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ABSTRACT 

KINETICS AND LASER STUDIES 

OF ELECTRON BEAM EXCITED Xe^r 

by 

Richard A. Williams 

The goal of this work was to determine the kinetic processes 

involved in the formation and removal of the triatomic excimer 
* 

Xe^Br , and to study the potential of this molecule to be used in a 

high power, narrow pulse width laser system. 

Initial investigation involved the study of the fluorésence 

emission characteristics of Xe^Br*, centered at 440 nm for various 

electron beam pumped mixtures of argon, xenon and several different 

bromine donors. From these experiments, formation and quenching 

processes were determined. Three*-body collisional quenching of XeBr 

was identified as the primary formation mechanism for the triatomic 
• • 

species. Quenching rates for Xe.Br and XeBr were measured; the 
* * 

Xe^Br radiative lifetime was determined to be 245 + 30 ns. 

Laser experiments were performed after the kinetics of the 

molecule were determined. Many different parameters were varied, 

including gas composition and cavity characteristics. Although no 

definite evidence of laser action was seen, some alignment sensitive 

effects were noted. 



ACKNOWLEDGEMENTS 

I would like to express my thanks to the many people who have 

assisted me throughout this work. Bill Wilson was always available 

to provide whatever assistance was necessary. Without his help it 

would have been virtually impossible to keep the lab running. He 

also developed much of the software used to analyze our data. Frank 

Tittel had his watchful eye on the progress of the work, and kept the 

ball rolling when things slowed down. Roland Sauerbrey took time out 

from his own work to patiently explain the fine details of the 

reaction kinetics to me; much of chapter 3 is the result of his 

analysis. During the laser experiments. Gerd Marowsky paid us a 

visit. Many of the more novel cavity designs are the direct result 

of suggestions that he made. Guo Zhehuna was a most useful assistant 

during the experimental phase of this work. His presence made long 

days in the lab go much faster. Without the help of all of these 

people this work would have been impossible. 

Margarita Remus deserves special note for putting up with all of 

my idiosyncrasies and helping me maintain a sense of perspective 

between my research and the rest of the world. She was assisted in 

this final task by all the fine people I have met through the Houston 

Bicycle Company. 

Finally. I must thank my family. Without their love and support 

throughout the years, this work, which I dedicate to them, would not 

have been possible. 



TABLE OF CONTENTS 

CHAPTER 1 

CHAPTER 2 

CHAPTER 3 

INTRODUCTION 1 

HISTORY OF EXCIHER EMISSIONS 1 

RARE GAS HALIDE EMISSIONS 3 

EXPERIMENTAL APPARATUS 9 

FLUORESCENCE EXPERIMENTS AND KINETICS DATA 

FORMATION OF Xe2Br*  

DONOR STUDIES  

CHBr3 

HBr.. 

CHgBr and C2H3Br.. 

Wr2  

XENON AND ARGON DEPENDENCE 

17 

28 

39 

39 

41 

44 

44 

48 

48 

51 

DISCUSSION 55 



V 

CHAPTER 4 LASER EXPERIMENTS 58 

EXPERIMENTAL PROCEDURE 60 

EXPERIMENTAL RESULTS 61 

CHAPTER 5 CONCLUSIONS  73 

REFERENCES 77 



LIST OF FIGURES 

1. Common electron beam pumping configurations... 4 

2. Fluorescence output of the triatomic excimers 

Kr2F. Xe2Cl, Xe2Br 8 

3. Output of electron beam diagnostic devices. 12 

4. Block diagram of experimental layout.. 14 

3. Kinetics pathways for possible reactions 

of electron beams with Ar. Xe. RBr gas mixture... 18 

6. Kinetics pathways of the reactions with 

the highest rate constants, leading to 

production of XeBr* and Xe2Br* 19 

7. Fluorescence output of a mixture of 

Ar, Xe, and RBr   23 

8. Effect of xenon pressure on XeBr* and 

Br2* fluorescence   25 

9. Kinetic model for the XeBr* - Xe2Br* 

system   27 

10. UV - visible fluorescence ratio as a 

function of rare gas pressure 29 



vli 

11. Experimental and calculated formation and 

decay of XejBr*...   32 

12. XeBr* peak fluorescence intensity as a function 

of xenon pressure     34 

13. XeBr* peak fluorescence intensity as a function 

of argon pressure    35 

14. Stern-Volmer plot for three bromine donors 38 

15. Effect of donor pressure on fluorescence intensity 

a) CBr^, b) CHBr^ 42 

16. Effect of donor pressure on decay rate 

a) CBr4> b) CBBr^ 43 

17. Effect of donor pressure on fluorescence intensity 

a) HBr, b) Br^ 46 

18. Effect of donor pressure on decay rate 

a) HBr. b) B^   47 

19. Effect of donor pressure on fluorescence intensity 

a) CHgBr, b) C^RjBz. 49 

20. Effect of donor pressure on decay rate 

a) CHgBr, b) C^H^Br.    50 

21. Fluorescence and quenching of C^Br^F^ ..52 



viii 

22. Effect of rare gas pressure on fluorescence intensity 

a) Xenon, b) Argon     S3 

23. Effect of rare gas pressure on decay rate 

a) Xenon, b) Argon     54 

24. Absorption cross sections for Arj and Xe^ 

Cross represents a . . for Xe.Br* 62 
$t in 2» 

25. Intracavity Xe* metastable absorptions in 

* 
Xe^Br fluorescence..     64 

26. Comparison of expected and actual output passed 

by mirrors (R*.96) centered at 430 nm 65 

27. Aligned and unaligned spectral output for mirrors 

(1^.99) centered at 430 nm 66 

28. Aligned and unaligned spectral output for mirrors 

(Rs.985) centered at 455 nm 67 

29. Effect of gas pressure on fluorescence and stimulated 

emission outputs, a) Xenon, b) CHBr^... ...69 

30. Comparison of fluorescence output using argon and 

neon as buffer gas     71 



LIST OF TABLES 

Table 1 XeBr* Formation Reactions 20 

Table 2 Xe^Br* Formation Reactions 26 

Table 3 Xe^Br* Quenching Reactions   37 

Table 4 Quenching Rates of Bromine Donors 40 



CHAPTER 1 

INTRODUCTION 

The goal of this work was to characterize the emission of the 

rare gas halide molecule ^^Br and evaluate the potential for the 

development of a laser from this same molecule. The search for new 

laser media of this sort is an active area in the field of quantum 

electronics. 

HISTORY 

The term excimer, a contraction of excited dimer, properly refers 

only to homoatomic, two atom molecules, generally ionically bound in 

the excited state and unbound in the covalent ground state. The term 

has since been generalized to include heteroatomic molecules, 

sometimes containing more than two atoms. In most of these molecules 

the ground state is unbound; however, some of the diatomic rare gas 

halides have weakly bound (e.g. .13 eV in XeF ) ground states [1]. 

The first excimer emission was found in 1930 [2,3] in the 

extreme ultraviolet emission of Hej. This was followed by the 

discovery of several metal vapor emissions in 1938 [4] and heavier 

rare gas emissions (^2» and Arj) in 1954 and 1955 [5-7]. In 

1960, Houtermans [8] suggested these rare gas transitions as 

potential gain sources. 
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The excimer molecules are formed in a highly excited state by 

means of an external energy source, then fall to lover energy excited 

states by potential energy curve crossings [1]. The molecules 

continue these crossings until they reach an excited state where no 

further crossings exist. To further reduce their energy the 

molecules must then radiate to a state of lover energy, generally the 

ground state. Because of this orderly transition the excitation 

efficiency of these system is very high; nearly all excited molecules 

vill radiate. The quantum efficiency (the energy of the excited 

state divided by the energy of.the radiation) is also very high. 

