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I. INTRODUCTION

. The combined Semi-Annual Technical Reports presented in this
f report cover the period 15 March 1975 through 15 October 1976. This |

k. composite report presents a complete description of AERL research i

in rare gas monohalide and halogen lasers.
| Within this period ARPA/ONR sponsored laser programs at AERL
have led to the discovery of two new classes of UV lasers; the rare gas
3 monohalides and the halogen lasers,
The AERL research effort in this area has been three pronged.
First, a basic theoretical and experimental understanding of the new . |
3 molecules, the rare gas halides, has been achieved by studying the kine-
tics and spectroscopy of these species. Second, lasing experiments, using
e-beam excitation, have been performed to demonstrate laser candidates
and optimize the laser efficiency. Thirdly, research on electric discharge {
pumping techniques has been closely coupled with the molecular research
to find scalable means to excite these systems. This approach has yielded
E the following significant results: Laser action was first demonstrated on
_ XeF (335 nm), (1) XeC1 (308 nm), ®) KrF (248 nm), (*) and 1, (342 nm)?) at
r AERL (Appendix A); an accurate, predictive, experimentally verified model i
has been developed to describe the chemical binding and spectroscopy of the 3
: rare gas halides(4’ z

I laser was developed at AERL( ); an accurate model has been'developed

)(Appendix B); the first electric discharge pumped KrF

r to describe the KrF laser discharge;(7) an analysis discharge stability in
I such systems has been given;(g) high intrinsic efficiency has been demon-
strated for KrF, (9) and more recently on XeF; discharge pumping of the

Br, (10
standing of the kinetics for both rare gas halides and halogen lasers is

i

laser has been demonstrated under IR&D funding and a sound under-

emerging. Under this contract, theoretical calculations of photoabsorption

1 loss processes in discharge excited noble gases have been made and are 3
! ¥ reviewed in this report (Appendix C). A comprehensive review paper sub-

mitted for publication has been included in Appendix D.
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l The significance of the AERL effort lies in the fact that this new

class of lasers offers the potnetial of both high overall electrical efficiency

ek

(= 10%) and high average laser power (= 100 kW/aperture).

An experimental effort is now underway to test the scaling laws de-
veloped for the electric discharge pumped KrF laser. If successful, this
work will be a significant stepping stone to the first high efficiency, high

average power short wavelength laser. i
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II. RARE GAS HALIDE SPECTROSCOPY

In appraising laser concepts that could lead to high overall efficiency,
three simple criteria stand out. First, for allowed electronic transitions of :
atoms or molecules in the near UV, the radiative lifetime is generally short,
in the range 1 nsec to 1 ysec. Second, the rate of decay of the lower laser
level sets a limit in the intra-cavity flux that can be effectively utilized be- {
fore ''"bottlenecking' occurs. The rate of populating the lower laser state
via stimulated emission is given by ¢ ¢ _(hv )-1 where o is the stimulated
emission cross section, ch the cavity flux in watts/cmz, and hy is the |
energy of the laser quantum. In order to avoid bottlenecking, the rate of
decay of the lower state TL-l should be larger than o6 (hv )'1 for a ¢
which will eificiently extract the upper laser state population. For strongly
allowed transitions, it is desirable to have 7, "' > 10? sec™l. Third, a
most important practical consideration, is efficient matching of the laser

discharge ''load'" to any electric pulse-foming network. This consideration

[P A A

places a strong preference on a laser medium that can be discharge pumped
in a stable fashion (no rapid increase in electron number density or arc
formation) with constant discharge :mpedance for times longer than roughly

200 nsec. This very germane efficiency consideration places a definite

b’ i s s im0 n

premium on continuously removing the lower level, i.e., removing bottle-
necking.

The combination of the above three criteria has encouraged many
workers to look for new lasers in which the lower level is rapidly dumped.
Rapid removal of the lower level can occur in a variety of ways: collisional
quenching, predissociation or, finaly, dissociation of the lower laser level.
The latter process is by far the fastest and characterizes what are commonly
referred to as ""excimer' lasers. In such a laser the lower level disappears ;

on time scales of order 10-12 sec. If the lower laser level is rapidly re-

moved, large intra-cavity fluxes can be used to efficiently extract every
upper laser level formed in the pumping sequence. In this fashion, maxi-
mum efficiency can be attained within the limits of kinetic branching ratios

and quantum efficiencies with which the upper level is formed.

2
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Figure 1 shows a schematic molecular potential energy level dia-
gram for a rare gas monohalide. One can see that these lasers utilize
lower level dissociation. The upper laser level, denoted as MX*, is bound
with respect to dissociation into an inert gas atom M and an excited halogen
atom, X*. It is also bound with respect to M>=< + X. The ionic nature of
these excited states has been discussed. o 20l ey The excited state is
nothing more than a positively charged inert gas ion, M+, and a negative
halogen ion, X, held together by coulombic rather than covalent forces.
Predictions made at AERL under previous ARPA sponsorship of various
properties of these excited species ar: based on the similarity of these ex-
cited states to the ionic ground states of the nearly isoelectric alkali halide
ground states. (4) These predictions are accurate to within a few per-
cent. Guouts) The similarity of the excited ionic states of the rare gas
monohalides to ground state alkali halides derives from the fact that a rare
gas halide ionic excited state differs by only one electron from an alkali

% -
halide. KrF is simply the ion pair KrtF. Krt

is only different by one
electron from Rb' . Thus, the properties of KrF* are very close to those
of the ionic RbF molecule. A number of other useful analogies exist as
well. For instance, the rare gas excited states, such as Kr*, have low
ionization potentials and as a result the chemistry of Kr*, both kinetically
and generically, is very similar to that of Rb.

MX* has its potential minimum at a radius Ro’ and can radiate to
lower states that derive from the collision of ground state M and X atoms.
Predicted estimates of Ro and other fcatures of the class of rare gas halides
are given in Table I. For the schematic potential curve shown in Figure 1,

emission is centered near two wavelengths, X . and ) 2 Two kinds of lower

dissociative levels are shown, a 22 state and ; 211 state. This is the situa-
tion that applies for the collision of ar atom with P symmetry and one atom
with S symmetry. Spin orbit effects are neglected but are important in rare
gas bromides and iodides. The ZE lower state corresponds to having one
halogen "hole'" in a p orbital on axis with the rare gas atom. The rare gas
halide lasers demonstrated to date have terminated on this 22 state. The
2[1 state places the partially occupied p atomic orbital perpendicular to the

molecular axis. The "Il state is strongly repulsive at the eqiuilbrium

g
3
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Figure 1 Schematic of Rare Gas Monohalide Potential Energy Curves
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TABLE I

PREDICTED FEATURES OF INERT-GAS MONOHALIDES
FROM REF, 4

Molecule RA(X)a RB(X)b RO(R) EM(cm-l) A (nm) A, (nm) A3(nm)d
Xel 19.2 6.3 3.3 39135 256 302 342
XeBr 32,0 15.9 3.1 34272 292 354 407
XeCl 71.9 c 2.9 30860 324 402 417
XeF 39, 6 c 2,35 25895 386 503 512
Krl 14.1 5.2 2.9 49353 302 231 252
KrCl 30.5 9.8 2.8 45592 219 253 258
KrF 22T c 2,27 39229 256 301 335
ArBr 17.0 3.2 2.8 62152 161 178 190
ArCl 24,1 4,5 2.7 58042 172 192 195
ArF 18.9 c 2.17 37484 190 214 218
NeF 9.6 2.6 1.93 93266 197 115 115

a,

C.

= i
RA is the crossing radius of M+X with M + X.

= *
RB is the crossing radius of M+X with M+ X |,
These species have halogen excited-state levels only above the inert-gas
excitation levels, Hence, no RB crossing occurs,

A3 is the predicted wavelength of the broadband terminating on the 241/2
lower state, For all but Xel, XeBr, KrBr, and Krl, the A2 and )\3 bands
are overlapped,

For Arl, Nel, NeBr, NeCl, and the helium halides the inert-gas ionization
potential is so large that the Coulomb curve does not made up sufficient
energy to approach the low-lying halogen excited states, The compounds
should only have small well depths and the molecular continua should be near
the free atom lines. Possibly ionic states of opposite polarity, viz. Ne- + It,
could enter into the binding.

10
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internuclear configuration of MX*, Ro' because more eleo::trons2 are between
the halogen and rare gas nuclei, Emission terminating on the "Il states,
near wavelength ) 2 is characterized by a relatively broad continuum band-
width. Figure 2 shows a microdensitometer trace of the Xel emission spec-
trum. Note the sharp = - = band and the two broad £ —II bands. Two
broad bands are present because of the large spin orbit splitting of the low
lying ZH states. The success of the alkali halide model for the rare gas
halides is shown by the comparison of existing data given in Table II to the
predictions based on the model. Assuming comparable radiative transition
rates to both states, the gain, assuming no excited state absorption on the

transition near X . will be higher on the £ - = band because the bandwidth

1
is narrower, explaining why existing rare gas monohalide lasers have op-

erated on the sharper, higher gain bands.

The ic>2nic excited state has 21/2 symmetry to a first approximation.
Higher lying Il ionic states are also present, and recent calculations by
Dunning and Hay show that the substantial spin orbit coupling of Kr and Xe
halides can mix these states with the lowest 221/2 ionic excited state. (1)
Previously, concern that the upper laser level may not be the lowest ionic

(15, 16) A recent

excited state had been expressed by several workers.
) spectroscopic investigation(l7) of the XeF 354 nm band has eliminated this
earlier concern and now all workers in the field agree with the earlier {
- assignments of high pressure rare gas halide spectra made at AERL. ((n 055 ) |
The lowest 22 covalent state, the lower laser level for the existing
lasers, is not truly dissociative for XeF and XeCl. The lasing transitions
are, in fact, bound to bound(s’ i LY for these species since these mole-
cules have shallow wells in the lowest states. Recent molecular beam
| scattering experiments at Berkeley apparently show a chemical well depth
' in these species that is small but somewhat larger than that for a
| van der Waals interaction. 1 The binding of the XeF ground state was
not anticipated theoretically. (19) However, recent calculations at NBS and 1
. IBM now give the slight binding (~700 cm™ 1()28bserved in the beam experi- ;
) j

ments and derived from the XeF spectrum.

