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ABSTRACT

A compact, transverse discharge XeCl laser has been constructed. The laser employs an -
LC double inversion circuit, and is operated. at an optimum gas mix containing 1.12%
Xe, 0.56% HCI!, and 98.32% He, at a maximum filling pressure of 80 Psi. The electrical
efficiency of the laser is typically 0.3%, with an éutput energy of = 95 mj and an output
laser pulse FWHM of 13.5 nsec, resulting in an output power of ~ 7 MW.

The discharge current reaches a peak value of 7.75 KA, with a rise time of 24 nsec,

whereas the voltage reaches a maximum value of 29.1 KV, with a rise time of 111 nsec.

By using a CO, Mach-Zehnder interferometer, the electron density was measured
for the optimum mix (4.01£x10" cm~2). Several studies at different Xe : HCI ratios
showed that the dissociative attachment of HC! molecules is responsible for the electron
loss during the discharge.

" The electfon temperature was calculated using the measured values of discharge resis-
tance and the drift velocity. The results show that electrons cool by inglastic collisions

with HC! molecules.
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Chapter 1
Introduétion

- The following research is mainly a continuation of the work performed by Ford [1] in his
research oﬁ XeCl excimer lasers. It is aimed towards the construction of a more reliable,
efficient XeCl laser, and the study of two fundamental plasma parameters: the electron
density in the discharge (nej and the electron temperature (7).

With this objective in mind, We' constructed a simple discharge pumped XeCl laser,
using the same discharge circuit design as the one employed by Ford and a laser body
resembling the design used by Stewart [2] for his CO, amplifier. Consequently, our newly
constructed laser incorporates the advantages of the two developments.

The matf;rial in this thesis presents a study of a discharge pumped, u.v. preionized
XeCl excimer’laser, ﬁsing an LC double inversion circuit as an excitation scheme. It
contains the results from a detailed investigation of the laser output energy under some
pérzimetric variations of, for example, the total filling pressure, charging voltage, gas
mixture composition, and time delay betv&}een the main discharge and the preionization
discharge. As a result of parameter optimization, the resultant laser has relatiw}ely short
pulses, high energy, and excellent beam uniformity.

In the past, several ﬁumerical simulafgion models [3, 4, 5, 6] have been developed to
predict, with satisfactory reliabiljty,. the overall performance of ,th_e XeCl lasers.
However, two crucial parametérs of the XeCl discharge plasma, n. aﬁd T., were rarely
predicted by these computer codes and were often reported as estimates. This is probably

due to the uncertainties in the fundamental kinetic processes, and to the lack of sufficient
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experimental data.

This thesis presents an experimental study of both n. and T, as functions of halogen
donor concentration. To our knowledge, this is the first eicperimental_ attempt to deter-
mine 7, in XeCl lasers. The method uses the evaluation of the drift velocity and the
resistance of the discharge; by combining the two results, one can use an expression to -
calculate the electron temperature. |
The electron density was measured by interferometric techpiﬁues. Using a Mach-Zehnder
interfér‘ometer,, one can measure the time Varyiflg electfén refractivities in the dischzirge, |
perﬁxitting the determination of the electron density evolution.

By studying the variations of n, and T, for variéus halogen donor concentration; it
was possible to propose mechanisms responsible for electron loss and cooling réactions in

the discharge pumped XeCl lasers..

1.1 Thesis Organization

This thesis is divided into seven chapters. Chapter 2 presents the b#ckéround history
of excimer lasers, focusing on XeCl discharge pumped lasers and the reactions behind
XeCl~ formation. Chapter 3 contains a full description of the current XeCl laser and
| solutiohs to some technical prbblems. In chapter 4, we present the investigations towards
the determination of parameters permitting optimum output energy. Chapter 5 describes
the electrical measurements of the discharge. In chapter 6, we describe the experimental
setup and present the results form n. and 7. measurements. Finally, in chapter 7, we

present the discussion and the conclusion of the thesis.



Chapter 2

History of Rare Gas Halide Excimer Lasers

-

Since this research work is concerned with the study of the XeCl excimer laser, a brief
background history of excimer lasers is presented, with special emphasis placed on the
development of discharge pumped XeCl lasers.

It 1s surprising to find that the concept of excimer emission dates back to 1901, when
Hartley [7] and Wood (1909) (8] first reported broad band emissions from the electric
discharges of Hg, Cd, and Zn atomic vapours. This broad band emission was explained
three decades later by Mrozowski [9]; he stated that the molecules must be in bound
excited states and that they possess repulsive ground states. Another three decadés
passed without any progress on the excimer emissions. Then, in 1960, shortly after the
laser invention, Houtermans [10] suggested that the emission from the Hg, molecule is
a form of stimulated emission, similar to any stimulated emission occuring in atomic
lasers. These molecules have repulsive molecular ground states, which make it easy for
a population inversion to occur between the excited bound molecular states and the
repulsive molecular ground states without any bottle-necking.

The work of Houtermans was the foundation for a new class of lasers providing the
most promisiﬁg source of u.v. photons at high output powers. However, attempts to
obtain laser oscillations in excimers were not as simple as explained by Houtermans, and
they were followed by failures [11].

In 1971, Basov et al. [12] presented the first experimental evidence of the possibility of

having a noble liquid excimer laser; they realized that obtaining lasing action in excimers
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requires high pumping powers; therefore, they used a relativistic electron beam to pump
liquid Xe, and they observed a lasing wavelength of 176 nm.

Later, Koeher et al. (1972) [13] reported the same stimulated emission in Xe in a gaseous
phase.

The first demonstration of the rare gas halide excimers was performed by Searles and
Hart [14]. They reported a stimulated emission at-281.8 nm in an electron beam pumped
XeBr laser with a lasing mixture containing Xe and Br,. Later, Ewing and Brau [15]
observed a laser emission from Xel at a wavelength of 253.5 nm. The mixture used was
composed of Ar, Xe, and I,, irradiated with a high intensity electron beam pulsed with
a Marx generatdr.

At the same time of Ewing’s discovery, Velazco and Setser [16] confirmed the lasing
sbectra in XeCl, XeF, and XeBr.

The first evidence on the feasibility of the XeCl ~laser, using electron beam pumping,
was reported by Ewing and Brau [17]. Cl, was used as a halogen donor for the XeCl
laser mixture, and the laser produced an output energy of < 50 pj.

Since then, most of the research and development of excimer lasers was directed
towards the fluoride lasers, especially KrF lasers, which ‘pror'njsed higher energies and
efficiencies than any other rare gas halide lasers.

Using electron beam pumping has many disadvantages. For instance, the electron
beam gun and energy storage systems were large in size, expensive, awkward in the pulse
repetitivity, and, clearly, the scaling of these kind of lasers is difficult because of numerous
factors involved in the electroﬁ beam pumping mechanism. |
An alternative solution was to use electric discharge pumping; but there was a difficulty in
sustaining the glow discharge at higil fressures necessary for any excimér laser operation.
A substantial effort went into solving this problem. Efficient electrical excitation of

excimers in transient high pressure glow discharges can now be accomplished with the
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help of preionization (preconditioning) of the diséharge gas, ﬁsing u.v. preionization
[1, 18, 19, 20, 21, 22], corona preionization [23, 24], photoionization [25], or X- ray
preionization [26, 27]. "

The discharge pumped rare gas halide excimer lasers have employed fast discharge
~devices, for example, LC inversion circuits [1, 18, 19, 20], Blumlein circuits [28, 29] and
pulse forming networks (PFN) [22, 30, 31]. All of these were more convenient than the
electron beam pumped devices because of their simple, compact designs, smaller sizes,
simpler operations, high repetition rates, and high output energies per unit volume.

~ With the preionization techniques, XeCl proved to be a laser medium as powerful
and as effective as KrF', once the appropriate chlorine donor was used. As a halogen
donor, Cl; was undesirable because it shows strong photodiss‘ociation in the u.v. range.
The search for a suitable halogen donor was on. Kudryatsev et al. [32] reported XeCl
lasing (308 nm) in an electric discharge, with an output energy of 1 mj in various halogen
donors: CF,Cly, CCly, and BCl3. Ishchenko et al. [33] reported higher energy (3.4 mj)
in XeCl, using BCl3 as a chlorine donor. |

A year later (1978), Burnham [34] announced iasing in X edl discharge, with HCI as
a halogen donor, resulting in a maximum output enérgy of 110 mj. In the same year, Sze
and Scott [35] reported even more output energy in XeCl (180 mj) in 48 Psi mixture
containing '(0.2% HCI, 5%Xe, 94.8%He).

Obviously, HC! appeared to be the best halogen donor for XeCl~ lasers because it does
not absorb at the lasing wavelength and it provides higher output energies. |

In his paper [36], Sze summarized a series of studies directed towards the behaviour of
XeCl lasers under some parametric variations (charging voltage, pressure, etc.) including
~ the optimization of the lasing output energy.

Jianwen et al. [37] reported an even higher output energy of 400 mj using a Blum-

lein discharge excited XeCl laser having a total filling pressure of 3 atmospheres and a
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charging voltage of 42 KV. The specific output energy per unit volume for this laser was
55/l '

| Sze [38] continued his work on XeCl lasers by demonstrating that the high perfor-
mance and repetition rate (1 K Hz) is feasible with a discharge Blumlein circuit. He re-
ported an output energy of 0.5 mj from a small discharge volume of 10cm x dmm x 2mm,
with a laser pulse FWHM of 40 nsec.

