2

Taking the square root of this expression (H and W, p.7)

we find the complex refractive index,

U= g iy 3.8

is given by;

r
- o

m2 0322 (.02 2;5

1 1 P Vv

2 { w2+v2] 2 [ w2+v2] [m2+U2 m] !
. = = :3.9

r ™ o
(U2 w22 UJ2 235;5
x= |-3|1 - 22| +3||t - B3| +|Rz- 2 -

w4y w4y w4+v ‘”J

. F,
M is the real refractive index and x is the attenuation

index. It follows that a plane wave propagating through

a uniform plasma has fields proportional to,



expl:jm(t - ﬁ-?x) = exP[jw(t - Eg-}] . expl:- %ﬁ 2 3.10.

3.2.1 Effect of Collisions

It is clear that egs. 3.9, which determine the
behaviour of a wave propagating through a plasma, can be
simplified in various limits. In the present instance we
are interested in propagation, which only occurs when
w > Wy and we are interested in knowing where v lies in
relation to w and mp. Generally, v is equal to the sum
of the respective collision frequencies for momentum

transfer for electron-ion collisions (vei) and electron-

neutral collisions (ven).

The electron-ion collision frequency (assuming

singly charged ions) is given by (Banks, 1966a)

-3
.= 3.6 n[fecm “J&n A 3.11
ei 3 2

(TCKI)

where n and T are the electron density and temperature and
A is the ratio of the cutoff-radii in the integral for

the total Coulomb scattering cross-section. &n A is a
slowly varying function of n and T and for our laboratory
plasmas it is appropriate to let &n A = 6 (Spitzer, 1962;
p.128) .



The electron-neutral collision frequency is
related simply to the electron temperature T and the

appropriate collision cross-section o by the expression

v Sopligares 312

where n is the neutral density and Ve is the average

electron thermal speed, given by

Suf L LpARES i 3.13
Here m is the mass of an electron and k is Boltzmann's

constant.

For the SUPPER I helium plasma (Chs. 7 and 8) we
have electron density (Fig. 7.3, p.7.9) and temperature
(Fig. 8.3, p.8.1ll) measurements and the cross-section ©

16 cm2 for electron

to be used in eq. 3.12 is 7.5 x 10~
temperatures up to about 1 eV (Banks, 1966a). Thus we
may readily calculate v _; and Van for the SUPPER I

helium plasma; representative values are shown in Table

3.1. As would be expected for this highly ionized plasma

electron—-ion collisions dominate.

In the case of the pulsed HCN laser we do not
have electron temperature measurements. However we do
have electron density measurements (see Sec. 3.3.1) and

we expect that, during excitation, the electron tempera-
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ture may be as high as a few eV (Garrett, 1967, p.52;
Smith and Sorokin, 1966; p.229). For this slightly
ionized plasma such temperatures would cause electron-

neutral collisions to dominate (see egs. 3.1l to 3.13).

Under conditions of peak excitation we may
estimate the total collision frequency for momentum trans-
fer from the measured electrical conductivity of the
laser plasma using eg. 3.3 with w = 0. Taking the plasma

resistance to be 10 Q (see Fig. 2.4, p.2.17) when

13 3

n=10"" cm ° and assuming a uniform plasma column (length

1.5 m) 10 cm2 in area we obtain a conductivity of

g =150 @ L m™l. This leads to a total collision freg-

uency of about 2 x 102 sec™l.

We may now work backwards (using egs. 3.1l to

3.13) to estimate the electron temperature and Vei®

Assuming that electron-neutral collisions do dominate and

using a value of o of 10 x 10”1 cm? which seems approp-

riate for our methane-nitrogen gas mixture and electron
temperatures up to a few eV (Brown, 1959; Shkarofsky et

al, 1966; p.178; Banks, 1966a) egs. 3.12 and 3.13

indicate that the electron temperature is about 104 K.

Equation 3.12 then gives Ugym 2 x lO8 sec-l, justifying

our initial assumption that v_. << v__.
ei en




Table 3.1

Frequencies
of Interest
Plasma s w nn [0} n T vei ven wp
SUPPER T 35 | 2.2x10%t 1015 | 104 | 2x101°| 1x10® | 1.8x10%?
120 | 7.5x10%Y || 3x10%° .5 1012 | 103 | 7x10% | 4x107 | 5.6x10%°
helium 89p | 5.6x10%2
Pulsed 10 | 6.3x10%° 1013 |n104 | 2x108 | 2x102 | 1.s8x10M!
HCN laser 35 | 2.2x101 || 3x10%® ~ 10 1011 | 300 | ax10® | 3x108 | 1.8x10%°
12 '
CH, + N, 890 | 5.6x10
Continuous -
HCN laser | 890 | 5.6x1012 || 3%10%® 5 <1012 | - w8 < 3x1010| <5.6x101°
CH4 + N2
Units GH, |rad sec-l cm_'3 10" 6em? | em™3 K sec_l sec_l rad sec-1
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. Late in the decay of the laser plasma this
situation may change as the electron temperature falls.
We shall not be interested in times when the electron
density is less than 101! en™3 and can obtain an upper
limit to Vo at such times by assuming an electron temp-

erature of 300 K. For these conditions vy is slightly

larger than Vanr A8 shown in Table 3.1.

For the continuous HCN laser we have neither
electron density nor electron temperature measurements
but on the basis of our experience with the pulsed laser
we estimate that the electron density is not as large as

102 cn”3. The conductivity of the DC discharge of the

laser is about 1 ol mlso again using eg. 3.3 (with

w = 0) we find that v is less than 3 x 1010 secﬂl.

All of the collision frequencies calculated
above are shown in Table 3.1, which also shows electron
plasma frequencies and the wave angular frequencies of
interest. Inspection of these data leads to the conclus-
ion that for all of the wave propagation experiments which

are described in this thesis,
< SR TR <A T 3.14
P

and in this limit eqgs. 3.9 become (H and W, p.9),
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Thus the refractive effects of our plasmas are not
affected by electron collisions at all and there is
negligible attenuation except near microwave cutoff,
where it causes the pinching-off of interferograms which

is often observed (e.g. Figs. 3.7 and 3.10).

