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ABSTRACT 

The goal of this work has been the optimization of the XeF(C-*A) 

laser performance and the study of the kinetic processes involved in 

the formation and removal of the diatomic excimer XeF(C) . 

Significantly improved XeF(C-»A) laser performance has been 

achieved using e-beam excitation of a multi-component gas mixture 

that has permitted synthesis of near optimum medium properties for 

which XeF(C) is produced efficiently while transient absorptions are 

minimized. This approach has yielded a laser pulse energy density 

and intrinsic efficiency of 3J/litre and 2%, respectively, values 

that are comparable to those of B-»X rare gas-halide excimer lasers. 

Furthermore, simultaneous laser action of XeF(B-»X) at 351 nm and 

XeF(C~>A) at 475±10nm was realized. 
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CHAPTER 1 

INTRODUCTION 

In this thesis, the development of a broadly tunable XeF(C->A) 

excimer laser in the blue-green spectral region is described. This 

laser utilizes the broadband emission which is produced in electron 

beam excited high pressure rare gas halide mixtures. Our motivation 

for developing such a tunable excimer laser is its potential applica¬ 

tion to optical communications, laser spectroscopy, and photochemis¬ 

try. Furthermore, the relevant kinetics and spectroscopy of the 

broadband excimers are also important in the kinetic modeling of high 

power B->X transition-type laser systems. 

Excimer lasers imply electronic transitions between a molecular 

excited bound upper state emitting to an essentially repulsive ground 

state. Population inversion and hence gain results for bound-free 

transitions by the rapid dissociation of the ground state molecules 

[1]. 

Spectroscopic studies by several groups have led to the XeF 

potential energy curves as depicted in Fig. 1. According to Tel- 

linghuisen et al. [2,3], the XeF ground state is bound with a well 

depth of about 120cm ^ and Helm et al. [4] found that the C state lies 

below the B state by about 775cm Broadband laser emission in the 

blue-green on the bound-free XeF(C-»A) transition at 485±30 nm [5] and 

narrowband stimulated emission on the bound-bound XeF(B->X) laser 

1 
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Figure 1. XeF potential energy curves 
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transition at about 350 nm [6,7] are both possible. Laser action on 

the XeF(C-»A) transition was first demonstrated by Bischel et al. [8] 

with photodissociative excitation of XeF2» by Ernst and Tittel [9] in 

e-beam pumped Ar/Xe/NF^ mixtures and by Fisher et al. [10] and Burn¬ 

ham [11] in discharge pumped He/Xe/NF^ mixtures. 

By the end of 1982, improved output power and spectral charac¬ 

teristics were obtained at Rice University for an electron beam 

pumped XeF(C-»A) laser by selective tailoring of kinetic processes 

[12]. Using a mixture of Xe in combination with both NF^ and F2, 

along with a high pressure Ar buffer, a laser pulse energy density of 

0.1J/1 was obtained corresponding to an electrical-optical conversion 

efficiency of approximately 0.1%. Modeling of kinetic processes and 

analysis of laser spectral output confirmed that the improved laser 

efficiency is primarily a consequence of reduced absorption by Xe- 

<£><& 

related excited species such as Xe [13]. 

Use of a tightly focused resonator permitted a higher level of 

initial flux arising from spontaneous emission, a factor contributing 

to rapid build-up of intracavity laser flux [13]. A maximum reflec¬ 

tivity end-mirror and an output coupler which had an optimized 

reflectivity (95% at 485 nm in our case) contributed to an order of 

magnitude improvement in the XeF(C->A) laser performance. 

During the course of this work, further improvement in XeF(C->A) 

laser performance has been achieved using electron-beam excitation of 

a multi-component gas mixture specifically tailored so as to signifi- 



cantly reduce transient absorption in the blue/green region. Use of 

Ar and Kr together as the effective rare gas buffer/energy transfer 

species along with a combination of NF^ and F2 has permitted syn¬ 

thesis of near optimum medium properties for which XeF(C) is produced 

efficiently while transient absorptions are minimized. This has 

resulted in XeF(C->A) laser performance that is now comparable to the 

laser energy and efficiency of other blue-green laser candidates such 

as HgBr(B->X) and wavelength-shifted XeF(B->X) or XeCl(B->X) lasers 

which can operate at 3J/1 and ~2%. 

The details of the experimental arrangement and related diagnos¬ 

tic apparatus used in this investigation are summarized in chapter 2. 

In chapter 3 details of experimental observations are analyzed. 

Analysis of comprehensive time resolved measurements of gain and 

absorption for a wide variety of mixture conditions has provided 

insight as to the identity of the primary absorbing species. In 

chapter 4, the relevant kinetics are presented. Emphasis is placed on 

identification of the ionized and excited species dominating tran¬ 

sient absorptions in the XeF(C-*A) laser mixture and the influence of 

the addition of Kr to the laser mixture. 

Chapter 5 presents the realization of simultaneous laser action 

of XeF(B-»X) at 351 nm and XeF(C-»A) at 475±10nm. Detailed XeF(C) gain 

studies as a function of the XeF(B-+X) flux' have been made. In 

chapter 6 experimental results are summarized along with discussion 

for future directions. 



CHAPTER 2 

EXPERIMENTAL APPARATUS 

2.1. ELECTRON-BEAM ACCELERATOR AND ALTERNATIVE PUMPING TECHNIQUES 

The high energy e-beam used to excite the rare gas halide mix¬ 

ture was provided by a Physics International Pulserad 110 electron 

accelerator, capable of producing beams delivering more than 200 

Joules. Basically, the Pulserad system consists of five subassem¬ 

blies: a dc power supply and controls; a trigger source; a Marx bank; 

a coaxial Blumlein pulse generator and a field emission diode. 

The Pulserad uses a Marx bank to store energy and to develop 

high voltages. This bank is composed of capacitors, spark gaps, and 

resistors electrically arranged as shown in Fig. 2. The Marx bank 

has 10 stages with a 0.01875 /zF capacitor in each stage. These capa¬ 

citors are charged in parallel by a ±50 KV dc power supply. Each 

capacitor is shunted by isolation resistors. Breakdown of the spark 

gaps initiated by a trigger pulse connects the capacitors in series 

and results in voltage multiplication. Ignoring the losses in the 

isolation resistors and series resistive drops, the output voltage of 

the generator isV ^ - N x V 
° output c 

V _ . — N x V 
output c 

where N is the number of stages and V is the dc charge voltage on 

the capacitors. The output capacity is 

5 
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Figure 2. Electron-beam accelerator system 
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C _ _ - 1/N x C 
output o 

where CQ is the capacity of a single capacitor. 

The Blumlein pulse generator is used to "resonance charge" a 

coaxial transmission-line puiser, the output of which is applied to 

the electron-accelerator tube. The full Marx bank charging voltage 

appears across the output terminal load under matched-loading condi¬ 

tions after the Blumlein generator is switched. A typical switch 

consists of an oil-filled spark gap with a torroidal electrode (inner 

cylinder) facing a flat electrode (intermediate cylinder). The oil 

gap between the inner and intermediate cylinders acts as an output 

switch and discharges the Blumlein circuit rapidly. The setting of 

this gap is critical since it determines how well energy is coupled 

to the accelerator tube. It is usually set to switch at the peak of 

the Marx bank voltage pulse. 

The original discharge spark gaps could be used for ~ 1,000 

shots without cleaning. However, these gaps have now bean replaced 

by a new set of spark gaps which can handle up to 10,000 shots with 

reduced triggering jitter. 

The electron-accelerator tube consists of a graphite cathode, 

which is connected to the Blumlein inner cylinder, and a grounded Ti 

anode foil (~2.5 mil). The Ti foil must be supported by a Hibachi 

plate since it separates the diode vacuum ( < 10 ^Torr) and the laser 

cell pressure ( > 10 atm). The foil should be thin enough to permit 

high electron transmission through it and thick enough to withstand 
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high pressures. The distance between the graphite cathode and foil 

is also important since it affects the field profile and the 

impedance matching between the Blumlein circuit and the diode. An 

anode-to-cathode spacing of 0.5" to 0.6" has been typical in these 

experiments. E-beam current enters the cell with a 2cmxl0cm rec¬ 

tangular profile. The energy deposited into the laser medium can 

vary considerably from shot to shot. This is the main reason for the 

scatter in the experimental data described later. 