11
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Figure 2 Microdensitometer Tracing of Spectral Plate of Spontaneous
Emission Spectrum of Xel. The proposed broad band lasers
for Xel would operate on the lower intensity bands assigned
as 2z — 211,
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TABLE II

COMPARISON OF SOME OBSERVED AND PREDICTED
FEATURES OF INERT GAS MONOHALIDES 3
(OBSERVED FEATURES SHOWN IN PARENTHESES)

Molecule RM(R) EM(cm'l) A, (nm) w(cm-l)
Xel 3.3 39135 256(254) 119
XeBr 3.1 34272 292(282) 150(180)
XeCl 2.9 30860 324(308) 214(210)
XeF 2.35 25195 397(353 365
Krl 3,2 54000 185 138
KrBr 2,9 49353 203 170
KrCl1 2.8 45592 219 233
KrF 2,27 39229 ' 256(248) 370(400)
ArBr 2.8 62152 161 220
ArCl 2.7 58042 172(170) 280
arrf 2.17 51679 193 430
NeF 1.93 93266 107 536

2From Ref, 5,

13
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- As seen in Figure 1, there are higher lying potential curves that

% -<
derive from M + X and X' + M. Not drawn are the potential curves for

th ion MX" , which are typically at higher energies. The exact energy and

shape of the curves coming from M>=< + X has an important impact on the §'
possibility of self absorption. Xenon bromide is probably a fine example of ‘
(21) L

a rare gas halide that fluoresces very efficiently but lases very poorly.

This is probably due to self absorption(9)

as pictured in the potentia’ curves
given in Figure 3. Note that the self absorption is aphotodissociation proc- ]

ess rather than the photoionization which plagues the rare gas excimer lasers

T

3
such as Xe, . The positions of the upper and lower laser levels can be de-
termined by the wavelength and shape of the XeBr* emission bands. The

exact R dependence of the upper potential curves and the wavelength de-

e bt

pendence of the self absorption bands relative to the stimulated emission

is not known. However, it is reasonably clear that absorption is possible

in the XeBr* case for the 22‘, - 22 lasing transition. Rough consideration

F of the atomic orbitals that the electrons occupy in the various states suggests

that absorption plays a major role in decreasing gain and efficiency in this G

T PR TN SO v G W APR- T

system. Recall that the upper laser level is an ion pair XetBr~. In making
a transition to the lower laser level, an electron hops out of a p orbital of 1
Br into the lowest vacant orbital of Xe+, a 5 p orbital. This produces

F | ground state Xe and Br atoms. However, in making a transition upward to

SR R O T PRONCAL

3 Xe* + Br, the electron hops from Br  into a large 6s orbital of Xe. By
‘ virtue of the fact that the final electron orbitals centered on xenon for states
of Xe* are larger than those in which a ground state Xe atom is produced,
L_. one expects that the total transition dipole moment for absorption is larger
than that corresponding to the lasing transition. The absorption is probably
spread out over a broader band than the sharp laser transition, as in the
alkali halides, (22) thus allowing for some net gain to occur.

One can see from the approximate potential curves for XeBr that
emission on the broadband, near 400 nm, termmatmg on the 2]‘(1/2 state

3 would not add sufficient energy to the XeBr exc1ted state to allow a transi-
-1

tion up to states deriving from Xe + Br. Xe Br is at about 35,000 cm

¢t i

and addition of a 25,000 cm” photon to this spec1es is not sufficient to

el b

produce an excited state which dissociates into Xe + Br or Xe + Br . This

cai 2
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NOBLE GAS HALIDE SELF ABSORPTION PROBLEM
f 80
: |
= =l |
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3 f . Figure 3  Estimated Potential Curves for XeBr Showing the Possibility of
: Strong Absorption Band Overlapping the Lasing Transition
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is the basis for our conjecture that the broadbands of XeBr could lead to a

UV/visible laser. It must be noted here that Br, would not be a good source

for XeBrJk for the broadband transition since Br2 absorbs strongly in this !

band. )
An important point to be made is that fairly high quantum efficiency ;

is intrinsic to the rare gas monohalide lasers. Assuming the process

begins with production of an excited metastable, such as Kr*, quantum ef-

ficiences of order 50% can be achieved. The lost energy goes into chem-

ical potential by dissociation of the weakly bound halogen molecules, such

as F,, and excess vibrational energy initially invested in producing the 5

rare gas monohalide excited state. The latter loss, corresponding to about
2 eV per laser photon, goes into heavy particle translational energy of the
laser mixture on a nanosecond time scale, whereas the energy stored in
breaking halogen bonds does not appear as heat until a time scale greater
than a microsecond. Neglecting heating due to recombination, a 1 | sec
laser pulse producing 30 J/liter specific output in KrF will heat the gas
mixture the order of 30°C. The neglect of gas heating due to F atom re-

(23)

combination is valid because such recombination is very slow compared

to the pulse length.

16
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III. RARE GAS METASTABLE PHOTO-IONIZATION

During this contract period, the theoretical effort was directed to-
ward photoabsorption processes in the KrF discharge laser. In a typical
laser mixture(24) consisting of ~0.1% FZ/Z% Kr/97.9% Ar at atmospheric
pressures, the most important of such processes are: (1) F2 absorption,
(2) photo-ionization of excited states of argon and krypton, and (3) possible
absorption in the rare gas-halide ''molecules' themselves. Absorption
due to ]5‘2 is fairly well understood, (=) and constitutes the major loss
mechanism, while process (3) cannot be treated theoretically until accurate
potential energy curves for the high-lying excited states of KrF and ArF
are available. Photo-ionization of Ar* and Kr* is amenable to theory, and
we have therefore calculated the relevant cross sections. Besides rep-
resenting a loss mechanism for the ) = 2486 R 1aser radiation, the photo-
ionization process produces additional free electrons, and may thus affect
the discharge kinetics.

To our knowledge, no data or previous calculations exist for these
cross sections. Dunning and Stebbings(26) have reported measured values
for the upper limit of the photo-ionization cross sections at threshold for
the Ar* and Kr*, 3PO 2 metastable states. Although these are only upper
limits, their accurac;r is considered to be better than a factor of two, i)
and so they allow some comparison to be made between the theory and ex-
periment. The agreement is very good for Kr*, but the Ar>=< theoretical
value is considerably too low. Further analysis indicates that the calcula-
tions for the Ar* and Kr*, 8 state cross sections are extremely sensitive
to the details of the model, particularly near threshold where the cross
section is falling rapidly to zero. This, however, is not the case for the
Ar** and Kr**, p state calculations. They are quite insensitive to the de-
tailed model and therefore the theoretical values should be reliable. To
obtain the absorption coefficient, we have renormalized the Ar’:< theoretical

curve so as to agree with the experimental, upper-limit value at threshold.

17
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The key result of the calculation is that, at X = 2486 R, the ratio of p state
to s state cross sections is ~30:1, so that if the X** state (X = Ar, Kr) is
significantly populated in the discharge, it will dominate the photo-ionization
process.

To calculate the absorption length in the laser due to photo-ionization,
it is necessary to know the population of the various excited states for the
appropriate discharge conditions. Since this information is not available, {

we have plotted in Figure 6 the absorption length L (in cm) at X = 2486 R

vs the total excited-state number density N(s) + N(p) (in cm-3) for various

possible relative populations. Defining

Np) _ [x*]
N(s) [x"]

(X = Ar, Kr)

we show in Figure 6 the results for n = 0.01, 0.1 and 1.0 for argon (dashed
lines) and krypton (solid lines). It is estirnated(14) that 0.1< 1 < 1 and
N(s) + N(p) ~5x 1014 cx’n-3 for both argon and krypton combined, so that

3
L ~2x10

factor of 2 of the FZ absorption loss. Since the major absorption due to the

cm, giving an absorption of 5%/m per pass; this is within a

B e -

5 ks v q
photo-ionization process is due to the X ~ state, it is desirable to operate
! at fairly low values of [X )/ [X"‘J.

To summarize, we have calculated the photo-ionization cross sections

for several excited states of argon and krypton. The absorption loss due to
this process is found to be siginficant under typical discharge laser operating

conditions, but the effect can be minimized by running at relatively low

PR Gp—— -

excited-state densities, a condition that is compatible with discharge

stability. (28)
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IV. RARE GAS HALIDE KINETICS

The excited-state chemistry that leads to excited rare gas halogen
molecules involves a set of competing kinetic paths. The importance of
each mechanism can vary with the means of excitation, pressures and mix-
ture mole fractions. In certain mixtures, the rare gas halide emission is
dominant. In other mixtures emission on certain bands of halogen molecules
is derived or dominates. This brief discussion and the accompanying tables
will show the similarities and complementarities of the kinetic chains that
can lead to the various emission spectra. Detailed modeling of these lasers
is currently under way in several laboratories, and a thorough review of this
is premature and not given here.

Table III gives an overview with short comments on the various reac-
tions which can produce the upper laser levels. Table 1V gives an overall

kinetic mechanism for rare gas halides. The principal reaction mecahnisms

are the alkali-like direct reactions, displacement reactions and ion reactions.

The other mechanisms are listed for completeness.,

As pointed out above, species such as KrF are nothing more than
short-lived ""pseudo-alkali halides,' i.e., diatomic molecules in which one
electrical charge has been transferred from the rare gas atom to the halo-
gen. The halogen lasers also operate on transitions from ionic excited
states. That is, the upper laser level Brz* is the ion pair Br'Br~. The
formation of alkali halide molecules, halogen ionic excited states and rare
gas halide excited states can all proceed along chemically similar pathways.
This similarity derives from the fact that metastable rare gas atoms, Kr*
for example, or highly excited halogen atoms have low ionization potentials
and chemically behave like ground-state atoms that have low ionization po-
tentials, viz the alkali atoms. (10,11, 12, 29) The chemical kinetics of alkalis
reacting with halogen molecules has a long history and this chemistry is
understood in much detail. The mechanism for such alkali/halogen reactions

(29)

" . - . . * *
is discussed in detail elsewhere. The reaction of a Kr or Br witha

halogcen containing molecule should produce an ionic species. Reactions la,
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TABLE 111

SIMPLIFIED KINETICS FOR FORMING EXCITED STATES OF
RARE GAS HALIDES OR HALOGEN LASERS

Rare Gas Halides
la Ar + X, ~ ArX +X
sk
1b —- Ar + X +X

Halogens

Ia

Branching can lead to either a rare
gas halide laser via la or a halogen

laser via 1b followed by Ia.

rate constants measured.