Until then, the highest output energy reported from discharge pumped XeCl lasers
was of the order of half a joule; that was until the work of Watenbe and Endoh [39]
was published. They measured an output energy of 13.8 J (FWHM of 70 nsec) in the
XeCl mixture with an active volume of 4 [ pressurized to 5 atm. The circuit they used
consisted of a pulse forming line (PFL), with a characteristic impedance and capacitance
of 0.5 Q, 51 nF, respectively. |
| Later, Takahashi et al. [40] published a paper on the short pulse generation in a
XeCl discharge pumped laser. Using a Blumlein circuit and a short iaser cavity of 8 em
long, they were able to obtain the shortest XeCl laser pulse with a FW HM duration of
1 nsec. | |

Baranov et al. [41] constructed a wide aperture (13 x 10 cm?) electric discharge XeCl
laser with an active discharge volume of 8.5 | pressurized to 5 atm. And by employing
.‘u.v. preionization, they were able to extract a maximum laser energy of 20J in 100 nsec
FWHM pulses.

Recently, Yamada et al. [42] designed a XeCl laser oscillator with the highest specific
power per unit volume of 2 GW/I, from an effective discharge volume of 1.5x3.2x100
mm?, which is an order of magnitude larger than what is obtained from conventional
XeCl discharge lasers. The laser circuit consistgd of a Blumlein type discharge operated
at 500 Hz repetition rate, and gave pulses of 1 nsec FWHM , with an output power of
more than 1 MW.
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2.1 The XeCl™ Molecule and Laser Action

Excimers (excited dimers, trimers) are not simple systems; in fact, they are weakly bound,
short lived (a few nanboseconds) excited states of molecules, which under normzﬂ condi-
tions, do not form stable molecular ground states. The excimer molecule is relatively
bound only in an excited electronic state, whereas the ground state may be either repul-
sive, as in the case if the K rF molecule, or in a weakly bound state dissociating at room
teﬁperature, as in the XeCl excimer molecule. |

The gfohnd state of the XeCl molecule is a result of the combination of S 1 rare
gas and P? halogen atoms. This state is split‘. into two states: a weakly bound vsfate
(£?) known as the X and a repulsi\;e state (II?) known as the A state. The upper laser
level is ionic in nature, and consists of a pdsitively charged rare gas ion in the P? state
(Xe™), and a negatively charged halogen ion (CI~) in the S? state held togethér by thé
elect’rostatié coulomb force. - The upper laser level is split into two levels: £2 and I?
states, known as the B and C states, respectively [43, 44, 45].

Population inversion and lasing action are easy to achieve in XeCl lasefs. Lasing"
is possible, since the lifetime of bound excited upper electronic states is much higher
than the dissociative time for the molecular ground states; therefore, it gives an effective
pumping time to form the XeCl™ molecules.

The XeCl laser operates on the B-X, near 308 nm, bound-bound transition of the
diatomic excimer molecule. There is also another, but weaker in gain, C-A bound-free
transition near 345 nm . These transitions are-possible because tile decay of the XeCl*
molecule to the ground state has to be completed through a radiative channel, since no

thermal relaxation is possible [43).
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2.1.1 Formation of the XeCl™ molecule

The steps leading to the formatioﬁ of the excited .X eCl molecule are very c'omplicated
in that they involve many reaction channels and reaction r‘ates. The first and mosf
important steps in the formation of the XeCl~ excimer molecule are the formation of
Xet, Cl=, Xe*, He*, He*, and HCI(v) by the foﬂoWing reactions (3, 4, 5, 6]. Here the
symbols +, -, *, and (v) denote positive ion, negative ion, excited state;, and an excited

vibrational state, respectively.

e+ He — He™ +e : (2.1)
e+ He — He' + 2 | (2.2)
et He" — He* +2 | (2.3)
evf{%Xe—‘—‘>.X.e++2e B (2.4)
e+ Xe — Xe +e | (2.5)

ot Xer — Xet 42 . . (2.6)
e+ HCl — H +CI 2

e+ HCl — HCl(v) +e (2.8)
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e+ HCl(v) — H+Cl” 4 (2.9)

The formation of such species depends on the electron number density during the
duration of the discharge.

Penning ionization may also contribute to the formation of the Xe* ion via:

-

Xe'—{—Xe'—»_Xe'{"-}—Xe—i—e - (2.10)

He" + Xe — He + Xet +e | (2.11)

Once these ions and excited atoms are present, the formation of the XeCl" excimer
molecule occures via many channels, but the most effective of all is the ion‘ion recombi-
nation channel, where this process involves a third body ( He/Xe ) to take on the extra

momentum [43).

- Xe* + Cl” + He/Xe — XeCl™ + He/Xe (2.12)

or through the reaction:

Xe* + Xe + He —» Xef + He (2.13)

followed by
Xej—}—Cl'»—» XeCl* + Xe : (2.14)
In all of the above reactions, the réte of formation of the excimer molecule is governed

by fhe rate of formation of the halogen ion Cl~ by dissociative attachment of the HCI

molecules.
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Another possible way leading to the forrhation of the XeCl~ is the neutral reaction
of HCI(v) with excited Xe atoms:

HCl(v) + Xe” — XeCl*+ H (2.15)

Once XeCl™ is formed, it decays back to Xe and Cl, with the result of 308 nm

photons being emitted.

XeCl" — Xe + Cl + hv(308nm) (2.16)



Chapter 3

Description of the XeCl Laser

In this chapter, a brief description of the constructed XeCl laser is presented. A

schematic diagram of the laser is shown in figure (3.1).

3.1 Laser Chamber

Since the goals of this work are to construct a high pressure XeCl excimer laser and to
study the variations of the output laser energy with pressure, it is desirable that the laser
tube be constructed to withstand high pressures. Also, due to the corrosiveness of the
gas mixture, we require that the tube material not react with the HCI gas.

The laser tube was constructed from a 45.72 cm polyvinal chloride (PVC) rod, which
was bored to a tube with inner diameter of 5.72 cm and outer diameter of 7.62 em. The
laser tube has two end flanges which seal against the laser windows with O-rings. Twelve
- holes, which permit the connections for the diséharge.electrodes, were drilled on opposite

sides of the tube. The laser can be pumped down by using a small roughing pump before

introducing the laser mixture.

3.2 Discharge Electrodes and their Profile

In order to have long lasting electrodes, the two laser main discharge electrodes were
~ made out of solid brass of 35 em in length, and 2.5 em in width and they were placed 1.5

cm apart. Each electrode has 12 connections which connect (through the laser discharge

11
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Figure 3.1: A transverse cross section of the XeCl laser

12
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‘tube and seal with O-rings) to the capacitor’s middle brass plate. See figure (3.1) for
~more details. The reason for having so many connections is to reduce the inductance of
the discharge circuit. | | |

Obtaining a stable glow discharge with a maximum possible energy density deposition
requires a very uniform energy loading in the lasing gas mixture. Such uniform energy
deposition can be achieved by having a very uniform electric” field distribution over the
discharge surface area of the electrodes; hence, we constructed Chang [46] profile elec-
trodes with k = 11 x 10"6. However, the ideal profile design was followed by somewhat
empiricai retouchings as shown in figure (3.2). Due to the lack of numerically cc;ntrolled
milling maéhjnes, the electrodes were smoothly countoured by hand, and wére téken in
and out of the discharge for possible fepo]jshing after visual observations of discharge
inhomogeneties.

The helium discharge appeared to be spatially uniform with no observable streamers.
Figure (3.3) shows a uniform discharge in helium as seen along the optical axis. However,
it proved to be impossib\le to have a uniform arc-free glow discharge in the XeCl mixturé
with the electrode profile used by Stewart [2]. With his profile, the main discharge took
placé along both sides, instead of the central parts, of the electrodes. This resulted in a .
laser beam profile consisting of two stripes sepafa.ted by a central dark region.

Using the modified Chang profile reduced the effective discharge volume to 0.5 x 1.5 x
- 35 em?, estimating the discharge width of tle laser 'vplume from the burn spot of the

_ laser beam on the back of 667 Polaroid film.

3.3 Brewster Windows |

Minimizing the optical losses, due to surface reflections and the corrosive nature of the

lasing gas to the optical resonator, requires the use of Brewster windows where the
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Figure 3.3: He glow discharge at 50 Psi, 22 KV, and At=600 ns.
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resonator mirrors are placed outside the discharge chamber.

Mounted on both ends of the discharge chamber, both of the Brewster windows were
m#de to withstand high pressure operations. The window flanges were machined out
of transparent lucite 0.25 inches thick; the output windows were 2 inches in diameter,
0.5 inches thick quartz plates tilted at Brewster angle of 55.5° (see ﬁgure (3.4) for more
details) attached directly to the housing of the windows, thﬁs exposing the quartz plates
directly to the corrosive lasing gas and the discharge. This led to a deposition of dust-like
particulates on the optical windows and, as a result, they have to be removed for cleaning

after several shots.

3.4 U.V. Preionization Rods

Preionization of the main discharge was provided by arrays of u.v. sparks. Two preion-
ization rods were used; each one was made out of a series of seventeen (2.4 cm long each)
stainless steel tubes. The end edges of the stainless steel tubes were cut at 30° to the axis
of the tube, and were fitted through a 5 mm diameter glass tubing of 44.45 cm in length
so that the protruding edges were spaced 1 mm apart from each other. High voltage
was applied to the first stainless steel tube, and was returned by a high voltage wire
running through the glass tubing. Both preionization rods were placed along the sides of
the main discharge parallel to the laser eleétrodes, and were placed 2.54 em apart. This
mechanical design ensures a uniform u.v. distribution all along the discharge volume.
The spark discharges were powered by a separate RLC circuit, and charged By the

same power supply.
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O-Ring (227)

Quartz window

Figure 3.4: Laser Brewster window.
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3.5 The Optical Resonator

In general, excimer lasers have such high internal gain compared to other TE discharge
lasers that they can be operated as superradiant lasers. Both high optical gain and poé-
sible superradiance are important factors in designing the appropriate optical resonator
for such lasers.