3.2.2 Interferometric Measurements of Electron
Densities in Decaying Plasmas

It is evident from eq. 3.15 that an electro-

F " magnetic wave propagating through a uniform plasma will
suffer a phase-shift with respect to free-space propaga-
tion which depends only on its instantaneous electron
density. We may use this fact to measure electron densities.
The experimental situation in which we are interested is
that of a cylindrical plasma which we probe aiong a
diameter with a narrow beam of radiation of frequency w.

This defines a cutoff density n, given by (see eqg. 3.1)




and using egs. 3.1 and 3.17 we may rewrite the refractive

index (eq. 3.15) in the more useful form,

If the diameter of the plasma column is d and n(x) is its
radial electron density profile then the phase shift of
the radiation beam with respect to free space propagation

is given by

d/2
>
1\¢=2-3{lj 1-[1—1‘-%39—] ax 3.19
(@]

where A is the free-~space wavelength. Thus measurement

of the phaseshift A? as a function of time allows the
electron density to be calculated, provided that the
functional form of the profile n(x) is known. Of course,
in order to avoid diffraction effects, we require that

the radiation wavelength and the width of the probing beam

be somewhat less than the diameter of the plasma column.

Equation 3.19 simplifies in two useful limits.
Firstly, if n(x) << n, for all x the integrand may be

approximated by the bionomial expansion



to give
d/a

.40 n (x)
Ad = 5 [ 2nc dx . 3.20
(o]

Secondly, when the denéity profile is uniform

(n(x) = n for all x) we have,

n

%
A® = 274 . 1-[1--“—] :
A C

When n << n, as well this reduces to

LA

n
c

| Ad =

md
Frges o 3.20
Equations 3.19 to 3.21 are used extensively in the micro-
wave and 337 um diagnostics discussed later. Eguation
3.21 is also used to estimate plasma effects in the pulsed
HCN laser where n is always much less than n, for 337 um

radiation.

There is a variety of techniques for measuring
the phaseshift of an electromagnetic wave propagating
through a plasma. The specific technique depends on the
frequency of the probing beam,which is chosen so that the
appropriate critical density n, (eg. 3.17) is larger than
the electron density in the plasma. However the critical

density must not be too much larger than the electron
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densities of interest otherwise there is insufficient
interaction between the plasma electrons and the probing
beam to cause useful phaseshifts. To measure electron
densities in our pulsed HCN laser 3.2 cm and 8.8 mm
microwave interferometry is appropriate. For measuring
the higher electron densities in the SUPPER I Helium
plasma (Ch. 7) 2.5 mm microwave and 337 ym far-infrared

interferometry are more suitable.

However all these interferometric techniques are
based on the same principles. Coherent monochromatic
radiation from a suitable source (e.g. a klystron or a
laser) is divided into two beams; the probing beam and
the reference beam. After passage through the plasma
the phase-shifted probing beam is mixed with the reference
beam in a square-law detector. The phase shift of the
reference beam is adjusted for T/2 phase difference in
the absence of plasma. Under these circumstances the

detected signal is proportional to,

(A Cos(wt + /2 + A®) + B Cos mt)2

where A and B are the amplitudes of the signal and
reference beams respectively and A% is the plasma phase-
shift. The bar denotes a time average over the radiation

period T = 2T /. Taking the time average we find that the
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detected signal, V, varies as,

2 2

V=A" + B = 2AB Sin A¢ 322

and the phase shift can be measured in multiples of 27
by counting fringes. The electron density can then be

calculated by using one of egs. 3.19 to 3.21. In practice
it is possible to estimate phase shifts as small as T/2 or
less, depending on the noise level in the detector system.
For a given path length, the minimum detectable phase
determines the lowest density which may be measured. The
maximum density is near the cutoff density determined by
the frequency of the probing beam. Table 3.2 summarizes
the cutoff densities and densities for "/2 phase-shift
for the far-infrared and microwave diagnostics over the

pathlengths encountered in this thesis.

Table 3.2
Plasma £ path length n ("/2) n,
Pulsed HCN e R 2.2x10%2 | 1.5x10%3
Laser 10 6 Egggzle; 2.8x10ll 1.lx1012
SUPPER I 120 | 15 1.5x10%% | 1.7x10%*
Helium 890 | 150 Eggg‘;leg 1.1x10%2 | 9.8x10%
Units GHz cm cm-3 cm~3
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3.3 Electron Density Measurements in the
Pulsed HCN Laser

In this section we describe our measurements of
the time-varying electron density in the pulsed HCN laser
under a variety of operating conditions. The measurements
presented in Sec. 3.3.1 were originally made as a part of
the study of the pulsed laser which was described in Sec.
2.3. However the magnitude of the densities measured
lead to the prediction of strong plasma effects on the
337 um radiation in the laser resonator. As a result
more electron density measurements were required. The
measurements presented in Sec. 3.3.2 are required for
the analysis of plasma effects appearing in Sec. 4.2
and the measurements presented in Sec. 3.3.3 are required
for our study of pulse spiking phenomena in the pulsed

HCN laser (Ch. 5).

The electron density measurements presented in
this section were obtained by interferometry using 8.8 mm
and 3.2 cm wavelength microwaves. These wavelengths are
ideal for measuring the range of electron densities
encountered in our pulsed laser, but as we shall see
shortly, the plasma column in the laser has a width which
is of the order of the larger wavelength. Thus diffract-
ion effects must occur to some extent. However the diver-

ging effect of the cylindrical plasma column in our laser
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Fig. 3.1 Microwave Interferometer.



does cause the region nearest the line joining the two
microwave antennae (Fig. 3.1) to be more effectively prob-.
ed than areas further away and our experimental apparatus

is designed to take maximum advantage of this fact.:

Experimentally, our microwave interferograms show
little evidence of diffraction effects. Of course, the
3.2 cm measurements would be expected to be more seriously
affected by diffraction than the 8.8 mm measurements. But
the good agreement which we obtain where the 8.8 mm and
3.2 cm measurements overlap leads us to believe that both
microwave interferometers operate in the desired manner.
Furthermore, the agreement obtained between the predict-
jons of our electron density measurements and our cavity
mode sweeping observations (Chs. 4 and 5), over the entire
range of comparison, lends support to the validity of the

present measurements.