Fig. 3 depicts several monitor outputs which characterize the 

performance of the e-beam accelerator. These monitors include Marx 

bank voltage monitor, Rogowski coil and Faraday cup. Fig. 3a shows 

the temporal behavior of the Marx bank voltage. The measured voltage 

is ~ 0.8 MV for a charging voltage of 100 KV. The total diode 

current can be measured with a Rogowski coil placed around the 

cathode. A typical current pulse is depicted in Fig. 3b, where the 

maximum current is ~ 23 KA. The actual current density within the 

laser cell can be measured with a Faraday probe. A current pulse of 

10 nsec FWHM duration, shown in Fig. 3c, is typical for our e-beam 

machine. The current density at the optical axis of the laser cell 

2 
is about 250-300 A/cm . The e-beam pulse appears approximately 

1 /usec after the initial trigger pulse is applied to the first spark 

gap with a jitter time of 10-20 ns depending on the SFg pressure in 

the spark gaps. 

An e-beam accelerator such as the Pulsered 110 is especially 

useful as a excitation source for excimer lasers since the very short 
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a. Marx bank monitor voltage 

b. Rogowski coil signal 

c. Faraday cup signal 

Figure 3. Output of e-beam diagnostic devices 
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pump pulse duration can be considered as a delta function compared to 

some of the "slower" reactions studied. Therefore, the e-beam 

machine can be used not only to pump laser mixtures, but it can also 

be useful for studying relevant reaction kinetics. 

It should be pointed out that alternative methods of pumping 

excimer lasers have been developed that include electrical discharge, 

photolytic excitation and nuclear radiation. In almost all commer¬ 

cial excimer lasers, the pump energy is deposited in the laser gas by 

an electrical discharge. Up to 5% of the discharge energy can be 

converted into laser energy [14]. With a commercial KrF laser, 

overall "wall-plug" efficiencies around 1.5% are possible. Another 

alternative, microwave excitation, has been demonstrated in the 

laboratory; its main promise is in extending pulse length to several 

hundreds of nanoseconds, but so far only around 0.1% of the microwave 

energy has been converted to laser output. To improve energy- 

transfer dynamics and avoid arcing, in discharge systems the laser 
t 

gas is normally "pre-ionized" before the excitation pulse. In com¬ 

mercial excimer lasers, pre-ionization is normally accomplished with 

a pulse of UV Light, but x-ray or electron-beam preionization can 

also be used. The electrons in the excitation pulse then produce the 

excited rare gas atoms and halogens that react to form excited dia¬ 

tomic molecules or excimers, such as XeF. 

Other non-electron-beam pumping methods include an open high- 

current discharge initiated directly in the working mixture by an 

"exploding wire" by Basov et al.[15]. 
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2.2. REACTION CELL 

The electron beam is injected through the Ti anode foil into a 

high pressure reaction cell. The cell is shown schematically in Fig. 

4. The design of the cell is described in detail in reference [16]. 

The cell is capable of handling pressures up to 15 atm. But because 

of foil breaking problems, we usually limit experiment to pressure of 

10 atm and use typically a total pressure of ~ 6 atm. Because of the 

all-stainless steel construction, corrosive gases such as Fg can be 

handled safely. Two antireflecting coated sapphire windows have been 

mounted at the two ends of the cell. The laser mirrors are mounted 

inside with mirror holders which are connected to bellows for easy 

external alignment of optical cavity. An extra port is available to 

allow insertion of such devices as a Faraday cup. 

The cell is connected to a versatile gas/vacuum system from 

which it can be isolated by means of bellows valves located close to 

the cell. Two Baratron gauges are used to provide precise measure¬ 

ments in the pressure range used for most halogen donors and rare 

gases. The manifold allows convenient selection of gases, and other 

gases may be easily connected to the system (up to 6 different 

gases). By using both a mechanical vacuum pump and a diffusion pump, 

- 4 
the system can be evacuated to ~1 mTorr and the cell to ~10 Torr 

between each laser shot. The mechanical vacuum pump also evacuates 

the manifold to ~10 mTorr between gas fillings. 
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Figure 4. High pressure reaction cell 
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Since the quenching and absorption by even a small amount of 

impurities can be severe, the quality of the gases used and the fil¬ 

ling technique are important factors in obtaining consistent experi¬ 

mental results and good laser performance. The rare gases used (Kr 

and Xe) were of research grade (99.995% pure as specified by the ven¬ 

dor) , the buffer gases used (Ne and Ar) were of ultrapure grade 

(99.95% pure). Halogen donors such as NF^ were of technical grade 

(with a purity of 97.5%). For safety reason, was used as 10% 

mixture with the other 90% being He. Knowing the relative volume 

between manifold and cell, NF^, F2, Xe, etc. were allowed to flow 

into the manifold slowly to a certain pressure with a precision of 

0.1 Torr. The buffer gases were blown into the cell through high- 

flow regulators to allow turbulent mixing of the various components. 

Because of deterioration of the halogen donor molecules, we usually 

could only get 80% output from a second use of the same gas fill. 

Refilling the cell was necessary after each shot except when we were 

making fluorescence measurements. 

2.3. LASER RESONATOR OPTICS 

The cell arrangement shown in Fig. 4 has several features which 

are important for achieving laser output from low gain media. The 

resonator was placed inside the cell, consisting of two high- 

reflectivity mirrors thereby eliminating reflection losses which 

would occur at window surfaces in the case of external optics. Inter¬ 

nal optics also allow use of a short cavity length to reduce absorp- 
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tion by unpumped gas and to decrease the laser ring-up time. 

Since the mirrors are held by flexible bellows mounts, the reso¬ 

nator may be conveniently aligned from outside the cell. Because the 

e-beam accelerator produces strong vibration, the cell must be 

aligned after every laser shot. The bellow mounts can be used to 

hold different cavity optics such as mirrors, Littrow prisms, grat¬ 

ings, apertures, etc. The mirrors typically have high reflectivity 

(R - 95% to 99.9+%) with different bandwidth dielectric coatings 

using both flat and concave (r - 0.47m to 10m) fused silica sub¬ 

strates. The length of the cavity could also be varied by adding 

suitable spacers to the mirror holders. 

A typical stable, intracell optical resonator consists of a max¬ 

imum reflecting (R > 99.6%) mirror having a radius of curvature of 

0.5m, separated by ~12.5 cm from a flat output mirror having a 

reflectivity of either 90%, 95% or 98% with wideband (±30 nm), nar¬ 

rowband, (±15 nm) or very narrowband (±5 nm) bandwidth centered 

3 
around 485 nm . The active region was a cylindrical 28 cm volume 

defined by the clear aperture (1.9 cm dia.) and the pumped length 

(~10 cm) , as confirmed by photographs of the near field laser beam. 

Use of a tightly focused resonator permits a higher level of initial 

flux arising from spontaneous emission, a factor contributing to 

rapid build-up of intracavity laser flux. 

Since the optics are exposed to the laser medium, the high 

reflectivity dielectric coatings must be protected from attack by 
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corrosive gases such as fluorine. Both SiC^ and A^O^ protected 

optics have been successfully used in studies involving a fluorine 

environment. 

2.4. DIAGNOSTICS 

The most important data to be measured in this experiment 

include the temporal and spectral behavior of XeF(C->A) fluorescence, 

optical gain, and laser output using the arrangement shown in Fig. 5. 

A diaphragm of nominally ” 1 inch diameter in front of a photodiode 

is used to define the measured area and aid in laser alignment. A 

movable beam splitter allows directing an alignment laser beam ( nor¬ 

mally from a He-Ne laser ) into the cell. After passing through a 

beam splitter, about 20% of the laser signal was sent into an optical 

multichannel analyzer (OMA I). The rest of the light was reflected 

by the beam splitter into a photodetector. Each of these measurement 

paths is described in more detail below. 