Excimer laser resonator cavities are, in general, undgr one metre long. In the present
case, the resonator cavity was about &~ 75cm long, with the output coupler mounted in a
standard configuration of a plano-plano marginally stable optical resonator. As in most
discharge lasers, the rear resonator mirror (2 inches in diameter) is coated (aluminum in
this case) for ma)dmufn reflectance. However, because of the high internal optical gain,
there is no need to coat the output coupler; thus, we have used uncoated quartz flat 2

inches in diameter and 0.5 inches thick.

3.6 Gas Handling System and Gas Mixture Life Time

The gas handling system includes a high pressure mixing bottle, in which high quality
research grade HCl, Xe,b and He gases could be mixéd. The gases were fed to the mix-
ing bottle through copper tubings in combination with poly-flo tubings. The gases were
~ mixed to desired concéntration by adjusting their partial pressures in the mixing bottle.
The minor constituents (Xe and HCl) were fed first to make precise pressure measure-
ments easier with the vacuum gage, whereas the Buﬂ‘er gas was fed slowly so that the
X e.and HC! gases trapped in the poly-flo and copperv tubing could mix evenly with H e.
In order to ensure even mixing, the gas mixture was allowed to sit for 15 minutes before
use. | |

In some experiments, the gas was mixed in the discharge chamber. And since no

noticeable reduction in output energy was observed, we mixed the gases in the chamber
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or the mixing bottle interchangeably.

The disadvantage in working with XeCl lasers is the handling of the corrosive HCl gas.
The halogen donor gas (HCI) reacts strongly with the laser building materials [47, 48, 49];
these reactions create impurities in the laser gas mixture that may cause arcs to develop,
absorption of the laser photons or of u.v. radiation generated from preioization, and
optical damage or degradation to the quartz windows. )

The u.v. preionizers can also produce some impurities in the gas. The u.v. light,
upon impact on the PV C tube, O-ring seéls, or lucite flanges can lead to the formation
of chlorocarbons which can absorb light at the laser wavelength [47]. Also, aréing of the
main discharge results in the h_eatin'g of certain spots on the brass electrodes, leading to
the release of chemicals into the discharge region. o

One severe problem we faced consists in the optical degradation of the quartz windows
due to the deposition and build up of particulates from the discharge gas on the inner
surface of the windows and the formation of thin film on them. A burn spot on the film
was observed on the inner face of the quarti windows. The spot has the same shape and
dimensions as the lasing aperture. One way to érevent this coating from forming is to
redesign the laser gas inlet where the laser gas mix can be fed to the laser chamber in a
tangential direction to the quartz windows, as a result, ﬁushing the windows each time
the gas mixture is added. A

The sealed off life of the gas mixture is found to be short (a few days); therefore,
we may consider the gas to be consumable. A significant reduction in the laser output
energy of ~ 40% is observed when the lasing mixture has been left in _the mixing botﬂe- ,

for over a day. This suggests that the laser gas mixing bottle is not HCl compatable;

~therefore, all the parametric studies were performed in fresh laser mixes a few hours old.

The accumulation of impurities results in a gradual decrease in the laser pulse energy,

the lifetime of the lasing gas mixture, and the performance of the laser. However, the
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laser 1s restoréd back to its normal fﬁll power operation once the lasinAg gas mixture has
been replaced with .ﬁ‘esh mixture.

The most effective and satisfactory solution to the gas life time problem is 'r;o consider
a flowing gas systém. Circulating the laser gas mixture through the discharge region
helps to sustain constant output energies, to reduce impurities, and to remove the excess
discharge heat when a high repetition firing rate is required. But due to the small fixed
diameter of the lasef gas inlet (%iﬁch )», it proved to be impossiblé to use a circulating fan

to maintain a satisfactory gas flow.

3.7 Discharge Driving Circuit

In order to form the lasing XeCl™ molecule, the d.eposition of the electrical excitation.
energy must be fast enough so that the transient glow discharge does not constrict into
arcs. Therefore, the pumping circuit has to be fast. The LC double inversion circuit is
one of the most simple and efficient ways to excite a rare gas halide lasers [1]. Efficient
operation of such lasers depends strongly on the low inductance of the driving circuit
and on the dens.ity and distribution of the initial electrons produced by the preionization
process. | | |

The principle behind an LC inversion circuit is that the capacitors (ie. C*,and C™
in figure 3.63) are charged in parallel. When the spark gap switch, Ry, is élosed, the

voltage acr‘os.sA the capacitor (C™") reverses direction: the voltage across the laser at this

~ time becomes double the charging voltage of the capacitors. If the laser discharge breaks

down at this time, then the equivalent circuit of the discharge circuit reduces to the one
. shown in figure (3.6b).
The diéchdrge circuit is composed of two independent circuits: The main discharge

circuit and the preioization circuit as shown in figure (3.5). The main discharge circuit
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coﬁeists of the energy storage capacitors. Twenty four ceramic doorknob capacitors, each

having a capacitance of 2.7 nF', were divided symm'etrically between both sides of the

discharge chamber and as close as possible to it, therefore, minimizing the inductance of
the aischarge circuit, and giving a total capecitance'of 16.2 nF. On each eide, the two

rows of the capacitors were connected with a 21.1 x 33.2‘crr-z2 0.65 cm thick brass plate,

again to minimize the inductance of the circuit. These plates were connected directly to‘;
the charging power supply via a 50 M TRW high voltage charging resistor. It should

be noted that the plates were covered around the edges with kepton tape for high voltage

insulation to prevent corona sparks from jumping across the capacitor banks.

The sw1tchmgs of the main and the prelomzat]on discharges were made possible by
two low inductance spark gaps, which were pressurized with dry air to withstand the
charging voltage. Each spark gap was triggered by a triggering pin connected to a
separate Krytron unit through a 4:1 step—upbtransfermer. Each Krytron unit uses an
EG&G Krytron and givles a triggering pulse of 10 KV

We have tried coupling the preionizers to the mejn discharge circuit- (i.e. automatic
preioization), which is similar to the design reported by Houtman et al. [50], where the
main and the preionization discharges were supplied from common capamtors Unfortu-
nately, thls technique did not work due to the development of discharges jumping from
the electrodes to the preionization rods, which was followed by an arc-like discharge.
Thi_s‘ suggests that the preionization rods were sittiﬁg at a different p‘otent.ial than the
half way potential betlween the main discharge electrodes. '

The preionization circuit is composed of four 2.7 nF cerami:c dqorknob -ca.pa'citors,

two for each preionization rod, charged up from' the same power supply via 50 M high
voltage TRW resistor. To minimize the chances of the main discharge voltage jumping
to the preionizers, the preionization rods were capacxtlvally coupled, through four 0. 5

nF capacitors, to both main discharge electrodes This ensures that the prelomzers are
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always kept at half way potential during the main discharge voltage switching.

For a high pressure volume dominant glow discharge, one requires a delay between the
preionization and the main discharge. Such a delay is important for the initial electron
concentration to. grow and reach a maximum value &~ 107 em ™2 (as reported by Taylor
[5.1]) creating the ideal conditions for uniform main glow discharge. The time delay
between the preionization and the majn_tﬁggeﬁné pulses can be varied electronically. It
turned out that this delay could be varied anywhere between 400 nsec and 800 nsec,
without having any significant effect on the output of the laser energy. It was decided to

operate the laser main discharge at 600 nsec time delay.

3.7.1 Discharge Circuit Analysis

Figure (3.6a) shows one side of the discharge circuit, where R;, R, are the resistances
of the spark gap and the laser discharge, respectively, and L;, L, are the inductancesk
of the circuit and the laser head, respectively. As the spark gap fires (R;) the voltage
across capacitor C™" inverts, and current I; will start to flow through L, until the voltage
across the laser reaches the breakdown voltage of the gas, then current I3 will start to flow
through the laser diécharge (R.); at the same time, the capacitor C~ starts to discharge
through the laser head.

" The inductance L, was measured from the ringing frequency of the voltage trace
(without firing the main discharge), and was found to be equal to 220 nH.

The circuit in figure (3.6a) can be described by the following set of equations:

Il =Iz+13 (31)
., 4’1 Y
CLizy +C" Rl + L =0 (3.2)

and

2
C L2 4 ¢R,

= R th-L=0 (3.3)
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Figure 3.5: The laser discharge circuit diagram.
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where C* = C™ = C/4 =16.2 nF. The initial conditions are: the total charge
Q(t = 0) =C~V. where V, is the charging voltage, I3(t = 0) = 0, and 220=0) - —%";,
where Vj}, is the breakdown voltage. To find the frequencies of oscillations, oné can treat
the circuit as two coupled oscillators with two oscillation frequencies w; and ‘UJ2. Since
the resistances R, and R, contribute only to the damping term in I3(t), they can be
1gnored while solﬁng for the frequencies. Therefore, solving equations (3.1) to (3.3) gives
the following differential equation for I3(t)

o d d2I,
C L1L2 dt4 +C (2L1 +L2)2t_2

By assuming a plane wave solution (for L, < L,), one can get the two oscillation

[ 1
wp = :i: 2C"L1 (35)

2
C-L

with the use of the initial conditions one can obtain an expression for the current I

+I;=0 o (34)

frequencies w; and wy:

UJzzi‘

(3.6)

_ [2Cr, L., ., [2C~. 2C* Vi . 1
Ta(t) =\ T (Ve + 225 )sin( —,;t)—\/ (G Vsin(yzmrt) @)

The above expression was multiplied by two to account for the other half of the

circuit. For the times when ¢ is less than w4/C*L,, the second term is negligable, and

the expression for I3(t) is reduced to

- [2c- L,V., ., [2C*
hmzdzﬂ%+zlmﬂ m” (3.8)

Equation (3.8) shows that the amount of current deposited in the discharge increases

with increasing charging voltage. The way to gain any insight into the discharge circuit
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is to consider the circuit to be simply an ohmic circuit (see figure (3.6b)). Consider the
laser dischargé head having a resistance Rz; we then can come up with an estimate of
the discﬁarge circuit impedance. ‘

Next, consider a single current loop on one side of the laser going from the capacitor
bank through the discharge region and back to the same capacitor bank. Such a current
loop encloses an effective area of 75 em?; hence, the inductajnce can be found from the

relation of a single coil inductor, so that:

Ly = N2, A/l | (3.9)

Where N is the number of turns =1,
A is the cross sectional area enclosed by the current loop =75 em?,
l is the discharge length which is equal to the length of the electrode =35 em, and

io is the permeability ‘of free space.

This gives a one side inductance of 27 nH. With this analysis, we can also estimate
the impedance match of the discharge. For a critically damped circuit, the condition for

impedance matching is:

R, =2/L,/C - (3.10)

Where L; is the total inductance of the laser circuit, which is half the indﬁctance of
one side of the discharge =13.5 nH, and C =16.2 nF. The calculated R, =1.83 Q.
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Figure 3.6: (a) One side of the dicharge circuit, (b) equivalent circuit.
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XeCl Laser Output Energy Optimization

The need to optiﬁﬁze the laser energy is an essential step beforé proceeding with any
kind of laser pararﬁeter measurements, for exaniple, the discharge breakdown voltage,
discharge current, pulse duration, and electron density. The measuremeﬁts of these pa-
rameters should iﬁprové the understanding of the XeCl~ kinetics in the discharge, gnd.
may help in the developmént of more efficient, large scale XeCl lasers. Therefore, one
should investigate the laser output energy and its behaviour as a function of different
parameters, such aé the charging voltage, the total lasing mixture p'ressure, the concen-
tration of the iasing components (i.e. Xe, and HCl), the buffer gas (He), and thé timing -
delay between the preionizing u.v. light and the main discharge. |

The laser output energy was measured with a Gentec ED200 joulemeter. The output
energy was found to be sensitive to the alignment of the optical resonator. As much as
* a factor of two is lost. due to slight misalignment. This was demonstrated by slightly

misaligning the output coupler.

4.1 Variations of the Laser Energy with the Charging Voltage

A study of the laser output energy and its dependence on the charging voltage was
carried out for different Xe and HC! concentrations and various total filling pressures.
'However, because of the 40 KV maximum ratings on both the power supply and the
charging capacitors, it x-vas not possible to go beyond this limit in carrying out the laser

energy measurements. In all the experiinent's, the maximum possible opérating voltage

27
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was 35 KV ; trying to exceed this voltage resulted in the breakdown of the capacitors.
In general, it was found that the laser output energy increases (at high pressures)
as the charging voltage increases. This increase in the energy can be expléined from
equation (3.8). Since the current deposited in the laser (I3) increases as the charging
voltage increases, the electric energy deposited in the gas rises; as a result, more energy is
obtained from the laser. Figures (4.1) to (4.10) show how the laser output energy changes
with the charging voltage for vaﬁous gas mixes. Each plotted point was averaged over
more than ten runs taken in sequence.
The largest output energy was 96 mj at 30 to 35 KV, measured in a mixture consisting

of Xe(5%), HCl(1%), and He(94%); however, even though this was the highest energy

measured, the glow discharge was unstable for long term operation.

4.2 Pressure Optimization for Higher Efficiency Operations

In our current study, we.have studied the variations of the laser output energy with
the total gas filling pressures for several Xe, HCI, and He concentrations, and different
charging voltages, with the obje'ctive to ﬁnd the optimum laser gag filling pressure for
- efficient operation.

‘The most dominant channel in the XeCl* formation is the ionic recombination which
depends mainly on the density of a third body [43], such as He. Therefore, as the total
gas pressure increases, the density of He atoms increases, which, as a result, helps in the
formation of X eCl;" moleculesr ‘
Figures (4.11) to (4.20) show the behaviour of the laser output as a function of the total
. gas filling pressure ranging from 40 Psi up to 90 Psi. Howéver, rapid arc formation
developed in the discharge at a laser gas pressure exceeding 90 Psi, which may be due

to the instability of glow discharge at high pressures.
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Figure 4.1: Output energy versus charging voltage.
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Figure 4.2: Output energy versus charging voltage.
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Figure 4.3: Output energy versus charging voltage.



Chapter 4. XeCl Laser Output Energ;v Optinﬁzation | 32

ENERGY VS CHARGING VOLTAGE

100 -
954 Xe 5.0%

HCI 1.0%
901 He 94.0%

86
. 80+ Y
761
704
65 -
60 _
66 - ‘ ' .
60
- 456

ENERGY (mJ)

40 Ve
el " : : ' » Legend
. i o 40 PSI
i , s 50 PSI
x 60 PS
= 70 PSI
o 80 PSI
o 90 PSI

0‘, T L T 4 ¥ 1 .]
o 6 10 15 20 25 30 35 40

~ VOLTAGE ( KV )

Figure 4.4: Output energy versus charging voltage.
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Figure 4.5: Output energy versus charging voltage.
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Figure 4.6: Output energ3' versus charging voltage.
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Figure 4.9: Outpuf energy versus chafging voltage.
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Figure 4.10: Output energy versus charging voltage.
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- For some concentrations and charging voltages, there is 2 maximum filling pressure
above which the laser output energy sta_rfs to.roll over. And the divergence of'thé curves,
in some mixes, at a high pressure, suggests a relatively small chaﬁge in the gas pressure
or charging voltage results in large clianges of the output energy.

The optimum préssure chosen for the parametric studies was 80 Psi. At such a
pressure, the laser showed uniform glow discharges and higher output energies for all the
concentrations. |

Most likely, one can attribute the decrease in the output energies at highef pressures

to the formation of the triatomic molecule Xe,Cl* via this reaction:

XeCl™ + Xe + He — Xe,Cl™ + He @)

The Xe,Cl™ forms via collisions of three bodies (Xe, He, and XeCl~), which increases
with increasing the total filling pressure. The triatomic molecule absorbs at the laser
wavelength [6]; therefore, at high pressures, Xe,Cl~ may build up to a sufficient density

to reduce the laser output energy.

4.3 Variations of Energy with Xe/HCl/He Concentrations

The concentrations of Xe and HCI are key factors in the kinetics of the XeCl laser. The
en'érgy deposition rate, the glow d.ischargé stability, and the output energy all depend
on the concentrafion of Xe and HCl. For example, changing the .concentration of HCl
will -alter the rate of energy transfer to the lasing gas. This is a result of changing the
discharge impedance; therefore, the impedance coupling between the laser discharge load
and the electric circuit will vary accordingly, thus, decreasing the efficiency of the energy

transfer from the capacitor banks to the lasing gas. In regard to the electrical efficiency,
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Figure 4.11: Output energy as a function of total gas pressure.
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Figure 4.13: Output energy as a function of total gas pressure.
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determining the best concéntrations of Xe and HCl is an essential step in maximizing the
laser output energy. - |

The glow discharge is found to be extremely sensitive to the lasing gas mixture compo-
sition, especially, the concentration of HCIl gas. For higher concentrations of HCI > 1%,
it was difficult to operate the laser in a glow discharge manner; on the other hand, using

low HCl conc_enfrations < 0.5% resulted in a-stable glow discharge but low output ener-
_ gies. So it was decided to study the laser behaviour at 0.56% and 1% HCI concentrations
at different Xe concentrations.

Figures (4.21) to (4.24) show the behaviour of the laser output energy with the Xe:HCI
ratio for constant HCI concentration of 1% and a pressure fanging from 50 Psi to 80
Psi of the totalv gas pressure. At a pressure of 50 Psi, there was a decrease in energy
for Xe:HCI ratio of 3 at higher voltagés (25 to 30 K.V). By increasing the pressure to
60 Psi, a dip in the energy curves can be seen at a Xe:HCl ratio ‘of 5, consistent for
all charging voltages for which we have no explanation. The reduction in energy was
approximately 15%, and by increasing the total pressure to 70 Psi, a similar behaviour
was observéd (éxcept at 15 KV') at the same Xe:HCI ratio, where the decrease in energy
was approximately 20%. At a gas pressure of 80 Psi, the energy curve showed smooth
rollover .at high charging voltages. This suggests that the maximum Xe:HC] ratio that
gives the optimum energy is 4. The rollover can be explained by the increase rate of
formation of Xe,Cl™, Xej, and Xed [52], which have high u.v. absorption cross sections

| at the lasing wavelength. With the increase of Xe per;entége and total gas pressure; the
rate of formation of these molécules increases. In general, for a fixed HCI concentration
of 1%, we conclude that at high voltages and a Xe:HCI ratio > 4.5, the laser output
energy decreases by more tha.n 10% due to increase of Xe concentration.
- Figures (4.25) to (4.27) show the laser energy as a function of Xe:HCI ratio for a

" constant HC] percentage of 0.56%. At a total pressure of 70 Psi, the energy shows a
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minimum at Xe:HCI ratio of 4.4, which is consistent at all charging voltages. By increas-
ing the gas pressure to 80 Psi, a maximum output energy was obtained at a low Xe:HCI
ratio of 2; an increase of this ratio results in the decline of the output energy. The same
behaviour was observed at 90 Psi; however, at this pressure, the glow discharge was

" unstable.