Quantum efficiencies of 85% to 95% are not uncommon [9]. 

Excimer laser studies first became practical as high energy 

technology advanced. Many excitation methods have been developed. 

One which has received considerable attention is electric discharge. 

Discharge pumping has a relatively high efficiency since the 

excitation energy is of the same order of magnitude as the excitation 

energy of the emitting species. However, initiation of a discharge 

in a high pressure system is difficult. (High pressures are 

necessary because of the reaction kinetics of the laser.) To overcome 

this problem ultraviolet or electron beam preionization and unstable 

avalanche discharges have all been used with some degree of success 

[1]. Photolytic pumping of the active mixture with UV flash lamps or 

other excimer emissions has also been used [10-12], as has pumping by 

high energy neutrons [13,14]. 
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One of the most common method of excimer laser pumping is direct 

excitation by a high intensity» relativistic electron beam. A pulse 

of fast electrons provides the energy to achieve the high excited 

state density required to get the low gain excimer systems above 

laser threshold. 

Several different e-beam pumping schemes have been developed 

over the years; some of these are illustrated in figure 1. 

Transverse injection [15,16] is a frequently used method of electron 

beam excitation. The electrons are ejected by field emission from a 

cold cathode and pass through a thin (25-50 pm) anode foil into the 

reaction cell. The inherent simplicity of the scheme makes 

transverse excitation convenient for much investigative work. The 

coaxial mode also provides high efficiency energy deposition. 

Electrons are accelerated radially inward through a cylindrical 

pressure foil/anode [171. The axial or longitudinal mode has 

received some attention at Rice University and other research 

facilities [18-20]. In this scheme the electrons are injected at one 

end of the cell and travel its length, constrained by a solenoidal 

magnetic field. Transverse pumping, because of its extensive 

development at Rice University, has been used in this investigation. 

RARE GAS HALIDE EMISSIONS 

In the mid 1970's diatomic rare gas halide emissions came under 

close, scrutiny. It was predicted that the diatomic molecules would 

be predominately ionic in character and that the emission would be 
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similar to that of the alhali halides which they resemble [21,22]. 

One of the first of the diatomic excimers to be studied in some 

r 

detail was XeBr [21,23], with emission at 282 nm. Emission from 

excited vibrational states was fonnd to closely resemble to those of 

the corresponding alhali halide, CsBr. Bran and Ewing also noted 

broadband emissions at 353 and 465 nm while studying this molecule 

[21]. They attributed these bands to transitions between two excited 

states. This has since been confirmed for the 353 nm emission 

(C->A transition) [24], but the 465 nm emission was perhaps one of 

* 
the first observations of the triatomic molecule Xe£Br * A. kinetic 

mechanism for the production of the diatomic molecule was proposed in 

1975 [25] and refined the next year [26]. A radiative lifetime of 

17.5 ns was also determined for XeBr. The kinetic processes in a 

bimolecular system (Xe, Br^) system were then adapted for the more 

commonly used termolecular systems (buffer gas, Xe, Br^) [1,27]. 

This work aided in calculation of potential energy curves for the 

molecule by Hays and his coworkers [28]. 

The rare gas-halide transitions were recognized as potential 

laser candidates at an early stage of development [23]. In 1975 

Searles and Hart reported stimulated emission from a rare gas halide 

molecule, XeBr, for the first time [25]. A net optical gain of .003 

cm * was determined. Since 1975, many other diatomic lasers have 

been developed with gain of up to .11 cm *, excluding losses [29]. 

The broadband emission on the long wavelength side of many 

diatomic rare gas halides was identified as emission from triatomic 



rare gas halide molecules [30-34]. Production of the triatomic 

species was considered an important loss channel for the diatomic 

lasers and much research was devoted to the hinetics of these 

6 

molecules [30.35,3d]. Lorents, ejl al. studied the triatomic rare gas 

halides and proposed a triangular configuration [30,34]. Support for 

this configuration was developed from comparison of these molecules 

with the triatomic alkali halides, A^X, [37] and an extension of the 

already proven comparison between the diatomic molecules RgX and AX. 

Others have since confirmed this triangular structure [29,38-41]. 

Higher rare gas pressure was found to increase the production of the 

triatomic species [29], In 1979 the first triatomic laser, XejCl*, 

was developed [16]; the demonstration of stimulated emission in ExjF* 

[42] soon followed. 

Development of other triatomic lasers has been slowed by the 

inherent low gain of the media. The low gain is due to the broad 

bandwidth of the triatomic emissions (typically 50-70 nm) and the 

long lifetime of the molecules (100-300 ns). Bandwidths and 

lifetimes of the triatomic molecules are typically a factor of ten 

longer than their diatomic counterparts. 

The present work was devoted to the development of a third 

triatomic laser, Xe2Br. Fluorescence emission from this compound was 

first identified and studied in 1979 [35]. A successful Xe2Br laser 

would be expected to have the same broadband tunability as the 

K^F and Xe2Cl lasers. The emission spectrum of Xe2Br is midway 

between the other two triatomic species (figure 2) and successful 
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development would allow virtually continuous tuning from 400 to 550 

nm, using all three trimers. This range of wavelengths has many 

important applications, particularly for underwater communications. 
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Figure 2» Fluorescence output of the triatomic excimers 
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CHAPTER 2 

EXPERIMENTAL APPARATUS 

The laboratory in which this work was performed has been in use 

for many years. Its smooth operation today is due to techniques 

developed by previous users [29,43]. Modern operators work in an 

environment vastly improved from the days when the temporal data of 

each shot was carefully documented on Polaroid film and a 3 dB 

dynamic range on the grating spectrograph was considered the limit of 

the system. Today, data is rapidly and accurately recorded on 

computer and a factor of 230 variation in spectral intensity can be 

measured in a single shot. This chapter will focus on the equipment 

used in the investigation of electron beam excited Xe£Br as a 

potential laser medium. Some of the equipment described here has 

been in use since the inception of the lab; some has come into use. 

only during the course of this work. 

The high energy electrons used to excite the gas mixture were 

provided by a Physics International Pulserad 110 electron 

accelerator. This machine is made up of several subsystems: DC 

charging power supply, trigger amplifier, Marx generator, Blumlein 

pulse forming network, and vacuum diode electron gun. These are all 

fully described in [44]; only a brief description is needed here. 
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The Harz generator consists of ten .01875 |if dual capacitors. 

When fully charged to 100 kV these capacitors can deliver 200 joules 

to the Blumlein pulse forming network. This network shapes the 

voltage pulse and matches it to the graphite cold emission cathode. 

A ten nanosecond, -1.2 MV pulse from the Blumlein network causes 

electrons to be accelerated from the cathode to a titanium foil 

anode. Most of the electrons pass through the foil, entering the 

2 
reaction cell with a current density of 250 - 300 A/cm . This 

2 
current density decays to approximately 100 A/cm at the optical axis 

of the reaction cell. 

The anode-cathode spacing affects the efficiency of energy 

deposition in the cell. Maximum energy deposition occurs with a 

spacing of 1.2 cm [43], however a larger spacing (1.8 - 2.0 cm) is 

generally used to extend the life of the foil, with little loss of 

deposition efficiency. 

Several diagnostic devices are available to monitor functioning 

of the Pulserad accelerator. The Marx bank monitor is a 3000:1 

voltage divider made of a pair of copper sulfate resistors connected 

between the final stage of the Marx bank and ground. The output of 

this divider permits adjusting the Blumlein oil gap to insure that 

the gap breaks down as the voltage on the Blumlein peaks. The 

Rogowski coil is an inductively coupled pickup used to measure the 

total diode current at any given time. The Rogowski coil output is 

also used to trigger certain instruments. The Faraday probe is a 

stainless steel and plexiglass coaxial rod which is inserted through 
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a pressure fitting into the reaction cell. The probe measures 

current density at various distances from the foil within the 

reaction cell. Typical outputs from these three instruments are 

shown in figure 3. 