Ion Reactions

Ja Ar LF 4 M — ArBT ¢ M

Large

II

i Ar 4+ Br 4+ M = Ar + Br i M

Extremely rapid and of utmost im-
portance in pure e-beam excited
mixtures with rapidly attaching

halogens.

Displacement Reactions

3  ArF® + Kr — KrF® + Ar

III

Exothermic Ionic displacement in
which Kr*t ion replaces Art ion. A
major channel in e-beam sustained
discharges. Large rates estimated.

Recombination of Excited Halogens

4 Br +Xe+M — XeBr +M %

Reactions such as this important in
Ar/Xe/X2 mixtures where reactions
1b or 2b are fast and produce the
excited halogen rather than the rare

gas halide.

Direct Pumping-Electrons or Energy Transfer

3
—- XeF + F

¥ 2
—- XeF +F

5 e + Xer

A%

%o + ReF, = XeF + Xe+ F

2
Potential limited.

24

—- X, + X

X +X2 2

Could also branch to lower
states of X2 causing ineffi-
ciencies. Large rate con-
stants predicted.

I++I'+M~I;+M

Extremely rapid, and could
be important in systems in
which positive halogen ions
are formed.

x"£+Y-XY”’+x

For exothermic reaction com-
bination could lead to inner

halogen emission viz: (C1Br").

Probably not important since
large density of free atoms
hard to come by.

I=':+I+M-I;+M

Rate of this reaction limited
in a halogen laser by smaller
amounts of I present. Obvi-
ously important when source
of I atoms is completely dis-
associated.

e
e+.X2 -~X2 +'e

Ar2 + X2 — X2 + 2Ar

Possibly important in certain
rare gas halogen mixtures.

3z . - i - s

|
|
|
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TABLE IV

SIMPLIFIED MECHANISM/RARE GAS HALIDE LASERS

Discharge Pumping/Mixture

o Metastable Formation

%

e + Ar — Ar + e
b3

e + Kr - Kr + e

o Reaction with Halogen

s} £
: ~ ArF + F

Ar + F2
* \3
Kr + F, — KrF + F
: o Displacement

Kr + ArF — KrF + Ar

E-Beam Pumping

o All of the Above
o Ion Recombination

e + F, - F + F~

= 2 + *
F + Ar + M — ArF
F~ + Kr' + M — KeF~

A
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F 1b and Ia of Table III are examples of such reactions. These reactions are

1 thought to proceed by way of an ionic covalent curve crossing, often ca.led

(11,12, 29) 4

the "harpooning' mechanism. In such reactions, the low ioniza-

tion potential of the alkali or excited species and the high electron affinity

PR

of the halogen molecules allows an ionic potential curve of the form Mt 4 X-2

to cross that of M + X, at fairly large internuclear separations, distances

2
of order 5 R. The X-2 ion formed by an electron hop, when the ionic and

R TRy

covalent potentials become degenerate, is unstable with respect to dissociation
into X~ + X in the presence of the large electric field of the M? ion. As a re-
sult, the M+X2- temporary triatomic specie falls apart into an ion pair Mt x”
leaving behind an X atom. The term "harpooning' mechanism derives from
considering the electron that hops from the M* over to X2 as the harpoon that
creates an extremely large coulombic source that pulls the old X2 molecule
apart and forms the new ionic, Mt x” species. The prime difference between

reactions of halogen molecules with alkali metal atoms and the corresponding

chemistry with excited states such as Kr or Br is that in the alkali reactions
] only one electronic state can be formed whereas several potential product
] channels can exist in certain excited state/halogen molecule reactions. A

| similar multiple product channel situation exists in the reaction of halogen

atoms with diatomic alkali molecules. [n this case, usually several low

lying states of alkali atoms are produced by the chemical reaction. (30)

The cross sections and exit channel branching ratios for a number
of excited metastable inert gas atoms reacting with halogens are now being

measured. ESIE) The bulk of this work is being done at low pressures. The

G

spectra observed are similar but not identical to those at high pressure as
in e-beam or discharge excited lasers. A brief compendium of some of the
published relevant reaction rates for reaction of metastable inert gases with

F halogen containing compounds is given in Table V.

"
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TABLE V

SOME KINETIC RATE CONSTANTS FOR
RARE GAS METASTABLE/HALOGEN REACTIONS

a. b.
kQ o Comments
xe' (°P,) + HBr 6.1 173(@)
HCl 5.6 119(2)
c1 6.5 193(2)
2 (b)
Br 6.0 202
: (b)
CF3I 184
FZ 7.3 156(C) Should produce XeF with near
unit quantum yield
NF,  0.86 23(¢) ]
Kr* (°P,) + F, 8.1 163()  Should produce KrF® with near :
1 unit yield 3
: cl, 6.0 147(¢) 1
- NF, 1.6 39(¢) !
Xe 1.6 46(¢) j
Tt 3 sl
¥ Ar (3P2) + Br2 6.5 147(d) Produces Br
cl, 4.7 9s5(¢) 1
7.1 142(d) Produces ArCl and Cl~ :
%
§ F2 8.5 148(C) Should produce ArF with near ;
unit yield
| NF, 1.4 28(¢)
: Kr 0.06 1.3
, Xe 1.8 a0'®)
1 a. Rate constants, k., given in vnits of 10719 cm/molecule sec.
b. Cross sections, Ty given in units of 10"16 cmz.

Reference 32

(a)

Sl sk Ut

(b) = Reference 12

(c) = D. Setser, Private Communication
3 (d) = Reference 31
1 (e) = Reference 11

(f) Reference 33
i 27
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V. EXPERIMENTAL APPARATUS

The experimental results observed at AERL were obtained with a
high-intensity e-beam which was used to pump high-pressure mixtures of
Ar, Xe and the halogens. The e-beam gun is shown in Figures 7 and 8.

The e-beam produced by this gun has an energy of ~400 keV/electron, and
an intensity of about 30 A/cm2 passing through the foil, over an area of

~1 cm by 15 cm. For laser experiments the intensity is increased to about
150 A/cm2 through the foil at the expense of lowering the energy to about
300 keV/electron. The duration of the e-beam pulse is ~100 nsec, with a
10 nsec rise time and a 20 nsec fall time. The gun has proved to be very
reliable, and dozens or hundreds of shots are generally obtained between
foil failures.

The cell is mounted directly on the e-beam gun as shown in Figure 9.
Several cells are available, including stainless steel cells with brazed sap-
phire windows capable of operating at temperatures up to 900°F and pres-
sures up to 100 psia. In the present experiment an aluminum cell is used
which is compatible with fluorine. The valves are stainless steel and the
windows are sapphire or quartz. For maximum reliability, a .00l in stain-
less steel foil is generally used. 'Titanium is corroded by the halogens and
aluminum is not as strong as stainless steel. However, for maximum
e-beam transmission, aluminized kapton films are used. The cell can be
warmed up using built-in cartridge heaters to provide a mild bakeout. The
cell can be pumped out to an ultimate vacuum of better than 10-5 torr with
a leak rate better than 10~% torr/hr. Therefore, purity is not a problem.

The gases, except I2 vapor, are premixed in stainless steel tanks
and allowed to stand for several hours, or even several days, to assure that
they are fully mixed when they are used. The iodine crystals were obtained
from Merck and are claimed to be > 99% pure. They were placed in a small
stainless steel sample cylinder attached to the cell through a stainless steel
valve. The crystals and sample cylinder were repeatedly allowed to outgas

at room temperature (under vacuum but valved off} and then cooled with

29
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liquid N2 and pumped out. The 12 vapor is introduced directly into the
evacuated cell and allowed to come into equilibrium. The rare gases are
then admitted to the desired pressure and allowed to mix. Mixing is occa-

: sionally stimulated by firing the e-beam gun to warm the gas in the irradiated
1 region. The liquid bromine was similarly outgassed by repeated freeze, |
pump, thaw cycles. Prior to making the measurements with F2, the cell

4 and mixing manifold were passivated by filling them with an Fz-rich mixture
E | at low pressure (a few torr to half an atmosphere) for several hours. |
The diagnostics, shown in Figure 9 include time-integrated and time-
E resolved emission measurements, as well as laser absorption measurements.

i The time-integrated emission measurements are made with quarter-meter |

and half-meter Hilger quartz prism instruments, using film. Generally, at

high pressures, one shot is sufficient to provide a medium resolution spec-
trum using 50 pm slits. This corresponds to a wavelength resolution of

~0.1 nm. The time-resolved emission measurements are made with a

e e —

Jarrel-Ash one-quarter meter £/3.5 Ebert monochromater with a 1P28

photomultiplier tube, and Tektronix 551 oscilloscopes with type K and L

preamps. The spectral resolution of this system is about 0.1 nm. The

time resolution is limited by the oscilloscopes to ~ 10 nsec. To provide an

f adequate signal-to-noise ratio, it has been found necessary to provide ade-

| quate lead shielding around the photomultiplier to screen out X-rays. In
addition, it has been necessary to place the oscilloscopes in a screen room
and provide careful grounding and shielding of the photomultiplier. Because
of the intense emission observed from the rare gas halides it has been found
necessary to take extreme care to prevent saturation of the photomultiplier.