‘ _Finaﬂy, we decided to operate the laser at conditions producing the best uniform glow
discharge, with maximum output energy, at a mixture of Xe=1.12%, HCl=0.56%, and
He=98.32%, at a total gas filling pressure of 80 Psi and at a charging voltage of 30 KV

with 600 nsec main discharge delay.

4.4 Pulse Shape

The laser fulse duration was monitored by a Hamamatsu R1193U.038 phototube with a
rise time of less than 1 nsec; the phototube was biased at +1000 volts. The temporal
behaviour of the laser pulse was displayed on a 7104 Tektroniz oscilloscope using a 7A19
fast plug in. Neutral density filters were used to attenuate the laser pulse intensity in
ordér to avoid the saturation of the phototube.
A series of measurements were made at‘50 Péi, 60 Psi, and 80 Psi of the total lasing
gas ﬁressﬁre and at the full optimum lasing concentrations of each of Xe (1.12%), HCIl
" (0.56%), and He (98.32%). The output pulse full width at half maximum (FWHM ) is
found to be an increasing function of the total gas préssure, Wiﬂl the charging voltage
and the time delay being constants. This is the same behavio;lr observed by Mingchao
[53] with a similar discharge cillcujt. |

At a total pressure of 50 Psi, the pulse shape appears tc; be consistent all the time:

Six runs of the laser pulse were taken; all show a sharp-péaked pulse (Figure (4.28a))
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Figure 4.21: Output energy versus Xé:HCl ratio (50 Psi, 1%(HCI)).
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Figure 4.22: Output energy versus Xe:HCI ratio (60 Psi, 1%(HCl)).
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Figure 4.26: Output energy versus Xe:HCI ratio (80 Psi, 0.56%( HCI)).
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Figure 4.27: Output energy versus Xe:HCI ratio (90 Psi, 0.56%(HCl)).
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with a rise time of 4 nsec. At this pressure, the FWHM was measured to be 9.2 nsec with
a foot to foot pulse width of 30 nsec. The pulse was ﬁee of any temporal modulations.
However, at higher pressures, the pulse shape changes: At a pressure of 60 Psi the laser
puise éppéar_s to be double peaked, as seen in figure (4.28b), with a shorter rise time of
2 nsec. The pulse FWHM was 12.8 nsec with 30 nsec foot to foot duration.
- When the laser was pfessure optimized to 80 Psi for maximum enérgy output, some
characteristic modulation features appeared on the peak of the pulse profile. The pulse
FWHM was measured to be 13.5 nsec, with a foot to foot pulse duratién of 28 nsec.
See figure (4.28c).. |
One can conclude that two impo;‘tént paraméters affect the XeCl 1aser pulse shape:
The overail lasing gas pressure and the Q factor of the cavity. The individual pulses,
or lovw' modulations, a.re.rmainly associated with the round trip time of the photons in
the cavity, because the sep‘aration between‘the modulations matches the rouﬁd trip time
afouhd the cavity. In this laser, superradiaﬁce was occasioﬁally observed with the output
quartz coupler removed and the total rear reflector in place. But the output energy was
not measured when the laser was operating in a superradiance mannér.
An interesting /R pulse was also observed in this lasing mixture with a FWHM of 2
nsec and a foot to foot width of 5 nsec. For more details on this emission and detection

technique refer to chapter 6.
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Figure 4.28: Laser pulses (a) 50 Psi, (b) 60 Psi, (c) 80 Psi all at ( 1.12% Xe, 0.56%
HC1,98.32% He).



Chaptér 5

Electrical Measurements

In this chapter, we will describe the measurements of some electrical properties of the
laser discharge plasma. Such properties include the discharge breakdown voltage, the
toté.l current through the plasma, and the discharge resistance. Variations of these pa-
rameters with the total gas pressure and composition were studied.

In all the electrical measurements, the oscilloscope was triggered by a photomultiplier
(PMT). A single obptica,_l fiber was mounted on the top of the main discharge switching
spark gap, delivering enough light to the PMT housed inside the screened room. The
delay of the PMT stages was measured to be 18 nsec.

Moreover, the delay due to optical fiber, was adjusted to be just nght iﬁ order to trigger
the oscilloscope at the start of the voltage trace in the screened room.

Optical triggering is jitter-free and more reliable than using the voltage trace for trigger-

ng.
5.1 Current Measurements

The discharge current is an essential electrical parameter for calculating the discharge
resistance and it needs to be investigated. The current rise time is directly related to the
rate of energy deposition, where the lower the inductance of the circuit, the faster is the
current' rise time.

In the laser discharge, the electric current changes very quickly; this induces a varying
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magnetic field. Therefore, by taking advantage of th1s a satlsfactory current measure-
ment using a pick up coil should be easily performed A Rogowski pick up c011 10 em
- long, consisting of ten turns wrapped around a nylon tube, was used. The coil was housed
inside a 3 inch piece of poly-flo tubing for electrical insulation, and was connected to a
RG — 58 coaxial cable.

The pick up coil was placed inside the laser loop between the PV C laser chamber and
the high voltage charging plate, in the vicinity of the discharge current to be measured.
The change in the magnetic field of the main discharge induces an electromotive force

dt , where @ is the magnetic flux through the coil loop. The emf signal produced by the
magnetic flux 1s proportional to the time denvatlve of the current pulse . The resulting
signal was attenuated 75 times, and was displayed on a 7104 Tektroniz oscilloscope using
a TA22 plug in. |

To obtain an absolute calibration of the Rogowski coil, the d: signal had to be int'ef
grated twice to obtain the total amount of charge flowing through the discharge plasma.
By comparing the total charge stored in the capacitor banks with the calculated one, we

were able to obtain the proportlonahty constant K of the coil.

di

where Vinq is the induced em f signal in volts,
K is the Rogowski coil proportionality constant, and

1 is the current flowing through the discharge.

‘The total current is
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Vg, . A
t=1=— .2
o K ETIT g (5.2)
where _A’= fé Vinqdt 1s the area under the current trace.
Next, the total charge passed through the discharge is
tdi ‘
Qr = 7S - (5.3)
L/ 4 5.4
= — t .
| ) Qr=g A (5.4)
On the other hand, the total charge stored in the capacitofs is
- CV
Qr = Tb _ (5.5)

‘where C =64.8 nF, and V} is the diécharge breakdown voltage.

Equating equations (5.4) and (5.5) gives the coil proportionality constant, and by using
equation (5.2), one can find the total current passing through the discharge.

Figure (5.1) shoﬁs a photograph of the rate of change of the current “.rith time in an
optimum mixture composition of Xe, HCI, He of 1.12%, 0.56%, 98.32%), respectively, at
a total '_ﬁ_'l]jng‘ pressure of 80 Ps: and a charging voltage of 30KV. The sig-nals were elec-
trdnically integrated using the U.B.C. DIGIT prog:aﬁlme, and were stored for further

- analysis. | ' |
The numerically integrated 4 signal of figure (5.1) is shown in figure (5.2). The FWHM
was 34 nsec with a current peak value of 7.75 K A and a rise time (10%-90%) of 24 nsec.

Several measurements were made at quarter, half, three quarters, and full percentages

. of the optimum concentration ‘at a charging voltage of 30 KV and at a variable total

pressure between 40 Psi and 80 Ps: in 10 Psi intervals.
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In some cases, the current signal showed two peaks‘; this was also seen in the oscillograms
l

of £ (ie. figure (5.3) ). The ringing of the & © results in the formation of the seeond '

current pulse.

5.2 Discharge Voltage |

Measuring the dis‘cy:harge breakdowrl voltage and current gives‘an insight into the amount
‘of electrical excitation energy that is being delivered during the laser operation.

In measuring the transient high voltages, it is convenient to use a high voltage divider.

In this experiment,-the temporal -behaviour of the discharge voltage- was monitored with’

a high vOltage divider. The high 'voltage divider consisted of 15 carbon resistors vrired in-

series, giving a total effectlve resistance of 61 K, and it used the 50 Q impedance of the

oscﬂlscope as part of its circuit. The voltage d1v1der has an attenuation factor of 123
'The voltage signal was further'attenuated by a factor of 6150, using Tektroniz voltage ‘ _‘

attenuators. | - | | |

The breakdown Voltage was studied as a funct1on of the total lasing gas pressure and
comp051t10n at a chargmg voltage of 30 K V “

Some measurements were performed in the opt1mum lasing mixture and at the optimum |
:operatmg _conthlo_ns, figure. (5.4) shows the voltage signal at the optrmum operating
_‘condltlons . | |
Operatmg the laser at the optlmum conditions glves a breakdown voltage of 20.1 KV
with rise time of 111 nsec. Because the breakdown voltage is less than twice the charging
voltage ‘the d1scharge c1rcu1t does not double the chargmg voltage. That is, the current
will start ﬂowmg through the discharge when the Voltage at the laser electrode reaches the

' bre_akdown voltage of the gas. The ringing in the voltage trace is'a result of 1mpedance
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Figure 5.1: Rogowski coil signal attenuated by 75 (0.5v/div), 30 Kv.
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Figure 5.2: The integrated current signal of figure (5.1).
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Figure 5.3: & signal (0.28% Xe, 0.14% HCI, 99.58% He).
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mismatching between the dischafgc piasm_a and the electric circuit.
Several other voltage measuremé;nts were performed in quarter, half, and thrge quar-
ters of the oi:timurri lésing concentration at variabie filling pressures. |
Finally, by using the above data, we plotted the breakdown vol’tage as a function of the
total gas filling pressure in figures (5.5) fo (5.9). As expected, a linear relationship Be-
| tween- the breakdown voltage and the total ﬁ]ling pressure is clear. As .the concentration
of Xe and HCI increased, the breakdown voltages (at the same pressure) did not vary by
much; this is because the gas mixture contains mainly He gés, and the low percentages

of Xe and HC! do nbt influence the breakdown voltage.