3.3.1 8.8 mm Microwave Interferometric Electron
Density Measurements in the Pulsed
HCN Laser

A convenient method for measuring electron
densities in the range from 1012 cm-3 to! 15 e 1013 cm-3
in our pulsed HCN laser is the microwave interferometer
shown in Fig. 3.1. In this system horn antennae, whose

dimensions are greater than the (microwave) wavelength,

are used to launch and collect plane waves which



—>| |« 2psec —| [«—1usec
g

(a) (b) (c)

a b c
vpeak 5 6.6 73 kv
Ipeak 460 1120 1300 A
Pig. 3.2. Microwave interferograms (upper trace) and

corresponding voltage (middle trace) and current waveforms
for the pulsed HCN laser, operating under optimum conditions
(curve 3, Fig. 2.8(b)). The interferograms (a) and (b) show
very clearly, the symmetry with respect to rising and falling
densities mentioned in the text. Trace (c) shows about 3%
fringes to cutoff at 4.3 psec and a similar number in the
decay which starts at about 4.7 usec. Diffraction around

the plasma column gives a slowly varying signal for the
0.4 usec cut-off interval.
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probe the plasma. The phase shifted probing beam is
recombined in a crystal detector (Fig. 3.1) with a
‘reference beam which passes through an attenuator and

phase shifter as shown in Fig. 3.1.

Under optimum operating conditions (Sec. 2.3.3.3)
the pulsed laser produces 8.8 mm microwave interferograms
1ike those shown in Fig. 3.2 for three discharge voltages.
These show both the initial rise and the subsequent decay
of the "average" electron dehsity, the turning point quite
often appearing as a small fractional fringe which always
has equal numbers of fringes before and after it. This
jndicates that the width of the electron density profile
must be essentially the same for both rising and falling
densities. The interferogram in Fig. 3.2(c) shows what
happens when the electron density at the centre of the
discharge just reaches cutoff (1.5 X 1013 em™3) for 8.8 mm
radiation. Cutoff occurs after 3% fringes at approx-
imately 4.3 usec and there is a slowly varying diffraction
signal until 4.7 usec followed by another 3% fringes in
the plasma decay. At still higher discharge voltages
than those corresponding to the interferograms in Fig.

3.2 the cutoff interval becomes longer and more clearly
observable. Thus we were always able to positively

jdentify the cutoff interval by briefly operating the
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Fig. 3.3. Time dependent electron density on axis of the
pulsed HCN laser. These curves correspond to a seguence
of voltages on the optimum power curve 3 of Fig. 2.8(b).
The voltages are 4.3, 4.9, 5.4, 6.5 and 7.4 kv, the peak
density increasing with discharge voltage.
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laser at higher than normal discharge voltages. For the
range of experimental conditions encountered in Sec.
2.3.3.1 we observed between 3% and 4% fringes to cutoff,
the number being generally closer to 3%. For the present
operating conditions however there were 3% fringes to
cutoff. In view of the fact that a 7.6 cm ID tube filled
uniformly with plasma above cutoff density would produce
8.6 fringes (7.6/0.88) we infer that the effective width
of the plasma column is much less than the tube diameter.
If we assume a uniform electron density profile its width
must be only 2.9 cm (3.25 x 0.88). Such a narrow column
is consistent with the observation of a diffraction

signal during cutoff.

Assuming a uniform profile 2.9 cm wide the
variation of electron density with time is easily calcul-
ated from interferograms like those in Fig. 3.2. It is
shown in Sec. 3.3.1.1 that the choice of a uniform profile
is a good one. Figure 3.3 shows the time-dependent
electron density obtained in this manner for a series of
laser operating voltages on the optimum power curve 3 of
Fig. 2.8(b). It will be seen that at the higher discharge

voltages a peak density of the order of 1013 en™3 is

achieved and this decays to about 1022 om > in A few

microseconds. Using eq. 3.21 we find that the phase
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shifts expected for 337 ﬁm radiation after passage through
a .
1.5 metres of such/medium are 5 m and 0.5 m for densities

of 1013 em3 and 10'2 cm™3 respectively. Such phase-

shifts would be expected to have proféund effects an laser
operation. It is shown in later sections that they do.
Before proceeding to study these effects however, we must
justify our choice of electron density profile and

investigate the uniformity of the laser's axial electron

density distribution.

3.3.1.1 Radial Profile of Electron Density

It was shown in Sec. 3.2.2 that the electron
density of a plasma could be readily inferred from
measurements of microwave phase shift provided that the
radial profile of electron density n(x) is known. In the
present instance this profile is not known. However, in
the study of plasma effects in the HCN laser we are
principally concerned with the electron density along the
axis of the discharge vessel. It is this density which
causes first order changes in the effective length of our
laser resonator, and plasma tuning effects. Of course
the density must be less at positions nearer to the walls
of the laser discharge tube. This has a lensing effect

which may alter the mode spacings of the laser resonator
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but we expect this to be a second order tuning effect.
Our observations in Ch. 5 indicate that this is indeed
so as the mode separations of our laser resonator are

not changed measurably by plasma effects.

Fortunately, we find that if an arbitrary
profile is assumed, the peak density inferred from phase-
shift measurements is not strongly dependent on the form
of the profile, provided that it has the correct effective
width. That is, the width of the profile chosen must give
the correct number of fringes to cutoff. To illustrate
this point, we show in Fig. 3.4, curves of central density

as a function of fringe number for two cases:
(a) A uniform profile of width 2.9 cm (corresponding

to 3% 8 mm fringes to cutoff). Here,

= i 3rgq 15 3593
I c | k 2 5

Il

where ' fringe number,

and k = number of fringes to cutoff.

Equation 3.23 is obtained from eqg. 3.19 by putting
A = 2mx,

d

kA,

I

and n(x) n.
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(b) A parabolic profile

2
n(x) = n[l - 6{i] ] : 3.24

X

Here x_ is the tube radius and B is chosen to give the
correct number of fringes to cutoff (B > 1 in cases of
interest). If eqg. 3.24 is substituted into the integral

3.19 we obtain (true only for 8 > 1)

5
X n
r=—2 1—(1 - i] [—‘E] n . - A o|| » 3-25
AVE ng) L n [1 - L]!‘ [n_ﬁ L g
nc n

where r is the fringe number corresponding to the electron
density n at tube centre and the maximum number of fringes

to cutoff is given by k = xo/lfg g

Equations 3.23 and 3.25 are plotted in Fig. 3.4
for k = 3%. The relative widths of the uniform (width
2.9 cm) and parabolic profiles (B8 = 1.8; width 5.7 cm)
are also shown. It is evident that to give the same
number of fringes to cutoff the parabolic profile must
be wider than the uniform profile. It follows that the
use of a uniform profile to analyse microwave interfer-
ograms when a parabolic profile really exists leads to

an overestimate of the peak electron density. However
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Fig. 3.5. Axial profiles of electron density in the HCN
laser plasma for several discharge voltages on the optimum
power curve 3 of Fig. 2.8(b). The time in microseconds
for each profile is indicated at its left hand end. The
length of the laser resonator and the relative positions
of the 8.8 mm interferometer and discharge electrodes are
shown to scale underneath the figure.



reference to Fig. 3.4 indicates that this overestimate

is only about 10% at high densities and no more than about
25% at low densities. These are not serious errors.
Because of this, and the fact that the uniform profile is
simpler, it is used extensively in the analysis of micro-

wave interferograms in this chapter.

3.3.1.2 Axial Uniformity of Laser Plasma

It is reasonable to expect a roughly uniform
axial distribution of electron density in the laser plasma.
However, before making quantitative estimates of plasma
refractive effects, it was necessary to check this
distribution experimentally. Accordingly, the 8.8 mm
interferometer shown in Fig. 3.1 was set up at three
positions along the axis of the laser vessel and used to
measure electron densities under as nearly identical
operating conditions as possible. Figure 3.5 shows the
results of these measurements for three discharge voltages
in the range of interest. Inspection of these results
indicates that the laser plasma is reasonably uniform.

The density for the position of the interferometer nearest
the anode is always lowest. The very large deviations
which occur at 6 us (7.5 kV) and 7 us (7 kV) are probably

due to shot to shot variations in the laser plasma.
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Fig. 3.6 . Modulated Reflection Interferometer




It should be noted that the middle position of
the interferometer (Fig. 3.5) was used for all other
‘electron density measurements. This may lead to an over-
estimate of plasma refractive effects when a uniform axial
profile is assumed. Allowing for the possibility that the
electron density may fall at positions closer to the
anode than those at which measurements were taken, we

estimate that this error could be as large as 30%.

3.3.2 3.2 cm Microwave Interferometric Electron
Density Measurements

We saw in Sec. 3.3.1 that during active excita-

tion the peak electron density in the HCN laser reaches

1013 cm™3 and decays to 1012 em™3? in a few microseconds.

The 8.8 mm interferometer is not capable of measuring

electron densities much below 1012 cm_3 (see Table 3.2).

However comparison of the times of onset of typical laser
output pulses (Fig. 2.5) with the electron density decay
curves in Fig. 3.3 indicates that lasing takes place

when the electron density is less than or of the order of

1012 cm-s. Thus electron density measurements below

1012 cm_3 are required.
For measuring electron densities in the range

from 1012 crn_3 down to 3 X 1011 cm“3 a 3.2 cm (9.38 GHz)
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Double Pass 23 Single Pass
Phaseshift gata Fringe No. (r) »

4m 8.2 1 1,09

3 9.1 3 /4 1.02

21 11.0 12 0.82

7 18.2 14 0.48
radians Usec - 1(3112 cmﬂ3

Pig. 3.7. 3.2 cm interferogram for the pulsed HCN laser
plasma, for operating conditions corresponding to Fig. 4.1.
Cuton occurs at about 8.2 psec and is followed by one highly
attenuated quarter fringe and three normal gquarter fringes.
Large attenuation is expected near cutoff because the
electron collision frequency is not much less than the 3.2 om
wave angular frequency (Table 3.1).
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modulated reflection interferometer (Robinson, 1964) was
used (Fig. 3.6). In this instrument radiation which has
made a single pass through the plasma is reflected by a
crystal diode which is driven by a 30 MHz sinewave gener=
ator. Under these circumstances the crystal has a time
varying reflection coefficient. Thus radiation carrying
a 30 MHz "label" is returned to the plasma. Radiation
which has made two passes through the plasma is then
mixed with a reference signal by means of the simple
directional coupler and short circuit configuration shown
in Fig. 3.6. A transient plasma produces a signal consist-
ing of a 30 MHz signal amplitude modulated by the plasma

fringes.

Figure 3.7 shows a 3.2 cm interferogram obtained
under typical lasing conditions. The laser operating
conditions were optimum (Sec. 2.3.3.3) except that the
flowrate was higher by a factor of about two and the
discharge voltage was 7.0 kV. These conditions correspond
exactly to the investigation of cavity mode sweeping
presented in Sec. 4.2.1. Referring to the interferogram,
we see that a noise signal starts about 2 usec after the
beginning of the trace. This signal originates in the
laser discharge triggering'electronics and actually starts

about 1 usec before the laser current pulse. This disguises
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the pulsed HCN laser discharge. The operating conditions were
optimum (Sec. 2.3.3.3) except that the discharge voltage was
7.0 kV and the flowrate was higher by a factor of about two.
The points for this curve are obtained from analysis of the
interferogram shown in Fig. 3.7.



the plasma preparation fringes which should occur in the
first 0.4 usec or so. The noise continues long after :
-this but ceases before 3.2 cm cuton (1.09 x 1012 cm_3)
which occurs at about 8.2 usec. By this time the laser
discharge current has ceased flowing (Fig. 3.2). After
cuton, there are four fringe maxima in the subsequent
decay of the plasma. Thus we infer that there is a total
phaseshift of 4n to cutoff, for a double pass through the
laser plasma. Analysis of Ehe interferograms on the basis
of a uniform profile 3.2 cm (= 1) wide (e.g. 3.23 with

k = 1) gives the electron densities tabulated under Fig.
3.7. The resulting time-variation of electron density is

plotted in Fig. 3.8. This curve is used in the analysis

of cavity mode sweeping presented in Sec. 4.2.1.



interferometer

output — baseline
Phaseshift 0 90 135 180 135| degrees
Time 38 T 1857 15 20.3| usec
Electron Density 0 1.5 2.2 | 340 2.2| 1012cm™3
+ Error - | o.2| o0.2] 0.2 | 0.2 1012cn~3
Phaseshift 90 67 30 |14.5 degrees
Time 23 24 28 34 usec
Electron Density | 1.5 | 1.1 0.50| 0.24 1012em=3
+ Error 0.1 | 0.05| o0.05| 0.05 1012cm3
4+
3 cm cuton
Pigs 3.9 8.8 mm microwave interferogram obtained under

the laser discharge conditions (Table 5.1) which produced
the spiking output shown in Fig. 5.1. A baseline, which
corresponds to zero plasma phaseshift is superimposed on the
photo. Because of the symmetry with respect to rising and
falling densities which we always observed with 8.8 mm
interferograms (Sec. 3.3.1) we know that the electron
density turning point occurs at about 15 usec, near where
the interferogram crosses the baseline for the second time.
The total plasma phaseshift at 15 usec is close to 180°.
The table underneath the interferogram shows the phaseshift
and electron density variation with time which the former
implies.

P, ————




3.3.3 Electron Densities for Discharge Conditions
Which Produce Spiking Qutput

In this section we present measurements of the
time-varying electron density along the axis of the
pulsed HCN laser for discharge conditions under which it
produces spiking output. This is an essential part of
the study of spiking output in Ch. 5. For two reasons
these measurements are presented in rather more detail
than those of the previous sections. Firstly, the
densities are in a range which requires the use of both
3.2 cm and 8.8 mm interferometry. Secondly, the measure-
ments are required for a careful comparison of theory and
experiment. Because of the lengthy discussion involved
in presenting these measurements they would distract from
the central theme if they were presented in Ch. 5. It is

better than they be given here and used later.

The laser operating conditions in which we are
presently interested are summarized in Table 5.1. Figure
3.9 shows an 8.8 mm microwave interferogram obtained under
these conditions. As the maximum phaseshift observed is
only m radians we infer that the peak electron density
is well below cutoff density (n, = 1.5 x 1012 an”3), so

to a very good approximation the plasma refractive index

is related linearly to the electron density by (eq. 3.18),



Ad 5T an 3w 511/2 2T 311/2 m TT/2 rad.

= 24 24.4 25 25.8 | 26.6 | 28.5 [ 30.3 44 usec

| 1.001.05|0.92|0.82{0.70|0.56|0.39]|0.21 1012cm~3

A® = Double pass phaseshift
= Time
n = Electron Density at tube centre
Fig. 3.10. 3.2 cm modulated reflection interferogram for the

laser discharge conditions which produced the spiking output
chown in Fig. 5.1 and the 8.8 mm interferogram shown in Fig.
3.9, Trace (a) is triggered approximately 0.5 usec before

3 em cuton while traces (b) and (c) are triggered at our
normal time zero. The electron densities given in the table
are calculated from the total phaseshift assuming a uniform
profile 4.0 cm wide (eq. 3.23 with k = 5/4).
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[Use of this approximation causes an error of only 2% in
our electron density measurement at its maximum (at 15 usec)
and less at all other times.] This has the fortunate
consequence that the total microwave phaseshift is simply
proportional to the electron density at tube centre at

any instant of time, regardless of the form of the electron
density profile. We can readily take advantage of this
fact because we know the electron density at tube centre
precisely at the instant of 3.2 cm cuton. It will be

seen (Fig. 3.10) that this occurs at 24 t+ 0.3 usec. It
should be noted that this procedure is correct provided
that the electron density profile does not change markedly
with time. We are normally constrained to make this

assumption anyway.

The table in Fig. 3.9 shows the 8.8 mm phase-
shift implied by the interferogram as a function of time.
Electron densities obtained using the procedure described
above, and errors based on the uncertainty in estimating
the time at which a certain phaseshift occurred are also
shown. The resulting time-varying electron density is

plotted with error bars in Fig. 3.11l.
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Fig. 3.11. Time dependent electron density, along the
axis of the pulsed HCN laser plasma (length 1.8 m), for the
discharge conditions (Table 5.1) corresponding to the
spiking output records shown in Fig. 5.1.
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Figure 3.10 shows a 3.2 cm interferogram obtained
under the same operating conditions as the 8.8 mm inter;
ferogram in Fig. 3.9. Underneath the interferogram, which
is shown on three timebases, is a table of the resulting
3.2 cm phaseshift as a function.of time. As the inter-
ferograms show five distinct fringe maxima to cutoff we
infer that the effective width of the electron density
profile is 3.2 x 5/4 cm = 4.0 cm. Analysing the phase-
shifts on the basis of a uniform profile (eq. 3.23 with
k = 5/4) we obtain the electron densities which are also
shown in the table under Fig. 3.10. The principal source
of error in these measurements is the uncertainty in the
choice of electron density profile; our choice of a

uniform profile may cause a slight density overestimate.

Figure 3.11 shows the results of the 8.8 mm and
3.2 cm electron density measurements. It is clear that
the two sets of results are in good agreement where they
overlap, and this leads us to be confident about their
validity elsewhere. There are two comments which should
be made in regard to errors. Firstly, it should be
recognised that the curve in Fig. 3.11 gives the electron
density at tube centre at one axial position along the
laser discharge (middle position in Fig. 3.5) and does

not take axial ncnuniformity into account. Referring to
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Fig. 3.5 we see that the density measured at this position
could be higher than the average along the tube axis by as
much as 30%. This uncertainty should be remembered when
Fig. 3.11 is used to estimate plasma refractive effects.
Secondiy, the reader may notice that the peak electron
density shown in Fig. 3.11 is some 7% greater than a
previously published result (Whitbourn et al, 1972). The
present result represents an improvement in the analysis

of our data.
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3.4 Summary

In this chapter we have derived equations
describing electromagnetic wave proPaggtion in lab9ratory
plasmas. These equations are fﬁndamental to our studies
of plasma effects in HCN lasers (Chs. 4 and 5) and 337 um
diagnostics of laboratory plasmas (Ch. 7). An important
conclusion is that we will never observe significant
collisional attenuation of 337 um radiation in our present

studies.

Measurements of electron densities in the pulsed
HCN laser plasma have also been presented. Our prelimin-
ary measurements (Sec. 3.3.1) indicated that the densities
are sufficiently large to cause plasma tuning effects in
the cavity of the pulsed laser. We have described
additional electron density measurements which are
required for our studies of these plasma effects in

Chapters 4 and 5.



Chapter 4

PLASMA EFFECTS IN THE PULSED 337_ﬁm HCN LASER

4,1 Introduction

In Chapter 2 of this thesis we described an
empirical study of our pulsed HCN laser. As a part of
this study we originally measured the time-varying electron
density in the laser discharge (Ch. 3), and this led to the
prediction of strong plasma effects on pulsed HCN laser
behaviour. In the present chapter and Chapter 5 we look
more deeply into these effects. We base this study on the

electron density measurements presented in Chapter 3.

Chapter 4 deals with "typical" laser operating
conditions. The observations described are for conditions
very similar to the optimum set evolved in Ch. 2
(Sec. 2.3.3.3), under which the laser produces a single
pulse of 337 um radiation in the afterglow of the (short-
duration) discharge current pulse. We shall see that this
pulse arises as the time-varying refractive index of the
laser plasma electrons sweeps a cavity resonance through
the 337 um emission line. Our present observations
indicate that multiple mode sweeping can produce spiking

output from pulsed HCN lasers. In Chapter 5 we show that
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spiking output is produced when we excite the laser with

a low-amplitude long-duration current pulse and use a mofe
stable resonator configuration. The long current pulse
establishes a population inversion whilé current is-still
flowing and the electron density.is sufficiently high to
cause multiple mode sweeping. A more stable resonator is
required because, as we shall see later in Chapter 4, high
electron densities can cause our resonator to become

unstable.

For the present however we restrict our attention
to typical operating conditions, when a large-amplitude
short-duration current pulse is used to excite the laser.
Under these conditions laser action is only observed in
the afterglow of the discharge when the electron density
is generally too low to cause multiple mode sweeping.
Laser action does not occur during the current pulse
because either pumping of the upper laser level does not
occur until later or the high electron density at early
times precludes stable resonator modes. Thus the laser
output consists of a single pulse of 337 um radiation in
the afterglow of the discharge. In the sections which
follow, we study plasma effects involved in the production
of this output pulse, the plasma contribution to the form

of the variation of laser output pulse energy with



discharge voltage observed in sec. 2.3.3.1, and electron

density effects on the stability of laser resonators.



4.2 Plasma Sweeping Through Laser Cavity Modes

On the basis of the electron density measurements
éresented so far we may make definite assertions about the
delay and duration of HCN laser pulses. Firstly however,
it is necessary to summarize some of the relevant properties
of cavity modes in far-infrared lasers, especially in rela-

tion to the gainwidth for laser emission.

It is well known (Schwaller et al, 1967; Steffen
and Kneubuhl, 1968) that the gainwidth for laser emission
for the 337 um HCN line is much less than the spacing
between the nearest pairs of low loss resonator modes.

For this reason "laser resonator interferometry", which
describes the process of observing the variation in laser
output while translating one of its mirrors axially through
several wavelengths, yields output only at specific lengths.
As the total linewidth of the 337 um (890 GHz) line is of
the order of 10 MHz (Appendix 2; Steffen and Kneubithl, 1968)
a fractional change in cavity length of 107/0.89 X 1012 is
sufficient to tune a cavity resonance through the width of
the emission line. For a 2 meter laser resonator this
implies a length change of 20 ym whereas axial cavity modes
are 168 ym ()A/2) apart. A cavity using spherical mirrors
has transverse modes TEMqu for lengths lying between

integer multiples of A/2 but their losses increase quite
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rapidly with the transverse (i.e. radial and azimuthal)
quantum numbers p and £ and only a few of them have losses

low enough to sustain laser action (Appendix 3).

It was shown in Sec. 3.3.1 that under typical
operating conditions the electron density on the axis of
the pulsed HCN laser falls from 1013 cn3 to 1012 em3
in a few uUsec, and that these two densities cause 337 um
phaseshifts of 57 and 0.57 per pass respectively. Altern-
atively, we may say that the electron density changes the
effective length of the laser cavity. If the length of

the laser discharge column is L its effective length is

pL, where y is the plasma refractive index given by eq.

318, U can be approximated, for electron densities much
lower than n, (nc = 0598 % .1016 cm-3 for 337 um radiation)
by,
n
p o= 1 - — 2 4.1
2nc

Thus the change in effective cavity length caused by
electron density n is,

Ln

Lplasma il 2n . 4.2

A

Using eg. 4.2 we find that electron densities of

1013 cm—-3 and 1012 cm_3 cause length changes to our 1.5 m

discharge column of =760 pm and -76 ﬁm respectively.
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However, we saw above that a 20 um length change is
sufficient to tune through a single cavity resonance.