Finally, laser optics and alignment equipment are available for laser

experiments. The optical cavity consists of two high-reflectivity mirrors
separated by about 25 cm. A stable resonator configuration is used in which

one mirror has a 1 m radius of curvature and the other is flat. To reduce P

the losses, the normal incidence windows are aligned with the cavity. The
! alignment is carried out with a Davidson Optronics alignment telescope.
Aligninent accuracy of about 0.1 inrad is easily achieved, although much

larger misalignments have no observable effect on the results.
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354-nm laser action on XeF'
C. A. Brau and J. J. Ewing

(Received 29 May 1975; in final form 4 August 1975)

candidates are briefly discussed.

PACS numbers: 42.60.C, 32.20.F, 82.40.T

T

We have recently been studying the spectroscopy, !
kinetics, and laser potential of a new class of molecules,
; the noble-gas monohalides. The possibility of laser
1 action on bound-free transitions In molecules of this
type was first suggested by Setser and co-workers.??
Recently, Searles and Hart demonstrated laser action
on the 282-nm transition in XeBr.* This letter reports
e-beam—excited laser action on XeF at 354 nm. The
E laser transition originates on an excited state formed
directly by chemical reactions in e-beam—excited Xe/
F, mixtures. It terminates on a high vibrational level
of the slightly bound XeF ground state. XeF is the one
member of this class of molecules which, theoretically,
should have both the highest intrinsic grain and the
lowest intrinsic loss of this class of molecules.

-

The salient features of these diatomic niolecules can

be understood in terms of the approximate XeF poten-
» tial-energy curves shown in Fig. 1. The lowest states

of XeF and the other inert-gas halides are covalent in

nature and have molecular symmetry ?Z,,,, ®n;,,, and
| 21,:2. The covalent °Z state is slightly bound while the
I %z states are repulsive. The binding energy of the 2%
state of XeF is probably of the order of 8000 cm™. *
Transitions from the higher-lying excited states can be
either bound to bound, as in the ’Z,,,—~%Z,,, 354-nm
XeF lasing transition, or bound to free, as in the °Z,,,
-211”2.3/3 transitions.

I e S o

The higher-lying excited states of XeF, and the other
noble-gas monohalides, are predominantly ionic in
nature, having the polarity Xe*F".! This ion pair is
entirely analogous to an alkali halide both in binding
energy and in gross structural properties The ionlc
excited states have molecular symmetry %, ,,, ®n;,,, or
%%, 52, with the 2T, ionic state lying lowes:.

The possibility of laser action on these species is
apparently enhanced by a large reactlve c “oss section
for producing excited species by chemlca! reactlons of
the type

Xe*+ F,— XeF* + F. (1)

The measured rates for the analogous reactlons of Xe*

+ Cl, or Br, are quite large. ® Apparently "hese chemical
reactions, which start on an excited potertlal-energy
surface of the Xe ~ X, triatomlc system, have a hlgh
probability of staying on an excited potential surface,
producing the electronically excited species with a
large rate constant.

The estimated stimulated emission coe!ficlent for the
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A This letter reports laser action on the xenon monofluoride *3,,,—’E,,, band at 354 nm. Lasing on discrete
vibrational bands has been achicved by pulse excitation of high-pressure mixtures of F,/Xe/Ar with an

- ] electron beam. XeF is a member of a new class of diatmoic molecules, the noble gas monohalides, which
all exhibit similar molecular structure and spectra, and laser action should be attainable on the various
bands of other members of this class of molecules. The kinetics and loss mechanisms of these laser

%5,/2~2%%1/, band in XeF is about 2x10™'® cm®. This
estimate 1s based on the measured spontaneous emis-
sion spectrum and the radiative lifetime, whose mea-
surement will be described In a separate article. We
have studied the spontaneous emlssion spectrum of XeF
as a function of pressure and find that at pressures
above about one-half atmosphere the upper state re-
mains in vibrational equilibrium. The laser transition
evidently originates from the lowest vibrational level of
the excited state. Since the equilibrium bond length of
the excited state' is apparently larger than that of the
ground state, ® it is believed that the laser transition
terminates on a high vibrational level of the lower state,
as shown in Fig. 1. The bandwidths of the *T - 2T transi-
tions in the other xenon halides are somewhat larger.
This is due to the fact that the other xenon halides have
more closely spaced vibrational levels in both lower '
and upper states, and the spectra appear more like

continua. The ?Z - ?r transitions in both XeF and the 1
other xenon halides are considerably broader since
these transitions are truly bound to free. Stimulated 4
emission coefficients of the order of 107'® cm? are cal- !
culated for these broad bands.

The lasing experiments were carried out in a high-
vacuum high-pressure cell constructed of aluminum. ;
Quartz optical windows, sealed to the cell with Viton o
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rings and a support structure, were located at the op-
posite ends of the cell. The optical aperture was about
1.2 cm in diameter. The volume between the windows
was irradiated by a 100-ns pulsed e beam. The e beam,
roughly 1x15 cm in area, was injected into the gas
transverse to the laser cavity optical axis through a 2-
mil aluminized kapton foil. The foil was supported by
high-transparency aluminum -foil support. Pressures in
the cell could be varied from high vacuum to pressures
in excess of 5 atm. Since high pressure caused a mea-
surable movement of the optical windows, as well as
more frequent foil ruptures, most lasing experiments
were performed at pressures under 4 atm. Gas mix-
tures were made up in a fully fluorine passivated stain-
less -steel system. The final gas mixes were placed in
high-purity passivated stainless-steel sample bottles
and allowed to stand for several hours before use.

During the mixing period, at room temperature, there
is very little conversion of the Xe/F, mixtures into
XeF,. This has been determined by spectrophotometric
measurements of the F, absorption in the uv. Irradia-
tion of a sample with the e beam, however, converts a
large fraction of the irradiated mixture into stable
species such as XeF,.® Thus, gas samples were dis-
carded after being excited by the e beam. Typical mix-
ture mole fractions were 0.001 F,/0.003 Xe/0. 996 Ar.
Use of such Xe/Ar mixtures mlnimizes the amount of
Xe? and Ar# that can be present during the e-beam
pulse.

The e beam was formed between a cold -cathode elec-
tron-gun pulse charged to over 300 kV by an elght-stage
Marx generator (Ion Physics Corporation). With an
anode -cathode spacing of 1.3 cm, the current density
impinging on the foil support structure was roughly 200
A/cm?®. Because of resistive and inductive voltage drops
in the Marx generator, the beam voltage dropped by
about 20% during the 100-ns pulse duration. The high
voltage applied across the diode and the e beam formed
therein was terminated after 100 ns by a spark-gap
crowbar.

The optical cavity was formed by two curved mirrors
(1 m in radius) having 99. 97% reflectivity and 97. 50%
reflectivity at the wavelength of the XeF emission. The
nmirrors were external to the cell and separated by 30
cm. By carefully aligning the quartz optical windows,
losses due to these surfaces could be minimized. Be-
cause of the proximity in wavelength of the Ar/N, (C -~ B)

436 Appl. Phys. Lett., Vol. 27, No. 8, 15 October 1975 A4

358-nm laser transition, alignment could be readily
and independently checked by producing laser action
on this well studied molecular band. 7 Laser action on
XeF could also be achieved using an 8% output coupling
mirror. However, the laser power output and the gas-
mixture pressure range over which one could achieve
laser action was much more limited than was the case
with the lower output coupling mirrors.

The output of the laser was directed onto a photo-
diode (ITT FW 128) and onto a spectrograph for tempo-
ral and spectral analysis of the laser-beam pulse. The
laser beam was attenuated by a factor of 500 by passing
through two 11% transmitting screens and a 350-nm
filter (AX= 35 nm) before reaching the photodiode. The
beam emerging from the other mirror was attenuated
by a factor of 5 before reaching the entrance slit of an
f/10 Hilger medium -resolution quartz spectrograph.
Spectrograpl slit widths of 20 u were utilized, giving
a resolution of about 0.1 nm at 354 nm. Spectra were
recorded on Kodak 103-O plates.

Figure 2 shows typical photodiode and e-beam voltage
signals obtained in lasing and nonlasing experiments.
The stimulated emission intensity was a factor of 100
times brighter than the spontaneous emission intensity
in the same band as measured by the photodiode signals.
The stimulated emission typically started about 50 ns
after the beginning of the e-beam pulse and lasted about
50 ns, at which time the electron beam was turned off.
Peak powers of the order of 6 kW were attained. The
intensity of the XeF laser beam was comparable to that
from a mixture of 5% N, in Ar at the same pressure. A
complete parametric optimization of the XeF system
remains to be done. The spontaneous emission spec -
trum is considerably different from the stimulated
emission spectrum. A comparison of the spectral
plates and their microdensitometer tracings shows
that the spontaneous emission band contains many vibra-
tional bands while the laser spectrum shows two very
pronounced and two weak vibrational bands. The stron-
gest lines in the laser are also the strongest lines in
the spontaneous emission spectrum. The integrated
photodiode signal corresponds to a laser efficiency of
the order of 0.017%. This efficiency is based on the en-
ergy deposited in the gas by the e beam, which is esti-
mated from the incident e-beam current density using
the stopping power tables of Berger and Seltzer.® Opti-
mization of the laser mixtures, pumping power, and
output coupling should increase this number.

The population inversion on XeF is caused by re-
actions of two kinds. First, F, can react with electroni -
cally excited xenon, Xe*. reaction (1). The Xe* is
formed by rapid energy transfer® from Ar* and Ar}
which are produced by the electron beam.

The XeF* ionic excited state can also be formed by
the rapid termolecular recombination of Xe* ions with
F" ions:

Xe*+ F" + M - XeF*+ M. (2)
These ion ncutralization processes can have huge three-
body rates.'® The F is formed by dissuciative attach-
ment of electrons to the F; in the gas:

e ' F,=F+F. (3)
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Detailed modelling of the kinetics of this new laser
needs to be completed however.

It is possible that the inversion can be sustained in
this laser transition by the vibrational relaxation of the
high-lying vibrational levels which are the lower laser
levels in this transition. We do not yet know if this is
possible.