5.3 Discharge Resistance

The discharge resistance of the XeCl discharge was evaluated by dividing the voltage
profile by the current pulse profile starting at the beginning of the current trace. The dis-
charge resistance can be expressed in the following manner provided that the inductance

is less than 10~7 H.

0

R() = Ty (5.6)
_ E@t)Md
RO =D (5.7)

where V() is the voltage across the discharge,
I (t) is the current flowing throﬁgh the plasma,
E is the electric field, |
d is the discharge gap separation,
e is the electron charge,

A is the electrode discharge area, and
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Figure 5.4: Voltage of the main electrodes attenuated by 6150 (1v/div).
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BREAKDOWN VOLTAGE VS PRESSURE

35-

30 - He 100%

N
o
1

N
O-
.-

BREAKDOWN VOLTAGE (KV)

16

10 — T T T T T T
20 30 - 40 50 60 70 80 80 100

PRESSURE (PSI)

Figure 5.5: The breakdown voltage versus total pressure for pure He.
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Figure 5.6: Breakdown voltage versus total pressure.
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Figure 5.9: Breakdown voltage versus total pressure.
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Vd(t) is the drift velocity of the electrons.

Figures (5.10) to (5.12) display the temporal behaviour of the discharge impedance in
pure He gas at variable pressures, where, after the voltage breakdown, the resistance of
" the falls rapidly as the current pulse rises. Then, the resistance reaches a plateau region
and starts to rise again after the electron density starts to decay. |
Figures (5.13) to (5.15) show the time histories of the discharge resistance in the opti-
mum lasing vga.s composition. The oscillétions. of the resistance in the plateau regioﬂs are
due to the noise in the current and voltage trace.s, and are not real, but prodqcts of the
calculations. Therefore, it was decided to average the discha.fge resistance over the \&hole

plateau region terminating at the end of the initial current pulse.

- For tile optimum operating conditions, the resistance was calculated to be 0.41 +0.08
) which is lower than the discharge impedance calculated for a critically damped RLC
circuit (1.83 Q). |
We alsovperformed the same calculations at quarter, half, and three quarters of the
lasing gﬁs concéntrations; the results-are plotted in figures (5.16) to (5.24). At a quarter
of the lasing mixture concentration, the glow ‘djscharge is unstable, and is followed by arc
formatvidn; 4therefore, the resistance values were hqt used in any of the following analyses.
Since the halogen donor (HCI) plays an important role in discharge stability and
electron attachment (54, 55] (which in turn affects _thé discﬁarge resistance), we plotted |
the time average discharge ‘resistan'ce' versué the HCI partial pressure in figure (5.25).
The plot reveals that the discharge resistance is a decreasing function of the HCl partial
. pressure (or concentration): Such a result is contradictory to the result obtained by Ohwa

et al. [3] in their computer simulation.
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Figure 5.20: Discharge resistance at 0.56% Xe, 0.28% HCI, 98.16% He ( (a) 60 Psi, (b)
50 Psi. The time above is after breakdown).
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Chapter 6

Electron Density and Temperature

13

Two intrinsic properties, which determine the performance of an excimer laser, are the
electron density and the temperature. In this chapter, a description of the measurements,

techniques, and the analysis of both parameters will be presented.

6.1 Electron Density

The electron density in a XeCl excimer laser discharge is an essential parameter deter-
mining the performance of the laser. The change in the temporal density proﬁle‘ gives
an insight into the excitation and kinetic processes léading to the formation and quench-
ing of the XeCl™ excimer molecule. For example, electrons play an essential role in the

- quenching mechanism of the XeCl™ excimer molecule through the reaction [3, 4):

- XeCl"+e— Xe+Cl+e (6.1)

which reduces the laser output energy;
. The knowledgeiof the electron density enables the evaluation of discharge pa.rameterbs, hike
" the electron drift velocity. The;efore, in order to develop more efficient XeCl lasers, it is
important to compare computer simulations of the electron density with the experimental
results.

Interferometric methods for determining the electron concentrations are satisfactory
techniques. Laser interferometery, as a tool for discharge plasma diagnostic [56, 57), has

many advantages over other methods. Langmuire probes, for example, must have physical

92
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contact with the discharge plasma, thus disturbing it, whereas the use of microwave
interferometry is restricted to electron -deﬁsities below 10*cm 3 [58] which is much less
than the XeCl laser electron density (=~ 10'®* em™2). However, the use of infrared lasers
comes in handy in the density range of 10'4-10'¢ em =3,

To date, only a few experimental studies of the temporal variation of the electron

density in XeCl* discharge pumped lésers have been published, for example, by Ford et
al. [1]. They used a Michelson type interferometer to measure the temporal evalution
of the electron density. On the other hand, both Hollins and Hiramatsu [59, 60] used a
spectrbscopic technique, by measuring the Stark broadening of the Hg line.
Recently, De Anglies et al. [61] reported a direct méasurement of the electron density
temporal evolution using a holographic interferometry technique. Kimura et al. [62]
employed a CO, quadrature interferometer to measure the electron density in an electron
beam pumped XeCl laser.

Several computer simulations and models were developed to describe and predict
the kinetic mechanisms of the discharge pumped XeCl lasers. All do not involve the
prediction of the temporal behaviour of the discharge electron density and, thus, are
considered to be incomplete. One comprehensive simulation code was developed by

Johnson et al. [63] to predict the electron density temporal variation in an electron beam

pumped XeCl laser.

6.2 The Experimental Setup

In our study of the electron density, we have used the setup illustrated in figure (6.1). A

brief description is given below.
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6.2.1 The CO, 'Laser

A cw CO; laser beam was used for probing the discharge plasma. The laser (CO,) was
operated at a current of 8 mA and a discharge voltage of 15 KV, with an estimated
output power of two watts at a gas pressure of 13 torr. The resonator cavity consisted
of a concave‘m‘drror of 5 cm radius of curvature on one end, and a Ge flat as an output
etalon on the other end. The G’e flat was kei)t at a constant temperature of 28 C°, using
a temperéfure controller; at .this temperature, the laser wavelength was stable at 10.6

pm (P20) as measured by the CO, spectrum analyzer.

6.2.2 The XeCl Excimer Laser

The description of the laser body was presented in chapter 1; however, the two quartz
windows were removed and replaced by two 2.5 inches in radius, 0.5 inch thick NaCl
windows. The windows can withstand the maximum gas pressure of 80 Psi without

breaking.

6.2.3 The HeNe Laser

A H eNe laser was used for optical alignment of the inte_rferometér. The HeNe beam was
reflected off a'Ge ﬂat which was placed in the CO, beam at a Brewster angle of =~ 76°.
The HeNe beam was adjusted so that thé'reﬂected beam concided with the CO, beam.
The interferometer could then be aligned with the use of the HeNe beam to satisfactory

accuracy.
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6.2.4 The Infrared Detector

A Santa Barbara Research liquid He cooled Cu doped Ge photoconductive deteqtor
was employed to detect the interferance fringes during the rise and fall of n,. Ti;é de-
tector has a flat spectral response over the 2 ;Zm to 30pm wavelength range with < one
nanosecond rise time. In preparation for measurements, the detector dewar was pumped
to ~ 107° torr, then filled with liquid nitrogen and left to cool for two hours; after that,
the detector was emptied and refilled with liquid He at 4.2 K°. When in use, the detector
was biased at -100 volts, and the interference signal was displayed on a 7104 Tektroniz
GHz oscilloscope with a fast (50 ©2) 7A19 plug in. |

The detector could be operated for as much as six hours on a single liquid He fill.

6.2.5 Principle of Interferometry

Initially, we used a Michelson interferometer setup, since it was compact, simple, and
provided twice the optical path than a Mach-Zehnder interferometer; thus, twice as
many fringes should result. However, when the Michelson interferometer was used in
conjunction with the CO, laser, the laser cavity could not be completely decoupled from
the interferofneter. This resulted in modulation of the laser output, because the radiation
was fed back by the interferometer mirrors to the COj; laser cavity.

Figure (6.2a) shows an example of the density oscillogram taken in 60 Psi of pure He at
a charging voltage of 20 KV; it is clear that the real interference signal occurs in the first
100 nsec, and that the rest of the oscillogram signal is a result of the CO, laser intensity
modulation by phase variation‘i:n the portion of the output radiation reflected back into
the optical cavity. Therefore, it was decided to replace the Michelson interferometer by

a Mach-Zehnder interferometer.
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The Mach-Zehnder interferometer consists of two standard front surface plane mirrors
and two 50:50 K Cl beam splitters coated on one surface with antireflective coating. In
order to minimize the refraction losses due to the excimer discharge plasma, two lenses
situated outside the interferometer were employed. The CO; beam passed through a
KCl plano-convex lens L, (f = 75cm), and was divided into two beams by the first
beam splitter: L, focusses one beam at the centre of the excimer discharge, while the
other beam was used as an external reference signal. The two beams are then combined
on the second beam splitter. The combined beams were then passed through another
KCl (f = 70cm) plano;convex lens L,.