The stainless steel reaction cell works over a pressure range of 

10 ^ torr to 15 atmospheres [15]. The cell is filled through a 

stainless steel gas manifold, although corrosive or condensable gases 

may be admitted directly into the cell. Donor gases, normally used 

at relatively low pressures, are admitted into the cell slowly, 

allowing metering of the pressure to an accuracy of 0.02 torr by 

means of an MKS Baratron capacitive pressure gauge. The buffer gas 

(normally argon) was filled at high pressure and flow rate, causing 

turbulent mixing of the gases in the cell. 

All rare gases used in this work were of ultra-high-purity or 

research grade, greater than 99.995% purity. Most of the donors were 

supplied as liquids of 99*% purity. These high purities are needed 

to insure consistent results and to avoid the severe quenching 

properties of many impurities. The donors were transferred from 

their original containers to stainless steel sample bottles for 

connection to the gas manifold. 

Two quartz windows, each with a diameter of 2.5 cm, were used to 

observe fluorescence from the cell. For laser experiments, bellows 

mirror mounts were installed within the cell, making a cavity of up 

to 10 cm in length. With low gain systems such as XSjBr this 

intracell cavity design is especially important; losses that would 
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result from the windows required by an external cavity are 

eliminated. Several different cavity configurations were used in the 

course of this work. Cavity mirrors all had reflectivities of 99*%; 

output couplers ranged from 96% to 99% reflectivity over a bandwidth 

of 25 - 35 nm. All mirrors were fused quartz blanks overcoated with 

multilayer dielectric films. Both flat and curved (radii from .5 to 

10 meters) mirrors were used at various times. A schematic of 

equipment used for fluorescence measurements and for laser work is 

shown in figure 4. 

A variety of equipment was available for data acquisition and 

storage. This equipment included a Princeton Applied Research 

Optical Multichannel Analyzer (OMA), two ITT F4000 fast photodiodes, 

a Tektronix S7912 transient digitizer, and a PDP 11/23 minicomputer. 

The OMA provides temporally integrated spectral data of the 

fluorescence output. The low resolution grating yields approximately 

.5 nm resolution over a 250 nm bandwidth; the high resolution about 

.1 nm over 50 nm. With a 0V scintillator the useful short wavelength 

range of this instrument is extended from 350 nm to less than 100 nm. 

Provisions are made on the digitizing unit to subtract background 

light from the signal, giving a signal to noise ratio of up to 100. 

After an e-beam shot, the digitized data from the OMA is transferred 

via a serial data bus to the computer for storage and analysis. 

The photodiodes provide a temporal history of the shot. Neutral 

density, colored glass, and interference filters adjust the intensity 

and spectral content of the signal as desired. The diodes are 



14 

ZUJ 
UiN 

2E 
21 a 

a 
CL 

Figure 4* Block diagram of experimental layout 



15 

nocmally biased at -1500 VDC. Their output is transmitted over low 

loss cable to the transient digitizer. This equipment combination 

can resolve signal components of up to 500 MHz [43]. 

The transient digitizer provides 512 channels of 10 bit data 

which is displayed on a storage monitor. This data is also 

transferred to the computer. For data which does not require storage 

on the computer, a high speed storage oscilloscope is also available. 

The computer, as configured for most of this work, had 96 kbytes 

of MOS memory and 1.2 Mbytes of additional storage on floppy disks. 

This mass storage has recently been updated to 5.2 Mbytes on hard 

disk and 512 kbytes on floppys. The computer received data from the 

transient digitizer over a fast parallel data bus designed by 

Tektronix. Communication with other peripherals was over standard RS 

232-C serial interfaces [29]. These peripherals include an HP 2648 

graphics terminal, the OMA, an HP graphics plotter, and an NEC 

Spinwriter* The computer has two operating systems available; SPS. 

to provide simple access to useful features of the transient 

digitizer, and RT-11» for general computational work, and data 

reduction. 

Because of the large amount of electromagnetic interference 

generated by the electron beam accelerator, the computer, transient 

digitizer, and storage scope are enclosed by a screened Faraday cage. 

An isolation transformer, also located inside the cage, supplies 

power to these instruments. All cables carrying data to these 

instruments are routed through copper conduit which is grounded at 
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the accelerator. By practical necessity the OMA cannot be located 

inside the cage* but experience has shown that this makes little 

difference» so long as the electronics are placed a short distance 

behind the front of the accelerator. 



CHAPTER 3 

FLUORESCENCE MEASUREMENTS AND KINETICS DATA 

♦ 
Fluorescence measurements to characterize the Xe^Br emission 

were performed in preparation for laser experiments. These studies 

permitted optimum gas composition and pressure for maximum 

fluorescence output to be determined. Information important to the 

understanding of the kinetics of the S^Br system was also derived. 

The relative intensity and bandwidth of the 430 nm emission of Xe^Br* 

* 
and the 282 nm emission of XeBr were obtained from the OMA, A 

quantitative measure of the output intensity and temporal 

characteristics of the fluorescence was provided by the photodiodes, 

♦ 
The radiative lifetime of Xe^Br was also derived from this data, 

« 
The leading theory of the production of RgjX molecules in a 

* 
termolecular gas mixture involves the diatomic molecule RgX as a 

precursor to the triatomic species [43,46], The reactions 

schematically illustrated in figure 5 are proposed as mechanisms for 

* * 
the production of the diatomic species XeBr , and triatomic Xe^Br • 

The reactions considered most important are shown in figure 6 and are 

compiled in table 1, 

In the proposed scheme, the initiating high energy electron beam 

pulse generates both ionized and excited argon states. The ratio of 

ionic to excited states has been determined to be about 3 to 1 
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Figure 5. Kinetics pathways for possible reactions 
of electron beams with At, Xe, RBr gas mixture 
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Figure 6. Major Xe^Br production pathways 
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TABLE 1 

XeBr* FORMATION REACTIONS 

Reaction 

1. Ar + e -> Ar+ + e" + 

• 
2. Ar + e -> Ar + e 

3. RBr + e 
a 

-> Br' ’ + Ar 

4. Ar+ + 2Ar -> Ar£ + Ar 

5. ArJ + Xe -> Xe+ + 2Ar 

^ * + e 
6. Xe + e + Ar -> Xe + 

s 
+ — i 

7. Xe + Br + Ar -> XeBr 

+ e 
8. Ar- + e -> Ar + Ar 

2 s 
• e 

9. Ar + Xe -> Xe + Ar 

10. Ar* + 2Ar -> Ar* + Ar 

11. Ar* + Br^ -> Br^ + Ar 

12. Ar* -> 2Ar + h</ (126nm) 

13. Ar* + le -> le* ♦ 2Ar 

14. le* + RBr -> XeBr* + R 

15. Xe* + Xe + Ar —> Xe^ + Ar 

16. Xe* -> 2Xe + hU (172 nm) 

17. Xe* + RBr -> Xe^Br* + R 

18. Br* -> 2Br + M/ (291ma) 

Rate Constant Reference 

— - 

8.2 x 10 ^cm^/sec (50] •• 

2.5x 10 cm^/sec [52] 

7.2 x 10 ** cm^/sec [1] 

~2 x 10 ** cm^/sec [53] ** 

<A-10 3. 
2 x 10 cm /sec [54] 

~1A-32 6, 
10 cm /sec [55] 

— * 

2.40 x 10** sec * [56] 

- -A-10 3. 
3 x 10 cm /sec [57] 

* -A~10 3, 6 x 10 cm / sec [23] # 

2.3 x 10 ^ cm^/sec [57] 

1.8 x 10** sec * [56] M 

— - 

* 

"RBr" denotes the halogen bearing donor. 