Of this class of niolecules. Xe¢F stands out as having
the potential for the highest gain and the lowest loss.
It has higher gain than other species such as Xel be-
cause of its longer wavelength and distinctly structured
spectrum. More important, however, this band in XeF
is not overlapped by self-absorption by the XeF* to
higher-lying states, it does not have halogen-molecule
absorption, as does the XeCl/Cl, system, and it is be-
low the threshold for photoionization of both Ar* and
Xe* metastables. Although laser action on the 25 = 22
bands of other xenon halides is apparently possible, we
anticipate that XeF will have the lowest intrinsic loss
of this family of niolecules.
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Laser action on the s, —?s¥  bands of KrF and XeCl'

J. J. Ewing and C. A. Brau

Avco Everett Research Laboratory, Incorporated, Everett, Massachusetts 02149

(Received 17 June 1975)

This letter describes two new lasers operating on the 23},,—?Z, bands of XeCl (at 308 nm) and KrF (at
249 nm). Pumping was achieved by high-intensity electron beam excitation of high-pressure Ar containing
small amounts of Xe and Cl, or Kr and F,. An efficiency of about 0.4% was observed in the initial

experiments on KrF, and higher efficiencies appear possible.
PACS numbers: 51.70., 42.60.C

Recently we reported stimulated emission on the
*5¢/2= %2}, band of XeF at 353 nm.! Searles and Hart
have also reported laser action on the comparable band
of XeBr at 282 nm.? This letter reports laser action on
corresponding bands of two other members of thls class
of new molecular lasers, namely, XeCl (at 308 nm) and
KrF (at 248 nm).

The experimental apparatus has been described pre-
viously.! A Marx generator 1s used to impulse charge
a cold -cathode electron beam gun to about 350 kV for
about 100 ns. This produces a pulsed eiectron beam
having a current density of roughly 150 A/cm? into the
gas over an area 15x1 cm, At an Ar pressure of 50 psla,
the power deposited in the gas is about 1.3 MW/cm?,
corresponding to a total energy of about 2 J in the 15-
cm® laser volume. The laser optical cavity was formed
by two refiectors positioned outslde the cell and separat-
ed by about 30 cm. uv-grade quartz fiats were used for
the celi windows, and were optically allgned normal to
the laser axis to minimize reflectlon losses. Absorption
by the windows at 250 nm was about 1% per window. The
output of the laser cavity was viewed at one end with a
planar photodiode [ITT F4000(S5)}, and at the other end
of the cavity by either a §-m Hilger quartz spectrograph
or a Sclentech model 360203 energy meter.

Laser action from XeCl was obtained with a mixture
of Ar, Xe, and Ci; In the ratio 89.9:10:0.1. The cavity
output coupilng was 0. 5% out of each mirror, fora

350 Applied Physics Letters, Vol. 27, No. 6, 15 September 1975

total output coupling of 1%. Lasing could be achieved
only at pressures ln excess of 30 psia. Laser action
could not be achleved with a mixture containing sub-
stantially more Cl,, viz., 89:10:1. This 1s not surpris-
ing since the XeCl band is overlapped by Cl; absorp-
tion.® This introduces a loss of about 6% per pass in
the 0.1% Cl, lasing mixture. However, this loss might
be avoided by using a different chlorine~bearing com-
pound in place of Cl,. Figure 1 shows an osclllogram
of the photodiode signal from the XeCl laser. The iaser
intensity was attenuated by a factor of 100 before reach-

I 300 kv/ div

I 10 v/dw

TIME
100 ns/die

FIG. 1. Osciliogram of XeCli laser emission intensity. Upper
trace, e-beam voltage. Lower trace, photodiode slgnal. Laser
Intenslty attenuated by 102,
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ing the photodiode. Note that the e-beam is on for about
100 ns before laser oscillation begins. The small photo-
diode signal appearing before the laser pulse is sponta-
neous emission leaking through the 0.5% transmitting
laser reflector at wavelengths where the mirrors have
larger transmission, A <300 nm, A >350 nm. The peak
laser power as measured by the photodiode was roughly
3 kW. Measurements of the total energy output were
difficult because they were small, of the order of 50 uJ
or less. Laser action could not be achleved with one
mirror blocked. Figure 2 shows a comparison of the
XeCl spontaneous and stimulated emission spectra. We
do not yet understand the orlgin of the two peaks in the
laser spectrum. The spectroscopy of these molecules
at high pressure is discussed in a lengthier paper.‘l

In contrast to XeCl, KrF laser action was easlly
achieved over a broad pressure range from 15 psia to 60
psia with laser reflectors having g 3% output coupling.
As In the XeF and XeCl lasers, the power output in-
creased with increasing pressure. The most Intense
lagser emission was obtained from mixtures of Ar, Kr,
and F, in the ratio 98.9:1:0.1. Figure 3 shows a typi-
cal oscillogram of the KrF laser Intensity as monitored
by the photodlode. The laser turns on very soon after
the e-beam has reached full voltage, and stays on for
the duratlon of the e-beam pulse. The KrF laser pulse
durations are longer than those observed from XeF,
and show no sign of bottlenecking in the lower laser
level. In comparing the weak XeCl laser signal shown
in Fig. 1 to the KrF signal shown In Fig. 3, It should
be noted that the KrF laser beam Intensilty has been
attenuated by a factor of 2<10* before reaching the
photodiode. The KrF laser Intenslty 1s 5000 times
brighter than the unattenuated spontaneous emisslon
intensity as measured both with the photodiode and on
film. Laser action could not be achieved with one laser
reflector blocked. The output of the KrF laser was
easily measured with the energy meter. We reproduc -
ibly measured energy outputs In the range 3—4 mJ
from one end. Since both reflectors had the same nomi-
nal output coupling, the total energy output was of the
order of 6~8 mJ. This corresponds to a laser efficlen-
cy of about 0.4%, based on the energy deposited into the

351 Appl. Phys. Lett.,, Vol. 27, No. 6, 15 September 1975 A-8

FIG. 3. Oscillogram of KrF laser emission intensity.

gas in the optical cavity. This efficiency can probably

be increased with greater output coupling, since the 1
transition appears to be saturated and the window losses |
exceed the output coupling. Figure 4 shows a compari- A
son of the spntaneous and stimulated emission spectra

of KrF. To our knowledge, this is the first published |

spectrum of this molecule, and the band position agrees
well with predictions. **

The potential efficiency of the rare-gas halide lasers
may be much higher than we have obtained in these pre-
liminary experiments. Initially, the electron beam
ionizes and excites the argon buffer. However, the ions
rapidly recombine to form exclted states® which transfer
their energy to the krypton or xenon. 7 The excited rare-
gas halides are then formed by reactions of the type

Kr* + F,~KrF* + F. ()

FUNSSSRIY S PN

Additional excited rare-gas halides may be formed by
dissociative attachment of electrons to the F,, followed 1
by three-body Thompson recombination of the F~ lons

with Kr* ions. The ultimate efficiency will depend on |
the efficiency of reaction (1) for producing excited
states. Since the energy required to form an argon ion |
or excited state with an electron beam is roughly 20.6
eV, & the effective quantum efficiency of a KrF laser, 1
for example, is 24%. If a discharge were used to pump 1
the krypton metastable levels directly, the effective

= 300 A/
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i
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quantum efficiency is roughly 50%. The ultimate effi-
ciency of these lasers depends on the details of the
molecular kinetics.

To provide an experimental indication of the possible
efficiency, we have made relative fluorescence effi-
ciency measurements in mixtures of Ar with N, (97:3),
Ar with Xe and F, (99.6:0.3:1), Ar with Xe and Cl,
(89.9:10:0.1'. and Ar with Kr and F, (98.9:1:0.1).

All the measurements were made at a total pressure

of 40 psia. Taking into account the relative transmission
of the broad-band interference filters used to isolate

the bands of interest and the photodiode response, the
peak fluorescence intensities relative to the 358-nm
band of N, were found to be in the ratio 2:3:16 for

XeCl, XeF, and KrF, respectively. These may be con-
verted to rough estimates of the absolute fluorescence
efficiencies by using the known Kkinetics of the Ar/N,
system, ® and the Franck-Condon factors for the N,

C - B bands.® In the Ar/N, system, the energy is de-
posited in the form of Ar* and Ar* ions. The latter
rapidly recombine to form Ar*. Over-all, 20.6 eV must
be deposited to form one Ar*.® Under our conditions,
407% of this energy is transferred to N,, the remainder
being lost to Ar?. Of the energy transferred to the N,,
approxiinately 40% goes to the N,{(C) state either directly
or through N,(E). Of the energy in N,(C) approximately
25% is radiated, the remainder being quenched by Ar
and N,. Of the N,(C) fluorescence approximately 33%
appears within the bandpass of the interference filter
utilized. Thus, in steady state the Ar/N, fluorescence
efficiency for the mixture cited above is about 0.2%.
From this the fluorescence efficiencies are estimated

352 Appl. Phys. Lett., Vol. 27, No. 6. 15 September 1975

to be 0.4, 0.6, and 3% for the XeF, XeCl, and KrF
mixtures, respectively. The difference between the ob-
served fluorescence efficiency and the effective quantum
efficiency may be due to the branching ratio for re-
action (1), and part may be due to quenching of the ex-
cited rare-gas halide molecules by the parent halogens.
For example, preliminary data indicate that the XeF*
radiative lifetime is 50 ns and that the rate of quench-
ing of XeF* by F, is 8x107'® cm®/s. Thus, under the
conditions described above, approximately 73% of the
XeF* molecules are quenched before they fluoresce.

In a laser, most of this wasted excitation may be re-
covered by making the stimulated emission time short
compared with the quenching time. Thus, these lasers
show promise for higher efficiencies than has been
heretofore achieved in the visible and uv.

fWork supported by ARPA ONR under Contract No.
N0O0014-75-C-0062,
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Laser action on the 342-nm molecular iodine band*

J. J. Ewing and C. A. Brau

Avco Everett Research Laboratory, Incorporated, Everett, Massachusetts 02149

(Received 23 July 1975)

A new laser operating on the 342-nm band of I, is reported. Electron-beam-excited mixtures of argon with
CF,l and HI produced this I, laser. The exciled stale of this laser is probably formed by ion recombination

reaclions, and a plausible mechanism is given.

PACS numbers: 42.60.C, 82.40.T

This letter reports a new electron-beam-pumped uv
laser ogerating on the molecular iodine D - X bands at
342 nm. This laser was obtained by pulsed e-beam
irradiation of noble gas mixtures containing primarily
Ar buffer gas and trace amounts of the iodine containing
species HI and CF,I. Laser action was also obtained
from mixtures of Ar/Xe/RI (R=H, CF;).! The highest
I, laser output occurs with no xenon present. Very weak
laser action has also been observed ir Ar/I, mixtures
utilizing rooni-temperature iodine vagor.

The possibility of electron-beam-pumped laser action
on this molecular iodine band has been suggested by
Wilkerson and Tisone’ and by McCusker ¢/ a!.® An opti -
cally pumped I, laser, A =325 nni, has also been pro-
posed.® McCusker ¢/ al.® measured the fluorescence
efficiency for the 342-nm I, emission band in e-beam-
excited Ar/I, mixtures, and found it t» be rather high,
~13%. This work gave no definitive kinetic niechanism
for formation of I, (D), but the formation of this state
was presumed to involve energy transfer from Ar* to
I,. The new laser reported here clearly shows that
moleculir I; need not be initially present at all to pro-
duce fluirescenc: and laser action on this I, band. A
plausibl : mechanism for the rapid production of this
I, excited state in Ar/RI mixtures is given. A key fea-
ture of the mechanism is that I, (D) is formed by lon
recombination re wctions. This mechanism may also
apply in part to Ar I, mixtures. An analogous ion re-
combination mec anism may also be important in form-
ing the .onic upp r laser level of the noble gas halide
species

557 Applied P sics Lelters, Vol. 27, No. 10, 15 November 1975

The broad banded I, emission spectrum, extending
from 300 to 345 nm, has been the subject of numerous
investigations. °~! Mulliken's classic paper thoroughly
reviews the spectroscopy of I,, ! and it seems to be
agreed that this I, transition has an excited state whiclh
dissociates to the separated ion pair I*+ I". Thus, re-
combination of I* and I" ions should yield this excited
state. The identification of the 342-nm emission ob-
served from e-beam-excited Ar/RI mixtures with the
I, 342-nm band is clear fron1 a comparison of our

T2 SPONTANEQUS EMISSION |
FROM Ar/ M MINTURE * \

|
T2 LASER SPECTAUM l

R R R R R R SR T LR L
$20 330 340 350 360
WAVELENGTH (nm)

FIG. 1. Densitometer tracings of I, emission produced when
Ar/Hl mixtures are excited with an electron beam,
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FIG. 2. Oscillograms of the photodiode viewing the laser out-~
put and the voitage pulse producing the electron beam, The
laser intensity was attenuated by a faetor of 160 hefore striking
the photodiode. The signal eorresponds to a peak power of
ahout t kW,

spontanecus emission spectra with the spectra de-
scribed by previous workers.* '* The prominent 342-
nin band with its regularly spaced fluctuations and the
weaker I, bands at 287, 430, and 450 nm are clearly
seen on our plates. Figure 1 shows densitometer
traces of the 340-nm band under conditions of sponta-
neous and stimulated emission. The laser spectrum
shows definite narrowing of the band. More than one
vibrational band appears to be oscillating, and the laser
wavelength could presumably be discretely tuned.

The spectra and laser action were obtained in a de-
vice previously described. > *'!* Briefly sumarizing,
an electron beam (~350 kV, 150 A/cm? over an area
115 cm, 100-ns pulse duration) is injected into high-
pressure premixed gases'® through a 1-mil aluminized
kapton foil. Between shots the cell is evacuated and a
fresh mixture is introduced. The irradiated volume is
inside a laser cavity formed by two 1-in. -diam 1-n1-
radius-of -curvature mirrors having > 99% reflectivity
over the 300—350 -nm region. The laser reflectors are
30 cm apart and positioned outside the cell. The cell
has two uv-grade quartz laser-quality windows. The
cell windows are aligned to be parallel and perpendicu-
lar to the cavity axis to minimize reflection losses in
the cavity. The output from one end of the laser cavityv
is directed onto an ITT F4000 photodiode (S-5 response)
while the output from the other end is used for recording
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FIG. 1. Pressure dependence of I, laser peak power for sever-
al different mixtures of Ar RI.
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TABLE 1. Simplified mechunism for I, (D) formativn from
excited Ar,

1) e+RI—~R I R CI, Il
2)a Ar*+ RI—RI"

b — ArtR+I

c - ArR*-1

Q) Art = Ar+ I
“) P+lm+Ar=—Iy+Ar
(5) F+RI+ (W)~ 17+ R+ (V)
6)a Ar*+RI—~Ar+R~+1
b —~Ar+RI"+e
(7) ArT+]l—Ar+]*ce

spectra or making energy measuremenuts. Blccking one
mirror clearly spoils lasing action. P2ak las/'r powers
of the order of 1 kW have been obtaine:l from ~50 psia
Ar/HI mixtures containing 0.3% HI. F gure 2 shows a
sample oscillogram of the photodiode cignal. Typically,
the laser turns on about 40 ns after th¢ e-beam. The
turn-on time is not strongly dependent on the nressure
and lasts for about 80—100 ns. Since this tim« is longer
than the estimated radiative lifetime, ° this suggests
that lower-level relaxation is fast and that qu::si-cw
operation is possible. The total energy output corre-
sponds to an efficiency of ~1073% for convertirg de-
posited e-beam energy into laser light through the %
transmitting mirrors. If the lasing transition 1s satu-
rated and there are losses in the gas, greater powers
and laser efficiencies could be obtaine:l by coupling
more light out of the cavity. McCuske1 ¢f al. project
considerably higher efficiencies for the e-bea u-pumped
Ar/I, systems. ® However, we have observed (nly weak
laser action in Ar/I,, possibly becaust of the low vapor
pressure of I, at room temperature.

A plot of the peak laser power vs totid presturc for
various Ar/RI mixtures is given in Fig 3. The laser
power rises linearly with Ar pressure .ind is not sensi-
tive to the mole fraction of HI used. Use of CF,l as an
iodine source reduces laser power son:ewhat, but the
same general behavior is observed. At higher pres-
sures, the laser output power ceases t« rise, possibly
due to quenching of one of the reactants which leads to
the excited state. or of the excited stat: itself.” The
laser could be brought over threshold a lower Ar pres-
sures with higher HI mole fractions.

The production of I, (D) from Ar/RI 1iixtures was
unexpected and the mechanism for its formation is cer-
tainly one of the more fascinating aspects of this new
laser. Table I summarizes the principel reactions of a
plausible mechanism for producing I, (1?) from the ex-
cited species, ions, and electrons whicn are forned
when Ligh-pressure argon is excited by an electron
beam. The mechanism given in Tablc I lists only thc
reactions of the monoatomic specics Ar* and Ar®. For
brevity the analogous reactions which can be written
for the dimer ions and exciniers, which are also pres-
ent, are omitted from the table.

The addition of an iodine-containing species to excited
argon opens up a number of additional reaction pathways
for the energy flow. The most important fact to note is
that the iodine-containing specles can react to form
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both positive and negative ions, and that ion recombin:i-
tion can yield excited I,. I" ions can be rapldly formed
by dissociative attachment to the RI molecules of the
low-energy electrons present in the e-beam-excited gas
mixture, reaction (1).!® Electron scavenging should
occur on time scales of 1—10 ns at the RI densities
used in this laser. I* ions can be formed directly from
Ar’® or Ar; by charge exchange reactions. 1*ions can
also be formed by reactions involving the excited Ar
neutrals. Ar* and Ar; can transfer energy to RI caus -
ing either RI bond rupture or Penning ionization. I
atoms formed by bond rupture can then be ionized by the
positive ions or the excited states of Ar. Three-body
recombination of I* with I" can occur on a time scale of
10 ns or less.!” Since the upper laser level correlate:
to the I* + I" ion pair at infinite internuclear separation
of the I atoms, recombination of these ions should give
the upper laser level with high yields. Reaction of I
with RI* could also conceivably lead to If.

All of the reactions given in Table I are expected tt«. be
rapid. The branching ratios into individual product
channels in these reactions are not known, however,
and could be difficult to measure for reactions involving
the excimers. Clearly the over-all kinetic efficiency for
making I, (D) will depend on the details of the actual
mechanism. Our data do not allow us to distinguish, at
this time, among the various potential mechanisms,
for example whether Ar* is effective in producing ions
in one or two steps. More kinetic information is needed
to properly identify the mechanism.

559 Applied Physics Letters, Vol. 27, No. 10, 15 November 1975

*Work supported by DARPA/ONR through Conliract No,
N00014-75-C-0063.

Xe was initially added to the gns mixtures in un altempl 1o
lase the xenon jodide hands (Refs, 2 and 3) in analogy to the
previously reported XeF Ref. 4), XeCl ®Ref. 5), krF QRet,
5), and XeBr (Ref. 6) lasers, Addltion of Xe to these mix-
tures decreuases the I, D= X spontancous and lasing Intensi-
ties while bringing out the expeeted xenon hallde spectra,
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Emission spectra of XeBr, XeCl, XeF, and KrF*
i C. A. Brau and J. J. Ewing
s Avca Py erett Research Laboratory, Inc, FEveren. Massachusetts 02149
(Revened 16 July 1975)
The cvnsston spectra of XeBl. NeCLNel’, and KrF at high pressure are reported and discussed. The
| specra were nbtained by observing spontancous emission from electron beam excied nuatutes of argon
- - comanang lesser amounts of aenon with the halogens or krypton with fluonne The entiing state m these
species s best deseribed as an 1ome species Xe” X or Kr'F . The w.ovelengths of these emtssion bands are
in good agreement with a theoretical model tn which the 10nic binding energy of 1he noble gas halide wm ]
pair is roughly equal to that of the nearest alkali halide. Our high pressure spectra imply that the lowesi ]
potential energy curve for XeF 1s bound 3
E
I. INTRODUCTION tron affinity of I, 3.063 eV,!' Ihe energy o Xe* . 17t
The rare yas monohalides comprise an interesting infinite internuclear separation is 9. 064 eV. As these
group of molecules. From a fundamental point of view, particles approach one another they attract alon: a
they have an important place in the understanding of very long range Coulomb curve which, as shown in Fig.
chemical bondine, "2 Recently they have achieved prac- 1, crosses, in a diabatic sensc, all the excited states
tical importance as well with the demonstration that of "°‘f‘ Aelapd Lo Tire Ly RS l)“und. by 1'? g
XeBr.? XeCl.* XeF,® and KrF*® can be made to lase (relative to Xe - I') at an internuclear separation of 3,3 1
* ' 1 g C R PN ) e B, . . i
with the potential for high power and efficiency. In .’\.. The ground state of Xelis 9nl.\ \'\anly lbuund, Xek
a recent pap: r’ we reported the emission spectrum differs from the other monochalides in that its ground

state is evidently more strongly bound. The strongest
fluorescence band in Xel corresponds to the 2, =1
transition at 254 nm, This is an allowed transition in
vhich the electron must jump from an orbital centered
on the I nucleus to vne centered on the Xe nucleus, in
analogy to the alkali halides, the lifetime is estimated

irom Xel  at high pressure (31 atm), and made wave-
length predictions for the bands of the other rare gas
monohalides. This paper reports the high pressure
emission spectra of the other xenon monohalides and
that of KrF,

. s

The excited states of these molecules are predom- to be < 100 ns, This band is also the narrowest al the
inantly ivnic in character, and the predictions of the fluorescence bands since It corresponds to a bound-to- 1
b emission spectra were based on the strong similarity weakly-bound transition, Since the lower levels of Xe
of the excited states of these molecules to the alkali +1are split into ¥ and 1l branches, broad, red-shifted
haltles, Spectra of several rare gas halides have also bands appear at approximately 325 and 360 nm corre-
been obtained in low pressure discharge flow exper- sponding to the two 2% =2} transitions which are split .
- iments by Velazco and Setser® and by Golde and Thrush.® Ly the large spin orbit forces. Although it is not shwwn !
The latter independently suggested that the emission in Fig. 1, the upper ionic level is split in 2 manner 4
f spectra cou'd be correlated with the aid of the alkali- similar to the lower covalent level. This is because 4
| halile analegy, The low pressure spectra and the high the Xe* ion has a *P configuration, similar to the
pressure spectra described in this paper substantially
cortirm the predictlons of the alkali halide model, j
There are, nowever, distinct differences in the details POTENTIAL CURVES FOR XENON tODIDE "3
of the emiss=ion spectra obtained at low pressure and 80 000
those obtained at high pressures. Principally, we find xe' o1 ]
that the high pressure spectra are sharper than those 70 000 \_, e et or
ubtained ai low pressures., The reasons for thls are Ra i 5
discussed 12 this paper. In addition, the high pressure €0 000 / S }
spectra show considerable vibrational structure which o . s ]
cat shed more light on the structure of both the upper s DR 3 .
and lower states. In particular, the results for XeF S e Vo ma 3
prove that the ground state Is bound by more than very x 1 ; . 1
weak van der Waals forces. This result s conslstent & 3000C : 4
with simple chemical and thermadynamic arguments? x E f
and the observed electron spin resonance spectrum of 20000+ 3
X¢ F.'" The bound nature of the ground state of XeF s N 27 -
! : i) 10 000 2 L e ey
. at variance with sophisticated molecular structure cal- \ a = B ey A e
culatlans, o e xeell Papl
A potent.al energy diagram for the Xel molecule Is e o
shown in Fig, 1. It is typical of mosl of the rare gas e B 0 ' i 3
. monohalides, At Infinlte Internuclear separation, the INTERNUCLEAR SEPARATION A
eneryy of Xe® . 1. " relative to Xe - lis just the lon- F1G. 1, Potential energy diagram showing the stencture of
y Ization potential of Xe, 12,127 eV, Owlug to' the elec- senon lodide,
1 4640 The Journal of Chemical Pliysics, Vol. 63, No. 11, 1 December 1975 Copyright 71 1975 American Institule of Physics
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TABLE I, Predicted features of inert gas monohalides (ob-
served features shown in parentheses).

Molecule  Ry(A) Eylem™) Ay (nm) wlem™®
Xel 3.3 39135 256(254)° 119
XeBr 3.1 34272 292(282)4 150(180)¢
XeCl 2,9 30860 324(308)¢"4 214210
XeF 2.35 25195 397(353)¢+4 365

Krl 3,2 54 000 185 138
KrBr 2.9 493533 203 170

KrCl 2.8 45592 219 233

KrF 2.27 39229 256(248)° 370(400)°
ArBr 2,8 62152 161 220

ArCl 207 38042 172(170)* 280

ArF! 2,17 51679 193 430

NeF 1.93 93266 107 536

*vibrational spacing in the ground state of the alkali halides,
Ref. 14,

®Reference 7.

“This work,

%Refcrenee 8,

*Refcrenee 9,

fA caleulational error was made in Rcf, 7 for the ArF molecuie,
The predicted Ey and Ay listed here are correct, and the ATF
entry in Table 1 of Ref, 7 is incorrect.

ground state of the I atom. In the case of the Xe* ion,
the 2P, ,, state lies approximately 1 eV above the %Py,
ground state. The %II levels which arise from this
splitting lead to emission which is blue shifted from the
2y - 27 transitlon, This emission has been observed
weakly in XeF,

The analogy of the excited ion pair Xe* X" to the al-
kali halides may be used to provide a quantitative de-
scription of the structure of the exclted rare gas halides.’
According to this model, the exclted rare gas halide ion
pair is likened to the nearest alkall halide, This is
justified by the intuitive feeling, supported, for ex-
ample, by Hartree-Fock calculatlons, ' that the noble
gas ion and the nearest alkali ion have roughly the same
size, Thus, the binding energy of Xel relative to the
separated ions is taken to be equal to the ionic dissocla-
tion energy of Csl. The results of this model are sum-
marized in Table I, along with the available experimen-
tal evidence, As may be seen from the table, the pre-
dictlons are substantially confirmed by both the low and
high pressure results,

In fact, other useful analogies to the alkali/halogen
systems exist, and extend to the kinetics of these spe-
cies. The excited lon pair states are formed by reac-
tlons of the type

Kr'+F,~KrF* +F . (1

Such reactions are observed'* to proceed very rapidly,
with cross sections comparable to those observed In
the analogous alkali plus halogen “harpooning” reac-
tions. '* This is not surprlsing, since the noble gas
excited states have very low ionization potentials, as
do the alkali atoms.

ll. EXPERIMENTAL APPARATUS

The present experlmental results were obtained with
a high Intenslty electron beam which was used to pump

R e e T DO K
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high pressure mixtures of Ar, Kr, and Xe and the haio-
gens. The generai iayout of the experiment is shown

in Fig. 2. The high intensity eiectron beam excites

gas mixtures in the high pressure ceii, and the emission.
is monitored photoelectrically and on fiim. A scale
drawing of the cell and the diode, used to form the high
intensity electron beam, is shown in Fig. 3. The elec-
tron beam produced by the gun has an energy of about
400 keV. /electron, and an Intensity of about 30 A/cm?
passing throughthe foll, over an area approximately

1 cm by 15 cm. For some experlments the Intensity was
increased to about 150 A/cm? through the foil at the ex-
pense of lowering the energy to about 300 keV/electron.
Aside from increasing the intensities, this change had
no observable effect on the fluorescence spectra. The
duratlon of the electron beam pulse is approximately

100 ns, with a 10 ns rise time and a 20 ns fall time.

The gun has proved to be very reliable, and hundreds

of shots at 30 A/cm?® are generally obtained betwee 1

foil failures.

The cell is mounted directly on the electron beam
gun as shown in Flg. 3. The cell is constructed of
aluminum, which is compatlble with fluorine. The
valves are stainless steel and the windows are sapphire
or quartz, For maximum reliability, a 0.001 in. stain-
less steel foil is generally used. Titanium is corroded
by the halogens, and aluminum is not as strong as
stainless steel, However, for maximum electron beam
transmission, for lasing experlments for example, an
aluminized kapton fllm 1s used for the electron beam
window. The cell can be warmed up using built-in car-

FILM

PRISM
SPECTROGRAPH

CAPACITIVE
DIVIDER
LIGHT PIPE
— HIGH
PRESSURE
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"
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] \
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'l #1 §  WONOCHROMATER

FIG, 2, Schematic diagram of eficctron-heam apparatus .nd
emission diagnostics for fluorescence experinents,
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FIG. 3. Cross-sectional view of the high intensity electron-
beam gun and high pressure cell.

tridge heaters to provide a mild bakeout, It can be
pumped out to an ultimate vacuum of better than 107
torr with a leak rate better than 10°* torr/h., There-
fore, purity is not a problem.

The room-temperature gases (Ar, Kr, Xe, Cl,, and
F,) were of research grade, obtained from Matheson,
and were not purified any further. The Xe had a claimed
impurity level of 50 ppm of Kr and about 10 ppm of
other species. The gases, except I, vapor, were pre-
mixed in stainless steel tanks and allowed to stand for
several hours, or even several days, to assure that
they were fully mixed when used. The iodine crystals
were obtained from Merck and are claimed to be >99%
pure, They were placed in a small stainless steel sam-
ple cylinder attached to the cell through a stainless steel
valve, The crystals and sample cylinder were repeat-
edly allowed to outgas at room temperature (under vac-
uum but valved off) and then cooled with liquid N, and
pumped out, Owing to its low vapor pressure, it was
found easler to introduce the I; vapor directly into the
evacuated cell and allow it to come into equilibrium,
The rare gases were then admitted to the desired pres-
sure and allowed to mix. Mixing was occasionally stim-
ulated by firing the electron beam gun to warm the gas
in the irradiated region, The liquld bromine (Baker
Chemical Co., no stated purity) was similarly out-
gassed by repeated freeze-pump-thaw cycles, Prior

C. A. Brau and J. J. Ewing: Emission spectra of XeBr, XeCi, XeF, and KrF

to making the measurements with F,, the cell and mix-
ing manifold were passivated by filling them with an
F,-rich mixture at low pressure (a few torr to half an
atmosphere) for several hours.

The diagnostics, shown in Fig, 2, include time-inte-
grated and time-resolved emission measurements, The
time-integrated emission measurements were made
with quarter-meter and half-meter Hilger quartz prism
instruments, using Kodak 103-O or 103-F {ilm, Gen-
erally, at high pressures, one shot is sufficient to pro-
vide a medium resolution spectrum using 50 um slits,
This corresponds to a wavelength resolution of approx-
imately 0.1 nm in the larger instrument and 0,2 nm in
the smaller. Time-resolved emission mmeasurements
were made with a Jarrel-Ash one-quarter meter, f/3.5
Ebert monochromater with a 1P28 photomultiplier tube
and Tektronix 551 oscilloscopes,

1Hl. EXPERIMENTAL RESULTS

The time-integrated spectral measurements are
shown in Figs. 4-7 as microdensitometer tracings,
Table 1 summarizes the peak wavelengths observed
for the sharp 2T - %2 bands. In the Xel spectrum, Fig.
4, we see the 2Z - %3 transition sharply peaked at about
254 nm, and shading off toward the blue with little
structure, Broad, smooth bands are also evident at
325 and 360 nm. These are tentatively assigned as the
2% - 21N transitions. In the XeBr spectrum, Fig, 5, we
see the 2T — %3 band sharply peaked at 282 nm. This
band shades off toward the blue with a diffuse vibra-
tional structure superimposed on the continuum, with a
spacing in the wing of the band of ~180 cm™!., We inter-
pret these fluctuations in the continuum emission inten-
sity as due to emission from excited vibrational states
of the ionic upper level, The spacing in the XeBr fluc~
tuations is very close to the vibrational spacing in the
analogous alkali-halide ground state, viz,, w, (CsBr)
=150 cm™!, *® Suck fluctuations are also observed in the
absorption spectra of some alkali halides.'® These so-
called “kanneliertes” bands derive from transitions
frombound states to nearlyflat final states and the spac-
ing is the vibrational spacing of the bound level.'®
Based on the nominal response of the film, the peak
height ratio for the first two peaks corresponds to a
vibrational temperature of about 390 °K. Thus, the

Xe I EMISSION SPECTRUM

1 t ' 1 1 T t
436 405 %66 3B¥s MY 289 265 254
WAVELENGTH (am)

FIG, 4, Densitometer trace of Nel emission spectram from a
mistare of 20 psia Ne and 1,3 tory 1.
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2 2
Xe Br ( 2. o 2, /2) EMISSION SPECTRUM

Av = i80cm’!
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|
': | RESOLUTION
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2894 2652 2537
WAVELENGTH (nm)

FIG, 5. Densitometer trace of XeBr 5 —25) emission spec-
trum from a mixture of 10% Xe and 0.26% Br in Ar at a tota!
pressure d 5 psia, The bandwidth indicated corresponds to
the full-width at the half-intensity points, based on the nominal
response of the film,

vibrational degrees of freedom of the excited state seem
to be near equilibrium. Broad bands, not shown, also
appear at 353 and 465 nm in XeBr. These are again
tentatively assigned as the ®T ~ 2Nl bands. In the XeCl
spectrum, Fig. 6, the 2T —~27 band peaks at 308 nm,
and shades off toward the blue with a sharper vibration-
al structure. From the separation of the vibration
peaks we findthat the vibrational spacing is approximate-
ly 210 cm™. For comparison, the vibrational spacing
in CsCl is 214 cm™,!* Based on the nominal film re-
sponse, the peak helght ratlo for the first two peaks
corresponds toa vibratlonal temperature of about 360 °K,
again suggesting vibrational near-equilibrium in the
excited state. A broad, low intensity band is also ob-
served near 425 nm, Agaln, thls could be the T -?11
band,

The *2 -2Z band of the XeF molecule, shown In Flg.

2
XeCL (22"2—- xw)smssmu SPECTRUM

Av=210em™
I 1
| |

Ahe23nm |
el s .
Y — o+ - RESOLUTION
y \
!o
(=
2
g ! ) \ S apgde
D o n
oo b & (Mg CALIBRATION)
nm -4

~

WAVELENGTH (am}

FIG, 6, Densitometer trace of XeCl€x —’%) emission spec-
trum from a mixture of 107 Xe and 0, 087 Cl, in Ar at a total
pressure of 5 psia, The bandwidth indicated corresponds to
the full-width at the half-intensily points, based onthe nominal
response of the film,

| A SPECTRUM OF xer®
1 (Are10% e+ i%F, 776 YORR
i
:/ l"«/‘
Sm

i

W
s
~ L
haniafat r'"""l'_"r"""r‘ TITYTITYI IV YT Y 1
260 350 340 320 520

WAVELENGTH (nm)

FIG. 7. Densitometer trace of Xet'{" S =?%) ennssion spec-
trum from a mixture of 107 Xe and 17 F, 1t Ar at a total pres-
sure of 15 psia,

7, peaks near 353 nmand shades offtothe blue. Although
the general shape of this band is similar to that of the
25, - 2% bands of the other molecules, much more struc-
ture is eviden!, This indicates that the emission is
due to a bound-to-bound transition, The vibrational
structure is even more apparent to the eye in the ac-
tual spectroscopic plate or in prints made from it ‘see
Fig. 8). This is accentuated when the XeF laser spec-
trum is photographed, Table II lists the wavelengths
of the bands one can identify from the plates, The
lines observed in the XeF laser® are labeled with a*,
The total width of the brightest 1 ands is about 50 ¢cm™,

The two strongest peaks are separated by about 170 cm™,

Rotational structure within each band could not be re-
solved with our spectrographs.

At very low Xe densities we observe another stric~
tured band at about 260 nm. We initially thought fhat
this was due to ArF*, but a careful studv at various
Xe mole fractions showed that Xe definitely had to be
present to produce this band, However, Xe mole frac-
tions in excess of 107 reduced the intensity of this
band, The quenching of this emisslon with increased
Xe pressure implies it comes from some state lying
higher thanthe lowest ionic state of X_e F. We assignthis
emissionbandto the transition XeF 2 l,,,~XeF? ¥},,.
The splitting of the 260 nm band from the 354 nm
band, 1.2 eV, is comparable to the spin orbit splitting
of the Xe* ion, 1.3 eV, The wavelengths of this system

xef " EMISSION SPECTRUM FROM
E-BEAM EXCITED Xe/F, MIXTURES

3 3 34 lf; 37
RERTRRANEY HHIHH.'H'.'.HI! Inanlnnln

STS 3q 36 AT
T T A T T T A P|||||

F1G. 8. Spectrum of Net* €51/, =25y 2) emission,
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TABLE 1I, Wavelengths and energies for the 350 am’z -1z
band in XeF.

Estimated Estimated transition
wavelength in A frequency (cm™') Relative intensity
3570 28011 vw
3565 28 050 8
3550 28169 8
3540 2R 249 vw
*3535 28288 vs
+3513 28465 -:’::'::z‘::; :;‘de
3500 28571 vw
3496 28 604 s {overtapped?)
3490 28553 s
3574 23777 s (two lines ?)
3467 28843 w
3450 28 901 Overtapping weak
3460 28 985 Overtapping weak
M37 29095 w
3424 29205 w
3117 29265 w
3405 29 368 w
3402 29394 w
3392 29481 vw
3385 293542 vw
3381 281577 w
3359 29770 W
3349 29860 vw
3337 29967 w
3325 30075 W
3317 30148 w
3293 30367 w
J252 30 562 v
3262 30636 v
3233 30931 v
3203 a1221 vw

are listed in Tabie III,

The 350 nm band spectra of XeF taken in our appara-
tus at iower pressures spread out toward the biue, We
feel this is due to incomplete reiaxation of the upper
electrunic state prior to emission. The upper state
spectrum seems to be completely relaxed at pressures
greater than approximately 0, 5 atm.

There ts aiso a broad smooth continuum in XeF cen-
tered near 450 nm whtch becomes reiatively stronger
at low pressures. The origin of the pressure depen-
dence ts not known, but tt would seem to indicate that
the band may not vriginate solely from the same upper
leve! as the 354 nm band. I thts is the °T - %i] band,
it may be overlapped by some other band, possibiy a

2n-2n band.

Time-resolved emission measurements have been *
made on XeF using both Xe/F, mixtures and Ar/Xe/F,
mixtures. The measurements wiii be described in
detail elsewhere, but they show that the radiative life-
time is approximately 50 ns for XeF,

Finally, we show in Fig, 9 a densitometer tracing
of the emission spectrum of KrF formed by exciting
Ar/Kr/F, mixtures made up in the ratio 0. 889/.01/.001
The spectra were taken at 40 psia, The 2% - 2T spec-
trum appears simiiar to that of XeCl and XeBr, with vi-
brational unduiations occurring at a spacing of ~ 400
cm™. The analogous alkali haiide RbF has a ground
state vibrational spacing of 370 cm™.'* A broad band
also appears with a maximum at about 305 nm, possibly
the 2T = 211 band for this molecuie.

IV. SPECTROSCOPIC INTERPRETATION

The spectra we observe are in reasonable agreement
with the predictions based on the alkali-haiide model
of the excited state, as shown in Table I. The wave-
length: of the maxima in the £ - T transitions also
agree< weii with the low pressure, emission spectra
published by Velazco and Setser.® As mentioned pre-
viously, our spectra are considerably sharper than
those obtained at low pressure.

The spectra are interpreted in terms of the potential
energy curves given in Fig. 10. These curves are sim-
ilar to those shown for Xel with the exception that we
feel that the lowest I, ,, state potential energy curve of
XeF is attractive rather than fiat. The binding energy
of the '2,,2 state probably increases in the sequence,
Xel, XeBr, XeCl, XeF, due to the greater electronega-
tivity of the lighter haiides. For Xel and XeBr the

TABLAI? Ill. Approximate wavetengths of XeF emission near
2600 A,

Approximate
wavetength (A) