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Abstract 

The work described in this thesis was aimed at developing a field of 
expertise in short wavelength lasers within the department of Physics and 
Astronomy at St. Andrews University. Electrical discharge pumping was 
selected as the excitation mechanism while the Lyman band of hydrogen 
was identified as the initial target for the vacuum ultraviolet work. Due 
to the short upper state lifetime of the laser transition (-O.8ns), fast 
voltage pulse risetimes and an accurately timed, travelling electrical 
excitation wave matched to the speed of light in the discharge were 
required. 

Initial work succeeded in producing voltage pulses at high 
repetition rates having leading edges exhibiting risetimes of under 
300psec with voltage magnitudes in the 30-40kV regime. This was 
achieved by designing and building non-linear ferromagnetic shock lines 
whose purpose was to sharpen the output pulse from a thyratron having a 
risetime of 40-50ns. Voltage pulse risetime reductions on this magnitude 
have not been seen previously in the literature by this author. By the 
accurate timing of the outputs of ten such lines placed in parallel, the 
travelling electrical excitation wave could be created. Allied to work 
conducted simultaneously upon flat plate Blumlein driven hydrogen 
lasers, this culminated in the production and operation of a thyratron 
driven, sectional longitudinal hydrogen laser capable of high repetition 
rates. This is the first of its type of which this author is aware. 

Laser pulse energies of 4.7/lJ on the 160nm Lyman band transitions 
were observed while the only limitation encountered in running the laser 
at multi-kilohertz repetition rates in burst mode was that imposed by the 
charging rate of the available power supply. Despite this, 1kHz operation 
of a hydrogen laser was amply demonstrated for the first time. 
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Chapter 1 Introduction 

CHAPTER 

1 

Introduction 

1.1 Aims and Objectives 
The work described in this thesis was aimed at developing a field of 

expertise in short wavelength lasers within the department of Physics and 
Astronomy at St. Andrews University. Ultimately, the objective was to 
obtain a high repetition rate, high average power hydrogen laser and then 
to extend this technology to other predicted laser transitions in the 
vacuum ultraviolet (VUV) region of the spectrum. 

Whilst a proportion of the PhD was focused upon examining 
conventional Blumlein driven VUV lasers, the work also involved an 
extensive feasibility study of the use of non-linear transmission lines to 
drive such lasers. However, before commencing upon a description of 
this work, it is felt beneficial to initially identify the specific problems 
associated with the generation of coherent VUV radiation and to briefly 
review the existing technology in this field. Appropriate to this thesis, 
achievements in the development of non-linear transmission lines will also 
be examined in this chapter. 

1.2 Specific Problems and Rewards Involved in the Generation 
of Coherent VUV Radiation 

The vacuum ultraviolet region of the spectrum has become the label 
o 

associated with the wavelength region 1000 - 2000A. Due to the 
absorbing nature of the atmosphere at these wavelengths, propagation 
over useful path distances can only occur in a vacuum or, for the longer 
wavelength regime, in the lighter rare gases. Nevertheless, numerous 
applications await a suitable coherent light source at these wavelengths. 
Such applications include photoelectron spectroscopy(l ,2), pumping 
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Chapter 1 Introduction 

tuneable UV lasers, holography and lithography. Shorter wavelengths 
allow the more detailed patterning of substrates such as the micro
patterning of quartz outlined by Sugioka et al(3). Certain wavelengths in 
the VUV are also especially useful for the laser ablation of organic 
polymers(4). Other recent applications for VUV laser light have included 
the single ionisation probing of 111-V semiconductor growth (5), laser 
induced surface alteration of Si02(6) and emission spectroscopic analysis 

of silicon nitride films(2). As more powerful and efficient VUV lasers 
are developed, the number of applications are predicted to increase 
accordingly thus following the same historic pattern as previous laser 
systems. 

There are two main challenges in developing VUV lasers. The first 
revolves around the demands placed upon the pumping mechanism by the 
short wavelength both due to the unfavourable gain scaling involved and 
by the often short upper state lifetimes of the laser transitions. The 
second centres upon the material limitations that these wavelengths place 
upon the optics in the system. These two aspects will be briefly discussed 
below. 

1.2.1 Material Limitations 
The construction of lasers in the VUV is severely hampered by the 

lack of suitable materials for either efficient reflectors or high 
transmission windows. The transmittance of various ultraviolet optical 
materials suitable for use as windows is shown in figure 1.1 (7). However, 
no presently known material has a cut-off wavelength below 100nm. 
Thus for the purpose of this investigation which will be, as outlined in 
chapter 2, examining the possibility of lasing below 100nm, windows are 
not a viable option in the final design of the VUV laser. Upon 
considering the use of mirrors at these wavelengths, it is found that no 
material has a very high reflectance below 100nm. This includes 
aluminium which by itself is a good reflector but unfortunately needs to 
be over-coated to prevent the build-up of an oxide layer unless its 
exposure to air can be avoided. Such a coating usually consists of either a 
MgF or LiF layer, both of which have a cut-off wavelength above 100nm, 
thus rendering aluminium unsuitable. Platinum, iridium, osmium, 
rhenium and tungsten have all been considered. Values of their 
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Chapter 1 Introduction 

reflectance are shown as a function of wavelength in figure 1.2(7). As 
can be seen, reflectance magnitudes are generally low. 

The materials problems above can, however, be avoided if use is 
made of travelling-wave technology which utilises a single pass geometry. 
Other schemes for creating resonators at short wavelengths have been 
suggested(7) but are not deemed practical for this project. 

1.2.2 Gain and Intensity Relations 
1.2.2a Intensity Relations 

Due to the above problem regarding suitable materials, a single pass 
geometry was selected for further investigation. Hence, it is felt 
informative to discuss the intensity relationships, gain and pumping 
requirements specifically with this type of system in mind. 

The term amplified spontaneous emission (ASE) has been used to 
describe the output of a laser in which a resonator is absent. In a 
homogeneous medium of length L and with a population inversion already 
in existence, the equation governing the amplification of the system is:-

eq. 1.1 

In this equation, the intensity is depicted by the letter I whilst the term J s 
is used to represent the spontaneous emission per unit length. In the 
absence of an incident photon beam, it is this which is amplified with a 
peak gain coefficient of G. This factor is expressed in terms of an inverse 
length (cm- 1). A GL product of 5 provides sufficient evidence of lasing. 
If the spontaneous emission, Is, for a laser system can be monitored by an 
off-axis measurement whilst the axial amplified emission can be 
simultaneously measured, then the ratio Ills, given by the equation below, 
can be calculated. 

I e GL -1 

Is GL 
eq. 1.2 

This formula is particularly useful in establishing whether or not a system 
is experiencing significant gain. For small or negligible gain, eG L -+ 
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1 +GL and 1-+ Is which thus indicates that only spontaneous emission is 

present. 
A more accurate formula governing the amplification process takes 

into account the frequency dependence of the gain due to the line shape. 

J(eGL -1)% 
1=------

G(GLeGL )Y2 
eq. 1.3 

This equation is that most generally accepted and used for obtaining the 
gain from measurements of the integrated line intensity when varying the 
gain length. 

The equations above indicate that an approximately exponential 
increase of the gain will be experienced upon increasing the gain length. 
However, as the gain-length product increases, then a point is reached 
where the photon-induced atomic processes compete with other processes 
in the amplifying medium and so-called gain saturation occurs. The 
population inversion density then becomes modified by the laser beam and 
at higher values of GL, the intensity rises linearly. It has been shown that 
the saturation threshold lies at a GL product of -10-20.(7) However, 
despite this transition from the small-signal to the large-signal operating 
regime, the gain in the total length of the system is still large and the 
emitted intensity will scale linearly with length. 

The analysis presented above presumed a homogeneous medium 
which in real laser systems is not always generated. Shmatov(8) has 
shown that an increase in the length of the active medium can, in fact, lead 
to a decrease in the maximum intensity of stimulated emission in a single
pass, short-wavelength laser. This was deemed attributable to the 
influence of longitudinal inhomogeneities in the discharge coupled to 
rapid changes in the local parameters of the active medium. Although this 
analysis was performed upon a laser plasma produced medium, the effects 
should be considered in the case of a travelling wave electrical discharge. 
Particular caution in simply increasing the gain length to scale the laser 
power should be shown in the case of self-terminating lasers. In these 
systems, which often have upper laser state lifetimes in the sub
nanosecond regime, an inhomogeneous discharge can lead to sections of 
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high absorption being established in the medium. This will be discussed 
in more detail in chapter two. 

1.2.2h Gain Equations 
The discussion of the relevant gain equations will be performed 

with reference to a four level laser system in which the ground state, 
upper laser level, lower laser level and the decay state from the lower 
level are denoted by the sUbscripts 0, u, I and f respectively. In an ASE 
system, the equation governing the gain is given by Elton(7) to be:-

eq. 1.4 

This equation assumes that the wavelength of the transition, A, is in A, G 
in cm-1, kT in e V and that: - Aul denotes the transition probability for the 
laser transition, k and T represent Boltzmann's constant and temperature, 
NI and Nu are the population densities of bound electrons in the lower and 
upper laser levels respectively and gu and gl are the statistical weights for 
the lower and upper laser levels. Equation 1.4 applies specifically to a 
gaseous medium in which Doppler broadening is the predominant line 
broadening mechanism. Upon considering the above formula, it should 
be noted that other broadening mechanisms may alter the gain by factors 
as great as 2 or 3. Plasma velocity effects on the linewidth due to ion-ion 
collisional narrowing and hydrodynamic turbulence are two examples of 
such phenomena. 

In equation 1.4, the upper state density, Nu, can be related to the 
pumping rate from level 0 to level u, Pou, and the population density of 
bound electrons in the immediate state from which they were pumped, 
No, by the expression:-

eq. 1.5 

In this formula, Du represents the total decay rate from level u which 
includes radiative transitions as well as collisional depopulation and even 
autoionisation mechanisms. 
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The required pump power density scales unfavourably with the 
wavelength. It is found by Elton that within the approximation of Aul 
-6/Auo, it scales as lIA 4. For a GL product of 5 and with ~uul/uul = 3E-
4, the pump power density (W/a) is given by the expression:-

W 2E19 -2 
-z 4 Wcm 
a AuI 

eq.1.6 

where Wand a represent the radiated power and the cross sectional area 
of the laser medium respectively. As an example, when this equation is 
calculated for the 160nm transition in hydrogen, a required pump power 
density of 3MW/cm2 is obtained. 

From equation 1.4, it can be seen that the gain scales as A3 which is 
obviously a great disadvantage when attempting to produce high power 
lasers based upon transitions in the VUV region. However, more 
importantly, equation 1.6 reveals that the pump power density required to 
produce lasing scales approximately as A -4. This increased demand upon 
the pumping mechanism indicates the advantages of keeping the discharge 
cross-sectional area relatively small in order to make the large pump 
power densities which are necessary achievable with the available 
apparatus. 

1.3 Review of Existing VUV Laser Devices and Pumping 
Mechanisms 

At this stage it is felt informative to quickly examine the spectral 
lines covered by existing lasers and their associated laser mediums within 
the VUV spectral region. A comprehensive list has been compiled by 
Waynant et al(9) which is presented in table 1.1 complete with several 
more recent additions. Within the short wavelength laser field, various 
pumping mechanisms have either been employed or suggested. These 
include electron beam, electrical discharge, Auger decay schemes(10-13) 
and photoionisation lasers(l4-16). Additional pumping techniques have 
been super Coster-Kronig-pumping(l7), shake-up mechanisms(l8) and 
frequency doubling techniques. There are advantages and disadvantages 
for each method but for this particular work, fast electrical discharge 
pumping was selected. The reasons for this are attributable both to the 
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benefits that this type of laser possesses and to the equipment required for 
the experiments. Photoionisation lasers and Auger decay schemes 
generally require high power Nd-Yag pump lasers and were thus deemed 
impractical for the purposes of this work. Again, e-beam pumping 
requires a generator and this method also suffers from inherent 
drawbacks. These include the high tube impedance, limited propagation 
velocity and the limited pressure range over which this type of laser can 
operate,(19) The direct generation of VUV radiation was deemed to be 
beneficial and became a prime objective of the project. Hence frequency 
doubling experiments were not pursued. Electrical discharge pumping 
offered several attractive features to this research endeavour, not least the 
promise of a table-top device. However, as a further selection criteria, 
the recreation of molecular noble gas or fluorine lasers, or indeed 
excimer systems, was also discounted since these technologies are still 
being extensively studied by other researchers. 

A comprehensive literature survey into the electrical discharge 
devices utilised to promote lasing on the remaining lines listed in table 1.1 
is presented in section 1.3.1. As will become quickly apparent, fast pulse 
pumping will prove to be essential. With electrical discharges in mind, 
this fact stimulated the literature review concerning non-linear voltage 
pulse sharpeners which is presented in section 1.4. 

1.3.1 Review of Electrical Discharge Lasers 
This section will present a brief summary of the electrical discharge 

lasers utilised thus far to produce coherent vacuum ultraviolet radiation. 
In order to facilitate the attainment of a large population inversion and 
high gain at VUV wavelengths, a high-power, fast-pulsed electrical 
discharge is necessary. A summary in table format of many of the VUV 
lasers utilising electrical discharge pumping is shown in table 1.2(20-32). 

Upon perusing both tables 1.1 and 1.2, it can immediately be seen 
that hydrogen and isotopes of hydrogen (ortho H2, para H2, D2 and HD) 
have been used to produce the majority of laser lines in the VUV region. 
Accordingly, this study will commence with a review of this field, 
mentioning briefly the results from e-beam experiments felt pertinent to 
the discussion, before progressing to transitions in other media. 
However, first it is necessary to delve into the concept of travelling wave 
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Chapter 1 Introduction 

excitation which is common to most, if not all, discharge pumped VUV 
lasers. 

1.3.1a Travelling Wave Excitation 
The spontaneous emission probability increases as the third power 

of the frequency and this results in many of the upper state lifetimes of 
the relevant laser transitions being of the order of Ins or less. Clearly, in 
a long discharge at VUV wavelengths much of the radiated energy could 
be lost to spontaneous transitions before stimulated emission could occur. 
Thus the idea of the travelling-wave excitation scheme was to electrically 
excite the gaseous media only at the VUV pulse wavefront, the excitation 
region travelling at the speed of the wavefront along the discharge length. 
This system avoids the situation in which much of the pumping energy 
would be lost to spontaneous transitions and eliminates the need for a 
cavity formed from mirrors since the discharge gain length can simply be 
extended by using a longer discharge tube. However, the speed of the 
electrical wave cannot be set simply equal to the speed of light in a 
vacuum. The pulse propagation velocity in an amplifying media has been 
theoretically predicted to equal the group velocity, dw/dk, and it has also 
been argued that resonance dispersion could cause the group velocity to be 
smaller in a gain media than the phase velocity. This was confirmed 
experimentally by Casperson and Yariv(33) who found that ultra short 
pulses in a high-gain 3.51Jlm xenon laser propagated through the active 
medium at the group velocity which was less than the vacuum speed of 
light by a factor of 2.5. Thus the electrical wave speed should be matched 
to the actual speed of the laser pulse to achieve the ultimate excitation 
conditions. This has been attempted in two distinct ways which will be 
outlined below. 

The concept of a travelling-wave excitation mechanism was first 
realised by Shipman(34) when using nitrogen and neon as the active media 
in 1966 and was applied to molecular hydrogen in 1970(21). In this 
system, a basic Blumlein circuit was used. A solid dielectric switch was 
fired first. This was connected to seven coaxial cables with progressively 
greater lengths, each of which were connected to a solid dielectric switch 
arranged along the length of the discharge so that the switches were fired 
sequentially. A nearly plane electrical wave-front propagating at an angle 
~ to the discharge channel was thus produced. When ~ was defined by 
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the equation below in which £r represents the relative dielectric constant 
of the insulator, then the electrical excitation wave travels down the 
discharge channel at the speed of the light pulse. 

eq. 1.7 

An artist's conception of the excitation system is shown in figure 1.3. The 
alternative approach, taken by several other researchers, was to produce 
an approximation to a travelling wave discharge simply by the positioning 
of the switch. This was performed such that the angle <1>, defined above, 
was attained at the centre of the discharge length. In this way, exact 
velocity matching is only possible at one point along the discharge length. 
To date, no laser operating on the Werner band transitions has been 
reported which uses this excitation system. In pictorial form, the scheme 
is shown in figure 5.1 in chapter five. It has also been suggested that the 
travelling-wave system can be implemented simply by creating the 
conditions whereby the upstream end of the discharge is preferentially 
broken down(19). The UV radiation which is thus created was deemed to 
propagate along the remaining discharge, pre-ionising the gas at the speed 
of light in the laser bore and thus enabling the electrical discharge to 
travel with the pulse wavefront. However, this scenario seems a little 
unlikely due to several factors, the main one being the small time interval, 
this being approximately 3ns for a 1m discharge length, in which this 
preionisation and breakdown process was to occur. It is doubtful that this 
time allowance is large enough for the effects of the preionising radiation 
to become significant relative to the fast voltage waveforms, of risetimes 
in the order of Ins, over-volting the tube and causing its breakdown. 

1.3.1b Hydrogen Lasers 
As can be observed from table 1.1, hydrogen and its isotopes have 

been used to generate numerous laser transitions in the spectral region 
109.82-164.60nm. Initially, lasing action was produced by inverting the 
population of the excited electronic state of the hydrogen molecule with 
respect to its high vibrational-rotational ground state levels in the Lyman 
band, thus producing laser emission around 160nm. As the research 
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progressed, transitions in the Werner band were also exploited, these laser 
lines centring around 120nm. 

The first observation of stimulated VUV emission was reported by 
Hodgson(20) in 1970. This first VUV laser achieved stimulated emission 
in the Lyman bands near 1600A by utilising a Blumlein circuit parallel
plate strip-line and transverse discharge channel arrangement. The 
120x1.2xO.04cm3 discharge channel was formed by sandwiching two 
stainless steel electrodes between parallel glass plates. The discharge was 
initiated by mechanically rupturing a solid dielectric switch. Several 
subsequent hydrogen lasers were also based upon the Blumlein circuitry 
and dielectric switch because of the fast voltage rise-times which could be 
generated and the ease in which this system could be used to produce 
travelling wave excitation. Most of these systems demonstrated 
amplification in the direction of travel of the electromagnetic wave. 
Later in the same year, Waynant et al(21) successfully applied Shipman's 
travelling wave excitation scheme to Hydrogen producing lasing on the 
Lyman bands. This was followed in 1971 with the first observation of 
gain on the Werner band at wavelengths between 1161A and 1230A using 
essentially the same device. The critical difference in the system was that 
the propagation velocity of the electrical wave was reduced in an attempt 
to match it to the laser pulse velocity. The initial system matched the 
electrical wave speed to c and thus gain was not apparent on these lines 
whilst the latter system took heed of Casperson and Yariv's predictions 
outlined earlier and matched the electrical wave speed to a velocity of less 
than c. 

In 1973, the use of capillary channels to increase the current density 
of the discharge enabled Antonov et al(23) to produce lasing action on the 
Lyman bands in both hydrogen and deuterium at pressures up to latm. 
The laser had a threshold voltage of only 28kV with a lcm wide and 
0.006cm high discharge channel. Knyazev et al(25) increased this 
pressure range to 2atm when using a solid dielectric switch and 
simultaneously presented the results of switching a TEA hydrogen laser 
with a spark gap. In the latter system, although the voltage risetime and 
inductance of the switch limited the peak pulse power, operation was 
obtained up to 50Hz. Working in conjunction with Goldsmith(26), the 
same author produced an extensive parametric study of the hydrogen laser 
in 1977. The devices studied again utilised super narrow discharge 
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channels (50-1000J..tm) in order to achieve the high current densities 
required for VUV lasing in hydrogen. This geometry also serves to 
provide a comparatively large effective voltage pulse in the discharge gap 
thereby improving laser excitation conditions. They found that their 
super-narrow bore laser ran at a higher power with a bore height of 
300J..tm when compared to 50, 100 and 1000J..tm bores. The small 
channels were formed from polished glass plates which also served as a 
peculiar plane waveguide (Fresnel number 7x10-2) for beams travelling 
at a small angle to the optical axis. The loss of this waveguide property 
was one reason proposed for the drop in output power for the 1000J..tm 
bore laser, the other more likely reason being a decrease in the current 
density in the discharge channel as the channel height was increased. 

The developmental work performed upon the TEA hydrogen lasers 
has been punctuated by the use of sectional longitudinal laser heads. This 
system uses a row of electrodes along the laser bore. Every second 
electrode was used as a cathode, the remainder being employed as anodes. 
Both Borgstrom(24) and Kirkland(l9,27) used such a device to generate 
VUV laser pulses within the Lyman band of hydrogen while using a spark 
gap as the switch. However, whilst Kirkland favoured the use of a more 
conventional flat plate Blumlein device, Borgstrom used sixteen individual 
coaxial lines to power two, 3cm long, discharge segments apiece. These 
cables were linearly graded in length in order to produce a travelling 
wave excitation scheme. The advantages relating to the use of a sectional 
discharge arrangement over the normal TEA system will be discussed in 
chapter four. 

Running concurrently with much of the discharge pumping work 
outlined above has been the work of Hodgson and Dreyfus. They 
achieved VUV lasing whilst using electron beam pumping to excite 
hydrogen and isotopes of hydrogen. This was performed initially within 
the Lyman Bands at _1600A(36) and subsequently in the Werner bands 
(1161-1240A)(37). Lasing from isotopes of hydrogen, HD and D2, soon 

followed on numerous lines in the spectral region 1098-1613AJ38) In 
the first two cases, a commercial electron-beam generator was used which 
supplied _400ke V electrons in 3ns pulses at maximum current densities of 
10kA/cm2 and 4kA/cm2 (at a power of 5x109W) respectively. In the 
first report( 3 6), a laser power of -100W was estimated whilst in the 
second report( 37), in which a modified system was used, this was 
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increased to _400kW/cm2 on several of the Lyman-band lines. Lasing in 
this system also produced maximum powers in the Werner band of 
_SOOW/cm2. In 1974, the same authors used a 4-GW electron beam to 
produce lasing in ortho and para H2, HD and D2. It was observed in this 
paper(38) that the spectral width was predominately caused by Doppler 
broadening and consequently that both a higher gain and larger laser 
output powers could be achieved by cooling the gas. In all cases, a single 
pass geometry was used with gas pressures of between 20 and 100Torr. 
Laser pulses were found to be of approximately Ins in duration. 
Interestingly, they also calculated the gain for the Werner lines as 7xl0-
2cm-1, which is relatively low. 

1.3.1c Transitions in other media 
Utilising similar electrical discharge devices to those employed for 

the hydrogen laser as described above, lasing in both CO (181.1, 187.8, 
19S.0, 189.8, 197.0nm)(29) and in elv (1S4.82, ISS.08nm)(30) has been 
observed. The device used to obtain lasing in elv was similar to that of 
Shipman's travelling wave device(3S) but with 20-S0mtorr of He or CO, 
both with a carbon impurity content, as the gaseous medium. However, 
that used to see lasing in CO was akin to that used by Hodgson(20) but 
with 60torr of CO in the discharge region. This device produced a pulse 
of -6W with a FWHM of I.Sns. 

An alternative approach to the generation of coherent VUV 
radiation was taken by Marling and Lang( 3 1) . They used a 
straightforward extension of the simple z-pinch longitudinal discharge ion 
laser technology and successfully achieved lasing action in the VUV on 
transitions in ArV, KrIV and KrV. The laser possessed a coaxial, low
inductance, electrical discharge geometry which permitted a discharge 
current rise-time of less than 200ns and was capable of operating at 
discharge current densities in excess of 10,000A/cm2. High-reflectivity 
dielectric mirrors were used to permit lasing even on low-gain 
transitions. A summary of the laser lines, threshold currents and relative 
performances is shown in table 1.3. 

Gerasimov et al(39) also studied Kr and Xe in a longitudinal 
electrical discharge but in the form of a cryogenic plasma. They found 
that in pure Kr, cooling the gas from room temperature to 77K led to 
increased emission in the Kr continuum. In addition, the greatest increase 
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in emission intensity and spectral narrowing occurred in the presence of a 
very small amount of xenon near an atomic transition in Xe at -146nm. 
It was also shown that the emission from the narrowed continuum grew 
exponentially with length, exceeding O.12cm-1. The increase in emission 
at this wavelength was attributed to emission by Xe* and KrXe*. A more 
detailed analysis of the observed phenomena is contained in a paper by 
Boichenko et al.(40) 

Whilst the present research was in progress, Rocca, working at the 
Colorado State University, published an article in 1994 describing a 
discharge pumped argon device operating at 46.9nm(32). This is the 
shortest wavelength obtained thusfar by electrical discharge pumping. 
The transition occurred in neon-like argon, the medium being excited in a 
capillary discharge by a current of just under 40kA in magnitude. 
Experimentally, a liquid dielectric capacitor was charged by a Marx 
generator and then rapidly discharged through a capillary cell, the switch 
being an SF6 spark gap. The fast current pulse served to compress and 
heat the plasma thus forming a narrow, dense column which proved to be 
ideal for promoting lasing on this transition. 

1.3.1d Summary 
The above discussions have presented an overview of electrical 

discharge pumped VUV lasers, specifically excluding excimer systems. 
Hydrogen and isotopes of hydrogen have been used to obtain the majority 
of the laser lines but at a low repetition rate. Historically, this has been 
due to the switching technology rather than to any limitations imposed by 
the gas kinetics. Neither solid dielectric nor high pressure spark gap 
switches are appropriate for the production of a multi-kilohertz device. 
The next section endeavours to present alternative, high repetition rate, 
methods of producing the quickly rising leading edge which is an essential 
feature of the voltage pulse required to facilitate lasing. 

1.4 Review of Non-linear Transmission Lines 
The attainment of laser action on specific lines is, to a greater or 

lesser extent, dependent upon the pumping source. As will be emphasised 
in chapter two, the fast decay times and high energies of the upper levels 
of many of the vacuum ultraviolet transitions of interest to this project 
require energy to be supplied to the active medium with voltage risetimes 
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in the nanosecond regime whilst attaining tens of kilovolts in magnitude. 
It is foreseen at this point in time that the shorter the voltage risetime 
initially achieved, the more laser transitions which may be made possible 
in the future. Past switching techniques implemented in obtaining VUV 
emission have included solid dielectric switches and spark gaps, the 
problems and drawbacks involved in both of these methods being 
discussed in section 2.3, chapter 2. However, in order to attain high 
current and voltage sources incorporating fast risetimes and at high 
repetition rates, there are other techniques which can be applied. A 
promising method of producing the required voltage pulses is to utilise an 
existing, reliable, high repetition rate switch having a relatively long 
voltage risetime and then to sharpen the emerging pulse before application 
to the laser head. Thyratrons are envisaged as the primary switch having 
risetimes of typically -50ns. Two methods of pulse sharpening in order 
to create sub-nanosecond pulses from the primary switch will be 
considered below. These include soft ferrite shock lines and ferroelectric 
strip lines. 

1.4.1 Ferromagnetic Shock Lines 
A comprehensive study of ferromagnetic shock lines could occupy a 

full text in its own right. Presented in this section is a brief introduction 
to the pulse sharpening nature of the non-linear ferrite lines, an overview 
of the progress within this field and a brief summary of their previous 
and proposed applications. A more detailed study of the theory and 
design of ferrite lines is contained within chapter three. 

Ferromagnetic shock lines, or ferrite lines, are used to sharpen the 
leading edge of voltage pulses often producing voltage risetimes of sub
nanosecond duration. Essentially, it is the propagation of an 
electromagnetic wave through a medium possessing a non-linear 
permeability which gives rise to this effect. The phenomena was first 
considered in 1953. However, it was Katayev who, in 1958, established 
experimentally that such a non-linear permeability existed in transmission 
lines containing a soft ferrite material and proceeded to publish a 
mathematical description of the effect in terms of electromagnetic shock 
waves in 1964(41). This text, almost by default, remains the authoritative 
work on this subject. Other authors, notably Weiner(42,43) and 
Dolan(44,45,46) have developed alternative, but more practically useful, 
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models of the effect. In the work proceeding that of Kateayev, an almost 
standard form of ferrite pulse sharpener has evolved. This consists of a 
centre conductor around which ferrite beads are threaded. Surrounding 
these, a dielectric layer (usually layers of heat shrinkable tubing) is 
applied and a coaxial return completes the transmission line, which is 
illustrated in figure 1.4. Different authors have varied certain parameters 
involved in the construction and operation of ferrite lines. A brief 
summary, in table format, of recent achievements in ferromagnetic shock 
lines appears in table 1.4. Listed alongside each entry are the voltage 
input and output data, ferrite material and geometry, line length and 
risetime measurement technique. From this data it is evident that fast, 
sub-nanosecond, risetimes have generally only been achieved from input 
risetimes of less than IOns. Those authors utilising comparatively slow 
thyratron drivers of risetimes longer than this have been restricted to 
output risetimes in the order of 2ns. 

1.4.2 Ferroelectric Strip Lines 
Ferroelectric strip lines work by exploiting the non-linear dielectric 

constant of certain materials. The dielectric constant is a function of both 
temperature and voltage. This means that if an electrical pulse is fed into 
a transmission line containing a non-linear dielectric, each part of the 
pulse profile will experience a unique dielectric constant depending upon 
its voltage magnitude and will thus propagate with a corresponding phase 
velocity. For pulse sharpening to occur, the dielectric constant is 
required to fall with an increasing electric field. The peak of the voltage 
pulse will thus catch up with the base of the pulse which is propagating 
with a slower phase velocity. The magnitude of the applied field must be 
large enough to drive the dielectric into the non-linear regime but is 
limited by the breakdown strength of the material. 

It is the failure of the switchable electric dipoles, which provide the 
dominant contribution to the overall dielectric constant of the material in 
the frequency range under consideration, to respond in a linear manner 
which is responsible for the non-linear dielectric constant. Favourable 
materials have been found to have a Curie temperature just below the 
operating temperature of the strip line. Such materials have a strong non
linearity because they are initially in the paraelectric phase whilst 
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ferroelectric behaviour is subsequently induced by the applied electric 
field. 

Investigative work into the use of non-linear dielectrics for pulse 
sharpening applications was being performed by Fairlie and Little, also at 
the University of St. Andrews, when this work was initially undertaken. 
It was not the purpose of this project to infringe upon this area of 
research but it was thought that such strip lines could be applied in the 
future to generate the appropriate voltage waveforms necessary to achieve 
VUV lasing. They generally have the advantage over ferromagnetic lines 
of having a lower impedance and hence could supply a higher current. 
However, they also tend to produce lower output voltages. As an example 
of their pulse sharpening abilities, input risetimes in the 50ns regime have 
been sharpened to below Ins. 

1.4.3 Applications of Pulse Sharpening Lines 
The sharpening of voltage pulses by the use of non-linear 

transmission lines has many applications which have led the drive for 
their continued development. To date, ferromagnetic shock lines are in a 
more advanced state than their ferroelectric counterparts and as such have 
attained the predominant share of applications. These will briefly be 
outlined. 

Researchers at the Lawrence Livermore National Laboratory(47) 
have explored the use of ferrite lines to create fast, high voltage, 
waveforms to drive Pockels cells. Although pulse shaping requires 
100psec risetimes, pulse carving can be performed with 500psec risetimes 
which are readily attainable. Other applications include their use in the 
accurate triggering and timing of events, particle accelerator research and 
flash x-ray generators(49). It has also been suggested that ferromagnetic 
shock lines could be used as pulsers for mm wave tubes(43), wide-band 
radar, EMP simulation or as e-beam drivers and high power microwave 
generators ( 44,45). Although the application of ferromagnetic shock lines 
to drive excimer lasers was mentioned by Seddon(50), no data detailing 
such has been found in the literature by this author. 

There are disadvantages in using ferrite lines as pulse sharpeners. 
These lie in the added circuit complexity thus caused and in the lower 
circuit efficiency due to pulse dissipation and the d.c. bias currents 
frequently required for their operation. However, the advantages which 
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they offer in terms of fast, high voltage technology generally outweigh 
these few drawbacks. 
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TABLE 1.1 
A Compilation of the Laser Wavelengths and the Associated Species 

Attained to Date at Wavelengths Shorter than 250nm(9) 

,,-(nrn) Specie ,,-(nrn) Specie ,,-(nrn) Specie 

5.03 YbXLIII 20.98 SeXXV 115.198 HD 

6.58 EuXXXVI 22.03 SeXXV 115.650 D2 

7.10 EuXXXVI 22.07 CuXX 115.840 D2 

8.1 FIX 23.22 GeXXII 115.976 H2 

8.3 CIXV 23.63 GeXXII 116.003 H2P 

8.44 YbXLIII 24.73 GeXXII 116.136 H2 

8.48 EuXXXVI 26.29 SeXXV 116.390 H2P 

10.04 EuXXXVI 27.94 CuXX 116.617 H2 

10.46 EuXXXVI 28.47 CuXX 117.436 H2 

10.57 Al XI 28.65 GeXXII 117.456 H2P 

10.64 MoXXXIII 32.6 Ne-likeTi 117.586 H2 

12.55 MgX 41.8 Pa-like-Xe 117.806 HD 

12.79 MgX 46.9 Ne-like-Ar 117.830 H2P 

13.10 MoXXXIII 96.9 Cs 118.050 H2 

13.27 Mo XXXIII 108.9 Xe III 118.811 D2 
13.94 MoXXXIII 109.816 H2P 118.936 H2 

15.47 AlXi 110.205 H2P 118.995 HD 

15.50 YXXX 111.336 D2 119.005 D2 

15.71 Al XI 111.515 H2P 119.281 HD 

15.98 Sf XXIX 111.894 H2P 119.753 D2 

16.41 Sf XXIX 113.770 D2 119.940 D2 

16.65 Sf XXIX 113.864 HD 120.103 HD 

18.2 CVI 114.154 HD 120.497 H2 

18.24 SeXXV 114.462 H2P 120.536 H2P 

19.64 GeXXII 114.757 D2 120.640 D2 
20.64 SeXXV 114.862 H2P 120.668 H2 
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TABLE 1.1 (continued) 

/..(nm) Specie /..(nm) Specie /..(nm) Specie 

120.821 D2 127.0 ZnlII 149.171 H2P 

120.929 H2P 130.334 HD 149.42 H2 

121.125 HD 130.363 D2 149.522 H2 

121.734 H2 130.6 ZnlII 151.359 HD 

121.767 H2P 131.9 ZnIII 151.570 H2P 

121.900 H2 133.856 H2P 151.867 H2 

121.946 H2P 134.226 H2 151.994 H2P 

122.143 H2P 134.590 D2 152.325 H2 

122.358 H2 135.507 HD 152.989 HD 

122.800 D2 135.984 H2P 153.494 H2P 

122.837 HD 136.799 H2P 154.493 H2P 

122.874 H2P 138.879 D2 154.82 elv 
123.004 H2 139.895 H2P 155.010 H2P 

123.230 H2P 140.264 H2 155.08 elv 
123.556 D2 140.728 H2P 155.345 H2 

123.833 H2P 140.770 HD 156.210 HD 

123.956 H2 143.217 D2 156.55 H2 

124.167 H2P 143.262 H2P 156.629 H2P 

124.239 D2 143.622 H2 156.644 H2P 

124.412 D2 143.757 H2P 156.725 H2 

124.567 HD 144.049 H2 156.753 H2P 

124.620 H2P 144.061 H2P 157.136 HD 

124.831 D2 145.7 Kr2 157.199 H2 

124.997 D2 146.017 H2P 157.242 HD 

125.202 H2P 146.383 H2 157.267 HD 

125.276 HD 146.411 H2P 157.43 H2 

125.329 D2 146.841 H2P 157.434 H2P 

126.1 Ar2 148.652 H2P 157.5 F2 

126.839 H2P 148.843 HD 157.585 D2 
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TABLE 1.1 (continued) 

).,Cnm) Specie ).,Cnm) Specie ).,Cnm) Specie 

157.739 H2 159.378 HD 160.769 D2 

157.771 H2P 159.524 HD 160.794 HD 

157.919 H2 159.606 H2 160.827 HD 

157.998 H2P 159.713 HD 160.829 H2P 

157.998 H2 159.926 H2P 160.829 H2 

158.008 HD 160.044 D2 160.839 H2 

158.077 H2 160.086 D2 160.844 H2P 

158.085 HD 160.210 D2 160.848 D2 
158.110 H2P 160.233 HD 160.893 HD 

158.140 H2P 160.236 H2P 160.902 H2 

158.185 HD 160.354 D2 160.955 D2 
158.253 HD 160.365 HD 160.961 H2P 

158.305 HD 160.448 H2 161.005 HD 

158.634 D2 160.465 HD 161.019 H2P 

158.642 D2 160.496 HD 161.033 H2P 

158.675 D2 160.569 HD 161.033 H2 

158.714 D2 160.578 D2 161.075 D2 

158.720 D2 160.594 H2P 161.080 D2 
158.899 H2P 160.623 H2P 161.131 HD 

158.90 D2 160.623 H2 161.147 D2 

158.983 D2 160.63 D2 161.165 H2P 

159.130 D2 160.647 HD 161.165 D2 

159.131 H2 160.648 HD 161.166 H2 

159.137 D2 160.650 D2 161.171 D2 
159.226 D2 160.674 HD 161.198 D2 

159.23 D2 160.681 D2 161.236 D2 

159.257 D2 160.692 HD 161.251 D2 

159.349 H2P 160.747 HD 161.257 D2 
159.340 H2 160.751 H2 161.318 H2P 
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TABLE 1.1 (continued) 

A(nm) Specie A(nm) Specie 

161.318 D2 217.7705 Ne III 

161.319 H2 218.0858 NeIll 

161.320 D2 219.1916 KrIV 

161.324 D2 222.9 KrCl 

161.412 D2 223.2442 XeIV 

161.48 H2 224.34 AgII 

161.485 H2P 224.8840 ArIV 

161.65 H2 225.4638 KrIV 

161.658 D2 226.57 NeV 

172.2 Xe2 227.74 AgII 

175.0 ArCl 228.5793 NeIV 

175.641 KrIV 231.5357 XeIV 

181.085 CO 233.8478 KrIV 

183.243 KrV 235.7980 NeIV 

184.340 ArIV 237.3200 NeIV 

187.831 CO 241.7843 KrIV 

189.784 CO 242.8 Au 

193.3 ArF 247.3398 Ne III 

194.9623 KrIV 247.718 XeIII 

195.006 CO 248.1 KrF 

195.027 KrIV 248.4 KrF 

196.808 KrIV 248.5 KrF 

197.013 CO 248.58 Cu II 

201.8424 NeIV 249.5 KrF 

202.2186 NeIV 

205.1082 KrIV 

206.5 KrBr 

206.5304 NeIV 

211.3982 ArIV 
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Summary of the Properties of Previous VUV Electrical Discharge Lasers 

lYPE OF LASER WAVELENGTH PULSE DISCHARGE LASER PUMP REPETITION TRIGGERING 
(nm) DURATION VOLUME POWER CHARACTERI- RATE DEVICE 

(ns) STICS 

Hydrogen:- !:llumlem parallel-
=r=:ands 

2 12U*I.2*.!J.U4cm pe_~. power = sOI.Id. dlelectnc 
plate transmission line =5.76cm3 1.5kW SWItch 

3lLl/pulse mechanically 
ruptured 

Hxdrogen:- Blumlem parallel-
~~-f6f~~ 

-I Iw' I.Of·U.jCffi l&~wpower - :~~k~ sona. alelectnc 
plate transmission line, =36cm3 switch 
travelling -wave excitation due risetime 2.5nsec 
to sequential switching, 
Hydrogen:- tslUmlem parallel- Werner tsands assume 1 36cm~ pe~ power - SOlId dlelectnc 
plate transmission line, 116.1 and 123.0 5kW switch 
travelling -wave excitation due power densit3 to sequential switching, 250-300kW/cm 
!:Irdrogen ana u~utenum:- ~~a:~42 

:51 j:>·I·U.l!!I!lCffi l~~ power> j = IOJ Alcm"' 
B lumlein parallel-plate . ., =O.21cm3 Vthr- 28kV 
transmission line, not travelling 156.5, 157.4, pulse energy 
wave. 161.48,161.65 -O.5mJ 

D2:- 158.9, power density -
159.23, 160.21, 2OOMWlcm2 
160.63, 160.95 

Hyarogen:- l)ectlOnal Lyman tsanas I lU:l·U.:lCm 
~~:er 

t'eaK lUHZ Spark Gap 
longitudinal discharge tube. diameter 
Travelling wave discharge 
initiated by use of 16 coaxial 
cables having graduated lengths 
Hydrogen:- !:llu~l,:m par~lIel- ~;rman !:lands -U.5ns 3U*I*U.~Cffi pe:l.~. power> Y'-'S-4UkY lU - ()()s between dlelectnc 111m 
plate transmiSSIon Ime, 23 lines, 149.42- =0. I 8cm3 IMW V= 5kV at shots switch 
travelling -wave produced by 160.95 pulse energy O.latrn 
designing the pulse-forming mainly 161nm -O.5mJ jmax=I05 Alcm2 
wing of the Blumlein line at a power density -
certain angle to the optical axis 200MW/cm2 
of the laser cell, super-narrow mean laser 
laser channels power = l0ll-W 

Hydrogen:- !:llu~,:m par~lIel- -IMnm -U.5ns p:~ power - Y --5UkY U-5UHz :;1:'6 spark gap at 
plate transmission hne, 20kW 9atrn 
travelling -wave produced by mean power = 
designing the pulse-forming OAmW 
wing of the Blumlein line at a pulse energy = 
certain angle to the optical axis 10lLl 
of the laser cell , super-narrow 
laser channels 
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TYPE OF LASER WAVELENGTII 
(nm) 

~ydrogen:-. B.lum~em paral~el- -Iounm 
plate transtnlSSlOn line, travelling 
-wave produced by positioning 
the spark gap at a certain angle 
to the optical axis of the laser 
cell super-narrow laser 
channels 
tiyorogen:- :sectional 
longitudinal discharge. Slotted 

Lyman Hanos 

Blumlein parallel-plate 
transmission line. Travelling 
-wave produced both by the 
positioning of the first electrode 
giving UV preionisation effect 
and by the angle of the incident 
electrical wave (q,). 
Hydrogen:- Blumlem parallel- Lyman Hanos 
plate transmission line, travelling 
-wave 

CU:- Blumlem ClfCllit, parallel- m:gi: m:~~: plate transmission line. 
197.oJ 

C lY:- Hlumlem parallel-plate Jg5~O~:t anO 
transmission line, travelling 
-wave excitation due to 
sequential switching, 
Ar and. Kr IOn: - ~traIghtfo~aro 
extensIOn of simple z-pmch tM~~::/ 1~.04I, 
longitudinal discharge ion laser 196.808, 
technology, high reflectivity KrV:- 183.243 
dielectric mirrors, coaxial low- Ar V:, 184.343 
inductance electrical discharge 
geometry. 

Ne~llkeAr, high current 4().~nm 

capillary discharge. 

TABLE 1.2 (cont.) 

PULSE DISCHARGE LASER 
DURATION VOLUME POWER 

(ns) 
-v.:ms ~;t~~U/\ ~~~ power 

!if pulse energy = =O.465-9.9cm 
20pJ 
at 10Hz 

-I 1.0.~jmm 

length = 90cm 
=6.36cm3 

4jCm·j.~cm pUlse energy 
(0.d.)*330Ilm = 30pJ at 
-5.39cm3 10Hz 

15ns O.05·1.~·120cm oW-l'Ulses 
=7.2cm3 

:Stew os 

~~nm:- KOns 
FWHM 

~e~~.- DUcm 
l.d.=7mm 

1~~.027nm !ine 
= several 100's 

175.6nm:- 80ns =18.38cm3 watts available 
FWHM 175.6nm line = 
219nm:- 160ns peak power 

lOOOWavailable. 

4mm .Olameter, 
12cm length 

Gain of 0.6cm-1 

PUMP REPETITION 
CHARACTER!· RATE 

STICS 

;7.5~V I/.~ - IU-OUHZ 

:tUkY supply 
current risetime 
= Ins or less 

IU-k~UtiZ 

smgle shot 

Y -' IlO - lOUkY 
j = -30kAlcm2 

in 2.5ns 

Threshold mulU-hertz 
Values A/cm2 operation 
ArV= 11000 
KrIV:196.808 = 
8000 
195.027 = 7000, 
175.641 = 7800 
KrV=9600 
current risetime 
<200ns 
~~nsnseume :sIngle:Shot 
30-40kA 

TRIGGERING 
DEVICE 

pressunsea sparK 
gap switch, 25-
150 psi 

spark gap 
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pressured 
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gap switch 
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spark gap 

SOIIO ruelectnc 
switches 
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:S1<6 :spark Uap 

GAS 
PRESSURE 

20-1 10 Torr 
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Chapter 1 Introduction 

TABLE 1.3 
A Summary of the Laser Lines, Threshold Currents and Relative 

Performance as Reported by Marling and Lang(31) 

WAVELENGTH LASER THRESHOLD RELATIVEc 

+/- 0.003nm SPECIES (Alcm2)b PERFORMANCE 

175.641 KrIV 7800 1000 

195.027 KrIV 7000 440 

196.808 KrIV 8000 -4 

183.243 KrV? 9600 10 

184.343 ArV? 11000 -10 

b) threshold at pressure for optimum output, threshold can be as little as 
half this at lower pressure. 
c) performance measured at 11000Ncm2 discharge current density. 
Pressure 6Jl for Kr and 10ll for Ar. 
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DRIVER 
SPECIFICATIONS 

1 nxratron·swltched 
pulse generator 

ultrarast pulse 
generator 

~arx generator, 
Single shot. 

Thyratron anver 

tsoumlea 
Instruments 3153 

1~hyratron, Jan ~b lj 
plus PFN 

lnyratron, Jan IoU 
plus PFN 

TABLE 1.4 
Summary of the Properties of Previous Ferrite 

Lines and Driving Circuitry 

INPUT VOLTAGE FERRITE FERRITE LINE LENGTII RISETIME 
RISETIME MATERIAL DIMENSIONS (mm) (m) MEASUREMENT 

(ns) I.D,O.D,L TECHNIQUE 

4.' N1L.n, tssat~ 350mI' 1.',2.',1 I COaxIal attenuators 

(70cm NiZn 
followed by 30cn 
MnZn) 

j custom TTI·3000 0.71,1.04,1.19 
ferrite material from 
Trans-Tech, 

<10 terroxcube type 82 2,4,5 0.9' voltage 10 the lInes 
(FXI242) inferred from the 

pulse current 
measured by fast 
coaxial shunt 

00 terroxcube type 82 2,4,5 2 
(FXI242) 
Siemens N22 

1,3,5 
ferroxcu be RFI 
suppression beads 3,8,4. 
type 

4.9 1~!Mn-Mg~~ 0.75,1.24,0.39 g:~; Attenuators and ted 
lb) Mn-Mg(Zn) 0.75,1.24,0.39 into scope. 
2a) Mn-Mg(Zn) 0.75,1.3,0.4 0.76 
2b) Mn-Mg(Zn) 0.75,1.3,0.4 0.80 
3)Zn-Ni 0.52,0.97,5.6 0.85 
4) Mn·Zn 1.45,2.45,1.1 0.125 
5) Mn-Mg 2,4,5 1.01 

:t4 ! rans·.l.ech TTl· :t.',',l:t.::> l.:t current thrOugh. lOW 
3000 Mg-Mn, sat inductance load 
3000G, remanence measured with a 
2000G, coercive Tektronix CT-l 
force 0.750e transformer 

-15 ~rans·Tecn TTl- 2.',',12.' 1.3 current tnrough. low 
3000 Mg-Mn, sat inductance load 
3000G, remanence measured with a 
2000G, coercive Tektronix CT-l 
force 0.750e transformer 

EFFECT OF 
MAGNETIC FIELD 

20lcAlm 

~wltching constant 
S essentially 
independent of a 
change in the initial 
bias level for all 3 
lines 

Magnetic bIaS 
shortened olp 
pulses 

tlIas CirCUIt US".d to 
set ferrite:-best 
results obtained 
using partial bias so 
flux change was less 
than maximum i.e 
bias helps. 
tsms circuit uSed to 
set ferrite:· 
sharpening obtained 
with bias currents as 
low as O.4A 

RISETIME 
ACHIEVED 

i~g~~ !~ :6iZ,r 

900ps, 2ns with 
thyratron driver 

<:J50ps at hmlt ot 
scope at 70kV 

453N22 beads gave 
shortest risetime 
-2ns at 20kV:15kV 
at 300Hz for 2*106 
shots with no 
noticeahle 
deterioration. 
hne Its gave Jjops 
at 12kV, see also 
figure 10. 

~ns at .~UKV ana 
0.420e bias 

bDS at bKY 
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Chapter 1 Introduction 

FIGURE 1.1 
Transmittance as a Function of Wavelength for:- a) LiF, 2mm; b) MgF2; 

c) CaF2, Imm; d) sapphire, Imm; e) quartz, Imm; f) ADP, 2.5mm; 
g) calcite, Ilmm; h)microscope slide glass, l.3mm. (7) 

z o 
in 
I/) 

i 
I/) 
z 

'" I!: 

1.0,-----------------, 

FIGURE 1.2 
Reflectance Versus Wavelength for Au, Ru, Ir and Pt. (7) 
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FIGURE 1.3 
An Artist's Impression of the Excitation System Used by Waynant et al 

for the Excitation of Molecular Hydrogen(35) 
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FIGURE 1.4 
Typical Ferrite Line Construction 

Dielectric (Heat Shrink) 

\ 

Ferrite Beads Outer Conductor 

PhD Thesis 34 P. N. Marsh 



Chapter 2 Laser Media and Transitions 

CHAPTER 

2 

Laser Media and Transitions 

2.1 Introduction 
The discussion of laser media pertinent to this thesis can best be 

divided into three sections. Sections 2.2 and 2.3 will deal with nitrogen 
and hydrogen respectively while the last section will consider the 
feasibility of lasing on transitions in the noble gases xenon, krypton and 
argon. 

2.2 Nitrogen 
The molecular transition in nitrogen utilised within this work was 

predominantly that lying at 337.1nm. Whilst this may at first appear 
surprising since this does not lie within the VUV spectral region, it was 
initially found useful to work with this transition for a number of reasons. 
These related to both the properties of the gas and of the transition. The 
gas itself was readily available, inexpensive, inert and non-toxic while the 
transition possessed additional attractive features. Foremost amongst 
these was the high gain (50dB/m(l)) which is necessary to produce a 
strong lasing action in the proposed single pass geometry. There were 
two major advantages of commencing the investigations into a travelling 
wave electrical discharge with the nitrogen line in preference to the 
160nm hydrogen line. The first revolved around the longer wavelength 
of the radiative transition. This was found useful in several ways. 
Firstly, as outlined in chapter one, the longer wavelength places less 
stringent demands upon the pumping source. Thus, achieving lasing upon 
the nitrogen line was seen to be a stepping stone towards producing a 
hydrogen laser. Secondly, the demands placed upon the optics and the 
vacuum paths were less stringent. The fact that the wavelength also fell 
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within the spectral range of both the PMT selected for the experiments 
and the sodium salicylate scintillator, which was used to up-convert the 
VUV radiation to visible light, was also found to be beneficial. This 
facilitated the analysis presented in section 6.4.2 of the rise and fall time 
limitations imposed upon the optical diagnostics by the use of the 
scintillator. The second useful feature of the nitrogen transition was its 
upper state lifetime of approximately 40ns which can be seen to be much 
longer than the corresponding figure of O.8ns exhibited by the 160nm 
hydrogen line. This attribute meant that lasing on the nitrogen line was 
much less of a function of the effectiveness of the travelling wave 
excitation scheme and much more tolerant towards inter-electrode timing 
discrepancies encountered when powering the sectional discharge laser 
with the ferrite lines, as described in chapter seven. 

The above properties of the transition enabled a single pass 
geometry and excitation scheme similar to those proposed for the 
hydrogen system to be used. Lasing action was achieved both when using 
conventional Blumlein circuitry and when the ferrite lines were used to 
power the laser. This in turn allowed the alignment of the diagnostic 
system to be tested throughout the experiments. The optimisation of the 
nitrogen laser was never performed since the excitation conditions 
obtained would not necessarily be identical to those required by the 
hydrogen laser. There was, however, one major drawback in using the 
337.1nm transition which, after the laser power had been increased by 
means of the initial experiments, reduced its usefulness in subsequent 
investigations. It was found that the nitrogen laser caused optical damage 
to the lithium fluoride output window which led to the absorption of the 
160nm radiation when lasing on hydrogen was attempted. This held back 
investigations into lasing within the VUV spectral region until the 
problem was discovered, after which lasing action on the nitrogen line 
was rarely demonstrated when using subsequent LiF optics. 

The lasing levels and excitation scheme for the 337.1nm transition 
in nitrogen is depicted in figure 2.1 (2). It can be seen that both electronic 
and vibrational energy levels change in this vibronic transition. This has 
the consequence that the transition is comparatively broadband, with a 
spectral bandwidth of around O.lnm spread across multiple lines. The 
transition is self-terminating with the lower level having a ten 
microsecond decay time. Molecules in this level then relax to a metastable 
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state with a lifetime of many seconds. It is only the extremely efficient 
excitation process in which a fast electrical discharge can populate the 
upper laser states that enables a transitory population inversion and lasing 
action to be produced. The electrical pulse requirements are for voltages 
in the range of 15kV to 40kV having risetimes of under IOns. As 
discussed previously, the pump power requirements to achieve lasing on 
this transition are far less stringent than those required for the hydrogen 
system thus making it an ideal laser medium on which to begin testing the 
laser head and diagnostics. Little more will be said about this transition 
since it is well documented, except to briefly mention the performance of 
conventional nitrogen lasers. These usually operate at repetition rates of 
between 10 and 100pps, laboratory lasers having achieved 1kHz. 
Normally the laser operates in the same pressure regime as the hydrogen 
laser, this being between 20torr and 1 atm. 

This section would not be complete without briefly mentioning the 
357.69nm transition in nitrogen. Lasing upon this line was obtained and 
documented while producing a spectrum of the nitrogen laser, as 
described in chapter seven. Both the 337.1nm and the 357.69nm laser 
lines result from transitions in the Second Positive System (C3ITu ~ 
B 3 IT g). However, whereas the former line corresponds to the 0-0 
transition, the latter results from the 0-1 transition. Since most of the 
total light intensity emitted by nitrogen lasers has fallen within the 0-0 
band, this band has been that most studied. 

2.3 Hydrogen 
Hydrogen and isotopes of hydrogen have already been used to 

generate numerous laser transitions in the VUV spectral region, as can be 
seen from table 1.1. Many of these have been pumped by an electrical, 
travelling wave, discharge. These two facts made the Lyman and Werner 
band transitions in hydrogen ideal candidates for the initial lines on which 
to conduct VUV laser research. It was thought that if lasing could be 
achieved on these transitions, then the experience gained and the 
equipment which was developed through the relevant experiments could 
be applied to further transitions in the VUV region, specifically to the 
potential noble gas laser transitions outlined in section 2.4. It also became 
apparent that there was a gap in the previous hydrogen laser research 
which revolved around the switching technology. The desire, as with 
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most laser systems under development, was to increase both the peak 
power and the repetition rate. Increasing the repetition rate necessitates 
the use of a switch other than that of a mechanically ruptured solid 
dielectric variety. This was the initial device used to promote lasing but is 
essentially a single shot device. Thus the laser systems have tended to 
move towards pressurised spark-gap switches. However, as discussed by 
Knyazev et al(3), the use of such a switch produces a laser system having 
a laser pulse energy of approximately one order of magnitude less than 
the same system utilising a solid dielectric switch. This results from the 
gas switch having both a longer voltage risetime (equivalent to decreasing 
the line charging voltage) and a higher wave impedance. In turn, the 
resulting current density in the active medium becomes much smaller. 
Spark gaps themselves are not even high repetition rate devices by nature, 
especially when compared to other gas switches such as thyratrons. Thus 
the use of either a spark gap or a solid dielectric switch does not lead to a 
high frequency, high average power laser. It was thus felt that a 
feasibility study of using a thyratron switch in conjunction with non-linear 
pulse sharpening lines was warranted. This, if successful, could produce a 
laser which already had a viable market. An additional advantage in 
commencing the research into the VUV spectral region with hydrogen as 
the active medium was that previous results from hydrogen laser studies 
could be used to aid in the design of the initial laser head and power 
supply. 

In order to facilitate a practical discussion of the hydrogen laser 
scheme, an energy level diagram depicting the relevant electronic states 
and transitions is shown in figure 2.2(4). The lower laser level 
corresponds to the X(1Scr1Lg+) electronic state in all cases. However, the 
upper laser level is either the B(2pcr 1 LU +) state which gives rise to 
radiative transitions in the Lyman band or the C(2pn 1nu) levels which 
produce transitions in the Werner band. These two bands yield radiative 
transitions in the wavelength range 1275-1620A and 1098-1275A 
respectively. Although lasing was first obtained in the Lyman bands, the 
theoretical analysis of the lasing scheme was initially performed on the 
Werner band and published by Bazhulin et al in 1965(5). 

Bazhulin considered that the C and X electronic states were 
favourable ones with regard to producing a population inversion for two 
mam reasons. Firstly, preferential excitation of the C level occurs during 
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electron excitation due to the small change in the inter-nuclear distance, 
or relative nuclear velocity, which is required while in contrast direct 
electronic excitation of the upper vibrational levels of the X state is 
forbidden. Secondly, only the zeroth vibrational level of the ground state 
is populated at room temperature. Bazhulin also predicted that a 
hydrogen laser might be able to generate high peak powers and yield a 
relatively high efficiency. This he deduced from the fact that the 
electronic excitation cross-section for the upper laser levels were large 
while the use of other transitions which terminated in the lower ground 
state had been proven to be inherently efficient. However, he also 
realised that continuous operation of the laser via these transitions was not 
possible since radiative transitions from the upper to lower vibrational 
levels of the ground state are forbidden and are hence slow when 
compared to the laser transition. Thus the duration of the population 
inversion is limited, a phenomenon which gives rise to a so-called "self
terminating" laser. 

Ali and Kolb(6) performed a numerical analysis upon the rate 
equations governing the C to X transition and concluded that laser action 
was possible at several wavelengths between 1025 and 1239A, provided 
that certain criteria were met. These included the production of a high 
current discharge with a risetime of a few nanoseconds. For the strongest 
lines, peak power densities in the order of kilowatts/cm3 per spectral line 
were also to be generated. The predicted pulse half-widths were less than 
a nanosecond. This analysis was extended by Ali to include the Lyman 
band(7). 

Ali and Kepple(8) subsequently revised the analysis to include the 
contributions of the rotational structures for both the Lyman and Werner 
band systems. They postulated that the Lyman band transitions would be 
stronger than those of the Werner despite the fact that the latter is 
favoured by excitation. This was to result from the reduction in the C to 
ground state inversion density produced by the Lyman transitions. Strong 
Werner band lines were, however, predicted to follow those of the Lyman 
several nanoseconds later. 

The transitions which have been observed in this work lie within 
the Lyman band. As such, a further analysis of this band is felt 
appropriate in order to identify the specific transitions and wavelengths 
which have the greatest probability of being excited. The first point to 
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note when analysing the excitation scheme is that selection rules forbid 
transitions caused by electron excitation to the upper vibrational levels of 
the ground state. For hydrogen, the selection rules mean that allowable 
transitions are those with i1v = +1, +2, ... and i1J = +1, with i1J = ° also 
being permissible for states where the total electronic angular momentum 
is non-zero. Here, v denotes the vibrational levels whilst J represents the 
rotational levels within them. Conventional molecular system notation 
dictates that the upper rotational levels are labelled as l' and the lower 
levels as J". At room temperature, the hydrogen molecules are mainly in 
the zeroth vibrational level (v"=o) and are distributed among the first few 
rotational levels according to the equation:-(9) 

N(J") = 2(1 + 1)(J" + 1) Nex (-F(J")J 
Q(T) p kT 

eq.2.1 

Within this expression, J" represents the rotational quantum number, I 
denotes the nuclear spin, F(J") is the rotational energy, and Q(T) is the 
rotational partition function. Values for F(J") can be obtained using B 
and D values calculated by Herzberg(10) and the equation(9):-

F(J") = BJ" (J" + 1) - DJ,,2 (J" + 1)2 eq.2.2 

From this analysis, the J"= 1 rotational state proves to contain the highest 
proportion of molecules (66.4%) and thus will dictate the strongest lines 
in the emission spectrum. Concentrating upon this initial predominant 
state, selection rules indicate that during excitation the molecules can 
proceed to either the l' = ° or l' = 2 or any v' state of B. Subsequent 
decay from these levels occur via the transitions:- B(v', 1'=2) to X(v">O, 
J"=3), B(v', 1'=2) to X(v">O, J"=I), and B(v', 1'= 0) to X(v">O, J"=I). 
The higher level, J"=3, is that most favoured. In molecular spectroscopic 
notation, these transitions are denoted P(3), R(I) and P(1) respectively. 
The number in the parentheses denotes the rotational quantum number of 
the excited state. 

The final factor to be considered in this simplified analysis is the 
probability of occurrence of each of the possible transitions which have 
been identified thus far as likely candidates for lasing. Excitation from 
the v"=O level of the X state to a given v' level of the B state occurs with 
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a probability proportional to the Frank-Condon factor qov'. Conversely, 
the probability of decay from the B to the ground state is proportional to 
qv'v". The upper vibrational levels v' = 2-14 have been calculated by 
Spindler(11) to contain more molecules than the other 36 possible states. 
It is the product of qov' and qv'v" for each transition which yields the 
likely strength of the lasing line. The strongest lines have, on this basis, 
been predicted to be the v'=5 to v"=12 and the v'=6 to v"=13 transitions. 
Since the P(3) rotational levels have a greater probability of excitation in 
each vibrational level, they would be predicted to generate the strongest 
lines. It is also noteworthy that the R(1) and P(1) transitions have 
common lower levels and thus R(1) transitions are those least probable to 
occur as laser lines. 

In summation, therefore, those wavelengths which are most 
probable to occur as laser lines in molecular hydrogen are:-160.9nm 
(P(3) 6-13), 161.3nm (P(3) 5-12), 156.7nm (P(3) 8-14), 160.8nm (P(3) 
4-11), 158.1nm (P(3) 7-13), and 159.6nm (P(3) 3-10). The first 
observed laser lines were, in fact, the P(3) branch transitions 3-10, 4-11, 
5-12, 6-13 and 7-13 which gives some credence to the preceding analysis. 
In chapter seven, the laser transitions obtained in this work will also be 
compared with these predictions. 

2.3.1 Excitation of Hydrogen 
The crucial factor in obtaining lasing in the hydrogen system is the 

attainment of the population inversion. This is made extremely difficult 
by the short (_0.8ns(12)) spontaneous emission lifetime of the upper state. 
A consequence of both this and the fact that the upper vibrational levels of 
the ground state are metastable is that a population inversion is only 
feasible if the excitation pulse driving the discharge has a risetime in the 
order of the spontaneous emission lifetime. An analysis of a set of 
simplified rate equations by Goldsmith and Knyazev for the B-X 
transitions predicted that a current density of approximately 104 -105 

A/cm2 with a pump power density of jE=O.l-l GW/cm2 at 100torr would 
be necessary to obtain a gain of 1cm-1 in the Lyman band,(13) 

The discussion of hydrogen as a laser medium in the VUV would 
not be complete without briefly outlining a continuous wave (CW) laser 
scheme attributable to Knyazev et al(3). The key to the attainment of CW 
laser action was predicted to be the fast depletion of the lower laser levels 
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located near the dissociation limit of the ground state. This would be 
accomplished by using rotational predissociation, the energy levels being 
the same as those outlined previously. The collisional lifetime of the v" = 
14, J" = 3 level was quoted to be _4.5x10- 11s.atm when this mechanism 

was included in the calculations. Thus at pressures in excess of O.05atm, 
this figure becomes less than the spontaneous radiative lifetimes of the 
upper states. Since the upper state lifetime is no longer a limiting factor 
in the excitation process, CW laser action was predicted on the P(3) (8,14) 
transition. The most appropriate laser geometry with which to investigate 
the feasibility of this proposed scheme was deemed to be that of narrow 
gas discharge channels which would allow the necessary fast depletion 
rates of the lower laser levels to be attained. To date, no report of such a 
device can be found in the literature. 

2.3.2 Foreseen Difficulties in Excitation 
The short lifetime of the upper laser state introduces significant 

problems in the attainment of laser action. A characteristic of self 
terminating transitions is that after the initial excitation, the gas transcends 
into a mode of high absorption. In copper vapour lasers for example, this 
is known to occur immediately after the laser pulse has been emitted. 
Accordingly, this in turn puts even greater emphasis on the performance 
of the travelling wave excitation scheme and creates a situation in which 
an accurately timed, homogeneous discharge is essential in producing 
VUV laser action. The production of several arc discharges which then 
spread out to fill a transverse discharge is practically intolerable due to 
the finite time interval that this process occupies. This is in contrast to 
lasing on such high gain transitions as that of the 337 .1nm line in nitrogen 
which has a comparatively long upper state lifetime. At first, 
preionisation may appear to be the solution but this can create the 
situation whereby the high over-voltages needed to attain lasing are 
difficult to produce. In the evolution of the project, sectional-longitudinal 
and the more conventional transverse discharges were briefly compared 
in regard to the production of such discharges. This will be discussed in 
chapters five and seven. 
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2.4 The Noble Gases 
Upon the attainment of lasing on the hydrogen lines, it was 

perceived that the natural progression would be to attempt lasing on 
shorter wavelength transitions. An additional long term objective of the 
project was to be the development of a VUV laser exhibiting a long 
lifetime and preferably which did not contain toxic, corrosive or 
flammable gases. Thus, at the outset of this work, potential laser lines 
were explored which could foreseeably fulfil the above criteria. A lead in 
the right general direction was found in a paper by Markova and 
Petrash(14) which indicated the possibility of lasing on self-terminating, 
r-m transitions in some of the noble gases. Other lasers employing 
transitions from the first resonance to metastable states (r-m transitions) 
such as copper, gold, lead and barium vapour lasers have already 
exhibited relatively high efficiencies, high average and peak power 
outputs and high repetition rates (>10kHz). Very high gain can also be 
produced from such transitions which is a prerequisite for lasers 
operating in the VUV utilising a single pass geometry. Since none of 
these transitions in the noble gases have been explored experimentally 
with regard to lasing, the discharge conditions which might result in 
successful operation are presently unknown. However, enough 
information exists from which to estimate some of these factors. The 
gases in question are the singly ionised atoms of argon, krypton and 
xenon. A Grotrian diagram for each of these ions has been constructed 
by Yokozawa et al(15), these being shown in figures 2.3, 2.4 and 2.5 
respectively. An interesting regularity was investigated by Rhodes(16) 
concerning trends in the lasing levels of rare gas ion systems. From 
previous research, it transpired that in the majority of cases the upper 
laser level involved an excited p-electron which underwent a transition to 
a lower s orbital. This p-s characteristic was plausibly explained in the 
paper and predicted that excited ions, excited through electron impact, 
would be produced in configurations which had the same parity as the 
ionic ground state. Conversely, the same analysis suggested that 
configurations with the opposite parity would not be excited. The 
evidence available tends to support this theory and indicates that p-s 
transitions should be selected for further analysis with regard to the 
possibility of lasing. U sing this criteria, the properties of the hypothetical 
laser lines of interest are summarised in table 2.1 (17 -22) . 
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Lasing when using the noble gases was initially to be attempted 
upon the longer wavelength, 110nm, line in xenon because of the 
favourable wavelength scaling of both the gain and the pump power 
density. However, when considering the choice between the two argon 
lines, it is thought that the shorter wavelength transition would be easier 
to excite. This is for two reasons. Firstly, with reference to equation 1.4 
(section 1.2.2), it can be seen that the larger the ratio gl:gu, the larger the 
gain achievable if every other factor remains constant. This favours the 
91.98nm line. Secondly, this line has a longer upper state lifetime which 
might help in the generation of the required population inversion. 

2.4.1 Excitation of the Noble Gases 
Whether any of the noble gas ions can indeed be induced to lase 

largely depends upon the ratio of the rates at which the resonance and 
metastable states are populated by electrons during excitation. Limited 
data is available on this subject. However, a guide to probable electron 
energies required for the excitation process is available from the work 
performed by Zhukov et al(23,24) and McConkey et al(25,26,27) who 
have studied the electronic excitation of these lines due to electron impact. 
In all cases, the excitation route consisted of the direct ejection of a ns 
electron from the outer electron shell of the inert atom, a process which 
can be represented by the equation below:-

AI ns2np61S0 + e ~ A *11 nsnp6 2S1/2 + 2e eq.2.3 

This is accompanied by the decay of the nsnp62S 112 level into the optical 
channel, which can be written:-

A *11 nsnp6 2S1/2 ~ All ns2np5 2p O + hv 
112,3/2 eq.2.4 

In both of the above equations, A has been used to represent the particular 
noble gas in question. Figures 2.6 and 2.7(26) show the apparent 
excitation function of the 92nm and 93.2nm lines respectively in ArIl as a 
function of the electron energy. That for the 92nm line is similar in form 
to that obtained by Zhukov et al(24) and other workers, as compared in a 
paper by Ajello et al in 1990(22). Excitation data for Krll and Xell is 
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more limited but some was obtained by Zhukov et al (23), his results being 
shown in figure 2.8 for both the KrII line at 96.5nm and the Xell line at 
IIO.Onm. Absolute cross sections were not obtained by this author. It 
can be seen that the excitation cross sections for all of the above lines have 
threshold values corresponding to electron energies of around 30e V and 
experience an initial peak at electron energies of just less than 50e V. This 
is in stark contrast to the electron energies required to excite the upper 
laser levels in the Lyman band of hydrogen, which, according to figure 
2.9, have threshold and optimum values of approximately 12eV and 40eV 
respectively. Certain design parameters for the discharge can be 
estimated from these figures. For example, the maximum electrode 
spacing permissible to produce an electron energy distribution centred 
around any particular energy as a function of the gas pressure can be 
crudely estimated from the mean free path analysis of the accelerating 
electrons under the influence of an electric field. This approach yields 
equations 2.5 to 2.8 below. 

The energy, E(eV), obtained by an electron due to a voltage, V, 
being applied between two electrodes separated by a distance d, is given 
by the equation:-

E(eV) = VI 
d 

eq.2.5 

where 1 represents the mean free path given by:-

I 
1=----

2~ nncr 2 
eq.2.6 

in which cr depicts the atomic diameter. The expression for n in terms of 
the gas pressure p, the temperature T and Boltzman's constant, k, is:-

p 
n=-

kT 
eq.2.7 

By substituting the above expression for n in equation 2.6, replacing 1 in 
equation 2.5 by the resultant expression and rearranging, the following 
formula for the electrode separation is produced. 
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d= VkT 

E(eV{ 2Y2 1tPcr
2 J 

eq.2.8 

From equation 2.8, the maximum electrode separation allowable in order 
to attain electron energies corresponding to both the threshold and 
optimum values can be plotted as a function of the gas pressure for a 
given set of initial parameters. This has been performed for xenon and 
hydrogen in figures 2.10 and 2.11 respectively. Whilst working initially 
as a single shot device at room temperature, this calculation assumes a 
maximum available voltage of 40kV. The atomic diameter of xenon was 
taken to be 4.88xl0-10m while 2.72xl0-10m was used as the value for the 
molecular diameter of hydrogen. 

Although in an electrical discharge there is a broad energy 
distribution of electrons, the probability of achieving lasing in either the 
xenon or hydrogen systems will clearly increase as the mean value of the 
electron energies approaches the optimum value for excitation to the 
upper laser level in question, provided that no adverse mechanisms are 
initiated. Certainly, it may be prudent during the feasibility study of 
lasing on the noble gas transitions to attempt to centre this distribution 
about a minimum value corresponding to the threshold value for 
excitation, namely 30e V. To achieve these energies at the kind of gas 
pressures at which hydrogen lasers have often been operated (30-50mbar) 
would require 40kV to be applied across an electrode spacing of between 
1 and 1.5mm, as can be seen from figure 2.10. This indicates that a 
travelling wave excited, transverse discharge, laser cell would be 
necessary rather than attempting to use a sectional longitudinal system. 
However, the curve shown in figure 2.11 implies that the use of the latter 
discharge configuration would be a viable option in producing a hydrogen 
laser, electrode spacings of up to 13mm being possible with a view to 
centring the electron energy distribution around a value of 12e V. This 
conclusion is fairly unremarkable considering that such laser cells have 
been used previously to produce lasing on the Lyman band transitions in 
hydrogen. 
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Properties of the Targeted Laser Levels in the Singly Ionised Noble Gases 
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GROUND LEVEL LEVEL LINE (em-I) (em-I) x108see-1 x-
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FIGURE 2.1 
Energy Levels of Molecular Nitrogen Illustrating the Lasing 

Levels of the 337 .1nm Transition(2) 
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FIGURE 2.2 
Energy Levels of Molecular Hydrogen Depicting the 

Lyman and Werner Bands(4) 
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FIGURE 2.4 
Grotrian Diagram of KrII(15) 
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FIGURE 2.6 
Apparent Excitation Function of the 92.0nm ArIl Line(26) 
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FIGURE 2.7 
Apparent Excitation Function of the 93.2nm ArIl Line(26) 
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FIGURE 2.8 
Apparent Excitation Function of :- 1) the 96.5nm KrII Line(23) 

2) the 110.Onm Xell Line 
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FIGURE 2.9 
Electron Impact Excitation Cross-sections for Hydrogen 
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FIGURE 2.10 
Maximum Electrode Separation as a Function 

of Gas Pressure for Xenon 
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FIGURE 2.11 
Maximum Electrode Separation as a Function 

of the Gas Pressure for Hydrogen 
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Chapter 3 Ferrite Line Theory 

CHAPTER 

3 

Ferromagnetic 
Theory and 

3.1 Introduction 

Shock Lines:
Application 

As has been mentioned previously, the development of 
ferromagnetic non-linear transmission lines has occupied a significant 
portion of the work. It is the aim of this chapter to describe their method 
of operation in more detail, to discuss the pertinent equations and 
mathematical models which have been developed and to identify the 
essential features requiring consideration in the design of such a line. 
However, in order to establish the framework for an effective discussion 
of the operation of ferrite loaded transmission lines, it is felt necessary to 
first examine the ferrite materials themselves. 

3.2 Ferrite Materials 
The ferrite materials which have proven to be the most useful in 

terms of their pulse sharpening abilities tend to be those characterised by 
a rectangular magnetisation curve. For the magnetisation curve to be 
rectangular, it is a prerequisite that the lines of magnetic induction lie in a 
closed magnetic circuit (i.e. a circuit with no air gap). Of the geometries 
which fulfil this criteria, the ferrite ring or toroid is the form most 
pertinent to our discussion. When the magnetic field in the toroid is 
produced solely by a current flowing through a conductor passing 
through the ring, then the field intensity and the induction will have 
azimuth components only but the relationship between the induction and 
the field strength will be quite variable. Figures 3.1 and 3.2 show the 
magnetisation curve of a ferrite in both weak and strong fields 
respectively. The characteristic hysteresis loop can be observed in figure 
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3.1. In this figure, there is a very rapid initial increase in the induction 
with weak applied fields, the rate of increase reducing with stronger fields 
until the relation between the field and the induction finally becomes 
linear at which point the ferrite is said to be saturated, the permeability 
being equal to Jlo. Both the hysteresis loop and the smooth rounded 
transition from the hysteresis section of the curve to the linear section are 
attributable to anisotropic fields in the ferrite which are determined by its 
structure. These fields occur when the magnetisation vector is inclined to 
the direction of easy magnetisation of the crystal. 

The sintered ferrites with which this project will be dealing 
comprise of small crystals which have dimensions typically in the order of 
10 - 20Jlm. Within each crystal, so called Weiss Domains exist in which 
the molecular magnets are already aligned, a phenomena called 
ferromagnetism. Upon the application of the axial current through the 
toroid, the domains progressively align with the produced field. Since 
energy barriers have to be overcome to achieve this, the magnetisation 
always lags behind the applied field thus producing the aforementioned 
hysteresis loop. If a field producing the maximum saturation flux density, 
B s, is applied to a sample and is subsequently removed, the material 
returns to a state in which a certain flux density remains which is called 
the remanence, Br, its magnitude being specific to the material in 

question. The negative field strength required to return the remnant flux 
to zero is termed the coercivity, Hc. The particular ferrite of direct 
relevance to this project was a material grade 4S2, supplied by Philips 
Components. A summary of its main properties can be found in table 
3.1(1) whilst B-H loops are depicted for this material in figure 3.3 at 
temperatures of 25°C and 100°C. The permittivity of NiZn ferrites at 
100MHz was quoted by Phillips to be 12. However, the permeability of a 
ferrite is a function of temperature. Generally its value increases with 
increasing temperature up to a maximum value at the Curie temperature, 
Tc, decreasing rapidly thereafter to a value of unity. For the material 
4S2, this curve is shown in figure 3.4. 

3.3 Magnetic Reversal in Ferrites 
In considering the pulse sharpening nature of ferromagnetic shock 

lines, it is essential to analyse the process of magnetisation reversal of a 
ferrite. There are two distinct mechanisms by which this can be seen to 
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occur depending upon the rate of increase of the magnetic field. The 
boundary between the two lies at a rate of approximately 108 oersteds/sec. 
Below this limit, the reversal of magnetisation is pictured to take place 
from the centre of the toroid outwards in concentric layers. As the field 
is increased, reversal of the magnetisation occurs first at the inner wall 
where the field first reaches Hc. Consequently, two distinct zones are 
formed in the ferrite, that to the inside being magnetically reversed whilst 
that to the outside is yet to change. With a further increase in the 
magnetic field, the boundary between the zones moves progressively from 
the inner to the outer wall in small Barkhausen jumps until full magnetic 
reversal has been completed. However, in the shock line application to be 
considered here, the field magnitudes and rates of increase generally 
exceed the above limit. With an increase in the rate of change of 
magnetic field from around 108 oersteds/sec, a broadening of the moving 
boundary between the zones of opposite directions of M occurs. This 
results from the fact that the spins in one layer are unable to set in along 
the direction of H in the time in which H exceeded the initial field in the 
adjacent layer. As a consequence, the spins simultaneously precess in a 
layer of substantial thickness. In the event when H changes by a 
substantial amount when compared to Hc and at a rate exceeding 109 

oersted/sec, the previous discussion regarding changes in the boundary 
position become invalid. This is due to the spins of all the sections of the 
ring, which is initially magnetised in the direction opposite to H, now 
simultaneously precessing, with a decay, around H. The resultant 
magnetisation curve is pictured in figure 3.5(2) which also shows the d.c. 
magnetisation curve, included for the sake of comparison. Due to the 
response of the ferrite being governed by the gyromagnetic response 
rather than the d.c. magnetisation curve, the instantaneous values of 
current and magnetisation are linearly related by the expression:-

I (M-MO) 

Ish (Ms - MO) 
eq.3.0 

Within the above equation, I denotes the current, Ish is the shock front 
current which will be discussed later in this text, M is the magnetisation 
whilst MO and Ms represent the initial and saturated magnetisation of the 
ferrite respectively. To mathematically describe the process of magnetic 
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reversal, the most generally recognised formula is that derived by Landau 
and Lifshitz with a dissipative term of the Gilbert form. The Landau
Lifshitz form of the dynamic magnetisation equation is:-

dM _ _ (M x H) _ <X'Yf.l 0 3 1 
dT - 'Yf.lO Ms (M x M x H) eq. . 

where the vector terms M and H represent the material magnetisation and 
the applied magnetic field in all three Cartesian co-ordinates. The MxH 
term in the above equation depicts the precession of M around H while the 
MxMxH term represents the rotation of M towards eventual alignment 
with H. The damping factor, <x, indicates the relative magnitude of the 
MxMxH damping term whilst y is the gyromagnetic constant and 110 is the 
permeability of free space. 

3.4 Modelling and Prediction of Shock Line Behaviour 
3.4.1 Initial work by Katayev 

It was Katayev who published the first authoritative account of the 
pulse sharpening nature of a ferrite loaded transmission line in 1966(3). 
He based his analysis on the theory of shock waves in the ferrite lines. 
The mathematical description of the phenomena was performed within a 
framework of non-linear Maxwell-Lorentz equations. 

3.4.1a Shock Waves 
The term "shock wave" was first used in gas dynamics where, for 

very intense sound waves, the velocity of the crest of the wave exceeds 
that of the trough. This is due to the non-linear relation between the 
velocity and the gas pressure. The velocity of propagation of a pressure 
wave increases with increasing pressure but the effects of the viscosity of 
the medium begin to appear with an increasing rate of change of pressure 
at the wavefront. Thus the wavefront is distorted such that the front of 
the wave becomes steeper whilst the back shallower. This is analogous to 
the change in shape of a sea wave as it approaches the shore. 

There are two mechanisms by which shock waves may be formed in 
transmission lines. The first is that of the advance of the crest of the wave 
relative to the trough due to the permeability or permittivity of the media 
being non-linear. The second method is due to energy dissipation at the 
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base of the wavefront profile. Both of these mechanisms may occur 
simultaneously but usually either one or the other predominates. Only 
one system, that of the hot evaluated transmission line in which the 
magnetron effect occurs, is dominated by the latter method. However, the 
first method is that which has an exact parallel in the generation and 
development of shock waves in hydrodynamics and gas dynamics. This is 
also the mechanism of formation in coaxial transmission lines which are 
loaded with certain ferrites having non-linear magnetisation curves, long 
transmission lines using either loading coils with similar ferrite cores or 
piezoelectric capacitors and in the propagation of waves along a transition 
layer in semiconductors. In all of these cases the dissipation of energy at 
the wavefront still plays an important role in maintaining the stationary 
waveform which has been formed by the advance of the crest due to the 
non-linear properties of the media. 

3.4.1h Development of a Shock Front 
If the propagation of a simple wave in an infinite space filled with 

ferrite is considered, in which the ferrite is magnetised to saturation by a 
longitudinal constant field, Hoz, then the transverse magnetic permeability 
can be shown(3) to be given by the equation:-

eq.3.2 

In equation 3.2, MO represents the magnetic moment per unit volume of 
the saturated ferrite and M and H depict the transverse components of the 
magnetic moment per unit volume of the ferrite and the field intensity 
respectively. From the above equation, it can be seen that with increasing 
H the magnetic permeability falls monotonically from Il = 110 + 41tMO/HO 
at H = 0 to 110 as HlHO proceeds towards infinity. Therefore the crest of a 
pulse will be propagated at a higher velocity than the trough resulting in 
the front of the pulse becoming steeper and the back less steep as the pulse 
propagates through the medium. Thus the profile of a simple wave is 
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unstable and continuously changes. After a certain finite time the simple 
wave ceases to exist such that discontinuities are set up in the profile of 
the wave. Such a wave is termed an electromagnetic shock wave. When a 
wave with a discontinuity is propagated, energy is dissipated in the zone 
of the discontinuity. The development of the shock wave can be best 
described with reference to figure 3.6. In this diagram the z axis 
represents the direction of travel of both the shock front and the simple 
wave which was initially that incident upon the shock line. The velocity 
of the simple wave, Yo, the crest of which is travelling in the saturated 
ferrite, is given by the equation:-

1 
v 0 = -;:::=== 

~LOCeff 
eq. 3.3 

where Lo and Ceff are the characteristic impedance and capacitance of the 
line respectively. However, the shock front is propagating in a ferrite 
with a changing permeability. This so called shock front permeability, 
J.!sh, in the coaxial geometry of figure 1.4, is given by Dolan(4) as:-

( ~B(d - a)J 
J.!sh = 1 + eq. 3.4 

LOIsh 

In this equation, ~B represents the change in flux whilst d and a are the 
outside and inside diameters of the ferrite bead respectively. Thus the 
velocity of the discontinuity, vp, is given by the equation:-

1 
v P = -J.! s-h-~r==L=O==C=ef=f eq.3.5 

It can be seen from equation 3.4 that the shock front permeability is 
necessarily greater than unity so that the simple wave will catch up with 
the shock front. When this occurs, a reflected simple wave is formed in 
addition to the magnitude of the discontinuity being increased. By 
definition, within the discontinuity the functional relationship between B 
and H is destroyed. However, this is not the case for the simple wave so 
the rate of increase of the current in the discontinuity can not be greater 
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than the corresponding rate of the simple, overtaking wave. Katayev 
analysed this process further by considering the simple wave as the sum of 
a number of small steps, as is depicted in figure 3.6. Each step was to 
have the amplitude described by the second term of a Taylor series. The 
development of the discontinuity was thus described by the process of the 
consecutive interaction of each of the small steps with the shock front thus 
building up the shock front current until a maximum value corresponding 
to that dictated by the characteristic impedance of the line was attained. 
In practice, it has been found(2) that the maximum shock front current is 
approximately 80% of that of the simple wave. This is due to the initial 
permeability of the ferrite being greater than that attained when it is 
saturated so that the line presents a higher impedance to the shock front 
than to a simple wave propagating through a saturated line. The distance 
over which the peak shock front current is attained determines the 
optimum length of the ferrite shock line. If the line length exceeds the 
optimum length then, as discussed by Pouladian-Kari et al(5), a portion of 
the pulse plateau is eroded away. The pulse waveform should then have 
roughly the same risetime but will perhaps exhibit a slight degradation 
caused by residual dispersion and attenuation effects during saturation, 
particularly if the line length far exceeds the optimum. If, however, the 
line length is too small then the pulse will not be optimally sharpened. 
The optimum line length can be approximately calculated by considering 
the reduction in length of the wavefront, ~t, over a length ~z. This is 
given by the equation:-

~t=~Z(_1 __ 1 ) 
vp vO 

eq.3.6 

Clearly, in a simplified analysis, when ~t is set equal to the input risetime, 
'tin, then ~z becomes the optimum line length, lopt. This latter value can 
then be calculated from the equation below:-

PhD Thesis 

'tin 

lopt = (_1 __ 1 ) 
vp vO 

eq.3.7 
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The actual risetime of the shock front waveform is given by Katayev as 
'tsh where:-

6.7 
'tsh =----

<X'YJ..LOHsh 
eq.3.8 

in which Hsh represents the magnetic field at the shock front. In a coaxial 
line with a mean bead diameter of d then equation 3.8 becomes:-

6.7 x 1td 
'tsh =----

<X'YJ..LOIsh 
eq.3.9 

The risetime can thus be seen to be a function of the magnitude of the 
shock front current. Since this increases progressively as the current 
pulse travels down the line, then the risetime can be seen to reduce with 
the propagation distance. However, even with the simple analysis 
presented above, it is evident that the pulse sharpening behaviour is not 
linear with length. Upon considering equations 3.4 and 3.5, it can be seen 
that the velocity of the shock front is also a function of the shock front 
current. Since the velocity of the simple wave is assumed constant, the 
distance traversed by the pulse, dz, necessary for the same reduction in 
the width of the wavefront, dt, will be greater the further the pulse has 
travelled. This process results in a graph of the shock front risetime as a 
function of the propagated distance along the line being initially very 
steep and tailoring off to a risetime limited either by the peak current of 
the shock front or the switching speed of the ferrite. 

In order to analyse the performance of a particular coaxial ferrite 
line, it is necessary to establish the line's characteristic resistance, 
capacitance and inductance. These are given by Katayev as:
Characteristic resistance, PO:-

60In(o/a) 
PO=-==-

~Eeff 
eq. 3.10 

where the effective permittivity of the filler, Eeff, IS given by the 
expreSSIOn: -
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eeff = () () eDln ra + epln % 
eq. 3.11 

The capacitance, CO, and inductance, LO, are given by:-

C - 21teOeeff 

° - In(o/a) 
eq.3.12 

eq.3.13 

In these equations, eD and ep denote the permittivities of the dielectric 
and ferrite layers respectively while a, d, and D represent the internal and 
external diameters of the ferrite beads and the internal diameter of the 
external conductor. Knowing the above values, equations 3.3 to 3.9 can 
be used to evaluate the performance of the ferrite line. 

3.4.2 Extension from the Katayev model 
In the analysis performed by Katayev, the effect of the initial state 

of magnetisation of the shock line was not considered in great detail. In 
view of subsequent research, this factor is seen to be quite significant. In 
particular, Weiner and Sibler(6) constructed graphs of the output risetime 
as a function of a magnetic bias field which was applied by flowing a d.c. 
current through the line. Belyantsev et al. (7) also considered the effect of 
a biasing field and noted that the factor of 6.7 in equations 3.8 and 3.9, 
which give the risetime of the shock front, was a function of the initial 
magnetisation and was reduced to approximately 3 in the case where 
MO=O. 

Although Katayev concentrated upon the use of the Landau-Lifshitz 
gyromagnetic damping term in preference to the Gilbert form, Gyorgy(8) 
showed that the Gilbert form was in fact more accurate for the high 
values of alpha used. Additionally, the low values of the initial field in 
both d.c. current biased and axially biased lines do not completely saturate 
the ferrite and so the pulse response to an applied field, H, is relatively 
lossy. Again on the basis of Gyorg's arguments(8), this supports the use 
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of the gyromagnetic equation due to Gilbert. The Landau-Lifshitz 
equation can be transformed into the Landau-Gilbert form by the use of 
an effective gyromagnetic ratio, defined as:-

Yeff = Y (l + ( 2) eq. 3.14 

Most of the subsequent modelling utilised the Landau-Gilbert equation, 
this being:-

dM _ _ M x H _ aYeff !-lQ 
dT - Yeff!-lQ ( ) Ms (M x M x H) eq. 3.15 

3.4.3 Advent of Linear Magnetic Biasing 
In 1985, further progress towards the attainment of faster risetimes 

was made possible by the discovery by Parkes of RSRE Malvern that 
linearly magnetically biasing the ferrite lines could, in certain materials, 
produce shorter voltage risetimes. Initially, the biasing was applied via 
bar magnets, solenoids having subsequently been used by some 
researchers. The analysis performed by Katayev and briefly presented 
above predated the discovery of the rise time reductions achieved through 
applying an axial bias field. It was Benson et al(9) who first suggested 
theoretically that a saturating z-axis bias field could cause the coherent 
precession of the ferrite magnetisation to couple into all three axes such 
that the shock front risetime related both to the precession frequency and 
to the damping rate. He further stated that for larger signals, adjacent 
precessing dipoles would begin to interact and that energy could couple 
from the uniform mode into spin waves. The detail of this behaviour was 
deemed to depend upon the properties of the particular ferrite material. 
Coupling into spin waves is associated with porosity and thus grain size. 
This property of the ferrite is dependent upon the sintering time and 
conditions during manufacture and is thus partially out of the 
experimenter's control. 

The radical reductions in the rise-times observed by the above 
means were attributed to the stimulation of gyro-magnetic behaviour in 
the ferrite line. Pouladian-Kari et al(5) established that the axial field 
component of the biasing field was the most important. This suggested 
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that electron spm phenomena played an important role in the pulse 
sharpening action. It was found that high-frequency resonances were 
stimulated as a result of biasing but only if the associated pulses had 
risetimes in the order of Sns. It was therefore suggested that the 
optimised sharpening behaviour did not become dominant until the pulses 
contained a significant proportion of energy in the high frequency part of 
the frequency spectrum. Thus external biasing may only be beneficial for 
sufficiently fast input risetimes. The bias field required to achieve 
optimum performance was found(S) to increase as the input risetime 
decreased. Since pulse sharpening is found to occur gradually down the 
length of the line (although it is not a linear function of length), this 
discovery led to the prediction that a magnetic bias field linearly graded 
in magnitude towards the output of the line is required to produce the 
optimum performance. 

Dolan et al(2, 1 0, 11) subsequently attempted to model, with 
considerable success, the pulse sharpening nature of ferrite loaded 
transmission lines with the saturating z-bias field present. This was 
performed by analysing the ferrite behaviour in terms of the Landau
Lifshitz description of 3-D coherent magnetisation precession and 
coupling this into a circuit model of the line. From this, the TEM 
transmission line equations for a coaxial line were deduced. Essential to 
their model was the identification of the two additional mmf terms which 
can arise in coherently magnetised ferrites in addition to the pulsed I12nr 
and axial bias mmfs. These consisted of both an axial and a radial 
demagnetisation factor caused by the presence of the inner and outer 
conductors of the coaxial transmission line. The radial term was thought 
to arise as a consequence of the coherent precession of the magnetisation 
term around the axial and circumferential bias field thus producing a 
transient component of magnetisation in the radial direction. Over 
nanosecond timescales, the flux penetration depth into copper is extremely 
low. Thus, in order to ensure complete flux cancellation at the conductor 
surface, it was hypothesised that currents must be induced in the coaxial 
conductors to mirror the radial magnetisation. The actual shape of the 
bead was also thought to produce a partial demagnetisation term. The 
second demagnetisation term was thought to arise due to the outer 
conductor acting as a large, short circuited, solenoidal loop around the 
ferrite core. A large voltage would be induced in such a loop if the 
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ferrite magnetisation was pulsed out of axial alignment, its effect being to 
prevent any net change of axial flux over timescales which were short 
when compared to the L/R decay time of the conductor. This 
demagnetisation term induced on the ferrite by this effect would be less 
than 100% since the cross-sectional area of the ferrite is less than that of 
the transmission line. 

The above discussion yielded four magnetic field terms to be 
incorporated into the Landau-Lifshitz equation. These included the pulsed 
I121tr term, the axial bias term, the radial demagnetisation field, written 
Hy = -My, and the solenoidal-current-driven, axial field. This latter term 
was written Hz = -kMz, where k is an axial demagnetisation factor in the 
range O<k<1. Equation 3.15 can be expanded for dMx/dt to include these 
demagnetisation terms and yields equation 3.16 shown below.(2) 

Precession Terms 

~~ = -Y effJlO [( MyH z - MzH y ) 

Damping Terms 

a( Mx{MyHy +MzHz)-( M~ +MnHx) 
+ eq.3.16 

Ms 

Once plotted, it was seen from this equation that the precession term due 
to the radial induced field, -MzHy, was considerably larger than the other 
terms. This gave credence to the proposal by Dolan(2) that it is the radial 
demagnetisation field that is primarily responsible for the fast switching 
times of the ferrite. In terms of figures, whilst the induced radial field 
was found to be of the order of 105 Am-1 in magnitude, the axial bias 
field had a value of only 104Am-1 with a value of 5x104Am- 1 being 
given for the peak circumferential field due to the coaxial current. This 
latter term only arises once the magnetisation is circumferentially aligned. 

When the demagnetisation terms were included in the solution of 
the L-G equation, the ferrite switching time in the shock line was shown 
to be dramatically reduced. Good correlation between the simulated and 
experimental results that were produced by Dolan et al (11) was obtained 
when the value of k was taken to be 0.5. The same author found that the 
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use of a d.c. bias current, used up to that time, was largely superfluous 
when used in conjunction with axial magnetic biasing for the attainment of 
fast risetime voltage pulses. 

Whilst considering the effects of magnetically biasing a ferrite line, 
it should be noted that it has a slight detrimental effect in that extra 
energy loss is manifest. Considering the frequency region concerned, this 
was attributed(5) to energy lost to spin resonance phenomena. 
Additionally, the optimum magnetically-biased line lengths become 2-4 
times longer than unbiased lines of the same ferrite type, as observed by 
Dolan et al(10). However, it was also found that reflections from the line 
(improved matching) and delays are reduced by biasing. 

3.5 Key issues regarding shock line design and construction 
The optimal line length of a ferrite line together with the shock 

front current and its risetime can be estimated from the preceding section. 
However, it is primarily the ferrite material, line geometry and input 
waveforms which decide these properties of the line in practice. It is 
these which will be discussed here in addition to an outline of the technical 
difficulties in the construction of ferrite lines. 

3.5.1 Ferrite Material 
Several guidelines for the choice of ferrite material and toroid 

geometries have been offered by previous researches. 
As regard material choice, Dolan et al(10) advise the use of a 

ferrite with a low value of the gyro magnetic damping factor in order to 
most easily achieve fast risetimes. They also found that the risetime 
reduces when using ferrites with higher values of B(sat). Weiner(6) 
advised the use of materials having both a fast switching coefficient and a 
small saturated permeability in order to achieve fast risetimes. The latter 
attribute of the ferrite toroids would enable lower impedance transmission 
lines with a relatively large space between the inner and outer conductors 
to be constructed. For such a design, greater magnetic fields could be 
produced, hence facilitating the attainment of shorter risetimes. The 
selection of a material which is also susceptible to the z-axis magnetic 
biasing phenomenon is essential in producing the very fast risetimes which 
are attainable. 
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Upon considering the choice of ferrite material in order to make a 
ferrite line, attention should be given to the effects of temperature. When 
operating at 5kHz, Pouladian-Kari et al(5) measured a 15-30°C 
temperature rise in two of their ferrite lines denoted 2a,b in table 1.4. 
However, a larger temperature rise was noted for the lines using larger 
toroids (e.g. line 5). The temperature rises were found to be directly 
proportional to the operating repetition rate but more importantly it was 
found that the pulse sharpening performance was improved at the highest 
temperature attained of 75°C. Upon referring back to section 3.2, it can 
be seen that the material grade 4S2 experiences two major changes within 
this temperature range. As the temperature is increased, the permeability 
of the unsaturated ferrite increases and the value of Bsat decreases. The 
latter point means that the shock front permeability also decreases, as can 
be seen from equation 3.4, but that the speed of the shock front increases 
thus leading to a longer optimum line length. The lower value of Bsat 
also means that the ferrite is more easily saturated which could lead to a 
more effective shock line at lower currents. However, this is contrary to 
the experimental evidence given by Dolan, which has been mentioned 
previously. In view of this evidence, it seems to be the increase in the 
initial permeability with temperature which leads to the enhancement of 
the ferrite line's performance. This seems to be justifiable since it is the 
non-linear change of permeability of the ferrite which causes the pulse 
sharpening effects and a higher initial value of the permeability will 
accentuate this change. An additional factor to be born in mind during 
this discussion is that the average energy of the molecular magnets is 
increased at the higher temperature such that the internal forces inhibiting 
magnetic reversal might be overcome more easily. This would have the 
effect of increasing the switching coefficient thereby enhancing the pulse 
sharpening ability of the ferrite line. Experiments conducted by 
Gyorgy(8) into the flux reversal of square loop ferrites support this latter 
theory. He found that the switching coefficient reduced from 0.460e j..Lsec 
at 77K to O.180e j..L sec at 473K for a ferrite given as 
Mn0.47MgO.71Fe1.7604. The Curie point of this particular material was 
550K. Thus faster switching coefficients may be expected at operating 
temperatures close to, but not exceeding, the Curie point. 
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3.5.2 Ferrite Line Geometry 
The geometry of the ferrite itself affects the achievable voltage 

risetimes. Experimentally it has been found(12,13) that the larger the 
driving H field, the shorter the switching time for a particular ferrite 
material. Since the driving H field is inversely proportional to the radial 
distance from the surface of the central conductor, the switching time, To, 
increases with this distance. From this it is evident that to achieve the 
fastest switching times, the ferrite toroids should be placed as close as 
possible to the centre, current carrying, conductor and have as small an 
internal diameter and aspect ratio as possible. However, Pouladian-Kari 
et al(5) found a possible problem in using such small ferrite toroids. For 
their line denoted 1 b in table 1.4, which produced a risetime of 130ps, a 
ringing oscillation followed at a frequency of over 4GHz. It was thought 
possible that the bandwidth of the line was a limiting factor in this case 
and that the use of larger ferrite toroids would be beneficial. 

3.5.3 Input Waveforms 
In accordance with the theory laid down earlier, several 

researchers(5,6,10) have observed that the output voltage risetime has 
decreased as the source voltage, and hence the peak shock front current, 
was increased. Indeed, Weiner( 6) has observed that when magnetically 
biased, the risetime achieved was found to be roughly proportional to the 
inverse of the source voltage. Both of these points provide further 
credence for equation 3.9. It has also been found(5) that there is a critical 
pulse amplitude which must be exceeded for pulse sharpening to occur. 

The optimum length of the ferrite line is governed by the input 
waveforms, although it is also influenced by the line's characteristic 
resistance which dictates the magnitude of the shock front current. 
Naturally, the ferrite line needs to be extended with increasing input 
risetimes to allow the back edge of the pulse to catch up with the 
wavefront. It has also been found(5) that the higher the voltage pulse, the 
longer the ferrite line needs to be in order to sharpen the whole pulse. As 
aforementioned, magnetically biased lines are prone to exhibit longer 
optimum line lengths than similar unbiased lines. Results of cascaded 
lines(5) of different ferrite types indicated that there was no benefit to be 
obtained by this provided that the line furthest from the generator was of 
a sufficient length. 
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3.5.4 Potential Problems in Line Construction and Operation 
Any air which becomes trapped in the dielectric region of the 

ferrite line during construction may be exposed to electric fields easily 
exceeding its dielectric strength of 4MV/meter. The resulting ionisation 
creates ozone which, being highly corrosive, will eventually destroy the 
central conductor (or other components). It was additionally noted by 
Katayev that the ionisation of a layer of air between the conductors or 
between adjacent ferrite toroids could result in an increase in the 
characteristic capacitance and a corresponding decrease in the pulse 
sharpening ability of the ferrite line. In this process, when operating in 
the kilovolt regime and at some voltage less than the peak amplitude of the 
wave, the value of the capacitance per unit length increases sharply hence 
decreasing the wave-crest velocity. An inverse mechanism is thus 
established which leads to the destruction of the shock wave. Normally, 
the propagation velocity of the crest in this case is coincident with that of 
a discontinuity having a smaller amplitude than the actual wave. The net 
result is that the shaping of the leading edge fails to go beyond this critical 
amplitude resulting in pulses having an unsatisfactory shape. One possible 
solution, suggested by Oides(4), would be to place the line in a sealed 
housing and, after evacuation, back-fill with a high strength dielectric 
liquid, such as 3M's Fluorinert which has a dielectric strength of 
200MV Imeter. 

Providing a d.c. bias current to the line without compromising the 
fast pulse performance is envisaged to be a problem. Oides et al (14) used 
a two choke circuit at each end of the line. A loosely wound air core 
choke provided fast pulse isolation and was placed in series with a 
commercial ferrite core unit possessing a much higher inductance, the 
latter being necessary to protect the source of the bias current. They 
found that parasitic capacitance between the line terminations to a.c. 
ground had to be carefully controlled to maximise fast pulse performance. 

Pertinent to this work, Seddon et aI02,13) considered the use of 
lumped element magnetic assist in conjunction with a thyratron switch. 
This was deemed to be beneficial in a number of ways. Firstly, it could 
reduce the thyratron rise time by removing any risetime limitation due to 
the breakdown time of the thyratron gas. Secondly, the anode heating 
factor could be decreased by reducing the amount of heat dissipated in the 
thyratron since the unsaturated ferrite delays the passage of current 
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during the commutation time of the thyratron. Seddon et al had already 
found that under operating conditions involving higher repetition rates 
and at their full charging voltage, exceeding the anode heating factor of 
the thyratron (EEV ex 1573) was a problem. Finally, the inclusion of 
magnetic assist would serve to isolate the thyratron from any reflected 
energy returning from the ferrite line which could otherwise cause the 
thyratron to latch on at higher repetition rates due to the increased 
charging rate. 

In order to lower the overall saturated impedance of the pulser, a 
number of pulse sharpening lines could be placed in parallel. This may be 
necessary since the current, and hence the energy, delivered to the laser 
head is determined by the impedance mismatch between the thyratron 
driver with both the unsaturated and saturated impedance of the ferrite 
line. Problems associated with implementing such a scheme are outlined 
later in this thesis. 
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TABLE 3.1 
Material Characteristics of 4S2(1) 

PARAMETER CONDITIONS VALUE UNIT 

~i < 10kHz, O.lmT, -700 
25°C 

B 10kHz, 250Alm, -270 mT 
25°C 

10kHz, 250Alm, -180 mT 
100°C 

Bsat H - 1000 AIm at -325 mT 
25°C 

H -700 AIm at -225 mT 
100°C 

IZI* 30 MHz, 25°C ~ 50 
300MHz, 25°C ~ 90 

r DC, 25°C - 105 Wm 
Tc ~ 125 °C 

density - 5000 kg/m3 

*data measured on a bead ~5 * ~2 * 10mm 
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FIGURE 3.1 
Ferrite Magnetisation Curve in Weak Fields 

H 

FIGURE 3.2 
Ferrite Magnetisation Curve in Strong Fields 
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FIGURE 3.3 
B-H Loops for the Ferrite Material4S2 at Temperatures 

of 25°C and 100°C(l) 
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Permeability of the Ferrite Material 4S2 as a 

Function of Temperature(1) 

2000 TUUIO 

~i 
4S2 

1500 

~ -1000 
,/ 

/ 

v ,/ 
v 500 

o 
-50 0 50 100 150 200 250 

T ( ·C ) 

81 P. N. Marsh 



Chapter 3 

Ms 

E -... 
< .. 
:E 

MO 

Ferrite Line Theory 

FIGURE 3.5 
Magnetisation Curve of a Ferrite Material in a Rapidly 

Changing Magnetic Field. (2) 
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Shock Wave Development(3) 
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CHAPTER 

4 

Laser Head and Optical Diagnostic 
Design and Description 

4.1 Introduction 
This chapter will first endeavour to explain the reasoning behind 

choosing a longitudinal, sectional discharge, laser upon which to carry out 
the majority of the work. It will then progress to describe both this laser 
and the three transverse laser heads which were briefly examined before 
discussing several topics pertinent to the detection of VUV optical pulses. 

4.2 Design Criteria 
As aforementioned, the initial aim of the work was to produce a 

high repetition rate hydrogen laser. It was proposed, therefore, to 
investigate the feasibility of using a thyratron switch in conjunction with 
non-linear pulse sharpening lines in order to power the laser. The initial 
design criteria of the laser head was thus that it could be driven both by a 
conventional travelling wave Blumlein circuit and by the ferrite lines. 
The former requirement was felt to be essential so that the laser's 
operating characteristics and potential could be explored using a 
conventional excitation circuit before progressing to a ferrite line driven 
system. Since it was uncertain how best to couple the ferrite lines to the 
laser head, the electrode configuration was to be designed so that as many 
permutations as practically possible could be tried and assessed. A 
sectional longitudinal discharge, as used by both Kirkland(2) and 
Borgstrom(3), seemed to be best with regard to fulfilling these 
requirements. Whilst the laser could be driven with a Blumlein circuit, 
the multitude of electrodes arranged along the length of the laser would 
also allow the ferrite lines to excite individual gas discharge segments, of 
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varying length, if required. Since the current in the ferrite lines is 
limited by their own inductance, it was felt prudent to initially keep the 
cross-sectional dimension of the discharge channel as small as practically 
possible so that the high current densities necessary to achieve lasing 
action were easier to attain. Upon achieving a ferrite line driven laser, 
the bore size could then be scaled upwards in order to use a greater 
volume of gas and extract more power per unit length from the laser, if 
the current density restrictions allowed this course of action. The current 
density in a longitudinal discharge channel is inversely proportional to its 
cross-sectional area rather than to the length-height product, as is the case 
in transverse systems. This is clearly an advantage when using the ferrite 
lines. There are, in fact, other attractive features related to the use of a 
sectional longitudinal discharge tube. The discharge length can be easily 
varied thus enabling measurements of the output power as a function of 
the gain length to be made which can then be used to provide conclusive 
proof of lasing. Longitudinal discharges have traditionally had less 
problems with arcing and discharge uniformity and make good use of the 
tendency of discharges to form channels. They also tend to have less 
divergent output beams, are generally able to operate at higher repetition 
rates and are inclined to maximise the small signal gain(2). For all of the 
above factors, this type of discharge was selected for the initial 
investigations into a low pressure hydrogen system. The laser head will 
be described in section 4.4. However, as discussed in chapter two, 
transverse discharges were foreseen to be required in order to achieve the 
necessary electron energies at practical gas pressures for the proposed 
noble gas ion laser systems. Thus two different transverse discharge 
hydrogen lasers were also constructed so that their behaviour too could be 
studied in order to aid in the design of the proposed noble gas laser. 
These lasers will be discussed in section 4.5. However, first a few 
common design considerations will be discussed. 

4.3 Gain Length, Inductance and Resistance Considerations 
There were several design considerations which were common to 

both the sectional longitudinal and transverse laser systems. Of 
paramount importance was that the hydrogen laser was both recognised 
and treated as an ASE system. Thus it would be reasonable to expect that 
for small discharge lengths the laser output would increase slowly at first 
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with increasing length until a definite laser action was attained after which 
saturation of the gain would eventually occur. The discharge length 
necessary to achieve gain saturation in a sectional longitudinal system was 
ascertained by Borgstrom(3) to be in excess of 48cm. Figure 4.1 depicts 
the gain-length curve from which this deduction was made, this being the 
only such curve found by this author for the Lyman transition. It is 
interesting to note, however, that many transverse lasers have had 
discharge lengths as short as 30cm. This seems to indicate that their full 
potential has not been exploited. From figure 4.1, it can clearly be seen 
that a laser bore length in excess of 72cm would be preferable as a 
starting point for the investigation into lasing on the Lyman transition. 

Whether of the longitudinal or transverse variety, the inductance 
and resistance of the laser head are critical factors in the attainment of the 
high current densities required for lasing. These properties have recently 
been analysed when applied to transverse pulsed gas lasers by Persephonis 
et al(4). In the analysis of a transverse, homogeneous, discharge, the 
widely used formula for the laser resistance, R, is:-

R= I 
/-Lneab 

eq.4.1 

In this equation, the symbols /-L and n are used to represent the electron 
mobility and number density respectively while e denotes the electronic 
charge on an electron. The formula applies to a discharge of length a and 
thickness b having an inter-electrode distance of 1. When Nt is used to 
represent the total electron number in the discharge volume, this 
expression becomes:-

eq.4.2 

An equation for the inductance of such a discharge, which can be solved 
numerically using a computer, was also given in this paper as:-

eq.4.3 
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where Itotal and I'total are mathematical expressions for the current, 
defined within the paper, and V represents not only the discharge volume 
but the entire space available to the discharge. Several factors in the 
design of individual laser heads become apparent from considering the 
equations above and the calculated values presented graphically in the 
paper. The author's graph of inductance versus electrode length, a, and 
discharge thickness, b, depicted in figure 4.2, was performed for an 
electrode spacing of 2cm which is similar to that used in some hydrogen 
laser systems. It shows the discharge inductance being a strong, 
increasing, function of the discharge length for the case in which a is less 
than around 30cm. For a fixed electrode length, the discharge inductance 
shown in figure 4.3 can be seen to increase with both a decreasing 
discharge thickness and an increasing inter-electrode distance. For 
completeness, the author's graph of discharge inductance as a function of 
the electrode length and separation for a fixed discharge thickness is 
shown in figure 4.4. 

In a particular system, the inter-electrode spacing will be set 
partially by the electric field required for excitation. However, with 
reference to figure 4.3, this factor should not be made greater than 
around 2cm otherwise the rapidly increasing discharge inductance could 
limit the achievable current density. Reducing the inter-electrode distance 
has the advantage of reducing the resistance of the tube. Similarly, the 
discharge length should be made greater than around 30cm to avoid 
producing a high discharge inductance. Increasing the discharge length 
also reduces the resistance of the tube, as can be seen from equation 4.1. 
For a fixed inter-electrode length, the inductance is a comparatively weak 
function of the discharge thickness allowing this to be reduced in order to 
increase the attainable current density. However, reducing this factor 
increases the resistance of the laser tube. Thus an optimum laser current 
density would be expected to be attained at a certain value of b when the 
effects of both the resistance and the inductance are balanced. Attempts to 
achieve high current densities by reducing the resistance and inductance of 
the discharge have to be rationalised by other criteria. These include 
maximising the gain material present in order to extract larger laser 
powers and electrically coupling the laser head to the external circuitry. 
Reducing the inter-electrode spaCIng and providing the pre-ionisation 

PhD Thesis 86 P. N. Marsh 



Chapter 4 Laser Head & Diagnostics 

densities necessary for the production of the homogeneous discharge, 
which the paper by Persephonis assumes to be present, is only possible in 
practical systems if large over-voltages can still be applied. This puts still 
greater emphasis on the switching technology which must be able to 
supply the large over-voltages and currents, both having extremely fast 
risetimes. 

The inductance of individual sections of a sectional longitudinal 
laser can either be studied by the use of figures 4.2 to 4.4 or by 
considering the discharge as a current carrying wire of the same cross
sectional area. The self inductance, L, of such a wire is given by equation 
4.4 below. 

eq.4.4 

In this equation, the letter I represents the length whilst d denotes the 
diameter of the wire. For a discharge of length 2cm having a diameter of 
O.113cm, an inductance of 6.8SnR can be calculated in this way. If a 
Imm square discharge channel with electrodes spaced 2cm apart is used to 
simulate this discharge, then figure 4.2 can be used to obtain a value of 
approximately SnR as the inductance of the discharge. Taking into 
account both the approximations made in the first case and that the former 
graphs were plotted for a transverse rather than a longitudinal discharge, 
these two figures agree surprisingly well. 

In addition to inductance and resistance considerations, the 
electrode spacing has large implications for shot to shot variations in the 
so called "observational time lag". This is defined as the time delay 
between the application of the voltage to the gap and its subsequent 
collapse. Since this will be discussed in greater detail in section S.S, it is 
suffice to mention at this point that under the same pulsed voltage and 
gaseous conditions, a smaller gap produces a smaller temporal spread in 
the observational time lag, the time lag itself being shorter and thus 
requiring faster voltage risetimes to fully over-volt the discharge section. 
Reducing the variations in the observational time lag, or jitter, is of 
paramount importance when attempting to produce a travelling excitation 
wave by the sequential firing of multiple longitudinal discharges. 
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4.4 Description of the Longitudinal Sectional Discharge Laser 
The first sectional longitudinal discharge laser to be described was 

that used predominantly throughout the project. By careful consideration 
of the above discussion and by the analysis of previous lasers, the 
following design was arrived upon. 

The laser bore was to have an active length of 1m which 
necessitated the placement of 66 electrodes in order to retain a similar 
electrode spacing to that used by Kirkland(2) (i.e. 1.5cm). As a result, 
the discharge consisted of 65 separate longitudinal discharge segments if 
all of the electrodes were electrically connected to the external circuit. 
Since the laser was to be powered by both a Blumlein system and by the 
ferromagnetic shock lines, it was felt desirable to decrease the cross
sectional area of the discharge relative to other longitudinal lasers so that 
the required current densities would be more readily attainable. Thus a 
1mm square bore was used rather than the 2 and 3mm diameter circular 
bores employed by Borgstrom and Kirkland respectively. The laser head 
was also designed such that the laser bore could be accessed which enabled 
the channel to be checked and cleaned. In this way, electrode wear and 
their placements could also be monitored. Despite predictions of 
temperature problems and extensive outgassing, especially when running 
at high repetition rates, the first prototype was constructed out of 
Perspex. Of necessity, it had to be designed as a flowing gas system to 
help cope with these problems. Perspex had three main advantages. 
Firstly, it is a good electrical insulator which was an essential property 
for the body of the laser. Secondly, the material is transparent so that the 
discharge could be visually monitored. Lastly, Perspex is easily 
machineable which allowed the 1mm groove to be cut reasonably 
accurately and facilitated the placement of the electrodes. 

The finished laser measured 1.2m in length with a height of 10cm 
and a thickness of 34mm. A horizontal cross-section of the laser and its 
coupling mechanism to the monochromator is depicted in figure 4.5 
whilst figure 4.6 shows a perpendicular cross-section. The laser was built 
in two halves, these then being bolted together and sealed with an '0' ring. 
Extraction of the light produced longitudinally by the discharge was 
facilitated by recessing the laser bore into one half of the laser. This 
meant that two holes could then be drilled through the Perspex from 
either end of the laser in order to intersect the discharge channel. End 
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pieces which either held output windows or facilitated the coupling of the 
laser to the optical diagnostic equipment were screwed into these holes 
and sealed in place with '0' rings. The electrodes were initially made of 
brass and screwed into place at 3cm intervals along each side of the laser. 
It was ensured that the spacing between opposite electrodes was 1.5cm, 
each electrode being sealed in place by the use of an '0' ring. Individual 
electrodes were machined such that their tips possessed a uniformly 
smooth surface profile having no sharp edges which would otherwise 
cause field enhancement. In order to minimise surface breakdown and 
enhance the cold cathode discharge, the tips of the electrodes were 
mounted such that they were not in contact with the walls of the discharge 
channel. All bar the first three electrodes were mounted flush to the 
surface of the cell wall in order to prevent them from obstructing the 
passage of the light down the cell. This enabled the high reflectivity of 
the walls prevalent at grazing incidence to be exploited so that the axial 
light output could be maximised. The first three electrodes were made 
with pointed profiles and were screwed O.5mm into the discharge channel 
in an attempt to enhance the initiation of the travelling wave excitation 
scheme at the upstream end of the laser. 

The inductance of the laser can be approximated by using equation 
4.4. So doing, each 1.5cm discharge section is found to have an 
inductance of 6.24nH associated with it. Thus, since sixty-five discharges 
are effectively being fired in parallel, the overall inductance of the laser 
bore becomes O.096nH. The same argument using 3cm as the sectional 
discharge length yields a figure of 7.70nH for the inductance of each 
segment and O.24nH for the overall value. 

4.5 Transverse Laser Cell Descriptions 
Three laser cells of a transverse discharge type were constructed. 

The first two were destined to be hydrogen lasers, built in order to 
examine the discharge uniformity and performance which could be 
achieved when using conventional designs. However, the third laser was 
designed with the possibility of lasing on the noble gas transitions in mind. 
This laser had an interelectrode spacing of only Imm in order to establish 
the extent to which such a gap could be over-volted and in turn what 
electron energies could be generated. 
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The first transverse discharge laser cell of the three to be described 
was similar to that built by Hodgson (5) . It was constructed in order to 
examine the discharge uniformity that could be produced using stainless 
steel mesh electrodes. The laser head was constructed from 4mm thick 
glass plates, each having a length of 930mm but possessing various widths. 
In order to obtain the parallel edges required for the electrodes, the wire 
mesh was first sandwiched between two 30mm wide glass plates and 
epoxied in place. It could then be cut so that it lay flush to a flat granite 
surface. Having constructed two of these parts, identical top and bottom 
glass assemblies were made. For each section, one 10mm wide glass strip 
was placed symmetrically along the centre line of another having a width 
of 70mm and epoxied in place. The four parts were then epoxied 
together whilst two parallel, 0.6mm thick, piano wires were placed under 
tension along the discharge channel in order to ensure a uniform channel 
height. These were removed after the epoxy had dried. Two end pieces 
containing the inlet and outlet gas lines and optical mounts were also 
epoxied in place. All construction throughout was performed upon a 
granite flat, a similar granite flat being placed on the top of the various 
assemblies in order to supply a certain amount of compression while the 
epoxy hardened. The laser was, in fact, finally mounted upon such a flat 
in order to prevent the laser channel distorting over a period of time. An 
illustration of the finished laser is shown in figure 4.7 while a cross
section can be viewed in figure 4.8. The laser had a final channel length 
of 930mm, a height of 0.60mm, a width of 13mm and an electrode length 
of 870mm. Figure 4.2 can be used to obtain an approximate value for the 
inductance of the laser cell of 0.28nH. In this calculation, the dimensions 
of the laser channel were approximated to one having a 20mm discharge 
width with a length of 80cm, this being the closest geometry that the 
graph depicts. 

The second laser cell to be built was similar to those used and 
characterised by Goldsmith and Knyazev(6). Details of the constructional 
technique employed to manufacture such a laser has been outlined in an 
article by Babis et al(7). It has evolved to be the more standard type of 
capillary cell hydrogen laser and as such merited investigation. The final 
cell dimensions included a channel height of 0.26mm, a width of 20mm 
and a length of 930mm with an electrode length of 870mm. The 
electrodes in this case were made from 0.035mm thick, adhesive backed, 
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copper foil. End pieces were similar to those used for the previous laser 
and were again epoxied in place. A cross-section of the device is shown 
in figure 4.9. 

Both of the above cells possessed a discharge length that exceeded 
twice that used by several other authors(6,7). This was a deliberate 
feature incorporated as a result of the gain-length curve for the Lyman 
transition, discussed earlier, which indicated that several of the previous 
lasers had not been exploited to their full potential due to their short gain 
lengths. Additionally, it was thought that the increased discharge length 
would allow a more detailed study of the travelling wave excitation 
scheme to be performed and facilitate the scaling of the laser to greater 
output powers. It was also thought that velocity matching in a longer 
capillary cell might lead to the observation of lasing on the Werner bands. 
Cooling jackets and special high temperature glues as used in the space 
industry were seen to be a practical way of extending this particular 
construction technique to higher repetition rates. 

The third and final cell to be constructed was that designed to 
investigate the possibility of lasing on the noble gas systems. Quite 
simply, it consisted of two parallel lengths of 0.035mm thick adhesive 
copper foil separated by a gap of 1mm and sandwiched between two 
sheets of 40mm wide, 930mm long and 4mm thick glass plates. As 
before, all construction was performed on granite flats. The final 
dimensions of the channel included a height, width, length and electrode 
length of 0.12, 1, 930 and 870mm respectively. Output optics and gas 
ports were again affixed to either end. 

4.6 Vacuum System 
Due to the low propagation distances associated with VUV radiation 

in air, the front end of the diagnostic equipment was by necessity enclosed 
in either a low pressure environment or surrounded by nitrogen. In the 
case of the hydrogen laser, it was possible to separate the laser and the 
diagnostic apparatus by a lithium fluoride window. This had the 
advantage that the comparatively large volume containing the diagnostics 
was not filled by potentially flammable hydrogen. In addition, the 
chamber could be pumped down to a lower vacuum pressure than if it 
contained hydrogen at the same pressure as the laser bore thus more 
effectively removing outgassed impurities from the chamber which 
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otherwise could accumulate and attenuate the laser beam. The attenuation 
produced by the insertion of a LiF window can, from figure 1.1, be seen 
to be around 0.09% at 160nm. However, when attempting to induce the 
shorter wavelength noble gas ion transitions to lase, the inclusion of 
windows between the laser and the diagnostic equipment was precluded 
because of excessive absorption. In this case the diagnostics were 
maintained at the same pressure as the laser bore. This was foreseen to 
have the undesirable consequence that the intensity registered by the 
detector could possibly become either a function of the laser pressure or 
the gas flow rate, the latter having the effect of removing gaseous 
impurities from the beam path. In this case differential pumping 
techniques were predicted to be needed in order to obtain accurate pulse 
power measurements. 

Due to the above considerations, two vacuum systems were 
developed, both of which are shown schematically in figure 4.5. The first 
controlled the pressure in the laser bore. From the hydrogen cylinder, 
which naturally had a regulator and stop valve attached to it, the gas path 
first passed through a blow back valve included for safety purposes. A 
Swagelock IT' piece, usually having one end blanked off, was inserted to 
allow other gases to be used in the laser bore. A needle valve, stop valve 
and a section of quartz tubing, used to provide electrical isolation from 
the laser, were inserted both before and after the laser bore. The 
logarithmic pressure gauge was positioned as close to the laser bore as 
safety would allow so that the bore pressure could be accurately 
monitored. Since it was positioned between the two stop valves, the laser 
could be sealed off making the gauge useful for leak testing purposes. 
The remainder of the vacuum system used Klein fittings which were felt 
to provide better versatility since it was at this point that leak detecting 
apparatus was periodically connected. An Edwards 0-1000mbar vacuum 
gauge and an air admittance valve were positioned before the last stop 
valve which itself was mounted on top of the rotary pump. Occasionally a 
Pirani pressure gauge was inserted but not when hydrogen was being used 
as the active medium due to both the small risk of an explosion that this 
would incur and to the absence of a calibration curve for this particular 
gas. Stainless steel bellows and a shock absorber were used to minimise 
the vibrations experienced by the gauges due to the rotary pump. The 
second vacuum system was connected to the two diagnostic chambers used 
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in the project, namely the monochromator and the joule meter housing. 
This consisted of a rotary pump, stop valve, air admittance valve, Pirani 
pressure gauge and a stop valve which was mounted close to the chamber 
so that this vessel could be sealed off if required. Klein fittings were used 
throughout, other than the final Swagelock connection to the vacuum 
vessel, with two, 1.5m lengths, of stainless steel bellows being used to 
provide vibrational isolation for the chamber and the Pirani gauge from 
the rotary pump. As was previously discussed, the two vacuum systems 
were usually separated by a LiF window. Upon removing this, which was 
found to be necessary on several occasions, the vacuum system connected 
to the monochromator could be used to quickly pump down the whole 
system since the rotary pump on the diagnostic side was not pumping 
through a needle valve. The chamber could then be sealed off and the 
other rotary pump used to provide the gas flow. 

4.7 Diagnostic Equipment 
The diagnostic equipment appropriate for studies in the VUV 

spectral region is relatively specialised. This section will be further 
divided into subsections which will deal with individual issues. 

4.7.1 Monochromator 
Specifically for this work, a vacuum, VUV, 302VM 

monochromator was purchased from McPherson. This is a 0.2 meter 
focal length device utilising a type III, aberration corrected, concave 
holographic grating produced by Jobin-Yvon. A schematic of this device 
and its coupling to the laser head can be seen in figure 4.5. Bilateral input 
and output slits were fitted such that the slit widths were controlled using 
a pair of micrometers. The resolution of the monochromator was quoted 
as O.lnm when using a slit width of IOflm and a height of 4mm. An 
electronic sine drive with variable speed settings was used to change, or 
scan through, the wavelengths. One problem encountered in the initial 
investigation was the accurate alignment of the monochromator and laser. 
Since the laser was initially a single shot system, alignment by trial and 
error was effectively ruled out as a practical option. Thus a He-Cd laser 
was aligned so that the beam passed down the hydrogen laser bore and 
into the monochromator. By rotating the grating so that the 441.6nm 
laser wavelength passed through the device, the monochromator could be 
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seen to be aligned when the largest signal at this wavelength was obtained. 
The electrical sine drive was then employed to return the grating to the 
appropriate position so that radiation at 160nm could be detected. Small 
movements in the position of the monochromator were facilitated by the 
construction and use of a sturdy translation/rotation table which could also 
be adjusted both for height and inclination. 

4.7.2 Optical Pulse Detection 
Visual detection of the VUV optical pulse can be achieved by the 

use of a scintillator. The fluorescent materials used previously by other 
researchers to study laser outputs include sodium salicylate(l,2,6,8) or 
liumogen(9). To aid in the detection of VUV lines, a curved sodium 
salicylate screen with holes cut in it to allow the light to pass between the 
two slits was placed along the inside radius of the monochromator. Thus 
any light not at the wavelength of the monochromator setting could be 
seen through the custom made Perspex lid of the device. Sodium 
salicylate was found useful as the scintillator for three main reasons. 
Firstly, its spectral response has been shown to be practically linear across 
a wide wavelength range stretching from around 200 to 340nm(1 0). 
Fortuitously, this includes the nitrogen transition at 337.1nm which 
allowed the time response measurements described in chapter six to be 
made. However, for the wavelength spectrum between 100 and 160nm, 
Samson(10) has shown that there is a slight decrease in the quantum 
efficiency as the wavelength is reduced. Whilst this effect appears 
minimal for a fresh sample, ageing, attributed to the contamination of the 
sample by impurities such as oil vapours, exacerbates this effect, which 
can be visualised from the graph reproduced in figure 4.10. This could 
be seen to generate a problem in the comparison of early laser output 
measurements to those obtained later in the project. Secondly, its peak 
spectral output, as can be seen in figure 4.11, is at a wavelength of around 
420nm which is near the optimum spectral response of several 
photomultiplier tubes (PMTs), especially those having Sll cathodes. This 
fluorescent spectrum has been found to be independent of the exciting 
wavelength in the ranges 27.5 to 253.7nm and 280 to 360nm. 
Conveniently, the peak fluorescent wavelength can be transmitted by 
optical fibres. Lastly, materials can be coated with this scintillator 
relatively easily. To do this, the powder is initially dissolved in methyl 
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alcohol to form a saturated solution. Subsequently, it is sprayed upon the 
surface to be treated where the liquid is evaporated using a heat gun thus 
leaving a sodium salicylate deposit. Samson( 1 0) established that a 
thickness of around Img/cm2 gave the optimum response. This can be 
obtained simply by weighing the material to be covered both before and 
after successive applications of the scintillator. There was not enough 
time available to the project to facilitate the investigation of other 
scintillator materials. 

4.7.3 Pulse Energy Measurements 
The measurement of pulse energies, either relative or definitive, is 

essential in a study of VUV lasers. This can be achieved in two main 
ways, either directly using a device which measures the energy of the 
actual VUV pulse or indirectly with a device which measures the energy 
of the light emitted by a scintillator at a longer wavelength. This latter 
technique is easier and cheaper to implement but suffers from the fact that 
the time response of the detection equipment is often limited by the rise 
and fall-time of the scintillator, provided that the remaining diagnostics 
are sufficiently fast. 

For the purposes of this investigation, a Hamamatsu R5600U-03 
PMT was purchased. This device had a peak spectral response at around 
450nm and was thus well matched to the spectral output from the sodium 
salicylate scintillator. The tube also had a quoted risetime of 0.65ns 
which was faster than the expected response time of the scintillator. This 
meant that at no time during the experiments were the optical risetime 
measurements limited by the device itself, a fact which enabled the study 
of the time response of scintillator, described in chapter six, to be 
performed. Its small size also enabled it to be easily interfaced with the 
other diagnostic tools. The original scheme entailed mounting the PMT 
tube directly behind a scintillator window. This in turn was vacuum 
sealed to the output arm of the monochromator and in line with the exit 
slit. The tube was mounted in a brass envelope with a conductive gauze 
placed over the entrance window of the PMT in an attempt to exclude rf 
noise. The wires from the detector were passed through an rf shielded 
tube to an oscilloscope which was itself placed in a gauze mesh Faraday 
cage. Initial detection of the lasing action of the hydrogen laser and the 
evaluation of the risetime limitations imposed upon the system due to the 
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scintillator were obtained using this configuration. However, low 
amplitude signals could not be detected due to rf interference which led to 
the measures outlined in section 4.7.5 being implemented. 

There are ways of measuring the pulse energy in a direct manner. 
The first to be discussed, and that used in chapter seven to measure the 
definitive laser pulse energy of the hydrogen laser, is the use of 
pyroelectric crystals. One device using such a crystal is the Molectron J3 
energy meter. The J3-05 version was used by Goldsmith and Knyazev(6) 
in the parametric studies of their hydrogen laser and can be used to 
directly measure the energy of the beam once a wavelength calibration has 
been performed. Generally, a wavelength calibration factor at 160nm is 
not supplied by the manufacturer. However, it can easily be established 
by measuring the relative fluorescent emission produced by a window 
coated with sodium salicylate at wavelengths of 160.0 and 337.1nm and 
contrasting these values with those obtained without the scintillator in 
place. The absolute output energy per pulse of a nitrogen laser operating 
at 337.1nm can be measured without the scintillator present by use of the 
calibration supplied with the joule meter. Thus the efficiency of the 
scintillator can be established by comparing this value to that obtained 
with the scintillator in place. A comparison of the measured pulse 
energies with and without the scintillator present at 160nm in conjunction 
with the now known scintillator efficiency then yields the wavelength 
calibration factor at 160nm for the energy meter. Courtesy of Cameron 
Rae, also working at the University of St. Andrews, a Molectron J3-09 
energy meter became available to the project in its final year. This device 
had a larger active area than the J3-05 version with which the previous 
authors experienced some difficulties in that they could not be sure that 
the entire focused beam was striking the element. The energy meter was 
specified up to a maximum repetition rate of 4000 pulses per second (pps) 
and could measure into the nanojoule regime with the aid of an external 
amplifier. However, the detector could only be used to measure the pulse 
magnitude, the rise and fall time limitations of the device prohibiting its 
use to perform temporal laser pulse profiling. The integration of the 
device into the diagnostics will be discussed in chapter seven. Other 
methods of directly measuring the pulse energy and profile were 
investigated in the eventuality that time resolved studies of the optical 
pulse became necessary. In the appropriate regIOn of the spectrum, 
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windowless electron multipliers are available commercially. An example 
of such a device is Thorn EMI's model 226EM. However, the quantum 
efficiency of the BeCu dynode surface used is below -17%. As an 
alternative, Wing has discussed(ll) a process whereby a cheap, visible, 
photo-multiplier tube can be modified to operate in the VUV spectral 
region thereby generating a device possessing a higher quantum efficiency 
in addition to having a lower cost. This entails enhancing its sensitivity to 
short wavelength radiation by evaporating a thin layer of an appropriate 
alkali halide onto its cathode. The selection of the material can be 
performed through consultation with Duckett and Metzger's(l2) and 
Metzger's(l3) papers in which twenty alkali halides were studied in the 
spectral range 69 to 123nm. Typically, the maximum quantum yields 
approached 100% for films evaporated and measured in situ with peak 
wavelengths being less than 150nm. Although stable under vacuum 
conditions, the films thus formed are hydroscopic and exposure to air 
should be avoided since this reduces sensitivity. Thus a vacuum chamber 
in which the vacuum is perpetually maintained and, for preference, in 
which the surface of the input dynode could be prepared would be ideal. 

4.7.4 Imaging and Beam Profiling 
Beam profiling is generally useful in the study of laser systems 

since this gives information on discharge conditions, stability and 
uniformity. Conventional films cannot be used because of the absorption 
of the VUV radiation in the emulsion covering the silver chloride 
crystals. Photographic films specifically designed for this region are 
commercially available but they have some serious disadvantages such as 
their narrow dynamic range, low sensitivity, high cost and possible 
degradation during storage. One alternative is to mount a conventional 
film immediately behind a very thin scintillator screen or to simply 
photograph the light pattern produced by the scintillator, recording the 
image on normal 35mm film. Another problem in using films in the 
VUV, and certainly one of great inconvenience, is the fact that the 
vacuum chamber would have to be opened between photographs thus 
making it almost impossible to accurately monitor changes in the beam 
profile while smoothly altering the discharge conditions. This problem 
can be partially overcome when imaging 160nm radiation since a film or 
a scintillator can be placed in a vacuum or nitrogen filled chamber 
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separated from the laser bore by a lithium fluoride window. 
Additionally, by coating the external surface of such a window with a 
scintillator, a conventional film can be placed in contact with the 
scintillator. This would both reduce the amount of divergence that the 
emitted light would undergo before it was incident upon the film and 
allow the film to be placed in an atmospheric environment. However, for 
the shorter wavelengths this would not be possible. Fortuitously, Katto et 
al (14) have discussed an alternative method of laser beam profiling in the 
VUV spectral range. They used a photostimulable phosphor material, 
BaFBr:Eu2+, to record two-dimensional intensity distributions in the 
VUV. Imaging plates composing of fine crystals of the material are 
available from Fuji Photo Film Co. Ltd. The technique is valid for 
nanosecond pulsed radiation and for photon energies of over 4.6eV. The 
system which they have developed incorporating these plates has a wide 
dynamic range, high sensitivity, low cost, full eras ability , allows easy data 
extraction with the aid of a computer and has the added advantage that the 
vacuum vessel does not have to be opened between shots. Briefly, in the 
recording process, incident VUV photons excite electrons from the 
ground state (4f) of Eu2+ ions to the conduction band where some of 
them are captured by halogen vacancies to form F centres. To read the 
plates, the electrons captured in the F centres are stimulated by a second 
visible light. When the electrons decay, a blue luminescence occurs which 
is called photo stimulated luminescence (PSL). This PSL is detected and is 
proportional to the incident photon number. By using either a laser diode 
or a HeNe laser as the second visible light source and focusing it to a 
small spot on the plates, the recorded beam profile can be scanned and 
recorded on a computer. The plates are then erased by exposure to strong 
visible light. The appropriate energy level diagram and the author's 
apparatus appear schematically in figures 4.12 and 4.13 respectively. 
Unfortunately, this system may prove slightly too involved for this 
project but may be attempted at St. Andrews in the future. The plates 
could then also be used to take interference patterns and holographic 
images in the VUV and XUV spectral range. 

4.7.5 Fibre Optic Links 
In the third year of the project, a screened room became available. 

Difficulties in monitoring the optical pulses generated by the laser were 
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experienced due to both radio frequency emissions and electrical 
grounding problems. This was most prevalent when using the 
ferromagnetic shock lines and badly affected the oscilloscope 
measurements. When it was deemed necessary to monitor the sidelight 
from separate discharge segments in order to measure their relative 
timing, this problem had to be resolved. The solution was the coupling of 
the optical pulses into fibre optic cables. These led to a PMT, two 
photodiodes and the oscilloscope which were all situated in the screened 
room 23 meters away. Imm core diameter EskaExtra plastic optical 
fibre, which is manufactured by the Mitsubishi Rayon Co., was chosen 
because of its good broad-band transmission properties. The relatively 
large core diameter facilitated the coupling of the pulses into the fibre 
without recourse to the use of further optics. However, the attenuation of 
the optical pulses by the 23m lengths of optical fibre was found to be 
significant. At the peak wavelength of the fluorescent emission spectrum 
for the scintillator (420nm), the attenuation was quoted to be 
approximately 300dBlkm. For the 23m length of fibre, calculations 
yielded a predicted transmission of approximately 45%. Despite this 
large attenuation, the amount of light calculated to emerge from the fibre 
was greater than that calculated for smaller diameter silica fibres which 
had better transmission properties. This fact was due to the amount of 
light which could be coupled into the fibre at the laser end without the use 
of a lens. Large, Imm core diameter, silica fibres could not be used due 
to their prohibitive cost. However, an additional consideration regarding 
this solution was the temporal dispersion experienced by the optical pulse 
as it propagated through 23m of optical fibre. The risetime of the pulse 
can not be preserved due to the various optical path lengths produced by 
the different angles of incidence of the light rays at the entrance to the 
fibre. A simple analysis of the worst possible case can be performed. If 
the extreme off-axis light ray which is accepted by the numerical aperture 
of the fibre is considered and the propagation time compared to that of 
the straight line path, then the maximum temporal dispersion can be 
calculated. The acceptance angle of the fibre is given by the inverse sine 
of the numerical aperture, NA. For the polymer fibre used, the value of 
the numerical aperture was quoted as 0.47 which in turn yields an 
acceptance angle of 28 degrees. The time difference experienced by the 
two rays in propagating along 23m of fibre is found to be 15.2ns, a figure 
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which is large when compared to the nanosecond risetimes of the pulses 
being monitored. However, since the fibre was situated 13mm away from 
the source of the sidelight and 6mm away from the scintillator monitoring 
the laser pulse, the maximum acceptance angles can be assumed to have 
been 4.40 and 9.46 degrees respectively. Assimilating this argument into 
the previous calculation yields temporal dispersion figures of 0.34 and 
1.58ns respectively. The second figure may be slightly greater than this 
depending upon the spot size on the scintillator. This was assumed to be 
1mm in diameter in the preceding calculation but was probably around 
2mm in practice which would yield a temporal dispersion figure of 
3.52ns. The above are obviously worst case calculations since the optical 
fibre had a curved path and hence no light ray could propagate along it 
without experiencing multiple internal reflections. Additionally, the light 
intensity of the extreme off-axis rays would be greatly reduced upon 
traversing the fibre due to the increased number of reflections which they 
would experience. An approximate experimental determination of the 
temporal dispersion of the optical pulses can be obtained from the data 
presented in chapter five. Presuming that the risetime of the hydrogen 
laser pulse did not change between taking the amplitude measurements 
with and without the optical fibre link in place, then a comparison of the 
measured risetimes shows that temporal dispersion did occur. The 
risetimes measured using the PMT and scintillator combination directly 
were in the order of 1.2ns whereas those taken when using the fibre 
optical link were typically between 3.5 and 4.5ns. This measured optical 
pulse risetime discrepancy of around 2.3-3.3ns is consistent with the 
calculations presented earlier. These figures indicate that temporal 
dispersion limits the resolution of the detection system so that pulse 
risetimes cannot be detected with an accuracy of greater than 3ns. 
Naturally, shortening the optical link would have been preferable in order 
to overcome this problem but this was not feasible in the initial system. 
However, despite the effects of temporal dispersion, as far as the timing 
of the individual discharge segments and comparative risetime 
measurements were concerned, the fibre optic links proved to be 
extremely beneficial. 

The two photodiodes purchased to study the relative timing of the 
sidelight generated by the individual discharge segments were Hamamatsu 
Si PIN S5973-01 photodiodes. These were capable of a risetime of 233ps 
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and were supplied with a borosilicate glass lens attached which aided in 
the coupling of the output from the fibre onto the O.4mm diameter active 
area. The low intensity of the sidelight meant that the oscilloscope had to 
be used on its most sensitive, ImV/div, voltage range. This in turn 
dictated that the detection system was still prone to noticeable rf pick-up, 
although greatly reduced. However, the attainment of two additional 
PMTs proved to be prohibitively expensive. 
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FIGURE 4.1 
160nm Hydrogen Gain Curve(3) 

3 Pulse energy (}JJ) 

2 

Discharge length (mm) 

FIGURE 4.2 
Calculated Inductance of a Transverse Discharge as a Function 

of the Electrode Length, a, and Discharge Thickness, b, 
for a Transverse Electrode Spacing of 2cm(4) 
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FIGURE 4.3 
Calculated Inductance of a 40cm Long Transverse Discharge 

as a Function of the Discharge Thickness, b, 
and Interelectrode Distance, 1 (4) 

a=40 em 

a 

FIGURE 4.4 
Calculated Inductance of a Transverse Discharge as a Function 

of the Interelectrode Spacing, 1, and Electrode Length, a, 
for a Discharge Thickness of 1.5cm(4) 

b=1.5 em 
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FIGURE 4.8 

Cross-section of Transverse Laser One Showing Original 
Blumlein Connections 

Glass and Epoxy Construction 
Laser Head 54 

Aluminium Top 
Blumlein Plate --I~ 

FIGURE 4.9 

13 x O.6mm Discharge 
Channel 

Stainless Steel 
Electrodes 

~I-- Aluminium Top 
Blumlein Plate 

... -ilt--- 2" Thick Granite Flat 

Dielectric 

Aluminium High 
Voltage Plate 

Cross-section of Transverse Laser Two 

PhD Thesis 

Copper Foil 
Electrode 

I 
I 

: ..... 
42 

110 

Discharge Channel 
20xO.33mm 

I 
I 
I 

~: 

10 

Copper Foil 
Electrode 

Key:- • Epoxy 

• Glass 

• Copper 

P. N. Marsh 



Chapter 4 Laser Head & Diagnostics 

FIGURE 4.10 
Relative Quantum Efficiency of Sodium Salicylate at Sample Ages 

of A) <lhr and B) 280hrs(10) 
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FIGURE 4.11 
Fluorescent Emission Spectrum of Sodium Salicylate(10) 
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FIGURE 4.12 
Energy Level Diagram Of BaFBr:Eu3+(l4) 
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CHAPTER 

5 

Experimental Results Relating to 
Flat Plate Blumlein Driven 

Hydrogen Laser 
the 

5.1 Introduction 
In this chapter, the results of using a flat-plate Blumlein excitation 

circuit to power the hydrogen laser are presented. The majority of the 
work was performed whilst using a solid dielectric switch to initiate the 
discharge. However, this was replaced in section 5.11 by a spark gap in 
an attempt to increase the repetition rate of the laser. From a study of 
previous hydrogen lasers, lasing on several Lyman band transitions was 
expected when using many of the excitation circuits described below. 
Although much of the initial equipment was not entirely novel, the results 
obtained from these investigations were invaluable for several reasons. 
Firstly, this set of experiments allowed the laser pulse diagnostics in the 
VUV region of the spectrum to be tested while using a system which was 
believed to work. Secondly, a guide to the voltage and sidelight 
waveforms found to be necessary for lasing to occur could be established. 
These could then be used to tailor the ferrite line outputs to those 
required. Lastly, the information gleaned from these experiments was to 
be applied to the design of the laser head built in order to assess the lasing 
potential of the aforementioned noble gas transitions. 

Initially, the sectional discharge laser was to be studied before 
moving on to the transverse discharge lasers and the spark gap 
experiments. However, before specifically discussing any of the laser 
systems, the operating principles of the Blumlein will be described. 
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5.2 Description of the Blumlein Excitation Circuit 
Although the dimensions of the Blumlein changed throughout the 

work, the geometry and working principles did not and it is these which 
will be described here. Figure 5.1 shows the general working geometry 
of the Blumlein, the spark gap merely being representative of a switch. 
The circuit diagram is shown in figure 5.2. With reference to these two 
figures, the operation of the pulse forming Blumlein circuit will briefly 
be discussed. 

The energy needed to drive the laser is stored in the capacitance of 
the Blumlein, the lower plate being charged to a high voltage, V. Upon 
the switch closing, a positive voltage wave, of amplitude + V, travels 
towards the load of resistance R, which in this case is the laser cell. Here, 
part of the voltage wave is reflected and the rest transmitted through the 
load and down the transmission line on the other side of the laser. The 
fraction of the charging voltage seen across the load is given by 'Y, where 
'Y is defined by equation 5.1. 

2R 
'Y = R+2Z 

eq.5.1 

In this equation, Z denotes the impedance of the two transmission lines 
forming the Blumlein. For the laser cell, which has an initial resistance 
of infinity, a voltage twice that of the charging voltage is predicted to be 
seen across it. However, this is not always the case in practice. At a 
particular time after the arrival of the voltage pulse, the gas breaks down, 
the voltage collapses and the impedance of the cell falls. Since the laser 
cells being used have d.c. holdoff voltages of far less than the charging 
voltage of the Blumlein, the actual voltage seen is also a function of the 
over-voltage produced across the laser cell and hence of the risetime of 
the voltage pulse. This risetime depends upon both the characteristics of 
the Blumlein and the commutation time of the switch. 

In principle, an advantage of the flat plate Blumlein geometry is the 
ease in which the travelling wave excitation scheme, outlined in chapter 
one, can be applied. Quite simply, the Blumlein plates are constructed 
such that the placement of the switch in the upstream corner, as depicted 
in figure 5.1, causes the electrical wave to travel at the same velocity as 
the laser light along the cell. As is clearly evident, this velocity matching 
can only be optimised at one position, this usually being chosen to be the 
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centre of the cell. To achieve velocity matching along the whole length of 
the cell would require a system akin to that devised by Shipman(l) which 
used multiple transmission lines. A notable feature about the flat plate 
Blumlein is that the sizes of the Blumlein plates are dictated by the 
travelling wave discharge geometry and not solely by the electrical pulse 
requirements of the system. In producing a low impedance Blumlein 
circuit, the electrical plates are separated only by the thinnest dielectric 
which will prevent electrical breakdown. This has the consequence of 
producing a much higher capacitance system than is actually required to 
excite the laser. The disadvantages of this lie in the excessively long 
electrical pulse lengths produced by the Blumlein. Much of the energy in 
the pulse is simply wasted thus producing an inefficient laser. However, 
more importantly, this longer pulse length causes greater wear on the 
electrodes and tube, more outgassing, increased heating effects and 
ultimately limits the possible repetition rate of the system. Despite these 
drawbacks, the Blumlein was initially constructed such that the centre of 
the laser was velocity matched presuming a laser pulse propagation 
velocity of the speed of light. This was to be changed to match the pulse 
velocity predicted by Yariv(2) and any variation in the output pulse 
energy of the laser noted. A favourable consequence of matching to a 
slower pulse velocity is the smaller Blumlein length required. This in 
turn leads to a smaller capacitance and electrical pulse length. When 
deciding the physical size of the Blumlein plates it was noted that to 
operate as a proper transmission line its electrical length had to be greater 
than the voltage risetime produced by it. The initial length was 72.5cm 
giving a propagation time of around 4.2ns. Even fast spark gaps would 
be expected to have risetimes of around 3ns. Thus, for the Blumlein to 
perform correctly, the line length could not be shortened to any great 
extent without resorting to the use of a different dielectric material 
between the Blumlein plates. 

5.3 Experimental Details 
In order to facilitate an accurate description of the laser excitation 

system, it is necessary to refer back to figure 4.6 which depicts a cross
section of the laser and the Blumlein. The initial Blumlein was formed 
from three separate aluminium plates. Two layers of O.25mm thick 
mylar insulation covered the base plate which measured 1m by 1.54m. 
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The laser was seated upon the mylar in the centre of the plate and at right 
angles to its longest edge. A right angle bend in both of the two top plates 
at a distance of SSmm from their longest edges facilitated connections to 
the electrodes of the laser. Two more layers of mylar covered the 
undersides of the top plates. Each layer of mylar had the capacity to hold 
off -30kV d.c. However, four layers were used in total since each mylar 
sheet covering the base plate was made from two others, these being taped 
together in different positions so that the joins did not overlap. This 
configuration would, if necessary, hold off the maximum possible 
charging voltage of 100kV. The capacitance of the system can be 
calculated from the following equation:-

eq. S.2 

The spacing between the capacitor plates, d, was theoretically 1mm while 
the area, A, of each side of the Blumlein was O.72Sm2 . Taking the 
relative permittivity, cr, of mylar as three, these figures yield a 

capacitance of 19nF per side or 38nF as the total capacitance of the 
Blumlein. The measured capacitance was found to be only 11nF per side. 
This discrepancy was caused by the inadequate compression of the 
Blumlein plates which allowed an increase in their separation and hence a 
decrease in the effective capacitance. The size of the top plates was 
chosen so that if the switch was placed in one corner then a travelling 
excitation wave would be set up which would provide optimum velocity 
matching at the centre of the laser, as calculated from equation 1.7. The 
bottom plate could be charged to a maximum voltage of 100kV via a 
Brandenburg model 928R regulated high voltage supply. A SOMn 
resistor was used to limit the charging current to less than the maximum 
rating of 1mA for operating voltages of up to SOkV. It also served to 
provide electrical isolation for the power supply from the Blumlein. The 
two top plates were connected together via a O.16mH inductor. A 
mechanically ruptured dielectric switch was used to initiate the discharge 
because of its inherently low inductance. Tektronix probes were used to 
monitor the voltage across the laser at both ends of the discharge while a 
monochromator, scintillator and PMT combination were used to monitor 
the laser pulse. The PMT output was connected to the son input of a 
2GHz, HP oscilloscope. 
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5.4 Preliminary Experiments 
The first series of experiments involved charging the Blumlein to 

voltages between 20 and 40kV, switching the Blumlein and observing the 
axial radiation produced on the scintillator screen placed inside the 
vacuum monochromator. Using a hydrogen pressure of 15mbar, similar 
to that used by Kirkland(3), a complete absence of laser radiation was 
observed at any of the voltages used. Suspicion centred around the LiF 
window separating the laser from the monochromator. The removal of 
the window led to the observation of five distinct spots of blue light on the 
monochromator screen when using voltages between 20 and 40kV. This 
was taken as a first indication of lasing. At this point it should be noted 
that spontaneous emission produced only a very faint, diffuse, horizontal 
line on the scintillator screen, much of the radiation being lost to 
diffraction as it passed down the Imm square bore laser channel after the 
discharge section. The initial lack of 160nm radiation was attributed to 
absorption by the LiF window. It was thought that the prior operation of 
the hydrogen laser as a nitrogen laser had produced colour centres in the 
material thus rendering the window almost opaque to the hydrogen laser 
beam. Subsequent experiments were conducted with the vacuum 
monochromator being held at the same hydrogen pressure as the laser 
bore until a new LiF window was acquired. Figure 5.3 shows an 
oscilloscope trace obtained whilst the PMT and scintillator window were 
directly attached to the monochromator, the monochromator being set at 
160nm. Of note is the fast risetime of the laser pulse, measured as 
1.072ns. The waveform caused by the electrical noise, which can be seen 
to follow the signal voltage in figure 5.3, was fairly typical of those seen 
at the time. Only the interference resulting from the electrical noise was 
present when the beam was blocked inside the monochromator, a fact 
which allowed the initial distinction between the signal and noise traces to 
be accurately made. It was attempted to monitor the voltage pulse across 
the laser head at two points along the length of the discharge. Figure 5.4 
shows two typical traces when using a charging voltage of 20kV and a gas 
pressure of 15mbar. Ringing of the 75MHz Tektronix probes can be seen 
to be in evidence which indicates that the risetime of the voltage pulse was 
significantly faster than 3ns. 

Without changing the apparatus from that just described, an 
experiment measuring the laser output as a function of the gas pressure 
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was conducted at a charging voltage of 30kV. This curve is featured in 
figure 5.5. As can be seen, there is a broad peak centred around a gas 
pressure of 50mbar, an effect noticed by other authors in their systems. 
This broad peak could, however, be thought to originate from the 
saturation of the detector. To reduce the amount of electrical noise 
affecting the oscilloscope, fibre optic cables were used to relay the signal 
from the scintillator and sidelight sources to the shielded room, as 
outlined in chapter four. The coupling and fibre losses provided 
attenuation to the light produced by the scintillator. This enabled a 
determination of whether the saturation of the PMT was occurring within 
the results shown in figure 5.5. With the revised detection system in 
place, the graph was reconstructed, although this time the data points were 
extracted from a series of curves representing the relative laser output 
pulse energy as a function of the charging voltage. This new curve can 
also be seen in figure 5.5. The erratic nature of this new curve implies 
that either the characteristics of the laser had changed in the time interval 
between the two experiments, perhaps due to other research being 
performed upon it, or that the saturation of the PMT or the scintillator 
had been occurring in the initial experiments. 

The aforementioned curves depicting the relative laser pulse energy 
as a function of the charging voltage were taken at hydrogen pressures of 
7.5, 15, 30 and 60mbar. This data is shown in figure 5.6. Each point 
comprised of only a single shot due to the laborious, time and mylar 
consuming switch. In order to obtain a shot to shot error estimation, ten 
shots were taken at a voltage of 17.5kV and at a pressure of 30mbar. 
This yielded an average PMT output voltage of 591mV with a standard 
deviation of 129mV. However, this value could not be taken as the error 
for each point on the graphs since it quickly became obvious that 
deviations in the output energy were strongly dependent upon the 
excitation conditions. Thus, no error bars have been shown on the graphs 
at this time. It should be noted that systematic errors were reduced by not 
taking the readings in either an ascending or descending order with 
regard to the magnitude of the charging voltage. There seemed to be no 
correlation between the order of taking the measurements and the relative 
laser output energy. This implied that outgassing and impurity effects 
were not critical at this low repetition rate. To establish whether the 
erratic curves were simply due to shot to shot differences, the voltage 
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curve at a pressure of 30mbar was repeated. The two curves are shown 
in figure 5.7. It can be seen that the curves both exhibit a minimum at 
25kV and a maximum at around 15 to 20kV, both outputs increasing 
again for charging voltages in excess of 25kV. Although this is not 
conclusive evidence, it does give some credence to the conclusion that the 
curves were characteristic of the laser. It was thought to be very doubtful 
whether the peaks and troughs could be caused by different excitation 
routes in the gas. However, the hypothesis that the curves highlighted 
difficulties in the electronic excitation of the laser, especially in the 
implementation of the travelling wave mechanism, seemed to be quite 
plausible. To validate this theory, the sidelight from both an upstream 
and a downstream discharge segment was simultaneously monitored whilst 
a visual check was kept on the intensity of the pattern of spots on the 
monochromator screen (only a two channel oscilloscope was available at 
this time). The delay between each sidelight pulse occurring could then 
be measured and correlated with the output of the laser. In the 
experiment, the pressure was maintained at 30mbar and the voltage at 
l7.5kV, parameters which seemed to favour lasing. Normally the 
upstream electrode fired first, the spots on the screen appearing brightest 
when the discharges were temporally separated by 1.1 to 1.8ns. However, 
when no spots were visible on the monochromator screen the 
circumstances were different. The downstream electrode was seen to fire 
before the upstream discharge by as much as 1.22ns. On the two 
occasions when they fired almost simultaneously, both lasing and non
lasing action was observed. This was probably dependent upon the 
relative timing of the other discharges. The likely explanation for the 
somewhat erratic voltage curves of figure 5.6 seemed to lie in that some 
combinations of gas pressure and driving voltage actually favoured the 
travelling wave excitation scheme whilst others impaired it. It can be 
easily visualised that if the initial gaseous breakdown occurred amongst 
the centre, or downstream, electrodes rather than at the upstream end of 
the laser, then the travelling wave excitation scheme would not operate 
effectively. It was presumed at this stage that the dips in the laser output 
corresponded to the malfunctioning of the travelling wave excitation 
scheme. 

From the above experiments, it was concluded that both the 
discharge homogeneity and the travelling wave excitation scheme needed 
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to be improved in order to produce a reliable laser output. Steps taken to 
achieve this objective are outlined in the following section. 

5.5 Discharge Homogeneity and Inter-electrode Timing 
The initial system, although lasing on transitions in the Lyman band 

of hydrogen, was far from satisfactory. Of immediate concern was the 
discharge inhomogeneity which could be visually observed by noting 
brighter and darker areas along the discharge length. One of the major 
flaws in exciting the laser by using a single flat plate Blumlein was that a 
disproportionate amount of energy could flow through those sectional 
discharges which broke down first. Thus the first modification was to 
replace the top aluminium plate not connected to the switch with 
individual copper strips attached to each electrode. The modified system 
is pictured in figure 5.8. Each copper strip was electrically connected to 
earth through a 150Mn resistor. This arrangement of capacitors thus 
ensured that the energy was more equally distributed between the 
discharge segments and could not simply flow through those which broke 
down first. It was also decided that an evenly distributed weight should 
be placed on top of the Blumlein plates to ensure that a uniform 
capacitance was established throughout. This action was taken because an 
unevenly distributed capacitance could cause small differences in the 
electrical propagation velocity throughout the Blumlein. 

Upon dismantling the laser, other factors which contributed to the 
non-uniformity of the discharge became apparent. Carbon tracks, which 
had become etched upon the surface of the Perspex within the area of the 
discharge channel, were removed. These tracks were not evenly 
distributed and could have enhanced surface breakdown between those 
electrodes where carbonisation had occurred. It was also found that the 
electrodes were offset to one side of the discharge channel and were 
actually touching the Perspex. Rather than machine a continuous, wider 
groove which would have reduced the current density in the discharge, 
the areas directly around the electrodes were machined out allowing the 
electrode tips to sit in free space. In addition, the brass electrodes were 
observed to be coated with carbon deposits. These were cleaned and the 
surface filed into a hemispherical profile and then polished smooth. 
During the machining of the Perspex laser bore, it became apparent that 
the electrode spacing varied by as much as 0.8mm. This was deemed to 

PhD Thesis 120 P. N. Marsh 



Chapter 5 Blumlein Driven H2 Laser 

be quite significant since the E-field would thus be increased to either one 
side or the other of each electrode, an effect which may well have 
contributed to the inhomogeneity of the gas discharge along the length of 
the laser. Unfortunately, this flaw could only be rectified by making 
another laser, increased accuracy being made feasible by the acquisition of 
a CNC milling machine by the Physics workshop. However, the small 
time remaining at this point of the project proved prohibitive to such a 
course of action. 

Although of some benefit to both the inter-electrode timing jitter 
and the uniformity of the discharge, the above changes were not thought 
to be adequate. The work performed by Kunhardt( 4) on nanosecond gas 
discharges contained a comparison of brass and carbon electrodes with 
respect to the actual value of, and the temporal spread in, the 
observational time lag. Figure 5.9, reproduced from this paper, clearly 
demonstrates that the observational time lag has a much wider spread and 
average value when the author utilised brass, rather than carbon, as the 
electrode material. This was attributed to the numerous micro
protrusions created on the surface of the carbon electrodes due to the 
condensation of the carbon vapour created by the spark (carbon 
sublimates). These protrusions were found to be apparent even after a 
single pulsed discharge and acted as centres favouring field emission. 
Carbon fibres were thought to enhance this effect further, the numerous 
fibres creating a large degree of field enhancement and assisting in field 
emission. Thus it was thought to replace the brass cathodes by a carbon 
fibre tipped variety. The use of field emitting sites situated on a cathode 
has been used previously to produce a pre-discharge corona(5), albeit in a 
completely different geometry. In this case, the intense ultraviolet 
radiation generated by these means was used to effectively preionise the 
discharge volume of a transverse discharge nitrogen laser. The paper by 
Kunhardt demonstrated other factors prevalent to low jitter times. These 
included higher over-voltages, shorter discharge lengths and generally 
lower pressures. The main disadvantage of using an electrode which 
encourages field enhancement is that the observational time lag itself is 
reduced. This places even more emphasis on the falltime of the switch in 
the circuit in order to create the high over-voltages necessary to promote 
lasing. 
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The final change to the system to be discussed in this section was the 
reduction in the capacitance of the Blumlein by the introduction of a sheet 
of 6mm thick Perspex between the metal plates. Figure 5.1 Oa shows two 
sidelight measurements from the original system. The same traces, but 
being displayed using a timebase of 5ns/div. rather than 1 OOns/div. , are 
displayed in figure 5.10b. It can be seen that since excitation and laser 
action occurs in the first few nanoseconds of the discharge, much of the 
energy stored in the Blumlein is simply being wasted. This figure also 
demonstrates the uneven current sharing taking place between the 
electrodes. Although the long current pulse is probably not detrimental to 
the laser output, it does contribute to the damage of the laser head in 
terms of electrode wear, carbonisation and the gradual vaporisation of the 
laser channel. It also means that much more power is dissipated in the 
switch leading to its deterioration and ultimately to the limitation of the 
repetition rate of the laser. Naturally, the large capacitance of the 
Blumlein also led to a highly inefficient laser. However, by lowering the 
capacitance by the insertion of the Perspex sheet, the inductance of the 
transmission line was increased by a factor of seven. Knyazev et al(6) 
studied the effects of increasing the thickness of the dielectric layer in a 
transverse, flat plate Blumlein driven laser. Their investigation 
demonstrated that the laser power decreased as the thickness of the 
dielectric layer was increased because of the corresponding increase in the 
wave impedance of the Blumlein. However, since a high repetition rate 
system was desired, it was decided to reduce the electrical pulse length by 
reducing the capacitance. The new system can be briefly described as 
follows. 

The Blumlein circuit comprised of the upper plates separated from 
the lower by 6mm of Perspex sheet and four layers of O.25mm thick 
mylar insulation. This gave a total capacitance of 2.96nF for the plate 
connected to the spark gap. The other top Blumlein plate was replaced by 
34 individual copper strips of length 72.5cm and width 25mm. Each of 
these was connected to a cathode and individually earthed through a 
150MQ resistor. On top of each side of the Blumlein was placed a 10mm 
thick sheet of Perspex whose function was to compress the layers thus 
ensuring an evenly distributed capacitance. The capacitance of each strip 
was measured to be O.llnF thus yielding a total capacitance of 3.63nF for 
this side of the Blumlein. 150MQ resistors were chosen simply because 
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34 were available. This produced a RC time constant for each strip of 
0.02s yielding a maximum prf of 50Hz for the system. Initially, all of the 
cathodes were made from carbon fibre whilst the anodes were brass. All 
the brass electrodes, apart from the upstream four, had smooth 
hemispherical profiles whilst these four were filed to a point and set 
0.5mm into the laser bore in an attempt to ensure that the discharge 
initiated at the upstream end of the laser by the process of field 
enhancement. 

5.6 Further Experimental Results 
The initial aim of the second set of experiments was to assess the 

effects of the system changes. Studies centred around measurements of 
the relative laser output energy as a function of the charging voltage 
between 10 and 40kV. Figure 5.11 shows a graph of the output voltage of 
the PMT tube as a function of the charging voltage of the Blumlein when 
using a hydrogen pressure of 30mbar. The two curves represent the same 
experiment carried out before and after the modifications to the laser 
head. It can clearly be seen that the result of changing the cathodes to 
those of carbon fibre and introducing the distributed capacitance resulted 
in a much more predictable laser. The difference in the actual relative 
output pulse energies between the two curves was predicted due to the 
increase in the wave impedance of the Blumlein. However, this observed 
decrease in the relative laser pulse energy could partially be attributable 
to the alignment of the monochromator rather than to changes in the 
actual laser output pulse energy. The laser had to be physically moved in 
order to perform the alterations and the HeCd laser was not found to be 
sufficiently powerful to facilitate the sensitive alignment of the 
monochromator with the laser. Despite this apparent decrease in the laser 
pulse energy, the efficiency of the laser was increased by the changes. 
Figure 5.12 shows a typical sidelight trace from the laser using the new 
Blumlein circuit. A comparison of figures 5.10 and 5.12 shows that the 
latter sidelight pulse had a similar risetime but possessed a much narrower 
FWHM. Both traces were taken when using a gas pressure of 30mbar but 
at charging voltages of 17.5kV and 20kV respectively. Because the 
optical fibres remained in place throughout the changes, their output 
intensities can be compared directly whilst the measured relative output 
energy of the laser pulse was a function of the alignment difficulties as 
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well as of the excitation conditions. With regard to the sidelight, it can be 
seen from figure 5.10b that the initial peak in both traces occurred at a 
photodiode voltage of around 5mV. For the similar traces shown in 
figure 5.12, the initial peak can be seen to be at a smaller voltage of 
around 1. 9m V, this subsequently increasing to 2. 6m V. In the latter 
figure, the two curves are very similar indicating better current sharing 
than in the original system. Despite the decrease in the sidelight intensity, 
the sidelight traces indicate that the current pulse is now much better 
suited to the excitation of a hydrogen laser. It can also be noted that the 
falltime of the laser pulse is also relatively fast and may even be suited to 
the excitation of recombination laser transitions. The reduction in 
capacitance and corresponding increase in the Blumlein impedance did not 
seem to affect the risetime of the sidelight to any significant extent, this 
being around 5ns in both cases. This was surprising since the switch 
inductance had also been increased slightly because of the increased 
distance between the plates of the Blumlein. However, both of the 
risetime readings may have been somewhat distorted by the passage of the 
optical pulse along the optical fibres. 

Due to the absence of lasing when using a spark gap to switch the 
new system (section 5.11.4), the Perspex sheet was removed thus 
restoring the Blumlein to one having a higher capacitance and a lower 
wave impedance. Two curves representing the relative energy of the 
axial light as a function of the charging voltage were plotted for the lower 
and higher capacitance Blumlein systems, these being shown in figure 
5.13. In both cases, a hydrogen pressure of 30mbar was used. As before, 
a comparison of the actual values of the relative energies contains a 
degree of uncertainty due to alignment difficulties experienced with the 
monochromator. To estimate the shot to shot errors in the lower 
capacitance system, ten relative axial pulse energy measurements were 
made when using a charging voltage of 30kV. These measurements 
yielded a maximum and minimum PMT voltage of 124.5 and 76.2mV 
respectively, a mean value of 100.3mV and a statistical deviation of 
17.8mV. This was taken as an approximate error for all of the data 
points although it is thought that the error would be larger at the lower 
charging voltages due to the predicted increase in the inter-electrode 
jitter. Errors have not been included on the graphs for reasons of clarity. 
Of key interest in figure 5.13 is the lower threshold charging voltage of 
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around 6.9±2.0kV/cm exhibited by the larger capacitance system when 
compared to that of 10.1±2.0kV/cm for the other system. These voltages 
have been obtained by the extrapolation of the two curves to a PMT 
output of zero. It is thought that this effect results from the lower current 
density which can be achieved at any given charging voltage when using 
the lower capacitance Blumlein due to its higher wave impedance. Hence, 
to achieve the threshold current density, a comparatively large charging 
voltage is necessary. The departure from the straight line at the higher 
voltages used in the case of the larger capacitance system is most likely to 
be due to the saturation of the optical diagnostic equipment. The smaller 
relative pulse energies experienced by the scintillator when monitoring 
the lower capacitance system may explain why the effect is not prevalent 
in this case. 

The first smooth curve depicting the relative laser output pulse 
energy as a function of the gas pressure (figure 5.5) was assumed to be 
due to the saturation of the PMT detector since it could not be repeated at 
a later date once the signal had been attenuated by the optical fibre and 
coupling losses. For the high capacitance Blumlein system, such a curve 
was obtained when using a charging voltage of 20kV and is shown in 
figure 5.14. It can be seen that despite some anomalous behaviour, the 
peak in the laser output seems to be centred around 30mbar, 20mbar 
lower than figure 5.5 would suggest. However, in this comparison it 
should be borne in mind that the first curve was conducted at the higher 
charging voltage of 30kV and that a slight shift in the optimum gas 
pressure towards higher values would be expected. This aside, 
considering the somewhat erratic nature of the laser when figure 5.5 was 
constructed, saturation of the detection equipment must be assumed to 
have been occurring in this case. The large variations in the relative laser 
pulse energy in figure 5.14 clearly demonstrates that this was not an issue 
during the relevant experiment and that this curve is more representative 
of the laser. 

A series of relative laser pulse energy curves were plotted as a 
function of the charging voltage. These were taken at pressures of 5, 30 
and 54mbar and are shown in figure 5.15. From the voltage curves and 
several other output measurements, further points can be plotted on the 
pressure graph for different charging voltages. This has peen performed 
in figure 5.16. Further points could not be taken because surface tracking 
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across the mylar insulation produced carbon deposits around the switch. 
This enhanced further surface tracking and correspondingly reduced the 
peak operating voltage. To rectify the situation, the system had to be 
taken apart and cleaned, a process which altered the alignment of the 
system and precluded the attainment of further comparative data points. 
Figure 5.15 shows the relative laser pulse energy increasing 
approximately linearly with an increasing charging voltage when using 
gas pressures of 30 and 58mbar. This is characteristic of a laser after the 
threshold breakdown voltage has been exceeded. However, the curve 
representing the laser at a gas pressure of 5mbar appears to peak at 
around 25kV. This anomalous behaviour was not found to be too 
surprising since it had already been established that this pressure was 
slightly too low for a reliable lasing action to be obtained. Due to shot to 
shot variations, the threshold voltage can only be said to be between 10 
and 15kV for the three gas pressures used, no fluctuation in this value 
being distinguishable. Figure 5.16 represents an accumulation of the data 
taken at this time. Other than depicting an increase in the laser pulse 
energy with an increasing charging voltage, the shot to shot variations and 
lack of averaging prevents any definitive conclusions being drawn as to a 
possible variation in the optimum gas pressure with a change in the 
charging voltage. 

5.7 Travelling Wave Analysis 
The requirements of the experiments described in the next two 

sections dictated the use of a physically more flexible flat plate Blumlein 
on the switch side of the laser so that individual electrodes could be 
disconnected when required. Since the plate needed to be changed, this 
represented an ideal opportunity to examine the travelling wave excitation 
mechanism in more detail. Chapter one outlined the principle of 
matching the electrical excitation wave velocity to that of the optical pulse 
by selecting the appropriate angle of incidence of the electrical wave. 
This analysis is that presented by several previous authors, notably 
Kirkland(3). However, as has already been mentioned, because the angle 
of incidence of the electromagnetic wave is not constant along the length 
of the laser, the pulse velocities can only be matched at a single point, this 
usually being chosen to be at the centre of the laser. Figure 5.17 shows 
graphically the problems that this can induce. The graph depicts the 
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propagation time of the electromagnetic wave along the length of the laser 
bore relative to its arrival time at the upstream end of the laser. This has 
been calculated for a propagation angle determined for velocity matching 
at the centre of the laser bore presuming an optical pulse velocity of c. 
Also shown are the optical pulse propagation times along the laser bore 
assuming that these initiate at the upstream end of the laser and at the 
same time as the electrical wave arrives. These straight lines have been 
plotted for light pulse velocities of c and 0.8c. It was the latter value 
which Shipman(7) used in velocity matching his system due to the effects 
of the gain medium, outlined in section 1.3.1a. Given that the lifetime of 
the upper laser level is around 0.8ns, after which strong absorption is 
expected, excitation conditions can be seen to be far from optimal. Figure 
5.17 reveals that if velocity matching is to be achieved when the optical 
light pulse is presumed to travel at a velocity of c, then the radiation 
produced by the first electrodes could be being absorbed by later 
discharge segments. At the midway point along the laser tube, the 
discharge is struck over 0.81ns before the optical pulse is predicted to 
arrive from the upstream discharge segment. It can be seen that this time 
discrepancy is worse if an optical pulse propagation velocity of 0.8c is 
presumed. Thus much of the laser length may not be being utilised. 
Extrapolating figure 5.17 shows that if the length of the laser was to be 
extended, even to 2m, then a situation would be reached in which the 
optical pulse would be predicted to arrive before the electrical pulse. 
Thus there would be no advantage to be gained through increasing the 
length of the laser. 

The problem outlined above can be circumvented by replacing the 
present single plate with one similar to that forming the other side of the 
Blumlein. Theoretically, by connecting the individual strip lines at an 
angle e, as shown in figure 5.18, a constant electrical wave velocity along 
the length of the laser can be produced which can be matched for 
different optical pulse propagation velocities simply by changing the angle 
e. Using a Blumlein of 72.5cm in length, e can be altered between 0 and 
35.9 degrees which allows velocity matching for optical pulse velocities 
ranging between 0.58c and 1.13c. Exact velocity matching has been 
calculated to occur at angles of e of 18.37 and 30 degrees when 
presuming optical pulse velocities of c and 0.8c respectively. The ease 
and linearity in which the velocities can be matched by this system 
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presents several immediate advantages over the previous system. Firstly, 
relative axial output energy measurements of the laser can be taken as a 
function of the angle 8. If it is presumed that the maximum laser pulse 
energy is achieved concurrently with exact velocity matching then this 
would enable an estimation of the optical pulse velocity to be made. 
Secondly, electrodes can be disconnected from the Blumlein once velocity 
matching has been achieved in order to obtain a curve of the laser pulse 
energy as a function of the gain length. From this, gain calculations can 
be made. Lastly, it was hoped that an increase in the relative output pulse 
energy would be evident from these changes and that lasing on the 
Werner bands would be observed. 

5.8 Threshold Voltages 
The development and characterisation of the single shot hydrogen 

laser was directed towards the endeavour to build a high repetition rate, 
ferrite line driven, version. As such, it was felt relevant to 
experimentally establish the threshold voltage conditions necessary to 
achieve lasing. This would help to determine the discharge length which 
each ferrite line could power. Clearly, when considering a laser with 
individual sections powered by different ferrite lines, there is an 
advantage to using as few as possible in order to reduce the circuit 
complexity. 

The experiment was performed upon the sectional discharge laser 
using the same Blumlein as described in the preceding section. From 
earlier experiments, it had been found that the laser operated satisfactorily 
at a hydrogen pressure of 30mbar. Therefore, this pressure was used and 
held constant throughout the experiment. Adjustments made to the system 
between each shot occupied a considerable time interval. Thus there was 
some concern as to whether a small build-up of impurities in the 
monochromator as the experiment progressed might have led to higher 
optical absorption and thus to lower relative laser pulse energies being 
observed. To overcome this perceived problem, the laser and the 
monochromator were evacuated, with the gas supply switched off, 
between shots. The axial, 160nm, radiation was monitored as a function 
of the charging voltage. This was altered between a minimum dictated by 
the threshold voltage and a maximum of 40kV. Naturally, the voltages 
were alternated between high and low values so that any systematic errors 
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could be reduced. The procedure was repeated for sectional discharge 
lengths of 1.5, 4.5, 7.5 and 10.5cms. This value was also altered 
randomly. The discharge segment lengths were altered simply by 
disconnecting those electrodes not required from the Blumlein. The 
copper strips connected to those cathodes not being used were 
disconnected from earth potential in order to reduce flash-over from 
adjacent strips. A negative result for lasing at a charging voltage of 35kV 
when using sectional discharge lengths of 16.5cm indicated that there was 
little point in continuing that particular experiment. The evaluation of the 
threshold voltage was performed in two ways. Firstly, there was the 
visual method. With the input slit of the monochromator fully open, the 
other orders corresponding to the 160nm radiation could be clearly seen 
on the scintillator screen inside the monochromator as a series of blue 
dots. This was in contrast to the occasions on which the voltage was 
below that corresponding to threshold conditions. In this case, if any 
background radiation was present at all, it was evident only as an 
unfocused blur across the screen. Although this method was crude, it 
replicated the results obtained by measuring and observing the laser pulse 
profile produced on the oscilloscope. The pulse profile was found to be 
markedly different depending upon whether or not the system was indeed 
lasing. Lasing was typified by a voltage falltime of less than 5-6ns whilst 
that relating to spontaneous emission was much longer. The observation 
of longer falltimes on the oscilloscope coincided in almost every case with 
an absence of well defined spots on the scintillator screen. Figure 5.19 
shows plots of the PMT output voltage as a function of the breakdown 
voltage for all of the four sectional discharge lengths used. If there was 
an absence of a rapidly falling voltage edge on the laser pulse profile, then 
lasing was assumed not to be taking place and a zero placed in the 
appropriate position on the graphs. 

The most obvious feature of figure 5.19 is that different laser 
breakdown voltages have been attributed to the curve representing 
sectional discharge lengths of l.5cm when compared to the other plots. 
This is in accordance with the results of another experiment in which the 
actual breakdown voltage was measured across the laser for each sectional 
discharge length. A charging voltage of 15kV was used and a Tektronix 
probe situated such that it measured the voltage across an anode and 
cathode pair close to the centre of the laser. Despite this probe ringing 
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due to the fast rising edge of the voltage pulse, it clearly demonstrated 
that voltage doubling was not being achieved when discharge lengths of 
only 1.5cm were used while in all other cases a voltage close to, or even 
exceeding, double that of the charging voltage was observed. It is felt that 
this was due to the gaseous media breaking down before the maximum 
voltage was attained when using the 1.5cm sectional discharge lengths. As 
can clearly be seen from the paper presented by Kunhardt(4), increasing 
the discharge length increases the observational time lag (i.e. the time 
elapsed between the application of the voltage to the gap and its 
subsequent collapse). This in turn provides additional time for the voltage 
to ramp up to the maximum, doubled, voltage. Naturally, this has severe 
implications for the optimum sectional discharge length either in terms of 
producing the highest E-field or in determining the maximum possible 
sectional discharge length which can be used to achieve lasing. This will 
be determined by the risetime of the incident voltage pulse which in turn 
is partially dictated by the falltime of the switch in the system. If the 
switch is not fast enough to over-volt the smaller discharge lengths, then it 
might be possible to generate the same E-field over greater discharge 
lengths thus reducing the number of individual sections which need to be 
powered at threshold. With regard to a ferrite line driven laser, this 
could help to reduce the circuit complexity immensely. Increasing the 
individual discharge lengths could also lower the stringent falltime 
demands placed upon the switch with regards to over-volting the tube. 

Extrapolation of the four curves to zero leads to the determination 
of the threshold voltage for each sectional discharge length. Clearly, 
since the charging voltage increments were performed in 5kV steps, an 
error margin of less than 2.5kV cannot be presumed in the value of the 
threshold voltage. A plot of the threshold voltage as a function of the 
sectional discharge length appears in figure 5.20. A least mean square 
straight line fit reveals a threshold E-field of 3.64kV/cm, the fit having a 
correlation of R2=0.984. It can also be noted that the curves do not 
continue to increase linearly with voltage. This could have been a 
phenomenon caused by the saturation of the scintillator. However, from 
the results presented in the following section it will be seen that this did 
not occur for PMT voltages of the order of l500mV. Thus the observed 
trend was attributed either to the power saturation of the gaseous media, 
increased powers being available by raising the gas pressure, or to the 
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absence of full voltage doubling across the laser at the higher voltages 
used due to the premature breakdown of the discharge. 

5.9 Gain Experiments 
Upon considering the gain in a hydrogen discharge, only one plot 

of the laser pulse energy as a function of the gain length could be found in 
the literature by this author. It was thought to establish the gain in the 
current system and to compare this with that of 40dB/m elicited by 
Borgstrom(8). Since the laser was to be eventually powered by the ferrite 
lines, the discharge length necessary to achieve appreciable gain needed to 
be known. Hence the sectional longitudinal discharge laser and the circuit 
described above was used. The magnitude of the axial laser output was 
observed as the discharge length was altered. This was achieved by 
simply removing the contacts of the Blumlein from the unwanted 
electrodes. The gain length was reduced from the upstream end of the 
laser so that the largest contribution to spontaneous emission, that from 
the discharge sections closest to the monochromator, remained present 
throughout the experiment. Removing the discharge segments 
progressively from the downstream end would have progressively 
reduced the magnitude of the spontaneous emission incident upon the 
scintillator thus making the initial gain of the system appear to be greater 
than it actually was. In order to reduce systematic errors, the discharge 
section was alternated between long and short lengths. All of the readings 
were taken at a hydrogen pressure of 30mbar and at a charging voltage of 
25kV. Once the charging voltage was set, the dial regulating this was not 
adjusted, the HT simply being switched off after each shot. The entire 
experiment was then repeated but with the monochromator entrance slit 
width reduced from 5mm to O.5mm. This was done for several reasons. 
Firstly, it would prove the reproducibility of the experiment. Secondly, 
the narrower slit width reduced the amount of spontaneous emission 
relative to the ASE contribution reaching the detector thus boosting the 
signal to noise ratio. Thirdly, by deliberately reducing the amplitude of 
the laser pulse reaching the detector, any effects relating to the possible 
saturation of the diagnostics could be evaluated. The two curves, labelled 
wide and narrow slit respectively, are displayed in figure 5.21. 

The two curves presented in figure 5.21 seem to indicate that the 
results were reproducible, that they were typical of the laser under the 
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excitation conditions used and that the detection apparatus was not being 
saturated to any significant extent. The major difference between the two 
curves is that the smaller relative pulse energy version falls almost to zero 
as the gain length was also reduced to this value. This is indicative of the 
increase in the signal to noise ratio obtained by reducing the slit width. 
The graphs can be more easily analysed by dividing them into two 
portions. In the discharge length region of 0-42cm, it can be seen that 
there is an almost exponential rise in the relative laser pulse energy with 
an increasing discharge length. A plot of the natural logarithm of the 
relative output pulse energy of the lower curve as a function of the gain 
length is shown in figure 5.22, complete with a best fit straight line. 
From this, the gain can be crudely estimated as O.081/cm, or 35dB/m. 
This figure is sufficiently similar to that of 40dB/m found by Borgstrom 
to give some credence to this simple calculation. For gain lengths greater 
than 42cm, the relative output pulse energy would have been predicted to 
continue to rise exponentially until gain saturation had taken place at 
which point a linear relationship between the relative laser pulse energy 
and the gain length was expected to have evolved. However, this can 
clearly be seen not to be the case. The initial exponential rise in the 
relative laser pulse energy with an increasing discharge length can be seen 
to tail off after around 42cm, levelling out at a discharge length of around 
80-90cm and possibly falling slightly once the full discharge length of the 
laser was used. Reasons for this anomalous behaviour are outlined below. 

Upon considering discharge lengths in excess of around 42cm, 
several reasons why the exponential growth in the laser output pulse 
energy is not continued are proposed. Anyone, or a combination, could 
be responsible for the phenomena. Firstly, it could simply be due to the 
discharge channel not being perfectly straight. The bore was milled in 
two halves due to the bed of the milling machine not being long enough to 
cut the entire length of the laser in one motion. If the two halves were 
not exactly in line, then this would have a significant effect on the laser 
pulse energy. Additionally, since the bore size was only 1mm in cross
section, any warping of the Perspex would have a noticeable impact. 
Secondly, as the discharge section becomes longer, the velocity matching 
between the voltage wave and the optical pulse becomes more critical. 
Thus the output pulse energy becomes increasingly more dependant upon 
the effectiveness of the travelling wave discharge scheme. The discussion 
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in section 5.7 highlighted this problem and the decrease in the relative 
laser pulse energy from that expected may well be the result of incorrect 
velocity matching. The angle of e used in this experiment was 35.9 
degrees. Figure 5.23 shows a similar graph to that of figure 5.17 but 
calculated for the new Blumlein configuration. On the graph has been 
plotted the optical pulse propagation time for velocities of c and O.8c and 
the propagation time of the electrical wave for the maximum and 
minimum values possible of e of 0 and 35.9 degrees respectively. It can 
be seen that velocity matching at the angle of theta used occurs at an 
optical pulse velocity of 1.13c. This means that in theory the downstream 
discharges were being initiated too early relative to those upstream. 
Hence, the radiation produced by the upstream electrodes was probably 
being absorbed by the downstream discharge segments once these had 
dropped into an absorbing state. The scenario can be seen to be far worse 
if the optical pulse velocity had a value of only O.8c rather than c. A 
reduction in the angle theta was planned with more gain curves being 
plotted. It was felt that correct velocity matching would be implied from 
the optimisation of the gain curve and that from this the actual optical 
pulse velocity could be obtained. However, since these plots were 
extremely time consuming to construct, it was thought to replace the solid 
dielectric switch with a high pressure spark gap before continuing. 
Hence, this discussion will be continued in section 6.11.5 in which such a 
switch was used. 

From the gain established for this system, the group velocity of the 
laser pulse can be calculated with reference to Casperson and Yariv's 
paper(2) and the assumption that pure Doppler broadening is manifest. 
This yields a figure for the group velocity of O.977c. Taking into account 
statistical jitter between the electrodes, there is little practical difference 
in matching the electrical wave velocity to this value rather than to c. For 
the longer discharge lengths used, a more linearly increasing graph than 
that of figure 5.21 would be expected if velocity matching could be 
improved. Obviously, this latter statement only holds true if the main 
cause of the tail-off in the laser pulse energy was incorrect velocity 
matching. 
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5.10 Transverse Discharge Experiments 
With regard to the three transverse discharge lasers, each one was 

designed to operate using the same Blumlein. The characteristics of this 
system will briefly be described. As before, it consisted of a single 1116 
inch thick aluminium base plate, this time of dimensions 133.8cm by 
90cm, which was separated from the upper two aluminium plates by four 
sheets of 0.25mm thick mylar insulation. Each plate had an area of 62cm 
by 87 cm in contact with the mylar thus yielding a maximum calculated 
capacitance of 14.3nF for each half of the Blumlein. However, in the 
initial experiment, the capacitance was reduced by the insertion of a 6mm 
thick Perspex sheet between the upper and lower plates of the Blumlein. 
The top plates were weighted down to ensure that an evenly distributed 
capacitance was attained. A 0.156mH bypass inductor was used to 
electrically connect the two plates. Each top plate was bent through an 
angle of 90 degrees at distances of 3.3 and 9.2cm from its longest edge in 
order to facilitate the connections shown in figure 4.8. This type of 
connection allowed the laser head to be mounted upon the granite flat thus 
helping to maintain a straight discharge channel. However, this 
configuration exhibits a higher connection inductance than if the laser was 
simply allowed to sit on top of the bottom Blumlein plate. It was thought 
that if lasing was attained using the first circuit, then this new geometry 
would be employed in order to compare the results. Initial experiments 
concentrated upon transverse laser head one, described in section 4.5. 

The laser was initially operated using a Blumlein charging voltage 
of 30kV and at a gas pressure of 30mbar. Two sidelight probes were 
mounted above the laser channel. These were situated at a distance of 
20mm from either end of the discharge in order to monitor the light 
intensity through the glass walls and hence to establish the effectiveness of 
the travelling wave excitation scheme. The axial light was passed straight 
into the monochromator which was set at 160nm, the light then being 
incident upon the scintillator and relayed to the shielded room by the fibre 
optic cable. In the case of the sectional longitudinal laser, the active 
volume was situated 18.5cm away from the entrance slit of the 
monochromator, a distance which included a 4.5cm length of Imm square 
bore tubing. This essentially meant that most of the spontaneous emission 
was removed due to its divergence and its subsequent absorption as it 
propagated along the tube. Thus lasing action was immediately visible by 
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the appearance of several bright spots of light on the scintillator screen 
mounted inside the monochromator. The transverse lasers did not have 
such a propagation distance resulting in a lower signal to noise ratio. A 
consequence of this was that the observation of patterns on the scintillator 
screen no longer yielded a direct indication of lasing. Although in one 
respect this was unfortunate, it would have facilitated an easier 
investigation into the spontaneous emission spectrum had time constraints 
not dictated otherwise. The introduction of a vacuum propagation 
distance in order to reduce the spontaneous emission intensity present in 
the output beam was also not carried out for the same reason. Sidelight 
and axial emission readings are shown in figures 5.24 and 5.25 when 
using the small and large capacitance Blumlein systems respectively and 
when operating under the same charging voltage and gas pressure 
conditions. Neither the risetime nor the duration of the PMT pulses 
indicate good laser performance. Reasons for this were easy to ascertain. 
The temporal separation of the sidelight pulses varied from shot to shot 
with their initial pulse risetimes being up to a few nanoseconds apart. By 
observation of the discharge, it appeared as though the discharge was 
initiated by several arc discharges which then spread out to fill the entire 
discharge volume. Since this process occupies a significant time interval 
when compared to the upper state lifetime of the laser transition, 
longitudinal inhomogeneities and sections of high absorption will be 
established along the discharge length. This, as discussed in chapter one, 
does not produce favourable conditions in which to produce lasing. It was 
thought to apply a d.c. voltage across the laser head. From this it was 
seen that the exact area of breakdown along the parallel electrodes was, in 
fact, a function of the gas pressure. This was evidently not suitable for 
producing a reliable travelling wave discharge. One solution seemed to 
be the preferential preionisation of the upper section of the laser bore 
either by placing an alpha or beta radiation source inside the upstream 
window or by allowing a gamma source to produce secondary electrons 
via interaction with the glass walls. This third source was placed 
immediately above the laser bore on the outside of the laser. 
Unfortunately, under d.c. conditions, the placing of the radiation sources 
did not appear to affect the position of the initial discharge, as was hoped, 
or to make the arc discharges more uniform. It was thought that the field 
enhancement caused by the point sources of the wire mesh had the 
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predominant effect and hence the exact position of the first arc remained a 
function of the gas pressure. This experiment also proved that the 
effective preionisation of the entire laser bore by a radioactive source was 
not, in the case of this particular laser, a viable option given the strengths 
of the sources available. In this type of laser construction, the way 
forward was deemed to be either the construction of a carbon fibre 
cathode such that a degree of self-preionisation was present or x-ray 
preionisation, this being provided through the top of the laser cell. 
Clearly, neither of these solutions represented trivial tasks and time 
allowances did not facilitate the completion of such schemes. 

The second transverse laser head was also briefly tested. A 
waveform depicting the output intensity from the scintillator due to the 
axial light pulse appears in figure 5.26 which shows the largest output 
obtained in eight shots. From the trace itself lasing could not be 
confirmed since the output was of a relatively small magnitude and had a 
long risetime which was not characteristic of lasing. No distinct lines or 
spots could be seen inside the monochromator. For this laser, as will be 
noted from the method of construction outlined in chapter four, the 
sidelight could not be monitored. 

With respect to both of the transverse lasers, it was thought to 
return to analyse them in more detail once a switch capable of a higher 
repetition rate had been developed. However, time restraints proved to be 
restrictive in this matter. Developmental work was to be performed 
while using the sectional longitudinal laser which was already known to 
lase and whose characteristics were already established. The third 
transverse laser cell was, in fact, only excited by a non-linear transmission 
line system, the results of this being presented in chapter seven. 

5.11 Spark Gap Experiments 
5.11.1 Preamble 

The mechanically ruptured dielectric switch was directly replaced 
with a spark gap with a view to increasing the repetition rate of the laser. 
This was performed sporadically throughout the single shot dielectric 
switch experiments and used two different spark gaps. It was foreseen 
that the laser pulse magnitude would be reduced in this configuration due 
to the added inductance of the spark gap but that the average power could 
be maintained or even exceeded due to the higher repetition rates which 
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would be achievable. It would also have facilitated an easier investigation 
and characterisation of the laser. 

5.11.2 Experimental Proceedings 
The spark gap initially available for this test was an EEV GXT, 

20kV model which had a latm hydrogen gas fill and an electrode spacing 
of 7 -8mm. It was considered that lasing action was unlikely to be 
prevalent due to the comparatively long falltime quoted of approximately 
20ns. However, the spark gap was initially used to study the behaviour of 
the sectional discharge laser, particularly in relation to the relative timing 
of the individual discharges. In this regard, the maximum quoted 
repetition rate of Spps was deemed to be invaluable. It was also felt that 
essential experience could be gained in running a spark gap system 
through its use. Negotiations were simultaneously underway with both 
EEV Chelmsford and EEV Lincoln in order to acquire a one off, high 
pressure, SF6 spark gap which was deemed more appropriate for the 
experiments. These results are shown in section S.I1.S. 

The spark gap was first used to replace the dielectric switch in the 
original Blumlein which was that described in section S.3. A Tektronix, 
7SMHz, IMQ voltage probe was connected across the electrodes of the 
spark gap in order to observe the voltage trace across the switch. Since 
the Blumlein was being charged through a SOMQ resistor, this meant that 
the d.c. voltage measured on the Brandenberg power supply was vastly 
different to that to which the Blumlein was actually charged. D.C. 
voltages were thus measured solely by the Tektronix probe and checked 
sporadically by the use of a hand-held 30kV d.c. meter having a much 
higher resistance. An additional Tektronix probe was placed such that it 
measured the voltage across the laser cell. Other factors resulting in a 
discrepancy between the voltage measured on the Brandenberg voltage 
meter and the voltage to which the Blumlein was charged included current 
leakage through the 100MQ insulation resistance of the spark gap and 
surface corona. Surface tracking and corona were reduced by the use of 
Bluetack and anti-corona spray around the external surfaces. The axial 
output from the laser passed directly into the monochromator, the 
resulting scintillator light being coupled through the fibre optic cable into 
the screened room. The sidelight was monitored in two places, this light 
also being passed along optical fibres to the diagnostics. It should be 
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noted that the spark gap had its lowest inductance when operated near to 
its breakdown voltage, or even when it was simply over-volted. Hence, 
all of the experimental results were taken in one of these two conditions. 
The triggering circuit for the spark gap was built in house and itself 
triggered by the Standford pulse generator. 

5.11.3 Preliminary Results 
The Blumlein was charged to a voltage of around 24kV which, as 

was established experimentally, approached the d.c. breakdown limit of 
the spark gap. A trigger pulse was then applied and the results monitored 
as the gap broke down. Figure 5.27 shows the voltage trace across both 
the spark gap and the laser which was being operated at a gas pressure of 
14mbar. In this case, the gap broke down before the trigger pulse could 
be applied. The voltage risetime across the laser was measured as 13.28ns 
with the falltime being faster at 4.25ns. It can be seen that the peak 
voltage was only around 8.33kV which is small compared to that 
normally obtained when using the dielectric switch. This is attributable to 
the slower risetime of the switch which does not over-volt the tube as 
effectively. 

Observations of the sodium salicylate screen inside the 
monochromator as the gas pressure was reduced from 45mbar to 5mbar 
indicated that lasing was, in fact, sporadically occurring at the lower 
pressures used. Visually, a gas pressure of around 8mbar was seen to be 
about optimal with regard to the laser output. Ten shots were made at 
this pressure whilst monitoring both the laser output at 160nm and the 
sidelight from one of the sectional discharges. The best result in terms of 
lasing is shown in figure 5.28. The upper trace represents the laser pulse, 
the waveform having a magnitude of 722.2mV, a risetime of 3.67ns and a 
falltime of 12.16ns. These values are comparable to those achieved when 
using the dielectric switch. Although the voltage risetimes across the laser 
were comparably slow, the sidelight risetimes, as measured from figure 
5.29, could be as fast as 3.28ns. Typically, the magnitude of the sidelight 
was measured as around 1.9m V to the first inflection. The large time 
discrepancy in the initiation of the two discharges seen in the figure is due 
in part to the first being initiated by a carbon fibre cathode inserted on an 
experimental basis at this time. Figure 5.29 is shown on a longer 
timebase in figure 5.30. From this it can be seen that much of the energy 
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in the Blumlein was simply being wasted in an excessively long current 
pulse. 

To summarise, although the system did occasionally lase reasonably 
powerfully at a hydrogen pressure of 8mbar, the pulse energy varied far 
too widely to perform any reliable measurements. It was evident that the 
discharge homogeneity had to be improved whilst, for preference, the 
capacitance of the Blumlein was reduced and the breakdown voltage 
increased. 

5.11.4 Modified Blumlein Experiments 
In an attempt to make the laser output more consistent, the changes 

outlined in section 5.5 were implemented. To perform a direct 
comparison between the two systems, the same conditions as those used to 
take figure 5.27 were established. The new voltage waveforms appear in 
figure 5.31. The peak laser voltage can be seen to be only 6.9kV rather 
than the 8.3kV measured previously. Only the occasional PMT trace 
hinted that the laser could lase at any gas pressure. It was thought that the 
combined effects of the higher wave impedance of the Blumlein and the 
field enhancing effects of the carbon fibre electrodes reduced both the 
breakdown voltage across, and the current in, the discharge tube. The 
only positive aspect of the experiment was that the discharge did look 
more uniform to the naked eye. 

Whilst the spark gap was connected to the lower capacitance 
Blumlein system, the time separation between the two photodiode outputs 
was monitored for each shot. The inputs to the two optical fibres relaying 
the signals to the photodiodes were separated by a discharge length of 
54cm. The maximum temporal separation of the 50% levels of the rising 
edges of the two pulses was found to be 10.13ns whilst the minimum was 
0.68ns, measured relative to the upstream discharge. From the 133 
readings taken, the mean time separation was 4.78ns with a standard 
deviation of 1.76ns. For the travelling wave system, this amount of 
deviation can be seen to be intolerable and is partially the product of the 
low breakdown potential. Similar measurements were taken when the 
solid dielectric switch was used under the discharge conditions prevalent 
in figure 5.10. For the six measurements made when using a charging 
voltage of 17.5kV, inter-electrode timings between -0.22 and 1.77ns were 
observed with an average value of 0.725ns. It can be seen that the inter-
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electrode timing was much smaller in this case as was the range over 
which it varied. However, to conclusively prove this latter statement, 
many more than six readings would have had to be taken which was not 
practical when using the single shot laser. 

It can be seen from the preceding observations that the risetime of 
the spark gap had to be improved in order to facilitate larger breakdown 
voltages across the laser hence also improving the inter-electrode jitter 
times. In this way, it was thought that a reliable spark gap driven laser 
could be created. 

5.11.5 Experiments Using the SF6 Spark Gap 
The experiments outlined above were extremely useful in 

identifying existing and potential problems in the sectional discharge laser 
system. Additionally, they yielded the surprising result that lasing action 
was observed when using the higher capacitance Blumlein system and the 
GXT spark gap switch. The spark gap used in the following section was 
specially made by EEV Lincoln. It was a SF6 filled, glass envelope 
device with a Imm electrode separation and a gas pressure of 50p.s.i .. 
The dc breakdown voltage was quoted as 25k V. This spark gap was 
employed to simply replace the GXT gap used previously although in this 
case it was placed in a low inductance, oil filled, coaxial housing. The 
housing was used to reduce the inductance of the switch whilst the oil 
prevented arcing across the electrodes. Triggering was achieved simply 
by over-volting the gap. 

A typical pair of sidelight traces, taken at a gas pressure of 30mbar, 
appear in figure 5.32. These same traces, but displayed on a timebase of 
200ns/div., are shown in figure 5.33. The magnitude of the initial peak of 
both of the sidelight waveforms can be seen to be above 2m V. These 
values are slightly larger than those observed when using the previous 
spark gap. However, figure 5.33 shows that the length of the pulse is 
again excessive, this being due to the large capacitance of the Blumlein. 
In this particular shot, the waveform generated by the PMT measuring the 
axial light intensity from the scintillator has a falltime which is indicative 
of lasing. The gathering of conclusive experimental evidence destined to 
prove lasing was, however, to be delayed until the investigation described 
below had been completed. 
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The SF6 spark gap was first used to test the travelling wave 
mechanism described in section 5.7. Quite simply, the temporal 
separation of the 50% magnitude points of the initial peak in the two 
sidelight traces was to be measured, the average and standard deviation 
being taken over 30 shots. The experiment was to be done for a range of 
values of theta. The two sectional discharges monitored were separated 
by a distance of 54cm. For a value of theta of zero, the inter-electrode 
timing had a mean value of 7.75ns with a standard deviation of 0.74ns. 
The angle was then altered to 9.37 degrees. This gave a different mean 
value of 5.14ns for the inter-electrode timing with a standard deviation of 
1.52ns being calculated from sixteen shots. Unfortunately, at this 
juncture, catastrophic failure of the spark gap halted the experiments. 

As is immediately obvious, the measurements of the inter-electrode 
timing presented above yielded figures which were too large to be 
explained simply by the different electrical path lengths generated by the 
travelling wave excitation scheme. If these two measurements were 
typical of the other discharge segments, then it can be seen that excitation 
conditions were far from optimal. However, the actual inter-electrode 
timing could be dependant upon several factors other than being the result 
of the travelling wave mechanism. Such factors include the influence of 
nearby discharges and slightly different electrode shapes and spacings. 
Many more measurements of the inter-electrode timing, preferably with 
several sectional discharges being monitored simultaneously, would need 
to be taken to fully analyse and optimise this system. However, the results 
taken indicate that an increase in the angle theta brought about a reduction 
in the temporal separation of the pulses, as was desired. Despite the 
ambiguity surrounding the absolute timings, the standard deviations taken 
for each set of measurements of 0.74 and 1.52ns respectively suggest that 
the inter-electrode jitter had to be reduced in order to produce a reliable 
laser. This can best be performed in the current system by further over
volting the tube by producing a switch with a faster risetime. The failure 
of the spark gap and subsequent success of the ferrite line driven 
hydrogen laser brought these investigations to a premature end. 

5.12 Conclusions 
The results presented within this chapter adequately satisfied the 

objectives laid out beforehand. In addition to verifying the effectiveness 
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of the equipment designed to detect the VUV pulses, the experiments led 
to the removal of the damaged LiF window which would have otherwise 
rendered investigations into the ferrite line driven laser futile. Gradual 
changes to the flat-plate Blumlein excitation circuit produced dividends. 
The introduction of the carbon fibre cathodes and the separately 
grounded, equally distributed, capacitance resulted in a much more 
reliable and predictable laser. This in turn enabled useful data to be 
obtained from the system. The optimum hydrogen pressure was 
determined to be approximately 30mbar at a Blumlein charging voltage of 
20kV. Both this figure and the general trends exhibited by the curve 
shown in figure 5.14 are comparable to those obtained by other authors. 
Threshold voltages proved to be of the order of 3.64kV/cm at a gas 
pressure of 30mbar. This yields a figure of O.12kVcm- 1mbar- 1 as the 
value of E/P at threshold. The gain of the system was found to be 
approximately 35dB/m up to a discharge length of 42cm which compares 
favourably with that of 40dB/m elicited by Borgstrom(8). Regarding 
discharge lengths in excess of 42cm, the matching of the electrical wave 
velocity to that of the optical pulse was presumed to deteriorate to such an 
extent that increasing the discharge length did not produce the expected 
linear increase in the relative laser pulse energy. The relative success of 
the solid dielectric switch over the spark gap hinged mainly upon the 
faster voltage falltime obtainable. This produced higher breakdown 
voltages which in addition to exceeding the threshold voltage to a greater 
extent, also served to excite the gas in a time more comparable to that of 
the upper state lifetime of the laser transition. It also will have had the 
effect of reducing the inter-electrode jitter which is essential in the use of 
a sectional longitudinal discharge laser. Breakdown voltages as high as 
40kV were measured (40kV being the maximum rating of the voltage 
probes) when using the dielectric switch whilst only 8kV was achieved 
using the spark gap. 

The numerical results obtained from this chapter were used to 
design the ferrite line driven hydrogen laser described in chapter seven. 
Sidelight waveforms and intensity traces generated by the scintillator due 
to the axial light from the non-linear transmission line driven discharges 
were to be compared to those presented above. Upon obtaining a fair 
correlation between the two sets of results by tailoring the ferrite line 
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outputs to those required, lasing was expected from the new system if a 
sufficient discharge length could be powered. 
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Blumlein Driven H2 Laser 

FIGURE 5.1 
Blumlein Schematic 
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FIGURE 5.3 
160nm Laser Pulse Profile Viewed Using 

a Sodium Salicylate Scintillator 
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FIGURE S.4 
Voltage Waveforms Across the Laser Head 

Operating Parameters 
Charging Voltage:- 20kV Switch:- Solid Dielectric 
Gas:- Hydrogen Pressure:- ISmbar 

Oscilloscope Settings 
Vertical Scale:- SkV/div. Timebase:- Sns/div. 
The light and dark traces are the voltages waveforms at the upstream and 
downstream ends of the discharge respectively. 
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FIGURE 5.5 
Relative Laser Pulse Energy as a Function of the Gas 

Pressure With and Without Using the Fibre Optic Link 
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FIGURE 5.6 
Relative Laser Pulse Energy as a Function of the Charging 
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FIGURE 5.7 
Two Repeated Relative Laser Pulse Energy Traces as 

a Function of the Blumlein Charging Voltage 
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FIGURE 5.8 

Top View of the Blumlein and Laser Cell 
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FIGURE 5.9 
Histograms of the Observational Delay Time 

for a) Brass and b) Graphite( 1) 
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FIGURE S.lO 
Two Optical Sidelight Traces Viewed Simultaneously Using Optical 
Fibres and Photodiodes at Timebases of:- a) lOOns and b) Sns/diy. 

Oscilloscope Settings 
Vertical Scale:- SmV/diy. Timebase:- 100ns/diy. 

Oscilloscope Settings 
Vertical Scale:- SmV/diy. Timebase:-Sns/diY. 

Operating Parameters 
Charging Voltage:- l7.SkV Switch:- Solid Dielectric 
Gas:- Hydrogen Pressure:- 30mbar 
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FIGURE 5.11 
Relative Laser Pulse Energy as a Function of the Blumlein Charging 

V oltage both Before and After the Blumlein Modifications 
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FIGURE 5.12 
Two Optical Sidelight Traces Viewed Simultaneously 

U sing Optical Fibres and Photodiodes 

Operating Parameters 
Charging Voltage:- 20kV Switch:- Solid Dielectric 
Gas:- Hydrogen Pressure:- 31mbar 

Oscilloscope Settings 
Vertical Scale:- ImV/div. Timebase:- 20ns/div. 
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FIGURE 5.13 
Relative Laser Pulse Energy as a Function of the Blumlein Charging 

V oltage for both the Large and Small Capacitance Blumleins 
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FIGURE 5.14 
Relative Laser Pulse Energy as a Function 
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FIGURE 5.17 
Theoretical Propagation Time of the Optical and Electrical Pulses Along 

the Laser Bore Relative to the Extreme Upstream Discharge 
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Relative Laser Pulse Energy as a Function of the Laser Breakdown 
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FIGURE 5.23 
Theoretical Propagation Time of the Optical and Electrical Pulses Along 

the Laser Bore Relative to the Upstream Discharge 
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FIGURE 5.24 
Sidelight Intensity Trace and Scintillator Response to the l60nm Axial 
Radiation for the Transverse Mesh Laser (Low Capacitance Blumlein) 

Excitation Conditions 
Charging Voltage:- 30kV Switch:- Solid Dielectric 
Gas:- Hydrogen Pressure:- 30mbar 

Oscilloscope Settings 
Upper Trace (PMT):- lOOmV/div. Timebase:- lOns/div. 
Lower Traces (sidelight):- lmV/div. 
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FIGURE 5.25 
Sidelight Intensity Trace and Scintillator Response to the 160nm Axial 
Radiation for the Transverse Mesh Laser (High Capacitance Blumlein) 

Excitation Conditions 
Charging Voltage:- 30kV Switch:- Solid Dielectric 
Gas:- Hydrogen Pressure:- 30mbar 

Oscilloscope Settings 
Upper Trace (PMT):- 100mV/div. Timebase:- 20ns/div. 
Lower Trace (sidelight):- 1mV/div. 
Lower, Smaller Trace (sidelight):- 2mV/div. 

PhD Thesis 165 P. N. Marsh 



Chapter 5 Blumlein Driven H2 Laser 

FIGURE 5.26 
Scintillator Response to the 160nm Axial Radiation for the 

Second Transverse Discharge Laser 
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Operating Parameters 

~ 

Charging Voltage:- 35kV Switch:- Solid Dielectric 
Gas:- Hydrogen Pressure:- 16mbar 

Oscilloscope Settings 
PMT OIP:- 100mV/div. Timebase:- 20ns/div. 
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FIGURE S.27 
Voltage Traces Across both the Laser and Spark Gap 
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Operating Parameters 
Charging Voltage:- 30kV Switch:- Spark Gap 
Triggering:- Over-voltage 
Gas:- Hydrogen Pressure:- 14mbar 

Oscilloscope Settings 
Laser Voltage, Upper Trace:-SkV/div. Timebase:- SOns/div. 
Spark Gap Voltage, Upper Trace:-SkV/div. 
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FIGURE 5.28 
Scintillator Response to the 160nm Axial Radiation and Sidelight 

Intensity Trace for the Spark Gap Driven Laser 
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Operating Parameters 
Charging Voltage:- 25kV Switch:- Spark Gap 
Triggering:- Triggered Gap 
Gas:- Hydrogen Pressure:- 8mbar 

Oscilloscope Settings 
PMT O/P, Upper Trace:- 200mV/div. Timebase:- 20ns/div. 
Photo diode OIP, Lower Trace:- 1mV/div. 
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FIGURE 5.29 
Sidelight Intensity Waveforms for the Spark 

Gap Driven Hydrogen Laser 

Operating Parameters 
Charging Voltage:- 25kV Switch:- Spark Gap 
Triggering:- Triggered Gap 
Gas:- Hydrogen Pressure:- 8mbar 

Oscilloscope Settings 
PMT OIP, Upper Trace:- 50mV/div. Timebase:- 5ns/div. 
Photodiode OIP, Lower Traces:- 1mV/div. 

FIGURE 5.30 
Figure 5.29 at a Timebase of 200ns/div. 
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FIGURE 5.31 
V oltage Traces Across both the Laser and the Spark Gap 

(Small Capacitor Blumlein) 
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Operating Parameters 
Charging Voltage:- 35kV Switch:- Spark Gap 
Triggering:- Over-voltage at -22kV 
Gas:- Hydrogen Pressure:- 14mbar 

Oscilloscope Settings 
Laser Voltage, Upper Trace:-5kV/div. Timebase:- 50ns/div. 
Spark Gap Voltage, Lower Trace:-5kV/div. 
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FIGURE 5.32 
Scintillator Response to the 160nm Axial Radiation and Sidelight 

Intensity Traces for the SF6 Spark Gap Driven Laser 

Operating Parameters 
Charging Voltage:- 24kV Switch:- SF6 Spark Gap 
Triggering:- Over-volted 
Gas:- Hydrogen Pressure:- 30mbar 

Oscilloscope Settings 
PMT alP, Upper Trace:- 50mV/div. Timebase:- 5ns/div. 
Photo diode alP, Lower Trace:- 1mV/div. 
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FIGURE 5.33 
Figure 5.32 at a Timebase of 200ns/div. 

Oscilloscope Settings 
PMT OIP, Upper Trace:- 50mV/div. Timebase:- 200ns/div. 
Photodiode OIP, Lower Trace:- 2mV/div. 
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CHAPTER 

Experimental 
the 

6.1 Introduction 

6 

Results Pertaining 
Ferrite Lines 

to 

The motivation for the work conducted on non-linear pulse 
sharpening lines stemmed from the aforementioned weaknesses of the 
switches which historically have been used to drive hydrogen lasers. It 
was felt of interest to this work to examine the possibility of sharpening 
the leading edge of a voltage pulse having a risetime of tens of 
nanoseconds to a sub-nanosecond level. In this way, a conventional high 
current thyratron could be used to switch the laser cell. The ferrite lines 
were developed towards this end rather than focusing solely on the 
production of voltage pulses having optimum risetimes. Thus the 
production of impedance matched systems in which this could best be 
achieved was not attempted. It would have been surprising, therefore, 
had the voltage risetimes produced by this study rivalled those conducted 
on such impedance matched systems. The ferrite lines did, however, need 
to produce risetimes in the sub-nanosecond regime from a thyratron 
having an output risetime of approximately SOns. This dramatic 
reduction in the voltage risetime has not been seen in the literature by this 
author. Thus it was interesting in itself to establish whether such a 
reduction could indeed be achieved. 

In the following text, the development and characterisation of the 
ferrite lines used at St. Andrews will be discussed. The lines were first 
applied to a resistive load, the results of which are presented in section 
6.3, whilst the initial results pertaining to their use to drive gaseous 
discharges is presented in section 6.4. However, first a description of the 
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experimental and diagnostic set-up is required in order to facilitate later 
discussions. 

6.2 Experimental and Diagnostic Details 
The diagnostic equipment and experimental set-up used to 

investigate and characterise the ferrite lines varied little after the 
preliminary investigations. A schematic of the circuit is shown in figure 
6.1 and will be referred to periodically throughout the rest of this 
chapter. For the purpose of clarity, this section will be further 
subdivided in order to discuss individual components of the electrical 
circuit and the associated diagnostics. 

6.2.1 Modulator and Electrical Circuit 
From analysing the available data on electrically excited hydrogen 

lasers, it was evident that voltages in excess of 20kV would be necessary 
to investigate laser lines in the VUV spectral region. An a.I.e. systems 
switch mode power supply, model 302L, was available for these studies. 
This device was designed primarily for capacitor charging up to a 
maximum voltage of 20kV. Using resonant charging techniques, the 
voltage across Cs could be doubled to 40kV which was deemed sufficient 
for the initial hydrogen laser investigations. The power supply had a 
maximum average power rating of 3000J/s and a maximum charging rate 
of 4000J/s for voltages in excess of lOkV. The efficiency was quoted to 
be typically 85% or better. 

In addition to the above voltage requirements, the laser head was 
predicted to need electrical pulses with peak currents in the kiloamp 
regime. High frequency operation of a hydrogen laser was one of the 
primary objectives of the project but thyratrons satisfying all of these 
requirements are not yet available. Accordingly, an EEV CX2608, 
hydrogen filled, double gap ceramic thyratron was selected. This had 
maximum peak forward anode voltage and current ratings of 40kV and 
lOkA respectively. Reflected pulses from the ferrite lines were not 
predicted to exceed the maximum peak reverse anode current of SkA, 
especially when operating the device with lumped magnetic assist placed 
in series with the thyratron. The maximum average anode current was 
quoted as O.SA which dictated that the thyratron could not be run 
continuously at the above power ratings at more than 200Hz due to 
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excessive anode heating. However, it could be used in high-frequency, 
burst-mode operation in order to simulate high prf conditions. Due to 
heating effects, the thyratron was immersed entirely in oil and a flowing 
oil and heat exchanger system installed. The thyratron was triggered by 
the circuit shown in figure 6.2. A Challis Electronics unit, model 
T20035, was used to supply the trigger pulse to the thyratron. This unit 
in turn was triggered by two Thandar TO 1 05 units, one of which was 
used to gate the other in order to generate a short burst of pulses at a 
given frequency. However, the rf noise emitted by the ferrite lines was 
found to interfere with the TTL circuits of the Thandars. Due to 
electrical pick-up, spurious triggering of the Challis unit was encountered. 
Thus the two Thandars were replaced with a Standford model D0535 
pulse generator which was found to be far less susceptible to rf 
interference. 

Initial use of the power supply was directed towards testing the 
pulse sharpening ferrite lines on a resistive load, as described in section 
6.3. Since high prf operation was envisaged, a saturable inductor was 
incorporated into the circuit to enable the thyratron to recover between 
shots. 

6.2.2 Electrical Pulse Detection and Limitations 
The voltage inputs and outputs of the ferrite line were measured 

using two 1000: 1, 75MHz, Tektronix voltage probes connected to a 
HP54720A digital oscilloscope having 20Hz plug-ins. These two outputs 
and probes were designated VT and VL respectively. A TTL output from 
this oscilloscope was used to trigger a HP54720D digital oscilloscope 
whose single 80Hz, 50n, channel monitored the output signal from a D
dot probe which was situated at various positions along the length of the 
ferrite line. With regard to both current and voltage data, it should be 
noted that throughout the ensuing text all risetime measurements refer to 
that of the 10-90% case unless otherwise stated. 

Although the Tektronix voltage probes were bandwidth limited for 
voltage risetimes of less than around 3.5ns, they were found to be 
invaluable for several reasons. Firstly, they were useful for providing a 
fast, directly measured, indication of the risetime reduction achieved by 
the ferrite line. Additionally, by the use of two matched probes, both the 
input and output signals from the ferrite line could be displayed upon the 
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same oscilloscope thus allowing transit time measurements of the ferrite 
lines to be made. Finally, and perhaps most importantly, the Tektronix 
probes facilitated the verification of the voltage waveforms deduced from 
the D-dot probes and made possible their calibration with respect to their 
voltage magnitudes. This data is presented in section 6.3.2. 

D-dot probes work by the process of capacitive pick-up of the 
electric field generated by the voltage pulse. The integration of this E
field results in the attainment of a scaled voltage pulse waveform. The HP 
54720D oscilloscope had the facility to integrate the D-dot trace on-screen 
and could thus generate this trace for simultaneous display. This facility 
of the oscilloscope dramatically reduced the processing time required for 
these measurements. Semi-rigid microwave cable was used to relay the 
signal from the D-dot probe to the oscilloscope. This type of cable was 
chosen because it was found to be less susceptible to rf interference when 
compared to standard BNC cable. It also possessed smaller attenuation 
figures in the GHz regime. The D-dot probes consisted of an SMA plug 
and a metal bodied housing which was either soldered onto, or clamped 
around, the coaxial return of the ferrite line. A hole was drilled through 
the coaxial return at various positions along the ferrite line and the probes 
mounted directly above them. The metal core of the SMA plug was 
positioned at a sufficient distance away from the dielectric such that if the 
dielectric failed, the line would flash over to the coaxial return and not to 
the 50n line attached to the oscilloscope. Cross-sections of the D-dot 
probes are pictured in figures 6.3 to 6.6. Figures 6.3 and 6.4 show the 
probes used to measure the voltage risetimes through the ferrite beads 
whilst figures 6.5 and 6.6 show those designed for measurements after, or 
before, the ferrite loaded section. A salient feature of the soldered 
variety was that it provided a completely bonded electrical connection 
thus eliminating any small current loops which might otherwise have 
existed. However, the clamped version was also found to produce good 
results and had the advantage that its position was variable thus 
eliminating the need in subsequent lines of building as many probes. 

The monitoring of the current waveforms was attempted by siting 
three current transformers, TT, TL and TR respectively, at the positions 
noted in the diagram shown in figure 6.1. It was recognised that the 
bandwidth of the current transformers restricted their reliable operation 
to risetimes in excess of 20ns. However, it was felt that some information 
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about the magnitude and duration of the current pulse at the output end of 
the ferrite line could be gleaned from their use. Additionally, the extent 
of the ringing of the probe could be used to provide an indication of the 
risetimes involved. Unfortunately, a fast Rogowski coil was not available 
for these experiments. A current viewing resistor (CVR) was also placed 
as shown in the circuit diagram but rf pick-up prevented its reliable use. 

Naturally, due to the finite number of oscilloscope inputs, not all of 
the diagnostic tools could be implemented simultaneously and in most 
cases this was not desired. The traces obtained on the HP oscilloscopes 
could be directly stored on disk and transferred to a personal computer 
(PC) if required. Wherever such traces are presented in this work, the 
conditions and oscilloscope settings pertaining to them are included with 
the diagram rather than continuously interrupting this text with minor 
system changes and descriptions. 

6.3 Ferrite Line Applied to a Resistive Load 
Although the end result was to drive a gaseous discharge with the 

ferrite lines, it was felt prudent to characterise and optimise them first 
while using a resistive load. This was mainly due to the anomalous results 
which can be produced when driving a load whose resistance varies from 
infinity to almost zero. The first experiments were designed to establish 
the optimum length, toroid geometry and magnetic biasing of the ferrite 
lines in order to produce a pulse suitable for application to a VUV laser. 
In order to remove circuit complexity, it was also decided to experiment 
with a self-resetting circuit for the ferrite, thus eliminating the need for 
the d.c. bias current used by most other experimenters. It can be seen 
from the circuit diagram that the capacitor Cs recharges through the 

ferrite line and it is this current which is used to reset the ferrite. 
However, before proceeding to the results obtained using the ferrite lines, 
a brief description of the lines themselves and the techniques used in their 
construction will be given. 

6.3.1 Ferrite Line Construction 
Upon designing the ferrite lines, many of the parameters could be 

calculated from the theory outlined in chapter three. However, the 
theoretical approach had to be rationalised by constructional restrictions. 
These included the available sizes of relevant ferrite materials and the 
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need to include a sufficient thickness of dielectric material in the coaxial 
line in order to prevent its electrical breakdown and also to ensure that it 
had sufficient longevity to be practically useful. Pertinent to this latter 
consideration was the need to include a cooling facility when the line was 
operated at both high powers and at a high repetition rate. As 
aforementioned, the ferrite material chosen for use in all of the coaxial 
ferrite lines was the ferrite grade 452, commercially available from 
Phillips Components. A summary of the salient features of all the ferrite 
lines used in this work appears in table 6.1. Alongside each entry appear 
the appropriate values of characteristic resistance, impedance and 
capacitance which have been calculated according to the theory outlined in 
chapter three. As can be seen from the table, there were several 
constructional differences between the various ferrite lines, the most 
important being discussed below. 

The first ferrite line was constructed from ferrite beads which had 
an internal diameter of 3mm, an external diameter of 8mm and a length 
of 10mm. These beads were larger than those used by Dolan(1,2,3) et al 
in their attempts to obtain optimum voltage risetimes but were thought to 
be of a dimension which would avoid the bandwidth limiting effects noted 
by Pouladian-Kari et al(4), mentioned previously. Additional advantages 
of the larger diameter beads were the predicted shorter line lengths and 
the lower inductance afforded by the bead's geometry. Ninety such beads 
were threaded onto a copper wire of just under 3mm in diameter and 
surrounded by two layers of heat shrinkable tubing. In the absence of 
complicated vacuum equipment and the ability to back-fill the ferrite line 
with a high dielectric strength material such as Fluorinert, other 
precautions were taken to ensure that the lines did not contain significant 
amounts of air inside the dielectric sleeving. The beads were threaded 
onto the wire whilst submerged in Diala B oil and surrounded by the heat 
shrinkable material. One end of the heat shrinkable tubing was than 
sealed. The other end was lifted out of the oil and the line hung up 
vertically. By shrinking the tubing from the bottom upwards, the oil was 
squeezed out of the top end and effectively prevented air from becoming 
trapped inside the ferrite line. The coaxial return was added by sliding 
the assembled portion inside a tightly fitting copper tube. This tubing was 
then sealed at both ends around the extruding, dielectric clad, wire with 
an '0' ring assembly. Inlet and outlet ports were incorporated into the 
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coaxial return in order to flow oil around the outside of the dielectric. In 
this way, the ferrite beads could be cooled while simultaneously excluding 
air from this region, if this was felt necessary. A D-dot probe was 
included in the assembly, the platform for this being soldered in place 
over a hole cut through the piping near the output end of the ferrite 
loaded section of the line. This line is denoted ferrite line one in table 
6.1. The second line was constructed in order to examine the evolution 
of the voltage pulse as it travelled down the ferrite line and hence to 
experimentally establish the optimum line length. This line, denoted 
ferrite line two, was similar to the first but with the following exceptions. 
The section of the line loaded with ferrite was extended to two meters. 
Eleven D-dot probes were positioned at 15 or 30cm intervals along its 
length with an additional probe being mounted at the extreme end of the 
ferrite section. The SMA plug making up part of the D-dot assembly was 
sealed in place with an '0' ring rather than being soft soldered in place so 
that it could be dismantled and used in future lines. A diagram depicting 
this form of ferrite line construction is shown in figure 6.7. 

In order to assess the effects of using a smaller ferrite bead 
diameter, the third ferrite line to be made, ferrite line three, was 
constructed using ferrite beads with an internal diameter of O.7mm, an 
external diameter of 3mm and a length of 10mm. As in the previous 
design, the ferrite line section was two meters in length with D-dot probes 
situated along its length. This line, although being reliable enough to 
yield useful results, did in fact fail. In this case the dielectric had a 
tendency to break down due to the higher electrical field strengths being 
placed across the dielectric resulting from the smaller diameter of the 
line. Accordingly, a ferrite line having three layers of heat shrinkable 
insulation was constructed using similar beads but by necessity utilising a 
larger diameter coaxial return. The effects of these changes were also 
assessed. This line is denoted ferrite line four in table 6.1. 

Electrical breakdown of the smaller diameter ferrite lines was 
found to be a recurring problem due to the increased field strength and 
the susceptibility of the dielectric to damage during assembly. This 
problem became more frequent as the driving capacitance was increased 
and the pulse lengths became longer. An attempt to solve this problem 
resulted in another ferrite line being built. In the construction of this line 
the ferrite beads were slotted onto a wire and threaded through an oil 
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filled Teflon tube which was in turn threaded through the copper coaxial 
return. The available Teflon tube had internal and external diameters of 
3.175 and 6.350mm respectively, thus necessitating the use of a coaxial 
return with an internal diameter of 6.80mm. This design of ferrite line 
had several major advantages over those previously constructed. The 
dielectric exhibited both a higher dielectric strength and a higher 
tolerance to abrasive damage. Cooling oil could be pumped through the 
inside as well as the outside of the dielectric layer thus facilitating the 
more effective cooling of the centre conductor and the ferrite beads. The 
additional fluid flow would also remove any air present which could form 
damaging ozone or limit the performance of the line. A final advantage 
of this construction technique is that if, as happened during tests at EEV 
when using a thinner, nylon tube, the line did break down, then it is much 
simpler to repair than the lines wrapped in heat shrinkable tubing. The 
completed ferrite line is shown in figure 6.8. The disadvantages of the 
line included its slightly higher impedance and the longer predicted 
risetimes brought about by the new geometry. This line is denoted ferrite 
line five in table 6.1. 

6.3.2 Effect of the Voltage Magnitude on Voltage Risetimes 
and an Assessment of the Performance of the D-dot probes 

Although somewhat out of chronological order, it is felt essential to 
first analyse the performance of the D-dot probes and the other voltage 
diagnostics before presenting the various results established by them in 
later sections. Simultaneously, a study of the effect of increasing the 
voltage magnitude upon the achievable risetime will be presented. These 
two issues will be dealt with together for the following reason. As will 
become evident, the voltage risetime can be reduced by increasing the 
magnitude of the input voltage pulse. Thus, by monitoring the same 
output voltage risetime using both a D-dot probe and a Tektronix 75MHz 
voltage probe, several factors can be established. Firstly, for risetimes of 
over 5ns, which is well within the Tektronix probe's bandwidth. 
capabilities, the D-dot probe can be calibrated with regards to voltage 
magnitude measurements. Additionally, the voltage risetimes extracted 
from the integrated D-dot probe traces can be verified by comparison to 
those measured directly with the Tektronix probe. Secondly, the actual 
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bandwidth limitations of the Tektronix probe can be established from the 
D-dot probe measurements for voltage risetimes of under 5ns. 

Output voltage risetimes and magnitudes were taken as a function of 
the input voltage for two different ferrite lines. These were those 
numbered one and five in table 6.1. The D-dot probe was positioned 
close to the end of the ferrite loaded section of the line in both cases. 
Readings of the voltage risetime and magnitude were taken from the 
integrated D-dot trace and also from the Tektronix probe connected 
across the load. Before presenting the actual risetime and voltage 
magnitude data, it is thought useful to graphically illustrate the large 
degree of voltage risetime compression which has been achieved in these 
experiments. Figure 6.9 shows the trace taken by the two Tektronix 
probes for the case of the longer line (ferrite line five). As mentioned 
previously, the Tektronix probe is bandwidth limited in this case, as can 
be seen by the ringing oscillations evident upon the load trace, such that 
the risetime is indeed faster than that pictured. The accompanying D-dot 
trace, with its integrated form being shown below it, is pictured in figure 
6.10. Dealing initially with the longer line, the voltage risetime 
measurements are presented in figure 6.11 whilst the magnitude 
measurements are presented in figure 6.12. Similar graphs, but compiled 
for the 90cm long line, are shown in figures 6.13 and 6.14 respectively. 

The graph in figure 6.11 shows the output voltage risetime falling 
with an increasing input voltage pulse magnitude when measured by both 
probes. However, the integrated D-dot voltage risetime is initially greater 
than that recorded by the Tektronix probe. It would be expected that the 
Tektronix probe would give a slightly different value to the D-dot probe 
because of their relative positions and method of measurement. In 
arriving at the Tektronix probe, the voltage pulse passes through slightly 
more ferrite relative to that arriving at the D-dot probe and hence 
initially displayed a slightly sharper risetime. The two measurements 
coincide at a risetime of 3.40ns after which the response of the Tektronix 
probe appears to become bandwidth limited and levels out at a voltage 
risetime of around 3ns. The voltage risetime measured via the D-dot 
probe continues to fall to around 1.2ns in this experiment. When 
magnetically biased, a voltage risetime of 281 psec was measured at a 
supply voltage of 15kV. This corresponded to a dV/dt value of 60kV/ns. 
The corresponding graph constructed for the 90cm long line, figure 6.13, 
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again shows the output voltage risetime falling with an increasing input 
voltage. However, in this case, the magnetically biased line produced an 
optimum voltage risetime of approximately 40Spsec when using an input 
voltage of 29.SkV. The magnetic biasing was not optimised for these 
readings. 

The graph of the voltage magnitude measured with both the 
Tektronix probe and the D-dot probe when using the longer line is shown 
in figure 6.12. It can be seen that the two traces are similar in character. 
The latter graph plotted for the ferrite line having a ferrite length of 
90cm is that shown in figure 6.14. The correlation between the Tektronix 
probe voltage magnitude trace and that of the unintegrated D-dot trace is 
also reasonably good. 

The decrease in the risetime of the voltage pulse with an increasing 
pulse magnitude is in agreement with the theory outlined in chapter three. 
Equation 3.9 indicates that the risetime is initially inversely proportional 
to the peak shock front current and thus to the voltage. However, the 
optimum line length increases with an increasing voltage. For optimum 
line length values exceeding that of the ferrite lines the inverse 
relationship will cease to hold since optimum pulse sharpening will not 
have taken place. This partially explains the tail off in the sharpening 
action evident in the figures. Ultimately, the risetime will become limited 
by the switching speed of the ferrite. With regard to the D-dot probes, it 
is generally felt that graphs such as those presented above could be used to 
calibrate a D-dot probe in terms of the voltage magnitude of the pulse. 
Individual D-dot probes would have to be calibrated separately due to 
geometrical differences but do seem to give an approximately linear 
response to the applied voltage pulse either in the unintegrated or 
integrated state. However, attention should be drawn to the one 
detrimental aspect of the D-dot probe. Due to its position near the end of 
the line, the voltage waveform can be affected by the reflected pulse from 
the load if this propagation time is comparable to that of the voltage pulse 
duration. This would affect the observed pulse profile but not the pulse 
risetime if the probe is positioned such that any reflected pulses arrive 
after the pulse risetime has been monitored. Later in this text, an 
approximate velocity of 4cmlns will be established as the velocity of the 
voltage pulse towards the output end of the ferrite line. Thus, for a 0-
100% risetime of Ins to be accurately observed, the D-dot probe would 
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only have to be positioned 2cm into the ferrite loaded section of the line. 
The largest problem in obtaining an accurate measurement of the total 
voltage pulse profile was found to be that the 8GHz plug-in had a slight 
d.c. voltage offset associated with it. Integration of this results in a 
gradient in the scaled voltage trace. However, the plug-in had the facility 
to alter the d.c. offset and additionally to alter the attenuation. At a later 
stage of the experiments, the output of ferrite line 5 was fed into a coaxial 
cable of length 3.32m having a D-dot probe situated at its centre whilst its 
output was connected to a 50n load, the voltage across it being monitored 
by a Tektronix voltage probe. Both the Tektronix and D-dot probe 
outputs were fed into the 2GHz plug-ins of the HP54720A oscilloscope. 
With a suitable adjustment of the attenuation and d.c. offset for the D-dot 
input, the two traces obtained could be stored and superimposed on the 
screen to a high degree of accuracy. This method of calibrating aD-dot 
probe by scaling the output via attenuation at the oscilloscope to match the 
absolute voltage measured by the Tektronix probe (for risetimes in excess 
of 5ns) provided an easy way in which to use the D-dot probes to measure 
both voltage risetimes and pulse profiles. However, the Tektronix probe 
was always used in conjunction with the D-dot probes even when it was 
known to be bandwidth limited by the risetime being viewed. This was 
mainly to keep an approximate check on the integrated D-dot output. 

6.3.3 Effect of Capacitance Upon the Voltage Input and 
Output Magnitudes and the Relationship Between Them 

The first phenomenon encountered when working with the ferrite 
lines was the decrease in optimum risetime experienced upon increasing 
the driving capacitance whilst all other conditions remained unchanged. 
This particular experiment was performed initially upon ferrite line 1. 
Axial magnetic biasing was applied at the output end of the ferrite line by 
the use of bar magnets. The effect of increasing the capacitance from a 
pulse forming network of O.152nF capacitors to a single 1.84nF capacitor 
was to reduce the achievable risetimes from approximately 1-2ns to a sub
nanosecond level. Further results of varying the capacitance upon the 
risetime of the output voltage pulse and magnitude of the input pulse were 
taken when using ferrite line number five later in the investigations. In 
this more detailed study, the risetime of the voltage pulse was again found 
to increase as the capacitance was reduced below approximately O.7nF. 
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The effect did not seem to be a direct consequence of the diminishing 
amount of energy passing down the line but that, as the capacitance was 
reduced to a value below around O.7nF, voltage doubling at the input to 
the line was not being achieved. This may have been due to the 
capacitance of the ferrite lines themselves. The larger diameter line has a 
calculated capacitance of O.29nF whilst that of the smaller is O.18nF. 

It was thought to establish the relationships between the charging 
voltage, as read from the meter on the a.I.e. supply, the line input voltage 
and the line output voltage magnitude at this early stage in the 
experiments. This would give a good indication as to how well the 
electrical circuit was performing, especially with regard to the degree of 
voltage doubling being attained on capacitor Cs. Thus, during the 

experiment outlined in the above section, these three parameters were 
noted. A plot of the a.I.e. charging voltage as a function of the line input 
voltage is shown in figure 6.15a. This shows clearly that voltage doubling 
was almost achieved in this case. However, figure 6.15b shows the same 
plot for the 90cm line. Here it is evident that full voltage doubling was 
not being achieved. It is thought that the capacitance value, Cs, of 1.32nF 
needed to be increased in order to attain full voltage doubling in this case. 

The graphs depicting the output voltage as a function of the line 
input voltage are those of figures 6.12 and 6.14, shown previously. It can 
be seen from these that the two output voltage traces are vastly different 
in magnitude. This is thought to be due to the differences in line to load 
matching in the two cases. The graph presented in figure 6.14 represents 
the voltage seen when the load resistance was greater than the 
characteristic impedance of the transmission line. This is more 
representative of the voltage magnitude which will be seen across a 
gaseous load which starts with an infinite resistance. Naturally, the full 
voltage would only be seen if the risetime of the voltage pulse was fast 
enough to fully over-volt the discharge. However, the graph in figure 
6.12 was taken for a more closely matched system. In this case, the 
output voltage was only one half of that of the input magnitude, a result 
which is characteristic of matched transmission lines. 

6.3.4 Thyratron Falltime Implications 
During the studies conducted upon ferrite line five and displayed 

previously in figure 6.11, the falltime across the thyratron was monitored 
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as the experiment progressed. It was found that the fall time decreased 
with time into the experiment as a progressively larger supply voltage was 
used. However, upon temporarily switching off the power supply and 
then resuming the experiment, the falltime was initially seen to increase 
contrary to the original trend in voltage, as can be seen in figure 6.16. 

It is thought that temporarily switching off the voltage power 
supply allowed the thyratron to cool thus producing the slower falltimes 
across the gap noted for the last two data points plotted in figure 6.16. 
This in turn casts some doubt as to the trend implied by the last point 
plotted in figure 6.11. This point showed a slight increase in the voltage 
risetime contrary to the predominant trend. It is thought that this 
anomalous behaviour was a direct result of the increased falltime of the 
thyratron switch. If the data in figure 6.11 is displayed with the y and x 
axes representing a percentage voltage risetime reduction and the input 
voltage magnitude respectively, then figure 6.17 is obtained. This graph 
shows the percentage risetime reduction decreasing with an increasing 
input voltage magnitude because of the change in both the input and 
output voltage risetimes. However, this percentage is seen to increase 
again for the final two data points because of the increase in the input 
risetimes. In collaboration with figure 6.11, figure 6.17 clearly shows 
that the performance of the line does not decrease with an increasing 
voltage input. These graphs also illustrate that it is easier to sharpen a 
pulse having a longer risetime to 1.2ns than it is to further reduce this 
risetime by increasing the driving voltage. This is partially a result of the 
pulse sharpening action of the ferrite line not being linear with length. 
Additionally, the combination of the higher input voltage and the longer 
input risetime meant that the optimum line length exceeded two meters 
for the higher input voltages used in figure 6.11. It is predicted that the 
use of a longer line would have sharpened the output voltage risetime still 
further in these cases. The discussion of this effect will be continued 
within the next section. 

From these observations, several things became apparent. Firstly, 
that the ferrite lines should be run for a substantial period of time before 
any readings are taken to allow the gaseous conditions in the thyratron to 
reach equilibrium. Secondly, that if the power supply was to fail part 
way through the experiment, then subsequent values should not be taken 
but the entire experiment repeated. Finally, it should be noted that all 
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investigations into possible trends in the output voltage risetime which 
entail the alteration of the supply voltage will include a contribution from 
factors attributable to the thyratron. Removing all influences of the 
thyratron fall time on such experiments as those outlined above would be 
almost impossible. Because it is a gaseous discharge device, the falltime 
of the thyratron will be partially a function of the temperature of the gas 
reservoir and so the heating effects of each shot could influence the next. 
This clearly changes depending upon the voltage being used. Thus the 
falltime experienced for a voltage of 2.5kV, for example, would be 
expected to be longer than that at 17.5kV. Until the power supply was 
switched off, this was the observed trend. The magnitude of the charging 
voltage has an additional effect upon this issue. It is well known that 
gaseous discharges are, all other conditions being equal, faster as the 
breakdown voltage increases towards, or exceeds, the d.c. breakdown 
voltage of the gap. This would provide an additional explanation for the 
faster fall time of the thyratron generally observed as the voltage was 
increased. This discussion would not be complete without noting that 
there would always be some jitter in the falltime of the thyratron simply 
because it is a gaseous discharge device. However, the impact of this 
phenomenon can be reduced by statistically averaging any measurements 
made. 

6.3.5 Effects of Toroid Geometry and Pulse Evolution Studies 
In this section, the evolution of the shock front as it propagated 

along the ferrite line is to be studied. The experiment entailed the 
placement of D-dot probes along the length of the ferrite line, the traces 
produced from these being integrated on the oscilloscope and enabling the 
voltage risetimes to be evaluated. Three ferrite lines, numbers 2, 3 and 4, 
were used in this study in order to analyse the effects of both the ferrite 
toroid and the line geometry upon the pulse sharpening action of the 
ferrite lines. From this study, the optimum length of each ferrite line, 
this being that which first yielded the minimum voltage risetime, was also 
to be evaluated. The key data produced by these experiments can be seen 
in figures 6.18a and 6.18b. The latter graph is simply an expanded view 
of the former for the risetime regime 0-10ns. These graphs clearly 
demonstrate that the voltage risetimes initially decrease very rapidly with 
an increasing propagation length. In all cases, the gradients of the curves 
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then reduce, reach a minimum value and slowly increase thereafter. The 
curve for the ferrite line containing the larger ferrite beads reaches its 
minimum risetime value of around 1.48ns after a propagation distance of 
only 75.0±7.5cm. This is in stark contrast to the curves depicting the 
character of the lines containing the smaller diameter beads. Line three 
reaches its minimum risetime value of 0.51ns after a distance of 
167+15cm whilst line four requires a propagation length of 182±15cm to 
achieve its minimum risetime value of 0.74ns. The estimated error in 
each value of the optimum ferrite line length results from an assessment 
of both the separation of the D-dot probes used to take the measurements 
and the accuracy in which the value could be read from the curves 
presented in figure 6.18b. 

The fact that each curve exhibits an increase in the voltage risetime 
after the minimum risetime has been attained is attributable to dispersion 
in the ferrite lines. These plots indicate the usefulness of the larger 
diameter beads in reducing the optimum length of the ferrite lines whilst 
the smaller diameter lines seem to produce the smallest voltage risetimes. 
However, the three plots are not necessarily directly comparable due to 
the different input and output voltages, load matching and capacitance 
values used. 

The data determined experimentally can now be used to test the 
theory outlined in chapter three and enable a direct comparison of the 
ferrite lines to be conducted. Several characteristics of the ferrite lines in 
the absence of axial magnetic biasing can be calculated with reference to 
chapter three. Using equations 3.10 to 3.13, the characteristic resistance, 
capacitance and inductance can be obtained. These results are those 
displayed in table 6.1. With a knowledge of the magnitude and risetime 
of the input voltage, the peak shock front current magnitude, which is 
approximately 80% of that defined by Ohm's law for a particular 
characteristic resistance and voltage, can be determined. This leads in 
turn to an estimation of the optimum line length from equation 3.7 once 
the shock front permeability has been found from equation 3.4. For this 
latter calculation, the change in flux of the ferrite is needed. This can be 
established from figure 3.3 as approximately 325mT for the ferrite 
material4S2. The calculations also assumed values of 12 and 2.2 for the 
relative permittivity of the ferrite and the dielectric respectively. For 
both ferrite lines two and three, the peak shock front current, the 
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optimum line length and the output voltage risetime have been calculated 
using input voltage data which was representative of that used to obtain 
the graphs 6.18a and 6.18b. This data included voltage magnitudes of 
32.5kV and 30.2kV for ferrite lines 2 and 3 respectively which had 
associated 10-90% risetimes of 46.13 and 55.15ns. The predicted 
performance of the two ferrite lines are shown in table 6.2. In order to 
facilitate a direct comparison of the ferrite lines in terms of their 
predicted behaviour, the last three rows of the table have assumed 
identical input and output data for lines 2, 3 and 4. 

Calculated values of the optimum ferrite line length for ferrite lines 
two and three were 0.74 and 1.67m respectively. These values compare 
favourably with those obtained experimentally of 0.750+0.075m and 
1.78±0.15m. The minimum risetime calculated for ferrite line three of 
0.42ns is also in reasonable agreement to that found in practice of 0.51ns. 
However, the minimum risetimes calculated and established 
experimentally for ferrite line two of 0.53 and 1.475ns respectively 
differed significantly. This could be due to either one of two main 
reasons. Firstly, the ferrite line in this case was known to be badly 
matched, the load being of a higher impedance than the ferrite line, which 
could have reduced the current through the line and hence also increased 
the optimum risetime. Secondly, the ferrite may not have been saturated 
as quickly as that in the ferrite lines using the smaller diameter beads 
since the magnitude of the pulsed I127tr field term obviously decreases 
with the radial distance. This could cause the switching time to be longer 
and hence produce a slower voltage risetime. From the comparative data 
calculated in table 6.2, lines three and four were predicted to have the 
same optimum length with line four exhibiting a longer voltage risetime 
when using the same input voltage waveforms. Graphs 6.18a and 6.18b 
can be seen to generally support these conclusions experimentally. 

6.3.6 Axial Biasing and Optimum Magnetic Field Strength for 
Pulse Sharpening 

Presented within this section are the results of two studies 
performed in order to evaluate the effects of applying an axial magnetic 
bias field to the ferrite lines. 

The first experiment examined the effects of periodically axially 
biasing ferrite line two with 25 evenly spaced bar magnets placed along its 
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length. Voltage risetime measurements were taken as a function of the 
propagation distance along the ferrite line and compared to an identical 
set obtained after removing the magnets. As in previous experiments, the 
voltage risetime measurements were made from the integrated D-dot 
traces from successive probes. The main data pertinent to this experiment 
is shown in graphical format in figure 6.19. This graph depicts the 
voltage risetime as a function of the propagation distance for both the 
biased and unbiased case. It can be seen that initially the ferrite line 
length required to achieve the same voltage risetime reduction was longer 
in the case of the biased line, a phenomenon which has been mentioned 
previously in this thesis. The two curves then intersect after which the 
biased ferrite line can be seen to achieve the shortest voltage risetime. 
From this result, it would seem logical to apply linear magnetic biasing 
only to ferrite line lengths in excess of that required to achieve the 
minimum unbiased risetime since this risetime can be achieved at shorter 
ferrite line lengths in this way. The above comparison of the axially 
biased and unbiased ferrite line is far from ideal since the magnetic field 
was not constant along the length of the ferrite line. However, in the 
absence of a two meter long solenoid, it was felt to be an interesting 
experiment in its own right. 

The second experiment regarding axial magnetic biasing revolved 
around establishing the optimum magnetic field strength. Experimenting 
with ferrite line four, a solenoid with a length of 11.55cm and an internal 
diameter of 5cm was placed symmetrically around D-dot probe 13. This 
probe was situated at a distance of 181.5cm along the ferrite line and 
approximately at the position which produced the optimum voltage 
risetime when using the line in its unbiased state, as found from the 
experiments presented in the previous section. Measurements of the 
voltage risetime as a function of the magnetic field strength were taken, a 
plot of which can be seen in figure 6.20. Parameters pertaining to the 
electrical circuit included an a.I.e. supply voltage of 20kV and a load 
resistance of 58Q. Figure 6.20 shows that initially the voltage risetime 
fell steeply from a value of 726psec as the axial magnetic field strength 
was increased. However, this effect then became less pronounced and the 
risetime reached a minimum value of 296psec at an axial field strength of 
around 150Gauss. Further increases in the field strength led to a slow 
increase in the voltage risetimes obtained. 
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The field strength which could be obtained from the available bar 
magnets was also measured. A maximum of 0.59kGauss was produced 
from a row of such magnets placed upon the surface of the ferrite line 
with the average value lying between 0.2 and 0.3kGauss. This was 
evidently sufficient for the purpose of axially biasing the ferrite line. 
Although the field strength produced is neither as variable nor as constant 
over any significant length as that produced by a solenoid, bar magnets 
are easier to implement in most circumstances, occupying less space and 
eliminating the requirement of external circuitry. They also improve the 
overall efficiency of the ferrite line since their use removes the power 
which is otherwise dissipated in the solenoid. 

6.3.7 Pulse Velocity Measurements 
The ferrite lines were being designed primarily with their 

application to a laser head in mind. Thus, when operating several lines in 
parallel, methods of introducing a time delay in the output of one ferrite 
line relative to another were sought. This was with a view to 
implementing a system akin to Shipman's(5) travelling wave mechanism. 
Simply extending one ferrite line relative to another would fulfil this 
criterion. However, to enable this to be performed, the propagation 
velocity of the voltage pulse towards the output end of the ferrite line had 
to be established in order to alter the line lengths accordingly. This 
section presents the results of experiments designed to measure this 
parameter. It was also found of interest to establish how the average 
pulse velocity varied with the input voltage and if it changed as it 
propagated along the ferrite line. 

The effect of altering the voltage magnitude upon the transit time of 
ferrite line five is shown graphically in figure 6.21. In this case, the 
transit time was taken to be the time difference between the start of the 
two voltage pulse traces, TT and TL, which were obtained from the 

Tektronix probes. The latter waveform was that taken across a 480 load 
resistor. 

In a second experiment, it was attempted to monitor the voltage 
pulse velocity as it travelled along the ferrite line. Thus, ferrite line four 
with its numerous D-dot probes was used. During the experiment, a 
constant input voltage of 32.6kV was used, the load resistance being 580. 
The 50% magnitude mark of the voltage trace resulting from the 
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Tektronix probe TT was used to trigger the 2GHz oscilloscope. This 
oscilloscope then provided a trigger pulse, via a coaxial cable, to the 
8GHz oscilloscope which was being used to monitor the D-dot probes. 
The time between the 8GHz oscilloscope being triggered and the start of 
the integrated D-dot trace was taken for each D-dot probe in turn. The 
actual transit time of the line was measured using the waveforms 
produced by the two Tektronix probes. If it was assumed that the voltage 
pulse was monitored simultaneously by both the last D-dot probe and the 
Tektronix probe monitoring the load, TL, then the propagation time of 
the voltage pulse to each D-dot probe could be established. The 
aforementioned assumption incurs a very small margin of error in the 
absolute propagation time since the Tektronix probe was situated 
approximately Scm further away from the input end of the line than the 
D-dot probe, this additional distance not being a ferrite loaded section. 
However, since it was the relative propagation times between the D-dot 
probes that were of importance, this small time discrepancy was ignored. 
The resulting graph of the propagation time from the start of the ferrite 
line as a function of the propagation distance is featured in figure 6.22. 
Although the relative errors are large, an average velocity over each 
IScm of ferrite loaded line length as a function of the propagation 
distance is featured in figure 6.23. 

Figure 6.21 reveals that the pulse transit time of the ferrite line 
generally decreased as the input voltage increased. This behaviour was 
predictable since larger voltages give rise to larger currents. As can be 
seen from equations 3.4 and 3.S presented in chapter three, a larger shock 
front current produces a faster pulse velocity. From figures 6.22 and 
6.23, it can be seen that the pulse velocity increased as it propagated down 
the line. From figure 6.23, this velocity can be seen initially to have 
increased almost linearly with propagation distance. This phenomena also 
ties in well with the theory outlined in chapter three since the shock front 
current magnitude and hence the pulse velocity was predicted to initially 
increase with propagation distance. It is thought that if the line was 
extended further, past the optimum line length, then the pulse velocity 
would eventually become constant once the maximum shock front current 
had been attained. Although not conclusive, an indication of this 
beginning to happen can be seen in figures 6.22 and 6.23. The pulse 
velocity in the ferrite line can be seen to be approximately 4+0.Scm/ns 
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once the maximum current amplitude had been attained. From this, 
incremental line lengths could be calculated to introduce relative time 
delays between different ferrite lines. However, for small «20ns) time 
delays, there are better and more controllable methods of achieving them, 
as will be outlined in chapter seven. 

6.3.8 Low Inductance Ferrite Line Development 
In order to achieve larger current magnitudes which were foreseen 

to be necessary when driving the hydrogen laser, the development of a 
lower impedance shock line was undertaken. This problem was 
approached from two directions. The first was to be a study of simply 
placing several of the existing type five ferrite lines in parallel, either 
with a view of driving separate loads or a single, lower impedance, load. 
Whilst this is described in section 6.3.8a, the design and construction of a 
single, low impedance, ferromagnetic shock line is discussed in section 
6.3.8b. 

6.3.8a Effects of Paralleling Ferrite Lines 
Individual type five ferrite lines had been proven able to provide 

40kV pulses with a risetime below 300psec when attached to a resistive 
load. In this application, the exact propagation time of the ferrite line had 
not been of prime importance. However, in attempting to parallel several 
of these lines together to produce a single, low impedance, pulser, the 
outputs of each line had to be coincident. Total propagation times of such 
lines had proven to be of the order of lOOns, the exact propagation time 
being dependent upon the magnetic resetting of the ferrite line. 
Experience with driving independent gaseous discharges with separate 
ferrite lines, described in chapter seven, revealed that the resetting of the 
ferrite lines using the capacitor recharging pulse was not advisable if a 
controllable propagation time for the ferrite lines was needed. Thus a 
O.156mH bypass inductor was installed between ground and the pulser 
input such that little of the recharging current would pass through the 
ferrite lines. To reset the lines, a variable d.c. bias current supply was 
installed. Initially, ten ferrite lines of type five were placed in parallel 
with the facility to apply an axial magnetic bias to the output ends of the 
ferrite lines. Clearly, this too had to be applied evenly since axial 
magnetic biasing also affects the propagation time. Thus the biasing was 
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supplied by the solenoid described in section 6.3.6. The ferrite lines were 
spaced equidistantly around, and recessed into, a Perspex core having an 
outside diameter of 4.45cm. A Perspex cylinder with outside and inside 
diameters of 4.5 and 4.9cm respectively was used to clamp the lines in 
place. The core had a 15mm diameter hole cut axially through it to allow 
access by a D-dot probe cable and had ten, eight millimetre diameter, 
channels cut in its outer surface in which the ferrite lines were situated. 
A cross-section of the clamping arrangement is shown in figure 6.24. 
This assembly was then mounted inside the solenoid. During the 
construction of the ferrite lines, great care was taken to produce identical 
lines. It was found that the ferrite bead lengths were not perfectly 
uniform. Thus, lines containing 187 ferrite beads varied in length by as 
much as 2.5cm, the average difference being around O.5cm. Since all of 
the small gaps between the 187 ferrite beads could not be either 
eliminated or made identical, there was always the suspicion that there 
was some difference in the length of the ferrite loaded sections, perhaps 
by as much as lcm. This distance, however small, has an associated 
propagation time of O.25ns which is large when compared to risetimes in 
the order of O.3ns. Ensuring that the ferrite loaded sections were of a 
more equal length could have been done by individually, and very 
accurately, measuring the ferrite bead lengths before sliding them onto 
the centre conductor. However, at this stage it was thought that this was a 
little excessive, especially if the magnetic resetting of the ferrite proved to 
be the main problem in synchronising the ferrite line outputs. 

In the initial experiment, a d.c. bias current of 2.5A was chosen 
such that each ferrite line had a current of O.25A passing through it. This 
value was found to be optimum with regard to the attainment of voltage 
risetimes by Oicles(6) for their ferrite lines. A series of three pulses at a 
frequency of 5kHz was used to test the line. The storage capacitor was 
originally of 7.384nF in magnitude with an a.l.e. charging voltage of 
20kV being used. Input and output voltages were monitored by the 
Tektronix probes TT and TL, the latter being connected across the 6.35Q 
load. 

In the absence of a multi-gigahertz voltage probe, it proved almost 
impossible to directly monitor the performance of the low impedance 
pulser. The use of a D-dot probe to monitor the signal was precluded 
since at least 2ns of transmission time is needed to either side of it 
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otherwise reflected pulses make the reading unreliable, as discussed 
previously. Coupling the output of the pulser into a coaxial cable and 
measuring the risetime at a sufficient distance along it was attempted. 
However, measurements of the risetime conducted in this manner 
encompass the effects of the coupling between the pulser output and the 
coaxial cable and even the attenuation, temporal dispersion and the 
bandwidth limitations of the coaxial cable itself. Thus this method of 
measuring the output risetime was not deemed to be representative of the 
performance of the pulser itself. Monitoring the voltage across the 
resistor with the 75MHz Tektronix probe could only validate the fact that 
the output voltage risetime was less than 3.5ns. 

6.3.8b Ferrite Line in Strip-Line Geometry 
The second technique investigated to produce a low impedance 

pulser was to build a ferromagnetic shock line in a strip line geometry. 
The ferrite material previously used, 452, was not available in slab 
geometry. However, a similar material, F19, which was manufactured by 
MMG, was available in such a form. The slabs available were relatively 
thick (approximately 6.5mm) so it was thought that if pulse sharpening 
effects were observed then the thickness of the slabs would be reduced by 
grinding in order to reduce the impedance of the strip line and to enable 
sharper pulses to be obtained. The characteristic impedance, ZO, of the 

configuration depicted by the cross-section shown in figure 6.25 can be 
calculated by the use of the equation below:-

Zo =~~~~o X d 
2 ££0 a 

eq.6.1 

In this equation, a represents the width of the strip line while d denotes 
the thickness of the dielectric. The inductance, L, and capacitance, C, of 
the stripline are given by the equations:-

PhD Thesis 

1 d 
L = -(~~O)-

2 a 

d 
C=2(££0)-

a 

eq.6.2 

eq.6.3 
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The stripline was made simply by sandwiching a central conductor, of 
rectangular cross-section, between the ferrite cores and wrapping this in 
five layers of O.21mm thick Kensulate insulation having a dielectric 
strength of approximately 26.5kV Imm. Around this assembly was wound 
an outer, aluminium, conductor. The length of the ferrite loaded section 
of the strip line was measured to be 66cm. Material specifications for the 
ferrite appear in table 6.3. Using these figures, an effective permittivity 
of 10 for the filler in the strip line and the dimensions shown in figure 
6.25, the impedance of the stripline can be calculated as 5.95Q with 
capacitance and inductance values of O.89nF and 62.8nH respectively. A 
similar analysis of this line to that performed upon the coaxial ferrite 
lines yielded an optimum length of 68cm. Upon testing the shock line, not 
only was there an absence of a pulse sharpening action but a slight 
degradation of the pulse profile was found to be manifest. This could, in 
fact, have been due to anyone of a number of reasons. The first 
explanation offered for the observed behaviour is that the material, 
although exhibiting properties similar to those of 4S2, is not suitable as a 
pulse sharpening medium. This could be tested by obtaining the same 
material in bead format and assembling a coaxial ferrite line whose 
configuration is known to work. Secondly, the problem may have been 
that the large dimensions of the ferrite slabs, and hence the overall 
dimensions of the stripline, prohibited the same degree of flux saturation 
throughout the ferrite being achieved as in the coaxial lines. It should be 
noted that below the minimum voltage required for pulse sharpening 
action in coaxial lines to occur, a degradation in the pulse profile is also 
seen. The chances of the ferrite line working could be improved by 
reducing the thickness of the ferrite slabs. However, owing to the large 
amount of work that this would involve, it was felt that the building of a 
coaxial line in order to test the material should be contemplated first. 
Unfortunately, other work was given a higher priority at the time leading 
to this line of research being discontinued. 

Another approach to the manufacture of a low impedance ferrite 
line is to consider the use of Metglas as the non-linear material. This is 
readily available in film format, has been used in magnetic pulse 
compression circuits and its switching properties have already been 
analysed by Dolan et al(7). Time restrictions limited the investigation of 
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this material to the building of a single shock line. It was thought that the 
best way to test the material was to assemble a coaxial line, whose 
geometry was known to work, from beads made by winding the Metglas 
around the centre conductor with insulation separating the turns while 
also insulating the material from both the inner and outer conductor. 
However, this would not have produced a low impedance pulser which 
was that desired. Thus an experimental pulse sharpening strip line was 
constructed. The easiest way to assemble this was seen to be either to lie 
the Metglas along the length of the centre conductor or to wrap it around 
the inner conductor which had a rectangular cross-section. Both methods 
were tried on the same pulser, two layers of each type of winding being 
separated by heat shrinkable tubing. An additional layer of insulation was 
applied before the current return, this being made from copper sheet, was 
wound around the outside. Had any pulse sharpening action been noted, 
then a more detailed examination of this type of pulser would have been 
pursued. However, as observed when using the aforementioned stripline, 
a deterioration of the voltage pulse risetime was noted over a wide range 
of input voltages up to a maximum of 25kV. Time pressures caused the 
abandonment of this type of low impedance shock line development. 

6.4 Ferrite Lines Applied to a Gaseous Load 
6.4.1 Introduction 

The work relating to the application of ferrite lines to drive gaseous 
loads was primarily focused on laying the groundwork for a ferrite line 
driven hydrogen laser, this being discussed in chapter seven. However, 
other peripheral experiments were also performed which will be dealt 
with in this section. The very first experiments conducted on a gaseous 
load used nitrogen as the active medium in order to produce a laser 
operating at 337.1 nm. Appropriately, it is this which will be discussed in 
the following section. High repetition rate operation of the ferrite lines 
when applied to a gaseous load will then be discussed in section 6.4.3. 
This will be conducted with specific reference to experiments performed 
on an EEV, XL7000, sealed off copper vapour laser (CVL). The 
investigation was originally undertaken with the aim of establishing 
whether a voltage pulse having a rapidly rising leading edge would be 
advantageous when exciting this type of laser. 
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6.4.2 Ferrite Line Driven Nitrogen Laser 
As discussed in chapter two, the 337.1nm transition in nitrogen was 

often used as a precursor to experiments performed in the VUV spectral 
region. Significant laser action was first observed on this transition when 
using two ferrite lines denoted type one in table 6.1. These were 
connected to a stripline made from two sheets of aluminium separated by 
a layer of mylar insulation. The sole purpose of this stripline was to 
distribute the current more evenly throughout the electrodes of the 
sectional longitudinal laser. Thirty centimetres of discharge was initially 
used. The laser pulse was directed into the monochromator which was 
aligned to pass 337.1nm radiation. Other than proving that lasing was 
easily attainable at potentially high repetition rates when using the ferrite 
lines, this enabled the performance of the sodium salicylate scintillator to 
be evaluated. The results from this have been presented below. 

In order to evaluate the performance of the sodium salicylate 
scintillator, the PMT was exposed to pulses from the nitrogen laser both 
with and without the scintillator screen in front of it. The two traces 
obtained on the 8GHz HP oscilloscope are shown in figures 6.26a and 
6.26b respectively. They clearly illustrate the rise and fall time 
limitations imposed upon the diagnostics by the use of the scintillator 
when viewing the optical pulses. The 10-90% rise and fall times were 
increased from 1.18ns and 2.24ns respectively to 2.48ns and 15.44ns by 
the insertion of the sodium salicylate window. Thus it is clear that 
absolute pulse shapes cannot be seen with this technique since the rise and 
fall times of the optical pulse are faster than the response of the 
scintillator. In addition, the output slit of the monochromator was 
enlarged in order to obtain a similar magnitude output pulse when the 
scintillator was in place as compared to when it was absent. It may be 
presumed, therefore, that the efficiency of the system is reduced upon the 
insertion of the scintillator screen. However, despite these limitations, the 
scintillator and PMT combination proved to be useful in obtaining relative 
pulse energy measurements. 

6.4.3 High Repetition Rate Operation:- Application of 
Ferromagnetic Shock Lines to Copper Vapour Lasers 

During a three month placement at EEV, a ferrite shock line was 
applied to an EEV XL 7000 sealed off CVL. The aim of the project was 
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twofold. Firstly, the objective was to explore any significant benefits 
which might be produced by driving the laser by a rapidly rising voltage 
leading edge. This first task was severely hampered by both the relatively 
low magnitude of the supply voltage available (20kV) and the absence of 
high speed diagnostics. Thus, no conclusive evidence was gathered on this 
issue. The second goal was to analyse the behaviour of the ferrite lines 
when operated at high repetition rates, high powers and over a long 
duration. Conventionally, the laser had been run at 14kHz using a 
thyratron anode voltage of 10kV, a modulator voltage of 5.2kV while 
drawing an average current of O.32A. This gave an approximate input 
power of 1664 W. Energy dissipation within the ferrite line was at this 
point still unknown but could be foreseen to be a significant fraction of 
this. The first priority was thus to determine this unknown factor. 

6.4.3a Energy Dissipation in the Ferrite Line 
Upon connecting an existing type five ferrite line to an oil 

circulation system, it was easily recognised that the flow rate was 
insufficient to achieve the effective cooling of the ferrite material. Since 
the supply voltage was only one half of that being used in St. Andrews and 
there was no wish to increase the inductance of the ferrite lines, the 
copper tube diameter was left unchanged and a ferrite line constructed 
using a nylon tube having an outside diameter of O.2Sinches and a 1mm 
wall thickness. A facility to measure the temperature of the oil before 
and after traversal of the ferrite line was also incorporated. In the 
experiment, the line was connected to the laser head and run at 14kHz 
with a thyratron anode voltage of lOkV and the conventional capacitor 
values being used. The average current was read off the modulator supply 
as O.32+0.2A at a voltage of S.2S±O.2SkV. By establishing the energy 
transferred to the cooling oil, an approximate value for the energy 
dissipation in the ferrite line could be established. Before taking any 
definitive readings, two factors had to be compensated for. The first was 
the viscosity of the oil. Since this factor decreases with an increasing 
temperature, the flow rate correspondingly increases. Therefore, the 
value of the oil flow rate of 4.44ml/sec was measured while the laser was 
running under equilibrium conditions rather than when the oil was at 
room temperature. The second factor to be considered was that the laser 
transferred energy to the ferrite line through convection because of their 
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close proximity to each other. To establish the magnitude of this effect, 
the laser was run conventionally without using the ferrite line but with the 
oil circulating in the line at the same speed as before. The input and 
output temperatures were measured as 23.00°C and 22.S0°C respectively 
before the laser was turned on and 24.2SoC and 26.00°C when the 
temperature difference had settled. A constant temperature difference 
between the oil at the input and output of the ferrite line was observed to 
be 19.2SoC when operating the laser using the ferrite line. The power 
dissipated in the ferrite line is given by PL where:-

PL = v. mCpdT eq.6.4 

In this equation, v represents the fluid flow rate (4.44mllsec) while m and 
Cp denote the density (0.89) and the specific heat capacity (taken to be the 
same as paraffin wax, 2.9Jg-1K-1 at 273K) respectively of the oil. Once 
the factors noted above had been taken into account, a value of 
approximately 200W was obtained for the power dissipated in the ferrite 
line. The average power supplied from the modulator was calculated 
simply by multiplying the average current by the voltage. This yielded a 
figure of 1680W. Hence, the ferrite line was found to be dissipating 
around 12% of the input energy. Clearly, this figure cannot be taken as a 
definitive value for the energy dissipation in the ferrite line since this 
factor also depends upon the rest of the electrical circuit. However, the 
experiment did establish an approximate figure which can be used to 
calculate the oil flow rates required to cool the ferrite lines in future 
applications. Lastly, it should be noted that the ferrite line did break 
down after approximately one hour when operating at 14kHz and at an 
input voltage of 14kV. This was due to the increased demands that the 
higher operating frequency placed upon the dielectric. Since the 
dielectric strength of nylon is typically of the order of 12kV/mm, failure 
of the line was anticipated. 

6.5 Conclusions 
This chapter has both discussed the characteristics of the ferrite 

lines constructed during this project and has compared the experimental 
results with values and predictions arising from the use of the theory 
outlined in chapter three. It has been found that in the absence of linear 
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magnetic biasing, there was a fair degree of correlation between the 
predicted performance of the ferrite lines and that obtained. 

In section 6.3.2 it was shown that the D-dot probes worked 
satisfactorily provided that they were isolated from any reflected pulses 
by a propagation time equivalent to the pulse risetime. The required 
distance from the D-dot probe to any impedance mis-matches (e.g. the end 
of the ferrite line) can be calculated in future type five ferrite lines from 
a knowledge of the pulse propagation velocity. This was found to be 
approximately 4±0.Scm/ns towards the output end of the ferrite line. 
Other important values which were obtained included the optimum line 
lengths, established when operating at a supply voltage of 20kV, of 
around 0.7S+0.08m and 1.74±0.ISm for the lines using the larger and 
smaller ferrite bead diameters respectively. In terms of risetimes, when 
linearly magnetically biased the line containing the smaller ferrite beads 
achieved the fastest risetime of 281 psec while a risetime of only 40Spsec 
was attained using the larger diameter line. However, this latter line 
possessed the smaller impedance which would ultimately enable each line 
to deliver a greater current to the laser head. A figure for the optimum 
axial magnetic field strength in respect to the production of fast voltage 
pulse risetimes was also obtained. Fortuitously, fields similar to this value 
of IS0Gauss could be supplied by the use of bar magnets which were 
found to be simpler to implement than solenoids. 

The fact that input voltage pulse risetimes of tens of nanoseconds 
were sharpened to a sub-nanosecond level was an achievement in itself. 
However, of greater importance to the project was the implication that a 
ferrite line driven hydrogen laser could be operated successfully if a large 
enough current could be provided. Due to the failure of the single, low 
impedance, strip lines, the way to achieve this was seen to be the 
placement of several of the ferrite lines in parallel, as performed in 
section 6.3.8a. The choice of whether to pursue the larger diameter 
ferrite cored lines with their shorter optimum line lengths and lower 
impedance or the smaller diameter ferrite beaded lines exhibiting, on the 
whole, faster risetimes, was a matter for strong debate. Eventually, it was 
the method of application of the ferrite lines to the laser head which was 
seen to be the decisive factor. Since it was desired to power either 
individual, or pairs, of discharge segments using separate ferrite lines, the 
lines containing the smaller beads were favoured and used to perform the 
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majority of the gas discharge experiments described in the next chapter. 
This was for several reasons in addition to the fact that the individual lines 
were capable of producing voltage pulses having faster risetimes. Firstly, 
their impedance was found to suit the application reasonably well. From 
the experiments performed by Borgstrom(8), it was known that 50Q 
coaxial lines could supply sufficient current to excite two, 3cm long, 
discharge segments of a sectional discharge hydrogen laser having a 
circular cross-sectional bore of 2mm in diameter. Thus, ferrite lines 
having a saturated impedance of 63.5Q were thought to be able to supply 
sufficient current to a laser having a Imm square bore cross-section. 
Fourteen such lines would be able to excite a discharge length of 84cm 
while drawing a peak current of only 8.82kA; a value which was thought 
to be low enough to safeguard the thyratron's upper peak current limit of 
10kA. A third factor in favour of the smaller diameter lines in this 
application was their greater flexibility which, when combined with their 
longer lengths, enabled them to be coupled directly from the thyratron to 
any pair of electrodes along the length of the sectional longitudinal laser 
head. This saved attempting to couple the lines into a flexible coaxial 
cable which would have caused pulse reflections to be set up in the line. 
The last reason presented for choosing the smaller diameter ferrite lines is 
simply that ten such lines had already been built, not to mention having 
already been successfully placed in parallel, so that it made sense to 
initially experiment with these lines. However, if another single, low 
impedance, pulser was to be built, then the ferrite lines containing the 
larger toroids would be used in order to supply the maximum current 
while using the minimum number of ferrite lines, thus reducing the 
circuit complexity. The shorter optimum lengths of the lines would also 
allow a more compact pulser to be made. 
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Ferrite Line 
No. 

1 

2 
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5 
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Toroid Length of 
Dimensions Ferrite 

(mm) Section 
i.d./o.d'/l (cm) 

3/8/10 90 

3/8/10 200 

0.7/3/10 200 

0.7/3/10 200 

0.7/3/10 187.5 

0.7/3/10 187.5 

0.7/3/10 187.5 
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TABLE 6.1 
Table of Ferrite Line Characteristics 

Insulation Type Copper Special Features 
Tube 

i.d./o.d. 

2 Layers of 10.2,12 
Heat Shrink 

Tubing 
2 Layers of 10.2,12 '0' ring sealed D-Dot 
Heat Shrink probes periodically 

Tubing spaced along length. 
2 Layers of 4.6,6.4 

Heat Shrinkable 
Tubing 

3 Layers of 4.6,6.4 
Heat Shrinkable 

Tubing 
PTFE tubing, 6.8/8 High Repetition 
i.d. 3.175mm, Rate/Oil Cooling 
0.d.6.35mm Facility 
Nylon tubing, 6.8/8 High Repetition 
i.d. 4.35mm, Rate/Oil cooling 
0.d.6.35mm Facility 
PTFE tubing, 6.8/8 High Repetition 
i.d. 3.175mm, Rate/Oil cooling 
0.d.6.35mm Facility 
--_ ...... _._-

Calculated Calculated 
Inductance Capacitance 

(mH) (nF) 

0.0245 0.290 

0.0245 0.290 

0.377 0.176 

0.377 0.176 

0.455 0.113 

Calculated 
Impedance 

(Q) 

29.10 

29.10 

46.25 

46.25 

63.54 
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TABLE 6.2 

Calculated Performance of the Ferrite Lines 

Ferrite Input Input Ish (A) Optimum Risetime 
Line No. Voltage Risetime Length (ns) 

(kV) (ns) (m) 
2 32.5 46.13 894 0.74 0.53 
3 30.2 55.15 522 1.78 0.42 

2 30.00 55.00 825 0.81 0.58 
3 30.00 55.00 519 1.76 0.42 
4 30.00 55.00 378 1.76 0.58 

TABLE 6.3 

Characteristics of the Ferrite Material F19 

PARAMETER F19 

Initial Permeability (nominal) 1000 
Saturation Flux Density(typical) 260mT 
Remnant Flux Density(typical) 165mT 

Coercivity (typical) 53A/m 
Loss Factor (maximum) 350E-6 at 1MHz 

Temperature Factor 3-6.5E-6/C 
Curie Temperature (minimum) 120C 
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FIGURE 6.2 

Thyratron Triggering Circuit 
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FIGURE 6.3 

D-dot Probe Used to Measure the Voltage Wavefonn at Any 
Point Along the Ferrite Line 
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Clamp Style D-dot Probe Used to Measure the Voltage 
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FIGURE 6.5 

D-dot Probe Used to Measure the Voltage Wavefonn at the 
Start or End of the Ferrite Line 
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FIGURE 6.9 
Input and Output Voltage Wayeforms for the 

Ferrite Pule Sharpening Line 
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FIGURE 6.10 
D-dot Output and Integrated Output Waveforms for the 

Ferrite Pulse Sharpening Line 
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FIGURE 6.11 
Output Voltage Risetime as Measured by the Tektronix and D-dot 

Probes as a Function of the Input Voltage for Ferrite Line Five 
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FIGURE 6.12 
Output Voltage as Measured by the Tektronix and D-dot Probes 

as a Function of the Input Voltage for Ferrite Line Five 
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Input and Output Voltage as a Function of the 

Supply Voltage for Ferrite Line Five 
40r-------~~------_,--------~--------_.30 

30 
20 

20 

III Voltage peT) 10 

10 • Voltage peL) 

O~------~~------~--------~--------~O 
o 10 20 

SUPPLY VOLTAGE (kV). 

FIGURE 6.15b 
Input Voltage as a Function of the Supply Voltage 
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Input Risetime as a Function of the Input Voltage 

for Ferrite Line Five 
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FIGURE 6.17 
Percentage Voltage Risetime Reduction as a Function of the 
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FIGURE 6.18a 
Output Voltage Risetirne as a Function of Propagation 

Distance for Three Different Ferrite Lines 
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FIGURE 6.19 
Output Voltage Risetime as a Function of the Propagation Distance 
when Ferrite Line Two was both Magnetically Biased and Unbiased 
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FIGURE 6.20 
Output Voltage Risetime as a Function of the Linear 

Magnetic Field Strength for Ferrite Line Four 
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FIGURE 6.21 
Pulse Transit Time as a Function of the Input 

Voltage for Ferrite Line Five 
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FIGURE 6.22 
Pulse Propagation Time as a Function of Propagation 

Distance for Ferrite Line Four 
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FIGURE 6.23 
Average Pulse Velocity as a Function of the Distance 

Propagated Along Ferrite Line Four 
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FIGURE 6.24 

Cross-section of the Clamping Arrangement 
for the Paralleled Ferrite Lines 
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FIGURE 6.26 
Nitrogen Laser Pulse Profile Taken with the Scintillator 
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CHAPTER 

7 

Ferrite Line Driven 
Hydrogen Laser 

7.1 Introduction 
This chapter will present the results of experiments in which the 

non-linear ferromagnetic shock lines were used to drive the hydrogen 
laser. The electronic excitation circuit was envisaged to take one of two 
main forms. In the first, individual or pairs of discharge segments were 
powered by discrete ferrite lines. The travelling wave excitation scheme 
was implemented by altering the relative propagation times of the ferrite 
lines by use of a d.c. bias current. The second approach entailed the use 
of the low impedance ferromagnetic shock line, described in section 6.3. 
By feeding the output of the shock line into a number of coaxial cables, 
the energy could be shared between a number of discharge segments along 
the laser bore. These cables were of graduated lengths such that each 
cable initiated a sectional discharge at the appropriate time in order to 
accomplish the matching of the electrical excitation wave velocity to the 
optical pulse velocity along the laser. It was the former proposal which 
was investigated, and will now be presented, first. 

7.2 Multiple Ferrite Line Driven Hydrogen Laser 
7.2.1 Introduction 

In this section, the results of driving pairs of discharge segments 
with separate ferrite lines will be discussed. The gain curve presented in 
chapter five indicated that a discharge length of at least 42cm was 
necessary in order to see appreciable gain in the hydrogen system. Thus, 
ten ferrite lines were used to drive two, 3cm long, discharge segments 
apiece which enabled a discharge length of 60cm to be used. The 
excitation circuit is presented in figure 7.1. By comparing this excitation 
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system to that used by Borgstrom(l), lasing was expected provided that 
the separate discharges could be accurately timed. Lasing action was 
reported in this paper when using a voltage of only 25kV with 50Q 
coaxial cables being used to distribute the electrical energy along the 2mm 
diameter, 1m long, laser bore. Since the ferrite lines were capable of 
producing voltages in excess of 25k V and had a saturated impedance of 
65Q, then both the voltage and the current density in the 1mm square 
laser bore could be increased from the values used by Borgstrom. The 
critical factor in the achievement of lasing was therefore deemed to be the 
relative timing of the output pulses of the individual ferrite lines. There 
were two features built into the excitation circuit in order to achieve this. 
It had been found that if the capacitor Cs was recharged through the 
ferrite lines, then slight differences in the current pulse through each line 
caused variations in the magnetic resetting of the ferrite cores. This in 
turn led to changes in the relative propagation times of the ferrite lines on 
the next shot. To circumvent this problem, a bypass inductor was 
introduced which allowed the capacitor to be recharged without using the 
ferrite lines for this purpose. However, this meant that an alternative 
method of resetting the ferrite between shots had to be used. Hence, each 
ferrite line was connected to a d.c. power supply via a resistor. An 
advantage of this system of resetting the ferrite is that an increase in the 
d.c. bias current through a ferrite line increases the propagation time of 
the voltage pulse along it. Thus it was envisaged that the resistor values 
could be varied so that a progressive time delay could be introduced 
between the output pulses from the ferrite lines enabling a travelling wave 
excitation scheme to be realised. Critical to the whole scheme was the 
inter-electrode jitter as well as the mean inter-electrode timing. This was 
the first issue to be addressed. In the experiments described below, an 
almost standard set of operating parameters were adopted. These 
included an a.l.e. supply voltage of 15kV, a d.c. total bias current of 3A 
and a gas pressure of 31mbar. Where no other values are given in the 
text or accompany the figures, then it was these values which were used. 

7.2.2 Inter-electrode Timing and Jitter 
To enable the energy of the laser pulse to be evaluated, an rf 

shielded cage was made. (Both the results of this experiment and a 
description of the cage are presented in section 7.3.8) The placement of 
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the diagnostics inside the shielded cage which itself was positioned 
adjacent to the laser enabled far shorter optical fibres to be used than 
before. A consequence of this was that the temporal spread of the optical 
pulses themselves due to their propagation along the fibres was also 
reduced thus yielding more accurate risetime measurements. Inter
electrode timings were to be made as before. To evaluate the accuracy of 
the system, the two fibre optic cables were placed such that they 
monitored the same discharge segment. The time interval between the 
50% risetime marks of the two traces was measured and averaged over 
thirty shots. This yielded an average separation of 0.069ns with a 
statistical deviation in the timing of 0.103ns. It was concluded that inter
electrode timings could not realistically be monitored to an accuracy 
greater than this. However, since this method of measuring the inter
electrode timing includes a contribution from the actual risetime and 
magnitude of the light emitted by the discharges being monitored, it was 
felt that the statistical errors calculated when monitoring two separate 
discharges were slightly greater than those seen in reality. 

In the initial timing and evaluation of the travelling wave 
mechanism, one of the two optical fibres was used to monitor the extreme 
downstream discharge whilst the other monitored a discharge segment 
driven by the other ferrite line outputs in turn. With a total bias current 
of 3A being used, a graph of the inter-electrode timing as a function of 
the d.c. current difference between line 10 and line 1 was compiled as the 
resistor value controlling the bias current through line 10 was altered. 
Figure 7.2 shows this graph and reveals the fact that the relationship 
between the delay and the current difference was practically linear in the 
range of current magnitudes used. Propagation times could, in fact, be 
varied by as much as 14ns. The magnitude of all of the resistors were 
then altered so that an approximate delay of O.lns was introduced between 
neighbouring discharges, this increasing towards the upstream end of the 
laser. The speed of the electrical excitation wave was then predicted to 
match the speed of the optical pulse. It was found that on average the 
inter-electrode timing jitter was approximately 0.68ns. This was inside 
the 0.8ns spontaneous upper state lifetime and was deemed sufficiently 
small to allow lasing to occur. The next task was to examine the axial 
radiation and verify that lasing action was prevalent. 
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7.2.3 Experimental Proof of Lasing 
This section will attempt to supply definitive proof of the presence 

of lasing in the system described above whilst also serving to characterise 
the laser itself. The evidence presented below ranges from simple 
observations of the output beam to a spectrum of the laser and will be 
presented in separate subsections. 

7.2.3a Observations 
The first result that indicated that lasing action was present was the 

observation of a series of distinct points of light on the scintillator screen 
inside the monochromator. One of these spots coincided with the output 
slit of the monochromator when the device was set at 160nm whilst the 
others were presumed to be the different orders produced by the 
diffraction grating. As has been mentioned previously, spontaneous 
emission was characterised by an exceptionally dim smear of light across 
the screen. Additionally, the spot size seen on a scintillator screen placed 
inside the monochromator but in front of the diffraction grating appeared 
to be too bright and small to be the result of spontaneous emission. 

7.2.3b Travelling Wave Effects 
Several authors have compared the output from the upstream and 

downstream ends of a discharge in an attempt to verify lasing. An optical 
pulse intensity at the downstream end of several times that evident at the 
upstream end was thought to indicate that the travelling wave excitation 
mechanism was producing ASE. Clearly, in the case of the laser head 
currently under study, this method would not be valid. This is because 
the relatively long section of Imm bore tubing at the upstream end of the 
discharge could be said to remove most of the spontaneous emission in 
this direction through diffraction and absorption losses. Hence a large 
difference in intensities would be produced even if only spontaneous 
emission was present. However, the timing of the travelling electrical 
wave could be destroyed by simply removing the d.c. bias current 
through the ferrite lines. A reduction in the relative axial optical pulse 
energy at 160nm would then indicate that ASE was being produced by the 
excitation wave. Figures 7.3 and 7.4 show the output pulse with the bias 
current switched off and on respectively, all other excitation conditions 
being identical. The large difference in the magnitude of the two pulses 

PhD Thesis 229 P. N. Marsh 



Chapter 7 Ferrite Line Driven H2 Laser 

does indicate that the system was lasing. It should be noted that the trace 
obtained without the d.c. bias current being used was not necessarily 
simply due to spontaneous emission. This is because several of the 
discharge segments may still have been adequately timed thus producing 
some ASE. However, other discharge segments may have dropped into an 
absorptive state before the ASE pulse arrived thus effectively reducing the 
magnitude of the axial pulse seen. The difference between the magnitude 
of the ASE pulse and that produced by purely spontaneous emission will 
thus be greater than that indicated. Additional evidence for the 
occurrence of lasing can be gleaned from the faster risetime of the optical 
pulse obtained upon turning the bias current on. 

7.2.3c V oltage and Pressure Curves 
The relative axial optical pulse energy was measured as a function 

of both the gas pressure when using a fixed supply voltage of lSkV and 
the voltage when using a gas pressure of 31mbar. These two curves are 
depicted in figures 7.S and 7.6 respectively. The latter curve has been 
reconstructed in figure 7.7 using the measured breakdown voltage across 
the laser head since both the risetime of the voltage pulse produced by the 
ferrite lines and thus the actual breakdown voltage of the laser is heavily 
voltage dependant. Due to the risetime limitations of the Tektronix 
probes used to measure the breakdown voltage, large error bars have 
been assumed for these voltages. Each point depicting a relative pulse 
energy measurement was averaged over 40 and 30 shots in the case of the 
pressure and voltage curves respectively. The error bars on the graphs 
were calculated from the statistical deviation in each set of readings. 

The pressure curve possesses a maximum value with regard to the 
relative pulse energy at a gas pressure between 30 and SOmbar. This 
would have been expected from a consideration of the pressure curves 
produced whilst using the single shot switch. As can be seen from the 
figure, several sets of readings were taken at a gas pressure of around 
30mbar but at different times throughout the experiment. Fairly large 
discrepancies are evident between the readings. These seem to result 
from either slight variations in the inter-electrode timings or a slow 
build-up of impurities in the monochromator as the experiment 
progressed. The large shot to shot errors evident within any set of 
readings indicate that the former explanation is the most likely. It is 
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noticeable that the two largest readings on the graph had the smallest 
statistical deviation in their averages. This implies that during these sets 
of readings, the inter-electrode timings were both better and more 
consistent than in some other cases thus yielding a higher average value 
for the relative pulse energy. 

The voltage curve of figure 7.6 shows the axial optical pulse energy 
being a weak function of voltage up until the threshold supply voltage of 
12.5kV, after which it increases quickly. Figure 7.7 shows that the 
breakdown voltage across the laser corresponding to threshold conditions 
was approximately 32kV. Larger error bars for the relative pulse energy 
measurements can be seen to be manifest when the laser was in fact lasing 
since in this case the light amplitude is more critically reliant upon the 
inter-electrode timing than when the radiation is predominantly caused by 
spontaneous emission. The gradually diminishing return in the laser 
output upon increasing the supply voltage after a value of around 15kV is 
thought to centre upon the saturation of the scintillator.(see section 
7.3.8b) 

Both figures 7.5 and 7.7 are felt to provide additional evidence that 
the system was lasing. A threshold voltage is certainly characteristic of a 
laser and can clearly be seen to be present in figure 7.7. 

7.2.3d Spectra 
Often, the definitive proof of lasing action has been presented as the 

spectral narrowing occurring upon the onset of lasing. This naturally 
entails obtaining a spectrum of the laser pulse. Historically, this has been 
performed by taking a densitometer trace from a film used to record the 
pattern of lines produced by a diffraction grating. This option was not 
available to the project. Hence it was decided to scan the monochromator 
through the relevant wavelengths whilst recording the peak magnitude of 
the axial light. There is an inevitable trade-off between the resolution and 
the amount of light entering and exiting the monochromator as the input 
and output slits are stopped down. To achieve the maximum resolution of 
the monochromator, which was quoted to be O.lnm, the slits had to be 
reduced to a width of around 10/-lm. This meant that the amount of light 
incident upon the scintillator, transmitted by the optical fibre and detected 
by the PMT was quite low. To improve the signal to noise ratio inside the 
shielded box, the PMT housing was wrapped in conductive adhesive 
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shielding foil and the cables doubly earthed. Although this reduced the rf 
pickup to a large extent, significant amounts of very high frequency noise 
remained which upset the automatic voltage magnitude measurements of 
the oscilloscope. At this point, the slow decay time of the scintillator 
became useful. Because the actual optical pulse duration was relatively 
long compared to the laser pulse length of less than Ins, the 30MHz band
width limit on the oscilloscope plug-in could be turned on. Although this 
reduced the magnitude and increased the risetime of the observed optical 
pulse slightly, it had the effect of reducing the noise level to typically less 
than 3m V which proved to be adequate. Due to variations in the laser 
pulse energy, five shots were taken at each wavelength and the magnitudes 
manually averaged. Since the monochromator used had a quoted 
maximum resolution of O.lnm, peaks separated by less than this figure 
were not expected to be resolved. However, before the hydrogen spectra 
were taken, two spectra of the nitrogen laser were taken in order to test 
the calibration of the monochromator. 

The first nitrogen spectra to be taken was that presented in figure 
7.8. The input and output slits were stopped down to 10 and 460J.1m 
respectively which proved to be the minimum widths at which the peak 
centred at 357.25nm could be viewed. An enlarged spectra of this peak is 
shown in figure 7.9. The narrowness of the line, which is probably still 
narrower if the monochromator had possessed a better resolution, 
indicates the presence of lasing on the 357.69nm transition. Optical pulse 
traces, both with and without the bandwidth limit in place, appear in 
figures 7.10 and 7.11 respectively. Because of the comparatively large 
intensity of the 337.1nm line, the slits on the monochromator could be 
stopped down to around 15J.1m with a sufficient amount of light remaining 
to facilitate detection. This spectra is shown in figure 7.12. Optical pulse 
traces, both with and without the bandwidth limit of the plug-in turned 
on, are shown in figures 7.13 and 7.14 respectively. From the two 
detailed spectra, it can be seen that the 337.1nm and 357.69nm transitions 
are not centred about the appropriate values as read from the 
monochromator. Indeed, the monochromator seems to read 0.44nm 
lower than the line at 357.69nm would suggest. Since the spectral width 
of this line is much narrower than that lying at 337.1nm, this was taken as 
the actual calibration error for the monochromator. It can be seen that by 
using this error, the 337.1nm line is placed much more centrally around 
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337.1nm on the spectrum. This slight error in the monochromator 
readings was not corrected for but note was made of the fact that it read 
slightly low when it came to taking the hydrogen spectrum. By 
comparing figure 7.10 with 7.11 and 7.13 with 7.14, the effect of limiting 
the channel input to a frequency of 30MHz can be seen. The pulse 
magnitude has been reduced and the risetime of the laser pulse has been 
increased. With the oscilloscope set to 500m V Idivision, as used on all of 
the traces shown, the vast improvement with respect to the noise level 
cannot be seen upon switching the 30MHz frequency limit on. 

The maximum resolution of the monochromator could not be used 
initially to take the hydrogen laser spectrum due to the comparatively 
weak signal. Thus the input and output slits were set to 80 and 92.5J..Lm 
respectively so that the lesser peaks could be viewed. By scanning the 
monochromator through the relevant wavelengths in O.lnm steps, the first 
spectrum was taken. The slits were then stopped down to yield the 
maximum resolution available which still allowed the signal of the largest 
peak to be seen. Only the wavelengths around 160nm could now be 
detected. The monochromator was this time scanned in 0.05nm steps. 
Without adjusting the traces obtained for the slight offset of the 
monochromator found earlier, the two spectra appear in figure 7.15. The 
spectra have been overlain by the spectrum taken by Waynant et al(2) 
when using a 1m vacuum monochromator which had a quoted accuracy of 
O.Olnm. From this comparison, the line lying to the extreme right of the 
spectrum can be tentatively identified as the 161.318nm line which is 
produced by the P3 (5-12) transition. The peak immediately to the left is 
probably a combination of the unresolved 160.902 and 160.839nm lines. 
These result from the P3(6-13) and the P3(4-11) transitions respectively. 
These three peaks also correspond to the most intense lines obtained by 
Hodgson(3) and Kirkland(4). There may also be a component of the 
160.75, P1(6-13) transition in this line. The comparatively small pulse 
energies exhibited by the other two peaks shown in figure 7.15 precluded 
the further reduction of the slit widths which would have been necessary 
to resolve them further. Hodgson and Kirkland identified these two lines 
as those belonging to the P3(3-10) and P3(7-13) transitions lying at 
159.606 and 158.074nm respectively. 

In chapter two, the likely laser lines were identified as those lying 
at 156.74, 158.07, 159.61, 160.84, 160.90 and 161.32nm. The only line 
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here not seen was that lying at 156.74, possibly because of its relatively 
small amplitude. 

Other peaks may have been hidden in the spectrum either because 
of their smaller relative pulse energies or the inability of the 
monochromator to resolve them. The spectrum could, in principle, be 
slightly improved by taking more shots at each wavelength thus 
improving the signal to noise ratio or by increasing the laser power so 
that the monochromator slit widths could be decreased to their minimum 
values throughout the spectrum. However, with the 0.2m arms of the 
monochromator yielding a quoted resolution of O.lnm, it is unlikely that 
many of the lines could be further resolved in any case. Large increases 
in the resolution of the spectrum would entail the use of a larger 
spectrometer/monochromator. However, the spectra just presented does 
provide further corroborative evidence that the system was in fact lasing. 

7.2.3e Conclusions 
The above observations led to the conclusion that the laser was 

indeed lasing. Its performance could have been greatly enhanced by 
adjusting the bias currents more carefully. One method by which this 
could have been performed would have entailed the building of ten, high 
voltage, variable resistance boxes to replace the single valued resistors 
which were clamped in place. This action was precluded due to time and 
monetary restrictions. Because the bias resistances used were relatively 
low (generally 0.5 to 4.5,Q), variations in the contact resistances were 
found to have an appreciable effect upon the inter-electrode timings. 
These connections would need to be soldered in place rather than using 
the screw terminals currently in place in order to improve the consistency 
in the laser output in future systems. Increasing the value of the variable 
resistors would also help in this matter but this would also require the use 
of a more powerful d.c. supply unit in order to achieve the same d.c. 
current values. 

7.3 Low Impedance Ferrite Line Driven Hydrogen Laser 
7.3.1 Introduction 

This section is concerned with experiments in which a single, low 
impedance, ferrite line was used to power the hydrogen laser. The actual 
line used was that presented in section 6.3.8a in which ten, type five, 
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ferrite lines were placed in parallel. As was established in chapters four 
and five, discharge lengths of at least 3cm can be driven by a voltage 
pulse of 30-40kV in magnitude. The output of the pulser was fed into a 
system of eight 50n coaxial cables. These were graded in length from 
3.6-3.32m so that a travelling wave discharge, matched to the speed of 
light, was produced at the laser head. This configuration was similar to 
that used by Borgstrom(1). The output from each cable was attached to 
every second electrode on one side of the laser, the other electrodes on the 
same side being coupled to ground potential. N one of the electrodes on 
the opposite side of the laser, these being of the carbon fibre type, were 
used in the initial experiment. In this way, each cable powered two, 3cm 
long, discharge segments. Thus the total length of the discharge was 
48cm, a length which proved adequate to demonstrate a strong lasing 
action when using the Blumlein excitation scheme described in chapter 
five. Since the pulser demonstrated a calculated impedance of 
approximately 6.3n and the eight paralleled 50n cables presented a 
6.25n impedance, an approximately matched system was produced. A 
schematic of the experimental layout is shown in figure 7.16. 

Initial experiments used three pulses with a repetition frequency of 
500Hz with approximately 8 seconds between bursts. At an a.l.e. supply 
voltage of 17.5kV, a hydrogen pressure of 30mbar, a d.c. bias current of 
2.5A and a solenoid current of 400mA, lasing action of the ferrite line 
driven hydrogen laser was observed. Upon the reduction of the gas 
pressure from 80 to 30mbar, there was a strong transition between 
merely spontaneous radiation and lasing action which was evident as 
distinct points of light on the scintillator screen . 

The problems associated with paralleling the ferrite lines to 
produce a low impedance pulser centred around the inability to control 
the relative propagation time of each ferrite line to within the picosecond 
regime. Hence the pulser did not produce voltage risetimes of the order 
of 280psec which had been seen previously. However, the relative timing 
jitter between ferrite lines with lengths of 10cm, when axially 
magnetically biased by two bar magnets, was felt to be tolerable. Thus a 
10cm length of ferrite loaded coaxial cable was added to the end of each 
of the normal 50n coaxial cables. In this way, the voltage pulse could be 
further sharpened and indeed re-sharpened after temporal pulse 
dispersion effects attributable to both the coupling of the pulses into the 
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normal coaxial lines and their transmission along the lines had taken 
place. Experiments performed suggested a vast improvement being 
attained in this way both for the breakdown voltage of the discharge 
segments and in the laser pulse energy. 

7.3.2 Initial Experimental Measurements 
The first experiment to be performed was a comparison of the 

relative output pulse energy of the system just described with that 
produced by the laser system outlined in section 7.2. The average and 
statistical deviation of fifty shots were taken with the multiple ferrite line 
driven laser before the system was changed to that described above and 
the process repeated. It should be noted that the inter-electrode timing of 
the first system had not been properly optimised at this time and relative 
pulse energies corresponding to a PMT voltage of approximately 
1200m V, seen previously, or even greater would be expected with careful 
alterations of the inter-electrode timing. However, in this case the first 
system yielded an average PMT voltage of 866m V with a statistical 
deviation of 73m V whilst the latter system yielded corresponding figures 
of 286mV and 57mV respectively. Both the alignment and slit widths of 
the monochromator were left unchanged between the two readings with a 
gas pressure of 30.5mbar and a supply voltage of 15kV being used 
throughout. Immediately apparent from these two figures is the relatively 
poor performance of the latter system under these operating conditions. 
Reasons for this were thus sought. 

7.3.3 Voltage Curve 
In an attempt to understand the relatively poor performance of the 

latter system, a voltage curve was obtained at a gas pressure of 30.5mbar. 
The relative laser pulse energy is shown as a function of the supply 
voltage in figure 7.17 and of the measured breakdown voltage in figure 
7.18 in which larger error bars have been used for the voltages because of 
the reasons outlined previously. This graph clearly shows that a supply 
voltage of 15kV is not sufficient for strong lasing action to be observed 
using this excitation scheme. Similar relative pulse energies to those seen 
with the previous system at a charging voltage of 15kV could be observed 
in the present system when using supply voltages in the order of 20kV. 
However, when operating at a supply voltage of 20kV, flash-over at the 
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thyratron tank became a problem. Thus, this point on the graph was only 
averaged over two shots rather than the usual twenty-five. 

7.3.4 Inter-electrode Timing 
As has already been emphasised, the inter-electrode timing and 

jitter are critical factors in the effective operation of this type of laser. It 
was thus thought to establish these factors for the present system, now 
mainly devoid of the jitter attributable to the shock lines. Thus the time 
between the 50% magnitude mark of the initial peak of the sidelight 
attributable to the extreme downstream cable and those corresponding to 
the other cables in turn was taken. These readings were averaged over 30 
shots and the statistical deviations taken. Of prime concern was the fact 
that, despite the graduated cable lengths, three of the upstream discharges 
fired after that of the extreme downstream discharge, one by as much as 
2.5ns. Additional magnetic biasing of one line relative to another by the 
use of more bar magnets facilitated the changing of the inter-electrode 
timing by only as much as OAns. This was because of the relatively short 
length of the ferrite loaded section. However, as the value of the inter
electrode timing was decreased towards that required even by this small 
amount, the average pulse energy of the laser output was observed to 
increase. It was felt that these timing deficiencies could not be 
attributable to the coaxial feeds themselves. The extreme downstream 
discharge attributable to line one fired on average 0.95±0.22ns before that 
of line two when both were biased by two bar magnets despite the 0.2ns 
delay built into line two relative to line one due to the graduated lengths 
of the coaxial cables. Upon swapping the lines over between the two 
discharge segments whilst retaining the same magnetic biasing, the 
upstream discharge still initiated after that of the downstream discharge, 
now by as much as 1.84±0.25ns. All other factors being equal, an 
increase of OAns would have been predicted because of the relative 
lengths of the coaxial cables. Taking this into account, an average inter
electrode delay of around lA±OAns seemed to arise from other factors 
than the coaxial feeds. It thus seems that the premature breakdown of the 
extreme downstream discharge relative to the adjacent discharge was 
attributable to the actual discharge electrodes and channel rather than to 
the coaxial supply lines. It was found when using the multiple ferrite line 
configuration that the ferrite line attached to the extreme downstream 
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discharge required the largest d.c. bias current and hence the largest time 
delay relative to the other lines in order to achieve velocity matching. 
Thus a salient feature of the previous laser system emerged in that it had 
the ability to compensate for differences in the individual discharge 
characteristics whereas the latter system did not. A more accurately 
manufactured laser or the ability to move the electrodes either in or out 
hence altering their spacings and the observational delay would be needed 
to more accurately time this type of excitation scheme. Those discharges 
initiating prematurely may have had electrodes with microscopically 
sharper profiles hence producing field enhancement or they may have 
been touching the sides of the channel which would have encouraged a 
surface discharge. Carbon deposits upon the electrodes and the laser tube 
walls were again evident which might also have affected the inter
electrode timing. 

7.3.5 Carbon Fibre Electrodes 
As was mentioned in chapter five, all of the electrodes on one side 

of the sectional longitudinal laser were changed to a carbon fibre tipped 
variety. It was thought to examine the effects of such a change upon the 
axial optical pulse energy, the inter-electrode timings and the 
corresponding jitter in the present system. The relative axial optical pulse 
energy was averaged over fifty shots and the standard deviation taken for 
the readings when both the brass and carbon fibre electrodes were used. 
This yielded results of 787±98mV and 1374±21mV respectively. This 
experiment was repeated using a narrower entrance slit to the 
monochromator. Corresponding figures of 186±35 and 533±24mV were 
recorded. 

Upon measuring the inter-electrode timings relative to the 
discharge resulting from the extreme downstream coaxial cable, figure 
7.19 was obtained. This graph shows the inter-electrode timing both 
before and after the change. Each point and its corresponding error bar 
represents the average and statistical deviation of 30 shots respectively. A 
straight line which indicates the correct theoretical velocity matching of 
the electrical wave to the optical pulse velocity has also been drawn upon 
the graph. This latter line assumes an optical pulse velocity of the speed 
of light. Upon examining the laser bore during a discharge, it could be 
seen to more homogeneous when the carbon fibre tipped electrodes were 
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used. In the case when the brass electrodes were used, each coaxial cable 
tended to drive one of the discharge segments much harder than the other. 
The standard deviations in the inter-electrode timings also tended to be 
greater when the brass electrodes were used. 

The work by Kunhardt(S) suggested that in addition to reducing the 
jitter, the discharge segments having carbon fibre tipped electrodes would 
also break down sooner than those using brass electrodes. To examine 
this phenomena using the present system, four coaxial lines were attached 
to the sectional longitudinal laser, the remainder being attached to 
separate son loads. These four were spread out evenly along the laser so 
that the effect of the light emitted by each on the neighbouring discharges 
was minimal. Two of the cables were attached to the carbon fibre 
electrodes and two to the brass. Each cable powered only one, 3cm long, 
discharge so that the inter-electrode timing measurements were easier to 
perform. Thirty shots were measured and the average and statistical 
deviation taken in each of the following measurements. When calculating 
the average inter-electrode timing, the differences in the coaxial line 
lengths were compensated for. The inter-electrode timing between those 
discharges having carbon fibre electrodes was 0.38S±0.174ns whilst that 
between those having brass electrodes was measured to be 0.621±0.434ns. 
This seemed to indicate that the jitter in the inter-electrode timing was 
reduced when using the carbon fibre electrodes. To establish whether the 
discharges using the carbon fibre tipped electrodes broke down first, two 
discharges were monitored. One of these used carbon fibre electrodes 
whilst the other used brass electrodes. Once the average inter-electrode 
timing had been taken over 30 shots, the cables were swapped and the 
experiment repeated. On average, the discharge using carbon fibre tipped 
electrodes broke down 2.S34±0.22ns before that using brass electrodes. 
Relative timings between other discharge segments indicated that those 
using carbon fibre also broke down before those using brass electrodes. 

The dramatic increase in laser power was attributed primarily to 
the preionisation of the discharge due to field emission by the carbon 
fibre tipped electrodes. Figure 7.19 shows that the electrical excitation 
wave follows that of the theoretically matched system much more closely 
when the carbon fibre tipped electrodes were used in preference to the 
brass. This may also have been due to the fact that slight differences in 
the profiles of the brass electrodes would have had a greater influence 
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upon variations in the degree of field enhancement produced between the 
discharge segments than when the multi-tipped carbon fibres were used. 
The reduction in the jitter times will also have helped matters whilst the 
enhancement of the discharge homogeneity will have created better 
conditions for axial gain. The emphasis for the correct velocity matching 
as regard development thus seemed to have been switched back to the 
electrical circuit rather than being more attributable to the characteristics 
of the individual discharges. As a final point, it can clearly be seen that 
the ratio of the relative axial pulse energies observed upon switching from 
the brass to the carbon fibre tipped electrodes increased from 1.75 to 2.87 
once the slit width of the monochromator had been reduced. This 
indicates that the response of the scintillator was not linear at the higher 
pulse energies obtained due to partial or total saturation. 

7.3.6 Peaking Capacitors 
Peaking capacitors have been used with considerable success in 

many other types of laser system to increase the discharge current. 
However, the inclusion of them in this system dictates that the risetime of 
the incident voltage pulse and hence the breakdown voltage will be 
considerably reduced. Figures 7.20a and 7.20b show the voltage trace 
across the extreme upstream discharge both with and without 50pF 
peaking capacitors in place across every discharge segment. Figure 7.21 
shows similar traces but has been included to demonstrate the increased 
signal to noise ratio which was obtained upon double shielding the 
Tektronix voltage probe cables. The observed reduction in voltage was, 
however, accompanied by the expected increase in current which can be 
deduced from the two sidelight waveforms shown in figures 7.22 and 
7.23. These two figures show the sidelight waveform with and without 
the peaking capacitors in place respectively. The attainment of almost 
identical relative pulse energies registered as an output voltage from the 
PMT of 1.454m V led to the repetition of the experiments but with the 
monochromator's entrance slit stopped down from 3mm to 40~m in order 
to reduce the pulse energy incident upon the scintillator in case this was 
becoming saturated. Fifty shots were averaged when the capacitors were 
and were not in place and led to PMT output voltages of 539±32m V and 
533±24mV respectively. Hence, it did seem that similar laser pulse 
energies were being obtained in the two cases. 
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The effect upon the threshold voltage, voltage waveforms, optimum 
gas pressure and breakdown voltage due to the inclusion of the peaking 
capacitors was to be studied. Figure 7.24 shows a graph of the relative 
pulse energy of the axial radiation as a function of the gas pressure at 
various measured breakdown voltages. The slower voltage risetimes 
prevalent due to the presence of the peaking capacitors facilitated the 
accurate measurement of the breakdown voltages. Each point represents 
the average of 25 shots, the error being taken to be the standard deviation. 
With regard to the measured breakdown voltages and risetimes shown in 
figures 7.24 to 7.27, each datum point was averaged over ten shots when 
the capacitors were in place and fifteen when they were not, the standard 
deviation again being used for the error bars. In figure 7.25, which 
depicts a graph of the relative energy of the laser pulse as a function of 
the breakdown voltage of the laser, both with and without the peaking 
capacitors in place, twenty shots were averaged for each point 
representing the relative pulse energy. Figures 7.26 and 7.27 show the 
breakdown voltage and the voltage risetime at the laser head respectively 
as a function of the supply voltage both with and without the peaking 
capacitors in place. It should be noted that the curve characterising the 
behaviour of the voltage pulses in figure 7.27 when the peaking capacitors 
were not used shows the voltage risetimes falling below a value of 3.5ns 
for supply voltages in excess of 13kV. This value was established in 
chapter six to be that under which the Tektronix probes were bandwidth 
limited. Thus both the risetime and magnitude of the voltages in this 
region should be treated with some scepticism. It is very likely that the 
voltage risetimes fell significantly below 3.5ns for supply voltages in 
excess of 13kV. Concentrating first upon the pressure curves shown in 
figure 7.24, it can be seen that the optimum gas pressure lies at a value of 
around 40mbar. The peak of each curve predictably increases in 
magnitude with the breakdown voltage. However, there seems to be a 
diminishing return for successive increases in the breakdown voltage. It 
is thought that this was due to the saturation of the scintillator, an issue 
which will be addressed further in this section. Figure 7.25, depicting the 
relative energy of the laser pulse as a function of the breakdown voltage, 
shows a decrease in the laser threshold voltage from around 16.3 to 9.5kV 
due to the use of the peaking capacitors. This is naturally attributed to the 
corresponding increase in the discharge current discussed previously. 
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However, also of note is the departure from the straight line seen for 
pulse energies which produce a PMT output voltage greater than around 
800m V. This is a further indication that the saturation of the scintillator 
was occurring. The graph shown in figure 7.26 demonstrates how the 
breakdown voltage of the laser tube is affected by the addition of the 
peaking capacitors. The reduction in the breakdown voltage is a direct 
result of the corresponding increase in the voltage risetime seen across the 
laser tube when using the same supply voltage. This effect is shown in 
figure 7.27. It is thought that the use of smaller valued peaking capacitors 
would lead to an increase in the laser pulse energy by boosting the current 
in the discharge while also allowing a larger breakdown voltage than was 
prevalent when using the SOpF capacitors to be applied across the 
discharge segments. 

7.3.7 Gain Curve 
To further the understanding of the ferrite line driven laser and to 

provide additional proof of lasing, a second gain curve was established. 
The experiment was performed using a supply voltage of 17.SkV, a gas 
pressure of 31mbar and a d.c. bias of 3A without the peaking capacitors 
in place. Coaxial supply lines were progressively removed from the 
upstream end of the laser so that the greatest component of the 
spontaneous emission, that from the extreme downstream line, was 
present throughout. Each supply line removed was fed into a separate 
son load. Thirty shots were averaged for each discharge length used, the 
statistical deviation being taken to provide the error bars presented on the 
graph shown in figure 7.28. 

Figure 7.28 shows an initial, almost exponential, increase in the 
axial radiation output with an increasing discharge length. This section of 
the curve between 0 and 2Scm yields a gain of approximately 0.16/cm or 
70dB/m. The gain curve then settles to an almost linear relationship 
between the laser pulse energy and the gain length. In this section, it 
could be assumed that saturation has taken place. The final fall-off from 
the linear relationship for relative pulse energies greater than 800mV, as 
registered by the PMT, has been attributed to one, or a combination, of 
the following explanations. Firstly, as the discharge section increases in 
length, the correct velocity matching has a more pronounced effect and 
this may have been slightly amiss. Secondly, the discharge tube may not 
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have been completely straight thus yielding laser pulse energies smaller 
than those which would have been expected when using the longer 
discharge lengths. This latter point cannot be easily investigated since the 
aluminium clamp holding the Perspex body straight would have had to be 
removed to check it. To assess this effect, the experiment would have had 
to be repeated using a new tube. Thirdly, the scintillator may not have 
had a linear response to the applied radiation at the upper end of the 
relative pulse energy scale. This last explanation seems to be that most 
likely to explain the observed trend since it was revealed in figure 7.25 
that anomalous behaviour was manifest for PMT output voltages in excess 
of 800mV. 

Despite the slight deterioration in the final two readings, the graph 
does appear to be characteristic of an ASE laser. The gain of 70dB/m is 
larger than that measured previously although this could be due to the 
larger signal to noise ratio obtainable in the latter case which made a 
more accurate measurement of the small signal gain possible. 

7.3.8 Pulse Energy Measurements 
7.3.8a Introduction and System Changes 

The attainment of observable VUV radiation from the ferrite line 
driven hydrogen laser was a significant breakthrough for the project but 
itself raised unavoidable questions and generated further experimental 
work. Of prime concern became the evaluation of the actual magnitude 
of the laser pulse energy. Courtesy of Mr. Cameron Rae, also working at 
the University of St. Andrews, a Molectron J3 energy meter became 
available to the project. Incorporating this into the system was in itself a 
complex problem due to both electrical interference and to the absorption 
of the laser beam in air, this being chiefly due to its oxygen content. 

Previously, electrical interference had been reduced by removing 
the diagnostics to a remote, rf shielded room and using fibre optical 
interfaces to relay the optical signals to them from the laser. However, 
due to the unknown coupling and transmission losses of the fibres and 
other unknown factors such as the scintillator conversion efficiency and 
the fact that only the first order from the diffraction grating was being 
observed, only relative laser pulse energy measurements were possible in 
this way. To achieve an accurate measurement of the laser pulse energy, 
the full laser beam had to be incident upon the face of the detector. This 

PhD Thesis 243 P. N. Marsh 



Chapter 7 Ferrite Line Driven H2 Laser 

necessitated the detector being close to the laser head. The built in 
amplifier of the available J3 Molectron energy meter made the device 
extremely sensitive to electrical interference. With the desired signal 
being in the millivolt regime whilst the noise could be in the order of a 
volt, extensive rf shielding was deemed to be necessary. Thus the 
detector, the coupling coaxial cable and the oscilloscope were all placed in 
a purpose built rf shielded cage. Measures to allow the passage of the 
VUV pulse from the laser to the detector also had to be taken. The laser 
was vacuum coupled to the outside of the Faraday cage, a LiF window 
inserted on the inside of the cage and the detector placed in a separate 
vacuum tight chamber also placed inside the cage. Fears for either the 
malfunction of the detector or a change in the calibration factors for the 
device meant that it could not be enclosed in a vacuum but that the 
chamber was instead filled with nitrogen. To further ensure that oxygen 
was excluded from the path of the laser beam, nitrogen was to be 
continuously flowed along the path from the detector to the LiF window. 
The brass coupling device fitted between the window mount and the 
detector therefore had a two-fold purpose. Firstly, it served to screen the 
front face of the energy meter from rf and secondly, made an ideal tube 
along which to flow the nitrogen. A cross-sectional drawing of the 
arrangement is shown in figure 7.29. Fibre optical coupling to the inside 
of the cage was achieved by passing the cables through metal tubes which 
were electrically connected to the box. These had an appropriate internal 
diameter and a length exceeding five times this dimension. Such tubes act 
as cut-off waveguides passing only electromagnetic waves with a 
frequency higher than the cut-off frequency, fcf, which is approximately 
defined by the equation:-

eq.7.1 

In this equation, a approximates the tube diameter and c represents the 
speed of light. As an example, a tube of 10mm in diameter and having a 
length of 50mm has an attenuation approaching 100dB at 10GHz. The 
attenuation remains at this level for decreasing frequencies throughout the 
rf spectrum(6). Both the sidelight and the signals from the 
monochromator could thus be passed safely into the cage. 
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Since the system was now being designed to be a high repetition 
rate device, several aspects were altered to make the laser safer and easier 
to operate whilst also reducing the electrical interference. The first 
system change was the introduction of aluminium shielding cages around 
the equipment and a separate ground to which these were connected. All 
links to the mains ground were severed, a fact which could easily be 
checked by the use of a resistance probe. This was done for two main 
reasons. The first one was safety. In the nanosecond regime in which the 
electrical system was operating, the dimensions of the system meant that 
ground potential was essentially a relative value and that the shields, if 
grounded to the mains, could rise in potential. The second reason was 
that the separate ground eliminated, or more accurately reduced, the 
extent to which the shields themselves could be involved in ground loops. 
It has been pointed out by Thornton(6) that the introduction of an rf 
shield can in fact increase the amount of electrical noise influencing the 
detectors by acting as an antenna. Whilst there was insufficient time and 
finance available to effectively shield all sources of the electrical 
interference by enclosing them in a complete Faraday cage, reducing the 
magnitude of the electrical interference could only improve matters, even 
with regard to other users of the building. This was done by making the 
boxes as complete as possible and by identifying and breaking earth loops 
wherever this did not compromise safety. It should be noted that multiple 
grounding of a system can increase ground loop currents, make the 
system more dangerous to the operator while additionally generating 
more electrical interference. 

7.3.Sb Energy Measurements 
Once the above changes to the system had been made, the noise 

level displayed on the oscilloscope, when connected to the joulemeter, was 
less than +0.5mV. This was sufficient to measure energies in the 
microjoule range. A pulse profile produced by the hydrogen laser when 
incident upon the energy meter is shown in figure 7.30. To extract 
meaningful information from the detector, it had to be calibrated at a 
wavelength of 160nm. This was performed in the following way. 
Firstly, a sodium salicylate screen was placed in the path of the laser 
beam. A fibre optical cable monitored the light emitted and fed this to the 
PMT tube. A graph of the PMT output voltage as a function of the supply 
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voltage for the hydrogen laser was established. Subsequently, the length 
of the laser was decreased while using nitrogen as the active medium until 
a signal in the upper voltage range of that monitored from the hydrogen 
laser was seen. This enabled the conditions at which the nitrogen and 
hydrogen lasers produced the same pulse energy to be established. These 
conditions were then implemented upon replacing the diagnostics with the 
energy meter. A knowledge of the calibration factor at 337.1nm and the 
energy ratios obtained with and without the scintillator screen present 
enabled the calibration factor at 160nm to be established for the 
joulemeter. This turned out to be the same as that at 337.1nm, as would 
have been predicted by a simple extrapolation of the wavelength 
calibration curve supplied with the device. In this experiment, care was 
taken to measure identical pulse energies when using the scintillator 
method because of the non-linear response of the scintillator with pulse 
energy noted earlier in this text. Additionally, the scintillator was coated 
on the front side of a 3mm thick Perspex disk. This served to heavily 
attenuate both the nitrogen and hydrogen beams, a precaution taken so 
that only light from the scintillator was monitored in both cases. Using 
this calibration factor of 1. 36mV/IlJ, the energy of the pulse in figure 
7.30 was measured to be 1.9±OAIlJ. The energy meter now provided a 
second method of measuring relative pulse energies. As has been outlined 
previously, suspicion had been aroused as to whether the scintillator was 
becoming saturated with the higher energies incident upon it and had thus 
been generating a non-linear response. Thus, for the system without the 
peaking capacitors present, a laser pulse energy curve was established 
both as a function of the breakdown voltage and of the discharge length. 
These are shown in figures 7.31 and 7.32 respectively and can be 
contrasted directly with figures 7.25 and 7.28 which were taken when 
using the scintillator and monochromator method. Figure 7.31 shows the 
energy per pulse being a linearly increasing function of the breakdown 
voltage above 22.5kV whereas figure 7.25 shows it trailing off after 
around 25kV. This could be seen to be indicative of the scintillator 
saturating at pulse energies corresponding to those producing PMT 
voltages of around 800m V. The threshold voltage in the later curve can 
be seen to be around 19AkV, 3kV higher than that of the previous curve. 
Unless there is a much longer wavelength laser line being simultaneously 
viewed, this discrepancy is most probably due to errors in the voltage 
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magnitude measurements. Figure 7.28 shows the gain trailing off after a 
PMT voltage of 800m V had been achieved whereas the same plot 
performed using the energy meter shows the energy to be exponentially 
growing at this point. This reinforces the belief that the scintillator and 
PMT method was not providing a linear response to the applied laser 
pulse for pulse energies producing a PMT voltage of 800m V or greater. 
A combination of the rf interference and the spontaneous emission mask 
the behaviour of the gain of the laser pulse for discharge lengths of under 
around 30cm. In this region, the previous gain curve is likely to be more 
accurate since only 160nm radiation was being observed. However, for 
the longer discharge lengths, the scintillator appears to have been 
saturated and the gain can be calculated more accurately from figure 7.32. 
The final three points can be used to obtain a value for the gain by 
plotting the natural logarithm of the laser pulse energy as a function of 
the gain length, which has been done in figure 7.33. A straight line fit 
provides a figure of 0.099/cm, or 43dB/m, as the gain of the system. 

Gradual alterations to the laser system continuously improved the 
laser pulse energy. The introduction of a further four 50n coaxial lines 
and the use of a slightly larger value for the capacitance of Cs, while also 
modifying its mounting configuration, produced a sizeable increase in the 
energy. Operating at a supply voltage of 20kV with two pulses being used 
at a prf of 2kHz, a laser pulse energy of 4.71lJ was measured. Further 
alterations to the system would have undoubtedly boosted this still further 
but the priority at this juncture was to progress towards a high repetition 
rate device. 

7.3.9 Beam Profile 
It was attempted to glean some information about the beam profile 

of the hydrogen laser by imaging the pattern produced by a scintillator 
screen on normal ASA 1600 film when the beam was incident upon it. 
This was done by placing a camera behind the scintillator screen and 
external from the energy meter housing in which the screen was placed, 
naturally in a nitrogen environment. A Perspex window allowed the 
camera to be focused upon the scintillator screen. Pictures were taken 
when the scintillator screen was placed at distances of 251.5mm and 
367.5mm from the discharge section of the laser. An enlarged scan of 
both the blue spot produced upon the scintillator screen and a scale in 
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millimetres is shown in figure 7.34. It can be seen that the beam profile 
has a rectangular cross-section measuring approximately 2.0x1.8mm. 
This particular picture represented the cumulative effect of three shots 
from the laser although a single shot was still of sufficient intensity to be 
imaged. The divergence of the beam was insufficient to establish a figure 
for it by a comparison of the relative sizes of the beam cross-section at the 
two distances used. A far greater propagation distance would have to be 
employed to perform this measurement. However, the small cross-section 
of the beam profile at these distances from the laser bore does provide 
conclusive proof of lasing in the hydrogen system when driven by the 
thyratron and pulse sharpening lines. 

7.3.10 High Repetition Rate Operation 
In order to further assess the potential of the laser system, 

experiments upon the pulse energy as a function of the pulse repetition 
frequency needed to be undertaken. This invoked the serious question as 
to whether outgassing by the Perspex would adversely affect the output of 
the laser with an increasing prf. To investigate this, a second sectional 
longitudinal laser was designed and built. This used metal and quartz as 
the main materials thus largely circumventing the outgassing problems. A 
comparison of the laser pulse energy curves taken using both lasers as a 
function of the pulse number would reveal the extent to which outgassing 
was a problem in the initial laser. However, before the results of such 
studies are presented, the limitations of the power supply need to be 
discussed. 

As has been mentioned, the A.L.B. switched mode power supply 
used for these studies had a maximum charging rate of 4000J/sec when 
using voltages in excess of 10kV. With Cs having a capacitance value of 
8.lnF, energies of 4.96J and 6.48J per pulse would be used at supply 
voltages of 17.S and 20kV respectively. These figures in turn yield 
maximum values of 806Hz and 617Hz as the frequencies at which it would 
be possible to run the laser continuously. However, due to the restrictions 
imposed by the thyratron, only burst mode operation was desired. Thus it 
was thought to investigate the extent to which the voltage across Cs 
decreased over 200 pulses as a function of the repetition rate while the 
energy in the 11lF storage capacitor was being depleted. Operating at a 
supply voltage of 17.SkV, the voltage on the thyratron anode was 
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monitored while the oscilloscope was triggered on a varying value of the 
pulse number at prf's of 4kHz, 2kHz, 1kHz and 200Hz. Readings at 
200Hz could only be taken over 60 pulses due to the way in which the 
oscilloscope was being triggered. Figure 7.35 shows graphically these 
results. It can be seen that in all cases where the repetition rate was 
greater than the maximum predicted due to the limitations of the power 
supply, there was a fall-off in the thyratron anode voltage. Naturally, this 
was more pronounced at the higher repetition rates at which there was a 
correspondingly larger difference between the charging rate from the 
power supply and the rate at which energy was being extracted from the 
storage capacitor. Any observed voltage reduction on the thyratron anode 
will serve to reduce the breakdown voltage across the laser thus leading to 
a deterioration of the laser pulse energy. This effect will be even more 
pronounced because the risetime of the voltage pulses created by the 
ferrite lines is a function of the voltage magnitude. Thus the voltage may 
collapse even before the now reduced voltage magnitude has been 
attained. It will also have been noted that the initial voltage doubled pulse 
was greater in magnitude at the higher repetition rates used. This resulted 
from a slow decay of the voltage magnitude across the capacitor plates 
between consecutive pulses due to current leakage. Since the time interval 
between the pulses is smaller at the higher repetition rates, the 
significance of the effect decreases with an increasing prf. 

The laser pulse energy is plotted in figure 7.36 as a function of the 
pulse number. In the relevant experiment, the supply voltage used 
throughout was 17.5kV with a d.c. bias current of 3A being applied while 
the gas pressure in the laser bore was held constant at 40mbar. As would 
have been predicted from the preceding discussion in which the anode 
voltage was seen to fall with prf, the laser pulse energy decreased with the 
pulse number at prf's of 1kHz and 2kHz. However, the rapid falloff at a 
prf of 1kHz and the trend in the laser output to decrease with the pulse 
number for prf's of 200Hz and less cannot be ascribed to the same 
phenomenon. The observed decrease in the laser pulse energy was thus 
attributed to the contamination of the laser bore due to the vaporisation of 
the surface of the Perspex. At 50Hz, the laser pulse was allowed to be 
incident upon a sodium salicylate screen placed inside the nitrogen vessel 
and observed using the naked eye. 300 pulses were used in this particular 
experiment. The pattern observed on the screen initially had a small 
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amount of diffuse light arising from spontaneous emission and a bright, 
almost square, laser spot at its centre. This could be seen to change with 
time, the laser spot becoming less distinct so that after 300 pulses little but 
the pattern arising from the spontaneous emission remained. This 
observation, coupled to the graph shown in figure 7.36, indicated that 
little information as to the potential the hydrogen laser system at high 
repetition rates could be gleaned from the existing laser head due to the 
contamination problems in the laser bore. Anticipating this effect, the 
development of a second sectional longitudinal laser head was already 
underway at this time. This will be described briefly below. 

Historically, designers of hydrogen lasers have often resorted to the 
use of epoxy resin to hold their small laser bore structures together or 
have used a material such as Perspex. Neither of these techniques is 
particularly suited to the production of a high average power laser due 
either to the outgassing produced or to the weakening and eventual failure 
of the epoxy bond with an increasing temperature. Thus it was felt 
necessary to produce an altogether novel laser head of solely metal and 
quartz construction. A one millimetre square bore channel and electrode 
spacings of 30mm were to be retained from the first working ferrite line 
driven hydrogen laser. Additionally, the laser length was to be in excess 
of 45cm, a length which the gain curves presented previously indicated 
was necessary for strong lasing action to be observed. Water cooling was 
to be introduced to the laser at this early stage to control gas heating 
effects, thus enhancing the return of the molecules to the lower laser level 
and making higher prfs possible in the future. 

The above criteria, although difficult, was achieved in the laser 
head depicted in cross-section in figure 7.37. A groove approximately 
1mm square in cross section was cut along the length and on the outside of 
a quartz tube using a diamond saw. When threaded inside another tightly 
fitting quartz tube and the edges around the groove sealed, the laser 
channel was produced. The thickness of the glass on the inside of the 
laser channel was then only around 0.5mm. This produced an ideal means 
of effectively cooling the gas by flowing water along the inside edge of 
the tube. 21 metal to glass seals were placed at 30mm intervals along the 
length of the laser bore to allow access to the 60cm long discharge 
channel by the electrodes. Eyelets were soldered onto the flexible copper 
ends of the tungsten electrodes which were then bolted firmly in place on 
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a Perspex support. Because of the fragility of the metal to glass seals on 
the laser, care was taken to eliminate stress on the connections and to 
prevent the coaxial cables moving once attached to the laser head. The 
end flanges were identical to those used on the first laser and were sealed 
in place by an "0" ring and clamp. Thus the stainless steel bellows could 
again be used as the connection to the monochromator or other 
diagnostics in order to reduce any possible stress on the laser tube. 

The laser described above was developed in parallel with 
experiments being performed upon that made from Perspex. Results 
from the latter laser indicated the advantages of using carbon fibre 
electrodes. To confirm this in a new laser head, inter-electrode timing 
measurements were made when both using tungsten and carbon fibres as 
the electrode material. These results are shown in figure 7.38 complete 
with the straight line depicting exact theoretical velocity matching. Once 
again, the carbon fibre electrodes can be seen to have produced dividends, 
reducing both the shot to shot timing jitter and producing a far superior 
discharge in terms of the effectiveness of the travelling wave excitation 
mechanism. In terms of the laser itself, a laser output was only evident 
upon a scintillator screen when using the carbon fibre electrodes. The 
energy of each laser pulse was measured to be less than that seen from the 
previous laser when using similar excitation conditions. Typically, the 
energy per pulse was observed to be around 1.05f..LJ rather than 
comparable results of around 3.31f..LJ. This was not found to be 
particularly surprising for the following reason. In order to manufacture 
each glass to metal seal around the electrodes, graded glass seals had to be 
produced. This necessitated that the current loop between the exposed tips 
of consecutive electrodes was longer in the case of the quartz constructed 
laser when compared to that made from Perspex. Thus the inductance of 
the loop was greater which had the effect of reducing the current density 
in the discharge. 

The laser beam was directed onto the sodium salicylate screen 
inside the nitrogen chamber. Despite the decrease in the laser pulse 
energy, lasing action could still be verified by the observation of a slightly 
oval, bright and clearly defined spot at the centre of a diffuse pattern 
produced by the spontaneous emission. 300 pulses were originally used at 
a prf of 200Hz. No diminishment in the brightness of the centre spot 
could be detected. Operating using a supply voltage of 20kV, a gas 
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pressure of 40mbar and a bias current of 3A, curves representing the 
laser pulse energy as a function of the pulse number were constructed for 
prf's of 4kHz, 1kHz and 200Hz. The aforementioned spontaneous 
emission will have contributed a small component to the measured energy 
and can be expected to affect the measurements more than similar 
measurements taken when using the Perspex laser. This is due to the 
shorter propagation length between the discharge region and the detector 
in this case. A curve representing the laser pulse energy as a function of 
the gas pressure was established and indicated that the spontaneous 
emission represented an energy contribution of around 0.4+0.1IlJ per 
pulse. The laser pulse energy curves shown in figure 7.39 have thus been 
modified to remove this contribution. The graph shows that the laser 
pulse energy falls quickly at a prf of 4kHz, quite slowly at a prf of 1kHz 
and remains constant at 200Hz. These results are in accordance with those 
expected from a consideration of the graph shown in figure 7.35, the 
decrease in laser output at 1 and 4kHz being attributed to the charging 
limitations of the power supply rather than to gas kinetics. 

7.3.11 Transverse Laser Head Investigations 
The results of an experiment in which the above excitation circuit 

was used to excite the third transverse laser head to be described in 
chapter four will be briefly mentioned. Operating at a supply voltage of 
17.5kV, a laser breakdown voltage of 7.5kV was measured with lasing 
action being observed, although at a comparatively low intensity, at gas 
pressures of up to 250mbar. The discharge consisted of many arc 
discharges rather than being of a homogeneous type and much more 
developmental work would have to be conducted on this type of laser for 
any meaningful results to be established. Xenon was briefly used as the 
active medium in this discharge configuration and although some 
anomalous behaviour in regard to the axial light intensity was observed, 
lasing upon the 110nm line could not be confirmed. Time restraints 
dictated that such experiments had to be terminated at this point. 

7.4 Conclusions 
This chapter has sought to provide conclusive proof of lasing when 

using the thyratron and the ferromagnetic pulse sharpening lines to drive 
the hydrogen laser. The demonstration of increased amplification when 
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accurately timing the travelling wave excitation scheme compared to when 
this timing was destroyed coupled to the spectra and the presence of a 
definite threshold voltage served to prove the presence of lasing when 
using the multiple ferrite line excitation system described in section 7.2. 
Once again, the presence of threshold voltages indicated the presence of 
lasing when using the low impedance ferrite line approach. This evidence 
was supplemented by the gain curves obtained and the small beam profile 
cross-sections which were far too small to be the result of spontaneous 
elll1SSlOn. 

With regard to the future development of the laser, several other 
factors have been experimentally established. The first was the advantage 
of using the carbon fibre tipped electrodes rather than those made entirely 
from brass. This helped to reduce the inter-electrode jitter times, made 
the discharge more homogeneous and aided in producing a comparatively 
well timed travelling wave discharge. Establishing the laser pulse energy 
as approximately 4.7±0.4flJ when using a discharge length of only 72cm 
provided a good indication of the future potential of this laser system. 
Upon referring back to the gain curve pictured in figure 4.1, it can be 
seen that Borgstrom found that at this discharge length the laser was just 
emerging from the exponential growth region, his laser obtaining a pulse 
energy of only 1.3flJ when using a discharge length of 72cm but 3flJ upon 
driving 96cm of the discharge length. Thus it is evident that by 
increasing the active length of the laser, large increases in the laser pulse 
energy could be achieved, although this might have to be accompanied by 
the paralleling of more ferrite lines in order to deliver an increasing 
amount of power to the laser head. Repetition rate studies performed 
upon the initial laser head revealed that outgassing and the gradual 
vaporisation of the surface of the Perspex discharge channel rapidly 
reduced the laser pulse energy to zero. This led to the design and 
construction of a laser head predominantly using quartz and metal as the 
materials. Due to the increased inductance of each sectional discharge 
loop necessitated by the new geometry, the laser only produced pulses 
with an energy of around IflJ. However, in burst mode operation, the 
energy per pulse was not seen to decline at repetition rates which could be 
sustained by the power supply. 

In considering the future of the project, a comparison of the two 
excitation schemes used must be undertaken. It seems likely that since the 
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multiple ferrite line driven system was never used to drive the laser when 
the carbon fibre tipped electrodes were used and that the inter-electrode 
timing was never optimised by the building of a series of high voltage 
variable resistors, this system requires further investigation. Since the 
timing of the travelling wave can be performed very simply by the 
alteration of the relative d.c. bias currents through the ferrite lines, the 
excitation circuit can be modified to compensate for differences in the 
individual discharge characteristics thus allowing the timing of the 
sectional discharges to be performed much more accurately in future laser 
systems. This amount of control would also aid in the matching of the 
electrical wave velocity to optical pulse velocities of less than c, thus 
easily establishing the extent to which the pulse velocity might be affected 
by the gain medium. In much the same manner, the output energy of the 
laser pulse can be controlled by altering the delay induced in the ferrite 
lines attached to the downstream discharges. If, for example, a lower 
pulse energy is required, then the downstream discharges can be made to 
initiate prematurely, thus putting the gas into an absorptive state before 
the laser pulse arrives and reducing the output pulse energy. The final 
advantage of this system to be discussed is that since the ferrite lines were 
attached directly to the laser head, the optimum risetimes could be 
achieved across each discharge segment while energy loss due to the 
coupling of the shock lines into coaxial cables and the subsequent 
transmission of the voltage pulses was avoided. However, the multiple 
ferrite line driven laser had the disadvantage of an increased circuit 
complexity when compared to the low impedance shock line circuit. This 
latter circuit was found to be unable to compensate for differences in the 
individual characteristics of the sectional discharge gaps but, if these could 
be made to be identical, yielded a laser system which could be simply 
switched on rather than the operator having to be perpetually concerned 
with the relative timing of the discharge segments. This was always a 
problem after having made any alterations in the laser system when using 
the multiple ferrite line scheme because of the fact that small changes in 
the contact resistances could lead to the mistiming of the sectional 
discharges. An additional advantage of the single, low impedance, pulser 
being used to drive a system of coaxial cables is that any reflected pulses 
from the discharge segments affect all of the ferrite lines equally and not 
just individual lines. The reflected pulse from each segment will be 
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different due to a statistically variable observational time lag, the effects 
of the other discharge segments and differences in the electrode shapes 
and spacings. In the case of the multiple ferrite line system, each line 
would thus experience a slightly different magnetic resetting, the next set 
of voltage pulses would possess a different set of propagation times having 
the result that the timing of the individual discharge segments of the laser 
would be slightly more variable. This in turn would result in a laser 
having a marginally less consistent pulse energy. Another advantage of 
the low impedance shock line system is that the magnetic field of each 
ferrite line affects the others due to their relatively close proximity. The 
net effect of this might be to help to synchronise the ferrite lines, although 
this effect was not examined in detail. In summary, although the low 
impedance shock line method is currently less maintenance intensive and 
probably results in a travelling wave excitation scheme having marginally 
less jitter, it is unlikely that it could ever compete with the fast voltage 
risetimes and ultimately the higher magnitudes of the breakdown voltages 
across the discharge segments which are attainable by the use of the 
multiple ferrite line driven system. From a purely research oriented 
perspective, the sheer flexibility of the latter system also makes it much 
more attractive. However, for applications purposes, the low 
maintenance, low impedance shock line system would currently be by far 
the more viable option. 

This chapter has served to prove the feasibility of operating a 
hydrogen laser while using a thyratron switch in conjunction with non
linear transmission lines. The way has thus been paved for the operation 
of the hydrogen laser at still higher repetition rates upon solving the 
problem of the charging rate limitation imposed by the power supply. 
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FIGURE 7.2 
Delay Induced Between the Ferrite Line Outputs as a Function 

of the Difference in Bias Currents Between Them 
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FIGURE 7.3 
Laser Pulse Profile (upper trace) and Sidelight Traces (lower traces) with 

the d.c. Bias Current Switched Off 

FIGURE 7.4 
Laser Pulse Profile (upper trace) and Sidelight Traces (lower traces) with 

the d.c. Bias Current Switched On 
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Oscilloscope Settings for Figures 7.3 and 7.4 
Laser Pulse (upper trace):- 200mV/div. 

Sidelight Traces (lower traces):- 2mV/div. 
Timebase:- lOns/div. 
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FIGURE 7.5 
Relative Laser Pulse Energy as a Function of 

the Hydrogen Gas Pressure 
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FIGURE 7.10 
357.69nm Laser Pulse Profile (upper trace) and Sidelight Trace (lower 

trace) with the BIW Function Switched On 

FIGURE 7.11 
357.69nm Laser Pulse Profile (upper trace) and Sidelight Trace (lower 

trace) with the BIW Function Switched Off 

PhD Thesis 

Oscilloscope Settings for Figures 7.10 and 7.11 
Laser Pulse (upper trace):- 500mV/div. 

Sidelight Traces (lower trace):- 5mV/div. 
Timebase:- 20ns/div. 
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FIGURE 7.12 
Relative Laser Pulse Energy as a Function of Wavelength 

for the Nitrogen Laser 
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FIGURE 7.13 
337.1nm Laser Pulse Profile (upper trace) and Sidelight Trace (lower 

trace) with the BIW Function Switched On 

FIGURE 7.14 
337.1nm Laser Pulse Profile (upper trace) and Sidelight Trace (lower 

trace) with the BIW Function Switched Off 

PhD Thesis 

Oscilloscope Settings for Figures 7.13 and 7.14 
Laser Pulse (upper trace):- SOOmV/diy. 
Sidelight Trace (lower trace):- SmV/diy. 

Timebase:- 20ns/diy. 
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FIGURE 7.17 
Relative Laser Pulse Energy as a 

Function of the Supply Voltage 
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Relative Laser Pulse Energy as a Function 

of the Laser Breakdown Voltage 
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FIGURE 7.19 
Temporal Delay in the Initiation of the Sectional Discharges Relative to 
the Downstream Discharge as a Function of Distance Along the Laser 
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FIGURE 7.20a 
V oltage Profile Across the Laser with the 

Peaking Capacitors in Place 
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FIGURE 7.20b 
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V oltage Profile Across the Laser without the 
Peaking Capacitors in Place 
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Oscilloscope Settings for Figures 7.20a and 7.20b 
Voltage Trace:- SkV/div. 

Timebase:- Sns/div. 
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FIGURE 7.21 
V oltage Profiles Across the Laser with and without the Peaking 

Capacitors in Place Demonstrating the Higher Signal to Noise Ratio 
Obtainable Upon Double Shielding the Tektronix Probe Cables 

Oscilloscope Settings for Figures 7.20 and 7.21 
Larger Magnitude Trace:- Without the Peaking Capacitors 

Voltage Traces:- SkV/div. 
Timebase:- Sns/div. 
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FIGURE 7.22 
160nm Laser Pulse Profile (upper trace) and Sidelight Traces (lower 

traces) with the Peaking Capacitors in Place 

FIGURE 7.23 
160nm Laser Pulse Profile (upper trace) and Sidelight Traces (lower 

traces) without the Peaking Capacitors in Place 

PhD Thesis 

Oscilloscope Settings for Figures 7.22 and 7.23 
Laser Pulse (upper trace):- 200mV/div. 

Sidelight Traces (lower traces):- 2mV/div. 
Timebase:- 2ns/div. 
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Laser Breakdown Voltage as a Function of the Supply Voltage 
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FIGURE 7.27 
Voltage Risetime as a Function of the Supply Voltage 

both With and Without Peaking Capacitors 
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FIGURE 7.28 
Relative Laser Pulse Energy as a Function of 

the Laser Discharge Length 
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FIGURE 7.30 
Hydrogen Laser Pulse Profile as Monitored by the Joulemeter 
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Oscilloscope Settings 
Timebase:- 50lls/div. Vertical Scale:- lmV/div. 

Circuit Parameters 
Supply Voltage:- l7.5kV Capacitance Cs:-7.36nF 
D.C. Bias Current:- 3A 
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FIGURE 7.31 
Laser Pulse Energy as a Function of 

the Laser Breakdown Voltage 
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FIGURE 7.32 
Laser Pulse Energy as a Function of the 

Overall Discharge Length 
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FIGURE 7.33 
Natural Logarithm of the Laser Pulse Energy 

as a Function of the Discharge Length 
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FIGURE 7.34 
Enlarged Scan of the Hydrogen Laser Beam Profile 

and a Millimetre Scale 
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FIGURE 7.35 
Thyratron Anode Voltage as a Function of the 

Pulse Number at prfs of 4, 2, 1 and O.2kHz 
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FIGURE 7.37 

Cross-section of the Sectional Longitudinal, Metal and 
Quartz Constructed Laser at an Electrode Position 
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FIGURE 7.38 
Temporal Delay in the Initiation of the Sectional Discharges 

Relative to the Extreme Downstream Discharge 

4 

3 
----til 

= '-' 

~ 
2 

-< 
~ 

1 ~ 
Q 

~ 0 -< 
~ 
0 
~ -1 
~ 
~ 
E-i -2 • a 

-3 
0 10 20 30 40 50 60 

DISTANCE ALONG LASER (em) 

PhD Thesis 286 P. N. Marsh 



Chapter 7 Ferrite Line Driven H2 Laser 

FIGURE 7.39 
Laser Pulse Energy as a Function of the Pulse Number 

at Pulse Repetition Frequencies of 4, 1 and O.2kHz 
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CHAPTER 

8 

Conclusions and Further Work 

8.1 Conclusions 
The initial aim of the project has been amply fulfilled. Research 

performed separately upon non-linear ferromagnetic pulse sharpening 
lines and flat plate, Blumlein driven hydrogen lasers culminated in the 
production and operation of a thyratron driven hydrogen laser capable of 
high repetition rates. This is the first of its type of which this author is 
aware. Laser pulse energies of 4.7/-LJ were observed while the only 
limitation encountered in running the laser at multi-kilohertz repetition 
rates in burst mode was that imposed by the charging rate of the power 
supply. Despite this, 1kHz operation of a hydrogen laser was amply 
demonstrated. As an essential part of the work, it was proven that the 
risetimes of 30-40kV voltage pulses could be sharpened from 40-50ns to 
below 300psec by the use of ferrite lines, a percentage risetime reduction 
which also has not been seen previously by this author. 

Pertinent results arising from the experimental work have been 
identified and discussed in the appropriate chapter. It is now the purpose 
of this section to place these results in the context of previous research 
endeavours and to analyse the relative merits, potential and indeed the 
drawbacks of the ferrite line driven hydrogen laser system. 

The laser pulse energy of 4.7/-LJ was larger than that seen previously 
in a sectional longitudinal discharge laser when using a spark gap switch 
and is within a factor of around 2-6 of that seen in transverse discharge, 
spark gap switched lasers. It is without question that further work would 
see the laser pulse energy increasing from this figure. In terms of pulse 
repetition rates, historically most hydrogen lasers have been operated at 
around 10Hz, 250Hz having been reported using a spark gap switch(1). 
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In this area, the system described in this thesis clearly has the advantage, 
being able in principle to operate in the multi-kilohertz regime. 
However, its major weaknesses lie in the comparatively low efficiency 
achieved to date and the increased complexity and cost of the components 
constituting the electrical circuit. An approximate figure for the 
efficiency of the device when producing 4.7J.lJ pulses can be calculated by 
comparing the laser pulse energy to that stored on the capacitor Cs. This 
simple analysis yields a figure of 7.3xl0-5% which is small when 
compared to an efficiency of 0.03% which has been quoted for a spark 
gap driven device(2). The discrepancy stems from the larger capacitance 
values used thus far in the project to drive the laser. Much of this energy 
is wasted in an excessively long current pulse. Naturally, reducing this 
would clearly be a prime target for further work. 

In summary, a thyratron switched, ferrite line driven hydrogen 
laser has been shown to operate successfully. It seems likely that further 
development would result in a hydrogen laser operating in burst mode 
with an average output power easily in excess of 10mW with peak powers 
greater than 5kW. However, for reasons of cost, circuit complexity and 
efficiency, its future critically relies upon its ability to operate at multi
kilohertz repetition rates. Although authors such as Knyazev(2) have 
stated that there would be no physical limitation to the operation of the 
laser at repetition rates of several kilohertz, this has not been confirmed 
experimentally. The prime objective of any further work must therefore 
be to increase the repetition rate of the present system from 1kHz in order 
to identify the upper prf limit which will be imposed by gas kinetics upon 
the system. However, the unique excitation circuit can also be applied to 
look for new laser transitions, such as those proposed by Petrash(3), 
which have been briefly examined in this text. These transitions do not 
have the disadvantage of being part of a molecular system and may prove 
to be more amenable to high repetition rate operation. 

8.2 Further Work 
The initial feasibility study into driving short wavelength lasers 

with a thyratron switch by the use of non-linear transmission lines has 
been completed satisfactorily. However, several questions remain 
unanswered and there is still much work to be done to optimise the 
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system. Naturally, all of this will not be considered here but several areas 
will be isolated and briefly discussed in the sections below. 

8.2.1 Power Supply Limitations 
As aforementioned, the prime objective must be to identify the 

upper prf limitation of the hydrogen laser scheme in order to properly 
assess the potential of the laser system. The easiest method of evaluating 
this would be to simply employ the services of a more powerful power 
supply within the existing system. Alternatively, methods of reducing the 
capacitance of Cs could be sought which would alleviate the demands 
placed upon the power supply. This line of approach would have the 
additional advantage of simultaneously producing a more efficient laser. 

8.2.2 Aspects of the Electrical Circuit Worth Investigating 
Perhaps one of the most crucial aspects of the low impedance shock 

line driven hydrogen laser which needs to be improved is that of 
impedance matching. Large impedance mismatches exist at several places 
in the circuit and may currently be severely limiting the performance of 
the laser. Currently, little work has been conducted into impedance 
matching either at the connection point between the low impedance shock 
line and the URM76 coaxial cables or between these cables and the small 
lengths of shock line attached to their ends. An additional concern is the 
degradation of the voltage pulse as it traverses the son coaxial cables. 
Initially, long lengths of coaxial cable were used to provide electrical 
isolation of one pair of discharge segments from another. The 3.6m 
length of cable used represented a transmission time of 17.8ns, thus 
yielding a time interlude of approximately 3S.6ns before a reflected pulse 
from one electrode pair could affect any other. Whilst in many ways this 
is desirable, the system is inherently flawed. Both temporal dispersion 
and attenuation losses must be considered in the transmission of the 
voltage pulse. At frequencies of 1 GHz, the attenuation of the coaxial 
cable used was quoted to be S.3dBIlOm which yields a Vout:Vin ratio of 
0.8. The attenuation increases in magnitude as the frequency becomes 
greater. Experimentally determined attenuation figures at frequencies 
greater than IGHz for URM76 cable were not readily available. 
However, based upon the attenuation measured at 600MHz and 1000MHz, 
Radex were able to calculate the approximate attenuation at higher 
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frequencies. Their quoted values were 7.8, 9.9 and 11.7dB/10m at 
frequencies of 2, 3 and 4GHz respectively. Their predicted value of 
7.8dBIlOm at 2GHz had a good degree of correlation with that of 
7.5dBIlOm supplied by Midwest Microwave. The best voltage risetime 
obtained previously using the ferrite lines was 280psec which corresponds 
to a frequency of around 3.57GHz. Using the attenuation figures obtained 
at 4GHz, a Vout:Vin ratio of 0.62 is obtained for 3.6m of URM76 cable. 
Clearly, this in itself represents a serious flaw in the current system. 
Either shortening the existing cables or replacing them with URM67 
cables which have better attenuation figures would help in this matter. 

The above problems are essentially circumvented by the use of the 
multi-ferrite line driven hydrogen laser which perhaps has the better 
potential. Development of this system hinges around the timing of the 
voltage pulses produced by the individual ferrite lines, ideas for which 
have been discussed in chapter seven. 

8.2.3 Laser Head Development 
As was highlighted by the laser constructed from metal and glass, 

the inductance of the current loop of each longitudinal discharge segment 
is a critical factor. This could be reduced in future laser heads but the 
circuit will always possess an electrical path length of twice the 
interelectrode spacing at best. Reducing the interelectrode spacing would 
require the use of more coaxial cables in order to drive the same 
discharge length. If the interelectrode spacing was to be reduced 
significantly, as would be the case when investigating the predicted noble 
gas ion transitions, then it seems likely that the work would migrate 
towards laser heads having a transverse discharge. This could foreseeable 
result in larger laser powers but the corresponding decrease in the beam 
quality would also require consideration. 

8.2.4 Long Term Development 
Whether operating as a hydrogen laser or producing coherent VUV 

radiation on other laser transitions, a long term objective must be the 
production of a system which can operate continuously at repetition rates 
in the kilohertz regime rather than in burst mode. This would involve the 
development of an appropriate thyratron, possibly in collaboration with a 
manufacturer such as EEV Ltd. In addition, new, oil cooled, 
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ferromagnetic shock lines similar to those used for high power 
applications at EEV and described in this text would need to be 
constructed. It would also seem appropriate to consider other types of 
magnetic pulse compression circuits which could be used in series with the 
ferromagnetic shock lines. These could conceivably provide a better 
input voltage waveform to the lines with pulses having both a faster 
risetime and a shorter duration. This in turn would lead to the optimum 
length of the shock lines becoming shorter and possibly to a reduction in 
the capacitance of Cs, both of which would result in a laser exhibiting a 
higher efficiency. 
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