Introducing the collimating system improved the quality of the interference fringes. Fig-
ure (6.2b) shows an oscillogram of the interference pattern taken in 80 Psi of He; this
photograph was taken without the the use of the collimating system, whereas figure (6.2c)
shows the same interference signal taken under the same conditions, but with the use of
the collimating lenses L; and L, in place. It is clear that the introduction of the lenses
resulted in higher signal amplitudes and clearer interference fringes, since the refraction
of the probe beam by the discharge plasma was minimized.

| The technique for adjusting the interferometer is simple: The four plates of the Mach-
Zehnder interferometer were, with the aid of the HeNe laser beam, adjusted approxi-
~ mately parallel to each other. The HeNe beam was superimposed on the CO, beam.
Once the HeNe beams were correctly combined at the second beam splitter, temporal
interference fringes appeared in the far field. The CO; beam was turned on and tempo-
ral fringes due to the vibration of the optical bench were detected by the Cu doped Ge
detector. The combining beam splitter was then adjusted for maximum temporal fringe

visibility.
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Figure 6.2: Density oscillograms in He (a) 60 Psi, 20 KV, using a Michelson interferom-
eter. (b) 80 Psi, 30 KV, using a Mach_Zehnder interferometer without the collimating

system. (c) same as (b) except for the collimating system.
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6.2.6 Refractivity and the Electron Density

The electron density (n.) of the plasma can be determined by measuring its refractive
index. Consider a plasma of refractive index pp. For electfomagnetic waves with fre-
quency w, where w is much greater than the plasma frequency w, and different from any

resonance frequencies of the heavy particles, the plasma refractivity is given by

te = e + 3 (1 — 1) - (6.2)
. i

| where p. is the contribution due to free electrons and g is the contribution due to
~ other constituentsA such as atoms, molecules, and ions Bﬁt' the free electrons’ contn-
bution to the refractlwty dominates because the laser frequency does not c01nc1de with
the ground state transitions frequenmes of Xe, He, H, HCI, and Cl; hence, electronic
transitions of atoms do not contribute to the refractivity [1, 61]. Refractivity due to the
: ibﬁs is small, because their masses are much heavier than those of the electrons. .
Hence, proceeding directly from the fqrmuiation of electromagnetic wave propagation

in a uniform plasma, we have the refractive index of the plasma:

By =1/1— -2 o ' (6.3)
And for radiation frequency much higher than the plasma frequency, the above equation

can be approximated to:
w=0-55) (6.4)

where w2 = ﬁﬂhs_ in C.G.S. units.
The order of 1nterference fringe, m, produced by the plasma in the Mach- Zehnder

mterferometer is glven by
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: 1 -
m = (4= 15  (69)
where [ is the length of the plasma discharge = 35 em,

~and A is the probing wavelength of the CO, laser =10.6 pm.

Equations (6.4) and (6.5) give the relation between the electron density and the order

of interference fringes, m, i.e.

m = (4.48 x 107" An, (6.6)

The above equation shows that the order of the interference fringes is proportional to the

wavelength. Rearranging equation (6.6) gives
ne(cm™?) = m(6.02 x 10™) (6.7)

From equation (6.7), ‘an increase or decrease of the electron density in time is fol-
lowed by the appearance of a new interference fringe whenever the phase changes by 27.
Therefore, the measurement of the interference fringe shifts give an accurate value of
the plasma electron density, where one fringe shift corresponds to a change in electron
.déﬁnsity of 6.02x10' em~=3. In the intgrferograms, it was easy to measure the number of

fringes up to half a fringe.

6.2.7 Experimental Results

Before proceeding with the expériment, the accuracy of the reproducibility of the inter-
ferograms was first investigated in pure He gas inside the excimer discharge. Figure (6.3)
shows the result of six interference oscillograms taken in pure He at a filling pressure of 80

Psi and at a charging voltage of 30 K'V'; the corresponding densities of such ocsillograms
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were plotted in figure (6.4). As can be seen from the figure, the reproducibility of the
six separate experiments was excellent, and the onlf discrepancies between the runs were
in the time axis, which is due to the choice of the beginning of the fringe pattern. The
oscillograms also show the attenuation of the fringe amplitudes, as the electron density
reaches its maximum value; this is a result of refraction of the probe radiation by the
discharge plasma, and it is not due to the decreasing response of the detector to the more
rapid change in the plasmav density. When no interference‘ fringes are produced (i.e. by
blocking the reference arm of the interferometer), the CO, beam showed (figure (6.5))
the same attenuated envelope.

The electron density measurements in the discharge XeCl were carried out over a
wide range of the lasifxg gas concentration and total pressure. Figures (6.6) show six
inteﬁerograms takén_ at the optimum lasing gas‘ mix, charging voltaée, and pressure.
All interferograms show excellent reproducibih'ty. The turnover (place on the oscillogram
where the density reaches its maximum value) of each oscillogram was basically identified
as a sudden reversal in the intensity of the interference fringes, and where the number of
the full fringes on either side of the turn over point is the same.

The correspondihg density of each oscillograrﬁ was plotted .on figure (6.7). The electron
denéity reaches a maximum value of 4.01x1015 cm.'3 in about 37 nsec, corresponding to
the peak of the current'tfacé_. After reaching the maximum density, where the rate of
production of eléctroq equals the rate of losses, the density decreases slowly reaching’ the

zero level after 110 nsec from the start of the current pulse.

* Similar experiments were performed at the same lasing gas mix, but at various filling
pressures; their electron densities are plotted in figures (6.8) to (6.9). Each single figure
contains, on the average, more than five experiments.

To study the change of the electron density as a function of the concentration, several
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experiments were performed in quarter, half, and three quarters of the optimum Xe and
HCl concentrations. The corresponding electron densities were plotted in figures (6.10)
to (6.19). Only those results where discharge arcing was obvious were rejected.

When measuring the electron densities for various HCl concentrations, a noticeable
difference in the electron densities was observed between high and low HCI concentrations.
At low HCI concentrations, the electron density increases to a high value, probably due to
insufficient dissociative attachment to the HCl molecules; at higher HCl concentrations,
~ the electron density decreases as a result of higher dissociative attachment to the HCl
molecules. A plot (figure (6.20)) of a normalized n. to the helium density ny. versus
HCl partial pressure shows this behaviour. | |
On the basis of the interpretation discussed above and of references [3, 62, 63, 64], we
suggest that the reaction that might be responsible for this decrease in the electron

density is:

HCl(w=1)+e— H +Cl- (6.8)

The rate of this reaction increases as a result of incre’asing the electronic excitation of
the HCl molecule from the ground state (v = 0) to the first excited state (v = 1), while
excitatiéné to higher vibrational le&els than (v = 1) contribute much less to this reaction.
The rate of the rec’omb‘inationvof Cl- and ‘H is much slower than the rate of dissociation
of HC] molecules [64]. Therefore, on the time scale of the laser pulse, the HCI gas will
be used up, 'resulting iﬁ a decrease of the electron dénsity. The dissociative attachment

of HC! may also result in increasing discharge instability [61].
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Figure 6.8: Graph of the electron density as 2 function of time at (a) 70 Psi, (b) 60 Psi.

30 KV, in a gas mix contained 1.12%(Xe), 0.56%(HCIl), and 98.32%(He).



Chapter 6. Electron Density and Temperature

Electron densify vs Time

109

o
by 48
40
80 Ps]
Xe 1.12%
HC1 0.56%
ss] Hevs32x
£
L
S
] * . .
[~
S ¢ om
c 204
g L ] - o -
H
o "1 [ ° * =
L ] - - Y -
. .
- * e
- - * e«
. e o @
0 v v . , - . .
0 10 20 30 40 & 80 70 80 90 10 1o 120
a Time (nsoc)
Electron density vs Time
LR ' '
> 48
a0{ eops
Xe 1.12%
HC) 0.56%
He 98.32%
95
‘E 30
8 [ N )
-a [ ] [ ] -
H
v *e L ] - ®
c 20
< o -
°
a L. B - e -
- -
10
- -
L J .~
‘-
- *"ee
K v - . " ' : - . . " v
O 10 20 30 40 6 60 70 80 90 100 10
b Time { nsec)

1o

Figure 6.9: Graph of the electron density as a function of time at (a) 50 Psi, (b) 40 Psi.

30 KV, in a gas mix contained 1.12%(Xe), 0.56%(HCI), and 98.32%(He).
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Figure 6.11: Graph of the electroﬁ density as a function of time at (a) 50 Psi, (b) 40 Psi.
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Figure 6.13: Graph of the electron density as a function of time at (a) 70 Psi, (b) 60 Psi.

30 KV, in a gas mix contained 0.56%(Xe), 0.28%(HCl), and 99.16%(He).
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Figure 6.14: Gréph of the electron density as a function of time at (a) 50 Psi, (b) 40 Psi.

30 KV, in a gas mix contained 0.56%(Xe), 0.28%(HCI), and 99.16%(He).
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Figure 6.16: Two graphs of the electron density as a function of time at 80 Psi, 30 KV,i

in a gas mix contained 0.28%(Xe), 0.14%(HC1), and 99.58%(He).
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Figure 6.17: Two graphs of the electron density as a function of time at 70 Psi, 30 KV,
in a gas mix contained 0.28%(Xe), 0.14%(HCI), and 99.58%(He).
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6.2.8 IR XeCl” Emission

By blocking the reference arm of the original Michelson interferometer, we detected an
infrared emission about ten meters away from the discharge XeCl laser. The same
emission was first reported by Dyer et al. [65] and later by Ford et al. [1]. The laser
IR pulse was observed to pass through the Ge filter, which suggests that the lasing
wavelength is >2pum. However, no attempt was made to meésure either the wavelength

or the energy. Figure (6.21) shows the IR pulse.

6.3 Electron Temperature

Measurements of the electron temperature can reveal some information on the collisional
mechanisms and reactions dominating the XeCl lasers.

We were able to calculate the electron temperature by the following simple analysis:
After producing the electrons in the discharge, they gain energy from the electric field.
And since over 98% of the gas contains He, the electrons suffer several collisions with
He atoms, with an effective collisional frequency v.. The electrons then reach a constant
velocity (drift velocity) Vd,lwhere they just drift along the electric field. Then the mo-
mentum change of the electrons, due to collisions, must balance the electric field’s force

on the electrons. That is:

m.Vyv, = eE (6:9)

giving a drift velocity

Vy= (6.10)



Chapter 6. Electron Density and Temperature 122

%
&
t

48 | s o | X

OErEmrIme
iR,
IR

| e e |
i | o |

k.
L
»

|l 4
FIEACIVEIN
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or

v, = &£ (6.11)

me

where 7. is the average collisional time and is equal to %‘h-, where A. is the mean free path
of the electrons, and Vi is the thermal velocity of the electrons. Therefore, combining
the expression for 7. and equation (6.11) gives

eEA,

V, = (612
¢ mev'th ' ( ) )

Knowing that A, = where Qg 1s the electron helium momentum transfer cross

QHenHe ?

section &~ 5 x 107 ecm? [66], and, by combining the expressions for A. and V;, we get

el ’
Vi=—o— 6.13
¢ me%hnHeQHe ( )

Using the expression of the discharge resistance (5.7) in the above expression of the drift

velocity gives
e A< R
‘/th=<7'l >t € < >t (614)
nHeQHemed

where <>; means averéging over time.

Due to the noise in the drift velocities, it was decided to average the drift velocities over
time.. Also, the discharge resistances were averaged over time to reduce the noise level in
the measured traces.

Equation (6.14) gives an expression of the average thermal velocity, which, in turn,

permits a direct calculation of the electron temperature.

6.3.1 Variations of the Electron Temperature with HCI

A plot of the electron temperature against HCl concentration (figure (6.22)) shows a

noticeable decrease of the electron temperature as a result of increasing the HCl pressure
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(or concentration). This behaviour can be attributed to a mechanism which results in
the cooling of the electrons through collisions-with the HC] molecules. '

Electrons having energy above fhe excitation energy threshold of the HC] molecule
can experiencé a loss of energy during inelastic collisions with the HC molecules, with a

characteristic collisional time:

1 ' : ~
Te ™ 6.15)"
NHcl ‘/th Qreaction . : ( )

where Q,eqction 15 the corresponding reaction cross section.

Here, we will éompare the relative importance of the two most likely mechanisms
responsible for electron cooling: The vibrational excitation of the HCI moiecules and the
ciissociative attachment of the HCI molecules.

In the reaction

e+ HClw="0)— HClw=1)+e -~ (6.16)

the only significant vibrational excitation level is from the ground level (v = 0) to the
first excited state (v = 1), where the maximum excitation cross section of such transition
is Qomy = 17 x 10 %cm?, whereas the maximum cross section for (v = 1to v = 2) at
1.5 x 107®cm?, is an order of magnitude lower [67].
For ~1 ev electrons and ng¢e; =~ 10¥em 3, we get 7. =~ 0.015 nsec.
.Next, we consider the dissociative attachment of the HCl molecules. The maximum
collisional cross section for dissociative attachmeﬁt [68] is Qaiss = 1.95 x 1077em?; for 1
ev electrons and the same HCI density, we get 7 = 1.28 nsec, which is much longer than
th_e‘vibr-atior_lal excitation collisional time. We therefore conclude that electrons cool via
inelastic collisions with the HCI molecules. |

Some of the values of the electron temperature for paftia.l HCI pressures below 0.015

atm are unphysically high for a glow discharge, which suggest that the discharge width
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may not be constant ( as assumed in equation (6.14)) for different Xe and HCI con-
centrations. But it may in fact be smaller, though the examination of the laser output

profile did not indicate this.
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Figure 6.22: Electron temperature as a function of HC! partial pressure.
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Discussion and Conclusions

The performance characteristics of a u.v. preionized, high pressure XeCl laser ha.ve been
studied. The laser output energ)} was found to depend on the laser gas composition, the
total ﬁl]ing pressure, and the chaiging voltage.

The typical electrical efficiency ( a fraction of the energy stored in the discharge circuit
(3NCV? where N is the number of the capacitors = 24) to that of the energy of the |
pulse) is 0.3%, and the highest extractable energy per unit volume is 3.8 Jb/l.‘ These’
conditions were achieved in a gas mixture containing Xe (1.12%), HCl (0.56%), and He
(98..32%)‘. This_opfimal composition of the aétive lasing mixture was determined by the
levei of the uniformity of the discharge and the magnitude of oﬁtput energy obtained
from the laser. The output energy éan be scaled up by increasing the total gas pressure
aﬁd charging voltage. We found that if the XeCl lasér discharge parameters are not
carefully controlled, discharge arcing will develop, leading to the termination of the laser
~ action.

" The current. rise time at the optimum conditions was found to be 24 nsec.

Figure (7.1) shows the relative timing of the voltage, current, laser pulse, and the
electron densify. The graph shows that the laser output pulse starts at the peak of the
current pulse.- -On thé other hand, the demsity proﬁle peaks at the maximum of the
current pulse and decays back to zero as the current pulse returns to zero. 4

The electron density is found to increase once Xe and HCI were added to the He

gas. For example, going from 100% He (at 80 Psi)-to a mix containing 1.12 % (Xe),

127
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0.56 % (HC!), and 98.32 % (He) increases the electron density from 1.81x10® cm =3 to
4.01x10%5 em~3, respectively. This increase in the electron density is mainly a result of
the introduction of easily ionized molecules. For instance, Xe, Xe*, Xe™, and Cl have

low ionization energies of 12.2 ev, 3.8 ev, 2.1 ev, and 13.01 ev, respectively, which are

lower than that of He -(24.58 ev).

 The breakdown voltages for the same pressure and different Xe and HCI concentra-
tions are found to have almost the same value. This is because the lasing gas mixture
contains over 98% He. Therefore, the breakdown voltage is controlled by the pressure of
the He gas. The results presented in this work provide strong evidence that the electron
loss mechanism is due to the dissociative attachment of HCl molecules, and that the elec-
‘tron cooling mechanism is mainly due to HCl vibrational excitations. In the following
paragraph, the equation governing the electron cooling mechanism is discussed.

The electron temperature conservation equation is given by:

ne'—dg;i = (heating rate) — (cooling rate) (7.1)
whefe the electron heating required to maintain the electron temperature is d‘ue to the
joule heating, that is J2/o, where J is the current density and o is the electrical conduc-
tivity. The electron cooling rate is due to several mechanisms, for example, vibrational
excitations of HCl molecules and the excitations of Xe and He. In the following study, we
will consider only one cooling mechanism, priinarily the vibrational excitations of HCI
molecules. This presents an approximation for the situation when the pressure of HCI

dominates the electron losses. Therefore, we write the temperature conservation equation

(i.e. equation (7.1)) as:
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dT, J?

e = nevuci , ’ (7.2)
here
2
Ne€
c= —— 7.3
menHeQHeWh ) ( )
- 2m,T.6
w Tlee (7.4)
mMHCL

and £ is the e-HCl energy transfer per collision, § is the energy loss factor per collision,

and vyer = ngciQo—1Vin 1s the e-HCI vibrational excitation collision frequency.

At equilibrium, &= = 0, and equation (7.2) reduces to
| J? .
e nenuct Qo1 Viné (7.5)

The electron current density and the electric field are related by Ohm’s law
J=0F ' - (7.6)

Therefore, by using equations (7.3) (7.4) (7.5) and(7.6), we get

Me

E)? | |
(cE) =ngc1Qo-1Vin 6T, (7.7)

MengeQ He Vin mycl

1

sm.V;}, one can arrive

Rearranging the above equation and using the fact that T, =

at an expression relating the electron temperature to the density of HCI molecules

E ,
T, = \/ mHct c (7.8)
: 4Q0—~1QHemenHe5 Vv HC! -
Equation(7.8) shows that the electron temperature is related to the inverse square root
of the HC] density. Substituting the corresponding numerical values ( myc;=6.1x10"

Kg) TlLHe ~ 1026 m_s, E = 4 X 105 V/m, QO—'I = 17)(10—20 mz, QHC — 5X10—20 mz,
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ngerx 5 x 1072 m~3, and 6§ ~ 10®) in equation (7.7) results in an electron temperature
of 4.01x107% j, ie. ~ 2.5 ev. Unfortunately;.- there is no published value of the energy
loss factor for e-HCl collision; therefore, the value for e-CO; collision was tried [69]. With

the previous numbers in mind, equation (7.8) can be reduced to

1
VTHC

A plot of T, as a function of \/f% should give a slope of ~ 2.8 x 10~7 jm~%2. The

results of the experimental values are presented in figure (7.2), and the calculated slope

T, = (2.8 x 107) (7.9) -

is 2.25%x107® jm~%2, This is larger than the predicted slope. On the other hand, using
an energy loss factor of 100 gives a predicted slope =~ 107® jm~3/2) which is similar to
the one evaluated from figure (7.2). |

From the above discussion, we find that if § is chosen to be equal to 100, the model | o
is consistent with the experimental results.

Finally, this laser will serve as an amplifier for a table-top, terawatt, short pulse (a

few femtoseconds) laser system which will be constructed later on.
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Legend

2 xe=1.12%X HCI=0.36%
O .Xe=0.843,HCIn0.42%
O Xe=0.56%.HCI=0.28%
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