Also, successive low loss cavity resonances do not overlap.
We are led to hypothesise that laser emission occurs as the
time-varying effective length of the laser resonator is
swept through the resonant length of a low loss cavity
mode. This is our cavity mode sweeping hypothesis. This
hypothesis leads us to make two assertions; the first is
related to the delay and duration of the pulsed laser
output and the second is related to the spiking output
which is sometimes produced by pulsed HCN lasers. We deal

with these assertions in order.

Firstly, by altering the length of an HCN laser
resonator we should change the delay and duration of the
(delayed) output pulse. Lengthening the resonator should
reduce the pulse delay because the effective length is
least when the electron density is greatest (eq. 4.2).
The duration of the pulsed output will be determined by
the rate of plasma tuning through the laser transition.
In view of the form of the plasma decay (Fig. 3.3; the
rate of change of electron density decreases with time)
later pulses should be longer than early ones. These
effects have been observed by other experimenters (Steffen

et al,1967a; Steffen and Kneubiihl, 1968; Jones et al, 1969)
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but they did not measure electron densities and there-

fore they were not in a position to establish the cause
of the phenomena. Our discovery and explanation of these
effects was completely independent. More recently, we have
become aware of the work at Stanford University by McCaul
(1969) who did measure electron densities. However his
measurements are incorrect (see Sec. 4.4.2). Nevertheless
it is clear that a good deal of parallel thinking developed
in our laboratory and at Stanford, the essential difference
being that the bias of McCaul's investigation was towards
the diverging effect of the discharge plasma within the
laser cavity. His theoretical results in this respect are
valuable and will be considered and applied to our laser

in the present chapter (Sec. 4.4.3).

Our second asserfion following from the cavity
mode sweeping hypothesis is related to the production of
spiking output from pulsed HCN lasers. Under circumstances
when laser emission occurs at early times the electron
density will be high enough to sweep the effective cavity
length through the resonant lengths of several low loss
cavity modes. This would give rise to spiking output.

We have observed such spiking output and it is studied

gdnndetail in Ch. 5.
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Pig:; 4.1; Oscilloscope traces showing the variation of
laser output pulse delay and duration with cavity length.
Traces (a) to (f) are for successive decreases of 6.3 um in
cavity length. The upper trace in each photo is the laser
discharge current (800 A; peak) and the time-base is 2 usec
per large scale division.



4,2.1 Observations of Cavity Mode Sweeping

We return now to our first assertion, that of
variation of pulse delay and duration with laser cavity
length. Figure 4.1 shows laser output pulses observed
when the laser operating conditions were optimum (Sec.
2.3.3.3) except that the flowrate was higher by a factor
of about two and the discharge voltage was 7.0 kV. The
laser resonator was the same as in Ch. 2 (Sec. 2.2.3).
Traces (a) to (f) correspond to successive decreases of
6.3 um in cavity length, which were effected by displacing
just one of the three micrometers on the mirror mount in
12.5 ym steps. The alignment of the resonator was approx-
imately optimum for pulses (c¢) and (d) and distinctly
inferior for pulses (a) and (f), which explains their low
output powers. Pulses (a) and (f) are shorter than they
would be if the cavity was optimally aligned. Study of
the sequence of oscilloscope traces in Fig. 4.1 shows that
the rising edge of the laser pulses occurs at successively
later times. For example, from (a) to (f) there is an
increase in pulse delay of about 4 usec. In order to
compare these results with our theory the time-varying
electron density in the laser discharge was measured. The
details of this measurement have already been presented in
Sec. 3.3.2 and the time varying electron density is plotted

in Fig. 3.8.



Table 4.1

Measured Predicted®
Cavity AL AL
Pulse | Delay| Duration| Length . plakma plasma
a during pulse [pbetween pulses
a = B 1.9 do -
b 9.3 5.6 d0—6.3 32
5.0
c 2,9 6.0 do-12.7 30
5.0
d 10.6 7.6 do'—19.0 30
6.3
e 135S 8.5 do-25.4 28
f 13 6.7 d. =31.7 =
. o
Units| usec usec Hm Hm Hm

* Changes in effective cavity length are predicted from the
electron density decay shown in Fig. 3.8, using eq. 4.2.
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Table 4.1 shows the delays and durations of the
pulses shown in Fig. 4.1 and compares these with the
predictions of our cavity mode sweeping hypothesis.

Using eqg. 4.2 we have calculated the change in effective
length of the plasma column during each pulse, predicted
by the electron density decay shown in Fig. 3.8. We have
also calculated the change in effective cavity length
occurring between the successive pulses shown in Fig. 4.1.
Pulses (a) and (f) have been ignored in this analysis
because they are éignificantly shortened by mirror mis-

alignment.

These results show that decreasing the length of
the laser resonator by 6.3 um causes the pulse delay to
increase just sufficiently for the effective length of
the plasma column to increase by about the same amount;
experimentally 5 to 6 um. In addition we see that during
each of pulses (b), (c¢), (d) and (e) the time-varying
electron density sweeps the effective length of the laser
resonator (length d) by an amount Ad = 30 pym. Assuming
that the observed pulses correspond to single mode sweeping
Ad is related to the "effective gainwidth", Af, of
the 337 uym (f = 890 GHz) transition by, Ad/d = Af/f. The
present results (d = 2.2 m, Ad = 30 ﬁm) indicate an effec-
tive gainwidth of about 12 MHz. We shall see in Sec. 5.1.1

that the effective gainwidth should be of the order of the



sum of the width of the 337 ﬁm spontaneous emission line
and the width of the laser cavity resonance; for our
laser this is about 10 MHz. Our observation of an
effective gainwidth of 12 MHz is in good agreement with
this. Thus our observations of the variation of pulse
delay and duration with laser cavity length are in good

agreement with our cavity mode sweeping hypothesis.

