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20. Abstract (continued)

the subjects of further investigation (e.g., the cadmium and zinc halides).
Perhaps the most important accomplishment reported here is the demonstra—

tion (in collaboration with Maxwell Laboratories Inc.) of an electron-beam-
controlled-discharge HgC1 laser. This report descxibes the experimental
studies which led to this achievement, and points out aeveral areas in
which further research is needed.

Considerable progress has been made in characterizing the microscopic
processes which dominate the performance of electron-beam pumped XeP lasers.
Specific attention has been paid to identifying and measuring the rates for
the most i~portant reactions which lead to the formation of XePtj .  The role
of the XeF~ state which emits the prominent 460 nm band has been partially
characterized. The rate of the removal of the lower laser level by collision—
induced dissociation has been calculated, and the importance of this process
emphasized.

Finall. , a number of experimental and theoretical studies of important
processes F and rare-gas halide lasers are described in this report.
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SUMMARY

The objectives of the research reported here are to:

(1) Identify new candidate molecules that could potentially lead

to lasers operating in the wavelength region 325 nm < X < 900 run

with performance comparable to or better than that of KrF, and —

demonstrate laser action.

(2) Characterize the critical kinetics for XeF and HgX and address

the residual important issues in KrF.

Our progress has been substantial. A vital part of our program has been

close and effective collaboration with Maxwell Laboratories, Inc., which

has strengthened the efforts of both laboratories considerably.

New Candidates

Our theore~tca1. characterization of laser molecules has identified

several promising new candidate diatomic molecules in ionic states ,

specifically, Id , lEr , ZnBr, ZnI , CdBr , Cdl , HgI , (r+O , and Xe
+S , in

addition to the previously demonstrated XeF, 12, HgC 1, and HgBr. Possible

additional candidate molecules are 10, IF, AsI, ZnCl, CdC1, HgS , HgSe,

and HgTe. The ionic states of all other diatoinic molecules are predicted

to be less promising as visible laser candidates.

Our experimental program has demonstrated the potential of some of

these candidates (such as ICl and IBr), while some others (such as 10 and

KrO) appear to be less promising. We are now Developing rules for
*

suggesting new candidates in weakly bound excitner levels (such as RgHg

* *and CdHg ) and strongly bound covalent states (such as S ). Some pre-
2 

*liminary experimental work has been completed, the work on RgHg is

described below, and more work is in progress (on S
2~, 

SeO* and others).

1
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IC1 and IBr

In the past , laser action has been demonstrated on ionic to covalent

transitions in Br2 and 12 near 290 and 343 run , respectively. The hetero-

nuclear halogen molecules ICl and IBr have been identified in our

theoretical task as having favorable electronic structure, quenching behavior,

and transition wavelengths. We investigated the t ime and pressure behavior

of the fluorescence from mixtures of argon and various halogen donors . The

highest fluorescence yields obtained were 25% in the 385 run band of IBr

and in each of the two IC1 band s (at 34~ and 430 nm) . Because ICl and

IBr absorb at their emission wavelengths , we examined the production of

* *Idi and IBr in mixtures such as argon with HI + Cl
2 

and HI + HBr . The

mixtures tried so far have produced substantially fewer excited states

than pure Ar/Id and Ar/IBr.

We briefly investigated the transient gain in Ar/IC1 electron beam

excitation at Maxwell. A value of approximately 4 x ~~~ cm ’ was

measured, insufficient to overcome the ground state absorption. The

absorption in IBr should be substantially less . Efficient  extraction will

probably depend on finding other alternatives.

Rare Gas/Mercury Excimers

Following our previous measurements in the Xe/Hg system, we investi-

gated the possibility of la’ser action on the rare-gas/mercury excimer

atom. We were encouraged by high fluorescence yields (as high as 50%)

in Ar/Hg, Kr/Hg, and Xe/Hg and by preliminary indications of gain in the

2-cm path length of our Febetron Cell.

The first experiments performed on the 50-cm e-beam at Maxwell using

an SRI-designed cell , flow system, and probe laser looked for gain but

found only absorption in Ar/Hg and Xe/Hg. While the detailed spectroscopy

and kinetics of the rare gas mercury excimers are incompletely understood,
it is clear that , at least under the conditions examined, the lower laser

level is removed more slowly than it is populated by fluorescence.

2 
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These disappointing results have obviously dampened our enthusiasm

for the rare—gas/mercury excimers as laser candidates. Nevertheless, a

substantial amount has been learned about the energy deposition and energy

transfer processes in rare-gas/mercury mixtures that will be of consider-

able assistance in understanding the energy flow in rare gas/mercury-

halide lasers.

HgC 1

The molecule most studied by our experimental program has been HgCl.

The work has been arduous, plagued by materials handling problems and

irreproducibility . The major difficulty is reaction of the unexcited

gases before they are introduced into the experimental cell.

In our studies at SRI , we have emphasized the selection of the

optimum gas components for discharge pumping of Hgdl and have identified

Ar/Hg/Cl
2 
as far superior to all other mixtures tried, including Ar/Xe /

Hg/CC1
4
. However, use of Ar/Hg/Hg

2
Cl
2 
may be favored for th: case of

materials handling and flow loop design. We have found the value of

1.5 x 10 24 cm2sec for the reduced stimulated emission cross section,

which is substantially lower than the value found at AVCO.

Studies of e-beain pumped HgCI. at Maxwell began on June 13, 1977,
using the SRI cell and flow system. The gain and fluorescence yields

were studied in Ar/Xe/Hg/CC14, the complexity of the energy flow was
*established , and the essential role of XeCl was identified. The cell

was then modified for discharge excitation.

Discharge pumping studies were initially impeded by foil failure.

Corrosion-resistant Inconel foil removed this problem and allowed stable

discharge excitation to be attained. Laser action was demonstrated on

August 15, 1977.

Our kinetics work’ led to the choice of Ar /Hg/Cl 2 as the laser mixture.

Subsequent work has suggested that under the rather slow flow conditions

used in the laser demonstration, the Cl
2 

was probably all consumed before

3
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excitation by reaction with ground state Hg. The actual gas composition

may have been Ar/Hg/HgCl
2 

or possibly Ar/Hg/Rg
2
CI
2
. Continued study of

fast-flow Ar/Hg/Cl
2 
is clearly in order.

Our work on the XeF kinetics has concentrated on three areas: the

collision-induced dissociation of the ground state, the dependence of the

visible and uv fluorescence yields on gas composition and excitation

conditions, and characterization of the input chain by which XeF is

produced.

The XeF laser operates on bound-to-bound transitions terminating on

various vibrational levels of the ground state. Concern exists about the

rate of removal of the lower laser level. Vibrational relaxation in the

lower level is insufficient to adequately deplete the population since

the low vibrational spacing (w — 226 cm~~) leads to the estimates that

9.6% and 4.47. of the ground state molecules will be in v” — 2 and v” — 3,

respectively, at room temperature.

For sustained laser action , therefore , the ground state vibrational

manifold must be depleted by dissociation induced by collisions with the

background rare gas . We have calculated the equilibrium constant for the

reac tion

XeF(X2E~1) + Ne ~ Xe + F + Ne

and found that if this equilibrium were established, the density of the

ground state would be reduced to a negligible level. Therefore, the

crucial kinetic parameter necessary to ensure against bottlenecking is
the rate of collision—induced dissociation.

A crude calculation of the collision-induced dissociation rate

coefficient was made using a master equation approach with the 1w depen-

• dence of the energy transfer cross sections calculated by a perturbation

technique. These preliminary calculations Cannot be expected to give4
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better than factor-of-two agreement wi th experiments. The bulk dissocia-

tion rate coefficient was calculated to be .~~ 2 x lO~~~ cm3 sec~~. The

rate coefficient for removal of v” — 3 was calculated to be 4 x io ’2
cm3 sec 1

. More accurate calculations and more refined experiments to

study these important reactions are planned at SRI and Maxwell, respectively.

Our work on the fluorescence yields has emphasized the role of the

emission band near 460 urn in explaining the energy flow kinetics. Although

the results to date have been inconclusive, the important role played by

the XeF(C3/2) state, which is presumably the emitter of the 460 nm band,
and the interconversion of this state with the upper laser level XeF(B~)

by rare gas collisions, are well established.

Our studies of the XeF input chain have identified the following as

the mo.t important energy flow pathways:

+ _ + * * + *electrons Ne Ne~ -. NeF -. F — Xe -. XeF

* *elec trons ~ Ne -. Xe+ -, XeF
+ *electrons -. Xe — XeF
* *electrons -‘ Xe XeF

• Previously, little was known about the important neon and fluorine reactions.

* *We have verified the role played by NeF predissociation and F production
*and have measured the rates of reaction of F with F~, NF.~, and Xe. We

+ * *are now studying the reactions of Ne
2 , 

Ne , and Xe by Ne fluorescence,
Ne* absorption, and Xe

2
* fluorescence, respectively.

Other Kinetics Issues

We also include here as appendices descriptions of experimental and

theoretical studies of a number of other important kinetic processes in

rare-gas halide lasers.

-- - 5
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determine the optimum choices of the macroscopic operating conditions.

For example, the need for vibrational relaxation but avoidance of quenching

may restrict the operating gas pressure to a narrow range, transient or

ambient absorptions may limit the length of the laser cavity, or electron-

excited state collisions may limit the energy deposition density.

Eventually, one must develop a comprehensive model of all important

microscopic processes within the laser medium. To do this, an accurate

(say, ± 107.) value must be obtained for every critical rate and cross

section. In practice, only a small fraction of the conceivable processes

are important, and an even smaller fraction have been previously character-

ized. One might make the following list of priorities:

(1) Qualitative electronic structure

(2) Identification of input reaction chain

(3) Lower level removal

(4) Absorptions

(5) Upper state quenching

(6) Identification of competing reactions -

(7) Upper state vibrational/rotational relaxation.

After the qualitative features have been established, the most important

process can be identified for detailed measurement or calculation.

Table 1 presents an estimate of the status of our understanding of

• the kinetic processes within various candidate laser media. This report

discusses our efforts to identify promising new candidate molecule. We

begin with a theoretical description of the desirable apectroscopic

characteristics and develop rules for selec ting potential candidates.
Several of these molecules were investigated experimentally. A major

portion of our effort has been directed toward a detailed understanding

of the kinetic processes for two of the most promising sys tems, c-beam

pumped XeF and c-beam controlled discharge pumped HgC1. Considerable

8
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Tablel

KINETICS STATUS

Rare Gas
Halides Halogens IIB Halides Others

Suggested ZnX, CdX Hg~S
Molecules Hg2C12 Xe+S

(photopump)

Fluorescence IBr, IC1 HgC1 S
2Spec troscopy (discharge) (c-beam)

CdRg

Energy Flow HgX
Pathways (c-beam) (photopump )

RgM

Partial Kinetics XeF 1
2

Comprehensive KrF
Model

9
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progress has been made in both these systems. A major accomplishment

was the demonstration of laser action in c—beam controlled discharge

pumped HgCI.

10
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II. THEORETICAL AND ANALYTICAL CHARACTERIZATION
OF LASER CANDIDATE MOLECULES

A first step in the search for new, efficient, high-energy, visible
lasers is the selection of candidate molecules. The number of possible

candidates is vast indeed; even if we restrict our searches to diatomic

molecules, there are more than 4000 to be examined. In this section we

suggest criteria for new candidate molecules, based on the implications

for laser performance of the spec troscopic and kinetic properties of the

molecules themselves.

Three general classes of electronic structure are identified for

diatomic laser candidate molecules:

(1) Weakly bound excimer states

(2) Strongly bound covalent states

(3) Ionic excited states.

At present, all demonstrated e-beam or discharge pumped lasers under active

consideration are of the third class. In an attempt to identify other

candidate molecules of this class, we derived serniquantitative rules from

the requirements that the ionic state not be the ground state of the

molecule and not be easily quenched or predissociated. Several new

candidates of this class have been identified. The ionic states of all

other diatoinic molecules are expected to be less promising as laser

candidates.

As described in the following sections, the potential of some of
these new candidates has been supported experimentally (such as IC1 and
IBr) , while some others (such as 10 and KrO) appear to be less attractive.
Our theoretical analysis of diatotnic molecules in ionic states is essentially

complete; the remaining steps are experimental characterization and laser

11
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demonstration. Rules are now being developed for suggesting new candidates

in weakly bound excimer levels and strongly bound covalent states. Some

preliminary experimental work has been completed.

Implications of Laser Performance

A number of systems issues influence the choice of laser candidates.

The most obvious of these is the laser wavelength. The scaling of the

size of optical components suggests that short wavelengths would be

desirabl e, and the limitations of atmospheric transmission (ozone and

oxygen absorption and molecular scattering) favor wavelengths longer than

325 urn. These two conclusions lead to a search for electronic transition

lasers in the wavelength region 325 to 900 urn.

The requirement for high optical quality dictates a suppression of

density disturbances within the laser medium . This leads to the need for

a sophisticated gas flow or recirculating 3ystem. There is some risk

that the energy and capital costs of gas flow may dominate the other

components of the laser system . Although exact values of the critical

parame ters are not yet known , it appears that the cost of the flow system

should scale with the amoun t of gas that must be moved through the laser

cavity between laser pulses. Hence the volume of the cavity and the

specific energy density become crucial factors.

The overall laser electrical efficiency enters into the analysis in

two ways. First , a higher electrical efficiency will lead to reduced size

and lower capital and energy costs for the primary energy source (electron-

beam and/or discharge). Second, at fixed energy deposition density (which

— may be set by foil heating , e-bearn penetration depth , and gas pressure

limitations), increased efficiency will lead to a smaller gas volume

for fixed output energy and hence reduced demands on the flow loop.

In both the direct electron-beam and discharge pumping schemes, the-

analysis is simplified by identifying what we may call the “quantum of
excitation,” which is simply one atomic or molecular excited state or

12
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one atomic or molecular ion. The cost per quantum in electron-beam

excited rare gas hosts is

W n
Cost i

Quantum 
— 

n
i 
+

where W is the energy cost per ion pair, n
i 
is the number of ion pairs

produced per primary elec tron (Wn
~ 

— energy of primary electrons), and

Ttex is the number of excited states produced by the hot secondary electrons.

Following the previous analysis [1.072, HZN77] of the experimental data

[PHS72, THT75, THT76], we find the following costs per quantum excitation:

He (31 eV), Ne (27 eV) , Ar (20 eV), Kr (18 eV), and Xe (15 eV) from

electron-beam deposition into the pure rare gases. In mixed gases we

must also include excitation of the additives by the hot secondary

electrons. For discharge pumping, the definition of the quantum of

excitation is the same (one excited state or its precursor), but the cost

of its production depends on the many electron collisional processes, and

the calculation is not nearly so straightforward.

A maj or u sefulness of these concepts is that, in the energy flow

kinetics in electron beam and discharge excited high pressure gas mixtures,

each quantum of primary excitations can result in the production of , at

most, one molecule in the upper electronic laser level. We then expect

the maximum internal efficiency of an electronic transition laser to be:

hV Br il(quantum cos t) ext

where hv is the output quantum energy , BR is the kinetic branching ratio

(the number of upper laser states produced divided by the number of primary

excitations), and ~~~ is the extraction efficiency (the number of photons

extracted divided by the number of upper laser states produced).

The requirement of a high kinetic branching ratio can be restated as
• the demand that each energy transfer, reaction, or other collision in the

13
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kinetic input chain must selectively yield the desired product. Extensive

study over the last few years [L072, Lo76] has conclusively demonstrated

that this is the case in the electron-beam excited rare gases. The

kinetic branching ratio is essentially ~.mity for these systems. Similarly

high kinetic branching ratios are observed (at least a low rare gas pressure)

in c-beam excited Ar/I
2 

[MLH76] and Ar/Kr/F 2 [NHL76]. Experimentally, the

fluorescence yield (FY) is an important monitor of the kinetic branching

ratio. The observation of a high fluorescence yield necessarily means a

high kinetic branching ratio, since the fluorescence yield is always the

smaller of the two. Obviously, any rules for identifying selec tive energy

flow pathways will be useful in choosing promising new candidate molecules.

The exoergic chemical and energy transfer reactions that produce the

desired electronic state of the laser candidate molecule typically leave

the upper laser level in highly excited rovibronic levels. Except under

fortuitous circumstances, the gain profiles of these individual rovibronic

levels may have low overlap. To make use of all the excited state popu-

lation, i~ is necessary that the background gas pressure be high enough

to cause rotational and vibrational relaxation within the excited electronic
H state in a time shorter than the radiative lifetime with respect to

spontaneous emission and quenching. If the desired excited state popu-

lation must then be coupled efficiently to the optical field before it

can decay by spontaneous emission or be quenched. This further implies

that the optical gain must dominate absorptions from lower molecular levels

(especially the lower rovibronic level on which the transition terminates,

absorptions by the original gas constituents, and absorptions by an

transient species produced by excitation of the laser medium).

A central parameter for describing the gain and absorption is the

stimulated emission cross section
S

A
se 8rTc 6X
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where X is the wavelength of the center of the emission profile, c is

speed of light, ÔX is the band width, and A is the Einstein coefficient.

The stimulated emission cross section may be calculated for a single

rovibronic transition or for entire observed emission spectrum, provided

the appropriate individual or lumped parameters are used and assuming that

the rovibrational levels are collisionally coupled on a time scale shorter

than the stimulated emission time, or otherwise stated, that the transition
is “homogeneously broadened.” The small signal gain of the laser medium

is then
gu

— 

~se~~u 
- — N

~
J -

where N , 
~~ 

N~, and are the population densities and degeneracies for

the upper and lower laser levels, respectively. The medium absorption is

— 
abs 

(X)N
i ~

where the sum is over all possible absorbers (N
i
) with the appropriate

absorption cross sections. Obviously, to have a laser, the net gain must

be positive. Indeed, Hunter et al. [HH076J have shown that the efficiency

of energy extraction is critically related to the ratio g/g ,

2
next 

� [1 - (8
0
I~~~~ + 1) 1

and that to obtain extraction efficiencies of greater than 50% we must have

g / g > 10. Substantial population in the lower laser level, or slow lower

level removal, presents even more demanding requirements. Derivation of

the corresponding equation for the extraction efficiency is given in

Appendix A.

Recent experimental investigations have found that strong absorptions

from the uv throughout the visible are ubiquitous in electron-beam-excited

15 
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rare gas mixtures (Z11L76, 11ZN77, 11OH77]. In the pure rare gases the

absorbing species include molecular rare gas ions [HOH77, WCC77] and
excited atomic and molecular rare gases [Z11L76, HZN77J . The observed

absorption coefficients vary (depending on pressure and energy deposition)

from 1 cm ’ to 1 x lO~~ cm ’. Strong absorption was observed at every

wavelength examined. The ubiquity of these absorptions is not yet fully

explained. They appear to persist, at least, to a comparable extent in

all mixtures of rare gases with other additives. These transient absorp-

tions have already had a substantial effect on the directions of laser

development, most notably in the rare gas oxides [HZN77) and xenon fluoride

[CH77].

Obviously a high gain transition is needed to overcome the anticipated

absorptions . In searching for new laser candidate molecules, each of the

factors in the gain equations above should be considered. ~ eking new

efficient lasers at all visible and uv wavelengths we will accept what-

- ever wavelength (X) the molecule may provide and attempt to make our choice

on the other parameters. These we may swmnarize as (1) bandwidth,

(2) Einstein coefficient versus upper state quenching, and (3) lower level

removal.

Desired Spectroscopjc Characteristics

The requirement of a narrow fluorescence band is simple to express

in terms of the desired electronic structure. For bound-to-bound transi-

tions, the width of individual vibronic transitions is determined by the

rotational constants of the upper and tower state, while the distribution

among the vibrational levels is described by the Pranck-Condon principle.

For bound-free transitions, the bandwidth is dominated by the slope of

the lower state and the curvature of the upper state. The slope of the

lower state within the Franck-Condon region of the upper state is also the

dominate factor in the analysis of bound-to-bound transitions. The analysis

16
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of free-to-free transitions is somewhat more complicated, but is generally

dominated by the difference in slopes of the upper and lower potential

surfaces. In general we find that individual vibrational bands of a

bound-to-bound transition are less t ian an angstrom to a few tens of

angstroms, while bound—to-free transitions vary from a few angstroms to

a few hundred angstroms. In choosing candidate molecules, these consider-

ations favor those with either bound lower states or lower states that are

only weakly repulsive.

Once produced, the desired electronic excited state must be collected

into the vibrational level of the selected transition, but must not be

electronically quenched within the lifetime of the excited state with

respect to spontaneous and stimulated emission. The specific value of

the radiative lifetime (or Einstein coefficient) is not critical as long

as it is as fast as or at least comparable to the quenching t ime. Assuming

for the moment the unimportance of the lower level population, we can

write the rate equation for the upper level (before application of the

optical flux) as

N
u 

— pump - (A + Q) N
u

where pump is the rate of excited state production in cm
3 sec 1 and Q

is the quenching frequency (the product of the quenching rate coefficient

kq and the quencher densitY~Nq). In steady state, which is reached for
pump times much greater than the radiative or quenching lifetimes, we find
that

pump
N —
u A + Q

The net gain is then just

____ A
g — pump-
o 8TtcôX A + Q  a

17
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It is well known that quenching can be overcome by use of a large intra-

cavity flux. However, in the presence of medium absorption or slow lower

level removal, this recovery is incomplete (see Appendix A).

At the high buffer  gas pressures necessary for rapid vibrational

relaxation, the condition that the upper electronic state be kinetically

isolated from lower states then establishes two requirements on the

electronic structure:

(1) The upper laser level must not be predissociated by repulsive
states arising from lower atomic asymptotes.

(2) The upper laser level must not be imbedded in the vibrational
manifold of lower bound electronic states.

The fatality of predissociation is probably obvious since, even in the

absence of collisions, the upper laser level may rapidly dissociate to

lower atomic asymptotes. The disadvantages of imbedded potential curves

results from the mechanism of electronic q.ienching by rare gas collisions.

In the absence of curve crossings, binary collisions with rare gas atoms

can convert only a small amount of internal energy into relative trans-

lational energy. However, if one electronic potential curve lies imbedded

within a lower potential curve, rare gas collisions can convert electronic

energy in the upper state into vibrational energy in the lower state, with

only a small net transfer of energy to the rare gas atom. The probability

of such an E -‘ V relaxation is approximately related to the Franck-Condon

factors between the two electronic states . This means that , for imbedded

but offset potential curves [as for BaO(X~E) and BaO
*(A h
t+)],  the inter-

conversion can be quite rapid. For excited states whose potential curves

are well removed from the lower states (as in the rare gas halides), there

is poor overlap between low vibrational levels of the excited state and

the very high (continuum) vibrational levels of the ground state that lie

nearby in energy. hence the electronic quenching by rare gas collisions

is expected to be slow.

18
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Two schemes are possible for removing the lower laser level: rapid

vibrational relaxation or rapid dissociation. If the laser transition

terminates on a bound lower vibrational level, effective vibrational

relaxation is possible only if the lower laser level lies many kT above

v
11 

— 0. Thus the lower electronic potential curve must be fairly deep

and offset in internuclear distance. Collision—induced dissociation can

be effective only if the lover electronic state is very shallow, so that

the rate of dissociation can be fast enough. This point is discussed in

some detail in the section on XeF (Section VIII). If the laser transition

terminates on the repulsive portion of the lower potential curve, disso-

ciation is automatically rapid, occurring in less than one vibrational

period. However, the lower potential curve cannot be too repulsive or

the gain profile will be too broad. Neither can it be extremely shallow

(if it dissociates to ground state atoms) or the absorption by transient

ground state molecules may become too severe.

Spectroscopic Classes

To guide the search for new laser candidates, we consider three

possible classes of electronic states of diatomic molecules:

Weakly bound excimers

Strongly bound covalent states

Excited states of ionic character.

Our emphasis so far has been on molecules of the third class. In the

future our theoretical efforts will concentrate on the f irst  two classes.

We hope that a number of new candidates will be identified.

The class of weakly bound excimers has received considerable study,

and several lasers have been demonstrated. The binding energies may vary
-lfrom a few hundred cm , as in XeO , to almost one electron volt in the

*• rare-gas-excimers, such as Xe
2 • Production of the upper laser level

normally proceeds through three-body association reactions such as

19
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I *O( S)+2Xe~~ XeO + X e

The laser transition may be between bound vibrational levels in both the
*upper and lower electronic states, as in XeO , or the lower laser level

may be unbound, as in Xe
2
.

In the search for new candidate molecules of this class, a number of

potential problems must be overcome. The bandwidth may be large, and the

stimulated emission cross sec tion small, due to a steeply sloped lower

laser level. The gain may be further reduced by the fact that not all the . 
-

excited states may be simultaneously bound in the proposed upper laser

level. In many cases the desired upper laser level is not the lowest

excited state of the system. Reactive quenching may lead to a lower,

more strongly bound s tate such as Xe Na* + Na Na
2
* + Xe. Finally, if

the excimer transition corresponds to an allowed transition in the excited

• state, atom absorption by transient lower-state molecules may be a serious

impediment.

The vast majority of the electronic states of diatomic molecules are

strongly bound with respect to their atomic asymptotes and are basically

of covalent character. The obvious production schemes are energy transfer:

* *Ar -t- N
2

-’- N
2 

+Ar

chemical reactions of excited states:

* *Se + OCSe - S e
2 

+ C O

or photo excitation:

*S
2
+hv — S

2

The demonstrated or proposed laser transitions are normally dipole allowed

and terminate on bound vibrational levels of the lower state.

20
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The search for new candidates of this class is slowed by the typically

complicated electronic level structure of the candidate molecules. Unfor-

tunately, the energy transfer and chemical pumping reactions are not

always selective in producing the desired electronic state. The rather

high density of electronic states often means that the proposed upper

laser level may be easily quenched by collisions with the background (as

was found to be the case in Ar/N
2
). Finally, the lower laser level may

be difficult to remove by vibrational relaxation (also found to be a

problem in Ar/N
2
).

Excited States of Ionic Character

Visible and uv laser development over the past few years has been

dominated by the spectacular success of diatomic n.-’lecules with an isolated

excited state that is predominantly of ionic character. This class of

molecule includes the rare gas-halides (especially KrF, XeF, and ArF),
the homonuclear halogens (1

2 
and Br

2
), and the mercury halides (HgC1 and

HgBr). It is obviously important to inspect this class of molecules in

general to identify new promising laser candidate molecules.
A major advantage to these ionic states arises from the selectivity

with which they can be produced, by harpooning reactions:

* + - *Kr + F
2 

— Kr + F
2 

— KrF

by ion-ion recombination:

+ - *Xe
2 

+F XeF +Xe

and by photodissociation:

*HgBr + hV HgBr + Br

The large transition dipole moments coimnon in these systems arise

from the change from ionic character in the upper state to covalent

21 
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character in the lower state. The lower laser level may be bound (as in

XeF, 12, and HgCl) or unbound (as in KrF and ArF). Because of the strong

coulomb binding in the upper state, it may be isolated, well below the

Rydberg-type ~~~~~ tted states of the molecule. The ionic nature of the

binding and the isolation from other electronic states make the electronic

structure simple to study theoretically.

Rules for Selectiug Ionic Candidates

The rules we are about to suggest are illustrated on the energy level

diagram shown in Figure 1. The notation used is that A is the electro-

positive atom (say, rare gas), and X is the electronegative atom (say,

halogen). The various levels of the atom A are indicated by IP(A), ER(A),

and EV(A) for the ionization potential, the energy of the lowest Rydberg-

type excited state, and the energy of the highest valence-type excited

state, respectively. The levels of atom X are referred to as EA(X),

ER(X) , and EV(X) for the electron affinity, Rydberg state energy, and

valence state energy, respectively. The ionic potential curve is repre-

sented as dissociating to A
+ 
+ X at an energy of IP(A) - EA(X). The

energy of the minimum in the ionic state is identified as EM, and the

dissociation energy DI — IP(A) -EA(X) -EM.

Rule 1: The ionic state is above the ground sta te atoms .

EM — IP(A) - EA(X) - DI> 0 or

IP(A) > EA(X) + DI

The intent of this rule is to guarantee that the state of predominantly

ionic character is an excited state (as in the rare gas halides) and not

the ground state (as in the alkali halides). Further, the requirement

that the ionic potential curve not be iinbedded within the ground state

potential well will ensure that the minimum in the excited state will not
• lie vertically above the minimum in the ground state (as in the alkaline

22
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RULE 1: IONIC STATE IS ABOVE GROUND STATE RULE 3: IONIC STATE NOT PREDISSOCIATED
EM - INA) - EA (X ) - DI > 0 OR TO MV) + X , A + X(V ) . OR MV) + X (V )

IP(A) > EA(X ) + DI EM > EV(A) + EV(X )

RULE 2: IONIC STATE NOT PREDISSOCIATED 
IP(A) - EVIA) > EA(X) + EV(X ) + DI + 1

TO A + x RULE 4: IONIC STATE NOT PREDISSOCIATED TO

EM < Efl (X ) -1 OR A + X

IP(A) < ER(X ) + EA(X ) + DI - 1 EM < ER(A) - I OR
IP(A) — ER(A) < EA(X) + DI - 1

SA-6 155-56

FIGURE 1 RULES FOR SELECTING MOLECULES IN IONIC STATES. ILLUSTRATED FOR
THE CASE OF KrO
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earth halides) and that vibrational manifolds of the ground and excited

states are not easily connected by background gas collisions (as in the

alkaline earth oxides).

Rule 2: The ionic state must not be predissociated by potential
*

curves leading to A + X .

EM<ER (X) - I or

IP(A) < ER(X) + EA(X) + DI - I

The initial production of the excited ionic state by harpooning chemical

reactions by ion-ion recombination, or by photodissociation, is expected

to leave the molecule in high vibrational levels. During the vibrational

relaxation down to V
1 
—0 , passage through the curve crossings shown in

Figure 1 could lead predominantly to predissociation. The most likely
*predissociation leads to Eydberg states of the electronegative atom (X ).

As stated, the rule requires the curve crossing to occur at least one eV

above the bottom of the ionic well to maximize the probability that the

excited molecules can be stabilized.

Rule 3: The ionic state must not be predissociated by potential

curves leading to A(V) + X, to A + X(V), or to A(V) + X(V):

EM> EV(A) + EV(X) + 1 or

IP(A) - EV(A) > EV(X) + EA(X) + DI + 1

In general we seek to find the energy of the minimum of the ionic potential

curve lying in the energy gap between the low-lying valance states of the

atoms and the high-lying B.ydberg states. To prevent easy collisional

quenching or predissociation of the ionic states to the repulsive curves

arising from the valance states of the atoms, we stipulate that the

minimum must lie at least one eV above the highest of these asymptotes.

24
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Rule 4: The ionic state must not be predissociated by potential
*curves leading to A + X.

EM< ER(A) - I or

IP(A) - ER(A) < EA (X) + DI + 1

The same arguments are used here as for Rule 2. All ionic states involving

the halides and chalconides satisfy this rule.

Semiguantitative Description of Ionic Bonds

The rules described above for selecting new candidate molecules in

ionic states contain only one missing parameter: the ionic bond strength

DI. Following the pioneering work of Brau and Ewing [BE75a], we consider

the well-studied example of the alkali halides. The goal is to establish

some scaling procedure to estimate the bond strengths of other ionic bonds.

• We begin by choosing a simplified Rittner potential

V~~ (R) ~ A~~ exp[-a~~RJ -e
2
/R + IP(A) - EA (X)

The ion-dipole and higher order terms normally included (BK73] do not

have a large effec t within the accuracy we will need. For the short range

exponential repulsion we will use the Born-Mayer representation of the

Thontas-Fermi-Dirac interatomic potentials [Ab69] . Abrahamson [Ab69] has

shown that we may use the combining rule

A
ij
e
~~

tJ}’ - (A~A~)~ exP(-¾ (o~i +c
~~

)R
~

This formulation has been found to give a satisfactory description for
the repulsions between like and unlike rare gas atoms. These atomic size

parameters scale quite simply with atomic number as shown in Figures 2

and 3; namely, the O~ ’s vary slowly with the number of electrons, while
the A

t
’s scale nearly as Z1’5.
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To find the internculear distance at the minimum in the ionic

• potential, we merely solve

2
V(R) — -

~~~ A exp(-~ Re
) + — 0

Solving for R in terms of ~ and A as given in Figures 2 and 3 yields
results, to which an excellent approximation is

It — 0.61 ln Z + 0.79 (in X)

Now we are ready to test the scaling of the experimental and accurate

theoretical internuclear distances. As shown in Figure 4, the bond lengths
of the alkali halides [BK731 and rare gas halides [WKB77, DM77].

are graphed versus the square root of the products of the nuclear charges,

along with the theoretical relationship

It — 0.61 ln[Z
+Zj

¾ + 0.79 (in 
~~)

While the alkali fluorides have atypically short internuclear distances,

the simple theory provides a surprisingly good description of the major

trend.

To obtain a similar correlation for the ionic bond strengths, we

notice that
2 

1DI — V(~) - V(R ) — (I -

Since a~”~ 2 a ~~~~andR ~~3-6 a

J

o e 0 
5

2
DI ~ (0.83-0.93) ~~~~

-

then

( l . 1 — 1 . 2 ) —

~ 
~
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and hence 1/DI should be approximately linear in ln(Z
+

Z ) ¾. The experi-

mental and ~~ initio data are shown in Figure 5. The line drawn is just

an eyeball fit, but it demonstrates the nearly linear relationship. For

the halides, the approximate bond strengths are predicted to be (for BX
to BLX):

Fluorides 6 ± 1 eV

Chlorides 5.4 ± 0.9 eV

Bromides 5.1 ± 0.8 eV

lodides 4.8 ± 0.7 eV

For the oxides, sulfides, selenides, and tellurides we find from more

detailed studies that the ionic radii are abou t 0.91 of the neighboring

halides , leading to slightly larger bond strength estimates than those

listed above.

In deriving the simple rules above no account has been taken of the

shell structure of the positive ion, and hence the estimated bond lengths

and strengths should be most accurate for ions with nearly filled shells.

Other ions tend to be smaller than would be predicted and have stronger

ionic bonds . But the rules used here for selecting candidate molecules

tend to indicate that weaker bonds are favored.

Selecting the Candidates

Using the rules given above and approximate values for the dissocia-

tion energies, we may now evaluate the laser promise of the ionic states

of all diatomic molecules involving one Group VI or one Group VII atom.

Each of the four rules is expressed in terms of an inequality, with

properties of the electropositive atom on the left (ionization potential,

exc itation energies) and properties of the electronegative atom on the
right. Using the bond strength estimates above, we can numerically express
the right-hand side of the inequalities as in Table 2.
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To decide how favorable the diatomic AX might be, we simply compare

the ionization potential of atom A with the rule 1 and rule 2 entries in

Table 2. If the candidate molecule fails the test by more than 1 eV,

we reject it altogether. If it is wi thin ± 1 eV of the criterion, we list

it as a possible candidate. If the molecule passes all the tests by at

least 1 eV, it is listed as a good candidate.

To apply rules 3 and 4, we must first subtract from’ the ionization

potential of atom A, the energy of its highest valence state EV(A) or the

energy of its lowest Rydberg state ER(A) and compare the result with rule 3

and rule 4 entries in the table. If there are no valence excited states,

we use rule 1 instead of rule 3. In ambiguous cases, w€ can improve the

reliability of the estimates by taking the ionic bond strength from

Figure 5.

Application of rules I through 4 to the diatomic halides and

chalconides of all elements in the periodic chart leaves very few survivors,

which are listed in Table 3. Not surprisingly, several of the best candi-

dates have already received active investigation (the rare gas halides

and homonuclear halogens). The interhalogens and Group IIB metal halides

are now under study in our laboratory and in a number of other laboratories.

Our experimental efforts to date are described in the following sections.
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Table 3

IONIC EXCITED STATES OF DIATOMIC MOLECULES

Good Candidates

(X > 325 rim) (X < 325 rim)
visible uv

XeF, id , lEr , 12 ArF, KrF, KrC1, XeCI, XeBr

ZnBr, ZnI , CdBr , Cdl F2, C1F , Cl 2 , BrF , BrC1, Br2

RgCl, HgBr, MgI HF, Md , HEr

KrO , XeS KrO

Possible Candidates

(X > 325 run) (A < 325 run)
visible uv

10, IF, AsI NeF, ArC1, KrBr , Xci

ZnCl, CdC1 HI

HgS, HgSe, HgTe NBr, P1
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III • EXPERINE NTAL APPARATU S AND PROCEDURE S

The experiments reported here were performed on one or more of three

experimental sites: (1) the Febe tron 706 facility used in the work des-

cribed in the preceding series of repor ts [EGH73 , HGH74, HGH75, GHH75 ,

MLH76, NHL76J , (2) the electron accelerator facility described in the

repor t [NLH76] , and (3) a 50—cm electron-beam (Excitron) facility at

Maxwell Laboratories, Inc.

Febetron Fluorescence Studies

The experimental system, shown schematically in Figure 6 , is similar

to those described in our previous reports. Optical emissions, resulting

from pulsed electron-beam excitation of a high pressure gas , are

viewed by a spectrometer and recorded on film or digitally by an optical

multichannel analyzer or transient digitizer. A Febetron 706 (Hewlett

Packard) provides a 3 nsec, 2000 A cm 2 
pulse of 500 keV electrons, which

enter a stainless steel experimental cell through a l-mil Inconel foil.

The cell has windows made of MgF
2 
and is designed to operate with sample

gas pressures be tween 200 and 10,000 torr (approximately 0.25 to 15

atmospheres). By evacuating both the spectrometer and the passage between

the cell window and the spectrometer entrance slits, we can study the

spectral range from below 130 rim to the infrared. The cell and reservoir

for nonvolatile additives can be independently cooled or heated (from

about -50° to +200°C). The gases are mixed in the cell and, for the XeF

studies , are replaced after every shot.

The optical emissions can be viewed through a 0.5-meter monochromator/

spectrograph (McPherson 216.5). Time integrated spectra of the emissions

are taken on either Kodak Tri-X (400 ASA) or Polaroid Type 57 (3000 ASA)

film. Band structures and wavelengths are then determined with the aid
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of either a microdensitometer or a travelling microscope. The temporal

behavior of the emiBsions are recorded and analyzed by a Tektronix

Transient Digitizer System (WP2222) from the output of a photomultiplier

tube (RCA 1P28). The photcmultiplier tube (PMT) is coated with sodium

salicylate for detection’ of vuv emissions. The photon detection system,

including lenses, spectrometer, and photomultiplier tube, has been

calibrated so that the absolute intensity of each emission feature can

be de termined. The time-integrated spectrum can also be recorded using

an Optical Multichannel Analyzer (Princeton Applied Research l205A).

We have calibrated the fluorescence yield measurements in much the

same way as was reported earlier [N 11L76, MLH76, GH1175, HGH74] . The energy

deposition from the c-beam is measured by determining the N
2 
second positive

(2+) band emission from Ar + 5% N
2 
mixtures excited in the same experi-

mental apparatus. The fluorescence yield for this system was determined

in our previous studies to be 17.6%/P (for P � 1), where P is the argon

pressure in atmospheres. Therefore, by measuring the total photon

emission in the band under study and comparing it with that observed from

the N
2
(2+) at the same argon pressure, we can determine the fluorescence

yield. For the Ne/Xe/NP
3 
studies, we have assumed that the neon excita-

tion produced by the electron beam is one—half tha t of argon at the same

pressure.

Febetron Absorption Studies

The substantial excited state densities produced by Febetron excita-
14 16 —3tion (10 to 10 cm , depending on the rare gas and pressure) are

conveniently studied in absorption as well as fluorescence. For transitions

with large stimulated emission cross sections, the transient gain is also

subject to investigation over the 2—cm optical path. Such absorption

measurements are described in some detail in a recent report [HZN77J .

The layout of the apparatus for the current experiments is presented

in Figure 7. The output from a flashlamp-pumped dye laser or from a cv
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argon—ion pumped dye laser is passed through one of the Febetron cells

and detected by the standard spectrometer/photomultiplier tube/digitizer

instrumentation. In the pulsed dye laser experiments a reference beam

is split off, while in the cw dye laser experiments the reference level

is obtained from the transmitted signal before firing the Febetron.

Accelerator Fluorescence Studies

Mos t of our fluorescence kinetics studies of the mercury halides

were conducted on our low-current electron accelerator facility. This

device produces an electron beam current of approximately 1 ~A at an energy

of 175 keV. The beam can be pulsed for kinetic studies, modulated for use

with phase sensitive detectors , or run cv. Several target cells were used

to contain the gas mixture under study . The accelerat.r tube terminates

• in a flange that accommodates any of the cells used with the Febetron 706

excitation source (see above). To establish a reasonable vapor pressure

( few torr) of the species being studied (particularly atomic mercury and

mercuric chloride) , the cells were heated to temperatures in the range

180° to 270°C .

The initial studies used static gas fills of argon, halogen—bearing

compounds , and metallic mercury . Under these conditions , H5X emissions

couid be observed for a few minutes to an hour or so , depending on the

mixture . During this time the emissions decreased in intensity as the

emitting additives were apparently consumed . To avoid this limitation,

we constructed a gas-handling system that would allow the reactants to

flow through the cell ; this was similar to the system later used for the

long path studies with the 50-cm long c-beam . A schematic diagram of

the system is shown in Figure 8. This system was designed to introduce

mercury vapor into the cell by saturating a stream of argon gas with

mercury vapor as the argon flows through a heated mercury reservoir. A

mixture of argo c~ and halogen (e.g., 1% Cl
2 

or 3% CC1
4
) was introduced into
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this stream near the excitation region. The mixed gases flowed 3 cm

through a ¾-inch diameter stainless steel tube before entering the larger

volume chamber where electron excitation took place. Flow rates were

monitored with a ball type flow meter. The total flow was varied over

the range 1 to 4.5 sccm. With this arrangement we were able to make

spectral observations for an extended period of time.

Spectroscopic data were taken using a 0.2-rn monochromator (Jobin-

‘lyon) scanned by a stepping motor. The detector in this case was a

lP28 photomultiplier (S5 response) . Signal—to—noise enhancement was

obtained by the use of a lock-in amplifier (PAR 124) or by photon counting

using a multichannel analyzer operated in the multiscaler mode and

synchronized to the stepping motor drive. For the data discussed in this

report, no extensive studies were made of the time dependence of the

emissions.

SO-cm Excitron Studies

A major component of the research under this contract consists of

studies of the properties of laser candidate systems using a 50-cm
2electron beam source with nominal beam conditions of 10 A/cm ,

E — 350 key , and ¶ — 1 psec. This e-beam device was ordered atb pulse
the inception of the contract period from Maxwell Laboratories, Inc. (MLI)

and was delivered on 2 August 1977. During this same time, a laboratory

with the required support equipment was prepared, and the experimental

apparatus , including a test cell and vacuum and gas handling systems , was

designed and built .

To acquire experimental results in advance of c-beam delivery, a

cooperative arrangement was made with MLI, whereby in May 1977 our test

cell and support equipment were transferred to MU and coupled with MLI’s - -

existing 50-cm c-beam device . From that time through August 15, experi-

ments were carried out jointly by SRI and MLI personnel--an arrangement

that proved very productive and mutually beneficial.
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Apparatus

The c-beam device , designated an Excitron 100-10 , consists of a

six-stage Marx bank coupled to a single—bladed field-emitting diode of

50-cm length through a single solid feedthrough. The characteristics of

the device are summarized in Table 4. It is installed and operational ,

and experiments have recently begun.

The laser test cell is designed for operation at 200°C and has been

operated at pressures up to four atmospheres. The cell is constructed

from stainless steel; outside dimensions are 7.5 x 7.5 x 58 cm; the gas

chamber is 2.5 x 3.1 x 50 cm. The interface to the c-beam is through a

1-mil Ti or Inconel foil window, which has an aperture of 2 x 50 cm.

Seals between cell and faceplate and between cell and foil are Viton

0—rings. The cell is fitted with a pair of 1-inch diameter quartz windows

viewing transverse to the cell axis and with Brewster-angle windows on

the long axis of the cell. Attachments t~ the cell are made with Conflat

flanges sealed with Viton flat gaskets (Varian). The cell is heated on

three surfaces by handmade surface heaters consisting of shielded

resistance wire spot-welded to formed sheet stainless steel. The cell

and heaters are encased in 1-inch thick insulation held in place by an

aluminum cover .

The gas-handling system was designed from the beginning to be used

with continuous flow for two reasons: (1) the test gas mixture can be

changed much more rapidly when species are introduced and removed by

convection rather than diffusion and (2) because many candidate laser

systems involve gases that react, both in their ground states and in

excited states, it is essential to remove products and introduce fresh

reactants as rapidly as possible. The reactivity problem, in par ticular ,
often makes it essential to mix the test gases as near as possible to the

upstream end of the laser cell and to flow the gases at a high rate. For . -

-
‘ the Ar/Xe/Hg/Cd

4 
system that produces the HgCl laser, for example,
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Table 4

CHARACTERISTICS OP EXCITRON 100-10 ELECTRON-BEAM SOURCE

Geometric

Marx tank dimensions: 4 ft L x 3 ft W x 4 ft H

Diode tank dimensions: 14 in. L x 39 in. W x 14 in. H

Console dimensions: 22 in. L x 22 in. W x 72 in. U

Diode length: 50 cm

Foil dimensions: 50 cm L x 2 cm H

Elec trical

Type: Marx rundown

Vol tage : ~ 450 keV

Current: 1 to 30 A/cm
2 
variable

Current risetime : 150 ns to 70% at 10 A/cm2

Current uniformity: ± 10% at 10 A/cm
2

Pulse length: 0.3 to 1 ps variable

Marx stages: 6 at 75 keV

Diagnostics

Diode voltages and total current (B-probe)

Marx charging voltage and changing current

Diode chamber pressure:

Switch gas pressures:
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reproducible results could be obtained only by flowing at 1200 sccm

(760 torr crn
3
/min), which at 2 atm test pressure, constitutes a gas replace- - -

ment time in the cell of 1 minute.

The flowing system was achieved by placing minor constituents in

variable-temperature reservoirs and by flowing the rare-gas hosts through

these reservoirs. The temperatures of the reservoirs and the rare-gas

flow rates were varied to achieve the desired species mixtures. Down-

stream of the laser cell, two cold traps in series were used to remove

both reactants and products from the exhaust flow. The test cell and gas-

handling system are shown schematically in Figure 9 for the case of the

Ar/Xe/Hg/CC1
4 

system.

Diagnostics

The diagnostic measurements of interest in these experiments include

absolute energy deposition, absolute sidelight fluorescence, gain or

absorption, spectrometry, and laser cavity output. These will be described

in turn.

Energy Deposition—-Absolute energy deposition measurements are made

by measuring the transient pressure rise associated with the gas heating

due to electron excitation. It can readily be shown that, if ~H is the

energy deposition in joules/cnt3, then the pressure rise, ó~p, in atm is

.

The pressure rise is measured on millisecond time scales using a Validyne

Model DPI5 differential pressure transducer in conjunction with a CD12

transducer indicator. The maximum frequency response of this system is

1 kllz, which is sufficient to detect the pressure and expansion waves

that accompany the nonuniform, impulsive pressure rise in the cell.

In the experiments conducted at MLI, we attempted to interpret the

results on the basis of these highly unsteady signals. However, more
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recent study at SRI indicates that the initial response of the gauge to

a very fast pulse is influenced by a dynamic ringing that can overshadow

the true dynamic response. We carr ied out tests using weak pressure waves

in a shock tube and found that imposing 200-Hz filtering on the signal

(built into the Validyne CD12) gives a signal that rises in —‘ 2 msec

and that agrees with the predicted value (based on the shock wave equations)

within 5%. Thus, the earlier results obtained at MLI have an uncertainty

in energy deposition that calls for reexamination of the absolute yields

of all the results described below.

A second uncertainty in the energy deposition measurement arises

because the pressure rise measurement gives an average value over the

cell rather than the local value at the center of the cell where the

optical emission is measured. However, because the cell transverse

dimensions are small (2.5 x 3.1 cm) compared with the range of electrons

at most operating conditions, the departure from the average value at the

cell center is not expected to be large.

Sidelight Fluorescence--The sidelight fluorescence is measured using

one of a variety of ITT photodiodes (PD) of either S-5 or S-20 response,

together with filters to isolate spectral regions of interest. The PD is

positioned at right angles to the cell —~ 30 cm from the cell centerline.

An aperture of either 1/8- or 1/4-inch diameter is placed in front of the

PD to define the solid angle of detected emission. A second aperture of

1/8—inch diameter is placed at the cell window to define the emitting area.

The aperture and PD are aligned with the cell using a HeNe laser. The

combination of apertures is such that the PD does not view any solid

surface. The orifices in the cell walls at the side windows are 1/4—inch

in diameter by i— inch deep. It is estimated [HT7fl that the electrons

penetrate these orifices no more than one diameter deep, and we assume

that the emitting volume is 1.25 inches long (the cell width plus one

orifice diameter) .
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With the emitting volume and solid angle known, the absolute

fluorescence intensity can be determined from the PD signal if the PD is

cal ibra ted. In fact, all ITT PDs are furnished with individual calibra-

tion curves, estimated by the vendor to be accurate to ± 10% in average
response over the surface, with local variations on the surface also not

exceeding + 10%. However, recent tests indicate that the S-20 PD used

in the MLI phase of the experiments gives results that are lower by about

a factor of 2 than at least two other PDs. This tube will be recalibrated ;

however, until these calibration problems are removed, there remains a

uncertainty in the values of fluorescence yield reported below.

Gain/Absorption--These measurements are carried out using as a probe

an NRC dye laser pumped by an NRC N
2 
laser. This pump source was modi-

fied by the vendor to replace the spark gap with a thyratron so that it

could be triggered externally to synchronize with the c-beam pulse. The

dye laser pulse length is 3 nsec and the bandwidth is 0.3 X. The

output beam is split into probe and reference channels. In the experi-

ments at MLI, these pulses were attenuated and measured by photodiode

signals on a fast oscilloscope. Before each test, several sample ratios

of probe to reference signal were measured for comparison with the results

during the shot. Thus, this technique measures only the transient gain

or absorption . At SRI, we have available an energy ratio meter (Laser

Precision Model Rk-3232 with RkP-335 probes) that we hope will allow us

to measure static absorptions by gases as well as transient absorptions

during the pulse.

Spectrometry--In the experiments at MLI, a Jarrell Ash 3/4-meter

spectrograph was used to record both fluorescence and laser signals photo-

graphically. At SRI, the laboratory is equipped with a SPEX Model 1402

3/4-meter monochromator for either photographic or time-resolved record-

ings. In addition , various smaller spectrometers and tnonochrotnators are

available.
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Laser Cavity Studies--As noted above, the test cell is fitted with

Brewster windows, and it is straightforward to add ex ternal mirror s to

form an optical cavity. We can then carry out desired diagnostics on

the laser pulse , including spec troscop ic detection, time histories of

laser pulses using photodiodes , and laser energy measurements.

Achievements

Work carried out during the reporting period has satisfactorily

established the equipment and the techniques for carrying out long-path

e-beam studies on laser candidate systems. Measurement of absolute

fluorescence yields, while subject to some uncertainty in the experiments

reported here, greatly increases our ability to understand and evaluate

the systems studied. The efficiency of the gain measurement technique

has been demonstrated by successful application to several molecular

systems including Ar/Hg, Xe/Hg, Ar/Xe/Hg/CC14, Ar/ICI, and Ar/Hg/Cl
2
.

Finally, laser demonstrations were carried out on XeCl* and HgCl* (e-beam
sustained discharge).

The design of a heatable cell and flowing gas-handling system proved

very useful, perhaps essential, in studies of Ar/Xe/Hg/Cd 4, Ar/Hg/Cl
2
,

Ar/IC 1, and Ar/I
2
. Problems of reagent reactivity in several of these -

systems suggest many experiments that require these experimental

capabilities.

Perhaps the most interesting results during the period were from

— studies of the Ar /Hg/Cl system, leading to demonstration on the c-beam
2 

*stabilized discharge laser on HgC1 at MLI in August 1977. This exciting

accomplishment suggests considerable follow-on study of this and other

Hg-halogen systems.
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IV. CANDIDATE CONFIRMATION

Background

Considering the variety of molecules that have been suggested as

candidates for the laser medium, some reasonable experimental criteria

were needed for supporting continued studies including laser demonstration.

With some molecules trivial technical constraints would provide an itanedi-

ate rejection (e.g., very low vapor pressure). However, most of the new

candidates suggested on the basis of theoretical analysis (see Section II)

also had reasonable vapor pressures and handling characteristics.

In the initial survey we relied heavily on the demonstration of at

least a modest fluorescence yield as a f i r s t  criterion. The fluorescence

yield (FY) is defined as the number of photons emitted per cm3 divided by

the number of primary excitations produced per cm
3
. It is a convenient

criterion for screening laser candidates since it provides a lower bound

for the branching ratio for production of the upper laser level:

FY — BR~Tlrad

where 
~rad is the radiation efficiency (Einstein coefficient divided by

the sum of the Einstein coefficient plus ~~ quenching frequency) and BR

is the kinetic branching ratio for production of the excited state.

Fur ther , in the absence of absorptions, the fluorescence yield can be

related to the small signal gain of the laser. As a criterion it is

limited because a small fluorescence yield does not necessarily indicate

a poor laser molecule. A rapid quenching reaction may reduce the fluores-

cence yield even though the upper state production may be large. In the

absence of absorption, quenching may be circumvented by rapid stimulated

emission (operating at flux levels well above the saturation flux) as

discussed in detail in Appendix A. ‘
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The primary experimental tool used in measuring fluorescence yields

was the Febetron 706 . A PAR Optical Multichannel Analyzer was normally

used as the detector. The versatility and ease of operation of this

instrument was ideal for this work , the major limitation being rather

nonlinear response below 390 nm. In all cases the standard for FY deter-

minations is the second positive emission from N2 (C-B transition) ; this

has been discussed in detail elsewhere [HGH74].

This experimental program has supported the potential of several of

the candidates that were suggested on theoretical grounds above: IC1,

IBr , and the mercury halides HgCI and HgBr. Further investigations of

these systems , as well as the rare-gas/mercury system , are described in

detail in subsequent sections of this report. Several other potential

candidate systems were less spectacular in their light output and have

not been investigated in detail. These are briefly noted here.

Ionic to Covalent Transitions in KrO

Theoretical estimation of the Kr
+
O potential curves yielded the

following suggested transition wavelength:

Kr+O -
~~ KrO( ”S) 430 nm

-‘ KrO (’D) 230 nm

KrO( 3P) ‘
~~ 180 nm

The 180 nm transition had been observed previously [GT741 . The gas mixture

used was 1500 torr argon , 100 torr krypton , and 5 torr N 2O. A weak

emission was seen at 180 nm , but nothing was seen at 430 and 230 nm. Wi th

3 atm of krypton and 0.7 torr of N 20 , very weak emissions were seen at

180 and 225 nm . An unsuccessful search was made for analogous transitions

in xenon, N20 mixtures.
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The Halogen Oxides ClO. BrO, and 10

In the gas mixture of 1 atm Ar , 5 torr N 20, and 1 torr Cl 2 a very

weak broad emission was seen in the vicinity of 400 nm , but this was

partially due to window fluorescence by x rays. ClO emissions were expected

near 407.6, 395.7, 384.1 , 373.0, and 362.5 nm. When 1
2 

or Br
2 
was sub-

stituted for Cl
2
, no emissions were observed that could be attributed to

10 or BrO.

~2
(B-]0 Emissions

The recent demonstration of laser action on the B-X transition in

by photon pumping [LK77] suggested that e-beam pumping is possible. The

S
2
(B-X) vibrational bands from 330 to 520 nm were monitored for a variety

of sulf ur donors. In the gas mixture of 5 atm argon and a few torr of

CS
2
, rather weak S

2
(B-X) emissions were observed. This was also true when

H
2
S was used. However, when OCS was used as an additive, we measured a

modest fluorescence yield of approximately ¾—% from the S
2 
emissions. This

yield is still quite low, but suggests that alternative S
2 
sources may

offer some hope for improvement.

Other Systems

Several of the candidate molecules suggested above on theoretical

grounds have yet to receive experimental investigation. The most promising

of these are HgI and the zinc and cadmium halides. It is anticipated that

the theoretical rules now under development for selecting laser candidate

molecules in weakly bound excimer states or strongly bound covalent states

will suggest a number of interesting systems to be investigated.
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be potential laser candidates if the fluorescent yields were high .

Samples of IC1 and IBr were introduced into our gas cell from a cooled

reservoir , excited by the Febetron in a rare gas background , and the

spectra, fluorescent yields, and decay frequencies were obtained. Exact

knowledge of the halogen pressures is hard to obtain as noted earlier for 
-

1
2 [MLH76J 

but was derived from the measured vapor pressure curves [CG65].

Id in Ar showed two strong emission systems, peaking near 340 nm

and 430.0 nm with a weaker but sharp band at 348.0 nm. IBr showed a weak,

sharp band at 354.0 nm and a characteristic halogen emission system peak-

ing at 385 nmu. With krypton as the rare gas donor, the long wavelength

emission systems were missing in both interhalogens. 1
2 
bands were

present in ICl, and 1
2 

and Br
2 

bands were present with IBr, suggesting
• that the excitation proceeded through reactions of excited halogen atoms:

* *Ar + ICl -’Ar+I +Cl
*

I* + ICl r’2 + C l
L I + I cl*

The decay frequency o:f the Id emissions was found to be linear in the

IC1 pressure (see Fi’gure 10) and essentially independent of the argon 
-

pressure. The rate coefficient derived from the decay data shown in
—10 3 -l

Figure 10, k — 5 ± 10 cm sec , should probably be assigned to the
*

reaction of I with IC1. The highest fluorescence yields observed were

approximately 25% in the 385 nm band of IBr and in each of the two ICl

bands (at 340 and 430 mu). The optimum additive pressure was 0.5-1 torr

in both cases. The fluorescence yields dropped by about a factor of 3

at 4 torr. No evidence was observed for an argon pressure dependence of

the fluorescence yield.
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IC1 Spectra

Typical ICl spectra are shown in Figure 11, and the individual peaks

are listed in Table 5. The IC1 spectrum is sufficiently regular and dis-

persed that we have tried to extract molecular constants from the spectra

taken. Spectra were recorded on type 57 Polaroid film in a McPherson

half-meter spectrometer with nominal dispersion of ló.8 ~/imn. Atomic

mercury spectra were recorded at the same time to provide a more accurate

dispersion calibration. This spectrum recorded from IC1 is similar to

those seen in the rest of the halogens 12, Br2, and Cl
2 
and in the mixed

halogen IBr . The main features of the observed emissions are as follows:

(1) A broad , banded spectrum peaking in the neighborhood of
430 nm, extending slightly to the red , but decreasing in
intensity to the flux all the way to approximately 370 nm.
The spacings of the “bandheads” in this band are nearly
regular. This emission system gives the impression of being
continuous everywhere even under our highest available
resolution, with peaks constituting the “bandheads” that
we have measured.

(2) A second strong emission of similar nature peaking at 342.0
mu for which much of the light can be attributed to the
previously observed 1

2 
spectrum. A regularly banded

spectrum to the blue side, extending to nearly 300.0 nm,
seems to be due to I d ,

(3) One sharp , structured emission on the red side of the
342.5 nm band.

(4) A series of sharp emissions on the red side of the 430.0
run band.

The positions of the “bandheads” have been measured relative to the

off-set mercury spectrum shown in Figure 11(a) and (b). The wavelengths

and wavenumnbers of the bandheads are listed in Table 5. They were

measured with a travelling microscope reading direc tly from the Polaroid

film. This proved to be considerably more accurate than attempting to

make a negative from the Polaroid and then niaking a densitometer trace
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from the negative. The quality of the spectra means that the absolute

positions should be taken ± 20 cm 1 
and the relative positions probably

± 5 cm~~. Spectra taken under higher dispersion in different conditions

might provide a better means of establishing the positions of the bandheads.

The main features of the spectrum can be fitted using three upper and

two lower states. For the 430.0 nm band , we appear to see two contiguous

bands , each of which is made up of v’ — 0  and v1 —1 transitions from an

upper state to a progression of v” levels in the bottom state . In each

case a value of energy difference between v’ =0 and v’ — l  can be derived .

It is very nearly constant throughout the progression and is significantly

different for the two transitions: ~ (v’ — 0  - v’ — 1) is 164 cm ’ for the

higher energy transition and approximately 200 cm ’ for lower energy

transitions. The symmetry parameter w x  is 2.13 cm ’ for higher energy

transitions and 1.32 cm
1 
for the lower energy transitions. A synthetic

spectrum generated using 246.75 cm for the initial w for the higher

energy transitions and w — 170.25 wavenumbers for the lower energy

gives a reasonable match to the observed lines (see Table 5). w cannot

be determined definitely because v’ — 0 -. v” — 0 transitions cannot be

identified.

The band on the short wavelength side of the iodine spectrum appea4.s

to show a v’ 0-’v” progression going to the same ground state as the

higher frequency bands of the 430.0 nm emission system. We can derive a
term separation by finding the energy differences between the levels ending

on the same v”. This gives 5880 cm ’ between two of the upper states.

Seven states for ICl are listed in Rosen [R701 for ICl and are given

in Table 5. Comparison of these molecular constants with those determined

from the ICl spectra shown in Table 6 indicate that none of these states

is involved in the observed emissions. No clear evidence for an isotope

shift is observed.
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Table 6

MOLECULAR CONSTANTS FOR IC1
—l(All energies in cm )

State T w xw
_ _ _  e e e e

D (58168) (431) --
C (53457) (426) ——

• E 37741 173.2 1.1

Bl (0+) (a,. 18000) ( 32) --
3 (.—‘ 17344) (288) 13B fl~~

A3fl
1 13556.21 209.11 1.886

xJtl. 0 384.293 1.501

Source: Rosen [R701

I
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Transient Gain Measurement

Experiments at SRI (described above ) identified band systems of IC].

with bands at ‘- 430 nm and 340 run as potential laser candidates . Experi-

ments were conducted with the 50-cm e-beam source to pursue this possibility.
*

As with the HgCl systems (described below), the results were quite sensi-

tive to the flow conditions, and the experiments reported here used an

Ar flow of 2400 sccm through an IC1 reservoir held at 0°C. If the,

stream is saturated, this corresponds to an ICl partial pressure of 5 torr.
*Under these conditions of the two ICl bands , the fluorescence yield

was around 4%, divided approximately equally between the 430 and 340 run

bands. Gain measurements were carried out from 430.5 to 432.7 nm; the

results are shown in Figure 12. These transient gains are high enough to

achieve lasing in the absence of background absorption, but IC1 at 5 torr

has a comparable static absorption at these wavelengths, as shown in

Figure 13. Some additional work is appropriate using other sources of
*IC]. to avoid this background absorption problem, and studies in IBr where

the absorption is less severe.
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VI. RARE -GAS/MERCURY SYSTEMS

Our earlier studies of the Xe/Hg sys tem under Febetron excitation

[GHR75] showed that the Hg(73S1) level was produced with high efficiency.

Up to 207. fluorescence yield was observed on three XeHg transitions, each

of about 10 bandwidth and red-shifted about 6 from the corresponding

atomic Hg(7
3
S,

) -. Hg(63P~) transitions (404.7, 435.8, and 546.1 nm). The

decay of these emissions in Xe/Hg mixtures was quite rapid , dominated

apparently by three-body quenching by xenon to form Xe
2 

and subsequent

formation of the XeHg(6
3
P~) excimer. It was hoped that use of a triple

mixture Ar/Xe/Hg would improve the Hg(7 3S) production efficiency, reduce

the quenching by xenon, and possibly allow laser action frost the 73S
1 
to

63P3 manifold . Accordingly , we have studied the fluorescence kinetics of

Ar/Hg, Ar/Xe/Hg, and Kr/Hg mixtures. Encouraged by the high fluorescence

yields we made gain/absorption measurements in Ar/Hg , Kr/Hg , and Xe/Hg

mixtures under Febetron excitation. Subsequently, we made gain/absorption

measurements in Ar/Hg, Kr/Hg, and Xe/Hg mixtures under Febetron excitation.
Subsequently, we made gain/absorption measurements in Ar/Hg and Xe/Hg in

our 50-cm cell at Maxwell.

~‘ebetron Fluorescence Studies

The Febetron 706 was used to excite Ar/Xe/Hg mixtures . The temporal

behavior and fluorescence yield of the emissions near 435.8 and 546.1 urn

were monitored as functions of the argon, xenon, and mercury pressures.

We were surprised to discover that the fluorescence yield showed little

dependence on the xenon pressure, reaching a maximum when the xenon was

removed altogether . Most of the data were therefore taken with no xenon

additive.
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Representative data are shown in Figures 14 through 16. Figure 14

shows the decay frequency for the 435.8 urn emission as a function of the

Ar and Hg pressures. Figure 15 shows the integrated intensity as a

function of the Ar pressure at two Hg pressures . Figure 16 shows the Hg

dependence of the decay frequency.

In our previous analysis of the Xe/Hg system [GHH75] , the major energy

f low pathways were identified as 
—

* 3
Xe +Hg Hg(7 S)+Xe

* 3Xe
2 
+ Hg -~ Hg(6 P) + 2Xe

In Ar/Xe/Hg mixtures it was expected that the major pathway would be

* * 3Ar
2 

Xe -. Iig(7 S) .

In Ar/Hg mixtures the situation should be more complicated. All the excited

states of a tostic argon are sufficiently energetic to Penning ionized

mercury:
* +Ar + H g -” Hg + e + A r

The argon excimer levels lie just below the Hg ionization l imit in most of

the Franck-Condon reg ion. An unknown distribution of ions (Hg+) and high-

lying excited states (Hg ) is expected to result from energy transfer.
As discussed in the next subsection, the secondary electrons should also

* 3 3lead to substantial direct production of Hg in the 6 F, 7 S, and higher
levels.

The total energy deposition in Ar/Hg mixtures should be proportional
to the argon density (for Ar/Hg > 40). The resulting excited state pro-

+ * + *
duction (Ar +Ar +Hg +Hg ) should similarly be linear in Ar. For a
constant fluorescence yield, the integrated intensity should therefore be
a linear function of the argon density. The observed decrease of the

integrated intensity above 3 atm indicates that the fluorescence yield is
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decreasing quite rapidly, suggesting strong quenching or a reduction in

the efficiency with which Hg(7
3
S) is produced.

The Hg(7 3S) decay frequency appears to be a strong function of Hg

pressure, whereas the Ar pressure dependence is less pronounced . The

dependence on both pressures is complex and nonlinear . Also note that the

decay frequencies of 1 x io6 to 4 x io6 sec 1 
are 1 to 2 orders of magnitude

slower than for the Xe/Hg case [GHH75]. Originally it was hoped that the

proposed lower laser level [Hg(63P)] could be removed by formation of the
XeHg(63P) excimer. However, it appears that the observed decay times are

much longer than either the kinetic formation or radiative lifetime of

the Hg(7 3S) level , suggesting that the •radiation from the Hg(7 3S) level

may be strongly trapped. This makes interpretation of the fluorescence
yields ambiguous, but low pressure measurements indicate that the production

of Hg(7
3
S) is at least 30-507. of the excited rare gas production .

Role of Rare Gas Subexcitation Electrons in the
Excitation of Additives

In e-beam excitation of pure rare gases , the secondary electrons

generated by the fast primaries contribute most of their energy to ioniza-

tion and excitation of the rare gas atoms. However, as these secondaries,

tertiaries, etc., lose energy, they finally fall below the threshold for

excitation and can lose energy only by elastic collisions. Analysis of
the energy deposition processes in rare gases shows t.t~at the average energy

per electron that remains after the excitation is completed is between 5

and 6 eV in pure Ar, Kr, or Xe (Lo76]. If the electron density is low,

the nascent energy distribution of these subexcitation electrons will range

all the way from zero to the lowest excitation threshold. However, the
elastic collisions with the rare gas atoms will rapidly cool the electrons

toward an equilibrimu with the gas. At high enough electron densities,

where the electron—electron collisional energy exchange rate exceeds that

of the electron-atom cooling rate, the electrons will approach a Boltzmann
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distribution with their own temperature T
e 

and will cool as a gas toward

equilibrium with the a tomic gas. Under these conditions part of the tail

of the distribution function will be above the excitation threshold, and

energy will flow from the electron gas into electronic excitation. Thus,

some fraction of the subexcitation energy can be recovered at high electron 
- 

—

densities.

Under low level e-beam excitation of a host rare gas containing an

additive having substantially lower energy excited states (e.g., Ar/Hg),

substantial excitation of the additive may occur from the subexcitation

electrons of the host. For example , in an Ar /Hg mixture the average energy

of the Ar subexcitation electrons is 6.9 eV , which is well above the

threshold for excitation of the 3P~ levels of Hg. To estimate the magnitude

of this effect , we can compare the excitation rate of the additive to the

rate of energy loss of the electrons by elastic collisions. Obviously, a

more quantitative estimate requires a detailed analysis based on all the

elastic and inelastic interactions of the electrons with the gas mixture.

The point of the present discussion is simply to indicate the importance of

the additive excitation by the subexcitation electrons.

Consider , for example, the e-beain excitation of an Ar/Hg mixture where

Ar is the major constituent. Under conditions of low excitation density

where e-e energy exchange is slower than the elastic and inelastic processes,

we assume that the energy distribution of the Ar subexcitation electrons

is independent of energy between 0 eV and the Ar excitation threshold at

11.6 eV. In the range of energies above the Hg threshold at 5.0 eV, the

elastic energy loss raf-’ to Ar is approximately equal to the energy loss

due to Hg excitation at a density ratio of Hg/Ar of 10 ~~
. Thus for

Hg/Ar >> l0~~, about half of the subexcitation electron energy 
*(-

~ 
5.5N (eV) J will go toward Hg production. That means that (Hg ]

~
1
e ~[Ar *J where (Ar *] is the initially produced argon excited state

density due to the c-beam deposition. Obviously this is a substantial source
*of Hg density .
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Under high electron density conditions where e-e collisions will
*equilibrate the electron gas at its own temperature T

e~ 
Hg production

will still be substantial since kT is several eV and electrons removede
from the tail of the distribution are continuously replenished by the
c-c interactions. Thus this effect  cannot be neglected in the computational

codes used to predict laser performance of c—beam excited doped rare gases.

Febetron Gain/Absorption Measurements

To further explore the relative populations of the Hg(73S
1
) and

Hg(6 3P~ ) levels , we probed the transient gain/absorption over the 2-cm

path excited by the Febetron using a flashlamp-pumped dye laser (near
435.8 and 546.1 urn) and an argon-ion pumped cv dye laser (near 546.1 urn).

At low mercury pressures, the time evolution of the Hg excited state density

is slower than the flashlamp-pumped laser pulsewidth (—
~ 

200 nsec) . At

higher pressures , the scales are comparable. Absorption is clearly observed

at the atomic wavelengths, as illustrated by the time-integrated spectrum

shown in Figure 17, in Ar (8 atm) + Hg (10.5 torr) .

An attemp t was made to follow the time dependence of the absorption/

gain using the flashlamp-puxnped laser and a Tektronix R69l2 transient

digitizer in a split-beam experiment. Absorption was observed in the

neighborhood of line center. There were very tentative indications of gain

near 436.8 nm in Kr (2 atm) + Hg (100 torr). Unfortunately, signal
averaging techniques could not be used to improve the signal-to-noise

ratio because of the shot-to-shot variation of the amplitude of the laser

and of the time--synchronization with the Febetron. The timing problems

could be solved using the transient digitizer software but the shot-to-shot

fluctuations in the amplitude of the flashlatup-pumped dye laser signal
were significantly greater than the signal we were looking for .

A tunable cv dye laser was used briefly to investigate in the

neighborhood of the 546.1 nut line. These measurements were made with a

linewidth of about 0.5 ~~. The results again showed clear indication of
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absorption at the line center and on the red side of the atomic lines.

In the Kr/Hg the absorption was very narrow; in Ar/Hg the absorption was

somewhat broader.

Long Path Gain/Absorption Measurements

The Febetron gain measurements described above were inconclusive in

determining gain versus absorption in the red sidebands of these transitions

in either Ar/Hg or Kr/Hg , although the measurements clearly showed that the

atomic transitions themselves were not inverted. This diminished the

prospect for gain in the sidebands as well , but it was at that t ime quick

and straightforward to do definitive measurements using the 50-cm c-beam

apparatus at Maxwell.

Using a N -laser-pumped tunable dye laser, we probed for gain!
2 

*
absorption on the 5461 transition of Hg broadened by Ar and by Xe.

The rare-gas pressure was 2 to 3 atmospheres, and the Hg pressure was

5 torr in both cases . We found absorption in all cases , both during

and after the pulse. Results from Ar/Hg as a function of wavelength,

obtained during the pulse, are shown in Figure 18. Results at X — 5465

obtained during and after the trailing edge of the pulse are shown in

Figure 19. Somewhat surprisingly, strong absorption is seen to persist

for long times (> 1.5 p.5cc) after cessation of the pulse. For comparison,
*

an Hg emission history is shown in Figure 20, where the termination of

the c-beam pulse is indicated. This curve represents the total emission

at visible from the gas, but 5461 X emission was similar in profile. The

emission also persists for an unexpectedly long time 
~~decay 550 ns),

perhaps due to radiation trapping, but not as long, apparently, as the

absorption.

The absorption profile for Xe/Hg from 5459 to 5487 is shown in

Figure 21. This profile seems to indicate a second transition originating

• near 5471 ~ ; in addition, finite absorption occurs on the blue side of
the transition in contrast to the Ar/Hg case. Also, in contrast to the
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Ar/Hg case, the Xe/Hg emission history follows the current history, with

no afterglow. The bases of these auxiliary features are unknown, but it

is clear that the 73S -. 63P~ transitions in these rare-gas/mercury mixtures

do not constitute promising candidate laser systems.

Conclusions

While the detailed spectroscopy and kinetics of the rare-gas/mercury

excimers are incompletely understood, it is clear, at least under the

conditions examined, that the Hg(63P
3
) levels are removed more slowly than 

‘ -

they are populated by fluorescence. The results obtained have obviously

dampened our enthusiasm for the rare-gas/mercury excimers as laser

candidates. Nevertheless, we have learned a substantial amount about the

energy deposition and energy transfer processes in rare-gas/mercury

mixtures that will  be of considerable assistance in understanding the

energy flow in rare-gas/mercury-halide lasers.

I
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VII • MERCURY HALIDE LASER STUDIES

As laser candidates , the mercury halides have many features in coimnon

with the rare gas halides. The laser transition originates on the ionic

B
2
E + state (Hg+X

_
) and terminates on the weakly bound covalent ground state

The harpooning reactions

* *Hg +RX ’HgX +R

offer selective and efficient  production of the upper laser level [KJD75,
THO78bJ . The ion recoinbination channels

+ - *Hg
2 

+C1 --HgCl +Hg

should also be important.

Laser action has been demon8trated using electron-beam pumping of
* * *HgC1 and HgEr [Pa77]. Photolytic pumping of HgBr has also been accom-

plished [Sh77J . Most promising are the recent demonstrations of electron-

beam controlled discharge pumped RgCl [TH078b, Wh78) and HgBr* [Wh78J lasers.

We report here a series of preliminary experiments that led toward the
*

demonstration of c—beam controlled discharge pumped HgC1 • A reprint

of the paper describing the laser demonstration is included as

Appendix D.

HgX Fluorescence Studies

Spectra and fluorescence yields were investigated for a variety of

halogen-bearing compounds using our electron-accelerator facility described

above. This preliminary work emphasized the tdentification of favorable

gas mixtures for laser operation, especially when discharge pumped.
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Figure 22 shows the emission spectrum from HgBr taken with a mixture

of 1000 torr Ar , 8 torr Hg, and 0.8 torr Br 2. The emission spectrum

from }IgCl is shown, in Figure 23. For this spectrum the resolution was

20 ~ (note the Hg 557.0 and 579.0 inn lines on the right-hand side of the

figure) . The total pressure was 1000 torr Ar , with a chlorine density of

approximately 1 torr and a mercury density of 3 torr. Several excited

mercury atom lines are prominent in the figure, including the 253.7 nm

emission in second order. This spectrum was taken using the multiscalar

mode ; the strong Hg 546.1 nm line is folded over in the W~A memory due to

overflow. The HgC1 spec trum is dominated by a regular series of vibrational

bands, the strongest of which is the 0-22 band at 558.4 nm, followed by

0.21, etc. ,  proceeding toward the blue. These assignments are based on

the spectroscopic studies of Wieland [W60J . The separate peaks due to

• Cl
35 and Cl 37 are not resolved with our system . A etminary of HgCl spectro-

scopic constants taken from Wieland ’s paper [W601 is given in Table 7.

This spectrum should be compared with others previously discussed in the

literature (Pa77 J . In particular , we note that the spectrum is extremely

broad , with a half width of nearly 60 nm , much broader than those reported

previously. We clearly resolve more than 15 separate peaks , which appear

to be from specific vibrational transitions. Since the peak emission is

established as 0-22 , it appears that this molecule has a rather broad

Franck-Condon region. The width of the spectrum may suggest that the

upper state is not fully vibrationally relaxed prior to radiation, even
at 1000 torr of pressure . We would expect the spec t rum arising from an
unrelaxed upper state to be much less structured than was observed.

However , Djeu and Mazza [DM77] , in a recent study of the analogous HgBr

molecule , conc luded that they achieved full vibrational relaxation in the

upper state with only 5 torr of helium gas (in the afterglow of a discharge) .

Under our conditions , we have never seen emissions from the HgCl C

or D s tates near 265 nm and 290, respectively [Co38J . When significantly

- — - -5 —  - -5— -5
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Table 7

MOLECUlAR CONSTANTS FOR HgCl

(all values in cm 1
)

Molecule V U) W X  De e c c  o

35 *HgCl (X) 0 292.61 1.6025 8410

RgCl37
(X) 0 285.80 1.529 8410

HgCl35
(B) 23421 192.0 0.50 22680

HgCl37
(B) 23421 187.53 0.477 22680

Source: K Wieland (1160].
*WilCcmb and Bernstein [WB763 have reanalyzed

~~~~~~~~~~~ data and report a dissociation energy
of 8600 cm 1.

.3
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greater quantities of Cl
2 
are introduced into the cell, we see emission from

Cl
2 at 2570 , but this was not the case for the spectrum of Figure 23

where an excess of mercury was present. If we assume that all this emission

is due to HgCl (and not to some other source of background) and that all

the fluorescing upper state population is available for laser emission ,

we can compute the reduced stimulated emission cross section

— 8Ttc8X

where c is the velocity of light and X is the wavelength of peak intensity.

For this case , • 1.5 x 10
24 

cm
2 

sec. This is similar to the value of

1.8 x io
_24 

cm2 sec determined for the KrF laser, but much smaller than

that deduced by Park s under different excitation conditions using CCI
4 
as

an additive [Pall]. This discrepancy is due to the differences in the

width ~A of the observed spectrum in these experiments. The spectra we

-: observed from mixtures of Ar/Hg/Cd
4 

and from Ar/Hg/Xe/Cd 4, using gas

mixtures that were similar to those that Parks used, did not dif fe r

quantitatively from the spectrum just described.

By adjusting the rate at which the chlorine additive was flowing , we

attempted to optimize the emission intensity for various mixtures. Following

our previous practice in higher current Febetron 706 studies, we used a

mixture of argon with 57. N~ to provide a standard emission in the second

positive C( 3fl) -. B(3fl) system. Several optimized mixtures were compared;

the results are shown in Table 8. These data are as yet incomplete. We

have not varied the total pressure , and our total pressure is substantially

lower than that used by Parks [Pall] . The range of xenon pressures explored

is also limited.

Even with the flowing system , we noted a significant accumulation of

a crystallin, deposit in the cooler regions of the cell and related tubule-

tion. Under idea l operating conditions, this accumulation was confine d

.4
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Table 8

C~ 1PARISON OF FLUORESCENCE INTENSITIES

Optimum Pressures (torr)Normalized Argon — 1000 torrEmission

_________________________ 
Intensity Xenon Hg torr RC1

Argon/mercury/Cl 2 5-7 -- 5 3-5
Argon/mercury/Cd

4 
I -- 5 0.1 ± 0.3

Argon/xenon/mercury/Cd 4 3-4 3-10 3/4

Argon/57. nitrogen I

I

.,
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predominantly to the large volume trap downstream from the cell. With

less ideal conditions , this deposit would clog needle valves and other

parts of the apparatus. We concluded that this deposit contained signifi-

cant fractions of Hg2Cl 2 (calomol) and also HgCl2 . This suggested the

study of the emissions from the vapor over heated solid Hg
2
Cl
2 
in an

argon buffer .  We placed about 1 g of Hg2dl 2 in the target cell near, but

not on, the entrance foil for the electron beam. Argon gas was flowed

through the cell at a rate comparable to that used previously. We noted

an intense Hgd I emission spectrum similar to that in Figure 23, including
*

the prominent Hg lines. This spectrum was observed at relatively high

temperatures (above 225°C) and its intensity increased monotonically with

increasing temperature. Due to materials limitations (Viton gaskets)

we did not exceed 275°C. At that temperature the integrated (total)

intensity was greater than that observed with the Hg/Xe/CC1
4 
combination,

but had not been optimized. Studies on this system are being continued.

For these low current studies , the peak electron and ion densities

are substantially lower than for high current laser pumping conditions

(1012 cm 3 versus 1014 
to 1015 

cm
3
). Because of the time necessary for

neutralization, our studies discriminate against ion-ion neutralization

channel and favor neutral channel processes significantly. These processes

may include transfer from excited argon

* *Ar + H g~~~Hg +Ar

* *Hg + C l 2 -’ HgCl + C l

or 

* *Ar + HgCl2 -’- RgCl + C l + A r

and they may also inc lude direc t electron pumping of the additive species
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*e + R g  Hg + e

* *Hg + Cl
2 

-‘ RgCl + Cl

or

*e+HgC1
2 

-. IlgCl + C l + e

Long Path Gain and Fluorescence Measurements

The majority of the experiments performed in the SRI cell and flow

system concerned the electron-beam and discharge pumping of mercury chloride

lasers. The gain and fluorescence yields were studied in Ar/Xe/Hg/CC1
4

mixtures. The complexity of the energy flow was established and the
*essential role of XeCl identified.

An extensive series of experiments was also carried out with Ar/Hg/Cl
2

mixtures with both pure c-beam pumping and with e-beam sustained discharge
*pumping. This work led to demonstration of a discharged-pumped HgC1 laser

at MLI , as well as the quantitative measurements of the gain profile of

the 5576 band . That work is reported separately in Appendix D.
*

Experiments in gas mixtures leading to HgCl emission (e.g., Ar/Xe/Rg/RC1)
are dominated by gas-phase or surface reactions between ground-state Hg

and the Cl donor, either CCI
4 
or Cl

2
. Recent work by Dr. Ken Tang at

MLI [ Tall] indicates that these reactions are rapid enough that the com-

position of the gas mixture can change as it flows down the test cell.

This problem appeared in experiments both at SRI and at NLI, as manifes ted

by powder deposits and by nonrepeatability of results. It was minimized

insofar as possible by mixing the reactants as close to the entrance to the

teat cell as possible , and , in the MLI experiment., by flowing the gas

through the cell as rapidly as possible . Nevertheless , we cannot be

confident of the concsntration or distribution of the variou s initial

con.t i tu nt. •r reacti on priduets In the test ce ll .  Thus , the r.sult s

pI... ,ted her. ~~~~~~.t be *.sa I~ . r 4  cc ph~iii~~~epl. I.c1 see , Ia ,arttrelat ,

I,

--- - --5 ---- - -5 -5.4
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we cannot at this time describe the variation of observables with changes

in test parameters.

The results presented here were obtained at total pressures between

2 and 3 atmospheres, consisting mostly of Ar. The cell temperature was

200°C, and the Hg and Cd
4 
reservoirs were held at l80°-200°C and 0°C,

respectively. Ar was flowed through the Hg reservoir at 400-1200 scc/rn ,

and Xe or Ar through the CC14 reservoir at 10-20 sccm. If it is assumed

that Hg and Cd
4 

vapors saturate the rare gas streams, then their partial

pressures prior to reaction would be 10-20 torr and 0.3-1.5 torr, respec-

tively. This is probably accurate for CCI
4 
but not for Hg, where a recent

calibration at MLI shows some departure from saturation for the highest

Ar flow rates used here, perhaps by a factor of two. Xenon partial

pressures were in the range of 0 to 100 torr.

Our initial measurement was of the gain profile of the

HgCl(B-.X , v’ — 0  -. v” — 22) transition, which has its bandhead at 5576

for Ar/Xe/Hg/CC1
4 
mixtures. The results, which show average gains of

~ 0.3%/cm from 5576 to 5595 ~~ , are shown in Figure 24. The dips in the

gain profile at 5583 and 5588 ~ may be due to Xe absorptions , since more

recent measurements at MLI in Ar/Hg/Cl 2 mixtures do not exhibit such

features. Single pass gains were 15%/cm , indicating that it would be

straightforward to achieve lasing under these conditions .

Spectral studies of the fluorescence from this gas mixture showed

* * * *fluorescence from Hg , Cl ,, , HgC1 , and XeC1 depending on conditions,
* 

£

with the XeCl emission being the strongest feature under most conditions.

Quantitative side light fluorescence measurements were made using filters

* *to separate the XeCl emiss ion (~- 3080 ~~
) from the RgCL emission

(> 5000 
~~

) .  Preli minary photon yields for the two emissions as a function

of Hg partial  pressure (ass~~ iug saturated Hg flow) are pre sented in

Figu re 2~ ~r i a l l t n g  the unce rt ai ntie s ~f flu~r.s~..nc. y ields deacribed
a

I. the .‘,ttme em ~~~~ t s*.I .r~ ’cedimv.. u~~ø’vs~ • ~~ •.i tha t the HSC 1
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*fluorescence yield decreases by 1.5% while the HgC1 increases to
*370 as Hg concentration increases. This suggests that HgC1 excitation

may not occur solely by excitation or charge transfer from Xe+ as suggested

by Parks [Pall]:

+ - *Xe +Cl +M-’ XeCl +M

+ +
Xe +Hg -’Xe + Hg

+ - *Hg +C1 + 14-HgC1 +M

*A possible alternative is direct excitation of Hg metastables by secondary

electrons in the plasma, followed by reaction:

*4 H g + e- H g  +e

* *Hg + Cd
4 

— HgC1 + Cd
3

*As noted, the XeC1 emission was quite bright, and we readily achieved

laser action at 3080 ~~~. From a careful comparison of the ptmip pulse shape

and the laser intensity history, we deduced a laser ring-up time of

100 nsec. From the approximation g ct ~ 20, we conclude that the
3 

0 ring-up
gain was g 7 x 10 /cm. From the further approximations

A *
g - ~~~~~~ N

and

pump

we can deduce a fluorescence yield (FY) of 7%. This is somewhat higher

than, but in reasonable agreement with, the values in Figure 25. Like-

wise, the gains for HgCl shown in Figure 24 give a fluorescence yield of

-~67.. 
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Conclusions

Demonstration of electron-beam controlled discharge pumping of a
*HgCl laser represents a significant advance. The favorable energy level

structure in atomic mercury suggests that this laser can be quite efficient.

To date the laser output has been modest.

Our kinetics work described above led to the choice of Ar/Hg/Cl
2 

as

the laser mixture. Subsequent work has suggested that under the rather

slow flow conditions used in the laser demonstration, the Cl2 was probably

all consumed before excitation by reaction with ground state Hg. The

actual gas composition may have been Ar/Hg/HgCl
2 
or possibly Ar/Rg/Hg

2
Cl
2
.

Continued study of fast-flow Ar/Hg/Cl
2 
is clearly in order.
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VIII XeF KINETICS

The XeF laser, operating at 351 and 353 nm, has the longest wavelength

of any of the rare gas halide lasers. In electron-beam pumped Ne/Xe/NF
3

mixtures, substantial output energies have been obtained at reasonable

efficiencies [H’r77). However, the efficiencies are well below the

theoretical maximum of 13% based on the ratio of the 3.5 eV XeF photon to

the 27 eV primary excitation energy in neon. Before the eventual effi-

ciency and scaling potential can be assessed , three major kinetics issues

must be carefully considered: (1) characterization of the kinetic input

chain, (2) quenching and the role of the 460 nm emission band , and (3)

removal of the bound lower laser level. To date these issues have been

only partially addressed.

Input Chain Kinetics

The original work on e—beam excited XeF was done in Ar/Xe/NP
3

mixtures. The advantage of Ne/Xe/NF
3 
is apparently due to the reduction

in transient absorptions , probably mostly by Ar
2~. 

The energy flow

sequence in Ar/Xe/NP
3 
apparently resembles that of Ar/Kr/F

2
, except that

the Ar and Ar
2 

+ Xe reactions are much more rapid than the corresponding

Ar* or Ar
2
* 

+ Kr reactions. Previously, the chain of reactions leading

to XeF in Ne/Xe/NF
3 
was quite poorly characterized.

Our studies of the XeF t~put chain have identified the following as

the most important energy flow pathways:
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I

+ + * + *electrons Ne -, Ne
2 — NeF -. Xe — XeF

* + *electrons — Ne -. Xe — XeF
+ *electrons — Xe -. XeF

* *electrons -. Xe -, XeF

These reactions are illustrated schematically in Figure 26 and listed

in Table 9.

We believe that these four input chains contribute about equally
*to the XeF production, but no quantitative assessment has been made.

It appears that substantial production of Xe
+ and Xe* should result

from collisions of the hot secondary electrons with Xe (see the discussion

of subexcitation electrons above). The competition is excitation and

elastic electron cooling in e—Ne collisions, and inelastic e-NP
3

collisions. Preliminary calculations show that the relative direct
+ * + *production of Ne , Ne , Xe , and Xe is 10:3:1:4. This issue needs to

*be understood in detail before the maximum XeF production efficiency

can be determined.

To characterize the important neutral reactions, we have begun

time-decay studies of the Ne* and F* reactions studied by laser

absorption and the F
2
* reactions studied by fluorescence near 158 inn.

Our preliminary results on the Ne reactions are in good agreement

with those of Setser [Sel7b , ZKS78]. The major unexplored neutral
*reactions are those of NeF , especially the competition of fluorescence

*and predissociation to F • We plan calculations to address this issue.
*The NeF reactions will be quite difficult to study experimentally.
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FIGURE 26 MAJOR ENERGY FLOW PATHWAYS IN E-BEAM
PUMPED Ne/X.INF3 MIXTURES

Energy input from the electrons comes in along the
pump arrows. The specie in each box, plus the
component along th. reaction arrow, yields the result
in the next box. The wavelengths of the emitting
species are indicated. They may be subject to

• quenching by NP3 or Xe (not shown). NeF is
prssumed to pr dlusociate.
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Table 9

MAJOR INPUT CHAIN REACTIONS IN Ne/Xe/NP
3 

MIXTURES

Rate Cost ficient

Reaction (cI.’3ao1.cul.’1aec
1, •tc.) R.t.r.nce

Neon Ion Reaction.

1. Ne’ + 2W. - N.3
’ + We 4.5 x 10 32 

0r73

2. + N. 5 x 10
_jo 

Analogy

3 N.’ + Xe -’Xs’+Ne < 10 14

+ — * -S
4. N. + F (+ N) -. ReF (+ N) 10 Analogy

+ * —S5. we2 + . — N. + N. 4 x 10 at 1 •V

6. Ne2
’ + N?

3 — NP + The 5 x 10
_j o 

Ana logy

7. We
2: 

+ 
I: 

X.~~+ 2W . <

8. Ne2 + F - N.? + N~ 10 Analogy

Excited Neon Reaction.
* * ~349, Ne + The -. We + Ne S x 10 Ph59

4 
—344.1 + 0.4 x 10 Measured

5.4 x 10~~~ LCLT$

* * —1010. Ne + N?3 — NsF + N?2 1.05 + 0,05 z 10 Measured

7 .8 £ 10 11 Se7lb,BUI8

* + —1111. Ne + Xe — Xe + Ne + a 7 x 10 0177

7.5 ± 1.0 x l0”~ Measured

7.4 x i0~~~ 8e7Th ,BX57$

* C
12.. N.2 + NP3 NeT + N?2 + Ne —1 1

* . 
5 x 10 Analogy

12b. We2 + N F 3 — W . 2F ‘~~NF2
a + — 1113. Ne2 + X e-. Xe + 2 N e + e  7.S x lO Analogy

14. Ne2 ~ by (85 n.) + The 2 x 1O~-$ x l0~ LEH73 ,Lo16

Naon Fluoride Reactions
a

15. N•F -. by (107 na) + We + F 4.2 x 10 ~~R77

* *16. Ne? - N e + P  2 x 1 0  Oueaaed

17, 1 P  + — P oduet. l0”
~~ Gu .ed

1$. Ne? + Xe — Xe + F + N. 1O~~~ Guessed

* * a1L N.? •2 W • -.1e2? + N e  10 Analogy

HI 
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Table 9 ( Continued )

Rate Co.ffici.nt

Reaction (ci. 3
.olecule 1.ec 1, etc.) R. erence

Fluorine Reactions
a a

20. P + NP3 -. + 1572 2.5 ± 0.1 x 10 Measured

* + -1021. F + Xe — Xe + F + e 3.1 ± 0.1 x 10 Measured

* * —3522. F + 2)Ie~~~NeF +N e < S x l O  Measured

* 423. F — by (97 n.) + P — 10 BC76
< 5 x 10~ Meaaured

* 724. F
2 

— by (158 ii.) + F2 2 x 10 Measured

* * —1025. + Xe — Xe? + F 1.3 ± 0.2 x 10 Measured
— 

* -1026, F
2 + 1573 — products 3.8 ± 0.3 x 10 Measured

Xenon Ion Reactions

27 Xe~
’ + Xe + Ne — Xe2

’ + Ne 1.5 x io~
3l 

Analogy

• 28. Xe~ + F (+ N) — XeF~ (+ H) 10 Analogy

29. X.~ + e Xe~ + Xe 2 x 10 ’7 at 1 cv 5970

30. Xe2
’ + F — XeF* + Xe l0’~ Analogy

Excited Xenon Reactions
* a —3231, Xe + Xe + Ne — Xe

2 
+ Ne 1.6 ~ 0.1 x 10 Measured

* * —1 132. Xe + N P3 XeP + N P 2 9 x 1 0 VXSI6

32a. Xe3 + 15F~ — XeP + NP~ + Xe 
—11

5 x 10 Analogy
33b. Xe2 +N?3 2 X e + P + N 7 2

34 ~~~~~~~~~~~~~~~~~~~~~~~ 107_2 1108
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Some of the important ion reactions are under study in our laboratory

and in Biondi’s at Pittsburgh. Johnson et al. EJr~ 78] have confirmed the

predicted slowness of the charge exchange of Ne
2~ 

with Xe, Perhaps the

most important uncharacterized ion reactions are the interception reactions

of Ne
+ 

and Ne
2~
’ with NF

3
. We hope to characterize some of these reactions

by monitoring Ne
2
+ 
by absorption and by its electron recoinbination product

Ne • It will be necessary for these reactions to be studied in a flowing

afterglow such as that used by Biondi.

Neon Ion Reactions

Because the major portion of the deposited excitation begins as atomic

neon ions, the rates of the reactions of neon atomic and molecular ions

must be understood in some detail. In a Ne/Xe/NF
3 
mixture the major

reactions of Ne
+ 

are

Ne
+ 

+ 2Ne — Ne 
+ 

+ Ne

Ne~~+ NF3 
-. NF3~ + Ne

Ne + X e -X e  +Ne
+ — *Ne + F (+ M) — NeF (+M)

The three—body association reaction to form Ne
2
+ 

has been studied by

Vitols and Oskam {VO72] and Orient [0r73], who found rate coefficients of

4.4 x io 32 
cm
6 

sec~~ and 4.8 x ~o
..32 

cm
6 

sec ’, respectively. The charge

transfer reaction of Ne
+ 

has been recently studied by Johnson et al.

[J~sB78] and found to be quite slow. We have been unable to find a
+

measurement of the rate reaction of Ne + NP
3
, and we have chosen a rate

coefficient of 5 x l0~~~ cm
3
sec ~ in analogy with the rates observed for

charge transfer to other polyatomic inoleculos [BAM7OJ For the recombi-

nation of Ne’ with F , we have chosen the pressure—saturated effective
1

two—body rate coefficient of 10 cm sec that is now the conventional

L 

value for all rare—gas—cation halide—anion recombinetions It is assumed

IL 
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*
that the product NeF is obtained with unit branching ratio. The subse-

*quent predissociation to Ne + F is described below.

The reactions of Ne
2
+ with a number of atoms and molecules have been

studied. Unfortunately these studies have not Included NF3 
or Xe. The

dissociative recombination

+ **Ne
2 

+ e - N e  +Ne

has been described In the review of Bardsley and Biondi [BB7O}. The value

included in Table 9 is that for an electron temperature of 1 eV. Bohine

et al. [BAM7O] studied the charge transfer reactions of Ne2
4 
with a

variety of molecular species and with atomic argon and krypton. They

found that charge transfer to molecules was rapid , with rate coefficients

of 5 x iø~~~ cm
3
sec ~ or larger. In analogy we have chosen this value

for the reaction

+ +Ne2 + NF3 
-. NF3 + 2Ne

The reaction of Ne2
4 with rare gas atoms appears to be unu sually slow,

probably impeded by the large amount of energy that must be converted into

translational energy. We have chosen the value of io
l3 cm3

sec 
1 for the

reaction with xenon :

Ne
2
+ 
+ Xe — Xe

4 
+ 2Ne

which is likely to be an upper limit considering the upper limits of

5 x 1Q
13 

cm
3
sec~~ and 5 x ~~~~ cm

3
sec ~ found for Ar and Kr, respectively

[BAPCO]. Recent work of Johnson et al. tJ~B78] also suggests l0
13 

cm
3
sec~~

as an upper limit. The ionic recombination

+ - *Ne
2 

+F -‘NeF +Ne

ig chosen to have the conventional rate coefficient of io
6 

cm
3
sec~~.
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Excited Neon Reactions

*Until recently the reactions of Ne were less well characterized than

the corresponding reactions of the heavier rare gases. The three—body

association reaction

Ne + 2Ne — Ne
2 

+ Ne

has been studied previously by Phelps [Ph59J and Leichner et al. {LcL763.
—34 6 —l —34 6 —1They found rate coefficients of 5 x 10 cm sec and 5.4 x 10 cm sec
*3respectively, for the reactions of Ne ( P

2
). Our laser absorption measure-

ments give a preliminary value of 4.1 ± 0.4 x l0~~~ cm
6

sec 
1 
for the

*3reaction of Ne ( P
2
), as illustrated in Figure 27. For the harpooning

reaction

Ne + NF
3 

-. NeF + NF
2

Setser [Se77b , BK78] has recently reported a rate coefficient of 7;8 x

cm sec • We have measured a value of 1.05 ± 0.05 x 10 cm sec • The
*branching ratio to produce NeF is unknown. Before the Penning ionization

reaction

* +
Ne +Xe -’Xe + N e + e

has been characterized experimentally, Olson [0177) had provided an
—11 3 —1

estimate of 7 x 10 cm sec using a scaling rule IBDK68J based on the
*polarizabilities and the rate for the analogous reaction involving He

11SF74). Setser {Se77b ,BKS78) has found a value of 7.4 x io~’~ cm
3
sec~~,

—11 3 —l
while our measurements yield 7.5 ± 1 x 10 cm sec • We have also

*3followed the reaction of Ne ( P,) with F2 
and find a rate coefficient of

—10 3 -1 —10 3 —l
5.3 + 0.5 x 10 cm sec ; Setser’s work gave 4.14 x 10 cm sec

The reaction of Ne with NF3 could produce either NeF or Ne
2F

100



16 I I I
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FIGURE 27 Ne (3P2 ) DECAY FREQUENCY VERSUS THE SQUARE OF
THE NEON PRESSURE
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*
-.NeF +NF i- Ne

* 2Ne
2 

-~-NF3 *Ne
2
F +NF

2

or a variety of other energetically accessible products. We have chosen

the rate coefficient to have the value of 5 x 10
11 

cm
3
sec~~ in analogy

with the corresponding reactions of Ar and Kr [NHL76]. The rate

coefficient for the reaction

* +
Ne
2 

+ Xe Xe + 2Ne +

*is chosen to be the same as that for the corresponding reaction of Ne
*described above. The radiation of Ne
2 

has been studied theoretically

(LEH73,SC74b,Lo76] and expreimentally [Le73J . Einstein coefficients

of 2 x l0~ sec and 3 x 10
8 sec~~ were found for the metastable Ne2

*

* + U
and the rapidly radiating Ne

2 
(0 ), respectively. Under the moderate

electron density and temperature conditions expected, rapid mixing by

electron collisions may make the average transition rate of 8 x 1O
7 sec 1

more appropriate. The unknown extent to which the electrons are cooled

by collisions with NP
3 
makes the choice ambiguous.

Neon Fluoride Reactions

*A fundamental aspect of the proposed XeF input reaction chain is the

* *production of F through predissociation of NeF • Electronic structure

calculations at Livermore [~BR77) and Los Alainos [DH77] have shown that
* *4the minimum in the NeF lies only 1.1 eV below Ne + F ( P

512
) and 1.4 eV

*2 *below Ne + F ( P
3,,2
), as illustrated schematically in Figure 28. NeF

• + — + — *• produced in the reactions Ne + F + M, Ne
2 

+ F , or Ne + NP
3 

should

initially contain several electron volts of vibrational energy. During

the vibrational relaxation down to v’=0, passage through the curve

crossings shown in Figure 28 should lead predominantly to predissociation

1:2



r --  ~~~~~~~~~~~~~~ - -. - —• •

18 I I I I I
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FIGURE 28 NeF POTENTIAL CURVES
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* 2  * 4  *to F ( P) and F ( P) and to the several other F + Ne levels that are also

below the Ne
4 
+ F dissociation limit. The only previous experimental

study of the NeF fluorescence and predissociation is that of Rice et al.

[ai77,RR’W77]. They found that electron beam excitation of Ne/F2 mixtures
*led to some NeF emission near 108 nm, but that the major emitter was

The F
2 

is presumably produced by the reaction scheme

* *NeF -‘ N e + F

F + F 2 -’F 2 + F

*The only kinetic parameter of NeF that has been determined to date is

its radiative lifetime, which Winter et al. [wB R77) calculated to be

2.4 ns. In the absence of any other inforontion, we have guessed that 80%

of the NeF* predissociates. The reactions of NeF with NF
3, 

Xe, and Ne

listed in Table 9 are also guesses, but even if larger values are

assumed, these reactions are probably unimportant compared with the

predissociation.

Fluorine Reactions

* 4  *To our knowledge, the previous øtudies of F ( P5,,2
) and F

2 
(158 nm)

are limited to the work of Bemand and Clyne [BC73 ,BC76} and Rice et al.

[Ri77 ,RHW77), respectively. Bemand and d yne estimated a radiative life—
*4 *

time of 100 ~.&sec for F ( P512
), while Rice et al. characterized the F2

fluorescence spectrum and demonstrated laser action. We report here the

preliminary results of our studies of the reactions of F and F
2 

wi th

Ne , Xe, F2, and NF3, 
and the F

2 
radiative lifetime.

The decay of the lowest of the Rydberg states of atomic fluorine,
• *4F ( P512), was monitored by absorption of 624 nra radiation from a cw dyeF 

*4 *4
laser. The transition has been assigned to F ( P

5,2
) — F ( S

3,,2
). Some

• 
~~ • care was taken to ensure that the observed F decay was representative of

its collisional and radiative destruction, rather than some precursor

7 
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*reaction. The F population is presumed to arise in part from direct

dissociative excitation of F
2 
or NP

3 
and in part from predissociation of

* * +NeF • The major precursor of NeF is Ne
2 with some contribution from

* * +
• Ne • The decay of F is always slower than that deduced for Ne

2 , 
and

pressure dependence is substantially different from that of Ne • Van -
*• ation of the neon pressure yielded imperceptible change in the F decay

*frequency, while the decay of Ne increased as shown in Figure 27. The

F decay frequency increased linearly with added NF
3 
or added Xe, as

shown in Figures 29 and 30, yielding the rate coefficients:

• * * —10 3 —lF + NP
3 

F~ + NP
2 
? k = 2,5 ± 0.1 x 10 cm sec

F + X e ’Xe ’+ F + e  k = 3 .1+O .l x lO
10

cm
3
sec

1

That F
2 

is the major product of the reaction with NF
3 

is only a supposi-

tion. Similar variation of the F
2 
pressure (not shown) gave a rate

*coefficient for reaction with F
2 

(again presumably to give F
2 
) of 5.1 ±

0.3 x io
lO 

cm
3
sec ~ , with a zero pressure intercept less than 5 x lO

5
sec

1
,

This is consistent with the estimate of 100 ~sec for the radiative life-

time [BC76).

The decay of F
2 

was monitored directly by its fluorescence near

158 nra. Little change in the time dependence resulted from change in the

neon pressure from 1 to 5 atm. The variation in the decay frequency with

added NF
3 

and Xe is shown in Figures 31 and 32, leading to rate coeffi-

cients:

* —10 3 —l
F
2 

+ NF
3 

— products k = 3.8 ± 0.3 x 10 cm sec

F
2
* + Xe — XeF + F ? k = 1.3 

~ 
0.2 x io

_l0 
cm
3
sec ’ •

The rate coefficient for quenching by F
2 
was found to be 3.5 ± 0.2 x io

l0

cm
3
sec

1
. By extrapolation to zero F

2 
or NF

3 
pressure, we deduced a

radiative lifetime of 40 ± ~ ma,
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Excited Xenon Reactions

* *The reaction of Xe to form Xe 2 
in a neon buffer  had not previously

been investigated. We have monitored the decay of the Xe
2 

radiation in

e-beam excited Ne/Xe mixtures, and found the rate coefficient of

1.6 ± 0.1 x io 32 
cni
6
sec ’ for the three—body reaction

Xe + Xe + Ne - Xe
2 

+ Ne

*No evidence was found for formation of XeNe by

* *Xe + 2Ne -. XeNe + Ne

Velazco et al. [vKs76] have previously studied the reaction of Xe with

NF
3

; their rate coefficient of 9 x 10
_li 

cm
3
sec 

1 
is included in Table 9

The reaction rate coefficient for Xe2 + NF
3 

is chosen in analogy with

that  for Ar2 and Kr
2 

measured previously [NHL76]. The radiat ion of

Xe
2 

has been analyzed previously [LEH73]

XeF Quenching, Fluorescence Yields, and the Role of the 460—nm Band

The quenching of XeF by Ar , Xe, F2, 
and NP

3 
was recognized early as

an essential aspect of choosing the laser operating pressures. It is
*

appa rentl y the quenching of XeF by Xe that limits the xenon pressure to

the 5—10 torr range , while two- and three-body quenching by Ar or Ne

limits the total gas pressure to 1—2 atm or 3—5 atm , respectively. Several
*laboratories have recently been studying the quenching of XeF by various

gases. The techniques being used vary from quenching of the cw emission

produced by energy transfer reactions in a flowing afterglow [ BSD77] , to

quenching of laser—induced fluorescence out of ground state state XeF

• produced by flash photolysis C~~78,cF78] , to quenching of the cw emission
produced by ion—ion recombination in electron—beam excited Ar/Xe/NF

3
mixtures tRJM77c), to quenching of the transient XeF produced by photo-

dissociation of XeP
2 
[BS77 ,EW77]. Our own analysis of the XeF quenching
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is incomplete , and we will  postpone a detailed discussion to a later

report.

*A curious and little explored aspect of the XeF fluorescence is

the broad band emission feature near 460 nm. Our early analysis in

Ar/Xe/F mixtures suggested that the feature might be due to ArXeF .

However, a similar feature also appears in He/Xe/NF
3 

and Ne/Xe/NF
3
. It

now appears likely that the 460 nra emission arises from the XeF* (Ce)

level, which is calculated [DH77] to lie very close to the upper laser

level XeF (Ba), radiating to the repulsive XeF(A~) level, in agreement

with the original assignment of Brau and Ewing [BE75a]. The lifetime for

the B~ level is 15 
~ 

3 nsec f rom an average of the various experimental

and theoretical determinations. The calculated l ifetime for the C~ leve l

is 113 nsec [DH77] , while crude experimental estimates range from 50 to

100 nsec [FC77 ,1111N771. There is some evidence for a dependence of the

band shape on xenon pressure , suggesting that Xe 2F may contribute as well.

The majo r uncertainty in our understanding of the XeF fluorescence

behavior is the relative radiative output in the 351—3 and 460 nm bands.

By this we refer to the time and wavelength integrated emission intensi-

ties of the two bands. Under Febetron 706 or low—current—accelerator

excitation , we observe that the ratio of the visible/uv—bands of approxi-

mately 3 ± 1 at pressures of neon or argon from 1—5 atmospheres. Under

medium current (2 A cm 1) long pulse (1 IL sec) excitat ion , on the other

ha nd , the visible/uv ratio varies fro m 1:5 to 1:1 under the same change

of background gas pressure . Most surprisingly, the calibrated fluorescence

yields are found to add up to approximately 100% under all excitation

conditions at low pressure.
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The most plausible explanation we have been able to find involves

collisional mixing of the B~ and C~ levels by electrons. We suppose that

the c3 is actually the lower of the two levels, lying perhaps 1000 cm 1 
- •

below the B4. The theoretical calculations to date [DH77] would not

resolve this issue. We further suppose that the quenching of the B~

level, as studied by other workers, results in large part in production

of the C3 level. Of course, the initial relative production of the B~

and C~ levels is unknown. Finally, we suppose that the collisional

electron mixing

XeF (B~~) + e ~~ XeF (C.~) + e

is rapid, in analogy with the rare gas excimers [1.076].

Under the actual experimental conditions used , a major difference

will be the electron density. In the Febetron case the observations were

made well into the afterglow (more than 30 nsec of the 2—nsec excitation

pulse) by which time most of the electrons would have been consumed by

dissociative attachment. Hence under all conditions we might expect at

least as much light in the 460 nra band since the C~ level lies lower in

energy and is presumably populated statistically with respect to the B4

level. Under excitron excitation , however, the electron density remains

high ~ 10
14 

cm
3
) throughout the l-~.&sec excitation pulse. At the lowest

pressures, the electrons should keep equal populations in the B~ and C~

levels. Under these conditions, the uv emissions should be favored by

the ratio of the Einstein coefficients , uv/visible 3/1 to 7/1. At

• higher pressures the electron mixing must compete with the rapid collisional

relaxation

XeF (B~) + Ne -, XeF (C3) + Ne ,

leading to a rapid decrease in the uv emission as the pressure is increased.
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Wh4 le this analysis is at present tenta t ive, it is clear that  the

460 nra band and the C.~ state must play an important role in our
*understanding of the XeF fluorescence kinetics.

XeF Lower Level Removal

The ground state of XeF, called ~~~~ has an attractive potential

(D
e ~ 

1150 cm
1
) that supports 10 or 11 bound vibrational levels [Te76 ,

SK77J. The XeF laser operates on bound—to—bound transitions terminating

on various of the vibrational levels of the ground state. Band origins

calculated from the spectroscopic constants determined by Tellinghuisen

[Te76] suggest the following identifications:

XeF Laser Transitions

3490 ~ v’= 0 -, v” = 1

3512 ~ v~~ 0 — v” = 2

3513 v’= 1 v” = 4

3533~~ v’=0- . v” = 3

Concern exists about the rate of removal of the lower laser level . Vibra-

tional relaxation in the lower level is insuffic~.ent to adequately deplete

the population since the low vibrational spacing 
~~e 

= 226 cm
1
) leads to

the estimates that 9.6% and 4.4% of the ground state molecules will be in

v ” = 2 and v” = 3, respectively, at room temperature.

The only hope for sustained laser action is therefore that the ground

state vibrational manifold must be depleted by dissociation induced by

collisions with the background rare gas. Calculation of the rates of

collision—induced dissociation is a complicated task with an extensive

literature.

A first step is the celcuation of the thermal equilibrium between

XeF bound in vibrational levels of the ground electronic state and free

xenon and fluorine atoms. It is important to establish that the free
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p
xenon and fluorine atoms do not produce ground state XeF by three—body

recombination , Xe + F + M -. XeF + M, faster than it is dissociated by gas

collisions,

X e F + M - . X e + F + M

• Such a calculation (see Appendix C) gives the following result . We assume

• that, by the end of a 1-1&sec pumping pulse in Ne/Xe/NF 3, approximately

2 x 10
16 

F atoms have been produced per cm
3
. If the XeF(X

2
E1~ ) and

2 ~ v ”=2
XeF(X E 

+
) populations were in thermal equilibrium at room temperature

~ v ”=3
wi th that density of F atoms , a t 6 torr of Xe , then

XeF (X 2
Z ~) = 8 x ~o1l cm

3

~ v ”=2
2 +  11 —3

XeF (X E1 ) = 4 x 10 cm
~

Usi ng a 3 x io
_ 16 

cm
2 absorption cross section , thi s leads to only

2 x 10 cm 1 and 1 x 10 cm 1 absorption at 351 and 353 nm , respectively,

probably negligible in comparison with the othe r absorptions in the laser

medium. One can therefore conclude that  the crucial kinetic parameter

fo r avoiding bottlenecking is the rate of collision—induced dissociation.
• A crude calculation of the collision—induced dissociation rate

coefficient was made using a master equation approach . The lower levels

of the XeF lase r (v ”=2 for the 351 nra and v ”=3 for the 353 nra t ransit ions,

respectively) lie s low in the ground state potential as to make improb-

able dissociation in a single collision with the background rare gas.

While direct dissociation of the lower levels will make some contribution,

the dominant process will most likely be rapid dissociation of the higher

few levels within k’I of the top and slower repopulation of the higher

levels by “ladder climbing” from v” =O , 1, 2, and 3.

• To describe the time evaluation of the vibrational distribution , we

need to estimate the vibrational excitation and deexcitation rate coeffi-

cients from each level to all the others. In addition , we must estimate
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the direct dissociation rate coefficient for each vibrational level.

The ~v dependence of the energy transfer cross sections was calculated

by a perturbation technique similar to that used by Kurzel and Steinfeld

{K870] to describe vibrational excitation and deexcitation in I .  The

rate coefficients are taken to have the form

2
k = Q ~V for f < i

= exp[
~~

E f~
/
~~) f >  i

• where V
f1 

is the matrix elements of the repulsive rare—gas/diatomic

interaction potenti’~i between the ini t ia l  and f inal  vibrational wave

• functions, and Q is a constant to be chosen to give re a sonable values

when f—i = ± 1. Following the work of Mahan [Ma70] and Kurzel and

Steinfeld [Ks70], we have used an exponential repulsive interaction using

the combination rules of Abrahamson [Ab69]. To describe the vibrational

levels, we derived Morse oscillator wave functions from the spectroscopic

constants [Te76].

In common with the work of Steinfeld and colleagues [KS7O ,SK65], the

matrix elements were well approximated by an exponential scaling with

respect to the energy transferred :

IV fj I exP[—~~~Ef1J)

where the constant ~ depends on the exponent in the repulsive interaction

potential. Such an “exponential gap law” appears to be typical in atom—

diatom innlastic scattering fHe77]. Below we have used ~ = 0.014 (with
• -l -10 3• 

~E in cm ), Q = 1 x 10 cm /sec. The work of Kurzel and Steinfeld

[Ks7ol gave ~ = 0.018 + 0.004 and Q — 5 x l0~~~ cm
3
/sec for collisions

* of rare gases with 1
2 •

Estimation of the direct dissociation rate coefficients is somewhat

more tentative. Consider a diatomic with a vibrational energy just below
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dissociation. We suppose that the rate coefficient to acquire energy ~E

from the background gas is

k(t~E) = ~~~~~~~~~~~~

and that the total rate coefficient for acquisition of any amount of energy

is “gas—kinetic”

3 x 10
10 cm

3
sec ~ = k(AE)dAE

= C/(cr-t-l/kT)

• Hence C = 3 x l0
10
(cr+l/kT). Now given a vibrational level with dissocia—

• tion energy D , the rate coefficient to acquire energy t~E?D would then

be chosen as

or 

k = j  k(~E)d~E = 
(‘T) 

exp(-(~+1/kT)D~,}

k = 3 x 10 
10 

exp[—(~+l/k’r)D)

Considering the rather crude approximations made, there preliminary

calculations cannot be expected to give better than factor—of—twi.~ agree-

ment with experiments. The dissociation rate coefficients were calculated

by the steady—state vibrational distribution reached by integrating the

master equation out to several hundred nanoseconds. The bulk dissociation

• rate coefficient

• XeF(X
2
E)-f M -.Xe + F + M

was calculated to be 2 x 10 13
, and the rate coeff icient for removal of •

v ”=3 was calculated to be 4 x io
12 cm3/sec, both at 300°K.
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To estimate the impact of these dissociation rate coefficients,
* 22 -3 -l

consider the case where we produce XeF at a rate of 2 x 10 cm sec

and it radiates with a 50% fluorescence yield with a lO—nsec effective

kinetic decay time (spontaneous radiation plus quenching). If we suppose

*further that the XeF is all in v’=O, then the ambient excited state

I • density is

* 14 —3
XeF = N  = 2 x l O  cm

u

If the rate of production of ground state by fluorescence is 1 x 10
22

cm
3
sec

1 
(i.e., 50% fluorescence yield), and if the background gas

density is 5 x 10
19 

cm
3
, we find steady—state populations in v ” = 2 and 3

of

N
2~~~

1 .1x 1O cm

and

13 —3 lx10
22

N ~~5 xlO  cm — 
12 19

(4x10 )(5xlO )

Clearly the v’=O to v”=2 transition at 351 nm can lase efficiently only

at the beginning of the pulse. More energy can be extracted on the v’=O

to v ”=3 transition at 353 nm, but the ratio N/N
L 

4 is not nearly as

high as would be desirable. Increasing the background gas density above,

say 1 x 10
20
, would improve t1~ N /N ratio, but the increased quenching

* 
u L

of 3~ F by the background gas is undesirable.

The laser performance [HT77] gives support to the importance of

bottlenecking in the lower state. The laser begins to operate on both

the 351 and 353 nm bands. After 100-200 nsec into the pulse, the 351 nm

band shuts off, and laser action continues on the 353 mm, whith shows an

intensity time behavior typical of nearly bottlenecked lasers. Further,
laser performance improves substant ially as the background neon pressure

is raised from 2 to 4 atmospheres.

117



- - - ~~~~~~~~-a, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Preliminary measurements [Wr77] of the gain/fluorescence ratio at

353 nm show about a 30% decrease by the end of the l-i.Isec pulse at

1 atmosphere of Ne. The calculations of the collision—induced dissocia-

tion referred to above would predict a 45% decrease (assuming an 18—nsec

radiative lifetime {Fc78]). However, the gain/fluorescence ratio near

351 nra did not show a time dependence. 
I 

-

It is apparent that this calculation of the collision—induced

dissociation rate and the preliminary experiments, while far from complete

or definitive, at least illustrate that a detailed understanding of the

process is essential to optimization of the X’F laser.

• I
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IX. OVERALL CONCLUSIONS

Candida te Selection

We have completed a detailed study of the general class of diatomic

molecules having ionic excited states that can be effective upper laser

levels. Using general theoretical arguments, we narrowed the possible

ionic candidates to a select few, most of which have already been investi-

gated (e.g., the rare gas halides). The interhalogens and Group IIB

halides are the most promising candidates that have not been investigated.

Laboratory studies at SRI and other laboratories have demonstrated the

promise of the HgCI and HgBr. Our investigations of ICI and IBr are as

yet incomplete but are sufficiently promising to justify further effort

to find appropriate donor molecules.

Other classes of laser candidate molecules, such as strongly bound

covalent states and weakly bound excimer states, have not yet been com-

pletely characterized. However, a few exemplary systems such as S
2

(covalent) and RgHg (weakly bound excimer) have received some attention.

Work on other systems in these classes is in progress.

HgC1 Discharge Pumped Laser

The demonstration that an HgCL laser can, under the proper conditions,

be pumped by an electron-beam-controlled discharge was one of the most

significant contributions during this period. Its significance is

attached to the fact that the projected efficiency for discharge pumping

of this system is very high provided it can be operated under conditions

that approach optimum . Some of these conditions have already been

• spec ified, but considerable work remains to determine the important

• kinetic reaction rates that ultimately control the laser performance.
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Certain critical problems that may limit performance such as ground-state

reactions have already appeared. The success of this laser indicates

that other candidates of the same class, particularly HgBr (recently

demonstrated at NRL) and UgI, are strong candidates and should be given

adequate investigation.

Kinetic Studies in XeF

Several developments in the understanding of important kinetic pro-

cesses in the XeF laser have led to improvements in the performance of

that system. The substitution of Ne for Ar as the host gas to reduce the

absorption due to Ar 2
+ has necessitated understanding the input kinetic

chain of the Ne/Xe/NP
3 
mixture. The important energy flow pathways for

this system have been identified and some of the rate constants determined.

The kinetics of this system is complicated by the fact that several

competing pathways exist and the reaction rates in each pathway must be

measured.

An additional important feature of XeF that has recently been

recognized is the collisional mixing of the B and C states due to

electrons and host gas atoms. This mixing apparently strongly influences

the relative emission intensities of the 351 and 460 nra bands of XeF.

Obviously, to operate XeF efficiently at 351 nm, the mixing rate of these

two states must be fast enough to permit use of the energy flowing into
both states. The mechanism described above explains the experimental

observations of the behavior of the two bands of XeF, but the mixing rates

have not as yet been determined.

• A theoretical computation of the XeF lower level removal rate was

• undertaken to assess the importance of bottlenecking. This problem is

clearly critical to the performance of the laser and will have to be

understood in considerable detail in order to attain optimum performance.
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Consider the laser medium illustrated below

pump

N -~~N - A N
u u U

) N
4~~~

N
4
+AN

4 
-

N , N
a q

with a cw (or long time scale pump), with the optical flux also slowly

varying in time. We wish to calculate the optical extraction efficiency

in the amplifier mode as shown above. Only minor modifications are

necessary to extend the analysis to an osciLlator in steady state. The

notation used is that N , N , N , and N are the particle-densities of
u L a  q

the upper laser level, lower laser level, absorbers and quenchers,
respectively ; ~ is the incoming optical flux in photons cm

2 
sec

1
; A~ ,

AN
u S and AN4 

are the changes in flux, upper, and lower laser levels,

respectively. Pump refers to the rate of production of excited states

(N) in molecules cm
3 
sec

1
. Under the assumption that pump, N , and

N
q 
are independent of the optical flux, the rate equations for the upper

• and lower laser levels are

dN g
0 — — pump - k

q
N
q
N
u 

- 

~~ u 
- 

~se~ [Nu
_
~~ 

N
4] 

(A.l)

dN g
0_

~~~~~
_ A N +c7

se~~[N _
.J
~~
N
4] 

-RN
4 , (A.2)

where k
q 
is the quenching rate coefficient, A is the radiative Einstein

coefficient, 
~ 

is the stimulated emission coefficient, g and g
4 
are

the degeneracies of the upper and lower laser levels, and R is the lumped

A-2
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_
--~ — - -_ - - • _

~~~- _______ ______________



frequency of collisional removal of the lower laser level (in sec 1
). We have

also assumed that the lower laser level is produced only by radiation from

the upper laser level (not by quenching or other kinetic channels) .

The number of photons extracted (in photons cm ~ sec 5 is then

A~~—~~ ~~N -~~~ N ]- g~~ , (A.3)se
~~~

u g
4 

L
j 

a

where g is the absorption coefficient, 
~a
N
a 

The extraction efficiency

is then just

1~ . (A.4)ext pump

We will assume that only the input flux ~ is under our control, all other

parameters are fixed for other reasons, and choose the optical flux that

maximizes the extraction efficiency.

Letting g /g4 
— X, and rearranging equation (A.2), we have (with

~~~~~~~~~ 
)se

N — N (A 5)
ti [ A + ~~~J A

and

(N - XN
4

) — ~~ ) - 
x]  

N4 (A. 6a)

— [
~

—
~

- 
~
] i~4 (A.6b)

~~ 
~
A]
~~ N . (A.6c)

Setting Q k
q
N
q 
and substituting in equation (A.l), we find

pumpN - A
(Q + A) + ~~ ________  

.
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Finally, substituting (A.6c) and (A.7) into (A.3), we have (after some

rearranging)

(R - A).pump.a~— R(Q + A) + c~[Q + R + (X - l)A] - g . (A.8)

Now we seek the value of the optical flux that maximizes equation (A.8).

The general form

- 6~ (A.9)

has a maximum at 
~m 

— - ~)/y , where ~ — (c~~/ô)~ , and after some manipu-

lation we find

• 
A~(~~) — ~(1_ ~~)

2 
(A.lO)

where ~ — (8S/c~)~~. We then take

— pump (k.lla)

— R(Q + A) /R - A)a (A.llb)

• — (Q + R + (X - l)A] / (R - A) (A.llc)

— (A.lld)

an~

~~g R(Q + A) 1~— 
L (R

a
_ A)~ pumpj 

. (A.lle)

Combining (A.6c) and (A.7) for ~ — 0 we define

— ~(N)  — , (A.12)

i.e., the gain one would compute from the fluorescence intensity, ignoring

absorptions and lower level population. Equation (A.lle) then simplifies

to
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— 
a 

1 
(A.lle ’)

~~ 
(1 Am ]

We note that the small signal net gain is just  g — g*(l - A/R) - g .

Combining equations (A.4), (A.10), and (A.ll), we obtain the expression

for the maximum extraction efficiency

I 1-A/R 1~ I ~ 1 ~11
ext 

— 
[l+Q/R+x-lA /RJ ~

l 
~~L * (I A/R) J ç 

(A.l3)

Two special cases are of particular interest:

(1) no lower level (as in KrF), R -‘~~~~~

~ext 
- {l 

- 

~~ 

}

2 

- - (g Ig + 1)4 } (A.l4)

and

(2) no absorption, g -‘ 0

I 1-A/R 1
11 — ‘  . (A 15)
ext L1 + Q/R + (X - l)A/R J

Figure 1 shows these resul ts graphically for the case of no absorpt ion
*

— 0) and of modest absorption (g /g — II) . It is apparent that both

medium absorption and insufficiently rapid lower level removal can impose

• serious limitations on the extraction efficiency.
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UV ABSOR PTIONS OF RARE GAS IONS IN
E-BEAM PUMPE D RARE GASES

by

B. 0. Hunter , J. Oldenettel and C. Howton
Maxwell Laboratories , Inc., 9244 Balboa Avenue

San Diego , Californi a 92123

and

M. V . McCusker
Molecular Physics Center

SRI International, Menlo Park, California 94025

ABSTRACT

Absorption spectra of electron beam pumped argon and of argon/krypton
• mixtures have been measured in the wavelength region between 240 and 400 mu.

• We observe strong absorption features in both cases. With pure argon the peak

absorption band is at 292 nn~ has a width of 90 nm,and is Identified as A r ;  with
• the argon/krypton mixture the peak absorption is at 325 mu , has a width of 100 mu ,

and is apparently due to Kr . The implications for uv laser operation are discussed.

I
NP 77—90
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INTRODUCTION

Laser action In a gas media is particularly sensitive to the presence of

absorptions of the laser light by the medium itself. For electron beam pumped rare
• gas—hal ide lasers a variety of distinct absorption mcehanisms are known; these

Include absorption from the upper laser level to a higher level, photodetachment

from negative ions (for example, F ) ,  photoexcitation of the non-lasing molecules,

photodissoclation , and photoionizatlon. Several of these processes , such as F

photodetachxnent and F2 absorption, are reasonably well understood for many of the

species believed to be found In rare gas-halide laser mixtures. 1’2 Absorptions at

• 441.6 nm in e-beam pumped argon/krypton/fluorine and argon/xenon/fluoilne

mixtures have recently been descrthed~~’ Absorption studies at ~c1c.~ted wavelengths
• In XeF laser mixtures have also been reported recently. 3b

Zamir et al. , show that In e-beam pumped rare gas mixtures there are a

variety of absorption processes In the visible regions of the spectrum. Hunter et. al.

demonstrated that the presence of absorptlons In the laser medium can have a significant

effect on the ability to effic iently extract the laser radiation. They reported that the local

extraction - effic iency (loosely defined as the ratio of the energy gained by the coherent

radlation’fleld to the energy contributed by the pump) can be written as

= 
1 

_ .!L/ ~11extr ~ ~ ~~g / g + 1
• — + 1  8 0 a

(P
S

for the case where a non-saturating absorption such as photoabsorption by F
2 Is the

dominant absorption mechanism. In the above formula q~ Is the saturation flux, 
~

Is the local radiation flux, g is the small signal gain and g Is the absorpt ion. This

formula Indicates that even when g/ g  Is as large as 10 the optimum extraction
• effic iency will be less than 50% (for ço/~p 2). Furthermore, for a given g / g  value

an optImum ~ Is obtained which sets the length scaling the laser.

B-3

~

- - ---  ~~—— -- • ---—•-- -_—— --- ---~~~~~~~
• —-—--

~~~----- —~~~ •--•- --~— • -



It is important, therefore, to understand the dominant absorption processes

that may occur In a gas laser. The work reported here is the result of an effort to

explore absorptions due to the diatomic noble gas ions and other species that are

present in noble gas-halide lasers. These absorptions may be present In other

energy transfer lasers that utilize noble gas as well. The work presented here Is

an effort to systematically determine the absorption profile of noble gas mixtures
appropriate to e-beam pumped lasers In the near uv. The absorption wavelength

range examined was between 240 and 400 urn. This work complements the studies
recently reported by Zamir et al. 4 

of absorption in the visible regions of the spectrum
of noble gases pumped by a Febetron 706.

THEORY AND PREVIOUS EXPERIMENTS

• The absorption cross sections for molecular argon ions have been computed by
Stevens et al. 6 

More recent computations have been made by Wright and Michaels
7

• for Ar2 and Kr 2 ; the Ar2 
includes both CI and SCF approaches; the Kr

2 
curves

are based on extrapolation from theories for the lighter noble gases, more refined
computations are now In progress. Recently Wadt et al. 8 

have reported the results
of a variational calculation for Ar and K r .  In the absence of spin-orbit coupling
(fine structure In the sepa rate atom-ion state), there will be four potential curves,
with the ground state 2~ ~ bound by more than one electron volt. Above that lie the
generally repulsive 2fl g~ 

2~~~ and 2~ ~ states In Increasing energy. The visible
absorptions between the 2~ and 2 fl g are allowed and have been observ ed by Miller
et al. 9 using a drift tube and a cw dye laser. Absorptions on the red wings between

• high vibrational levels of the state and the 2~ + state have recently been observed• 10 g
by Moseley et al. In a beam experiment.

• On the high pressure systems appropriate to lasers, the molecular ion Is formed
• by three body collisions

+ +
Ar +2Ar~~Ar +Ar.

B-4



The resulting ion should be produced with significant vibrational energy. Subsequent

collisions with argon can proceed via an exchange collision and cool the molecules

very rapldly!1 Cooling rates of kryption or xenon Ions In an argon host gas may be

less rapid since the exchange channel will not be present.

In a large e-beam pumped system, such as a krypton-fluoride laser, the ion

density is estimated to be approximately 1 to 2x1O~
4 

cm 3. 12 Free electrons are

rapidly converted by dissociative attachment to F , so that negative ions are the

dominant negatively charged species. Postive Ar+ ions are first created by the electron

beam, and then are rapidly converted to A r .  The Ar Is subsequently converted to

ArKr and then to Kr2
. These dlatoinic noble gas ions are anticipated to be the dominant

positively charged species In the laser. One of the suggested production mechanisms for

the KrF is through Ion-ion neutralization collisions that Inv olve these ions. In addition

to these charged species there will be neutral excited atoms and molecules that will

also contribute to photoabsorptlon.

EXPERIMENT DESIGN AND OPERATION

A schematic diagram of the experiment is shown In FIgure 1. The electron gun

consists of a 20 x 200 cm area planar electm n beam that can provide an electron

current adjustable between 1 and 10 amps/cm2 at a voltage of 350 to 500 kilovolts.

• The pulse length for this work was 1 ~j s, and the current was nominally 1.5 amps/cm2.

The rise time of the beam current Is 300 us, and is monitored by B loops. The dye

laser probe is a commercially manufactured system (Lambda Physik Model FL100GTE).

The dye laser wavelength was verified by passing the laser light through a calibrated

1/4-mete r monochrometer that had a resolution of 0.4 nm At the output of the

doubling crystal the dye laser pulse Is approxImately 3 us In length. The detection

system has a rise time of less than 3 us. A fraction of the probe pulse is sampled with

a photodiode (nT FW114), the remainder is passed through the cell and Is monitored

by a second photodlode. A large fraction of the background fluorescence from the gas

In the cell is suppressed by using an approximate narrow-band filter In front of the

photodlode. Synchronization of the dye laser pulse is set so that the excited gas is
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probed 500 120 us after the initiation of the electron beam.

Data at each wavelength were taken using three to five electron beam shots.

Scatter in the data was relatively small (generally less than 0.5 x ~~~~ cm ’ In

absorption units). The absorption is measured by determining the relative trans-

mission through the cell with unexcited gas for several dye laser pulses prior to the

e-beam excitation. Peak voltage V In the photod lodes is measured, and the absorption

slgnal ls the ratio
trans refS — .

ABS V’ Vref trans

where the subscripts trans and ref refer to the transmission and reference photodlodes,
and the primes refer to the signals read while the electron beam Is on. The absorp-

tion coefficient ~ is then computed from the relations S exp (-aL), where L Is the
• effective length of the e-beam excited region. Because late time acoustic disturbances

occasionally altered the position of elements In the optical train the reference points

were taken prior to and not after the electron gun pulse excitation. With this procedure

steady state absorption processes, due for example to Impurities present in the gas, are

not measured. The data describes transient absorption only. Atomic absorption lines

were noted In the regions with wavelengths longer than 3200 1. These points are not

displayed here and care was taken that the data points shown were not those that over-

lapped wtth these atomic transitions

The gases used were pure (99. 999%) argon, krypton (99.995%), at 1470 torr

pressure and 50 torr pressure respectively. The gas was flushed from the cell and

replaced every 5 data points. It is unlikely that the effect of Impurities on the results

of this measurement will be significant. Assuming an Impurity concentration of 6 x io14

—3 + + —10 3cm and a charge transfer cross section from Ar or Ar2 of 3 x 10 cm /sec, and
characteristic transfer time would be 5 ~ss.

By comparison, the formation of Ar~ from Ar~ In a three body collision has
a rate constant of 2.3 x 10~~~ cm6/sec;~

3 at 1500 torr this leads to a formation time

of approxImately 2 na. The room temperature dissociative recomblnation rate for

thermal electrons on Ar~ and Kr are 6.7 x ~~~~ cm3/sec and 1.2 x i0~~ cm3/sec
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14a 14brespectively ; at high electron temperature (~~~ 
1 eV) the value will be less.

This process should be the dominant loss mechanism on the Ions. During the

electron gun pulse the average electron energy Is estimated to be on the order of

0.1-1 eV, thereby lowering the recombinatlon rate significantly. For an electron

recombination rate of ~~~~ cm3
/sec, the Ion lifetime should be — 50 nanoseconds.

The density of excited neutrals (Art and Ar*2 or Kr * and Kr2*) may be as large as

to i0~~ cm 3, but because of the low concentration of impurities, Penning
I onlzation processes will not be significant to thc Ion chemistry.

From the above arguments we conclude that at the time of the probe laser

sampling, the Ion populations have reached a steady state eq~1librium , and that the
+

dominant ion In the case of pure argon Is Are. When 50 torr of krypton is added, the
+ +

t ransfer from Ar2 to Kr2 
can be complicated. A block diagram of the possible

kinetic sequence Is shown In Figure 2 and the relevant reactions and rate constants

are summarized In Table 1. The conclusion reached from a knowledge of the appro-
+

• p rate rates is that Ar+ rapidly forms Ar2
, these ions are rapidly converted to

Kr~ via an Intermediate ArKr~ state. The existence of such a mixed ion is well

known; the reaction chemistry has been discussed by Bohme et aL ’5 and its spectro-
16 +scopy has been discussed by Tanaka et al. The kinetic lifetime of the ArKr ion

is so short that the Ion density Is never large enough to be a significant absorber;

it is not likely to absorb in the wavelength region discussed here.

RESULTS

The absorption data for the case of pure argon is shown in FIgure 3. Also on

that figure are the results of the theoretical computation for the absorption of Ar~
by Wright and Mlchaels et al. for both SCF and CI approaches as well as the

absorption curve of Stevens et al. 6 
The results of the calculations by Wright for

absorption from the first three vibrational levels have been averaged over a Boltzman

distribution with a temperature of 300°K (w ~ 290 cm
_i

). The absorption at the

peak of the curve Is approximately 1.7 x io 2 cm ’. This data conclusively demon-

strates that Ar is a significant absorber. On the red side, the SCF theory clearly
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is deficient, but the agreement with the other two theoretical curves is generally

good. The wings of the curve are sensitive to vibrational population distribution,

and therefore to temperature. We estimate that for our conditions, the instantaneous

temperature rise due to heating by the electron b earn is only a few degrees and that

300K temperatures is appropriate for comparison. The effect of the low energy

secondary electrons on the vibrational temperature has not yet been computed.

The data for the argon/krypton mixture is shown In FIgure 4. Also shown Is
+ -1the theory of Wright ;and Mlchaels thermallzed to 300°K using w for Kr
2 

of 182 cm

The peak absorption In this case Is 0.9 x 10 2 cm~~ and the peak absorption wavelength

Is shifted to about 325 nm from 295 in the case of argon. We conclude that Kr2 Is

the dominant absorber. There Is, however, significant deviation from the theoretical

curve on the wings of the absorption.

Dunning and Stebblngs’7 have studied the photoionlzation of argon and krypton
metastable atoms. They estimate that the upper bounds from the photoionlzation of

Ar (3P0 2~ 
and Kr (~

1)
~ 2~ 

at threshold are 1.1 x io
_
~

8 cm2 and 4.9 x ~~~~ cm2

respectively. These values are too low for these processes to make a significant

contribution under the conditions of our experiment.

CONCLUSIONS

• + + +The theories of Wright for Ar
2 

and Kr
2 and of Stevens for Ar

2 generally show
good agreement with the data at the peak of the absorption. Wadts 8 theory predicts
A for Ar~ at 325 nm, and A for Kr~ at 349 nm. We conclude that over themax 2 max 2
wavelength region studied these molecular Ions are the dominant photoabsorbers.
While the theories are useful, they do not yet have the accuracy necessary to resolve

the questions of the sbsorptlons that will be raised by large scale laser design.

The Implications of the work for laser e-beam pumped uv laser operation are

serious. For lasers with an additive in an argon buffe r such as argon/bromine

(292 nm) and argon/iodIne (343 nm) these absorptlons may seriously restrict the

ultimate eff iciency. Other buffers such as neon or helium may be more useful. These

observations also suggest that for noble gas halide lasers that operate In the wavelength

region dominated by these absorptlons, the gas pressures be adjusted so that atomic

A B-8
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ions, rather than molecular ions, are the dominant charge species. Since the Xe~
absorption Is expected to the centered near 350 urn, this suggestion appears to support

the relatively low concentrations of xenon used In the XeF laser at 351 and 353 nm

(compared with the larger concentration of krypton In KrF (248 rim) lasers).

We would like to acknowledge the cooperation of L. Wright (AFWL) for allowing
access to theoretical results prior to this publication, the help of K. Tang and G. Sullivan
(ML1) In taking some of the data, and D. Huestis and D. Lorents (SRI) for helpful die-

• cusslons. One of us (R. 0. Hunter) also benefited from conversations with M~ Krauss
(NBS) and A. V. Phelps (JILA).
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TABLE 1

ARGON/KRYPTON ION CHEMISTRY

(Assuming 1500 torr argon, 50 torr krypton, and an ion density of approximately
14 — 310 cm ).

Characteristic
Reaction Rate Time Ref.

1 Ar~~+ 2Ar- Ar +Ar  2. 3x10 31 cm6/sec 2ns A
+ 2÷ —10 32 Ar
2 

+Kr -~ Kr + 2A,r 7.5x10 cm /sec ins B

3 Ar~ + Kr -. Kr~ + Ar — 5x10 u cm3/sec 13 us C

4 Kr~ + Mr — ArKr~ ~ Ar 2. 3x10 31 cm6/sec 2 us D

5 K~r~ + Kr + Ar ArKr~ + Ar 2. 3x10 31 cm6/sec 67 ns D
+ + -31 66 Kr + Kr + Ar Kr2 + Ar 2. 3x10 cm /sec 67 us B

7 Ar + 
+ Kr -’ ArKr~ + Ar 2xl0 1° cm6/sec 3 us E2~~ + — 10 38 ArKr + Kr -’ Kr + Ar 3. 2x10 cm /seo 2 us B

+ ~~2 7 39 ~~~ + e -  Ar + A r  6.7x10 cm /sec l5 ns F
* —6 310 ArKr +e-- Kr +Ar 10 cm /sec (?) iO ns G

11 Kr
2~ + e -. Kr + Ar 1. 2x10 6 cm

3
/sec 9 us F

12 Ar~ + Kr + Ar-  ArKr~ + Ar 2.3x10 31 cin6/sec 67 us B
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FIGURE CAPTIONS

Figure 1. Schematic Block Diagram of the 2-meter long electron

beam at Maxwell Laboratories Inc., as well as selected

diagnostic devices.

Figure 2. Block Diagram of Argon/Krypton Ion Kinetics. The most

rapid reactions are indicated by bold arrows. Less

important reactions are indicated by dashed arrows. The

relevant rate constants are listed in Table I.

Figure 3. Ar
2
+ 
Ion Absorption Spectrum as a function of wavelength.

The bold dots are the ata of this experiment with typical

error bars indicated . The curves are the thermalized

theoretical results of Wright and Michaels7 and

Stevens, et al.
6

Figure 4. Kr
2
+ Ion Absorption Spectrum as a function of wavelength.

The curve is from the theory of Wright and Michels.7

I

a

I

3-12 

j

- - - ~~~~~~~ 
-

- —-- -•-~-- --~~-~---- —- -•- — ----- --—— -~~~ -~~~~~~~~



,~ — ------- • — -  -• — ~~~~-~~~~~ -~~~~~--~~~-,-• —•--—~~~~ - • - - — • • — ---—-- ---- ---•••- ~
-

~~~~~ --~—,---- ~-—

REFERENCE
PHOTO DIODE

2 MET ERS JIuIr—1

ELECTRON GUN
TRANSMISSION I I I I I 1 1 1
PHOTO DIODE -‘ + $ $ $ * $ ~ ‘ I

_ _ _ _  ~

/ Ls? I
/FILTER 

GAS HANDLING CRYSTAL

SYSTEM

• N
2 

PUMPED DYE LASER

- 

•

L --



— ---- - - -~~~~- - - -~~- --- - - - - - - - - - •~~~~~~~~~~~~~~- —-- — --—-

PRODUCTION BY HIGH ENERGY PRIMARY ELECTRONS

e
,j

[ 
Ar~ 1

+Kr (~I ‘~~~ — —. ‘—F

I ’
2 A r  

+
~ + Ar V Kr Ar+Kr

0 +Kr +Kr 
__________ 

+ Kr+Kr

[Ar~~ 
r \

2Ar
~ ‘ +Kr J 

Kr2~ 
J

_ _ _ _ _  

e4o

Neutral
~~~~ 

_ _ _ _

Neutral

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-.- • .- ••-- -- —--- -—.- —•---,
~
---

~
-, .—-- - - -

Ar2~ ION ABSORPTION SPECTRUM

1.75 - _ _ _s  
WRIGHT SCF CALC I 

-
-

____= WR IGHT CI CALC .
Is • “ • .— ~~~~ = STEVENS ET AL. CALC .

1.50 - / / ‘ = OBSERVED VALUE
(THIS WORK )/ ! ____________________________________

I :
1.25 — i. /

I i
T j I

I

0.00 1 1 1 1 1 1 1 ‘i
240 260 280 300 320 340 360 380 400

X (nm)

B-l5

--

~

-- -

~

--- -— --•- — - -~~~~~~~~~~~~~ 
— -- - -•- — •-~~- —



Kr2
4 ION ABSORPTION SPECTRUM

11
1520 TORR ARGON + 50 TORR KRYPTON

10 —

6-

/ i
~~~~j r

°~~~~~~~5 -

3- /
2_

~~~f~~~/

I I I I I I
240 260 280 300 320 340 360 380 400

X (nm)

~ j B-16

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  --- --~~~~ — •



_ _  -~~~--~~ --- -- —-~~~
--- ------- -—- - - - — 

~~
- -  

~~~~~
-

I Appendi x C

EQUILIBRIUM BINDING

IN THE GROUND 
2
L
+ 

STATE OF XeF

c_i

I... - • _ - ± _  - --.—- --— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~ -— -- ~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ - -~~~~-~~~ ‘~~ -~~~~~~~~~~~~~~ & - 

--



- - - - - -~~~~~~~~~~~~~~
-

~~
-- --

~~ - - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I

May 12, 1977

EQUILIBRIUM BINDING

IN THE GROUND STATE OF XeF

by

David L. Rues tis

The ground state of XeF, called ~~~~ has an attractive potential

(D
e 

1150 cm5 that supports 11 bound vibrational levels [Te761 . The

XeF laser operates on bound-to-bound transitions terminating on various

of the vibrational levels of the ground state. Band origins calculated

from the spectroscopic constants determined by Tellinghuisen suggest the

following identifications:

XeF laser transitions

3490 v’ = 0 -‘ v” = 1

35l2~~ v’ = O - . v” = 2

3513 k v’ — l .- . v” = 4

3533 v’ = 0 -. v” — 3

Concern exists about the rate of removal of the lower laser level. Vibra-
tional relaxation in the lower level is insufficient to adequately deplete

the popula tion as illustra ted by the following table of vibrational energies
and equilibrium relative populations at room temperature:
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Tab le I

XeF X2E~~ Vibrational Levela~~~

V Ev ‘~v 
B
~

0 0 .59 . .1873 1040

1 204 .23 .1809 836

2 387 .096 .1745 653

3 549 .044 .1681 491

4 687 .022 .1617 353

5 802 .011 .1553 238

6 892 5.4 x lO~~ .1489 148

7 957 2.5 x ,O~~ .1425 83

8 1000 9.0 x ~~~ .1361 40

9 1025 1.4 x ~~~ .1297 15 
-

•

10 1037 8.9 x 1O~~ .1234 3

(a) All energies in cm ’.

The rotational constants (By) and level binding energies (Dy) will be

discussed below.

To illustrate the magnitude of the problem, consider the following

laser conditions: We suppose that the pumping rate for production of

excited states is 2 x 10
22 

cm
3 
sec ’, and that 207. of the excited states

produced end up as XeF*(v~ 0) and that they all radiate to give XeF(v” —2),
either by spontaneous fluorescence or stimulated emission. The gain/

absorption cross section is taken to be 3 x io~~6 
cm
2
, the effec tiv:

lifetime of XeF as 10 ns. This gives an ambient population of XeF =

x iofl . The rate of population of the ground state vibrational manifold

is then 4 x 1021 
cm
’3 see ’. To fill v” — 2 to 4 x ~o’~ takes only 10 ns

in the absence of vibrational relaxation. At thermal equilibrium among the

vibrational levels about 9.67. are in v” — 2. Hence, even including rapid

• vibrational relaxation the laser will bottleneck in about 100 ns.
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The only hope for sustained laser action is therefore that the ground

state vibrational manifold must be depleted by dissociation induced by

collisions with the background rare gas. Calculation of the rates of

collision-induced dissociation is a complicated task with an extensive

literature. Here we shall concentrate on the calculation of the thermal

equilibrium between XeF bound in vibrational levels of the ground electronic

state and free xenon and fluorine atoms.

Following Davidson rDa62] we express the thermal equilibrium as

[XeFJ

[XeJ [FJ = K (T) ,

where the specific equilibrium co- .. taut for vibrational level V’1 is given

by

Q (XeF) Q , (XeF) Q
~

(XeF)
K (T) = 

Qe
(F)

where the electronic 
~~e~ ’ 

vibrational (Q,~) and translational ~~~ 
par tition

functions are all computed with zero of energy as that of Xe and F atoms

at rest in their ground states.

The translational partition functions are given (in terms of mass in amu,
-3

density in cm and temperature in K) by

Q
~
(M) — (2T~

IkT
)
~

— 1.8792 x io2° M2T~ ,

which yields

Q
~0~

l
~
) -23 --

~~

Q~ (Xe) 
~~~~~~ 

— 7.87 x 10 T 2

C=4 
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£he electronic partition functions are similarly straightforward. The ground

state of XeF is of 2E + syninetry of degeneracy 2, and hence

= 2

The ground state of F is of degeneracy 4. The doubly degenerate upper

fine structure level lies at 404 cm , yielding

Qe
(F) = 4 +

The vibrational-rotational partition function is somewhat more

complicated:
Jv

= E (2J+l)e D(v ,J) /kT

.1—0

where is the highest bound rotational level and -~ (v,J) is the energy of
the vibration-rotation level referenced to Xe + F(

2
P3). We will approximate

D(v ,J) with an expression quadratic in (v + 
~~~) 

and linear in J(J + 1):

-D(v,.J) = _D
e + w

e
( r+

~
) - w

e
x (‘~~+~ j )

2 
+ B J(J + l)

- 

~e
(
~~~~~

J(J+1)  . 
- 

-

The effective rotational constant is

B — B  -~~~(v+J~)v e e

The highest rotational level is defined through

D(v ,J )  — 0

or

C-~
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B J ( J  +1) De 
- W ~~~ + ~~) + W X ( v  + )~) 

2 
D

We now approximate the finite sum by an integral:

D~, -x/kT 
~~~~~~~ dx ,

0

where x = B J(J+l), dx = B (2J+l)d.J , which gives

Q~~~~~~~[e~~~
kT 

- j.~

— We now need to determine values for B and D . The vibrational constants

for XeF(X~~~~) are given by Tellinghuisen [Te76] as

= 1150 cm 1

= 226.05e
I,w x  = 11.189e e
/,u y  = 0.3166e e
‘IW z  = 0.07214e e

R” -’2.3~~

A Birge-Sponer plot of levels calculated from these constants is nearly linear

from v” =0 to v” =9. We have chosen to represent the ground state with a

Morse potential with W
e 

= 226 cm~~, Wexe = 11.1 cm 
1
, and D

e 
1150 cm

In the absence of a detailed rotational analysis the rotational constants

— must be more crudely estimated. Using the estimated value for R
e 

= 2 .3

we find B
e 

= 0.19 cm~’. Two choices for 
~e 

seem reasonable

.
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(1) Morse potential [He50] implies

= -
~~
- [J~~~X B 3 

- B 2] = 0.0064 cm~~

(2) L. 0 at the top of the weP.

D~ = 0 defines 
~~
‘ 
~e 

= = 0.019 cm~~

These two choices give lower and upper bounds for 
~ e 

respec tively. Although

this factor of 3 uncertainty migh t seem serious, the effect on the rotational

constants is not intolerable (3% for v” = 0 , 187. for v” = 2). We have chosen

to use the value a = 0.0064 cm~~ as calculated from the Morse-Potential

assumption. The B values calculated have been listed above.V

Table II and Figure 1 show the calculated values of the equilibrium

constants for v” =0 to v” =4 as a function of temperature. Also shown is

the total binding equilibrium constant

[XeF]K =  = E K[Xe] [F]  ,, v

The uncertainties are probably 10-307. due to inaccurate knowledge of B
e

and~~~.e
The impact may now be assessed of the establishment of a population

of XeF (X2L~~) in thermal equilibrium with the dissociated fluorine atoms.

By the end of a 1 ~j.s pumping pulse in Ar/Xe/NF3 
such as that referred to

above, approximately 2 x io 16 F atoms will have been produced . If the

XeF(X
~~~

1
)
~

i _2 population were in thermal equilibrium at room temperature

with that density of F atoms, at 6 torr of Xe, then

c—i
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XeF Equilibrium Constants

K ,, (10 22 cm3) 
. 

-

I,
V

T(K) 0 1 2 3 4 Total

250 35 11 4.0 1.6 0.70 53

300 11 4.4 1.9 0.85 0.42 19

350 5.1 2.2 1.1 0.53 0.28 9.4

400 2.7 1.3 0.67 0.36 0.19 5.4

450 1.6 0.84 0.46 0.26 0.15 3.5

500 1.1 0.59 0.34 0.20 0.12 2.4

550 0.75 0.43 0.26 0.16 0.095 1.8

600 0.56 0.33 0.20 0.13 0.079 1.4

-4 
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+),, Binding Equilibrium Constants
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2 +  -22 17 16
— l.9x10 [2xlO ][2x10 ]

11 —3— 7 x 10  cm

Using a 3 x ~~~~ em2 absorption cross section, this leads to only

2 x ~~~~ cm
1 

absorption, probably negligible in comparison with the other

absorptions in the laser medium. One can therefore conclude that to avoid

bottlenecking

- Vibrational relaxation alone is not sufficient

In thermal equilibrium with the free Xe and P atoms, the

XeF ground state population is low

The crucial kinetic process is the rate of collision induced

dissociation

Calculation of the rate of collision induced dissociation is now under
investigation.
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Appendix D

*ELECTRON-BEAN-CONTROLLED DISCHARGE RgC I LASER

Published in Applied Physics Letters

~~~~, 226—228 (1978)
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Electron-beam-controlled discharge HgCI* lasera)
Kenneth V. Tang,t~ R. 0. Hunter, Jr.,

c) J. Oldenettel, and C. Howton
Maxwell Labo,atories~ Inc.. 9244 Balboa Avenue. San Diego6 California 92123

D. Huestis. D. Eckstrom, B. Perry, and M. McCusker
Molecular P *ysics Center. SRI Inter,wtional. Menlo Park, California 94025
(Received 6 September 1977; accepted for publication 29 November 1977)

Laser action of HgCI’ was observed using an electron-beam-controlled discharge to pump a gas mixture of
Hg/a2/Ar . An order of magnitude in the fluorescence enhancement was obtained. This gives an
excitation efficiency by controlled discharge to be a factor of abou t 2 higher than that by direct electron-
beam pumping. In addition to the previously reported 3576-A laser transition of HgCI~. a strong
t ransition at 5384 A was also observed.

PAcS numbers: 42.53 Hq. 34.50.Hc

Laser action on the B —X  transition of HgCl’ at 5576 charge voltage of 2.2 kV and a current of 2.5 kA were
A was recently achieved by Parks , who used a hig h- obtained . This gives an E/N value of roughly 8. 3 x
intensity electron beam to pun’p a gas mixture of Hg ,’ V cm ’ and a discharge current density of about 25 A!
C14/Xe/Ar. 1 The ~-IgC1 is beheved to be formed mainly cm2. The discharge voltage and current traces are
through an ionic channel by the recombination of Hg shown in Fig. 1.
and C1 , which are produced respectively by the charge The laser cavity was formed by a 2-rn radius oftransfer fr om Ar ’ or Xe’ and by the collision with curvature totally reflective mirror and a partially re-
secondary electrons. Thus, the efficiency of this direct- flective flat mirror. Three mirrors with different
pumped system is limited by the 26 eV required (or the rellectivities have been tested. Laser action was ob-
production of the argon ion. However, it is known that served with mirrors having reflectivities of 85 and 45~HgCl’ can also be formed by a direct reaction of Hg’
(~P)  with Cl? with large cross section.

2 Since Hg’ can 
and not with the 209~. mirror. The experiments dis-
cussed below were performed with the 85ff. mirror.

be efficiently produced by direct electron excitation in a The fluorescence signal was directly viewed through a
discharge with an energy expenditure of only approxi-
mately 5 eV , electron-beam-controlled discharge pump-
ing of HgCI’ offers the possibility of achieving an elfi -
d ent high-power visible laser. in this letter , we re-
port first operation of the HgC1’ laser using an elec - — —
tron -beam-controlled discharge pumping of an Hg, CI, — 

Ar mixture. In addition to the previously reported — — — — 
~~ =HgCl’ laser line at 5576 A, a new laser line at 5584 A — — — 

was observed. = _ :
The experiments were carried out with a stainless-

steel cell which was separated from the electron gun — — —

(hi — by a 1-mil Inconel foil. The cell was heated uniformly — — — — =
to about 200 C. The Brewster-angle quartz windows — — — — 

were heated to about 300-C to avoid Hg2CI 2 deposition. — — — — 

The electron beam had an area of 2X50 cm 2 and was — — 
produced by a Maxwell Excitron machine. The charac - — — — — — — — — — — —
teristics of a typical pulse were 300 kV voltage , 2 A - ’ — — — — — — — — — —

I.
’.cm 2 transmitted current density, and 400 ns pulse

length, as shown in Fig. 1. The discharge electrode
was a 46 -cm stainless-steel rod (0.95 cm in diameter) — — — — — —
placed about 0.5 cm away from the loll. A screen was — — — — —

inserted in front of the foil to keep the arc following — — — — —  : =termination of the electron beam from directly striking
the foil. For a typical experiment, the discharge 

—

• capacitor (3.35 iiF) was charged to 3 kV. With a loss 
— — — —

of 0.8 kV through the inductance in the circuit , a dis- —

(e~ — - 

~Work supported by the Advanced Research Projects Agency,
md monitored by the l3aIltsttc Missile Defense Systems 100 fl~ ‘ihv
Comm~ind under Contract NoS. DASG6O-77-C-0058 and

~~ flASGGO-77-C-002S. FIG. 1. Osclllogram traces showing (a) electron-beam voltage
“To whom correspondence should be add ressed. (100 kV/div), 0,) discharge Indu ctive voltage loss (2 .6 kV,’dlv),

~‘Fannic and John Hertz Foundation Fellow, Universit of (c) discharge current (1 kA/dlv), (dl spontaneous fluorescence
California at Irvine. sIgnal (10 mV/div)1 and (a) laser signal (2 V/div).
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_______________ estimate that the excitation efficiency is at least a factoi-

F 
~~~~~~~~ of 2 hi gher for the discharge pumping than for the elec-

tron -beam pumping.

Figure 1(e) shows a photodiod e laser signal. TheA ,  • 3 5 3 ’

duration is about 50 ns (FWHM) (O s- a 400-ns electron-
beam pumping pulse used . Increasing the electron -beam
pulse width was found to increase the laser pulse width.
With the reproducibility within 15’ from shot to shot ,
the laser pulse amplitude was found to increase with
the increase of discharge voltage as can be seen in
Fig . 2. We have observed a factor of about 8 increase
when the discharge voltage was varied front 2. 5 to 4. 5
kV. No laser action was observed, however, at 2.0kV
or below , indicating that a direct electron-beam pump-

c I ing at the test conditions does not produce lasing in this
2 . 0  3 0 34 gas mixture.

0~ SC 4 A RGE V O L T A G I
We have estimated the output energy with a calibrated

FIG . ~~. A plot of the HgCI’ laser output versus the discha rge photodiode. Without optimizing the experimental condi-
voltage. (ions , the estimated laser output was about 0.1 rnJ.

This corresponds to a laser efficiency of about 0.01%.
Such low extraction efficiency is believ ed to be due to
the inductive loss in the discharge circuit , to the lossside window by an ITT F 4018 S-20 photodiode. The in Brewster windows, and to the gas convection in thelaser output was monitored either by a Jarrell-Ash optical path due to air heating from the hot cell. As a1-rn spectrograph or by an ITT F4018 S-5 photodiode. result , the optical flux is well below the saturation

An external Hg reservoir was heated to about 180-C flux .
giving a vapor pressure of about 10 Torr . The hot Ar

The fluorescence and laser spectra show strong linegas passed through the Hg reservoir and, before enter- narrowing and interesting fine structure. Figure 3ing into the cell, was fluxed with Cl2 (1~ in Ar) from a shows a spectrum of the HgCl’ laser output. It wasseparate line. Gas flows were controlled so that in the 
talGen from a microdensitometer trace of the negativecell the mixture of Hg, Cl 2, and Ar contained Partial of Polaroid type 55 film. At low resolution (~.A 1.6pressures of about 10 T , 8. and 1500 Torr ,

respectively.3 
A) , we see four lasing transitions. The most intense
band located at 5576 A can be assigned to v ’=O (B ’~~ ,2

A typical (race of fluorescence signal is shown in to “ = 22 (X 2 �~ ,2) transition and the band located at
Fig. 1(d). The fluorescence enhancement due to the dis- 5517 A can be assigned to be s- ’—O to v ’—21 transition.4
charge is about a factor of 10 near the end of the pulse. These two transitions were observed previously by
Considering the relative fluorescence intensities and the Parks using a gas mixture of Hg/CCI 4,-Xe/Ar pumped by
relative amount of energy deposited in the gas , we electron beam only. In our experiment we observed

1/2 HgC1 ’ Laser Spectrum 0-22

4434
5461 1

FIG. 3. Microdensltometer trace of
B X IIgC l laser transitions: show’s here is
also the reference Hg 5461—A line.

. £ A A I ~ . & I . a

~S5O 5500 55534 5600

~ave1~ ngt6 ili
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two additkonal bands (marked by a and b), each of which of electron s by Cl~, which h as the u l t i m a te  effect ofis about 8 A to the red of the above transitions . Th e deco-easing the electron puint , rate of Hg ’. The secondassignments for these two transitions are not certain , is a possible two- or three-body quench ing of HgC1but they cannot be assigned to the transitions of by Cl 2 ( 4  A r).
HgCl ’T . Failure to observe the strong transition (band

- . In summary ,  we have demonstrated the operation ofa) near 5584 A in the earlier electron-beam pumped
- . . . - HgCI ’ with electron -beam-conto~olj ed di scharge pumpingsystem is probably due to the fact that this transition is .

- of t he Hg/ Cl,..’Ar mixture . The energy deposition e(ft -absorbed by xenon , since its wavelength is coincident . . -- ciency through this pumping mechanism was shown to bewith the xenon transition line (6p 0 — 9d,) ). In fac t , such
- - . better than that through pure electron-beam pumping.xenon absorption appears in the gain prof ile for the -Effec t of Cl , concentration on the laser per formanceHg/CCI /Xe/Ar system but not for the Hg/Cl 2~Ar -

was shown. Results indicate that a detailed understand-systent. 
. . . -ing of kinetics involved in the HgC l ’ system , such asAt higher resolution (AA ~0,O3 A), fine rotational fluorescence lifetimes , quantum yields , and quenchingstructure can be resolved . In fact , each vibr onic transi- processes , is necessary in order to scale to a high-tion consists of niany rotation lines. Such characteris - power laser system.

tics nave been previousl y observed in the bound-bound
- - - The authors wish to thank F. Rodriguez of ML! for - -laser transitions , for example , in XeF’ , S2 , etc. -his assistance.

The role Cl, played in the controlled discha rge sys-
ten s was tested . Varia tion of the Cl 2 concentration was
found to seriously affect the perfo rman ce of the laser 

~ ~ Parks .~ppl _ ~~~~ l . t - t i . 31 29 2  (1 9 77).and no lasei- action was observed when Cl 2 was replaced ~~ F . ~~~~~~~~ S.G . Joh nson , S. I) : , tz , and l . K . Schmidt-by Cd 1. Under the conditions we used (10 Toer Hg and Lileck , Che m . I ’hys. Lett. 31, 577 (1975).1500 Torr Ar),  the nominal Lower limit of Cl 2 concen- The concentrations of Cl 2 and lIg quoted i.’ this paper Were
(ration of 3.5 Torr was set by arcing prior to the elec- the nominal concentrations , In a la ter exI’eriment , we have
troii -beam initiation. The nominal upper limit of about fotn~ t ie r

d
eactlon o [ c w h ground—stnte Hg is moderately

11 Torr was set by suppress ion of laser action . The trat io ns quoted he r e .4 optimum concentration of Cl~ was about 5. 5 Torr. A K. Wict and , Itch , Phys. Acta 14, 420 (1941)~s imi l a r  re la t ionship was found on fluorescence signals. i~, Ek stro rn , Li. l’ei’i’y, K. V. Tun~, and 11.4 4 . I l uister , Jr .
For exam ple , a reduction of about 40 , in fluorescence (unpu lhi shed) .
signal was foun d when Cl 2 concentration was varied ~~ V~ la na a i d  B . .s , h unte r , Jr. (u npuLlishedJ .

‘1 . Srl lrn ghu i sen , G .C . Tis sne, J .M . l(u f fn oan , and A.K.from 5.5 to 11 Torr . The fall-off of laser and fluores- h ays , J . Che m. I’h ys. 64, 4796 (1976).cence intensities with Cl2 concentration may be due to 8S.R . Leone and K.G . Kosnik , Appl . Phys. Lett , 30, 346either of two effects. The first is related to the capture (1977).

• ?28 AppI Phyi. Len. 32(4) . 15 February 1978 D..4 228 
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KINETIC PROCESSES IN P.AP.E GAS IALIDE LASERS

Donald C. Lo rents
SRI Internationa l

Molecular Physics Center
Menlo Park , Calif ornia 94025

The progress tha t has been made in the development : of high energy electronic

t ransition lasers operating in the vuv to visible range of the spectru m has been

truly remarkable in the last 5 years . This spurt of progress began in 1972 with

the realization and demonstration of rare gas exci me r lasers such as Xe
2 

and the
recognition of the importance of unbound lower states for the extraction of laser

energy [BDP7O , KP72 , 11S73j . These advances were accelerated by the development

in electron beam and pulaed power technology that provided the means by which

high density . gases could be excited with extreme ly high power densities [JD76J .

These developments stimulated efforts to understand the kinetic processes in high

density rare gases excited with electron beams . The considerable litera ture and

general understanding of electronic and atomic collision processes in rare gases

led to very rapid development of detailed models of the observed fluorescence and

laser characteristics of these gases [1.76, 14676].

A apis’s-off of these results was the realization that in general the dense

rare gases were excellent: media for converting the kinetic energy of electron

beams to energy residing in the lowest excited a tomic and molecular states of the

rare gases . At high densities in the pure rare gases this energy can only escape

by radiation in the excime r bands to which the gas is transparent. Efficiencies

for producing this electronic excitation were predicted to be in the 5O~. range

for excitation densities not exceeding a leve l where excited state-excited state

reactions and other excited state quenching processes lead to inefficiencies [L76J .

Exp erimenta l measurements of th. excimer radiation efficiency have recently

conf irmed these p redic tions (TW176J . ‘Thus the rare gases , beca use of their high

lying elec tronic states that can be efficiently excited , are excellent host media

from which to initiate transfer of electronic excitation energy to additive atomic

or molecular species. The range of possib le elect ronic transitions that can be

excited by this technique is enormous and it remained only to find efficient and

sele ctive energy transfer processes that would populate only one upper laser level

of an accep tor . Preferably that acceptor should be an excimer with a dissociating

E—2
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lower level.

The key suggestton that led to the study of halogen donors in excited rare

gases came almost si mol taneousl y from Setse r ’ s group at Kansas State University

[V5 75j and from Golde and Thrush from Cambrid ge (GT74] . Sets er first announced

his resu lts at a laser conference in St. Louis in 1974 and within months the

first rare gas halide laser had been successfully demonstrated ( SH75J . A lively

race followed to discover all the possible RgX lasers and to begin to characterize

their performance.
From the point of view of a tomic and molecular physics , the rare gas halide

lasers are rich sources of interesting collision processes that need to be under-

stood not only because they are important to the laser o~’.ration but be~ause they

are of themselves of fundamental interest. The objective of this paper is to

review the progress in understanding the basic kinetic mechanisms tha t determine

the characteristics of these lasers.t

Th. rare gas halide lasers are indeed successful. Lasing has been demon-

strated on at least 6 differen t rare gas halides at wavelengths ranging from 193

mm to 351 mm, pumped with e-beama , c-beam sustained discharges and avalanche

discharges (see Table I for references). Pulse energies ranging from n.Y to

several hundred Joules have been ob tained with efficiencies ranging up to 107..

Table I gives a listing of the dominant optical emissions observed from excited

high density rare gas/halogen mixtures and indicates the RgX lasers tha t have

been demonstrated. Of these lasers the rare gas fluorides ArF , KrF , and XeF have

received most attention because of the ease with which they can be operated and

their general high efficiency.

RARE GAS HALIDE SPECTRA AND STRUCTURE

*The spectra of the distomic rare gas halides , RgX , all  have very similar
*

characteristics which are exemplified by the ArC1 emission spectrum shown in

Fig. 1. This spectrum was obtained by Golde and Thrush [GT74] at low pressures

in a f lowing afterglow by reaction of argon metastables with Cl 2 and CC14 . The

spectra ar, typified by a single broad emission peak (~.X 
— 2-3 tim) followed by a

progression cf less intense peaks toward the blue. The spec t ra are characteristic

of transitions from a strongly bound upper state to a s lightly repulsive lower

state with a progression due to vibrationa l excitation of the upper level.

Spectr al measurements have been made for nearly all rare gas/halogen combinations

using both c-beam excitation of high densi ty rare gases and low pressure flowing
t A review article of RgX lasers by C. lrau of Los Alamo. Scientific Laboratory

will soon be published in Excim~r Las,~~~~ C. K. Rhodes , ed. (Springer-Verlag) .
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Table I

RgX Laser and Fluorescen t Wavelengths

Ne Ar Kr Xe

F Fluoresces Laser Laser Laser
108 193 248 351
Dissociates (b) (c) (d)
(a)

Cl Dissociates Fluoresces Laser Laser
Cl (254) 115 222 308
(e~ Dissociates (g) (h)

( f )

Rr Dissociates Dissociates Fluoresces Laser
Br 2 (290) Br2 (290 ) 206 282
(e) (i) (j) (k)

I Dissociates Dissociates Dissociates Fluoresces
12 (342) 12 (342) 12 (342) 254
(e) (1) (m) Dissociates

(ii)

The wavelengths are in tnt. In high density media the
dominant emitters and their peak wavelength are listed.

(a)  RRW77
(b) 1fl1T76, NP 77, LSS77 , BD76
(c) EB75a , 5BA76 , IiHT76b , MP76 , SSG76 , BD76 , M375
(d) BE75b , HJD76 , A3B7 5, BD76 , BRD76 , M3D76 , WMS76
(e) Prediction
( f )  MLN76 , GSC76 , 1477a, CP76
(g) MP76 , MP77 , 5576
(h) EB1Sa , TIIH76a
(1.) MLM76, KS77 , MST76 , E.Th176
(j) W7 7b
(It:) SR75
( S) I’ilJ176, MHH75, EB75c , 3R375, HHT76a
(m) MLH76
(r i) EE1Sb , MLR76

- 10
ArCl from 8

- 
-.-~ Ar + CI

*

~ 
Fig. 1. ArC1 emission spectra

- . ,, from reactions of Ar* with Cl2
- - - -- and Ccl . From 0T74 .

0

- ArCI from - 3
-
- 

-. Ar ’ + CCI4 - 2

- . - -  0
1800 1700 1600 1500 1400 A
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afterg iows (see Table I for references) . The low pressure spectra in genera l

show more vibrational structure than data taken at high pressures where vibra-

tional relaxation is completed by the t ime the molecule radiates , but otherwise

the spectra are very similar. Vibrational relaxation is observed to occur even

at very tow presaures~ indicating that the mechaniam for this tetaxation most be

extremely efficient (GSC76J
*

Detailed observations of the exit channels of the Ar + Cl reaction at low
* 

2 
*pressures show that about 507~ of the reactions produce ArC l , 1/6 yield Cl , and

1/3 yield Cl + LGSC76J . This is in contrast with the reaction of Kr* with F2 * * 2
which produces only KrF ( V KS76j . In reactions of Ar with Br

2 
and 1

2 
only the

excited dissociated products Br and I are observed [MLH76 , 1(5771 . Evidently
*

the RgX is unstable in these cases and predissociates to the atomic products .

Table I lists the RgX combinations that prsdissociate as well as those that are

• st able and lase. Note tha t the diagonal of this table is the boundary dividing
*

the stable and unstable RgX molecules and those on the diagonal are observed to

bo th fluoresce and dissociate .

The struc ture of the rare gas halide excited states that produce the

observed optical emissions is dominated by an ionic bonding (Rg+X )  that is

st rongly analogous to the ionic bonding in the ground state alkali halides . These

strongly bound states produce deep-welled potentials that become the lowest

excited states for those rare gas halides tha t are observed to radiate optica tly.

The diabatic ionic states dissociate to Rg~ and X on potent ial curves that cross

several covalent states that dissociate to Rg + X or ILg + X . This is illustra—
- • ted in Fig. 2 which shows the electronic states of KrF as calculated by Dunning

32~ + 
______ K r

~(3 Pl+F( 2Pl

8 — Kr ’[2P)+ F
— 2 Fig. 2. ~~ initio calculations

~ 6 
2 fl 

2~. 
without spin orbit coupling of the

2 — ground and lowest excited ionic and

~ 4 covalent states of KrF . From DH76.

2

of. ~2v + — Kr + F(2P)

1 2 3 4 5 6 7 8
ALA)

E—5
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KINETIC PROCESSES IN RARE GAS HALIDE LASERS

and Hay 1DH76, HD77] . In this case the crossings are a t such large R that the

states will certainly interact ve ry weakly, a llowing a predominantly diabatic
*dissoc iation. A very important aspect of an RgX state in order that it be a good

laser state is that once the energy is delivered to the ionic channel , it rel ax to

the bottom of that stats without interactions with any repulsive ground or excited

states tha t permit that energy to be lost via spontaneous or collision induced
predissociation. As indicated in Table I only those RgX comb inations lying above

the diagona l fall into this- category and make good R8X lasers. - --

The analogy of the rare gas halide ionic excited states to the ground states

of the corresponding alkali halides is very close and it is usefu l for estimating

well depths and internuclear separations. The analogy was used very successfully

by Brau and Ewing (E575c1 to predict the transition wavelengths of many of the

rare gas halides before ‘they were observed . The analogy is also particularly

useful because the studies of the harpoon reactions among the alkali halides

provide insight into the reaction mechanisms that produce the rare gas halide

cxc imers.

The KrF states shown in Fig. 2 were calculated ab initio and show the

characteristic features of these molecules . The and 2T1 states formed f rom

th. ground state interaction of Rg (
1S) and X( 2P) are basically repu lsive with

the exception of XeF which is bound by about 1150 cm ’ in the X2t~ state . The

ionic charge transfer states also consiSt of and states that do not inter-

act with the ground states or higher covalent excited states except at high

energies along the repulsive wall. The predominant transition is the ionic to

covalent one between the 
2t~-2t~ states and the other transitiona (~t-~~ and

~~.
2fl) although observed are weak. In a more exact treatm ent the spin-orbit

effect moat be included and the II and £ ionic states then split into 3 components ,

two dissociating to Kr+(
2
P~) + F and one to Kr+(

2
P
%
) + F as shown in Fig. 3.

Detailed spectra l studies such as the one shown in Fig. 4 of the KrF spectra

observed from an s-beam excited Ar /Kr/F2 mixture ~NP76) exhibit the dominant B-X

transition at 248 mm, a weake r D-X emission trots the upper spin orhit state , as

well as the broader B—A emission. This spectrum also shows the B-X transition

of ArF at 193 tim and an underlying background in the 260-300 nnm range that has

been identified as Ar
2
F. Detailed analyses of high resolution ~tpectra of the

R-X emission in XSI, XeBr , XeCl, and KrF have been used to deriv, accurate

potential function s for thea . states ( THR76a ,b).

E-6
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spin orbit coupling. From 0076.

K r + F ( 2P312 1I 2 ~-2
1 2 3 4 5 6  7 8

A (A)
5A4’5$-’4

1.0 — K r F

0.5 —

0.25 — -~~~
-

A F 
- .

‘ • B-X Fig. 4. Emission spectra of an
~- 0.125 — 

-
~ 

- r D-X c-beat s excited Ar /Kr/HF3 mixture at
z pressures of 3300/100/5 torr

• , - respectively. From NP76.
~ 0.062 — 

• B-A + A r2F

0.031 —

1-’
_

I I •
~i i i I i i i i

180 220 260 300
5*4,55 ~7

As indicated in Table I many e4citsd rare gas halogen mixtures at high den-

sity radiate primarily from X2~ molecules . For examp le , Ar/Rl mixtures at 1000 T/lT

radiate exclusively from the lowest tonic state , 
3

fl 2 ,  of 1
2
* dissoc iating to

to the lowest excited covalent state , 3fl
2
, dissocia ting to 21(2P ,)(MHB75J.

This emission peaks at 342 mm and is highly structured since it is a bound-to-bound

transition . The ionic na ture of this system allows the energy to flow almost
*excl usively in to a single upp er level by mechanis ms analogou s to the RgX . In

this case it has been observed tha t 707. of the excited states and ions produced

E-7
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KINETIC PROCESSES IN RARE GAS HALIDE LASERS

initially in the Ar lead to I2
*(3~i2g) U~fl1751 - S imilar transitions are also

observed in Ar/Br
2 f ML076] and Ar/Cl2 

(MLR76, CP761 mixtutes and recently in

He/F
2 
mixtures (RWH77] - Lasers have also been demonstrated on these transitions

in I , Br and F [E375c , 50575, }IHT76a, MST76, EJ076, RHW77] -2 2 2 * *In addition to the diatomic RgX and X 2 emissions from rare gas halogen

mixtures , broad band continuum emissions are observed that have recently been

identified as transitions in triatomic Rg
2
X molecules [L0577,1t3R77). An example

of these continuum emissions is shown in Fig. 5 for the case of an Ar/Kr/F
2

mixtures. The continuum emission peaks at 400 mm and has a width at half maximum

of about 53 mm. The intensity of the 400 mm band increases relative to that of
*

the KrF with increasing Ar density and with increasing Kr density and becomes the

dominant emitter at high pressures. In Ar/F
2 
mixtures a similar continuum band

has been observed at 290 mm and identified from both experimental (11*177] and

theoretical (14077] studies to be an ionically bound triatomic excited state,

Ar
2
+
F , analogous to the diatonic Ar+F , that radiates to its repulsive ground

state dissociating to 2Ar+F. The ~~ initio calculations on Ar2
F [14077) and

diatomics in molecules computations on Ne2
F, Ar2

F, Kr2
?, and Kr2Cl 

[11s77] have con-
firmed that these triatomic ionic states are stable in a triangu lar configuration

where the Rg2
+ internuclear separation is essentially undisturbed from its normal

equilibrium distance. These continuum emissions have been observed and identified

in several rare gas halide mixtures and they provide an important additional tool

for studying and understanding the kinetic processes in these systems. Table II

lists the observed (LIfN77) and calculated [0S77] Rg
2X peak wavelengths.

Table II -

Emission Wavelengths of Triatomic Rare Gas Halides

peak X Cnn)
R g X  - Experiment Theory

Ne
2
F — 143, 145

Ar 2F 290 268 , 274

Kr
2? 400 383, 399

Ar2Ct 246 -

Kr 2CI 325 338, 348

Xe
2
C1 450 -

E-8
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325

K , . ,

“° F Fig. 5. Continuum .mmission band

mixture. Th: jnt:nse emjas~on

~ ~~L76. 
mm is from KrF*. From

WAVI~ENGTH ~~

RARE GAS HALIDE REACTION KINETICS

There are two important types of reaction kinetics occurring in rare gas

halide lasers , both of which need to be understood. The first of these are the
• reactions among the ions that are most important under conditions of low power

excitation in gas mixtures where the electron attachment to the halogen donor is
dominant. The principal mechanism of RgX* formation under these conditions is

that of positive ion-negative ion recombination . The second occurs under con-

ditions of high power c-bean pumping, where nlectron recombination with positive

ions is faster than attachment, or in discharge pumped lasers where excited states

are produced directly . The excited state reaction channels then become the
*dominant mechanisms for formation of RgX - These two conditions are referred to

as attachment dominated and recombination dominated cases, al though in either

case both types of reactions contribute to the excited state formation.

In discussing the kinetics of RgX lasers it must be recognized that in all

cases the rare gas is the dominant gas and the halogen donor is only a minor

constituent that participates in the kinetics but does not play any role in the

energy deposition. In pure electron beam excitation of rare gases the ratio of

the rate of production of ions to that of excited states is about 3 [L76). The

positive ionS produced quickly form diatonic ions by the reaction

Rg+ + 2Rg Rg
2 

+ Rg - (1)

These diatonic tons can then recomnbi’~e with the electrons to form excited states :

+ e — Rg~~ + Kg , (2)

E-.9
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**where the Rg consists mainly of excited states lying above the first set of
* 5 **excited states , Rg (np (n+l)s) . The Kg cam relax via curve crossings or d cc—

* *tron interactions to Rg and subsequently by three-body reactions to Kg [L761 .2
In electron beam controlled discharge pumping excited rare gas atoms are

produced mainly by the secondary electrons heated by the electric field , i.e.,
*e + Rg 0g + e  - (3)

However , ionization also occurs by
* +e + Rg — Kg + 2 e  (4)

and this process in rare gases will generally lead to an unstable discharge.

However , if an attaching gas is added such that the attachment rate in the dis-

charge is greater than twice the ionization rate, a stable discharge can be

maintained [ DM376) - In principle this is the most efficient method for pumping

rare gas halide lasers and although this method has been demonstrated for RgX

lasers, it has so far not been as successful as pure c-beam pumping. When an

electron attaching gas (most halogen donors have strong electron affinities and

large electron attachment coefficients) is added to the rare gas, the attachment

will compete with the recombination by means of

e + R X — X + R  , (5)

where TX is a halogen donor. Attachment dominated conditions are attained when

k
5[RX ] > k2[Rg7J , (6)

Le. , when the rate of electron attachment exceeds the rate of electron recombi—

nation. Since the number of Rg
2
+ 

is dependent on the pump power and both k
3 

and

are functions of electron temperature, the condition (6) is not a simple

rela tionship.

It is clear that the excited ionic RgX* can be formed by ion-ion recombina-

tion rea ct ions such as

~~~~~~~~~~~~~~~~~~~~~ (7)

+ - *Kg
2 

+ X + M — RgX + H + Rg (8.)

_ ltg
2
X* + M  - (8b)

However , under recombination dominated or discharge pumped conditions where the
*excited state production is dominan t, RgX is formed by the charge transfer

(harpoon) reactions

E—1O
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* *

_

Rg +RX -.RgX + R  (9)

Rg
2
* + R.X — RgX*+ Kg + K (l0a )

— Rg
2

X + K . (lOb)

The high efficiency of the rare gas halide laser is due in large part to the
*ionic nature of the RgX upper laser state that permits both of the reaction s (7)

and (9) to populate that same leve l with very high cross sections. Thus in spite

of the fact that it is not possible to create conditions in which a single forma-

tion reaction controls the flow of energy, it is funnelled into a single state by
*the fact that nearly all reactions lead to the same exit channel. Once the R8X

is formed in the ionic state, it is vibrationally relaxed to the bottom of its

well very rapidly by collisions with the ambient gas atoms which are occurring
10

at a rate of the order of 10 /S.

The large cross sections for both of these formation processes are largel y
due to the long range ionic potential. Rate constants for the ion-ion recombi-

nation reactions (7) and (8) can be calculated by a modified Thompson Coulomb

model [N60 , 864, MC74) . This model gives three-body rate constants of the order

of io
_25 

cm6/S at low pressures but as the pressure increases this rate decreases

and passes through a maximum at about lO~ torr. The effec t ive two-body rate

coefficient at the maximum is of the order of 2 x 10 6 
cm

3/S.  These rates have

not been measured for rare gas halides n~r have the branching ratios of reactions

such as (8a) and (8b) been studied . Indirect evidence from studies of the KrF
*laser performance indicates that reaction (8b) produces mainly KrF [0u77j.

The harpoon reactions (9) have been studied extensively by Setser and co-

* *workers (VKS76J and rate constants and branching ratios measured for Kr and Xe

metastables reacting with a large number of halogen donor molecules . In most

cases the reactions occur with cross sections typica l of harpoon reactions
- 

- 
-14 2 *(— 10 cm ) bbt only the simpler donor molecules yield the R1X with near unit

efficiency. Reactions of the type (b a) and (lOb) have been studied only indirect-

ly in i-beam excited rare gas halogen mixtures. These are also harpoon reactions
* *that have high cross sec tions but the branching ratio between RgX and Rg2X

formation is not known. It mast be recognized that the branching in these

reactions may in fact be a function of the ambient gas density , i.e., three-body

stabilization of long-lived collision complexes can be very signi f icant a t these

densities.

E—11
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KINETIC PROCESSES IN RARE GAS HALIDE LASERS

The Kr? laser has operated most successfully by c-beam pumping of a three

component gas mixture of Ar/Kr /F
2 

typically at pressures of l500T/LOOT/2-3T. The

kinetics of this system are very complex and difficult to model since most of the

reactions have not been studied individua lly.

Besides the measurements of the rate coefficients and cross sections of

individual reactions, information on the reaction kinetics of laser mixtures can

be extracted from fluorescent yield measurements (photons radiated div ided by t he

number of Rg excited states produced) end decay rate measurements as a function

of the density of the component gases of typica l laser mixtures. For example,

at SRI a 3 ns electron beam pulse is used to excite the gas mixture and the

intensities of the various optica l emissions are monitored as a function of time

INLN76J . The excitat ion condition s of this pump are such that the neutral

kinetics dominate the reaction chain .

The ion reaction chain is indicated
IONIC KINET I CSin Fig. 6. The vertical ion reaction

channel is quite firmly established and PUMP
the reaction rates are all fast. The

conversion of Kr+ to Kr
2~ 

proce eds 
________

rapidly even at low Kr densities by Ar4 
~ 

F- Ar F •

means of the intermediate ArKr+ f d  ,~~ _193 nm

I2Ar 7 i2Ar Krin a three-body reaction with 2Ar and $ $
a subsequent two-body reaction with [ ~~~~ __________

Kr ( 3M170J . The horizontal reactions are
+ 1K

all with F .  The existence of ArKrF is 
________

postulated on the basis of the cxix- Kr~ 
1 

,J 
KrF 1~,. Kr

of ArKr and
_
its probable 

f2A r /“~/ I 2Ar
association with F in analogy with ~~ / / $
Ar 2F and Kr

2P. No optical emission LArKr+J’ /
‘ ArKrF

H,
ha s as yet been identif ied with this /1K / Kr
molecule but its emission should be 

~~ / +

broad band and to the red of KrF. Kr ~ r Kr2 F
2 I .400 nm

Under most cond itions its lifetime
Se-else 15

is probably very short due to fas t

reaction with Kr. Fig. 6. Ion reaction chain for
• an c-beam excited Ar/Kr/P

2mixture.
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PUMP

Kr 

A~

Kr Kr ’

Kr ’ Kr ~2 1 1” ”~ Kr~

~~~~~~~ r 2Ar~~~~~~~~~~~~~~~

/

~~~~~~~~ Ar

Fig. 7. Excited neutral reaction
chain for an Ar/Kr/F 2 mixture.

The excited state reaction chain , Fig. 7 , appears very similar to that of

the ions. Indeed the vertical reaction among the rare gas excited states is
*exact ly parallel. The molecule ArKr is the least well characteri zed but its

emission has been observed [V0P75J and it is required in the reaction chain to

account for the rapid formation of Kr
2
* in excited Ar/Kr mixtures. In this case ,

of course , the horizontal reactant is the fluorine donor F2 
or N?3. As has

alread y been discussed , a major uncerainty in thes. reaction scheme s is the
* * *branching between RgX and Rg

2
X formation in the reac tions of Rg

2 
with RX or

Rg2
~ with f ,  In addi tion, of course, many of the rate constants for these

reac tions are very uncertain (NHL76). Not included in these diagrams are the
quenching reactions of the excited rare gas halides with the fluorine donor

molecule. These reactions are generally fast and can compete effectively with

the radia tive rates [1tTR7 7, 3$D771 . However , the radia tive rate under lasing

condi tions is increased and the quenching losses are less serious .

Several labora tories [M3R77 , ES76) have conducted measurements of the

intensities of the various emissions as a function of co mponent gas mixtures

E—13
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KINETIC PROCESSES IN KARl GAS HALIDE LASERS

under steady state excitation conditions. These studies show the fluorescence
*yield of KrF generally decreasing with increasing Ar or Kr. This behavior is

*generally interpreted as a quenching of Kr? by the rare gas , i.e., ver tical

reactions on the right side of the reaction chains of Figs. 6 and 7. However,
this data can equally well be described by reactions occurring along the left

side of these chains, e.g., the KrF* channel may be intercepted by the more rapid

formation of Kr
2 

leading to Kr
2
? - The data obtained at SRI [ NHL77) using both

fluorescence yield and decay rate information indicates that in the excited state

case reactions along the left side are very important. As an example, the decay
* * *rate of Kr, exact ly follows that of Kr2? , whereas Kr? has a decay rate about

* *10 times faster. This observation indicates tha t Kr 2 rather than Kr? is the

precursor of Kr 2F*. At this time, however , the data are not sufficiently detailed

to assess the relative importance of the two chains or the branching between them .

PHOTON INTERACTIONS

Perhaps the most important kinetic psocesses that occur in a laser are the

photon interactions that determine how effectively the energy delivered to the

excited stat es can be extracted as laser radiation . The processes tha t absorb the

laser photon s are of par ticular concern .

The absorption . directly affect the efficiency of the laser by limiting the

number o f avs ilab le photons that can be extracted in a coherent beam . This can

be seen in the expression below giving the extraction efficiency of a laser
operating in a cw mode.

~~~~
A + Q + Q L T + h ~

In this expression, which can be easily derived from the steady state operating

condition of a laser, is the total removal rate of the lower laser leve l,

is the quenching rate , and A ia the spontaneous emission rate of the upper laser

level . Note that for an excimer where is large compared to A + 
~u the first

term of the expression approaches 1. In the second tern,T ii the mirror trans-
mission, L is laser length , and £ is the total absorption coefficient due to all

absorbers . Obviously an effici ent laser requires T )> .u:a . The third term

indicates that the pump power , P , of the laser mast be large compared to the

power at the lasing threshold , This simplified expre ssion becomes more

E-14
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- complex when the transient absorptions which are dependent on pump power are

considered .

In an excited gas as complex as the mixtures used in an RgX laser many

possible transient absorbing species are created. The major advantage of the

excimer lasers, of which Kr? is a member , is tha t the lower states of the lazing

transitions are repulsive and do not absorb appreciably at the laser wavelength .

The only exception to this is XeF which is bound sufficiently in the ground state

(1150 cm 1
) to cause a bottlenecking problem.

Contributions to absorption in RgX lasers can be made by the following

transient species:

1. Positive ions: Photodissociation of Rg 2
4

2. Negative ions: Photode tachme nt of X or photod issocia t io n of X - or X -

* *-* 
2 3

3. Excited species: Photoionization of Rg , Rg , or dissociation of
* * *Kg2 , RgF , or Rg 2F

In the Kr? laser , for examp le , Ar
2
+ end Kr

2~ 
are important absorbers at 248 nm

because of the lar ge broadband 
~
1u

_
~~g photodissor~~tion cross sections (SGK76 ,

MSH77, MH77J that peak at 295 and 320 nm respectively. The cross section at 248

nm is on the blue side of the absorption band and is quite sensitive to the amount

of vibrational excitation of the Ar
2
+ or Kr

2
+ ions. The wavelength dependent

absorption profiles of Ar
2
+ 

and Kr
2~ 

have recently been measured fZ-ffl771 and for

Ar
2
+ 

have been normalized to the cross sections calculated theoretically by

Stevens et al (SGK76I . The experimental and theoretica l profiles match very well

on the red side but the theory falls about a factor of two below experiment out in

the b lue wing. The Ar 2~ and Kr 2
+ may be the dominant absorbers for the KrF laser

operated in an Ar / K r / F 2 mixture.

It is expected that the absorptione in Ar2? and Kr2? will be very similar to

- 
- 

Ar 2
+ and Kr

7
+ respecti vely. This is reasonable on the basis of the ionic struc-

ture of Kgj X in which the Rg
2~ retains its structure a lmost as if the X wer e

not there. The importance of the Rg
2
X absorptions is critical ly dependent on how

they are formed, whether from KrF* or by reactions (8b) and (lob), because in the

former case the rapid removal of RgX by the laser flux precludes formation of
* *Rg

2
X . Kg

2 
and Kg absorp tions in the visible range of the spectrum have

recently been identified in excited rare gases [ZHL77J but the contribution of

these sp ecies to absorption in the Kr? laser is not known.

The photodetachnent cross sections for the atomic negative ion have been both

E-15
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measured (Mhlj and calculated [RG67J and reasonable agreement exists . However ,

neither the formation processes nor the photodi ssociation cross sect ions have been

studied for the diatomic and triatomic fluorine ions. For heavier halogens these

ions have been observed to form rapidly in rare gas/halogen mixtures (UM761 .

CONCLU.ION

The success of the rare gas halide lasers has opened up a new class of

efficient near uv coherent photon sources that are already being considered for

applications in photochemistry and isotope separation, as veil as a multitude of

scientific applications. It is obvious that these lasers will be integrated into

our technology very quickly. It is therefore of some considerable importance to

understand quantitatively the microscopic processes that determine the character-

istics of these lasers. As I have tried to indicate in this paper , the important

atomic and molecular collision processes occurring in KgX lasers are many and

complex and, although rapid progress is being made to understand them, mach

detailed and challenging work remains to be done .
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ABSTRACT

We report in this paper the observation of optical emissions from -
•

triatomic rare gas halide molecules formed in excited high density rare -

gas-halogen mixtures. The broadband continuum emissions are identified

as tran sitions between tonically bonded e~tcited states (Rg2
+X )  and

repulsive covalent lower states that dissociate to ground state atoms.

These emissions become predominant at high rare gas densities. —

~
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The recent discovery of strongly bound excited diatomic rare gas

*halide (RgX ) molecules that radiate to a weakly bound or repulsive ground

state has led to the development of a new class of efficient near—uv and

*uv lasers . The RgX exciplex molecules were first observed and suggested

as possible laser candida tes by Velazco and Setser in 1974.1 They

*observed emission from the set of the XeX molecules and suggested the

ionic nature of these bonds in analogy with the alkali halides.2

*Golde and Thrush independently observed the emission from ArCl produced

* 3in the reaction of Ar with chlorine bearing compounds . By exploiting

the similarity between excited rare gas halides and ground state alkali

halides , Ewing and Brau4 predicted the transition energies of a large

fraction of the set of RgX molecules and compared their predictions

with spectra obtained from e-beam excited high density rare gas/halogen

tnixtures.
5 

These initial observations were rapidly followed by detailed

spectral6 and structural analysis7 studies as well as ~~ initio calcula-

8,9
tions with the result that many of these molecules are already quite

well characterized .

These molecules have very desirable laser characteristics because of

their repulsive ground (except for XeF and XeCl) states and their favorable

reaction kinetics that leads to eff icient  energy flow into a single upper laser

level. As a result, the development of these lasers pumped with e-beams,

discharges, or c-beam controlled discharges has been rapid and successful.

F-3
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A recent report sununarizea the laser progress and gives a detailed

analysis of experimental studies of the energy flow kinetics for c-beam

excited Ar/Kr/F
2 
mixtures.1°

In this paper we report a new class of triatomic rare gas halide

exciplex mo lecu les whose emissions were discovered in the coarse of studies

* . -1
of the diatoinic RgX molecules at high densities. The new emissions are

structureless broad band continua whose intensities increase with pressure

and in some cases become predominant over all other emissions at high

pressures,  The emissions are identified as ionic to covalent transitions

in Rg
2
]( mol’icules that are tonically bound in the excited state and

repulsive in the lower state.

Experimental Measurements

Mixtures of rare gases and halogen containing compounds were excited

with a Febetron 706 that produces a 3 nsec , 5—10 joule pulse of 500 keV

electrons. The gas mixtures were contained in a stainless steel cell with

MgF
2 

windows . The gas was mixed in the excitation cell with a magnetic

stirrer and the partial pressures were measured by an 111(5 True Torr

gauge (0.1-10 torr) and a Matheson Model 63 gauge (0.1-10 atmospheres). The

pulsed electron-beam entered the cell through a 0.001-inch foil backed by

a multi-hole “Hibachi” s truc ture to allow high pressure operation.

Spectra were obtained with a McPherson 1
~-meter spectrograph (Model

216.5) using both film and an RCA 1P28 photomultiplier tube. The film

spec tra were taken on Polaroid type 57 film from which negatives were made

F-4
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using Kodak Tri-X. Densitometer scans of the negatives were made using a

Jarrell-Ash recording microphotometer. No attempts were made to correct

for the variation of sensitivity with wavelength in the film generated

spectra. For the broad band emissions seen from Ar
2
F (290 inn) and Kr

2F

(400 inn) the spectra were generated by measuring the intensity at a number

of points across the band, with the spectrograph—photomultiplier combination.

This detection system had been calibrated using a tungsten filament standard

lamp in the visible and the molecular branching ratio method in the near UV,

so that sensitivity changes with wavelength could be accounted for. The

photomultiplier output was recorded using a Tektronix 5812 transient

digitizer which made determinations of decay rates and time integrated

output fairly easy. Each data point, of course, represents one excitation

pulse by the c-beam exciter. The c—beam intensity varies by ± 20% from

pulse to pulse but a more serious problem is introduced by excitation

induced changes in the gas mixtures. We were able to obtain reproducibility

only by a complete change of the gas mixture in the gas cell between each

excitation pulse.

The absolute photon flux in the radiating bands can be determined using

the calibrated spectrograph detector system. In addition, the number of

excitations produced by the c-beam can be determined using the techniques

given in Reference 10. This allows a fairly accurate , ± 307., determination

of the fluorescent yield, defined as the ratio of the number of photons

emitted in a given band to the n.nnber of excitations produced by the

c-beam.

P-5
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Spectral Emissions: Ar/F
2 

Mixtures

The new emissions were first observed in Ar/Kr/F
2 
mixtures in the

*course of studies of the formation and decay kinetics of KrF . In addition

to the already established emissions of ArF (193 rim) and KrF (248 rim) from

this mixture, we observed structureless broad band emissions peaked at

290 rim and 400 nm)~ The band shapes and widths were observed to

be independent of pressure. To isolate the source of the broad band

radiators the krypton was removed from this mixture with the result that

only the 193 and 290 emissions remained.

A spectrometer scan of the 290 rim profile obtained from an excited

Ar/F
2 
mixture using a photomultiplier detector is shown in Fig. 1. Neither

the broad bandwidth nor the energy of this transition can be explained by

the accepted energy level structure of ArF~
2’13 Evident1~y the

290 nm emitter is a more complex molecular species compose4 of Ar and F

atoms, Ar F *. The dependence of the fluorescence yields the 193 rim

and 290 nm emissions in Ar/F
2 
mixtures have been measured ~s a function of

Ar pressure, keeping the F
2 at 1. torr. The fluorescence yield of

*ArF decreases rapidly fr om about 30% at 1 atm to about 37. at 5 atm ,

while the 290 rim yield decreases more slowly from about 507. at

one atm to about 307. at 10 atm. The ratio of the 290 rim to the 193 rim

fluorescence yield increases linearly wi th Ar pressure and is about

F-6



12-to-I at 7 atmospheres. These contrasting pressure dependencies confirm the

suggestion that the two emissions do not originate from a co on upper

level. Further, the predominance of the 290 nm emitter at high pressures

*suggests that it lies lower in energy than ArF since under high density

collision dominated conditions the energy flow is normally downward in

energy. At high densities the rare gas kinetics favor the rapid formation

* 14
of Ar

2 , 
which suggests that it may be the precursor of the 290 rim

emitter.

From measurements of the time decay of the two emissions, we observe

that the ArF* decay rate is as much as 10 times faster than that of the

*290 =1 decay; e.g., 50 MHz for ArF and 5 MHz for 290 rim. This observation

supports the suggestion of two different radiators and that the 290 rim

emitter is either formed later in the kinetic chain or has a longer radiative

lifetime. Finally we have also observed the 290 rim band from mixtures of Ar

and NT3 and find the decay frequency to be even slower than in Ar /F2 mixture.

ArJKr/F2 Mixtures

A similar set of observations has been made on the 400-nm band in

Ar/Kr/F
2 
mixtures. This band is observed together with the 248—nm band of

Kr* Kr/F
2 
mixtures containing no Ar and therefore is identified as a

Kr P molecule. Observation of this band has also been reported from other

la:o:atories.
15_’7 

The emission profile of the 400-nm band is shown in Fig. 2.

The Kr pressure dependence of the fluorescence yields of each of the

• radiators in an Ar/Kr/F
2 mixture has been measured and in this case, we

F- i
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observe that the 400-nm band becomes the dominant emitter as the Kr

pressure is increased above about 20 torr in a mixture of 5-atm Ar and

1.-tort F2. As in the case of 290-nm emission from Ar/P
2 mixtures, the decay

time of the 400-nm emission in the Ar/Kr/F
2 
mixtures is much longer than

that of any of the other rare gas halide emissions (about the same as tha~t of

*Kr 2 in the same mixture) . Thus , we conclude that the 400-nm emitter is the

lower-lying electronic level to which most of the energy is flowing. Since

the total fluorescence yield is not 1007., some of the emission is being

quenched, probably by F
2. As in the case of the 290 rim band in Ar/F

2 mixtures,

the 400 rim band cannot be explained in terms of the well-established 
-

electronic structure of the KrF molecule.5’7’8 We conclude that neither

the 290 rim nor the 400 rim bands are emitted by a diatomic molecule , and the

next simplest species to consider are triatornics.

Structure of Rare Gas Fluoride Triatomics

In analogy wi th the Ar+F
_ 
and Kr+F ionic bonds, two possible tonically

bonded triatomics, Ar
2
+F and Ar+F2 , (similarly for Kr) can be suggested.

Either of these excited states should lie lower in energy than the

corresponding diatomic because of the energy of the additional bond; this

is the R~g
2
+ ion bond in one case (

~
-. 1.2 eV) and the bond (

~- 1.4 eV) in

the other case. In contrast, the ground state of Ar
2
F will certainly be

repulsive due to the repulsive interaction between the Ar atoms (the Ar-F

interaction is probably very weak at the expec ted internuclear separations) .

F-8
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However, ArF2 
in the ground state should have some binding (with respect

to ArF + F) due to the strong F
2 
bond. The validity of these arguments

depends upon the geometry assumed for the ionic upper state at its minimum.

However , it is difficult to imagine any geometry of ArF2 tha t will be

sufficiently repulsive in the ground state to explain both the energy

and bandwidth of the observed transitions. Hence, we suggest that the

* *290-nm emitter is Ar
2
F and that the 400-nm emitter is Kr

2
F . This con-

clusion is strengthened further by the observation of the same bands in

mixtures in which the F2 is replaced by NP3 or other fluorine donors.

Recently, observations of this 400 rim band were reported in Ar/Kr/RX

mixtures using several fluorine donors, RX — NP3, N2F4, F2, SF6, and

CF If these species are formed by harpooning reactions in analogy

with the alkali halides, it is unlikely that more than one F atom is

abstracted from the fluorine donor.

Strong support for the Rg
2
X model of these radiators derives from

the analogous ionically bonded dialkali-halides. This analogy was u sed

effectively in the diatomic case to estimate bond strengths of RgX molecules

from the analogous alkali halide AX bonds. Since the Rg
2
+ and alkali dimer

ions, Ar2
+
, are stable and bound with energies of 0.5 to 1.0 eV, we expect

the alkali analog to the Rg
2
X excited state to be the corresponding

A2X ground state molecule .

Unfortunately, the ground-state surfaces of these A2
X molecules are

not well characterized. However, the existence of bound. A
2X molecules has
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been established from beam-scattering studies of A
2 
with X where A

2X is

observed as a long—lived intermediate complex that decays into the products

AX + A)~
82° It is generally accepted that the intermediate

complex is formed by the crossing from a covalent to a bonding ionic surface

(also known as the harpoon or electron j ump model). In the single-collision

case in which the tota l energy remains positive , the collision comp lex usually

decays via an intersection with a second covalent surface. For example, the

reaction K
2 

+ Cl K
2
+
Cl ~ K + g.C1 is observed with a cross section of

* 19
50-100 .X; the reaction also branches to K + KC1 about equally.

Several groups have investigated theoretically the structure of the

21—23A2X surfaces using pseudo-potential techniques. These studies

demonstrated that these molecules are bound ionically , with the mos t

stable geometry being triangular . The potential energy well depths with

respect to A + AX dissociation are in the range from 0.5 to 1 eV. Although I 

-

the triatomic analogy to Rg
2
X is not as obvious as the diatomic case, the

* + -suggestion that the Rg
2
X will have stable ionic states (Rg

2 
X ) that are

formed by a harpooning reaction of K82 
with X

2 is strongly supported by

the observations on the A2X moLacules. On this basis, we expect the stable

*geometry of R82X to be triangular. In contrast to the alkali halide beam

studies , the strongly exoergic reactions

* *Kg +X -‘Rg2
X +X

observed here are occurring in a high-density environment where multiple

F-lO
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collisions during the lifetime of the complex could relax it to the stable

potential minimum before it radiates. We can expect that bound Rg2X*

molecules will also be formed by the three-body reac ti on

* *RgX + 2Rg -.Rg2X + Kg ,

and the relative importance of these two reaction mechanians remains to

be determined . Under some excitation conditions in rare gas halogen

mixtures it is expected that ion reactions such as

+ - *Rg2 + X + M Rg2X + M

provide an alternative formation reaction.

The relevant energy levels for the ArF molecule and the postulated

Ar2F mo lecule are shown in Fig. 3, together with the re levant dissociation

limits . This simple model assumes a triangular geometry for the exci ted

Ar
2
+F state with the Ar+_Ar spacing equal to the Ar2

+ equilibrium aepara-

* *tion and that Ar
2
F lies below ArF by just the binding energy of Ar

2
.

A vertical transition to the ground state ends on a repulsive state having

an energy of about 1 eV due mainly to the Ar2 repulsion at that 4 uternuclear

separation (the Ar-F ground-state interaction is assumed to be small).

The upper level is then determined by the 290-nm transition wave length and

*lies about 1.1 eV below ArF • If we now as ~ume that the slope of the ground

state Ar2F potential at R is equa l to tha-~ of Ar2 at the equilibrium

separation of Ar
2 and that the shape of t.ie upper states is similar , then

the bandwidth of the 290-nm band is easily scaled from the bandwidth of Ar2
*

emission at 123 rim. This scaling gives i va lue of 41 nm-full wid th at half
- 

7—li
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maximum as compared with the observed value of 52.5 rim. In the Kr
2
F case,

the bandwidth scaling gives 53 rim as compared with 60 rim observed. Thus

both the energy levels and the bandwidth of these emissions are remarkably

consistent with this simple triatoinic molecular model.

The above arguments suggesting the source of the 290 rim continuum bands

observed in Ar/F
2 
mixtures as Ar27 have recently been substantiated by a

detailed ab injtj.o calculation on the Ar2F system.
24 

This calculation

confirms that Ar
2
F* is ionically bonded m a  triangular geometry and is

stable with respect to dissociation to ArF + Ar. The calculation also

+ *confirms that the Ar2 internuclear separation in Ar
2
F is essentially the

same as its normal equilibrium distance. Thus the evidence presented here,

taken together with the detailed ~~ initio calculations, firmly establishes

the assignment of these emissions as the charge transfer transitions in

molecules. -

Other Rg2
X Molecules and Emissions

The Ar2F and Kr2
F assignments imeediately suggested the search for

other members of the same class. Earlier measurements in this and other

1aboratorLes~~ on Ar/Cl2 mixtures had 
yielded an unidentified back-

ground continuum upon which the Cl
2
(E-B) spectrum peaking at 254 rim was

superimposed. That spectrum is shown at two different Cl
2 concentrations

in Fig. 4. The broad continuum peaking at about 250 rim we now identify as

*the ionic to covalent transition from Ar 2Cl . The fac t tha t th. intensity

of the emission increases relative to the Ar2Cl
* emission as the Cl 2

density increase s suggests that Ar* is re acting with Cl 2 before it has a

7—12
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* * *chance to form Ar 2 or that Ar2C1 reacts with Cl 2 to produce Cl 2 . The

latter reaction is exothermic by about l0~ cm~~ and therefore is a reasonable

possibility.

In Fig. 5 the con tinuum spectra obtained from excited Ar/Kr/Cl 2 and

Ar/Xe/Cl2 mixtures are shown. The Kr2Cl emission is observed to peak at

325 rim and the Xe
2C1
* emission peaks at about 450 rim. Fluorescent yield

measurements have not been made on any of these triatomic rare gas chlorides,

but the pressure dependence and t ime decay behavior is similar to that of

the fluorides and there is little doubt that these identifications are

correct.

In gas mixtures containing Xe and a fluorine donor, a prominent

continuum band at 460 rim is observed that has charac teristics very different

from the emissions described above. This band has also been observed in other

laboratories5 but the identity of its emitter has remained elusive.

The band is prominent and has the same wavelength and bandwidth in Ne/XeftcF
3
,

Ar/Xe/NP
3 and Kr/Xe/NP3 

mixtures, but in Xe/NP3 it is replaced by a much

broader continuum extending from 250 rim to 600 rim. These features are

unchanged when 
~2 

is substituted for NP
3. In the triple mixtures the 460 rim

band intensity is linear with host gas density,but peaks at about 5 torr

of Xe and decreases with increasing Xe above that. In contrast, the 351 rim

XeI band increases with host gas density at low pressures but saturates at high

pressures. The decay rate of the 460 rim band is fast but always somewhat slower

than the 350 rim XeF emission . Thus the charac teristics of the 460 rim band

mixtures containing Xe and are distinctly different from the othe r triat omic

7—13 
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rare gas halides, which suggests that this band is not due to Xe
2
F. The

rapid quenching rate of both the 351 and 460 rim emissions by Xe suggests

that Xe2!, if it is formed, predissociates to ground state products. it is

possible that the 460 rim band is due to the CfA4. transition in Xe! (see

Ref. 9 where these states are identified for Kr!). It is likely that the B1~

and cj states of Xe! lie, very close to each other as the calculations

of Hay and Dunning 9 indicate they do in KrF. Collisional mixing of these two

states may be important and could lead to the fast decay rate although the

C-A transition is expected to have a longer radiative lifetime than the B-X

transition.

In Ar/Xe/i2 
mixtures of 1500T/34T/C’.3T a continuum emission band

is observed at 320 rim together with the established emissions at 342 rim

(1
2
*) and 254 rim (XeI*). Brau and Ewing observed in a Xe/I

2 
mixture a much

broader double humped continuum band with peaks at 320 rim arid 375 rim.

They interpreted these transitions as XeI(
2
t
½ 

~ z~~ but this assign-

ment now seems unlikely since under some conditions we observe the 254 and

320 rim bands without the 375 nm band. It is possible that the 375 rim band

is Xe2
I and the 320 urn emission is the red band of Xci. A more thorou h

study of these emissions is needed to clarify the identifications in the

system.

The data obtained on the Rg
2
X* transitions are aumsarized in Table I.

The measured transition energies , ~E(Rg2X) , listed in column I are used

7—14



wi th  known energies , T (RgX), of the corresponding diatomic RgX and the

dissociation energy , D (Rg 2
+) ,  of the diatomic rare gas ion to estimate

the ground state dissociation energy , E , of the triatomic. This estimate

is based on the simp le mode l discussed for Ar
2
F in which it is assumed that

the exc i ted leve l of the triatomic lie s be low the diatomic by just the

binding energy of the diatoinic ion. This assumption is expressed most

simp ly in the following equation :

T (RgX) D (Rg
2
+) A~ (Rg

2
X) + E

g
(Rg

2
X) • (1)

Obviously, the model presented here is an inadequate description

of the energy levels of these triatomic molecules and serve s only as

an init ial  means of identif ying relationships. On the other hand ,

ab init io calculations of these triatomics require inord inate ef for t s  on

the fas tes t  computers . However , Huestis et al. 26 have pointed out tha t

very satisfactory Rg 2X energy surfaces can be generated using the diatomics-

in-mo lecu les model in which only the diatomic potentials are required

to be known accurate ly . Since most diatomic potentials can be accurately

generated w i t h  modern computational facil i t ies, it appears that reasonable

triatomic surfaces can also be generated . Schiotter and Huestis 27

have recently reported such calculations for Ne
2F , Ar2!, Kr 2

F and Kr
2
C1.

The calculated transition energie s agree well  with the measured values in

the three cases where comparisons are possib le . These calculations indicate

that the potential minima of the ionic state of Rg2X* lie higher than indicated

by equation (1), i.e. they lie be low the RgX level by about one half of the

Rg 2
4 binding energy .
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Table I. ~E(Rc~2
X) triatoinic transition energies,

T (RgX) energy level of RgX , De (R4) rare gas ion

dissociation energy , and E (Rg
2

X) ground state energy

of Rg 2
X at the equilibrium coordinates of its excited

state . Te values were obtained from references given

Lri the text. D (Rg
2 

) values were taken f rom Ref. 28

and Ref.  29.

~E(Rg~X) T (RgX) D (Rg 2~
) E (Rg~X)

Xe 2
Cl 22200 32470 8065 220 5

450 rim

Kr
2C1 30770 45050 9760 4520

325 nxn

Ar 2
C1 40650 57140 10080 6410

246 nm

Kr 2F 25000 40320 8760 5565
400 nm

Ar
2F 34246 51815 10080 7490

292 nm

I
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FIGURE CAPTIONS

Figure 1. A spectrometer scan of the continuum emission of an c-beam

excited Ar/P2 
mixture .

• Figure 2. Spectrometer scan of the continuum emission from an

excited Kr/P
2 
mixture.

Figure 3. Relevant ArF and Ar
2
! energy levels.

Figure 4. Photographic spectra observed in Ar/Cl
2 

mixtures .

Figure 5. Densitometer traces of film spectra of Xe
2
C1 and ICr

2
Cl

bands . The sharp lines are Hg calibration spectra.
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Figure 1 • A spec rome ter scan
of the con tjn~um emission of an
e-b. •~~itsd-Ar/p2 mixture,
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Figure 4. Pho tographic spectra
observed in Ar/Cl
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Figure 3. Densitometer traces of
f ilm spectra of X 2
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j  bands. Th. sharp lines are Hg
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calibration spectra.
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DIATOMICS -IN-MOLECULES POTENTIAL SURFACES

- FOR THE TRIATOMIC RARE GAS HALIDES : Hg 2
X

D. L. Huestis and N. E. Schiotter
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SRI International
Menlo Park , CA 94025

and
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ABS TRACT

Potential energy surfaces have been calculated for the lowest nine

electronic states of Ne 2!, Ar
2
F, Kr 2F, and Kr 2C1, inc1~iding spin orbit

coupling. The Diatomics-In-Molecules (DIM) method used takes advantage of the

accurate ~~ initio potential curves now becoming available for the

constituent diatomics. In the case of Ar
2
!, the DIN results are in close

agreement with more elaborate calculations . DIM calculations, for a

minimum of effort , supply the potential energy surfaces needed for

calculating absorption and emission spectra as well as mo lecular

dynamics.

tgupported by the Defense Advanced Research Projects Agency under contract
DASG6O-77-C-0028 through the U.S. Army BMDATC.
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INTI~ DUCTI0N

In the course of detailed spectroscopic and kinetic investigations of

the rare gas halide lasers (e.g. , Kr!), tL~ triatomic rare gas halide exc imers

(Ar 2!, Kr 2C1, etc.) were identified~~
6 
and their important kinetic roles were

characterized)’
41 Recently, sophisticated calculations have been reported

of a few of the potential surfaces at several geometries for Ne
2
!,
8 
Ar
2
F,
911

and Kr
2
F.U We have adapted the Diatomics—in—Molecules

(Dfl1) method and used it to calculate the potential energy surf aces for the

lowest nine e lectronic states of Ne
2
F , Ar 2

!, Kr
2!, and Kr

2
CI. including

spin-orbit coupling. This work will  be extended to the whole class of

triatcmic rare gas halides using the accurate diatomic potential curves

that are becoming available. Some preliminary results have been reported

12,13previously.

The DIM calculations are inexpensive and should be of sufficient accuracy to -

calculate emission and absorption spectra along with radiative lifetimes

and absorption cross sections (using the diatoinic transition moments). In

addition, these surfaces are needed for chemical dynamics calculations of

many important reactions , such as

+ - *Ar
2 

+F -‘Ar! + F

ArF (v> O)  +Ar Ar! (v—O ) + Ar

* *
— 

Xe! (B½) + Ne ~ Xe! (C*) + Ne

* *Ar ! + 2Ar Ar
2F + Ar

*XeF + X e -’Xe + X e + F

XeF(X2Z) + Ne Xe + V + Ne

G-3
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THE DIM WAVEFUNCTION AND HAMILTONIAN

Diatomics-in-Molecules (DIM) is a me thod deve loped by Ellison ’4 for

obtaining potential surfaces of the ground and excited states of polyatomic

systems from diatonic potentials. The increasing availability of accurate

diatomic potentials has led to wide application of DIM.15 In spite of

substantial recent progress that has been made, sophisticated ab initio

calculation of polyatoinic potential surfaces is discouraged by the necessarily

substantial investment of computer time required. DIN potential surfaces are

now being used to study the dynamics of a variety of chemical systems .’5

DIN calculations are based on the concept of partitioning the polyatomic

molecule into the possible diatomic fra~nents. This procedure is familiar

to organic chemists as the electron pair bond. The binding in me thane wou ld

be expressed in terms of four C-H bonds and six H-H repulsions . The quantita-

tive usefulness of DIN arises from asstnnptions about the extent to which the

atomic electron distributions are distorted by molecule formation. The

essential argtment is that the distortions arise mostly from nearest neighbor

interactions, and that approximately the same distortion would occur in the

diatonic mo lecule consisting of the same two atoms at the same internuclear

separation . A mo lecule that is geometrically strained or whose electron

density is very delocalized (compared to that of the isolated atoms) may be

a poor candidate for treatment by the DIM method . In the triatomic rare gas

G-4

-- - 5
- 5- - — - -— - — — — - -- ___________



halides these problems should not be serious . The binding interac tions

are couboinbic in origin , while the repulsions arise from simp le electron

cloud overlap. In particular, Kim and Gordon 17 
have no ted that closed

shell systems show little atomic distortion.

In application of the DIM me thod, the polyatomic wavefunc tion is

written as a linear combination of valence-bond (VB) wavefunctions (also

called VB struc tures) . Each of these VB structure s is analyzed separate ly

in terms of atomic and diatomic wavefunctions. A hamiltonian matrix is

constructed over the VB basis using the atomic energies and diatonic

potential  curve s , and is diagonalized to yield the polyatomic potential  surfaces.

To describe the VB structures in Ar
2
F, we consider the states tha t

arise from bringing together two argon atoms and one fluorine atom , all in

their ground electronic states , as shown in Fig. 1. Each of the argon atoms

2 2 6 2 6has the closed shell configuration is 2s sp 3s 3p . The fluorine atom has

the configuration 1s22s22p5, where the half-filled p-orbital may point along

the x— , y— , or z—axis.  Consider the valence bound wavefunction for the case

where the f luorine Zp orbital is half—fil led.  We call this wavefunctionx

• It can be written in the three equivalen t forms shown be low.xc

~xc = ~l 
- 1~~rb~ I A r F ( x ) l I  —

— a li Ar flArb x ) H — 
‘N c

- tiAr Arb flF (x)I I — c

The connecting lines illustrate pictorially the various diatonic bonds that

are emphasized in each representation of the valance bond structure. Corres-

pending to the bonds, an additional antisyimnetrization of the product of the 
G-5 
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atomic ‘~avefunctions emphasizes the diatonic fra~nent under consideration

(Ar2 in the case of ‘13). The fac t that the three representations 
~
‘1

~ ’ ‘12 ‘13
)

are mathematically identical allow s one to choose the representation that is

most convenient for evaluating matrix elements.

A similar exac t partitioning app lies to the polyatomic haxniltonian (in

the Born-Oppenheimer approximation) . The standard representation of the

hamiltonian is (in atomic units)

H .E ~ ½V
2 +~~~~ ~ .a_+E 1~~~~~~~~Z Z

i ~ ,q iq iCj r~~ P~~ Rpq

where i and j  refer to e lec trons and p ana q refer to the nuclei. Such a

hamiltoni an can be written in the general form

H = E H + E V
P pi(q P~

where H contains the kinetic energy operators and all potential energy

terms depending exc lusive ly on the coordinates of atom p and its associated

e lectrons. Simi lar ly , V contains all two-body interactions of nuc leus p

and its associated electrons with nucleus q and its associated electrons.

Alternately, the hamiltonian can be written in the form
14

H = E  H
q p

where H is the diatonic haniltonianpq

H - H + H + Vpq p 4 pq

and N is the number of atoms in the polyatomic.

If we arbitrarily assign e lectrons 1-18 to Ar , e lec trons 19—36 to

G-6 
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Ar b, and electrons 37-45 to Fc (as suggested by representation ~Y3 above), then

we can write the diatonic hamiltonian for the Ar 2 diatonic fra~nent as:

36 36

R b - 11
A {-

~~ 

~~2 - - + ~~~ ~~~~~ 
a2b

2 i=]. La ib j ai+l i j  ab

Similar rea soning and a change of indices can be used to obtain the ArF

diatomic fragment hamiltonians.

The DIN wavefunctiong for the three covalent potential surfaces for

Ar
2
! are to be written as a linear combination of the VB structures:

i i i i
‘1 - a  ‘1 + a ‘1 + a ‘1DIM x xc y yc z zc

One needs then to evaluate matrix e Lements of the form

< Y~~~H l Y
J 

> j ,j  a x,y,z

which requires that we operate the pieces of the partitioned hamiltonian

on ‘ 1 ;  for example,

liv -H y +H !+ H ’ 1 - H ’ 1 - H y - H ’ 1 .xc ab3 bc2 ad a 2  b I  c 3

For R b’13 
we recognize the Ar

2 
wavefunction (q~~ 

— 
~
Ar Arb I) as an eigen-

function of the Ar2 hamiltonian, with eigenvalue E
al
~~ E

+
)R
3
. To operate

Hac on ‘i’1
, we must project the fluorine wavefunction onto the R

1 
axis,

which yields

a - sin9
13cp 2~~ - 

~~~~~ 9l3w 2 .

Correspondingl~ ‘
~2 

must be projected onto the R
2 
axis. Taking the energies

of the atomic states as zero (they are in their ground states~ we obtain

G-7
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< ‘V 1H 1’y
~~ 

) — < 13 ~
H b 1’13 )• + 4 ‘V~ 1R~ l~’2 > + Y~ “~ac 

I 1~ <

— [E~~(
lE
g
+
)IR 

+ ( sin2e
23E~

C
(l

2Z+) + cos2e
23
E
bc
(1
2
11)IR

+ [S~fl
28,3Eac (l 2~+) + cos2O

l3Eac (12U)] R
1

All the other diagonal and off-d iagonal matrix elements between ‘1 , ‘Vxc yc

and ‘V can simi lar ly be evaluated in terms of diatonic energies and

trigonometric fac tors . These are shown in Tab le 1.

We have glossEd over the conceptua l difficulties imposed by the

polyatomic antisymmeti-izers and the nonsyinmetrized diatomi c hamiltonian

(i.e., only electrons 1—36 appear in H
b

). However , Elliscn 14 and Tully~
6

have dealt with the problems at some length. In Ar2! and Ar2~F , with

only one open shell , it can be shown, by laborious manipulations, that

electron numbering and antisymmetr ization need not be considered.

The ionic states of Ar2? are slight ly more complicated. There are

6 VB basis functions. These are Ar +A F 
— 

and Ar Ar , with the wavea b c  a b c

function for the open shell argon ion having three possible orientations: I -

x , y, and z. The constituent diatonic molecules are Ar2
+, Ar+F ,  and Ar! . ~- 

-

Eva luation of the matrix elements is complicated by the fact that the Ar
2
+

molecular ion wavefunction must be expressed in terms of linear combination s

of the atomic ion wavefunctions, or converse ly :

ab ab ab -

~ +I~ cp, +za 
+ -t

G-8
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The partitioning of the hamiltonian is ilso more complicated , since there

are two equivalent partitionings:

H a H
(b)+ 

+ H
a+c

_ + 11
bc 

- H
a+ 

- H.D 
-

- 
- - H( b ) + + R + 

~~
+c~ 

- H - - H
~
_

These two partitionings correspond to two schemes of numbering the

elec trons and assigning them to atoms, depending upon which of the two

a~~~n atoms is chosen to be ionized. Th2 matrix elemcnto obta~ned are

shown in Table 2.

INCLUSION OF SPIN-ORBIT COUPLING

Although inclusion of the spin-orbit interaction is not crucial to

the understanding of the electron ic structure of Ne
2
! and Ar

2
!, the spin—

orbit effects become substantial for the heavier triatomic rare gas halides.

Recently, it has become common to take high quality ab initio

potential curves for diatomics and include spin-orbit interactions in a

seiniempirical fashion.
18 2° For nonlinear polyatomic

molecules, this should not be possible without ambiguity, since the x, y,

and z components of the wavefunction are inextricably mixed by the electro-

static interactions. The DIM method , on the other hand, deals explicitly

only with the atomic and diatonic fragments. Hence , the polyatcmic

spin-orbit matrix elements can be expressed in terms of those of the

constituent atoms and diatoms.

Tu lly 21 has treated the DIM spin-orbit matrix elements in a

general formalism based on angular momentum coupling. It will be useful

here to consider the specific case of a planar molecule . It is a

G-9
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pa rticularly interesting feature (already known from double—point group

theory) that even in C2 geometries , for- doublet states, all e lectrostatic

symme try ~s broken and all states interact with each other; therefore, the states

cannot be distinguished by symmetry type .

Consider the coordinate system in which atom A is at the origin and

atoms B and C (and any others) are in the x-z plane . A singly occupied

p—orbital on atom A has an electrostatic energy E , Ey~ and E
~ 
if it

points in the x , y, or a directions, respective ly , with an off-diagonal

matrix element E • We could choose to use the complex basis functions
XZ

instead :

— I1~(x+ ty), p_ — /¾ (-x + iy), and p
0 

— z

bu t we can easily transform from one basis to the other . Our choice of

coordinate systems allows us to select iy as the out—o f—plane basis function

with no change in the electrostatic matrix elements. Ou r basis set is

therefore xa, x~ , iy~~, iy~~, ~~,and z~ . The spin orbit coupling matrix

elements are calculated in the standard fashion;22 for examp le.,

< iY~ lH5~lz~ > — C<iy~ lL .SIz~ >—- C/2

using for C the value obtained from fitting the spin-orbit splittings in

the separated atoms .

The 6 x 6 real hamiltonian matrix so obtained is given in Table 3.

Note that matrix elements connect all six basis functions. In an attempt to

find some residual man ifestation of the planar symmetry of the molecule , we are

lead to examine the behavior of each basis function with respect to reflection

c-b 

-
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in the xz plane . Using the relation a — C
2

( y ) . i  we find that

a -
~~ — ~ and a -~~~ a -

~~ • This leads to a par titioning of the basisxz xz

functions into two classes:

- +i~p : CP - I~x(c~-i~ ) ,  /~y(iQ~~ ) ,  4z (o-i~)

- -iCp : J)cx(cW+i~ ) ,  /J~y(icy+~ ) ,  J~z(~ _i~)

II  the electrostatic and spin—orbit matrix elements are expressed in this

new basis, we obtain two identical 3 x 3 matrices , which are shown in

Table 4 . The identical form of the two complex (but hermitian) hamiltonians

proves that  each root of the 6 x 6 spin—orbit matrix  must be repeated (as

we know to be the case to be for diatomics) , and that a reflection plane

can be used to divide the states into two degenerate classes. We wil l  use the

real 6 x 6 matrix for progranmiing simplicity.

In the ionic states of the Rg 2X triatomics, either of the rare gas

atom s can be chosen to be ionized . This means that we must construct

a spin-orbit hamiltonian for each independently, and then evaluate the

interatom electrostatic matrix elements (as shown in Table 2). These are

combined to yield a 12 x 12 real matri x or a 6 x 6 complex mat r ix .

~~SULTS

The diatonic potentials were obtained from the references indicated

in Table 5. We did not make an exhaustive comparison of the various

potentials when they were available from more than one source. We note,

however , that the unmodified electron-gas calculations tend to underestimate

the repulsion , whereas t he  Thomas-Fermi—Dirac me thod overestimates it. For

c-il 
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use in construction of ~he DIM hamiltonian, these potential curves were

interpolated using cubic spline s in reciprocal powers of the internuc lear

distance. The calculations were performed on a PDP ll/4O ,~ and took

approximately 5 seconds per points the majori ty of thi s time was used to

diagonalize the 12 x 12 hamiltonian matrix for- the ionic excited states

with spin-orbit coupling .

Figure 2 shows a comparison of our DIN calculations and, the ~~ initto

(POL-CI) calculations of Wadt and IIay9 for the ionic states of

Ar
2
! in the C

2 
geometry without spin-orbit coupling. The

two me thod s agree to better than 0.15 eV at each point , or within the

accuracy claimed for these extensive ab initio calculations .

No calibrations or ad hoc corrections have been used

in the DIN calculations. Our calculations confirm the previous

characterizations ’3’9 of the excited states of the triatomic rare gas halides

as couloinbic complexes of the rare gas molecular ion (Rg
2
+
) with the halide

atomic ion ( X ) .

Figure 3 shows a contour plot of the lowest ionic potential surface

2
2
B
2 
of Ar,!. In this case, the one Ar! internuclear distance is kept

constant. ixtd the second argonis moved in the xz plane . The essentially

equilateral triangular nature of the molecule is revealed , and there is some

e; idence for a secondary minimum in the linear configuration corresponding to ArAr+F .

Inclusion of spin—orbit coupling in the calculation gives the Ar
2
F

potential surfaces shown in Figs. 4 and 5. Because the spin—orbit coupling

in Ar~ is small , the surfaces with and without

~ 
orbit are similar in appearance . For

Purchased under NSF Grant No. PflY7G-14436.
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examp le , compare the 42r curve shown in Fig. 5 with a cut at Z — -2

through the contour graph shown in Fig . 3. The spin-orbi t interac tion

does contribute , however, to the avoided crossing of the 42
~ and 52~

potential surfaces, which is barely visible in Fig. 5 near R — 6 a .

Somewhat larger spin-orbit effects are shown in Kr
2
F (1- . 6) and

Kr 2C1 (Fig. 7).  Also evident is the substantially smaller size of F

compared to Cl , leading to a deeper binding and a longer predicted emission

wav2l~:1gth in Kr p•

Table 6 summarizes our DIM potent ia l  surface

calculations . In each case, the Rg 2 distance is quite close to the bond

length calculated for the isolated molecular ion Rg
2
+
. Note especially

the comparison of Kr
2
F with Kr

2Cl. Similarly, the RgX distances are close

to the values for the isolated diatonic . These observations tend to

confirm the assumption that distortion of the electron density is not

severe, and suppor t the appropria teness of DIN as a calculational

* *technique . The trend in the binding energies of Rg
2

X rela tive to RgX

is probably not significant and iswithin the differences in the calculational

techniques used to calculate the diatomic potentials. We note, however, that these

binding energies are all substantially less than the Rg
2
+ bond strength ,

which might have been associated with the formation of Rg
2
+
X from Rg + Rg

+
X .

The transition wavelengths listed correspond to vertical transitions from

the minimum in the 42I~ excited potential surface. All three transitions are

allowed by spin-orbit coupling, but their relative strengths are yet to

be calculated. The vibrational bandwidths should be substantia l due to

the repulsive nature of the lower surface . The agreement of the wavelengths

with the available experimental values is gratifying.
G—13
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FUTURE APPLICATIONS

We are now in the process of evaluating the transition moments between

the various DIM potential surfaces, using the diatonic transition moments.

The dipole transition operator can be partitioned in a fashion similar

to that used for the hamiltonian 16 although special care must be

used to treat consistently the relative phases of the diatonic wavefunctions.

The economy of the DIM calculations should allow a complete treatment of

the integration over nuclear coordinates that would be intolerably expensive

on ab initio potential surfaces. We are especially interested in the UV

absorption cross sections, corresponding to transitions 4
2
F 9

2
~ potential

surfaces shown in Figs . 4-7. These absorption s may play an important role

in the rare gas halide lasers. 
-

Emissions attributable to Xe
2
! are yet to be observed .

3 There

is a strong possibility that the lowest ionic state of Xe
2
F is unstable and

*that the quenching of ZeF by Xe proceeds through a potential surface crossing

to the highest of the repulsive covalent potential surfaces. The two potential

surfaces involved are the 32r covalent and 42~’ ionic states shown in Fig. 6

for- Kr 2?. In Xe2F, the 42~ potential surface should lie more than 1eV lower

than in 
~~2~ ’ due to the lower ionization potential of xenon. Calculations

of the Xe2F potential surfaces , now in progress, should help to clarify

thi s issue.

One of the most curious aspects of the spectroscopy and kinetics of

the Xe! laser is the rote played by the state emitting the broad band near

460 r~~. It now appears like ly that the 460 mm emission arises fr-aim the

XSF*(C4.) leve l, which is calcula ted 24 to lie very close to the upper

laser level Xe?*(3¾) , radiating to the repulsive XeF (A~) level. The
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strength of the 460—nm emissions suggest that collisional mixing

* *Xe! (3~ ) + Ne ~ XeF (Cl) + Ne

must be important. We p lan to construct potential surfaces for the mixed

triatainic rare gas halides such as NeXeF to address this and other

important issues.

In conclusion, we emphasize that the Diatoniics-in—Molecules method offers a

convenient , economical , and accurate method of calculating potential

surf aces for use in understanding a variety of kinetic and radiative

processes.
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Table I.

DIAT~4ICS -IN-MOLECULES HANILTONIAN

Covalent States (without spin orbit)
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Table 2

D IATOMICS -IN-MOLECULES HAMILTONIAN

Ionic States (without spin—orbit)
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Table 3

SPIN-ORBIT HAMILT ON IAN MATRIX

FOR A AT(~”1 IN A TRIATOMIC MOLECULE

V

iy~ iy~

E 0 C/2 0 E

0 E 0 -C/2 -~ /2  E

iya C/ 2 0 E 0 0 -C/2

iy~ 0 —~/2 0 E —C/2 0

E -C/2 0 —~/2 1 0

C/2 E — C/ 2 0 0 1

G-20
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Table 4

SYMMETRY REDUCED SPIN-ORBIT HAMILTONIAN MATRIX

FOR A 2P ATOM IN A TRIATOMIC MOLECULE

I.  
-

/½y ( ic~+3) /)~z (Y+i~ )

vjx(c~ + i~ ) E C/ 2  I - iC/2

4 5-— _ _ _ _ _

+ ~) C/2 E~ -iC/2

Az(~ + ~$) E + iC/2 - j C /2  E

G— 21
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Table 5

DIATOMICS POTENTIALS

FOR DIM POTENTIAL SURFACES FOR P.g
2
X

Molecul States Method Reference

NeP 12t~, 1~U, ~~~~ 211 CI 23

ArF “ “ POL-CI 24

Kr-F “ “ POL-CI 19

Kr-Cl “ “ CI 25

Ne~~ 
7t +

,
2fl ,

2fl , 2
~~~ CI 182 u g u g

Ar + “ SCP 202 POL-CI 26

Kr 2~ 
‘I POL-CI 26

Rg 1
1
t + Elect ron Gas 17, 27-292 g

Scattering 30

SCP 31

Thomas-Fermi 32

RgX 1~t~ Electron Gas 17,33

POL-CI 34

- 

~j - -  

0-22
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Table 6

IONIC STATES OF THE

*TRIATOMIC RAR E GAS HALIDES Rg 2X

Diatomics-In-Molecuj es Method

with Spin-Or-bit Coupling

P.52 distance (~) 1.71 2.47 2.79 2.78

RgX distance (~) 2.18 2.54 2.67 3.14

Binding Energy (eV) 0.60 0.73 0.66 0.88
Relative to RgX*

Wavelengths (nm)

421 l~~ 140 266 359 318

421. -, 221. 143 280 382 338

421’ 321. 145 287 399 348

Experimental - 290 
~ 27 400 

~ 
30 325 

~ 
15 

—
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FIGURE CAPTIONS

Figure 1 Coordinate system for the covalent states of Ar2F.

Figure 2 Diatcmics—in—Mo lecule s Potential Surfaces for the Ionic State s

of Ar2F without Spin-Orbit

Figure 3 Diatomics-in-Molecules Potential Surface for Ar
2
F
* 
without

* ,+
Spin-Orbit (Contour Energies in eV Relative to Ar-F ( 2t  )]

Figure 4 Diatomics-in-Mo lecule s Potential Surfaces for Ar
2
F with Spin—

Orbit

Figure 5 Diatoinics-in-Molecuiss Potential Surfaces for- the Ionic States

of Ar
2
F with Spin-Orbi t

f igure 6 Diatomics-in-Molecules Potential Surfaces for Kr
2
F with Spin-

Orbit

Figure 7 Diatomics-in-Molecules Potential Surfaces for ICr
2
Cl with Spin—

Orbit

a 
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