* These reactions are significant only when Br^ is used as a donor. 

** This vaine is strongly dependent on electron temperature. 

# Value given is for Br^ 

## Lifetime of singlet state. 
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[47-49]. The gas mixtures used in this work were a minimum of 90% 

argon; reactions 1 and 2 were certainly the primary reactions of the 

gas mixture with the electron beam. 

Rate constants for the production of ionized bromine through 

reaction 3 have not been determined except for HBr and Br^. Because 

these production constants are so low (3 x 10 ^ and 

-12 3 - 
8.2 X 10 cm /sec respectively [30] ), Br should have only a minor 

* 
role in the production of XeBr for these two donors. Ionic halogen 

production can be significant [31] for many of the other bromine 

donors. For these donors, ionic production of XeBr* through 

reaction 7 is significant. 

With gas mixtures typical for these experiments, the ionized 

argon produced in the initial electron beam primarily forms Ar^ 

through reaction 4. Approximately 73% of this specie then reacts 

with xenon to form Xe+ which then almost immediately and completely 

forms Xe* through electron attachment (reactions 3 and 6). Host of 

the remaining 23% of the Ar^ forms Ar* by dissociative recombination 

with secondary electrons (reaction 8). Reactions 9 and 10 are the 

primary means of removal of Ar*. although 11 may also be important 

when Br^ is a donor. The branching ratio between 9 and 10 is not 

known, but in either case the result is excited neutral xenon. 

• * 
Reaction 9 leads to Xe immediately. Radiation from the Ar^ state 

formed in reaction 10 is possible, however, calculations show that 

production of Xe* through reaction 12 proceeds about 23 times faster 

than radiation from the dimer (reaction 13) with 300 torr of xenon 
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and 6 atmospheres of argon present. 

Reactions 14 and 15 are the primary pathways for removal of Xe* 

[26.58]; reaction 14 has a slightly higher probability of occurring 

at normal operating pressures. This reaction has been compared to 

the "harpooning" reactions which occur with the alkali halides 

[1,47.59]; the outermost electron of the xenon is transferred to the 

bromine atom over long distances (5-10 A) forming an ionic bond. 

This reaction is at least as important as the ionic pathway for all 

of the donors investigated. 

* 
Primary quenching pathways for Xej are radiation and reaction 

with the donor to form Xe^Br (reactions 16 and 17). Because the Xe^ 

radiation, at 172 nm, is invisible to our instrumentation, the 

branching ratio between 16 and 17 cannot be determined. In a pure 

xenon atmosphere the lifetime of the xenon dimer is 16.8 nsec 

(average of singlet and triplet states) [60]. Because of the 

relatively low density of the donor, reaction 17 is expected to occur 

at a low rate; radiation is probably the dominant quenching mechanism 

* 
of the xenon dimer. Therefore, production of Xej is predominantly a 

loss mechanism to the eventual production of Xe^Br . 

• 
An additional pathway to XeBr may exist when elemental bromine 

is a donor [61]. Excited bromine is formed from collisions with Ar* 

by reaction 11. The B^* then radiates (reaction 18), as shown in 

figure 7, along with ( much stronger ) radiation from XeBr* and 

XejBr*. Formation of XeBr is favored to radiation by Bz^ [30]. 

* 
Evidence of this is seen in figure 8, showing the decrease in Bt^ 
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fluorescence with increasing Xe pressure. Radiation from the XeBr 

molecule also decreases with increasing xenon pressure, as production 

♦ 
of increases. 

Several mechanisms have been proposed for the production of 

triatomic rare gas-halide species [62,63]. One that has received 

much attention is three body quenching of the dimer by the rare gases 

[29,45]. This reaction, as well as several other important reactions 

involving the dimer, are compiled in table 2. Figure 9 illustrates 

these same reactions and the quenching of XejBr*, which will be 
« 

described shortly. Assuming linear quenching for S^Br , and 

e * 
neglecting a possible production channel for Xe^Br via Xej# the 

e 
following rate equation describing the time dependence of the Xe^r 

population is obtained: 

^[Xe2Br*] - (kg[AT] + k4[Xe])[Xe][XeBr*] - ^-[Xe2Br*]. (1) 
off 

In this equation, the quantity in brackets (e.g. [Xe]) represents the 

density of that specie in the gas mixture. The rate constants for the 

formation reaction are given by kg and k^ (see table 2) and is 

the effective decay time of Xe2Br * which will be discussed below. 

For sufficiently low xenon pressures, the xenon-xenon formation 

reaction (given as reaction 22 in table 2) can be neglected, and 

equation (1) can be integrated to yield: 

[Xe2Br (t>3 kg[Ar][Xe] 1 [XeBr (t')]dt* 
' %f£ ! 

[Xe2Br (t')]dt'(2) 
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Figure 8. Effect of xenon pressure on 
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Figure 9* Kinetic model fox the 
XeBr* - XejBr* system 
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The observed time integrated fluorescence intensities in the UV and 

visible» I and I , * are given by: 
nv vis ' 

Iuy = Cj^[XeBr*(t')] dt', (3) 

00 

Jvis = c
2|t

Xe
2

Br*(t')] dt’‘ (4) 

The constants and C2 contain the radiative lifetimes of XeBr* and 

* 
Xe^Br * as veil as the spectral sensitivity of the detection system. 

* 
The Xe2Br population will decay to zero after sufficient time. Thus* 

if ve set t = 00 in (2) « the left hand side is zero* and then 

substituting (3) and (4)* ve obtain: 

ivi8 c 
-^-C k6 WX*HAr]. 

(5) 
uv 1 

These intensities are directly measured vith the optical multichannel 

analyzer vhen the spectra are integrated over the appropriate uv and 

visible vavelengths. Figure 10 shows the intensitiy ratio as a 

function of xenon and argon pressure. The linear dependence of the 

intensity ratio on these pressures supports the assumption that 

* 
reaction 24 is the primary production channel for • 

FORMATION OF XejBr* 

Determination of the production processes for XeBr vas necessary 

to ascertain the relative abundance of various ionic and excited 

* 
state species. Next it vas necessary to determine how Xe2Br vas 



Figure 10. UV — visible fluorescence ratio as a 

function of rare gas pressure 
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foxmed from these reaction products. The following paragraphs 

present the method by which it was confirmed that the dominant 

production mechanism for Xe^Br* is the three body quenching of XeBr 

1 

just described* In order to study the formation mechanism of ^e^Br 

* ♦ 
in detail* the time dependence of the Xe^Br and XeBr fluorescence 

was investigated. The time dependence of the fluorescence signals* 

V(t)* as measured by the photodiodes* is given by* 

VXeBr(t) 
[XeBr*(t)] 

TXeBr 

(6) 

VXe2Br
(t) " °2 

[Xe2Br (t)] 

TXe2Br . 
(7) 

The constants and a2 contain the transmission characteristics of 

the filters used to separate the UV and the visible fluorescence, 

which were very carefully determined, and the sensitivity of the 

photodiode for the different wavelengths. Substituting (6) and (7) 

into equation (1). and neglecting the k^[Xe][Xe] term as compared to 

the kg[Xe][Ar] term, we find: 

A. y 
dt Xe2Br 

= k,[Ar][Xe] ~ 
6 o2 

TXeBr 

TXe2Br 
VXeBr VXe2Br (8) 

* 
The constants k, and T .. can be determined by fitting the Xe.Br 
o eti 2 

fluorescence signal obtained by integrating equation (8) to the 

* a 
observed Xe^Br fluorescence. The measured XeBr emission is used as 

input data for the integration. To insure good time synchronization 

e * 
between the input XeBr pulse and the Xe^Br Pulse to the 
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same photodiode is used to obtain both signals» the interference 

filters are simply interchanged» leaving everything else in the 

experiment constant. Figure 11 shows a typical XeBr fluorescence 

pulse» at 282 nm» and the observed Xe2Br* emission at 450 nm. The 

dashed curve in figure 11 is the result of a computer integration of 

—31 6 
(8)» with kg = 3.1 x 10 cm /sec. Fits for a number of different gas 

mixtures» resulted in a formation constant kg of 

—31 6 
(3.2 + 0.4) x 10 cm /sec. This value also agrees to within 20% to 

the value one gets by substituting for Cj/C^ and ^e££ in 

equation (5). 

Further insight into the processes leading to the formation of 

* * 
Xe^Br can be obtained by looking at the removal of XeBr [641, 

Neglecting the inefficient two-body quenching by the rare gases» the 

pertinent rate equation for the dimer can be written as: 

d[Xgpr_l = p _ {k2[RBr]+(k3+k4)[Xe][Xe] + (k5+kg)Ur][XeJ+^}[XeBr*J.
(9> 

* 
In this equation, P is the net production rate of XeBr and x is the 

radiative lifetime of XeBr*. In our pressure regime, the production 

* * •* 
of XeBr is much faster than the production of either Ar^ or Xe2» 

an<* 

P can be written as: 

P * fjIAr] + f2[Xe]. (10) 

• 
The constants f^ and f2 represent the formation constants for XeBr 

as a result of the argon and xenon concentration in the cell. With 

the argon concentration set to zero, and taking the time dependent 
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Figure 11. Experimental and calculated 
formation and decay of XCjBr* 
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* 
XeBr fluorescence at its peak (when the derivative is zero), one can 

put equation (9) in the following form: 

XeBr = 
f2t*e] 

kj[RBr] + (k3 + k4)[Xe][Xe] + J 

-1 

(ID 

Using 1/t + k^[KBr] = 1.0 z 10 sec [26] a fit was made of the curve 

obtained by observing the peak in the XeBr* emission as a function of 

xenon pressure with no argon present (figure 12). The fit yields the 

parameters f2 and (k^ + k^). 

Returning to equation (9) and again letting the derivative equal 

zero, the following expression for the peak of the XeBr* emission is 

obtained when both argon and xenon are present: 

XeBr 
f^[Ar] + f2[Xe] 

7 (12) 
k2[RBr] + (k3 + k4)[Xe][Xe] + (k5 + kg)[Xe][Ar] + J 

With this equation, a fit is made to a plot of XeBr emission as a 

function of argon pressure, with a fixed xenon pressure. Since T, kj, 

(k3 + k4) and f2 are known, the two parameters f^ and (k^ + kg) can 

now be determined. Such a fit is shown in figure 13 for two 

different xenon concentrations. The same rate constants were used to 

fit both curves. The constants determined from this analysis are 

(kj + kg) = (3.0 +0.8) x 10 3*cm^/sec and 

—31 6 
(k3 + k4) “ (2.7 + 0.9) x 10 cm /sec. For the assumption that 

* * 
Xe2Br is formed predominantly through three body quenching of XeBr 

to be valid, the production of XeBr must be linearly dependent on 

both argon and xenon pressures. If this is true the ratio f^/f2 
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Figure 12. XeBr* peak fluorescence intensity 
as a function of xenon pressure 
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ARGON PRESSURE, atm 

Figure 13* XeBr* peak fluorescence intensity 
as a function of argon pressure 
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should be about 3 [64,63]. The ratio which gives the best fit in 

figures 12 and 13 is 2.43. This is reasonably close agreement, and 

supports the requirement that XeBr production depends only on the 

density of the excited states. 

* 
Quenching of results from radiation and collisional 

interactions with other species in the cell. The dominant quenching 

reactions are given in table 3. A Stern-Volmer analysis was made of 

the quenching data to determine these quenching coefficients. This 

analysis involves calculating the logarithm of the exponential 

fluorescence decay as a function of time. A least squares fit was 

made to this approximately linear function. The slope of this line 

is defined as the decay rate, in sec 

This decay rate was next plotted as a function of the partial 

pressure of the quencher whose constant was to be determined. A 

linear fit of these points was made, and the slope of this line 

determined the quenching constant. Except at very high argon 

pressures (greater than 6 atmospheres), the donor was found to be the 

dominant quencher. The quenching rate determined for each component 

gas, and the overall quenching rate were then used to determine the 

radiative lifetime from the following equation: 

- t440 ♦ W88'1 ♦ M1»1 ♦ V*rl- <13) 

From this analysis, a lifetime of 243 + 30 ns was determined. 

Figure 14 shows the Stern-Volmer plots for three donors used in 

these experiments. It is seen that all three plots intersect the 
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26 

27 

28 

29 

TABLE 3 

X«2Br* QUENCHING REACTIONS 

Xe2Br* 2Xo + Br + h</ <440nm) 

Xe2Br + RBr > quenched products 

* *7 Xe2Bf + Xe > quenched products 

* 8 
Xe2Br + At —> quenched products 
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decay rate axis at nearly the same point. This close agreement lends 

considerable confidence to oar lifetime calculations. 

Quenching by the bromine donor molecule is dependent on the 

particular donor used. The donors investigated in this study were 

CBr^, CHBr^* HBr, Br^, CH^Br, C^H^Br, and C^F^Br^. Quenching due to 

xenon and argon was studied as veil. The results of these studies* 

and the dependence of the fluorescence intensity of the constituant 

gases is* presented belov. Quenching data for each of the donor 

gases is compiled in table 4. 

DONOR STUDIES 

CBr^ - Carbon Tetrabromide 

Because of the success of CCl^ as a donor in the Xe^Cl laser 

[16*29*45] a study of the bromine analogue* CBr^, vas made. Unlike 

most other halogen donors, CBr^ is a solid. Heating the donor and 

the reaction cell vas necessary to obtain a CBr^ vapor pressure high 

enough to conduct experiments. An insulated box vas placed around 

the cell and donor sample bottle. Heaters attached to the cell and 

sample bottle vere then used to raise the temperature of the unit to 

approximately 50°C. 

As vith CCl^* the fluorescence intensity peaked vith about 1 

torr of CBr^ in the cell* then fell off slovly vith increasing 

pressure (figure 15a). However, the lov pressure side of the peak 
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TABLE 4 

Xe2Br* Quenching Rates of Bromine Donors 

Donor 

CBr. 
4 

CHBr3 

HBr 

Br2 

CHgBr 

W’ 

3 -1 
Qnenchina Eal£, k^ (cm s ) 

3.2 X 10_1° 

5.6 X 10 

6.5 X 10 

-10 

-11 

3.3 X 10 

8.0 X 10 

-10 

-10 

7.4 X 10 
-10 
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drops off much more rapidly than observed in the chlorine system 

[29]. 

The quenching by CBr^ was among the lowest of all donors 

studied. This is a definite advantage considering the high 

fluorescence output of this donor. The quenching constant determined 

by the slope of the line in figure 16a and was calculated to be 

- ,A-10 3, 
3.15 x 10 cm /sec. 

CHBr^ - Bromoform 

Bromoform proved to be the optimum donor studied. The peak 

fluorescence was about 85% of that obtained with CBr^, the decay rate 

was only about 50% greater, and no heating or other special treatment 

was required. 

Figure 15b depicts the variation of the fluorescence intensity 

with CHBr^ pressure. The intensity increased somewhat more slowly 

than was usually seen with other donors in this study. Maximum 

output occurred at a pressure of about 1.5 torr. slightly higher than 

was found with other donors. After reaching the peak the intensity 

slowly decreased, as quenching by the donor became more severe. 

The increase of the quenching with increasing bromoform pressure 

is illustrated in figure 16b. The quenching constant was found to 

-10 3 
have a value of 5.60 x 10 cm /sec. 
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Figure IS. Effect of donor pressure on fluorescence intensity 
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Figure 16. Effect of donor pressure on decay rate 
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HBr - Hydrogen Bromide 

Because of the extremely hygroscopic and corrosive nature of 

this gas accurate data vas difficult to obtain. The fluorescence 

intensity was observed to vary erratically from day to day and even 

over the course of a single day. The quenching data shoved less 

variation. 

Except for the difficulty in handling# hydrogen bromide vas one 

of the more promising donors investigated. HBr had# in general, a 

moderately high fluorescence output relative to the other donors, and 

the lovest quenching rate of any donor considered. Figure 17a shovs 

the variation of the fluorescence intensity vith HBr pressure. 

Points on the curve have been normalized against that day's maximum 

output# in an attempt to correct for the variation mentioned above. 

The highest value observed vas about half of the peak value for CBr^. 

A broad peak centered at about 8 torr can be seen. 

The quenching due to hydrogen bromide is shovn in figure 18a. 

The slope of this curve leads to a quenching rate of only 

-10 3 
0.90 x 10 cm /sec, nearly a factor 5 lover than the next lowest 

donor. 

Brj - Bromine 

Intuitively bromine may seem to be the ideal donor but such is 

not the case. Fluorescence output and quenching constants vere 

comparable to those found vith CBr^ at lov xenon pressures# but Br^ 

presented special problems of its ovn. Primary among these vas the 
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reactivity of the bromine, with the titanium foil used to separate the 

cell from the diode. Also» bromine tended to collect on the walls of 

the cell and the gas handling system. 

One. spectral feature unique to Br^ is the Br* emission line at 

291 nm» seen earlier in fignre 7. The relatively low intensity of 

this line indicates that Br^ production and radiation are not 

* 
significant loss channels in the production of * 

Another feature seen for the first time with bromine and later 

with other donors was the long» slow decay "tail" seen in the 

temporal fluorescence data. This weak pulse had an amplitude which 

was nearly constant as the partial pressures of the gases varied. 

The pulse did not begin until long (~ 110 ns) after the e-beam pulse 

ended and had a nearly constant decay rate of 4-8 MHz. Although this 

feature was probably present at all times» it was most obvious at low 

donor pressures» since the amplitude was then more on the order of 

that of the primary signal. The source of this feature is not yet 

known. 

Figure 17b shows the variation in fluorescence intensity with 

bromine pressure. The fluorescence peaks at about 1 torr then begins 

a slow decrease. The graph in figure 18b was used to determine the 

quenching constants of Br^. The value of this constant was found to 

—10 3 
be 3.32 x 10 cm /sec. 
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Figure 17 Effect of donor pressure on fluorescence intensity 
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Figure 18. Effect of donor pressure on decay rate 
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CH^Br — Methvl Bromide 

and 

C^HjBr - Bromoethane 

Tiro other donors briefly studied were methyl bromide and 

bromoethane. Neither was considered useful for laser experiments due 

to their low fluorescence outputs, shown in figure 19. Figure 20 

shows the Stern - Volmer graphs of these two donors. The quenching 

coefficients of these two compounds were the greatest of any studied, 

7.97 x 10 and 7.40 X 10 cm^/sec respectively. 

CgF^Br^ - Dibromotetraflnorobenzene 

Investigation of this compound was prompted by favorable results 

in an earlier experiment [35] using a similar material. Although 

initial results appeared promising, BFB eventually proved to have the 

lowest fluorescence output of any donor investigated. 

Because of the low vapor pressure of C^F^Brj* heating the liquid 

and laser cell in a manner similar to CBr^ was required. As shown in 

figure 21a, the fluorescence output rose slowly to a peak at about 

25°C then fell rapidly. The intensity dropped rapidly with 

successive shots in this compound, probably due to an optically dense 

"cloud" that built up in the cell. The extent of this cloud was 

measured by monitoring the received power of a helium-neon laser 

passing through the cell. Laser transmission decreased by a factor 

of about five after each e-beam shot. The composition of this 
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Figure 19. Effect of donor pressure on fluorescence intensity 
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Figure 20. Effect of donor pressure on decay rate 
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material vas not determined* but the optical density was observed to 

fade with time. 

Because of experimental difficulties involved with beating this 

material* quenching data is not available, except to show the 

quenching as a function of temperature in figure 21b. 

XENON AND ARGON DEPENDENCE 

Fluorescence intensity was influenced by both xenon and argon 

pressure as veil as that of the donor. Figure 22 illustrates the 

intensity variation seen vith both gases. Intensity saturation vith 

increasing xenon pressure generally occurred at a pressure of 300-500 

torr* after a rapid rise from lover pressures. In argon* saturation 

generally occurred at a pressure of about 5 atmospheres. 

Quenching constants vere also calculated for xenon and argon 

(see reactions 28 and 29). The value of these constants vas found to 

be approximately three orders of magnitude lover than the values 

found for the donors. Because of this difference in quenching 

constants* a small variation in the donor partial pressure vould 

result in a large amount of scatter in the xenon and argon quenching 

data. This scatter is obvious in the decay rate curves of figure 23. 

-13 3 
The values determined vere k^s(2.8 + 0.9) x 10 cm /sec for xenon 

—14 3 
and kg <2 x 10 cm /sec fox argon* vhich could only be determined as 

an upper limit. These values are in good agreement vith those found 

elsevhere [29,66*87] for other triatomic systems. 
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Ar Pressure, kPa 

Figure 22. Effect of rare gas pressure on fluorescence intensity 
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Figure 23. Effect of rare gas pressure on decay rate 
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DISCUSSION 

♦ 
The production of Xe^Br is essentially three body quenching of 

* ♦ 
XeBr • Unlike the case of # where the three body quenching of 

XeCl is much larger than the production rate of Xe^Cl* [68], 

production and quenching are equal to within experimental error for 

♦ 
Xe^Br . This means that there is a very high production efficiency 

♦ * 
for Xe^Br from XeBr , of more than 75 %• 

In order to explain the difference between the three body 

* * 
depletion of XeCl and formation of Xe^Cl , an intermediate species, 

* * 
ArXeCl was suggested [68]. Hie analogous molecule. ArXeBr , is not 

expected to exist, because ArBr* predissociates [69-71]. Thus the 

* * 
quenching of XeBr by Ar and Xe should yield only Xe^Br as a 

molecular species. 

Because of the large energy difference between ^^Br and 

2 2 
2Xe + Br( ^) or 2Xe + Br( P^^), cro8s section for a quenching 

process yielding the atomic products should be quite small [72]. 

Therefore, Xe^Br formation is the only important channel for a 

three-body quenching reaction of XeBr . 

For the reaction of XeBr with two Xe atoms, only the quenching 

constant for XeBr* was measured. However, the arguments cited above 

for the Ar-Xe reaction hold for the Xe-Xe reaction as well. 

* 
Therefore, it may be supposed that the production rate for Xe^Br by 

this process has about the same magnitude as the quenching rate of 

XeBr by 2Xe. 
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No evidence for the production of Xe^Br via Xe^ was observed. 

Even if this process does occur, its contribution to the total Xe^Br* 

population seems to be negligible under the present experimental 

conditions. The quenching constants for CHBr^, CH^Br and are 

accurate to within about 20 %. Because of the experimental 

difficulties associated with HBr, the reproducibility of the data for 

this donor was not quite as good. An error of about 30 % can be 

estimated in this case. CBr^ had to be heated to yield a reasonable 

vapor pressure. Because of uncertainties in the measurement of the 

donor pressure, the quenching rate for CBr^ could vary by about a 

factor of 2. Only the quenching rates for the three donors yielding 

the most reliable results were used in the determination of the 

radiative lifetime of Xe2Br . Because of the high argon pressure 

* 
used in these experiments, removal of Xe^Br by argon was at times 

significant. Xenon had less of a quenching effect. The values 

* 
determined for quenching of Xe2Br by the rare gases were 

-13 3 
(2.8 + 0.9) x 10 cm /sec for xenon and a maximum of 

—14 3 
2 x 10 cm /sec for argon. 

* 
Quenching of XeBr by electrons has been neglected in our 

analysis because no information about this process is available. 

However, calculations by Hazi al. [73] and experimental 

investigations by Trainor and Jacob [74] for the rare gas fluorides 

-7 3 
suggest a rate constant on the order of 10 cm /sec for the quenching 

of these molecules by superelastic collisions. Osing this rate 

constant with XeBr* indicates that in the low pressure regions in 
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figures 12 and 13, the results might be somewhat influenced by 

electron quenching. However, for the higher pressures, the three body 

quenching strongly dominates. The excellent fit to the experimental 

results shown in figures 12 and 13 by equations (11) and (12) 

supports the assumption that all of the important reactions have been 

included in the model. The uncertainty in the values of (k^ + k^) 

and (kg + kg) is partly due to the uncertainty in f^/f^, as as 

from a possible error in the determination of ?282 and kj. 

The rate of foxmation of the excited species is an important 

factor in determining how well a laser will function, since gain is 

directly proportional to the excited state density. Thus, it is 

possible that the excited state could be depopulated by the various 

quenching mechanisms before a density sufficient for net gain 

occured. Indications were that excited state production was quite 

* 
rapid and a significant XegBr population existed. Results of the 

experiments to obtain laser action from this medium are presented in 

the next chapter. 
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CHAPTER 4 

LASER EXPERIMENTS 

One major objective of this work was to investigate the 

feasability of using Xe2Br* as a high energy pulsed laser source. 

Previous work [35] showed that the emission of this molecule extended 

from 400 to 475 nm. This broad bandwidth would be expected to 

provide a highly tunable laser source, as have other triatomic 

systems [16,45]. 

For the laser experiments, an optical resonator is installed in 

the cell and carefully aligned. Alignment of the cavity is critical 

(especially with longer radius mirrors) and necessary after each 

shot, due principally to vibration of the machine when it discharges. 

It is desirable for the optical cavity of the laser to support 

as few resonant modes as possible. This will, of course increase the 

energy per mode. For an enclosed resonator, the number of modes 

supported is [75]: 

(14) 
c 

4 
where V is the volume of the cavity. This yields nearly 10 possible 

modes for a cavity 10 cm long and 2.5 cm in diameter, as used in most 

of these experiments. To reduce this large number of modes, some of 

the first laser experimenters proposed the use of open resonators 
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[76.77] * In such, resonator’s only modes close to the cavity axis are 

supported, all others are rapidly lost. For the resonator to support 

these high Q (i.e. low loss) modes two conditions mast be met 

[75.78] . First, there must be a family of rays capable of making a 

significant number of passes between the two mirrors. Second, the 

reflector dimensions must satisfy the relation 

> 1 , (15) 
HL ' * 

where r^, r^ are the radii of curvature of the mirrors and L is the 

cavity length. The condition for a stable resonator (where at least 

one high Q mode can be supported) is [75]: 

(16) 

The beam waist of a Gaussian wavefront is given by 

(17) 

where 

[U-rj-L) ( r2~L) (r2-r1~L)] 
1/2 

z 
o 

(18) 

The beam divergence is 

(19) 

for a Gaussian beam 
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Equations (18) and (19) allow calculation of the active mode 

volume of the cavity. For all of the cavities used in this work the 

3 
mode volume was found to he quite small ( maximum of .041 cm ). An 

unstable resonator (one which does not meet the conditions of 

equation (16)) would yield a much larger'mode volume (and 

consequently greater excited state population) at the cost of much 

higher loss. With a low gain material such as Xe^Br the loss 

situation presented by an unstable resonator is unacceptable. 

Using data obtained in the fluorescence experiments the small 

signal gain of the system was calculated by use of the equation: 

* _i_ rin2.li/2 hrJ 
-i 

c T , AX 
rad 

N (20) 

where g is the gain in cm , v is the cross section for stimulated 

emission, N is the excited state density, and c the speed of light 

[75]. All values except N can be determined. Using known values, a 

—18 —2 
was calculated to be 2.8 z 10 cm • Previous workers [29] have 

15 -3 
estimated the excited state population to be about 10 cm • This 

density in the ^e^Bt system would result in a gain of .002 cm *, 

disregarding any losses* 

EXPERIMENTAL PROCEDURE 

Laser experiments were started with the gas mixture found to 

give the maximum fluorescence intensity* The partial pressures of 

the component gases were then varied in a systematic manner to find 
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the optimum mixture for lasing. Bromoform (CBBr^) vas the principle 

donor used in the laser experiments. This donor had a fluorescence 

output nearly equal to that of the best donor. CBr.» and vas much 
4 

easier to vork vith» since it did not need to be heated. Bromoform 

partial pressures from .1 to 2.5 torr vere investigated. Xenon 

pressure vas varied from a lov of 10 to a high of 500 torr. Argon 

pressure vas held constant at 6 atmospheres; several experiments 

using neon as a buffer gas vere also performed. 

EXPERIMENTAL RESULTS 

High energy electron beams tend to create a large number of both 

short and relatively long lived excited molecules» as shovn earlier 

in figure 5. Some of these molecules have been shovn to have 

* 
significant absorption cross sections at vavelengths in the ^^Br 

emission band [79»80]. The most important of these absorbers seem to 

be the rare gas ionic dimers» Ar* and Xe*. Absorption cross sections 

for these tvo molecules are shovn in figure 24. This figure shovs 

that» especially for Xe*» the cross section is of the same order of 

magnitude as the cross section for stimulated emission of the excited 

laser molecule. Therefore» the Xe^ density must be significantly 

lover than the excited state density to achieve net gain. Although 

conclusive measurements have not been made» theoretical calculations 

* + 
shov Ar^, produced directly from Ar^. may also absorb strongly in 

this spectral region [81]. Extrapolating this data» ve vould expect 
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* 
X«2 to also have a substantial cross section for absorption at these 

wavelengths. 

Narrow band absorptions were also present. These are electronic 

transitions from xenon metastable levels to high lying Rydberg 

states. Several of these lines have been identified in figure 25. 

Figure 26 shows a typical spectrum, using a relatively high loss 

output coupler (transmission of 4 per cent). For comparison, the 

product of the fluorescence with the mirror transmission curve is 

superimposed. Because of the obvious similarity in the 410-470 nm 

band (where laser emission might reasonably be expected) we concluded 

that no stimulated emission was occurring in this case. 

The situation improved somewhat when a high Q cavity was used. 

In this experiment a low loss coupler, with a transmission of only 

1 % at 430 nm, was used as an output coupler. Figure 27 compares the 

aligned and unaligned outputs of this cavity. Some increase in the 

output intensity at about 460 nm can be observed here. 

Next, a cavity centered at 490 nm was used. In this case XejBr* 

emission could pass around the short wavelength end of the reflection 

band. None of the enhanced emission phenomena noted above were 

apparent in this case. 