' The OMA is an instrument designed to capture a complete spectrum 

from single-shot events such as the fluorescence and laser output 

from the reaction cell. Neutral density filters are required to 

reduce the light intensity at the detector head. A quartz lens is 

used to focus the light on the input slit of a Jarrell-Ash 0.25 m 

monochromator model 82-422. The low resolution grating of the mono¬ 

chromator yields approximately 0.5 nm resolution over a 250 nm 

bandwidth, the high resolution about 0.14 nm over 70 nm. The 

wavelength separated output from the monochromator is detected by an 
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array of photodiodes. The output of this array, representing light 

intensity at 500 different wavelengths, is sent to the OMA electron¬ 

ics for conditioning and digitizing. The digitized information is 

subsequently transferred serially through an optical isolator to a 

PDP 11/23 minicomputer. The spectrum is combined with calibration 

data (which is used to draw a wavelength scale) and stored on a 

diskette for later display and reduction. 

The photodetector (VPD) shown in Fig. 5 is usually a fast ITT 

F4000 vacuum photodiode with an S-5 cathode. However, an RCA C31000B 

photomultiplier was also used when needed in low level intensity 

experiments. Neutral density filters were used to attenuate the 

light to avoid saturating the photodiode and transient digitizer. 

Different interference and color glass filters were used to block 

unwanted wavelengths. The vacuum photodiodes are normally biased at 

-2000 V dc. The whole system had response time of ~2 nsec. The out¬ 

put of the diode is carried on low noise Heliax cable through copper 

conduit to the display instrumentation located inside a bronze- 

screened Faraday cage. The cage provides isolation from the strong 

electromagnetic interference generated by the electron beam accelera¬ 

tor. A Tektronix R 7912 transient digitizer is used to record the 

spectrally integrated temporal information from cell output. The 

digitizer is connected to the PDP 11/23 computer through a fast 

parallel data bus. The digitized data are transferred to the com¬ 

puter . 
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Absolute energy density measurements were made using calibrated 

vacuum photodiode detector, and appropriate interference and color 

glass filters. The calibration was verified by means of a Scientech 

volume absorbing disc calorimeter Model 36-0203. The methods of 

energy density determination were found to agree to within the 

estimated experimental error. 

The laser beam divergence was measured by Polaroid film exposed 

to the laser light at certain distances using neutral density and 

color glass filters with an iris in front of the laser window, keep¬ 

ing the film density at 0.5, and measuring both of iris and beam 

diameters. This method indicated a typical laser beam divergence of 

~54 mrad (full angle) for an end mirror with radius of curvature of 

0.5 m. 

A measurement of the temporal evolution of the XeF(C) population 

for different gas mixture condition was carried out by monitoring the 

XeF(C-*A) fluorescence at a distance 125 cm from the center of the 

laser cell along the optical axis using collimating optics with an 

effective aperture of 6.35 mm diameter. The absolute value of the 

XeF(C) state population was then obtained using the integrated 

fluorescence spectrum from the OMA and the spectrally calibrated 

vacuum photodiode detector. 

A cw Ar-ion laser was used to measure the temporal evolution of 

the gain/absorption at several wavelengths throughout the blue/green 

region. Either one or three passes of the probe beam through the 
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cell was used, depending on the magnitude of the gain/absorption, in 

order to maximize the signal-to-noise ratio. The laser probe signal 

was focused on a Lasermetries 3117 pin diode (HP 5082-4200) or a pho¬ 

tomultiplier (RCA C31000B) via a narrow-band interference filter, 

color-glass filter and an iris located a few meters from the laser 

cell. The detectors were located inside the Faraday cage to minimize 

electrical noise pickup and stray fluorescence. A mechanical shutter 

was used to produce a 4 msec laser probe pulse to avoid dc saturation 

of the detector. The electron beam pulse was synchronized to appear 

in the middle of the laser probe pulse. In the cw mode, the detector 

diode is linear with input power for output currents up to 4 mA. How¬ 

ever, the time response of the detector for currents above 2 mA 

started to deteriorate. Therefore, the detector current was always 

maintained below 1 mA where the time response is estimated to be 

better than 2 nsec. 



CHAPTER 3 

EXPERIMENT OBSERVATIONS 

3.1. BUFFER GAS STUDIES 

Selection of an optimum buffer gas for the XeF(C-»A) laser is 

dictated by several requirements: (1) when e-beam excitation is used 

the buffer gas must have a relatively high stopping power; (2) mixing 

of the B and C states must occur in a time, much less than the radia¬ 

tive lifetime of the former ; (3) vibrational relaxation of the B and 

C states must be very fast; (4) collisional quenching of XeF by the 

buffer must be minimal; and (5) transient absorption at the laser 

wavelength by buffer-related ionized and excited species must be held 

to a minimum level. Although there are several rare gases possessing 

one or more of these characteristics, argon has been found to exhi¬ 

bit the best overall combination of properties for the conditions of 

this experiment [13]. The best mixture with Ar alone as a buffer gas 

contains 8 Torr NF^, 8 Torr F2, 16 Torr Xe which we call the "base" 

mixture. 

Use of Ne+Ar as the buffer gas instead of pure Ar resulted in a 

much lower laser pulse energy, almost certainly a reflection of the 

fact that Ne is about an order-of-magnitude less effective than Ar in 

mixing the B and C states of XeF [17,18], and is also less effective 

at relaxing the XeF(B,C) vibrational manifolds. 

20 



21 

The use of Kr in place of Ar was reported [19] to result in 

better laser performance for values of e-beam current density and 

total pressure much lower and excitation pulses much longer than 

those of the present investigation. However, we found that the use 

of Kr as the only buffer resulted in lower laser output energy. 

This may be due to excited and ionized Kr species absorption being 

larger than that for the corresponding Ar species. 

Experiments using Kr as an additive at concentrations in the 

0.1~1.0 atm range were also found to result in lower laser output if 

the F2 and Xe partial pressures are not reoptimized. For example, 

0.2 atm Kr added to the base mixture resulted in more than 50% reduc¬ 

tion in laser output energy ("0.5 J/l using 6.5 atm Ar and a 5% out¬ 

put coupler). However, the measured gain profiles in laser mixtures 

containing Kr possessed certain distinctive characteristics espe¬ 

cially the dramatic reduction of initial absorption [13] that sug¬ 

gested the feasibility of higher laser pulse energies. 

Furthermore, Ne+Kr buffer gas mixtures were investigated. 

Although Ne will not vibrationally relax and mix XeF(B,C) states 

well, the vibrational relaxation and mixing rates for Kr are 4 times 

better than that for Ar [19]. The Ne-Kr partial pressures can be 

determined so as to produce the same e-beam energy deposition and the 

same B/C mixing as 6.5 atm Ar. Of course, XeF(C) formation, quench¬ 

ing, and absorption will be different from those for "base" mixture, 

but at least the energy deposition, B/C mixing, and relaxation can be 

controlled. 
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Kr was scanned for Ne - 4 atm, 6 atm, and 7 atm, respectively 

while keeping NF^ - 8T, Fg - 8T, Xe - 16T fixed. However, the 

highest output was only 42 mJ/1 at 6 atm Ne and 1.75 atm Kr. Since 8 

Torr NF^, 8 Torr Fg, 16 Torr Xe is optimized only for Ar buffer, they 

need to be reoptimized for Ne + Kr buffer mixture. After reoptimiza¬ 

tion of NFj, F£, and Xe, the laser energy density reached “0.45 J/l 

at 8 Torr NF^, 2 Torr F2, 6 to 8 Torr Xe. The scanning of Xe is 

shown in Fig. 6. After final reoptimization of all 5 different 

gases, almost 0.9 J/l output energy was obtained which was not far 

away from our base mixture output. The scanning of Kr for Ne — 0, 3, 

5 atm is shown in Fig. 7. 

3.2. XeF(C-*A) LASER STUDIES 

The improvement in magnitude and duration of the net gain 

resulting from a two component halogen donor mixture (NF2/F2) has 

been shown to result in a significant increase in laser pulse energy 

[12]. The maximum output of 1.5±0.3J/1 is observed to occur for a 

mixture containing 8 Torr NF^, 8 Torr Fj, 16 Torr Xe and 6.5 atm Ar 

along with an optimized optical cavity and with an e-beam current 

2 
density of “250 A/cm . The output is more sensitive to the concen¬ 

tration of F2 than that of NF^, a reflection of the fact that Fj has 

a substantially larger excited state (i.e. absorber) quenching coef¬ 

ficients than NFj has [20,21]. 

Since Kr addition to the base mixture resulted in dramatic 

reduction of initial absorption, scanning of Kr in the base mixture 



Figure 6. Effect of Xe concentration on XeF(C-»A) laser 
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Figure 7. Effect of Kr concentration on XeF(C-»A) laser 
in Ne‘ buffered mixture 
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was carried out as shown in Fig. 8. The laser output energy 

decreased by a factor of 3 as the Kr pressure is increased from 0.07 

atm to about 0.2 atm, but the dramatic reduction of initial absorp¬ 

tion occurs in this Kr pressure range [13]. The data in Ref. 13 were 

obtained for a mixture optimized in the absence of Kr. Because Kr 

can quench absorbers, the large amount of Fg in base mixture for 

quenching absorbers can be reduced. With less F2, the quenching of 

XeF(C) state by Fg can also be reduced. Therefore, the Kr pressure 

was set at “0.2 atm, the condition for which the lowest absorption 

was observed, and Xe, F2, and NF^ were reoptimized (starting from 16 

Torr, 8 Torr and 8 Torr, respectively). 

F2 was scanned first while keeping NF^ - 8T, Xe - 16T, 

Kr - 150T, Ar(Total pressure) - 6.5 atm. At Fj - 2T, an output 

energy density of “1.5J/1 was obtained which was almost equal to the 

output of base mixture. The optimized Xe pressure was found to be 

“10 Torr. 

Next Kr was scanned again from 0 to 3 atm for this reoptimized 

mixture (see Fig. 9). The result was very dramatic. A laser energy 

density of 2.2 J/l was obtained at Kr - 300 Torr which was better 

than the base gas mixture (8T NF^, 8T Fj, and 16T Xe) output as indi¬ 

cated. The symbol (o) indicates the measured laser energy with no Ar 

in the mixture. The optimized pressure of NF^, F2, and Xe remained 

unchanged for 300 Torr Kr relative to 150 Torr Kr. In fact as shown 

in Fig. 9, a broad maximum of > 2 J/l from Kr - 200 Torr to 900 Torr 

was obtained. 



Figure 8. Effect of Kr concentration on XeF(C-»A) laser 
in base mixture 
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Figure 9. Effect concentration of Kr on XeF(C-»A) laser 
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Because Kr is faster in mixing and vibrational relaxation of the 

XeF(B,C) states one would expect to observe a shorter fluorescence 

rise time when Kr is added. This effect was observed using the base 

mixture with and without Kr (see Fig. 10a). The similar effect to an 

8T NFg, 2T F2, 10T Xe, 0.3 atm Kr, 6.2 atm Ar mixture and an 8T NF^, 

2T F2, 10T Xe, 6.5 atm Ar mixture was also observed (see Fig. 10b). 

Fig. 10 shows that: (1) The fluorescence starts earlier with the 

addition of Kr; (2) Reduced F2 quenching of XeF(C-*A) in a 2 Torr Fj 

mixture compared to 8 Torr F2 case was equalized by the addition of 

300 Torr Kr. 

It is possible to get even higher output by increasing the Ar 

buffer pressure, that is, by increasing the e-beam energy deposition. 

When the total Ar pressure was increased to “8.5 atm, an output 

energy density of ~3J/1 was realized as shown in Fig. 11. For the 

base mixture, no maximum observed even up to 12 atm of Ar. 

A comparison of the laser spectra for the tyo different mixtures 

is shown in Fig. 12. One can see that some absorption lines have 

disappeared with the 8-2-10-300 mixture compared to base mixture due 

to the strong absorbers bleaching by Kr. A comparison of XeF(C-»A) 

laser temporal behavior for these mixtures is shown in Fig. 13. The 

enhancement of short wavelength part of Kr containing mixture was 

probably due to K^F radiation which has a long wavelength limit of 

up to 480 nm. Since the initial absorption for the 8-2-10-300 mix¬ 

ture is lower than for the base mixture, the laser starts ~25 ns ear- 
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a. 

b. 

Figure 10. Effect of Kr on XeF(C-»A) fluorescence 
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Figure 11. Effect of high Ar buffer gas pressure on XeF(C->A) laser 
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Figure 12. Laser spectrum of two different mixtures 
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Figure 13. XeF(C-*A) laser temporal output 
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lier for 8-2-10-300 mixture. 

The normalized temporal characteristics of the e-beam excitation 

pulse, the XeF(C-*A) fluorescence, and the laser output for the 

optimum conditions are presented in Fig. 14. Formation of the XeF(C) 

state occurs during and after the excitation pulse, with the fluores¬ 

cence peak occurring about 10 nsec after the peak in the e-beam 

current. Since there is absorption during the early phase of XeF(C) 

formation, laser oscillations begin only after the fluorescence peak. 

The maximum laser output occurs about 20±5ns after the fluorescence 

peak depending on the magnitude of the gain. 

3.3. OPTICAL RESONATOR CONSIDERATIONS 

The choice of resonator optics depends on the e-beam excitation 

-2 
level. For J^Ce-beam current density) of 200Acm , 6 atm Ar and a 

g^ay(maximum gain) - 1.5-2.0%cm \ the optimum T (transmittivity at 
.2 

“485 nm) is 2%. While for J 300 Acm , 6.5 atm Ar and 
eb 

gffiax" '2.5-3.5%cm ^, the optimum output coupler transmission becomes 

T—5%. T was scanned from 2% up to 20% (see Fig. 15) to obtain the 

dependence of laser energy output vs. output coupling for the base 

mixture [22]. 

Since bleaching of the absorbers can enhance the laser output, 

the condition that results in the highest intracavity flux will yield 

the best results. One possibility for achieving this is a cavity 

that restricts lasing to the narrowest wavelength range possible, 

thereby permitting the highest flux to build up and the strongest 
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bleaching. Hence, the effect of several output coupler coatings with 

different bandwidths were investigated from the standpoint of output 

energy. These include "WB" (wideband up to 60 run), "NB" (narrow band 

“30 nm), and "V" mirrors (<20 nm) all centered at 485 nm. 

In the "V" mirror experiments, a flat mirror with 97% peak 

reflectivity at “490 nm was used. For a base mixture, one can get 

about 1.3 J/l. The largest output was <2.2 J/l for NF^ - 6 Torr, F£ 

— 2 Torr, Xe - 10 Torr, Kr — 300 Torr and Ar — 6.5 atm, which was 

lower than the optimized output of the "WB" output coupler, but the 

energy density per nm bandwidth was higher for the "V" mirror (see 

Fig. 16). The reason for less total power might be that the mirror 

reflectivity was not optimized. The optimized reflectivity for an 

output coupler, either "WB" or "NB", is about 95%. 

3.4. OPTICAL GAIN/ABSORPTION STUDIES 

A. The Gain Cross Section and Saturation Flux 

The gain cross section (a) for XeF(C) as a function of 

wavelength is depicted in Fig. 17. The value of shifts from 

the center of the fluorescence to a slightly longer wavelength as 

2 
indicated which is due to the relation a “ À g(A), where g(A) is the 

line shape. Transmission data for a typical narrow band cavity out¬ 

put coupler is also plotted in the same figure. The transmission of 

all cavity mirrors should be centered at 485 nm in the case of 

XeF(C-*A) laser in order to obtain optimum performance [23] . 
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The saturation flux, Ig of the XeF(C) state can be obtained from 

the following relation neglecting electron quenching of the c state: 

dX 

dt 
P - X Xe*kx + Xe*Ar*k2 + F„*k, + NF,*k, + Ar*k_ + k + ^ 

2 3 3 4 5 r hi/ 

Here Ar, Xe, NF^, F2 denote the concentrations of respective 

molecules and X denotes the concentration of XeF(C) excimers. P is 

the production rate for XeF(C). k^(i«l,2,3,4,5) represent the 

corresponding two- and three-body quenching constants. k^ is the 

probability for radiative decay. I is the optical flux inside the 

cavity. 

^ - 1.2xl0'10cm3/s [24], 

k2 - 3.9xl0'
31cm4/s [24], 

k3 - 2xl0"
10cm3/s [25], 

k4 - 1.5x10*
11cm3/s [24], 

kg < 1x10 3-4cm3/s [24] (neglecting it), 

kr - loV
1 [24], 

o - 8.4xl0_18cm2 [23]. 

We obtain, 

dX 

dt 
P X 1.6x10® -1 

+ 
£l 
hi/ 

According to the definition, 

al  s 
hi/ 

1.6xl0®s'1 
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or I 
1.6xl08hi/ 

7.8xl06W/cm2 

B. Kr Scanning for Gain/Absorption of XeF(C-»A) 

Systematic scanning of the Ar+Kr buffer gas mixtures led to the 

observation of a considerable reduction of the initial absorption at 

485 nm with 0.2 atm of Kr added to the base mixture [13], Kr has a 

considerable effect on the kinetics and is responsible for the reduc¬ 

tion of the initial absorption from ~2.0%cm ^ to 0.2~0.3%cm 

As Kr is added to the base mixture starting at one Torr, it 

begins to compete with Xe for excitation/ionization energy (that is, 

XeF and KrF formation). The Kr partial pressure is too small to 

favorably affect Ar-related absorbers (see section C). As the Kr 

pressure is increased, the Ar-related absorbers begin to be affected. 

This results in a peak gain which is almost equal to that without 

Kr. This occurs for Kr - 40~50 Torr. In the region of Kr > 0.2 atm 

(added to the base mixture), the higher Kr pressure results in more 

XeF(C) quenching and reduces the laser output (see Fig.8). 

As shown in section 3.2, a reoptimized mixture of 8 Torr NF^, 2 

Torr 10 Torr Xe with 0.2 to 0.4 atm of Kr in 6.5 atm Ar buffer 

resulted in higher laser output than that of base mixture. The tem¬ 

poral gain signal should has the similar behavior. Systematic scan¬ 

ning of F2 and Xe at Kr - 0.2 atm showed that by adding 0.2 atm Kr 

and reducing F2 from 8 Torr to 2 Torr, the peak gain increased by 

~0.3%cm"l (see Fig. 18). Reducing Xe from 16 Torr to 10 Torr and 
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Figure 18. Effect of Kr, and Xe on XeF(C-»A) gain 
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keeping the other constituents unchanged, resulted in a gain with a 

somewhat longer tail than before (see Fig. 18). 

The dependence of peak gain/absorption upon Kr pressure is quite 

important in the understanding of the role of Kr in the optimized 

performance of XeF(C->A). Later Kr was scanned again with 8T NF^, 2T 

F2, 10T Xe. In order to keep constant energy deposition, [6.5 - 

2xKr(atm)] atm of Ar was added to the mixture since the e-beam stop¬ 

ping power of Kr is about twice that of Ar. An almost constant peak 

gain (~3.3%cm”^) curve was obtained for 0 to 760 Torr of Kr. 

C. Ar/Xe/Kr Absorption Measurement at 488 nm 

For pure Ar, the peak absorption is ~ -12%cmat 488 nm as 

shown in Fig. 19. and the decay time was measured to be ~ 40 ns. If 

Xe is added, the peak absorption decreased to “ -8.4%cm ^ and decayed 

much slower (>300 ns). Fig. 19 also shows that absorption is essen¬ 

tially constant for about the first 100 nsec after absorption peak, 

and subsequently decays with a time constant of approximately 300 

nsec. This behavior can be explained on the basis of the computed 

excited and ionized species concentrations in the Ar-Xe mixture [13]. 

The observed absorption in the Ar-Xe mixture is dominated by pho¬ 

toionization of Xe excited states, most probably those of the 6p and 

5d manifolds [13]. 

The addition of the same amount of Kr (0.4 atm) to pure Ar and 

to the Ar-Xe mixture was found to reduce the absorption of the former 

by over 50% and have smaller effect on the latter. This observation 
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Figure 19. Ar/Xe/Kr absorption behavior 
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confirms that the presence of Kr in an excimer laser mixture reduces 

the initial absorption by bleaching Ar-related species, while the 

addition of Kr to the Ar-Xe mixture provides decay channels for 

*((•*)(* 

Xe (5d,6p,etc.). 

Furthermore, as shown in Fig. 10, the measured rate of the 

XeF(C->A) fluorescence rise and the value of the peak fluorescence 

are both significantly higher with Kr in the mixture, particularly 

for large Fj concentration (Fj - 8 Torr). Analysis shows that these 

effects are more pronounced than would be expected on the basis of 

faster XeF B/C state mixing due to Kr [18], suggesting that XeF(B,C) 

formation is enhanced when Kr is present. One possible explanation 

for this observation is that Xe displacement reactions involving 

either KrF or K^F are more effective than their Ar counterparts 

[26]. The rate coefficient for quenching of K^F by Xe has been 

measured and is found to be approximately 2.5 times larger than the 

corresponding A^F reaction. However, the enhancement in XeF(C) for¬ 

mation with Kr in the mixture appears to be less important than the 

reduction in transient absorption because Kr itself will quench 

XeF(C) faster at the same time as shown in section B. 

D. Bleaching of Absorbers by XeF(B-»X) Flux 

In order to bleach the absorbers, a pulse injection technique 

could be used, either to increase the starting flux at 485 nm or to 

bleach absorbers at some other wavelength. Careful consideration has 

to be given to the overall system efficiency. Suppose, for example, 
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that a short duration, intense bleaching pulse was injected from some 

laser into the main oscillator. If the energy of the bleaching pulse 

is 10 mJ, the laser output is increased from 30 mJ (~1J/1) to 100 mJ. 

That would be quite significant if considered in light of the 10 mJ 

injected laser pulse, but not necessary if one took into account the 

system energy required to produce the 10 mJ pulse. Only if the energy 

of the injected laser pulse is orders-of-magnitude less than the out¬ 

put laser energy will the efficiencies work out well. 

For XeF(B->X) the peak gain at 351 nm is “ 20%cm”'*' in base mix¬ 

ture under typical e-beam pumping condition taking into account UV 

absorption [27]. If a very low energy, short duration XeF(B-»X) pulse 

at 351 nm is injected “ 10-15 ns after initiation of the e-beam pump 

pulse, it may be possible to build up a UV flux instantly thereby 

depleting Xe . An additional absorber at 351 nm is Xe2F ( 

+ Xe2F-*2Xe+ + F ). These fragments will produce XeF(C) when 

they recombine. 

Based on these ideas, a XeF(B-*X) cavity was built either inside 

or outside the high pressure reaction cell but always external to the 

XeF(C-»A) cavity in order to minimize any losses for the XeF(C-»A) 

transition. This method requires 1^ » Ig^ in order to enhance the 

XeF(C-»A) gain where I<,^ is the XeF(B-»X) laser saturation intensity 

and Ig^ is the saturation intensity of the absorbers (such as Xe ). 

Unfortunately, it was found that a XeF(B-»X) flux can not enhance the 

XeF(C-»A) laser performance because the XeF(B-»X) intensity is effec¬ 

tive in depleting both the XeF(C) population and the absorbers (see 
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detailed calculation and discussion in chapter 5). Therefore it is 

difficult to use the XeF(B-»X) flux to bleach absorbers such as 

Xe (5d,6p) in order to achieve better XeF(C-»A) laser performance. 



CHAPTER 4 

KINETICS AND ANALYSIS 

Of the rare gas halide molecules, XeF has two lowest coulombic 

states, B, 0-1/2 and C, 0-3/2, which are separated in energy by 

nearly 0.1 eV [4] as illustrated in Fig. 1. Therefore, in thermal 

equilibrium at 300°K more than 90% of the combined population of the 

B and C states resides in the latter. For this reason the broadband 

XeF(C-»A) transition, centered near 485 nm, has the potential for 

developing efficient tunable excimer lasers in the blue/green region 

of the spectrum. 

4.1. XeF(C) FORMATION AND LOSS 

Fig. 20 illustrates the major energy pathways to and from the 

coupled XeF(B,C) vibrational manifolds, based on modeling of the 

important kinetic processes. Because of the very large fractional 

concentration of Ar in the laser gas mixture, ionization and excita¬ 

tion of the Ar by primary and secondary e-beam electrons is dom¬ 

inant, followed by charge and excitation transfer to Xe and by ion 

recombination and excited state quenching by F and by Fg and NF^, 

respectively. Those processes resulting in the formation of Xe ions 

and/or Xe excited states result in very efficient formation of 

XeF(B,C) [20,28]. However, the indicated paths leading to ArF and 

ArgF introduce inefficiency even though a fraction of that energy is 

also likely to result in XeF formation by way of displacement 

47 
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Figure 20. Major energy pathways to and from XeF(B.C) 
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reactions. Nevertheless, the modeling made by Nighan suggests that 

for the conditions of this experiment in base mixture, XeF(C) is pro¬ 

duced with an efficiency of 5-7% for a relatively wide range of 

experimental conditions [13]. 

The computed time integrated fractional contributions to XeF(C) 

formation and loss are presented in Fig. 21. Because Ar mixes the 

XeF states on a sub-nanosecond time scale [18], it does not matter 

whether the B, C or D state of XeF is produced by the reactions indi¬ 

cated in Fig. 21a. A substantial fraction of the energy is channeled 

to ArF (Fig. 21) which is instantly converted to A^F because of the 

high Ar pressure [29]. There is evidence of displacement reactions 

involving diatomic rare gas-halide molecules. The rate coefficient 

for the A^F-^XeF displacement reaction was measured recently to be 

(6.1±0.8)xlO"11cm3/s [26]. 

The contributions to XeF(C) quenching are presented in Fig. 21b, 

which shows that nearly 50% of the C state loss is due to two and 

three-body quenching [24] by Xe, a factor that limits the Xe frac¬ 

tional concentration to a relatively low level. Also, in spite of 

the very large rate of dissociative attachment in the NF^-Fj mixture, 

the intense e-beam pumping results in an electron density level such 

that electron quenching of the XeF(B,C) states is still significant 

[30]. 
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Figure 21. Fractional contribution to XeF(C) formation and loss 
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4.2. THE PRINCIPAL ABSORBERS IN XeF(C->A) LASER 

It has been concluded that the principal absorbers in the 

blue/green region are A^C 2 u), Ar^, Ar , and Xe [13], where 

Ar and Xe refer to an effective lumped state including all levels 

except the first two metastable and resonance states in the case of 

Arf and the first metastable and resonance state in the case of Xe. 

Although this definition of RG seems rather crude, the very fast 

relaxation of the upper levels (« 1 ns) practically guarantees that 

Ar means Ar(4p)+Ar(3d) and Xe means Xe(6p)+Xe(5d) . These p and d 

states are the ones with known photoionization cross sections [13]. 

The Xe energy level scheme is shown in Fig. 22. All the Ar-ion 

laser wavelengths (particularly 488 nm and shorter) are capable of 

photo-ionizing practically all of the Xe (6p) levels and all the 

itit 
Xe (5d) levels. These are the levels that are quenched more effec¬ 

tively by Fg than by NF^. However, at 589 nm the photon energy is 

insufficient to ionize any 6p levels and also misses the more heavily 
< 

populated 5d levels. This means absorption measurements at 589 nm 

will show little or no effect for the addition of Fj. The observa¬ 

tion [13] that the absorption is practically identical for either 8 

Torr Fj or 8 Torr NF^ at a dye laser wavelength of 589nm is essen¬ 

tially proof that the dominant absorber is Xe(6p)+Xe(5d) and not the 

higher levels. These states absorb at the Ar ion probe laser 

wavelength but not at the dye laser wavelength of 589 nm. 



E
N

E
R

G
Y

, 
eV

 

Figure 22. Xe energy level scheme 

IO
N

IZ
A

T
IO

N
 

W
A

V
E

L
E

N
G

T
H

, 
nm

 



53 

An important reason for the high Xe concentration in an Ar-Xe 

mixture is a slow ArXe formation rate and a weakly bound ArXe , i.e. 

Dg ^ O.leV [31], so that the reverse rates for production of Xe from 

these molecular species are large. Consequently, the relative popu¬ 

lations of Xe-related molecular species are much smaller than would 

be expected considering the high pressure of these experiments. 

Because the dominant ion is Xe+, the electron loss by dissociative 

recombination is slow, with the result that the electron density in 

the Ar-Xe mixture remains high after termination of the excitation 

pulse, unlike the situation in pure Ar. The electrons collisionally 

mix Xe and Xe thereby establishing a quasi-equilibrium condition 

and, since both the production and loss of Xe and Xe are dominated 

by electron collisions, the concentrations of these species are prac¬ 

tically time independent in the initial afterglow. Therefore, the 

'sir 
only significant reaction path away from the coupled Xe -Xe system 

*13 + 
is the relatively slow formation of the excimer Xe£( f E^). This 

process is characterized by a ~300 ns time constant, a value very 

close to that observed for the absorption decay in the Ar-Xe mixture 

(Fig. 19). 

4.3. LASER EFFICIENCY 

A. E-Beam Energy Deposition and Intrinsic Efficiency 

Determination of the electrical-optical energy conversion effi¬ 

ciency corresponding to the measured laser pulse energy requires a 

knowledge of the e-beam energy deposition in the gas. Several 
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three-dimensional computer models [32,33,34] for e-beam energy depo¬ 

sition, and measurements [32] of gas pressure rise, all show that the 

energy deposited under conditions similar to those of this investiga¬ 

tion typically is from two to four times greater than that computed 

on the basis of simple stopping power calculations. The difference 

is due largely to backscatter from the cell walls and to multiple 

scattering in the foil separating the low and high pressure regions 

of the cell. To account for such effects, a factor-of-three correc¬ 

tion to a stopping power calculation based on the Berger and Seltzer 

data [35] was used in order to obtain a reasonable measurement of the 

e-beam energy deposited in the active volume. Measured current den¬ 

sity levels on the optical axis were found to vary from 200 to 400 

-2 
Acm , depending on cathode-anode(Ti foil) distance, e-beam control 

parameters, and unpredictable shot-to-shot variations. This range of 

current density, combined with Ar pressures in the 6-10 atm range, 

corresponds to energy deposition levels ranging from approximately 

100 to 300 J/l. 

For the best laser output, obtained for a mixture of 

NF^ - 8Torr, - 2Torr, Xe~-~10 Torr, Kr - 300 Torr, Ar - 6.5 atm 

-2 
(total pressure) and J ^ - 250-300Acm , a direct measurement using a 

Scientech model 36-0203 calorimeter yielded about 2.2J/1, in agree¬ 

ment with a photodiode measurement. For these conditions about 145 

J/l was deposited. This corresponds to intrinsic efficiency levels 

of ~ 1.5%. Thus, the performance levels for XeF(C-»A) are indeed com¬ 

parable to those of the (B->X) transition. 
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Although such estimates of e-beam energy deposition have to be 

considered somewhat uncertain, calculations of peak XeF(C) popula¬ 

tion, net gain, and the temporal relationship among laser medium pro¬ 

perties, all of which depend on the modeling of e-beam energy deposi¬ 

tion, are found to be in good agreement with experimental observa¬ 

tions. Thus, it is concluded that the estimated e-beam energy depo¬ 

sition is accurate to within about ±35%, a level of uncertainty that 

must also be assigned to the inferred value of the intrinsic laser 

efficiency. 

B. Optical Extraction Efficiency 

.2 
The intracavity flux reaches a level about 3 times the "*8 MWcm 

saturation flux, resulting in a significant depletion of the tail of 

the XeF(C) population profile [13], but collisional deactivation of 

the C state still dominates the XeF(C) population decay. For the 

conditions of interest, we have about 9 J/l flowing through the 

XeF(C) state. Neglecting absorption entirely yields a calculated 

output of ~3.5 J/l, corresponding to an extraction efficiency of 

*"40%. This is, in fact about as good as one can do with the best 

RgX(B->X) lasers. Thus, a measured output of ~2.2 J/l corresponds to 

an extraction efficiency of ~25% which is not far from the best pos¬ 

sible value. 

The key factor in improving extraction efficiency is the 

decrease of strong initial absorption that occurs during the excita¬ 

tion pulse. Calculations show that in the absence of such absorp- 
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tion, the intracavity flux would rise rapidly to a level about five 

times the saturation flux at about the time the maximum zero-field 

XeF(C) population is achieved, a circumstance that would greatly 

increase the extraction efficiency. This suggests that the addition 

of Kr to the re-optimized Ar-Xe-NF^-Fj mixture which resulted in a 

near absence of initial absorption (Fig. 18) and large increase in 

gain (“0.4%cm ^ as shown in Fig. 18) permitted significant improve¬ 

ment in extraction efficiency. 

If comparable performance levels can be achieved using discharge 

excitation, the XeF(C-*A) laser may become a competitive, tunable opt¬ 

ical source for the blue/green region of the spectrum. Additionally, 

it is likely that mixture synthesis of the type employed in this 

investigation will find application as a means to improve the perfor¬ 

mance of other excimer laser systems. 



CHAPTER 5 

DOUBLE LASER STUDIES 

For various applications it might be of interest to have a 

source that is capable of emitting strong UV radiation and tunable 

visible radiation of high power simultaneously. In this chapter the 

feasibility to operate both XeF(C-»A) and XeF(B-*X) lasers simultane¬ 

ously is described. 

Since the output of both the XeF(C->A) and XeF(B->X) excimer 

lasers is limited by transient absorbers, it is interesting to 

investigate whether one of the two lasers might bleach the absorbing 

species for the other laser, thereby increasing the total power flux 

in the whole system. Furthermore the two upper laser levels are 

closely coupled by collisions [24]. Therefore, there are several 

feedback channels by which one laser can influence the output power 

of the other. Gain measurements have been performed in order to 

study this system and an analysis is introduced that establishes some 

simple criteria to control the behavior of this device. 

5.1. EXPERIMENTAL APPARATUS AND TECHNIQUES 

The experimental setup has been described in detail in chapter 

2. A base gas mixture containing 8 Torr F2, 8 Torr NF^, 16 Torr Xe, 

and 6.5 atm (or 8 atm) Ar was used. Two different types of laser 

experiments have been performed. In the first experiment several 
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stable resonators for only the B->X transition at 351nm were used 

with different output couplings. Thus, the intracavity photon flux 

for the UV transition was varied. Since the dielectric mirrors were 

transparent in the blue green region of the spectrum, the temporal 

development of the small signal gain coefficient of the visible C->A 

transition could be probed by using the 488nm line of an argon ion 

laser. A similar experiment has recently been reported by Eden, et 

3 13 1 
al. [36] who measured the gain of the II D -- A state around 505 

3 13 1 
nm in the I^ while the II D -- n A transition at 342nm was 

lasing. 

A second laser experiment was performed in order to demonstrate 

the possibility of simultaneous oscillation on both laser transi¬ 

tions. An end mirror with a radius of curvature of 0.4 m and more 

than 99.8% reflectivity for both 351 nm and 475 nm was used. The 

flat output coupler had an output coupling of 7% for XeF(C->A) and 

20% for XeF(B->X). The cavity length was about 12.7 cm. The dis¬ 

tance between the surfaces of the full reflector and the C->A out¬ 

put coupler was 11cm. The useful diameter of the mirrors was 

1.9cm. 

5.2. RESULTS AND ANALYSIS 

A. XeF(OA) Gain During XeF(B->X) Lasing 

In this experiment several stable resonators for only the B->X 

transition at 351 nm were used with different output couplings. 

Thus, the intracavity photon flux for the UV transition was varied. 
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The length of cavity was increased to about 25cm in order to avoid 

color center production in the mirror substrates from e-beam irradia¬ 

tion. An Ar+ (488nm) laser probe beam was passed through the cav¬ 

ity three times in order to measure the. gain for the relatively low 

gain XeF(C-»A) transition during XeF(B-»X) lasing. 

In order to find the gain for XeF(C->A) theoretically, one need 

to establish a set of relevant rate equations as below: 

din 
dt P

B ' VB'
81 ' kBC[ArI[B1 ' ^ + kCBIArJ[C> 

«IÇ1 
dt 

Pc + kBC[Ar][B] - kCB[Ar][C] . i£l 

Ûlàl 
dt 

P. - - o I [A] 
A T3 O 

1 1 

Measured gain: g - o_[C] - a [A] 
v» O 

(1) 

(2) 

(3) 

(4) 

Here, [A], [B], [C], and [Ar] denote the concentration of absorbers, 

XeF(B), XeF(C), and Ar, respectively. P , P , and P_ are the produc- 
n J5 0 

tion rates for absorbers and for the XeF(B) and XeF(C) states. 

kBC a"d kCB 
are the mixing constants for the reaction 

kBC 

XeF(B) + Ar Z xeF<c> + Ar. The B state, C state as well as the 

kCB 

absorbers decay by their respective effective decay times 

T1? T2, and T3- 1 is the photon flux in units 
- -2 -1 

of cm s . <7„ 
B 

and a 
c 

are the stimulated emission cross section of XeF(B) and XeF(C). a 

is the photoionization cross section of absorbers. 
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Solving the above equations under the equilibrium approxima¬ 

tions , one obtains 

[B] 

^ + kBCt
Arl + V 

(PB + kCB[Ar][C]) (5) 

[C] - 1 - 
kCBkBC[Ar]‘ 

+ + kBCt
Arl + 

-1 

Pc + T 

kBC[Ar] 
(6) 

- + kfiC[Ar] + afiI 

* >WAr> 

B 

PAT3 
[Al “ 1 + o T-I ' 

o 3 

(7) 

In order to deplete the XeF(C) population significantly, the 

XeF(B-»X) intensity has to compete with the mixing process, i.e. 

* kBC[Ar] ; „BI . 

-11 -3-1 
The left side may be approximated by k0/, Z 1.5x10 cm s 

DU 

[24], Ar r 1.59X1020 cm'3, k *Ar Z 2.4xl09 s'1 » —. With 
DU 

_ i g 2 
a Z 4.7x10 cm [37,38], one can obtain 

I Z 5.1xl024cm'2s_1 
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(8) 
JB - hi/0I Z 2.9xl0

6 Wcm'2 

D X> 

where J„ is the photon flux density of XeF(B) state. 
D 

For depletion of the absorbers, a XeF(B-»X) intensity of ~ —-— 
%T3 

-17 2 
is required. With OQ Z 1x10 cm [39] (also see Fig.23) and 

Tj Z 20ns [13] (Xe ) one obtains 

1 _ CV1A24 -2 -1 
  _ 5x10 cm s 
a r0 o 3 

JA Z 2.84X10
6 Wcm"2 . 

A 

where JA is the saturation flux of absorber at 350 nm. 
A 

This indicates that the experiment probably does not result in 

an enhanced XeF(C->A) gain because the XeF(B-»X) intensity is 

equally effective in depleting the XeF(C) population and in remov¬ 

ing the absorbers. 

In order to see how the XeF(C) population changes as a function 

of XeF(B->X) intracavity flux, one can obtain the relation below from 

equation (6): 

[C] - 

T2 
+ kCB'Ar' 

-1 
1 + 

where 

h - 

- + kfiC[Ar] 

% 
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Figure 23. ^avelength dependence of the photoionization cross section 
of the Xe states and XeF(C-»A) stimulated emission cross section 
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 VBçI^I
2 

"<^tlWArl> <^tlWAr»' 

_ hclkl] 

" P° ^ + 1WArl 

Since with a misaligned XeF(B->X) cavity, we have I « I . 
s 

c] ~ i—-— rrj 
r2 

+ kCB[Ar] 

Because g varies directly as [C], one can approximately obtain 

the following relation by omitting the absorption: 

b 
1 + 

Sc 1 - 
1 + t 

m 
1 + b 

where g is the gain with an aligned XeF(B-*X) cavity, and g the 
â m 

gain with a misaligned XeF(B-»X) cavity. 

“Ï 
:i , a r o.42, b r 0.95 [24,37]. 

I 
Let X - — , we have — — — 
V 1 

0.58 
1 + 

0.95 
1 + X 

0.42 
1 + X 

1.95 

Both theoretical (solid line) and experimental data for the 

Sa i 
dependence of — upon — are shown in Fig. 24. We can see that the 

■‘•o 



Figure 24. Effect of XeF(B-»X) flux on XeF(C-»A) gain 
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_2 
saturation flux density for XeF(B-*X) is about 6.7MWcm from Fig. 

24. 

It is apparent that 
h 
S, 

is always smaller than unity. This 
m 

also means that the XeF(B-»X) flux has only a negative effect on 

the XeF(C ->A) gain or laser. Thus both theory and experiment 

indicate that an enhanced XeF(C-»A) laser performance probably will 

not be realized by using the XeF(B-»X) flux to bleach the main 

absorbers in the XeF(C-»A) spectral region. 

B. Double Laser Action 

From the analysis of the previous section and the experimental 

data one can find that for the XeF(B-»X) intracavity flux of less 

-2 
than 6.7 MWcm (that is, the saturation flux of XeF(B-»X) 

emission) the gain for XeF(C-»A) (typically 2.5%cm is large 

enough to permit XeF(C-»A) laser action. 
« 

With a new optimized mixture of 8 Torr NF^, 1 Torr Fj, 8 Torr 

Xe, 200 Torr Kr, and 6.5 atm Ar, laser energy density of ~0.25 J/l 

for both XeF(C-*A) and XeF(B-»X) was obtained. The normalized temporal 

behavior of the XeF(B-*X) and XeF(C-»A) double laser and the signal 

of a Faraday probe measuring the e-beam current density are shown in 

Fig. 25, while the spectral characteristics are shown in Fig. 26. 

Fig. 25 shows that XeF(B) excimers are produced first right after the 

termination of e-beam pulse followed by fast mixing process by high 
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Figure 25. Normalized temporal behavior of e-beam pulse 
and double laser 
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pressure Ar to produce XeF(C) excimers. 



CHAPTER 6 

FUTURE DIRECTIONS AND CONCLUSIONS 

6.1. FUTURE DIRECTIONS 

Based on the work described in the previous chapters, several 

future approaches for optimization of the XeF(C->A) excimer laser 

performance appear to be feasible. These include double pulse 

excitation, laser injection, and deactivation of Xe (5d,6p) by a 

1.7/xmXe laser. These will be discussed below. 

A. Double Pulse Technique 

The near absence of initial absorption in Kr-containing mixtures 

may also permit significant improvement in extraction efficiency if a 

multiple pulse excitation scheme is utilized. For example, with a 

dual pulse technique the first pulse would be used to produce a high 

intracavity flux level prior to the initiation of a second, higher 

energy pulse. Because there is very little initial absorption in 

Kr-containing mixtures, initiation of the second pulse near the time 

of the peak flux produced by the first should produce no significant 

detrimental effect. However, the high cavity flux present at the 

onset of the second pulse would ensure more efficient energy 

extraction. The e-beam initiated discharge excitation might be a 

possible way to realize this. The first excitation would be done by 

e-beam. This provides a very high initial photon flux for the second 
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pulse by discharge which is controlled by a thyratron to have a 

suitable delay from e-beam firing. 

B. Laser Inlection 

Another interesting possibility is to bleach the absorbing 

species, specifically Xe , by means of intense laser radiation. The 

wavelength dependence of the 6p and 5d states cross-section for Xe 

and stimulated cross section for XeF(C->A) are shown in Fig. 23. 

Clearly a bleaching laser in the wavelength range of 

400nm < A < 450nm or 500nm < A < 525nm could be beneficial without 

significantly affecting XeF. Based on the saturation flux of Xe 

calculated in chapter 5, an injection source which has a short 

2 
duration with an optical flux of ~3 MW/cm should be used. 

The dependence of the output energy on laser pulse injection is 

6 2 
shown in Fig. 27. The improvement was not significant for a 10 w/cm 

pulse lasting 10 ns and utilizing the reaction cell window with an 

2 
area of 2.5 cm . However, a much smaller beam (1mm by 1mm) injected 

through a hole in the cavity reflector may produce a starting flux 

that may lead to a significant improvement. 

C. Deactivation of Xe (5d, 6p) by atomic Xe(5d->6p) laser 

Another interesting potential method for the deactivation of 

'ifc'fc 
Xe (5d, 6p) is to utilize the 1.7 /m 5d->6p Xenon transition 

[15,40,41,42] as shown in Fig. 22. In addition to a gain of 

-1 -1 
15-20%cm on the XeF(B->X) transition, and a gain of ~3%cm on the 
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Figure 27. Effect of laser pulse injection on XeF(C-»A) laser 
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XeF(C->A) transition, there is also a net gain on the atomic Xe 5d- 

>6p transition. Thus, given a highly non-equilibrium, transient 

condition producing significant gain in the UV, visible, and IR 

regions simultaneously may be possible. It may be possible to take 

advantage of this in some meaningful way, as regards the optimization 

of XeF(C->A) laser. For example, a 351 nm XeF(B->X) pulse injected 

at an appropriate time in a high Q UV-blue-green dual laser cavity 

could set up an internal bleaching field capable of shifting the Xe 

population toward Xe+. Perhaps it would be even easier to get the 

Xe 5d->6p transition to lase in order to reduce the Xe 

population. 

In effect it is necessary to create a drain in the Xe <->Xe 

system. These manifolds are instantaneously mixed for the conditions 

of this experiment, but the drain from the combined system is too 

slow. In an Ar-Xe mixture (long time constant absorption, see Fig. 

20) and in the 1.7jjm laser mixtures the drain from the Xe <->Xe is 

practically non-existent. 

In the optimized XeF(C->A) mixture F£ lowers the Xe <-»Xe 

population significantly, but there is a limit to how much F 2 can be 

added to the rare gas halide mixture, since the XeF(C) states are 

quenched as well by F2. If one could "optically deactivate" the 

* 'ÏC'ï/c 

Xe <->Xe coupled manifolds via the 1.7/an laser channel, that might 

further reduce blue/green absorption. Thus, by measuring the 

absorption/gain in the blue-green range in the usual manner (see Fig. 

18 and Fig. 19) with and without a 1.7/zm cavity, it may be possible 
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to obtain information about whether or not the proposed scheme is 

feasible. 

6.2. CONCLUSIONS 

This investigation has shown that a combination of rare gases 

(Ar+Kr) and fluorine molecules (NFJ+F£) permits synthesis of near 

optimum XeF(C->A) laser properties for which XeF(C) can be produced 

efficiently (5%-10%) while transient absorption is minimized. The 

resulting optical extraction efficiency of 20%-25% is unique for an 

electrically excited XeF(C->A) laser. Indeed, the values of laser 

energy density (2-3J/1) and intrinsic efficiency (l%-2%) typical of 

the present electron beam excited XeF(C->A) laser medium are 

comparable to those of other blue-green lasers such as HgBr(B->X) and 

wavelength shifted XeCl(B->X) or XeF(B->X). If comparable 

performance levels can be achieved using discharge excitation, the 

XeF(C->A) laser may become a competitive, tunable optical source for 

the blue-green region of the spectrum. Additionally, it is likely 

that mixture synthesis of the type employed in this investigation 

will find application as a means to improve the performance of other 

laser systems. 

Typical normalized temporal characteristics of the e-beam 

excitation pulse, XeF(C-*A) fluorescence, laser output for 

representative conditions are shown in Fig. 14. The XeF(C->A) 

fluorescence is found to start earlier after Kr addition and the 

reoptimization (see Fig. 10). 



74 

For all laser experiments a stable, intracell optical resonator 

was used consisting of a totally reflecting (R > 99.6% ) mirror 

having a radius of curvature of 0.5 m separated by 12.5 cm from a 

flat output coupler having a reflectivity of ~95%. The active region 

3 
was a cylindrical volume (28cm ) defined by the clear aperture (1.9 

cm diameter) and the pumped length (10 cm). The use of a tightly 

focused resonator permits a higher level of initial flux arising from 

spontaneous emission, a factor contributing to rapid build-up of 

intracavity laser flux and fast bleaching of absorbers. The energy 

density per nm bandwidth or so called spectral brightness was higher 

for a cavity with a very narrow band output coupler. But the total 

output for this cavity was lower than that with a ”WB” output 

coupler. 

The saturation flux for XeF(C-*A) laser was calculated to be 

2 
~8MW/cm . The peak gain in the Kr containing mixture was measured to 

be 3-3.5%cm Experimental data suggests that the presence of Kr in 

the laser mixture reduces the initial absorption caused by Ar-related 

species and also accelerates the decrease of absorption, presumably 

by providing decay channels for Xe (5d,6p). 

In addition to the high gain for the UV XeF(B-»X) and visible 

XeF(C-»A) laser, there is gain in the IR at “1.7/um for the atomic Xe 

5d->6p transition [40,41,42]. Hence, the possibility of lasing 

XeF(B->X), XeF(C->A), and Xe (1.7/tan) simultaneously by an 

appropriate cavity design exists. 
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