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PREFACE

Under the present ONR Contract, United Technologies Research Center is
conducting an analytical investigation of plasma' processes in electrically
excited electronic transition lasers. Particular emphasis in this investi-~
gation is directed toward the two laser candidates exhibiting the most
potential for development as efficient optical sources in the blue/green
region of the spectrum: the 502 nm HgBr(B)/HgBr, dissociation laser, and
the 308 nm XeCl laser (to be wavelength shifted to the blue/green region).
A primary objective of this research is identification of fundamental
mechanisms influencing laser and plasma processes. This work is bé:l.ng
carried out in close coordination with other Corporate and Navy sponsored
experimental and theoretical programs.

The present technical rep;rt is based upon a chapter to be included
in "Applied Atomic Collision Physics: Gas Lasers" (H.S.W. Massey, E. W.

McDaniel and B. Bederson, eds.), to be published by Academic Press. Re-~

prints of recently published papers are also included in an appendix.
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I. INTRODUCTION

Electrically excited rare gas-halide lasers and their closely related
mercury-halide counterparts are leading candidates  for the development of
efficient, high energy optical sources in the UV and visible regions of the
spectrum (Rokni #nd Jacob, et al, 1981; and Parks, 1981). The plasma medium
typical of these lasers is created in a near atmospheric pressure gas mixture
containing a small (< 1%) fractional concentration of a halogen bearing mole-
cule. Pulsed electrical excitation is provided by either a fast-pulse
(< 100nsec duration), avalanche-type electric discharge, a beam of high
intensity relativistic electrons, or an electron-beam stabilized electric dis-
charge (Brau, 1979). In this chapter attention is focused on the latter

excitation method; i.e., e-beam stabilized laser discharges, with particular

emphasis on the properties of the ionized medium so created.

Electron-beam controlled discharge excitation provides selective (i.e.,
efficient) excitation of the working species, along with a degree of scal-
ability which 1is not typical of avalanche discharges. In addition, there
results a significant reduction in the technology problems often encountered
when pure electron-beam pumping is utilized. Moreover, the e-beam controlled
discharge excitation method is capable of generating high pressure, collision
dominated glow discharges having exceptional diagnostic value. Thus, such
discharges provide a rich source of fundamental information difficult to
obtain by other means. In Saction II of this chapter the essential features

of e~beam controlled discharges of the type common to rare gas and mercury-




halide lasers are outlined. In addition, certain constraining factors which
determine the range of accessible parameter space are considered in general
terms as a prelude to more detailed discussion of the application of e-beam
controlled discharges to xenon-chloride and mercury-bromide laser excitation.
Of the several rare gas and mercury-halide lasers under investigationm,
the XeCl(B + X) laser operating at 308 nm and the HgBr(B - X) laser at 502 nm
have demonstratea unusual potential for a variety of applications. These
lasers also represent excellent contrasting examples of lasers excited in
e-beam controlled discharges. The general characteristics of these lasers
are presented in Section III along with a discussion of several unique
features which set the XeCl and HgBr laser apart from others in this class.
Since a primary purpose of this contribution is to elucidate the cha;acter—
istics of the plasma medium typical of optimum laser performance, the dominant
excited state and ionic processes occurring in XeCl and HgBr laser discharges
are discussed in detail in Section IV. Particular emphasis is placed on
analysis of the factors influencing the concentrations of excited and iomnic
species, and their influence on laser/discharge properties. The accompany-

ing discussion is presented within a framework intended to show the great
progress that has been recently made in the understanding of the high pres-
sure glow discharges common to electronic transition lasers, while at the

same time indicating those areas requiring improvement in both basic data

and understanding.
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High vacuum region
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Figure 1. Schematic illustration of the experimental arrange-
ment common to e~beam controlled lagser discharges. The cross-
sectional area of the discharge region is typically in the
1-100 cm2 range and the discharge length in the optical di-'
rection is typically on the order of one meter, dimensions

! corresponding to active volumes in the 0.1 - 10.0 liter range.
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II. ELECTRON-BEAM CONTROLLED DISCHARGES
The electron-beam controlled* discharge technique was first devised
and implemented about a decade ago as a means to overcome thermal instabil-
ity in large volume, high energy CO, laser discharges. A comprehensive
article on this subject by Daugherty (1976) provides a particularly informa-

tive survey of the background and early research leading to the successful

development of the first high pressure, e-beam ionized glow discharges.
Figure 1 illustrates the general features of the experimental arrangement
common to such discharges. Ideally, ionization of the laser gas mixture is

provided by uniform irradiation of the active volume by a large-area electron-

beam. The physics of the resulting ionization/excitation process has been

_j studied extensively in recent years as described by Jacob (1981), and by
] Elliott and Greene (1976). Generally, such an e-beam produced plasma has an

electron temperature well below that required for regenerative or self-sus- ,i

} tained ionization. The electron temperature is elevated to the level required

- for efficient excitation of the medium by application of a uniform electric

field as indicated in Fig. 1. When the electron temperature needed for

* The terms "electron-beam controlled discharge", "electron-beam sustained

discharge", and "e-beam ionizer-sustainer discharge" are used interchange-

i ably throughout the literature to describe discharges for which the e-beam

TR W R

is used as a source of ionization for an electric discharge having an

[J electric-field below that required for avalanching or self-sustained

[] operation.
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Figure 1. Schematic illustration of the experimental arrange-
ment common to e-~-beam controlled laser discharges. The cross-
sectional area of the discharge region is typically in the
1-100 cm2 range and the discharge length in the optical di-
rection is typically on the order of one meter, dimensions
corresponding to active volumes in the 0.1 ~ 10.0 liter range.
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efficient excitation of the working species is below that required for self-
sustained operation, this method results in a decoupling of the electron
production process from the electric field. For this reason a host of
plasma instabilities can often be eliminated or their effects greatly re-
duced (Nighan, 1977a, 1977b). Indeed, this technique has proven successful
as a means of producing uniform glow discharges in large volumes (¥ 1 liter)
over a continuous range of pressures from a few tenths to several atmospheres,
thereby advancing the state of the art in a very substantial way.

A. Application to Electronic Transition Lasers

The basic motivation underlying application pf the e-beam controlled
discharge technique to electronic transition lasers is the same as that for
COy lasers; i.e., creation of scalable, high pressure glow discharges. There
the similarity ends, however. Because the CO, laser operates on relatively
low energy vibrational transitions, the optimum electron temperature is
always very much less than that required for self-sustained or regenerative
operation. For this same reason, the concentration of electronically ex-
cited species remains very low, and multi-step lonization is unimportant.
Thus, in CO; lasers there are no significant ionization mechanisms other
than those provided directly (or indirectly) by the e-beam. By way of
contrast, UV and/or visible lasers require efficient excitation of electronic
levels very close to the ionization limit; i.e., a high electron temperature

is required for efficient excitation. Additionally, large fractional con-

centrations of easily ionized excited species are invariably present, with




the result that multi-step ionization is usually significant and often
dominant. Thus, e-beam controlled electronic transition laser discharges
are marginally stable at best, and utilization of this technique for elec-

tronic transition laser applications is confined to a relatively limited

range of parameter space.
1. Electron Production and Loss
For a spatially uniform, collison dominated plasma medium typical of
e~-beam sustained electronic transition laser discharges, the electron con-

servation equation may be expressed in the following i{llustrative form:

x &
Yol nSEB + nenki(E/?) + n_n ki (E/n) + ... -nenka(E/n)- ces (1)

In this equation, in which only the processes usually dominant in rare gas/
mercury-halide lasers are indicated, ng, n*, and n are the number densities
of electrons, electronically excited species (e.g., metastaﬁle atoms) , and
neutrals, respectively; ki(E/n), ki*(E/n), and k,(E/n) are the mixture
weighted rate coefficients for ionization from the ground state, for excited
state ionization, and for attachment, respectively; and Sgp is the

rate of electron production due to the e-beam. Penning ionization, electron-
ion recombination, and negative ion detachment, although frequently import-
ant, have been omitted for the sake of clarity. As will be shown subse-
quently, it is often possible to obtain quasi-steady conditions such that

the temporal derivative on the left-hand side of Eq. (1) is small compared

to the electron production and loss terms. In this circumstance it is
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instructional to plot the various contributions to electron production (loss)
as a function of E/n. Presented in Fig. 2 is an illustration of the E/n
variation of electron production and loss terms under quasi-steady con-
ditions which are typical of e-beam controlled rare gas/mercury-halide laser
discharges. This figures indicates that for low values of E/n, ionization
resulting from discharge processes* is very small compared to that of the
e-beam (Region A). That is, as a consequence of the low electron temper-
ature, ionization from the ground state is insignificant and excited state
pro@uction is so low that multi-step ionization is not important. In this
low E/n regime the rate of electron production due to the e-beam electrons
balances the rate of electron loss, the latter process usually dominated by
halogen dissociative attachment (Chantry, 1981). Under these circumstances
the discharge is truly electron-beam controlled and behaves much like a co,
laser discharge under otherwise similar conditions. Unfortunately, in this
regime it is not possible to efficiently produce electronically excited
species in the required numbers. Efficient excited state production requires
that E/n (electron temperature) be increased, and along with such an increase
there occurs a rapid increase in both direct ionization of neutrals from
their ground states, and multi-step ionization involving the electronically
excited species participating in laser molecule formation. Under these
circumstances discharge ionization processes become increasingly important,

indeed comparable to the ionization produced by the e-beam (Region B).

Ultimately, an E/n value is reached above which the ionization process is

% Ionization processes other than the e-beam contribution in Eq. (1).
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beam controlled rare gas/mercury-halide discharges.




no longer stable, Region C (Nighan, 1978a; Brown and Nighan, 1978; Long,

1979; Haas, 1981; and Rokni and Jacob, 1981). Thus, for e-beam ionized
electronic transition laser discharges there exists a relatively narrow E/n
"window", bounded at low E/n's by a region of insufficient pumping intensity
and at high E/n's by discharge ionization instability. Optimum laser con-
ditions are ﬁsually found to exist within the high E/n portion of the stable
range, for which ionization by the e-beam may be the largest single source
of ionization, but for which the aggregate effect of discharge ionization
mechanisms is comparable to or even larger than electron production due to
the e-beam alone.

In spite of the constraints discussed above, conditions can usually be
found such that the generation of spatially and temporally uniform laser
discharges becomes possible. Presented in Fig. 3 are voltage and current
profiles representative of an e-beam controlled mercury-bromide laser dis-
charge #t a pressure of 2,0 atm. This figure shows that following an
initial transient during which the applied discharge voltage rises, there
results a highly uniform discharge having a duration of almost 1 usec, as
evidenced by the essentially constant values of voltage and current. Since
characteristic collison times are typically less than (.1l usec for such
conditions, analysis shows that kinetic processes in the plasma medium are
essentially quasi-steady throughout the discharge pulse, as suggested by the
trend exhibited by the V-I characteristics shown in the figure. Analysis of

such a medium has proven invaluable as a tool to identify the mechanisms
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controlling both discharge and laser operation (Nighan, 1978a; Rokni,

et al., 1978).

III. RARE GAS-HALIDE AND MERCURY-HALIDE LASERS
Because of their high efficiency (1-10%) and scalability, electrically
excited rare gas and mercury-halide lasers have been the subject of intensive

investigation in recent years. The characteristics and performance features

of these lasers are treated in detail in the contributions to this volume

f s by Rokni and Jacob (1981) and Parks (198l1). Of the several members com-
; {
- prising this class of lasers, the XeCl (308 nm) laser using HCL as a halogen
é E donor, and the HgBr (502 nm) laser utilizing dissociative excitation of the
d g mercuric-bromide molecule (HgBtZ) have unusual promiue for many applicatioms.
f 8 The primary reasons for the success of these lasers are favorable absorption
3 characteristics permitting high optical extraction efficiency, combined with
i relatively minor volumetric and/or surface chemistry problems. These attri-
;

butes are due in large measure to the use of HCl (Champagne, 1978) and HgBr,

(Schimitschek et. al., 1977 and Schimitschek and Celto, 1978) as the respec-

==

tive halogen donors in XeCl and HgBr lasers. Indeed, the XeCl laser has

T

demonstrated lifetime characteristics setting it apart from others of this

general class (McKee, et al, 1980; Gower, et al, 1980; and Miller et al,
1979).
In this section the basic kinetic sequences operative in e-beam ionizéd

XeCl(B + X) and HgBr(B -+ X) laser discharges will be briefly outlined,

Gl N w e o
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emphasizing certain unique features characteristic of HCl and Hgsrz.
Specifics of the XeCl and HgBr laser media will be discussed in Section 1V.

A. XeCl(B -+ X) Laser Discharges

Although one of the first rare gas-halide lasers to exhibit oscillation,
efficient XeCl laser operation was not achieved until HCl was used as the
halogen donor. The reduction in absorption at the laser wavelength
accompanying use of HCl in Xe-Ne mixtures resulted in the achievement of
electrical-optical energy c;nversion efficiency in the 6.0-7.0% range using
pure electron-beam excitation (Champagne, 1978), and in the 2.0-3.0% range
using the e-beam ionized discharge method of primary interest here (Nighan
and Brown, 1980).

The sequence diagram of Fig. 4 {llustrates the dominant features of
the XeCl formation chain in discharge excited lasers. Under optimum con-
ditions, calculations show that electron energy transfer is dominated by Xe
metastabi. atcm production and by subsequent excitation of metastable atoms
to the higher lying manifcld of Xe 6p stat;s (Nighan and Brown, 1980).
Production of the ion Xet then proceeds by way of electron impact ionization
of both Xe metastsble (6s) and p-state atoms. As indicated in the figure,
the C1~ negative ion is produced by dissociative attachment to vibrationally
excited HCl, and subsequently recombines with Xet in a three-body reaction
resulting in formation of the laser molecule XeCl(B). Thus, XeCl(B) is

produced by way of an ion-recombination channel with an efficiency in the

5-20X range depending on specific conditions.

-
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efficiency

Figure 4. Sequence diagram showing the dominant processes
in the XeCl(B) formation chain in discharge excited Ne-Xe-HCl
mixtures (from Nighan and Brown, 1980).
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1. Vibrational Excitation and Dissociative Attachment of HCl i

There are several important features, only recently understood, which

set HC1l apart from the halogen donors used in other rare gas-halide lasers. 4 !
Unlike most chlorine donors, formation of XeCl(B) by way of Xe(3P2)—uC1 j
b 3
reactions is slightly endothermic at 300°K, reflecting the large 4.45 eV HC1 ?
bond energy. Although xe(3P1, 3Po, 1P1)-HCl reactions or Xe(3P2)-HCI(v'§ 1) v i
reactions are enetgetiéally capable of XeCl(B) formation, available evidence |
indicates that such reactions are dominated almost entirely by the dissoc- : ;
fation of HCl rather than by XeCl(B) formation (Kolts, et al, 1979; Wren L

and Setser, 198l1; and Tang, et al, 1981). Thus, it can be concluded with

¥

reasonable certainty that Xe* quenching by HCl is not a significant XeCl1l(B)
- formation process in discharge excited lasers. Additionally, initial eval-
uvation of the role of HCl attachment indicated that formation of C1™ at a

rate sufficient for XeCl(B) formation by way of the Xet-C1~ recombination

channel was not possible. This conclusion was based largely on the relatively

small C1™/HC1 cross section measured by Azria, et al (1974), and by others

as well. However, HCl has an unusually large cross section for vibrational
excitation (Rohr and Linder, 1976), a circumstance resulting in a very large
fractional concentration of vibrationally excited HCl under XeCl laser con-

ditions. By considering this factor in an analysis of experimental data ob-

- tained using a variety of HC1l containing mixtures excited in e-beam con-

trolled discharges, Nighan and Brown (1980) concluded that vibrational.

excitation of HCl resulted in more than an order-or-magnitude increase in

seee B o B —— I *-— B — QN e |
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C1™ production over that to be expected from HCl in its ground vibrational
state. This finding was subsequently confirmed by measurements of the
threshold values of the cross sections for C1™/HCl(v = 1, 2), (Allan and
Wong, 1981). Thus, vibrational excitation of HCl has been found to be a
fundamental process in XeCl lasers, acting as a precursor to production of
Cl™ by way of dissociative attachment.

Presented in Fig. 5 are the rate coefficients for excitation of HCl
from the ground state to the first vibrational level, and for the Cl1~/HCl
(v = 0) dissociative attachment reaction, as computed for a Ne-Xe-HCl laser
mixture. The measurements of Rohr and Linder (1976) indicate that the
v=0-+2and v=0 -+ 3 transitions in HCl have cross sections very much
smaller than the v = 0 + 1 transition. Thus, multi-quantum vibrational
transitions are unlikely to be important, and the rate coefficient for the
v =0 +1 transition shown in Fig. 5 is probably representative of single
quantum transitions involving higher HC1l vibrational levels as well. On
this basis Nighan and Brown (1980) have modeled XeCl e-beam controlled laser
discharges and, based on analysis of laser/discharge characteristics, have
inferred an effective® rate coefficient for the reaction C1™/HC1l(v), the
magnitude of which is indicated by the shaded region of Fig. 5. Although
the energy variation of the attachment cross sections for HCl vibrational

levels are not yet known, Allan and Wong (1981) have observed an exceptionally

# The effective attachment coefficient used here refers to the average over

all HC1 vibrational levels; i.e., ko(eff) = [HC1)™1ZHCL(V)kq(V).
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Figure 5. Rate Coefficients for vibrational excitation and
dissociative attachment for HCl in the ground vibrational
state, computed for a Ne(0.989)-Xe(0.01)-HC1(0.001) laser
mixture. The shaded region is indicative of the magnitude
of the effective rate coefficient for attachment to vibra-
tionally excited HC1 (from Nighan and Brown, 1980).
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strong dependence of the C17/HCl attachment process on temperature, and have
inferred o(v = 1)/o(v = 0) and o(v = 2)/o(v = 0) ratios of approximately
38 and 880, respectively, at the energles corresponding to the thresholds
for each attachment process. Numerical experimentation has shown that this
finding is quantitatively consistent with the interpretation of Nighan and
Brown (1980). Thus, there is ample evidence that HCl is unique among the
rare gas-halide laser halogen donors, exhibiting relatively weak attachment
until vibrationally excited, a characteristic impacting significantly on
both discharge and laser properties.

B. HgBr(B)/HgBr) Dissociation Laser Discharges

The closely related mercury-halide lasers HgBr(B -+ X) and HgCl(B - X)
exhibited relatively efficient laser oscillation shortly after rare gas-
halide oscillation was demonstrated (Parks, 1977a, 1977b). Initially the
HgBr laser was excited using mixtures containing mercury and various bromine
compounds. However, practical problems encountered at the high temperatures
needed to produce the required concentration of Hg are formidable. Addition-
ally, the reaction sequence typical of such mixtures is non-cyclic resulting
in significant temporal changes in mixture composition. These factors
signficantly retarded progress in HgBr(B + X) laser development. However,
Schimitschek and Celto (1978, 1980) demonstrated that dissociative excitation
of the mercuric bromide molecule (HgBr,) resulted in relatively efficient
HgBr(B) formation. Moreover, the required concentrations of HgBrp can

be obtained at temperatures less than 200°C. Additionally, repetitive

17
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pulsing and related discharge lifetime tests demonstrated that volumetric
and surface chemistry problems associated with the use of HgBr, are
relatively minor compared to those encountered using mixtures containing
mercury and bromine compounds, and that the HgBt(B)/HgBrz reaction sequence
is cyclical. For these reasons use of a molecular species comprising the
mercury-halide molecule itself represented a significant step toward develop-
ment of a practical visible wavelength laser.
1. HgBry Dissociative Excitation

Efficient HgBr(B - X) laser oscillation has been achieved in discharge
excited mixtures containing N, and HgBr, (Schimitschek and Celto, 1980), and
in Xe-HgBr; mixtures (Brown and Nighan, 1980). Analysis of discharge and
laser properties has shown that HgBr(B) is produced in these lasers as a
consequence of dissociative excitation of HgBry, following quenching by ground
state HgBr, molecules of either NZ(A3£:), and probably higher energy Nz*
states, or Xe(3P2) (Nighan, 1980; Brown and Nighan, 1980). The dominant
steps in the HgBr(B) excitation sequence are indicated in the simplified
energy level diagram presented in Fig. 6. In Np-HgBr, mixtures Nz(A3£:) and
a host of higher lying Ny electronic states are produced by electron impact
excitation of ground state N;. Excitation transfer to the predissociating
3E: (or 183) state of HgBr, results in HgBr(B) formation as indicated in
the figure (Wadt, 1980). Although an intrinsic laser efficiency of about 1%

is obtained routinely using mixtures containing N,, relatively inefficient

utilization of the energy transferred to N, states higher than the A3z: state,
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Figure 6. Simplified energy level diagram illustrating the
dominant steps in the HgBr(B) formation sequence in HgBr,
dissociation laser discharges using either N, or Xe as the
energy receptor-transfer species.
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along wit™ -nergy loss due to Ny vibrational excitation, may limit HgBr

laser efficiency to the 1.0 - 2.0% range when Ny is used as the energy trans-
fer species (Nighan, 1980). By way of contrast, the Xe(3P2) metastable atom

has a very large rate for HgBr, dissociative excitation, resulting in HgBr(B)

formation with near unit efficiency (Chang and Burnham, 1980). 1In
addition, calculations show that electronic excitation of Xe(3P2) is
substantially more selective (i.e., efficient) than is Nj electronic ex-
citatioﬁ. Indeed, iniﬁial use of Xe in place of N, has resulted in
HgBr(B -+ X) laser efficiency in the 2.0 - 3.0% range, suggesting that even
higher efficiency may be possible (Brown and Nighan, 1980). In either

case, however, HgBr(B) is produced by way of an excitation tramsfer

channel in contast to the ion recombination reaction dominant in XeCl lasers.

2. TIonization and Dissociative Attachment of HgBr,

Although both Ny and Xe are used as energy receptor-transfer species in
HgBr(B) /HgBry dissociation lasers, most characteristics of the resulting
laser discharges are far different than would be expected on the basis of
the knbwn differences between N, and Xe electron energy transfer processes
alone. However, the observed differemces are understood and provide a
particularly interesting illustration of the importance to laser analysis

of accurate and complete cross section data.

Figure 7 presents computed electron energy distribution functions in

two Ne-HgBr; mixtures, each containing either 10X N7 or Xe. It requires a
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Figure 7. Computed electron-energy distributions in Ne—llgnrz.
mixtures containing either 10%Z N or 102 Xe. Also shown are
the cross sections for HgBr, dissociative attachment and
ionization (from Wiegand and Boedeker, 1981).
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significantly larger E/n value to produce the same mean electron energy* in

the N, mixture, reflecting the large energy loss due to Ny vibrational

excitation. Thus, for the purpose of this illustration, E/n has been chosen
for both the Xe and Ny mixtures to yield approximately the same mean electron
energy. Figure 7 illustrates the familiar, albeit unusual, shape of the
electron energy distribution in Ny (Nighan, 1970). In N7 the energy distri-
bution is significantly depleted in the 2-5 eV range within which the N2
vibrational cross sections are very large (Schulz, 1976). However, in the
Xe mixture there is an excess of eleétrons in the 2-5 eV range, but a severe
depletion above the 8.3 eV Xe(3P2) excitation threshold. These characteristics
of electron energy transfer collisions with N, and Xe, respectively, have a
dramatic effect on the electron energy distribution as E/n is varied, and
on the effectiveness of HgBr, as an attaching species under laser conditions.
Figure 7 also shows the cross sections for HgBr2 dissociative attach-
ment and ionization (Wiegand and Boedeker, 1981). The HgBr, attachment cross
section has a relatively narrow energy width, and happens to reach its peak
value at an energy about 2.0 eV higher than the onset of the resonant portion
of the N, vibrational cross sections; i.e., in the region of electron deple-
tion in the N2 laser mixture. Additionally, HgBr, has a relatively low ion-
ization potential (10.62 eV) and a very large ionization cross section in

the region of depleted electrons in the Xe laser mixture. Thus, as E/n is

* Mean electron energy as used is defined as 2/3 the average electron energy;

i.e., kT /e for a Maxwellian energy distrihution.
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varied, calculations show that ionization of HgBr, is weighted much less
heavily in the Xe mixture than in the N; mixture, and attachment is weighted
much less heavily in the N, mixture than in the Xe mixture. The signficance
of this situation is vividly illustrated by comparing attachment coefficients
and the net or apparent effect of attachment for Ne-HgBr, mixtures containing
the same amount of N, and Xe, respectively.

Presented in Fig. 8 are the results of such a calculation over the com-

=1 e i o) PEN BN W

plete range of E/n appropriate for laser excitation of these mixtures.
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Figure 8 shows that the attachment coefficient in the Xe mixture is almost

completely insensitive to E/n, reflecting the relatively small changes in

T

[y
s -

the electron energy distribution in the 3-5 eV range as E/n is varied. How- |
l. ever, since the HgBr, ionization cross section is very large, the net effect
of HgBr, as a species contributing to electron loss in the Xe mixture dimin-

ishes rapidly as E/n is increased, as is evidenced by the decrease in the

‘ M difference between the attachment and ionization coefficients, k, - ky.

é i Indeed, for E/n greater than about 1.4 x 10716 yem? in the Xe mixture, HgBr, ?
; g ionization dominates over attachment; that is, HgBr,y makes a net ;ontribution ?
4 [ 3

? »I to electron production rather than loss. The behavior of the Ny mixture {
! ? is markedly different qualitatively and quantitatively. For low E/n values

‘ bd

in N, dominated mixtures, the electron distribution function is truncated at

| gz |

about 2.0 eV, the onset of the resonant portion of the N; vibrational cross

sections (Schulz, 1976). Eventually electrons penetrate the vibrational

barrier at higher E/n values. However, the nature of the electron distribution
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Figure 8. Computed HgBr, attachment coefficients in Ne-HgBr,
mixtures containing either 10 N, or 102 Xe. Also shown is
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function results in a strong E/n dependence of the HgBr, attachment
coefficient. More importantly, when the HgBry ionization coefficient in

the N, mixture is subtracted from the attachment coefficient, Fig. 8 shows
that the net or apparent attachment coefficient has a very unusual behavior,
and is much smaller than the corresponding value in Xe over the entire

E/n range. Indeed, with a maximum k, - k; value only slightly above 1.0 x
10711 gec~lemd in the N, mixture (one-tenth of the maximum value in the Xe
mixture), HgBrz does not behave like an attaching species for the conditions
typical of laser discharges. Calculations show that for the same ion
densities and HgBr, concentrations, attachment is the dominant electron loss
process in the Ne-Xe-HgBr, laser mixture, and recombination and dominant
electron loss in the corresponding Ne-Nz-HgBrz mixture. Clearly, interpre-
tation of the resulting discharge/laser characteristics without benefit of
the HgBr ionization and attachment cross sections would be a difficult task

indeed.

IV. EXCITED STATE AND IONIC KINETICS
Recognition of the potential of rare gas-halides as UV laser molecules,
and the following very rapid development of electrically excited lasers
provided great stimulus for research in a number of important areas, particu-
larly, energy transfer reactions involving the rare gas metastable ;;ates
and halogenated molecules (Velazco, et al, 1978), electron-halogen dissoc-

iative attachment (Chantry, 1981), and high pressure fon-~ion recombination
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reactions (Flannery, 1979, 198l1). As a consequence, understanding of such
processes has reached a new plateau, and a wealth of fundamental data have
been generated, thereby providing the basis for development of sophisticated

analytical models of laser/discharge characteristics (Rokni, et al, 1978;

= el b 0w OB

and Nighan, 1978a). A very significant feature of such models is their

Py

ability to generate information relating to fundamental processes not easily

accessed experimentally. For this reason, interpretation of experimental

Py

results using analytical models has itself resulted in identification of

many previously unrecognized processes, and has contributed to the generation

[
[
i

of additional basic data as well (Nighan, 1978b; Nighan and Brown, 1980; and

¥ em———
[ R———

Morgan and Szoke, 1981). As an illustration of the information typically ob-

Proamivamncq
[

tained using the now well-developed kinetic modeling techniques, in this

section results representative of e~-beam ionized XeCl and HgBr laser discharges

eatannt |
Dot

will be presented.

e a4

A. Ionic and Excited State Processes In XeCl(B + X) Laser Discharges

1. General Characteristics

e R
Sr——

As mentioned in Section I, rare gas-halide lasers are excited elec~

trically using a variety of techniques. Although the resulting laser media
share some common characteristics, specific differences in the excitation
methods introduce substantial changes in important processes, including the

rare gas-halide formation sequence itself. Nighan and Brown (1980) have

modeled the characteristics of e-beam ionized XeCl laser discharges for

conditions of relatively high gain and XeCl(B) formation efficiency, as

T IPIE
’ e
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verified by experimental observations. For conditions typical of this
excitation technique, optimum laser characteristics are obtained using neon

as a buffer gas at a total pressure of 3.0 - 5.0 atm, containing 1-2% Xe and

= &= e

approximately 0.1% HCl. In such a mixture the neon provides the stopping

p—

agent for the ionizing high energy beam electrons (Jacob, 1981), and also

serves to ensure effective vibrational relaxation of the XeCl(B) vibrational

manifold. Additionally, volumetric absorption at the laser wavelength due
to excited and ionic states of neon is minimal (Champagne, 1981). Although
i Xe is the working species, its concentration is limited to a very low level

- so as to prevent excessive formation of Xe2+ which 1is a strong absorber at

-

the 308 nm laser wavelength (Champagne, 1981; Michels, et al, 1979a, 1979b).

| up———

The optimum concentration of HCl results as a compromise between the formation

of C1~ required for XeCl(B) production, and HCl quenching of XeCl(B) and

0 T PR 4 AT P Y R RAR? 117 1 PR N by g e e

bt

xe*, the latter species a precursor of xet (Fig. 4).

The fact that XeCl(B) is formed by way of an ion-ion recombination

load

reaction, combined with the constraints on the mixture fractions discussed i

a—

above, results in a low impedance discharge medium having a high current

density and low E/n value. Nighan and Brown (1980) have shown that such

e-beam ionized XeCl laser discharges actually operate in a quasi-avalanche E

]
mode, with only about 10% of the ionization provided by the e-beam, the ;
dominant 1on1zation\brocess being multi-step ionization of Xe excited states by

low energy discharge electrons (Fig. 4). For this reason, the term electron-

beam assisted discharge has been used to describe this XeCl laser excitation

I
I
I
|
i
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procedure (Nighan and Brown, 1980). Other characteristics of this laser
discharge are summarized in Table I.
2. Species Concentrations

Presented in Figs. 9 and 10 are computed concentrations of ionic and
excited species corresponding to the conditions of Table I. Reflecting the
relatively large current density-low E/n conditions, Fig. 9 shows that the
electron density is approximately 1 x 1015 cm's, a relatively high value for
a large volume glow discharge of the type under consideration. Indeed,
electron quenching of the XeCl(B) laser molecule is comparable to the radi-
ation loss for electron density values above approximately 3 x 1014 cn™3
(Rokni and Jacob, 1981). The ion Xe+, produced by multi-step ionization,
is the dominant positive ion in spite of the fact that the total pressure is
3.0 atm. This is a result of (and the reason for) the low-fractional con-
centration of Xe which limits the rate of Xez+ dimer ion formation. Nonethe-
less, even though the Xe.z+ concentration is more than an order of magnitude
less than that of Xe+. volumetric absorption at the laser wavelength due to
Xe2+ photodissociation represents about one-third of the total absorption
for these conditions. Thus, increasing the Xe fractional concentration
to a value much above 1% results in a nearly proportional increase in volu-
metric absorption, along with a decrease in optical extraction effiociency
(McCusker, 1979).

Although C1™ is produced at a rapid rate by dissociative attachment to

vibrationally excited HC1l, the relatively low HC1l concentration combined

29
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with a very large Cl~ loss rate due to the Cl -Xet XeCl(B) formation process
results in a C1™ concentration which is low compared to the electron and
xet densities. Even so, absorption at the laser wavelength due to electron
photodetachment of C1~ (Rothe, 1969) contributes about 15% to the total
volumetric absorption for these conditions.

Figure 10 shows that the corresponding concentrations of xe* (represent-
ing the coupled 3P2 and.3P1 6s states) and the grouped levels of the 6p mani-
fold are very high and of comparable magnitude. Ionization from these states
dominates Xe' formation as discussed previously. The high Xe*(p) concentra-
tion impacts on laser/discharge properties in several ways: photoionization
at the laser wavelength by p state atoms (Hyman, 1977, Duzy and Hyman, 1980),
a disproportionate contribution by p states to multi-step ionization (Hyman,
1979; and Nighan, 1978a), and energy loss by way of p-s relaxation by neutral
collisions (Nighan, 1978a; and Sec. IV~D herein). The concentration of
laser molecules, XeCl*(B), is shown to exceed 1014 cm™3 corresponding to a
gain of over 5% cm’l; calculations algso indicate that theAXeCI(B) format ion
efficiency is in the 15-20% range for these conditions (Table I). 1In
addition, Fig. 10 shows that the concentration of the triatomic rare gas-
halide molecule, XeZCI*, is almost as large as that of Xe01*(5). The mole-
cule XeZCI* is formed as a result of a three-body XeCI*(B) quenching’ reaction
involving Xe (Tang, et al, 1981), and for these conditions is produced with
an energy efficiency of approximately 1X. Althoujh XeZCI* formation is a

loss process in the XeCl(B + X) laser, electrical excitation of similar
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Figure 10. Computed quasi-steady excited state concentrations
for the e-beam assisted XeCl laser discharge conditions of
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*
mixtures containing 5-10% Xe have resulted in Xe2C1 laser emission centered
at 518 nm (Tittel, et al, 1980).

B. Ionic and Excited State Processes in the HgBr(B)/HgBr, Dissociatiom
Laser Discharge

1. General Characteristics

The blue/green HgBr(B - X)/HgBrz dissociation laser operating at 502 nm
is in a somewhat earlier stage of development than its UV XeCl(B -+ X)
counterpart. This lasér, first excited electrically using a fast-pulse,
aval;nche discharge technique (Schimitschek and Celto, 1978, 1980), and more
recently using the e-beam controlled discharge method (Brown and Nighan,
1980), operates with a neon buffer at a pressure of 1.5 - 3.0 atm at a
temperature in the 150 - 200°C fange. Neon is used as the buffer for many of
the same reasons discpssed in connection with the XeCl laser. Variation
of the temperature between 150 - 200°C range results in an HgBr, vapor pres-
sure variation in the range 2.0 - 20.0 torr (Brewer, 1950). Both N, or |
Xe at fractional concentrations of 5-102 have been used successfully as the
discharge energy receptor-transfer species (Schimitschek and Celto, 1980;
and Brown and Nighan, 1980). As discussed previously, the principal factors
determining the mixture constituents and their respective fractions in rare
gas-halide lasers, such as XeCl, are absorption at the laser wavelength and
collisional quenching of the laser molecule. However, the HgBr(B) molecule
is apparently much less susceptible to collisional deactivation than the
rare gas-halides (Roxlo and Mandl, 1980); and therefore mixture optimization

in the HgBr, dissociation laser appears to be somewhat less critical than is

33
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the case in the XeCl laser, for example. However, very little information
exists concerning absorption by ionic and excited species in the visible
region of the spectrum. For this reason it is likely that as cross sections
for absorption at wavelengths in the blue/green region become available, the
choice of mixture fractions and even the specific constituents of the HgBr(B)/
HgBr, laser will be affected. In order to facilitate comparisons with the
XeCl laser conditions, treated previously, the discussion to follow will
focus attention on conditions typical of the HgBr(B)/HgBr, dissociation laser
using Xe as tl.e energy transfer species.
2, Species Concentrations

The fact that the HgBr(B) molecule is produced by way of an excitation
transfer reaction relieves the requirement for high ion density typical of
ion recombination lasers such as XeCl., Efficient production of the excitation
transfer species (e.g., Xe(3P2)) is possible for conditions such that an
electron-beam ionized discharge operates in a high impedance mode correspond-
ing to a low current density and high E/n value, a situation also typical of
the KtF* laser discharge (Nighan, 1978a). For these circumstances the dis-
charge ionization process is dominated by the e-beam (Brown and Nighan, 1980),
although discharge ionization processes remain significant (v 25-40% of the
total) for the reasons discussed in Section II. Typical characteristics of
such a laser discharge using Xe as the energy transfer species are summarized

in Table II.
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Figure 1l presents computed ion concentrations for the conditions of Table
II. The most obvious manifestation of the high impedance mode of operation
is an electron density much less than that of the XeCl laser (Fig. 9).
Additionally, the dominant ion is a molecular species, HgBr2+, which is
produced primarily by direct electron impact on ground state HgBr,, and to a
lesser extent by charge transfer reactions (Johnsen and Biondi, 1980).
Although the laser molecule HgBr(B) can be produced by either electron or Br~
ion recombination with HgBr2+, calculations show that such reactions are not
important for the conditions of Fig. 11. Additionally, recombination reactions
are not selective, resulting in many HgBr, states which do not predissociate
with HgBr(B) as a product (Wadt, 1980). Thus, ion reactions in the HgBr(B)/
HgBrz lager are much less important than is the case in the XeCl laserf How~
ever, should HgBr2+ have an absorption cross section greater than 1 x 10717
cm? near 500 nm, a large concentration of this ion as indicated in Fig. 11
would contribute significantly to volumetric absorption of the medium; thereby
limiting optical extraction efficiency.

The corresponding excited state concentrations presented in Fig. 12 are
more nearly comparable in magnitude to those in the XeCl laser (Fig. 10).

For these conditions Xe*(6s) is produced very efficiently, subsequently trans-

ferring its energy to HgBr2(32u+) which predissociates to form HgBr (B) .

* In HgBr(B + X) laser mixtures containing only HgBr, and neon as a buffer,
calculations show that HgBr2+ recombination with electrons and B,~ are the .

processes most likely resulting in HgBr(B) formation.
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tions for the e-beam controlled HgBr(B)/HgBr, dissociation .

Figure 11. Computed quasi-steady charged particle concentra-
lagser discharge conditions of Table II.
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Figure 12. Computed quasi-steady excited state concentrations
for the e-beam controlled HgBr(B)/HgBr, dissociation laser
discharge conditions of Table II. )
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Calculations indicate that the HgBr(B) formation efficiency via this excitation
transfer reaction is in the 15-20% range for the conditions of Fig. 12, and
that the gain is approximately 42 cm~l (Table II). Reflecting the lower
electron density, Fig. 12 also shows that the Xe*(p) concentration is lower
relative to that of Xe (s) than is the case in the XeCl laser. The relatively
small concentration of XeBr" indicated in Fig. 12 is a consequence of xet
and Xez+ recombination with Br~ (Flannery, 1981), while the concentration of
unspecified excited products indicated results primarily from electron and
Br~ recombination reactions involving HgBr2+.

C. Halogen Dissociation

For the relatively high pressure-high ion density conditions typical of
e-beam controlled XeCl and HgBr laser discharges, characteristic excitation
and ionization times are much less than the discharge/laser pulse duration.
Thus, medium kinetic processes are essentially quasi-steady for most commonly
encountered conditions. However, thig does not imply that important temporal
changes are not occurring. 1Indeed, it is clear from the previous discussion
that the principal reactions resulting directly and indirectly in laser
molecule formation involve dissociation of the halogenated species. Addi-
tionally, recombination of the dissociation fragments does not occur on the
microsecond (or less) time typical of the pulse duration. Thus, since
virtually all aspects of discharge/laser characteristics are sensitive to

halogen reactions, the properties of the medium typically change significantly

throughout the pulse, albeit in a quasi-steady manner.
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Figures 13 and 14 present the computed temporal evolution of HCl and
HgBr, dissociation fragments for the XeCl and HgBr laser conditions discussed
previously. 1In both cases the dissociation products are shown to reach
levels above 1016 ca™3 after a few hundred nanoseconds*, a value much higher
than the concentrations of all excited and/or ionic species. For the pres-
sures typical of these lasers there is little doubt that both positive and
negative cluster iom species involving the dissociation products will be
formed (Wiegand, 1981). Other ion rearrangement and/or charge exchange re-
actions are likely, involving especially the chemically active H atom in
XeCl lasers, and the easily ionized molecular fragment HgBr (I.P. ~ 9.0 eV)
in HgBr, dissociation lasers. The success of laser modeling, which generally
does not include such reactions, suggests that the primary effect of dis-
sociation is simply loss of the original halogen fuel. Nonetheless, depend-
ing on conditions, there are several aspects of laser/discharge behavior that
are only partially understood, which may be influenced significantly by re-
actions involving the products of halogen dissociation. Such effects are
most likely to be ofvsignificance for repetitive pulse, closed gas flow cycle
operation, an area for which there is very little experience.

D. Rare-Gas P-State Processes

As a consequence of the importance of excimer lasers, interes& in elect-

ronically excited species, particularly the lowest excited states of the rare

* In fast pulse electric discharge lasers, which are pumped more intemsely,

such changes occur on a much shorter time scale.
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Figure 13. Computed temporal variation of the HCl dissoc-
iation products for the XeCl laser conditions of Figs. 9
and 10,
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Figure 14, Computed temporal variation of the HgBrz dis-
sociation products for the HgBt(B)/HgBrz lager conditions

of Figs. 11 and 12.
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gases, has been intense. The physical similarities between the rare-gas

metastable atoms and alkali metal atoms have significant implications for
the laser applications of current interest (Velazco, et al, 1978). One
such similarity is very large low energy electron cross section for excita-
tion from the rare-gas s states to the next higher energy manifold of p
stress (Hyman, 1978). For rare-gas s state fractional populations greater
than about 10'5 the resulting electron energy loss is significant (Nighan,
1978a) . Additionally, since ionization and photoabsorption from the p states
is substantially greater than from the s states (Hyman, 1978, 1979, Duzy and
Hyman, 1980), the resultant effects of p state processes on both discharge
and laser properties can be quite important (Nighan, 1978a). TFor these
reasons, knowledge of the dominant factors controlling p state population
levels in rare-gas mixtures common to both rare-gas and mercury-halide lasers
is of considerable importance.

Presented in Fig. 15 is a simplified energy level diagram typical of the
rare-gases, which shows the approximate energy relationship between the s
and p groups of states, and indicates the processes coupling the groups
together. On the basis of energy defect arguments alone, collisional deacti-
vation of states of the p state manifold to the s states, resulting from
collisions with ground state rare-gas atoms, would not be expected to be
significant., However, Setser and coworkers have recently shown that such
intermultiplet energy transfer between rare-gas p and s states occurs by

way of complex mechanisms involving curve crossings, in which attractive
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Figure 16. Illustration of rare gas intermultiplet ij-lsj
deactivation by collisions with ground state rare gas atoms
(Chang and Setser, 1978).
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bound RGZ* potential curves from RG and RG(p) interact with the repulsive
curves from RG and RG(s) (Chang and Setser, 1978, 1980; Chang, et al, 1980;
and Horiguchi, et al, 1981). This sequence of events is illustrated in
simplified form in Fig. 16. The rate constants for intermultiplet transfer
of this type depend on the specific ij levels and on gas mixture. However,
effective rate constants for relaxation of the p manifold to the s manifold

3 for the rare

have been found to be on the order of 1.0 x 10711 gec™) cm
gases and certain rare-gas mixtures. Thus, at the high pressures typical

of rare-gas and mercury-halide lasers, the characteristic time for p + s
deactivation by collisions with rare-gas atoms can be as short as 1 nsec.

In any case, modeling of laser characteristics has shown that this interest-
ing relaxation mechanism usually controls the population of the p state

manifold, thereby exerting an important influence on laser/discharge prop-

erties (Nighan, 1978a; and Nighan and Brown, 1980).

V. SUMMARY
The advent of the rare-gas halide laser in 1975 represented a dramatic
breakthrough in the ten-year quest for a short wavelength laser having an
efficiency and scalability comparable to the IR CO, laser. Although a
scant five years have passed since the discovery of the rare gas-halide

laser, developments in this area have evolved at an extremely rapid pace,

propelled by significant advances in understanding of excited state chemistry,

electron-halogen attachment, discharge physics, and by the development of

sophisticated computer models of laser/discharge properties.
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Recently research attention has been directed toward important practical
considerations such as volumetric and surface chemistry and the resultant
implications on laser short-term temporal behavior and on overall laser
system lifetime. For this reason the XeCl(B)/(Xe-HCl) laser operating at
308 nm or Ramén shifted to longer wavelengths (Trainor, et al, 1980; Burnham
and Djeu, 1978)., and the blue/green HgBr(B)/HgBrz dissociation laser at 502
nm have emerged as leading canidates for a wide range of applications. Both
lasers have exhibited favorable chemical characteristics and have demonstrated
the potential for repetitive pulse, long-life operation. Additionally,
the dominant processes in these lasers have been identified and, although
data for certain reactions are still lacking, ‘the general characteristics of
XeCl and HgBr lasers operating in a laboratory environment can be predicted
in a reasonably satisfactory way. However, there is essentially no informa-
tion on the effect of HCl or HgBr, dissociation fragments on excited state
or ionic processes in the XeCl and HgBr lasers, respectively. Since the
concentration of dissociation products often becomes comparable to that of
the parent molecule during the discharge pulse, there is little doubt that
their presence will influence discharge/laser propérties, especially in
closed gas-flow cycle operation. Clearly, a significantly improved under-
standing of the role of discharge generated neutral species is requifed.

One of the most significant factors in the emergence of both the XeF
and XeCl lasers as efficient UV sources was recognition of the critical role

of transient absorption at UV wavelengths by discharge produced species
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such as the rare-gas dimer ions. Surprisingly, very little is known about
the visible absorption characteristics of the discharge produced excited and
ionic species typical of mercury-halide lasers such ;s HgBr, or of the Xe,Cl
triatomic rare-gas halide laser. Past experience with the UV rare gas-
halides strongly suggests that absorption at visible wavelengths will have an
important effect on the optical extraction efficiency of such lasers. For
this reason it is probable that knowledge of the 400 - 600 nm absorption
cross sections for the ionic and excited species known to be present (e.g.,
Figs. 11 and 12) will lead to a rethinking of the importance of various
mixture constituents in visible wavelength lasers, followed by improvements

in optical extraction efficiency.
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Kinetic processes in the electrically excited mercuric-bromide dissoclation

laser
William L. Nighan

United Technologies Researck Center, East Hartford, Connecticut 06108
(Received 26 September 1979; accepted for publication 19 November 1979)

This letter reports the results of an analysis of basic kinetic and plasma processes in fast-pulse
(~ 100 nsec) electric discharges containing mixtures of the mercuric-bromide molecule, HgBr,,
and N; in a Ne background. Formation of the laser molecule HgBr (B %X °) is shown to occur as a
result of dissociative excitation transfer following quenching of N, (4 *2 ;* ) by HgBr,.

PACS numbers: 42.55.Hq, 52.20.Hv, 82.30.Eh,

Excitation of the mercury-bromide B 23 ‘—X %X * laser
transition at 502 nm has been achieved by dissociative exci-
tation of the mercuric-bromide molecule HgBr, in an elec-
tric discharge.' Electrical-optical energy conversion effi-
ciency in the 0.1-1.0% range has been obtained, suggesting
that for optimized conditions, efficiency in excess of 1 % may
be achievable. Moreover, the required concentration of
HgBr, (~2 Torr) can be produced at a temperature
(~ 150 °C) substantially lower than that typical of mercury-
halide lasers using mercury-vapor-halogen mixtures. In this
letter basic kinetic processes occurring in this new class of
mercury-halide lasers will be examined.

Experimentation'-? using fast-pulse (~ 100 nsec) elec-
tric discharge excitation indicates an optimum HgBr, frac-
tional concentration in the 0.2-0.3% range with Ne (or He)
serving as the buffer gas at a pressure near 1 atm. Addition of
approximately 2-10% N, to this mixture has been found to
improve laser power and efficiency significantly. For this
reason, analysis of HgBr(B = *) formation kinetics in the N,
laser mixture has been emphasized in the present study.Elec-
tron-N, collision processes are expected to dominate dis-
charge processes in the HgBr,-N,-Ne mixture because of the
large N, : HgBr, concentration ratio, the numerous N, vi-
brational and electronic levels having large cross sections,
and the high-energy threshold for electronic excitation of
Ne. Indeed, the present calculations of electron energy dis-
tributions and electron-molecule energy transfer rates for
the E /n range typical of the experiments of Refs. 1 and 2
show that over 95% of the total discharge energy is con-
sumed by N, vibrational and electronic excitation in ap-
proximately equal proportions. Recent measurements have
shown that the rate coefficient for dissociative excitation
transfer from N,(4 > * ) to HgBr, is large,’ and that the
cross section for direct electron dissociative excitation of
HgBr, leading to HgBr(B 3 *) is small.* These findings are
consistent with the HgBr(B > *) formation sequence illus-
trated in Fig. 1.

Figure 1 shows the principal N, states excited directly
by electron impact on ground state N,. The shaded area re-
ferstothe Ny(B"X [ ), (@"'2 ), (a'll,), and (w'4, ) group
of states; and the percentages shown refer to the fractional
electron energy initially transferred to each state (or group of
states), computed for the experimental conditions of present
interest.'? There are numerous HgBr, electronic states in
the 4~ (0-eV range.® In this figure, the regions labeled a—d

173 Appl. Phys. Lett. 36(3), 1 February 1980
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refer to the experimentally determined photoabscrption
bands of HgBr,.'* Available evidence indicates that only
states in the b band, and particularly HgBr,(* .* ) and
('Z ), predissociate to form HgBr(B 33 *).

Measurements® of Ny(4 >3 * ) quenching by HgBr,
yield a rate coefficient of 1.0 10-'° sec”! cm® for the forma-
tion of HgBr(B X ,' ), and a total quenching coefficient of
approximately 3.0X 10-'" sec”’ cm’, indicative of a branch-
ing ratio of about one-third. However, Fig. 1 shows that only
10% of the clectron energy is transferred directly to
N.(4°Z }). Thus, a primary consideration in analysis of
HgBr(B 22 *) formation kinetics in the HgBr,/N, system is
the ultimate redistribution of the large fraction (~ 40%) of
the discharge energy initially deposited in higher N, elec-
tronic levels, particularly the coupled B*/1, and W4,
states which are populated by electron impact and by cas-
cade from higher levels. Under laser discharge conditions,
excitation transfer from these states to HgBr, is likely to
occur in a time less than that required for either electronic
relaxation to high vibrational levels of N(4 *X * ), or for
vibrational relaxation of the 4 33 ' state. Michels® has car-
ried out an analysis based on consideration of the energy
defect corresponding to various N -HgBr, collision chan-
nels, and on correlations of the spin and symmetry of reac-
tion products. This analysis shows that excitation transfer
from N(4 *Z .} ) results in the formation of HgBr,(°X .} ),
which correlates diabatically with the HgBr(B X °) laser
state, with some branching to HgBr(4 *17) and HgBr(X %X *)
also probable. This conclusion is consistent with measure-
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FIG. L. Simplified energy leveldiagram illustrating the HgBr(8 > ) forma-

tion sequence in electrically excited mixtures of HgBr, and N,. The percent.
ages shown refer to the fractional electron energy transfer to each state.
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FIG. 2. Tempuoral variations of discharge current density, zero-ficld gain
(assuming no lower laser level population), and HgBr(8 22 *) formation effi-
ciency computed for a Ne-N,-HgBr, mixture in the proportions

0.95 : 0.05 : 0.0025 at a pressure of 1.3 atm and conditions otherwise similar
to the experiments of Ref. 1.

ments® of N.(4 *Z .* ) quenching by HgBr,. In contrast to
this situation, excitation transfer from N,(W >4, ) leads to
HgBr,(*4, ), and subsequently to HgBr (4 2/7) and
HgBr(C 1), with no branching to HgBr(833 ). In addi-
tion, excitation transfer from N,(8*/1,) leads to
HgBr,(*/1,), which correlates diabatically with the
HgBr(C2IT) state, with branching to the 4 */1, B*X ", and
X 3 * states of HgBr also possible. Thus, excitation transfer
to HgBr, from the coupled B*/1, and W >4, states of N, is
expected to result in states of HgBr, which, for the most part,
do not dissociate to produce the HgBr(B 23 *) laser state. In
the present analysis, the total rate coefficient for quenching
of N,(B*I1,) and N,(W >4, ) was taken to be the same as the
value measured for N,(4 °3 "), but branching to

HgBr(B 3 *) was assumed to be zero.

Because N, cross sections for vibrational and electronic
excitation are well known, electron energy distributions and
related rate coefficients could be calculated reliably for use
as input in a self-consistent model of the time-dependent
variation of electron, ion, and excited state processes for con-
ditions typical of the fast-pulse discharge experiments of
Refs. 1 and 2. For a Ne-N,-HgBr, mixture in the proportions
0.95 : 0.05 : 0.0025 at a pressure of 1.3 atm, the measured'
E /n value at which breakdown occurred was found to be
approximately 3 10" V cm?, subsequently decreasing to
zero in about 150 nsec. For these conditions the present cal-
culations show that the dominant contributions to ioniza-
tion are Penning ionization of N, and HgBr, by Ne*

(~ 50%), direct electron impact ionization of N, (~ 35%),
and direct electron impact ionization of HgBr, (~ 15%).”
Ionization from the highly populated N,(4 2 "), (B*/T,),
and (W34, states was found to be unimportant, a reflection
of the relatively high ionization potentials of these excited
species. This is significant, since cumulative ionization in-
volving electronically excited species is usually a major con-
tributor to the occurrence of ionization instability and subse-
quently, discharge arcing.®

Presented in Fig. 2 are temporal variations of discharge
current density, zero-field gain (assuming no lower laser lev-
el population), and the energy efficiency of HgBr(B X *) for-
mation computed for conditions typical of those of Ref. 1.
The HgBr(B 25 *) formation efficiency at any point is simply

174 Appl Phys. Lett., Vol. 36, No. 3, | Fubruary 1980
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the time-int. . 1uted ratio of the energy flow through the
HgBr(B>Z ) state to the total energy deposited in the dis-
charge up to that time. Both the peak values and temporal
evolution of the computed current density and gain are in
good agreement with measured values.! For the conditions
of this example HgBr(B > *)is produced by way of excitation
transfer fron: the N,(4 2, ) state alone as discussed pre-
viously, the latter produced by direct electron impact of N,,
and toa lesser extent by Ny(B */1,)—+N,(4 ‘X ' ) transitions
resulting from collisions with electrons and N, molecules.
The primary loss of HgBr(8 2Z *) is due to spontancous decay
(~47%), and to collisions with HgBr, (~ 17%), Ne
(~16%), electrons (~ 13%) and N, (~7%). These pro-
cesses result in an effective upper level lifetime of about 10
nsec, corresponding to a saturation intensity of approxi-
mately 175 kW/cm?, which is slso in good agreement with
measured values.' Figure 2 indicates that HgBr(B 3 *) for-
mation efficiency reaches a maximum level of about 2.0% by
the end of the pulse. Measured' laser efficiency under these
conditions is typically 0.5%, a value consistent with an over-
all optical extraction efficiency of 25%.

Figure 3 shows the temporal variation of several major
species corresponding to the conditions of Fig. 2. The con-
centrations of the N,(4 °X *) and the coupled N,(8°/1,)
and N,(W '4,) states reach very high levels at about the
time the current density reaches its peak, reflecting the rela-
tively large values of N, concentration, electron density, and
e-N, excitation rate coefficients. These N, states decay rath-
er slowly, indicative of their rate of quenching by HgBr,,
which is present in small concentration. In the present model
the temporal decay of HgBr(B >3 *) essentially follows the
N, (4 °2 ;' ) population as shown in the figure. However, vi-
brational redistribution within the N (4 > * ) state will oc-
cur as a function of time, particularly as the pumping de-
creases (decreasing n, and E /n). Indeed, both the total
N,(4 X ) quenching rate and HgBr, product states may
actually exhibit a dependence on N,(4 ¥ ;) vibrational lev-
el, and therefore on time.

Fractional dissociation of HgBr, reaches a value of ap-
proximately 10% for the present example, resulting in a sig-
nificant concentration of HgBr(X 23 *) by the end of the
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FIG. 3. Temporal variation of selected species concentrations correspond-
ing to the conditions of Fig. 2.
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pulse. A significant fraction of HgBr(X %X *) is initially pro-
duced in the v = 22 terminal laser level which is apparently
relaxed rather rapidly by collisions with neutrals. However,
since the electron density and electron temperature remain
relatively high throughout the entire pulse, vibrational exci-
tation of HgBr by electrons may result in a vibrational tem-
perature well above that typical of the gas temperature.
Thus, it is probable that lower laser level buildup becomes
significant at some time prior to the end of the pulse for the
conditions examined here.

Although addition of N, to the Ne-HgBr, mixture re-
sults in a significant improvement in pulse energy and effi-
ciency, particularly the former, the HgBr, dissociation laser
does operate at an efficiency above 0.1% without N, in the
mixture.' The present analysis shows that electron energy
transfer, ionization, and HgBr(B 23 *) formation processes
are completely different in the absence of N,. Calculations
indicate that in Ne-HgBr, mixtures, the dominant electron
energy transfer processes are Ne metastable production fol-
lowed by Penning ionization of HgBr,, and direct electron
impact ionization of HgBr,.” Predissociating states of HgBr,
can be produced either by the ion-ion recombination reac-
tion, HgBr;* + Br + Ne—HgBr; + Br + Ne, or by elec-
tron-ion recombination, HgBr," + e—HgBr;. Based on es-
timates for ion loss rates,” the present calculations show that
ion loss due to electron-ion recombination is S-10 times larg-
er than that due to ion-ion recombination. Since numerous
excited states of HgBr, can be formed by either recombina-
tion reaction, the branching ratio for HgBr(B 22 ) formation
is not likely to be very high. By assuming a branching ratio of
0.2 for HgBr(B 13 *) formation via recombination reactions,
values of peak gain (~ 4% cm™') and HgBr(B > *) formation
efficiency (~ 1.75%) were computed for conditions general-
ly similar to those of Fig. 2. These values are somewhat less
than those typical of mixtures containing N,, a result consis-
tent with experimental observations.' However, for similar
current density levels the total energy deposited in the gas is
significantly less in the absence of N,, reflecting substantial-

‘TR Appl. Phys. Lett., vo!. 33, No 3, 1 February 1980
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ly lower E /n levels typical of Ne-HgBr, mixtures. It should
also be pointed out that with N, in the mixture, recombina-
tion reactions are insignificant compared to N(4 *Z .* ) exci-
tation transfer insofar as HgBr(B > *) formation is
concerned.

Although the data base required for comprehensive
modeling of mercuric-bromide dissociation lasers is far from
complete, the present analysis shows that available experi-
mental observations can be interpreted in a self-consistent
manner for HgBr, laser mixtures containing N,. Analysis of
HgBr(B >X *) formation kinetics and discharge characteris-
tics indicate that the HgBr,/N, system has considerable po-
tential for efficient scaling to energy levels substantially in
excess of those reported to date.

The author acknowledges numerous helpful discus-
sions with his colleagues particularly L.A. Newman and
H.H. Michels. Also, the expert assistance of L. Bromson
with the numerical work is much appreciated. Additionally,
the author thanks E.J. Schimitschek and R. Burnham for
access to experimental data prior to publication. This work
was supported in part by the Office of Naval Research.
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Efficient XeCl(5) formation in an electron-beam assisted Xe/HCI lagser

discharge
William L. Nighan and Robert T. Brown

United Technologies Research Center, East Hartford, Connecticut 06108
(Received 17 December 1979; accepted for publication 15 January 1980)

XeCl(B) formation processes are examined for conditions typical of a discharge-excited laser
using HCI as the chlorine donor. It is shown that vibrational excitation of HCI followed by
dissociative attachment is a primary step in the reaction sequence resulting in Cl ~. XeCl(B)
formation is the result of a three-body Xe * -CL ~ recombination reaction. Experimental results
are presented which demonstrate efficient ( ~2%) XeCl laser operation in an e-beam assisted
discharge in which over 75% of the energy was deposited by the discharge.

PACS numbers: 42.55.Hq, 42.60.By

Recently, efficient (~ 5%) laser oscillation on the
XeCl(B—X ) transition (308 nm) has been reported using
both pure electron-beam excitation'? and an electron-beam
controlied discharge.? In both cases, the observation of effi-
cient operation with little or no long-term degradation in
laser performance is attributed to the use of HCl as the halo-
gen donor.'* However, relatively little is known about HC1
reaction kinetics in the XeCl laser medium, a factor which
has hampered development of a good understanding of basic
proceses in this laser. The present letter addresses this prob-
lem, and reports results of an investigation of XeCli(B) for-
mation kinetics and plasma processes in an electron-beam
assisted discharge for total volumetric energy loading com-
parable to that reported previously,'? but under conditions
such that electrical energy input was dominated by the
discharge.

There are several important features which set HCl
apart from other effective halogen donors: (1) a high disso-
ciation energy (4.45 eV), (2) a very high cross section for
vibrational excitation by electrons,* and (3) a cross section
for dissociative attachment from the ground vibrational lev-
¢l which is substantially lower than that of the halogen do-
nors typically used in rare-gas fluoride lasers. Formation of
XeCl(B ) by way of Xe(*P,)-HCI reactions is slightly endo-
thermic at 300 °K,* reflecting the strong HCI bond energy.
Thus the large measured® Xe(*P,) quenching rate by HCl is
apparently a purely dissociative reaction and does not result
in formation of the XeCI(B ) upper laser level. Although
quenching of Xe(*P,, *P,, ' P,) by HCl may result in XeCl(8)
formation, at present there are no data for such reactions. In
addition, while the large cross section for HCI vibrational
excitation ensures the presence of a high fractional concen-
tration of vibrationally excited HCl in laser plasmas, there is
no evidence suggesting efficient XeCl(B ) formation by way
of Xe(*P,)-HCI(v) reactions.

A more likely consequence of HCI vibrational excita-
tion is enhanced dissociative attachment. Indeed, our analy-
sis of current-voltage characteristics for electron-beam con-
trolled discharges in a variety of rare-gas—HCI mixtures

with the growth in the concentration of vibrationally excited
HCL. Further, without taking this effect into account, it is
not possible to quantitatively model either discharge charac-
teristics or laser properties in XeCl laser mixtures on the
basis of other known reactions alone.

Presented in Fig. 1 are the rate coefficients for vibra-
tional excitation and attachment for HCl in the ground vi-
brational level, computed for a Ne(0.989)-Xe(0.01)-
HCI(0.001) laser mixture. The vibrational cross section of
Rohr and Linder* was used in the calculation, and the shape
of the attachment cross section of Ziesel, Nenner, and
Schulz® was used, adjusted in magnitude to yield a rate coef-
ficient consistent with our experimental observations in vi-
brationally cold HCI. The shaded region in this figure is in-
dicative of the 10- to 20-fold increase in the effective
attachment rate of HCI resulting from vibrational excita-
tion, as deduced from the present modeling of the character-
istics of rare-gas~HCl discharges.” Very recent measure-
ments by Wong® indicate an increase of more than an order
of magnitude in the attachment cross section due to HCI
vibrational excitation, a result that provides additional sup-
port for the present conclusions.

On the basis of the interpretation discussed above, it is
concluded that vibrational excitation of HCl is a fundamen-
tal process in XeCl lasers using HCI as the chlorine donor.
For discharge-excited lasers, modeling studies indicate that
XeCl(B) formation proceeds by way of the sequence illus-
trated in Fig. 2. In this sequence, electron energy transfer is

FIG. 1. Rate coefficients for vibration-
al excitation andi dissociative attach-
ment for HCl in the ground vibrational
level, computed for a Ne(0.989)-
Xe(0.01)-HCK0.001) laser mixture.
The shaded region is indicative of the
f\i magnitude of the effective rate coefli-
cient for attachment to vibrationally
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h ! ited HCl a8 inferred from the
indicate the occurrence of an electron loss process which s ey, the pre-
increases with time throughout the discharge pulse. Model- T
ing studies show that this enhanced electron loss correlates MEAN ELECTRON ENERQY ov
498 Appl. Phys. Lett. 38(7), 1 April 1980 0003-6951/80/070498-03800.50 © 1960 American IneWiAs of Piyeics -




D e
4 FIG. 2. XeCl(8 ) formation sequence

*» .
. ’ -ig®

in discharge-excited Ne-Xe-HC\ laser

» - XeCHD)
$10% mixtures,

FORMATION
RPFICIENGY

]
M o ® e

dominated by Xe metastable production and by excitation of
metastable atoms to the higher-lying manifold of Xe p states.
Production of Xe * is found to be a cumulative process in
which stepwise ionization of metastable and p-state atoms
make comparable contributions. Formation of XeCIl(B) re-
sults from the three-body recombination of Xe * with C1
the latter produced by dissociative attachment to vibration-
ally excited HCl as discussed previously. Of course, there are
numerous energy loss processes interfering with the simpli-
fied XeCl(B ) formation sequence illustrated in Fig. 2, par-
ticularly electron elastic collisions with Ne, Xe( p—s) relax-
ation by neutral collisions, and dissociative quenching of
both Xe metastable and p-state atoms by HC1. Even under
optimum laser discharge conditions, these loss processes ac-
count for approximately 50% of the discharge energy. Nev-
ertheless, numerical analysis shows that XeCI(B ) is pro-
duced according to the sequence indicated in Fig. 2 with an
efficiency in the 5-109 range for a wide range of discharge
conditions.

Because XeCI(B ) formation proceeds by way of an ion-
ization-recombination channe), it follows that attainment of
a high discharge~to-e-beam-energy-enhancement factor us-
ing an e-beam discharge excitation technique requires that
only a small fraction of the ionization be provided by the
electron beam. In this circumstances, the discharge is e-
beam assisted rather than e-beam controlled as in the case of
the KrF laser,” for example. Use of an e-beam assisted dis-
charge operating in a quasiavalanche mode for XeCl laser
excitation significantly minimizes the burden on the e-beam
technology, while providing flexibility and scalability not
possible using uv-preionized or corona-preionized fast-pulse
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F1G. 3. Representative discharge and XeCl(B—X ) Iaser characteristics in
an e-beam assisted laser discharge for the mixture of Fig. | at a pressure of 3
astm.
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discharge excitation. In the present investigation, the e-beam
discharge arrangement reported upon previously was uti-
lized."” The active volume of this system was 1.5x2.0x 50
cm. Figure 3 shows representative current-voltage charac-
teristics for the laser mixture of Fig. 1 at a total pressure of 3
atm. The discharge was triggered by initiation of a 0.5-usec
electron-beam pulse at a current density Jevel of 1 A cm.
Following initiation of the e-beam pulse, the applied voltage
collapsed from an initial level of approximately 4.5 x 10'”
V cm? to a value of about 1.9 10'7 V cm”. The total energy
deposited by the discharge in this case was 6.4 J and the
energy deposited by the electron beam was 1.1J, correspond-
ing to a discharge-to-beam-energy-enhancement factor of 6.

As shown in Fig. 3, the onset of the XeCl(B—X) laser
pulse occurred approximately 0.15 usec after the initiation
of the discharge current pulse and lasted for 0.35 usec. Mea-
sured laser pulse energy was 0.16 J, corresponding to an
intrinsic electrical-optical energy conversion efficiency of
about 2%, while measured values of peak gain for these con-
ditions were about 3.19% cm™'. For the e-beam levels and
cavity parameters of this experiment, laser oscillation due to
the e-beam alone was near the threshold level and often was
not discernable at all.

Figure 4 shows computed valuaes of zero-field gain, ab-
sorption, XeCI(B ) formation efficiency, and discharge-to—e-
beam-enhancement factor corresponding to the conditions
of Fig. 3. Formation efficiency and enhancement factor are
time intgrated. For these conditions the volumetric absorp-
tion is dominated by Xe,' , and to a lesser extent by Ne,' and
CL ", and is at a level approximately one-tenth that of the
gain, consistent with an optical extraction efficiency of about
40%. On this basis, the computed XeCl(8 ) formation effi-
ciency of 4.5% is in satisfactory agreement with the mea-
sured laser efficiency of 2.0%. The computed gain is also in

-accord wijth the experimental observation. Figure 4 shows

that the integrated energy enhancement factor reaches a val-
ue of 10 near the discharge current density maximum, and
then declines to about 6. This trend reflects the fact that the
electron-beam pulse is sensibly constant for about 0.5 usec.
Thus, as the discharge current and voltage begin to decline
after approximately 0.3 usec, the fractional contribution of
the discharge to the total energy deposition decreases. Nev-
ertheless, these results indicate that efficient XeCi(B—X')
laser operation should be possible using the e-beam assisted
discharge technique under conditions such that 90% or

g
; J

[}

" FIG. 4. Computed zero-field gain, ab-
b sorption, XeCl(# ) formation efficien-
T cy. and discharge with an e-beam ener-
! | 8y enhancemnt factor corresponding
» , to the experimental conditions of Fig.
g 3. Formation efficiency and enhance-
¥ ment factor are time integrated.
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more of the energy is provided by the discharge. This method
of XeCl laser excitation significantly reduces the technology
problems associated with the e-beam portion of the driver,
and should provide substantially longer pulse lengths and a
measure of scalability not typical of UV-preionized dis-
charge excitation.

The authors wish to thank R. Preisach and L. Bromson
for their expert assistance with the experimental and nu-
merical work, respectively, and also acknowledge helpful
conversations with A. Herzenberg and S.F. Wong on the
topic of HCl dissociative attachment. This work was sup-
ported in part by the Naval Ocean Systems Center and by the
Office of Naval Research.
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Efficient HgBr (B+X) Laser Oscillation in Electron-Beam

Controlled Discharge Excited Xe/HgBr2 Mixtures

By ' o

Robert T. Brown and William L. Nighan iJf

United Technologies Research Center, East Hartford, CT 06108 ;>§
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This letter reports results of an investigation of HgBr(Bzz+4x2£+) laser i;€

oscillation at 502 nm in Xe-HgBtz mixtures excited using an electron-beam con-

trolled discharge. Measured values of instantaneous electrical-optical energy con-

version efficiency were 2%, a level substantially higher than that. typical of

Nz-HgBr2 mixtures. Calculations show that efficiencies of 5-10%Z may be possible

under optimized conditions.
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The HgBr(Bzz+ -+ X22+) laser operating at 502 nm promises to be an impertant
optical source in the blue/green region of the spectrum. Excitation of this laser
transition has been achieved by dissociative excitation of the mercuric-bromide

molecule, HgBr,, in an electric dischargel. Using Nz-ﬁgnr mixtures, electrical-

2
optical energy conversion efficiencies in the 0.5-1.0% fange have been obtainedl.

Analysis of the kinetics of electrically excited N,~HgBr, mixtures has shown that

2 2
the HgBr(BZZ+) laser molecule is formed following predissociation of HgBr2(3£u+),

the latter produced as a result of NZ(A3ZU+) quenching by HgBr moleculesz. However,

2

calculations show that the production efficiency of N2(A3£u+) in N -HgBr2 discharges

2
is about 10-15%; and recent measurements indicate that the NZ(A3Zu+)-HgBr2 branching
fraction for HgBr(BZZ+) formation is only 15-20%3. These factors may limit the
efficiency of the discharge excited HgBr(B)/HgBt2 dissociation laser to a value

of approximately 1% when N, is used as the energy transfer molecule.

By way of contrast, recent measurements show that the Xe(3P2) metastable atom
has a large rate coefficient for HgBrz dissociative excitation; and that HgBr(BZE+)
is formed with near unit efficiencya. In addition, the present calculations show
that Xe(3P2) metastable atoms can be produced with high efficiency (>50%) over a
broad range of electric discharge conditions. For these reasons Xe has unusual
potential as an energy transfer species in the HgBr(B)/HgBrz dissociation laser.

In this letter we report results of efficient HgBr (B+X) laser oscillation in
Xe-HgBrz mixtures using an electron-beam controlled discharge.
The present experiments were carried out using a 1.5 cm x 1.7 cm x 50 cm

active volume within the heated discharge cell shown schematically in Fig. 1.

Previous 1nvestigationss have shown that proper cell design is critical in order

RS R




s i 5

ol A A i35

R e

to maintain chemical purity of the gas mixture. In order to keep HgBrz-aurface
interactions to a minimum, in this cell the only materials in contact with the
working gas mixture were type 316 stainless steel, Pyrex, Kalrez and dielectric-
coated mirrors. HgBr2 crystals were contained in a nyex reservoir positioned
in a side-arm as shown in the figure. Variation of the cell (and reservoir)
temperature in the 150-200°C range provided a corresponding variation in HgBrz
partial pressure from about one Torr to approximately 15 Torr. The electron-
beam system and discharge driver utilized in this investigation have been described
previously6.

Presented in Fig. 2 are representative measured characteristics for a
mixture containing 107 Xe in a Ne buffer at a total pressure of 2 ;tm and a
temperature of 185°C. Based on available vapor pressure data7, the HgBr

tion for these conditions was 2.4 x 1017 cm-3, corresponding to a mixture fraction

o concentra-
of approximately 0.007. In this case the electron-beam was ipitiated 200 ns before
the discharge voltage and provided a’constant e~beam current density of 0.5 Acmn2

for 1.2 usec. The discharge voltége was provided by a low inductance capacitor of a
size so as to produce only a very slight decrease in voltage (i.e., E/n) during the
pulse. With this arrangement it was possible to produce a highly uniform plasma
medium which was essentially quasi-steady. For the conditions of Fig. 2 the measured
current and voltage exhibited essentially steady-state behavior for over 0.5

usec, at which time the discharge was terminated by arcing.

Time-dependent discharge and laser properties were modeled numerically using

procedures which have been described previouslyz'ﬁ. Computed current-voltage




I characteristics were found to be in very good qualitative and quantitative
T agreement with measured values over a range of E/n values and HgBr2 concentrations.
-

In addition, the onset of arcing could be predicted and was shown to be due to

‘ volumetric ilonization instability6. Prior to the onset of arcing the discharges

-
L]

were found to operate in a high impedance (2-3 ohms), externally controlled mode.

TSR

Modeling of discharge properties indicated that for conditioms typical of this inves-
tigation (e.g. Fig. 2) 80-90% of the deposited energy was provided by the discharge,
and 60-70% of the ionization was provided by the e-beam, values found to be consistent

with experimental observations. Thus, the Ne/Xe/HgBr2 discharges examined in this

f . investigation were e-beam controlled and exhibited a high discharge:e-beam energy

g i enhancement factor.

2

+ +
The HgBr(B"Z - X22 ) fluorescence was found to be a relatively sensitive func-

tion of applied voltage, reflecting the strong dependence of Xe(3P2) metastable pro-

+
duction on E/n. Modeling of discharge characteristics indicated that HgBr(BZZ ) was

produced with an efficiency typically in the 15-20% range by way of the reaction

sequence,

Xe HgBr
e —= Xe(’P,) ————= HgBr(8’z).

# : Computed zero~field gain based on the calculated HgBr(Bzz+) concentration and

using a stimulated emission cross section of 2.4 x 10-16 cm2 was approximately

1

5. S 0.03 cm ~ for the conditions of Fig. 2.

Using an internally-mounted optical cavity consisting of a 4.0 m max R

-
bt

. -

mirror and a flat 90X R output coupler, the laser pulse shown in Fig. 2 was

obtained. The output beam imaged the full 1.5 ca x 1.7 cm discharge cross
section and was found to be very uniform. Although the onset of laser oscillation

was delayed, Fig. 2 shows that a uniform laser pulse of almost 400 nsec duration was

65
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obtained. Moreover, the instantaneous electrical-optical energy conversion
efficiency was found to be 2.0 percent, a level substantially higher than that
typical of Nzlugnrz laser mixtures. However, calculations show that in the
absence of appreciable volumetric absorption (i.e., for gain/absorption ratios
greater than 10) laser efficiencies greater than 5% should be attainable for
these conditions. Both the delayed laser onset and the apparently low optical
extraction efficiency are suggestive of a net gain lower than the computed value,
and/or a relatively high level of volumetric absorption. With an HgBrz con-

3

centration in excess of 1017 cm ~, even a low level of surface reactions and/or

impurities introduced with the HgBr, could result in a substantial level of

neutral impurities, one or more of which may either absorb at the laser wavelength
or quench HgBr(B). Additionally, ionic or excited states of HgBrz itself may absorb
in the blue/green region of the spectrum. These possibilities are presently being
studied in more detail.

The present investigation has shown that use of Xe as the primary energy receptor-
transfef species in e-beam controlled discharge excited HgBr(B)/HgBr, dissociation

2

lasers permits laser efficiency substantially higher than reported for N_-HgBr, mix-

2 2

tures. More importantly, calculations show that electrically excited Xe—HgBrz mix-
tures have the potential for development as blue/green sources with efficiencies even
higher than those measured in the present experiments. Modeling of discharge/laser
properties for a variety of conditions suggests that electrical-optical energy con-
version efficiencies of 5-10% may be possible under optimized conditions.

The authors acknowledge helpful discussions with their UTRC collegues
L. A. Newman, W. J. Wiegand and H. H. Michels, and also with D. W. Setser. In
addition, the expert assistance of R. Preisach and L. Bromson is greatly appreciated.

This work was supported in part by the Naval Ocean Systems Center and by the Office

of Naval Research.
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Fig. 1.

Fig. 2.

FIGURE CAPTIONS
Illustration of heated HgBr(B)/HgBr2 laser discharge cell.
Representative characteristics for an e-beam controlled discharge
excited mixture comprised of 10X Xe in a Ne buffer at a total
pressure of 2 atm and a temperature of 185°C. For these conditions
the HgBrz concentration in the cell was 2.4x1017cm-3, approximately
0.72 of the total mixture. The e-beam current density (at the center

of the discharge) was 0.5 Acm™2,
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