Far better results were obtained when mirrors centered at 455 nm 

were used in the cavity. Reflectivity of this output mirror was 

98.5 %. Figure 28 shows the aligned and unaligned outputs of this 

cavity. Initial experiments were performed with the gas mixture 
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Figure 25. Intracavit^ Xe+ me tastable absorptions in 
Xô2Br fluorescence 
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Figure 28. Aligned and nnaligned spectral output for mirrors 
(K*.985) centered at 455 nm 
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found to give optimum fluorescence output (.5 torr CHBr^, 400 torr 

xenon, 6 atm. argon). The stimulated intensity vas found to increase 

somewhat as xenon pressure decreased (figure 29a). The reason for 

tills increase could be the rapid decrease in the production of the 

ionic dimer Xe^, described earlier. Production of this ion is about 

8 times as great at 400 torr (optimum pressure for fluorescence 

output) as at 50 torr (optimum pressure for stimulated output). As 

«4* 

the Xe^ density decreases, so does absorption by the ion. These 

results show that the absorption decreases more rapidly than does the 

fluorescence intensity, thus increasing the stimulated output. A 

similar decrease in the required CHBr^ pressure was also observed, as 

illustrated in figure 29b. This pressure shift has been observed in 

other triatomic systems as well [29]. 

Different cavity configurations were tried with these mirrors. 

Preliminary experiments with a 10 cm long cavity indicated that an 

excitation of less than the full power of the electron accelerator 

would yield better results than a full power pulse. To this end a 2 

cm cavity was installed, with a pair of high reflectivity mirrors to 

make up for the lower gain of the shorter cavity* It was anticipated 

that the decreased length would reduce the overall excitation, 

resulting in a decrease in Xe^ production. Later calculations showed 

that the slight increase in intensity that was observed could be 

accounted for by closed cavity approximations equally as well as by 

reduced ionic absorption. Several intermediate lengths were also 

tried, with similar results. 
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Figure 29. Effect of gas pressure on fluorescence 
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Neon vas also used as a buffer gas to yield weaker excitation. 

Because of its lover atomic number» neon provides an electron 

stopping power approximately half that of argon. This provides a 

correspondingly weaker excitation» reducing the production of Xe^ and 

of course completely eliminating production of Ar^. Absorption by 

Ne£ is negligible at wavelengths of interest. 

Figure 30 shows the results of replacing the argon with neon in 

a fluorescence measurement. Overall intensity is somewhat reduced 

because of the lower electron stopping power of neon» however some of 

the absorption lines attributed to xenon metastable states have been 

reduced as well. This would indicate a weaker coupling between the 

buffer gas and xenon» leading to reduced production of (and decreased 

absorption by) Xe^. However» the intensity was not high enough to 

try laser experiments. 

Nitrogen was used as an additive to the gas mixture in several 

experiments. Calculations by Nighan [82] showed that for the Xe^Cl* 

excimer, excited state production would be greatly enhanced by the 

reduced electron energy that results from Nj - electron collisions. 

Although a slight increase in the fluorescence intensity was noted 

with the addition of small amounts of nitrogen» there was no 

noticeable effect on the stimulated emission output. 

Some evidence of stimulated emission in was noted in 

these experiments» although the emission was very weak. Radiation 

trapping by a closed cavity could also explain some of the effects 

seen in these experiments» but further work must be done to prove the 
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Figure 30. Comparison of fluorescence output using 
argon and neon as buffer gas 
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validity of the theory. More likely, the effects seen are 

attributable to stimulated emission on the verge of laser threshold* 

To clearly achieve threshold, the first step must be to significantly 

reduce the absorption by the rare gas ions and excited states* A 

photolytically pumped system would do this most effectively; because 

of the lower energy involved, very few ions are produced at all* In 

this system xenon and bromine donor pressures could be increased to 

♦ 
enhance the production of Xe^Br an<i perhaps with this greater 

population density laser action could be clearly demonstrated* 
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CHAPTER 5 

CONCLUSIONS 

There were two major aspects of this work. The first was a 

fluorescence study to determine the kinetics leading to the formation 

♦ 
of Xe^Br wllen a mixture of argon, xenon, and a bromine donor is 

excited by a pulse of bigb energy electrons* The second eras to study 

the feasability of producing a laser from the Xe^Br* molecules formed 

in such a system* 

Production of Xe^Br* was determined to be essentially via three 

* 
body quenching of XeBr • Because of the large energy difference 

between Xe^Br* and possible atomic quenched products, the production 

* 
of Xe Br is the predominant reaction, exceeding 75% efficiency, 

Ja 

Quenching of XeBr* by Xe-Xe does occur. However, for pressures at 

which most of this work was done, an Ar-Xe quenching reaction 

dominates. The rate constants for these two reactions were 

“•31 6 r 
determined to be 2.7 x 10 9 cm /sec and (3.2 + 0.4) x 10 cm /sec 

* 
respectively. There was no evidence that production of Xe2&r 

through reaction of Xe^ end RBr occured. If such a reaction pathway 

does exist, its contribution to the total Xe^Br* population is 

negligible. 

Seven different bromine donors were studied. Fluorescence 

intensity differed by a factor of 25 from the least to the most 
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effective of the donors. In general, relatively simple molecules, or 

those with a large number of bromine atoms had the highest 

fluorescence intensity. Complex molecules with only one or two 

bromine atoms to donate were less efficient. The less complex 

molecules were also found to quench the Xe^Br* molecule less 

strongly. 

Measured quenching constants for the donors ranged from 

_10 3 
(0.6S to 8.0)xl0 cm /sec. The quenching constants for CHBr^. 

CHgBr, and Brj were determined within 20%. Because of experimental 

difficulties, values for the other donors could not be calculated as 

accurately. 

Xe^Br quenching constants for argon and xenon were found to 

agree well with those measured elsewhere for similar species. The 

—14 3 
values determined in this work were less than 2 x 10 cm /sec for 

—13 3 
argon, and (2.8 + 0.9) x 10 cm /sec for xenon. 

Removal of XejBr* by electrons was considered but its effect was 

not calculated. Because of the excellent fit of the experimental 

results to those expected, it is probable that electron quenching is 

not a significant reaction. 

A radiative lifetime of 245 + 30 ns was determined for XejBr* 

by subtracting donor and rare gas quenching from the observed 

fluorescence decay. The cross section for stimulated emission 

—18 2 
emission was calculated to be 2.8x10 cm . 
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Mirrors of various reflectivities and center wavelengths were 

used in the laser experiments. The host results were obtained with 

optics centered at 455 nm and a bandwidth of 20 nm. Alignment 

sensitive effects were noted in these experiments although laser 

action was never clearly demonstrated. Vith the cavity aligned, the 

emission was greater than could be accounted for simply by 

fluorescence transmitted through the output mirror. The additional 

emission was not present in the unaligned cavity. The peak output of 

this emission was shifted to the red by about 30 nm relative to the 

peak of the fluorescence. This shift of the stimulated emission peak 

can best be explained in terms of the high ionic absorption at short 

wavelengths in the Xe^Br* emission band. This effect has previously 

been seen in other triatomic lasers [29]. 

Nitrogen was used as an additive to the gas mixture* on the 

theory that secondary electrons from argon-electron interactions were 

still too energetic to react effectively in various recombination 

reactions* and the Nj would act to "cool* them through collisional 

effects. A slight increase in intensity was observed in 

fluorescence* but no effect was seen in laser experiments. Quenching 

effects due to nitrogen were negligible. 

Neon was substituted for argon as a buffer in several 

experiments to provide weaker excitation. Absorption due to xenon 

decreased as was expected* however* the emission intensity was too 

low to warrent laser experiments. 
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The small stimulated emission cross section of the XejBr* 

molecule is a significant reason for the failure to achieve laser 

threshold. Coupled with this is the broadband ionic xenon absorption 

that exists across the X^Br mission band. The loss induced by 

these molecular ions is sufficient to prevent net gain in the system. 

Therefore» if ionic populations can be reduced» either by a selective 

quenching mechanism or an excitation scheme which does not produce as 

many ions initially (such as photolytic pumping)» laser threshold may 

be achieved. Also* because of its high fluorescence output in the 

400-500 nm band Xe^Br* could prove useful as a source in photolytic 

pumping of other lasers or in other processes requiring high 

intensity» short duration» light pulses. 
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