The measurements presented so far, are based on a
small number of observations. Very good order of magnitude
agreement between the predictions of the cavity mode sweep-
ing hypothesis and experimental observations has been
obtained. Nevertheless it is desirable that further
comparison of theory and experiment be performed. This
should be based on a much larger set of experimental
observations. The experiment described above does not
lend itself to a rigorous experimental treatment as well
as the observations of spiking pulses presented in Sec. 5.2.
Accordingly we defer a more detailed comparison of theory

and experiment until then.

The foregoing experimental analysis relates to
typical HCN laser operatiﬁg conditions; the conditions
described above lie in a range covered by the study in
Ch. 2. With our present level of understanding of plasma
effects in the pulsed HCN laser we are in a position to

consider their contribution to some aspects of the laser
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behaviour observed in Ch. 2. In particular we now turn
our attention to the variation of laser output pulse

energy with discharge voltage.
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4.3 Contribution of Plasma Effects to the Variation of
Laser Output Pulse Energy with Discharge Voltage

The reader will recall that in the study of Ch. 2
we observed that there was always an optimum discharge
voltage for the production of maximum laser pulse energy.
This was so for any particular set of gas conditions. We
suggested (Sec. 2.3.3.4) that the refractive effect of
the laser plasma electrons contributes to the decrease in
laser plasma energy at higher'than optimum discharge

voltages. We now investigate this plasma effect.

Figure 4.2 shows photographs of the time resolved
laser output power for a sequence of discharge voltages.
All other conditions were optimum (Sec. 2.3.3.3) and the
alignment and length of the laser resonator (as in Sec.
2.2.3) was kept constant throughout these observations.
The pulses in Fig. 4.2 show considerable variation in both
delay and duration with discharge voltage. We now check
to see if the changing form of the electron density decay
with discharge voltage (Fig. 3.3) is responsible for these
variations. Measurements made with the 3.2 cm interfer-
ometer (Fig. 3.6) indicated that laser action only occurs
when the electron density along the axis of the laser

discharge is less than about 1012 cm-3 (i.e. after 3.2 cm

-3

cuton; 1.1 x 1012 cm “). Accordingly, electron densities



Table 4.2

Observed Predicted”
(from Fig. 4.2) AL _
plasma
Discharge T Pulse Pulse Pulse Onset of Pulse
Voltage Delay Duration | Amplitude Lasing Extinction
6 15 11 =51 -37
9 36 24 -51 -19
. 6 41 38 -51 -19
v 4 51 70 =57 =16
4 53 85 -60 =16
’ 3 50 100 -72 =19
# 3 38 115 -72 -19
3 28 I =72 -23
3 20 115 -72 -28
5 14 90 -60 -30
. 10 5 95 -51 =37
kv usec usec mV pm pm

The predicted plasma contributions AL 1a to the laser cavity length
: : : ma : -

are obtained from 3.2 cm microwave inPefE&fometric density measurements

using eq. 4.2.

1‘The pulse delay is measured from the extinction of the discharge current

pulse.



at times of interest are obtained entirely from 3.2 cm
interferograms, in exactly the same manner as described

in . Seec.. 3.3.2%

Table 4.2 summarizes the delays, durations and
amplitudes of the pulses shown in Fig. 4.2 and the plasma
contribution to the efféctive length of the laser resonator
at times corresponding to the onset and extinction of each
laser pulse. These lengths are calculated from the 3.2 cm
interferometric electron density measurements (eq. 4.2)

assuming the length of the plasma column to be 1.5 m.

Using the data in Table 4.2 we can plot the range
in effective length of the laser resonator, swept by the
time-varying electron density during the period of lasing,
as a function of discharge voltage. This is shown in Fig.
4.3. It is clear that although the range in effective
length swept during laser action varies considerably with
discharge excitation, the centre of the range remains
approximately fixed; 42 um shorter than the free-space
length of the laser resonator. This suggests that at line
centre (890 GHz) the cavity is 42 pm shorter than the
resonant length for the mode being excited. The fact that
laser emission is observed over effective length changes
of up to 53 pm indicates that the effective gainwidth for

laser emission is as high as 21 MHz if a single mode is
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Elg. 4.3. Range in effective length of the laser resonator,

swept by the time-varying plasma refractive index during the
period of laser emission, as a function of discharge voltage.
Although the range swept varies considerably with discharge
excitation the centre of the range remains approximately
fixed, at about 47 um less than the free-space distance
between the laser mirrors.
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swept. This is much larger than the figure of 10 MHz
suggested in Sec. 4.2; it is clearly much too large.
However the separation of the two lowest loss modes
(TEM00 and TEMOl) of the resonator used in this present
study (one plane mirror and one with an 8 m radius of
curvature) is only 30 um (Appendix 3). It is shown in
Sec. 5.1.1 that under high gain conditions these two modes
will overlap to produce pulses spanning about 50 um of
effective cavity length when the gainwidth of an axial
cavity mode is about 14 MHz. Since the present
observations correspond to optimum operating conditions
(Sec. 2.3.3.3), when the gain of the laser is undoubtedly

qgquite high, this explanation seems quite likely.

It is now clear how the variations in pulse
energy with discharge voltage observed in Ch. 2 are
affected by plasma refraction. Referring to Fig. 4.2
we see that as the discharge voltage is raised from 6.0 to
6.5 and then 7.0 kV the peak laser output power remains
essentially the same. The range of effective cavity length
over which laser action is observed (Fig. 4.3) also remains
about the same. However, the rate of electron density
tuning during the ]1asing period increases with discharge
voltage in this range (compare the range of cavity length

swept during laser emission (Fig. 4.3) with the duration
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Fig. 4.4. Laser output pulse energy as a function of
discharge voltage for optimum gas conditions (Sec. 2.3.3.3).
The points plotted are energy estimates obtained by
multiplying the pulse height by pulse duration as observed
with the Putley detector (Fig. 4.2). The form of the curve
is very similar to that obtained when the Golay cell was
used to measure pulse energy directly (Fig. 2.8).
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of laser emi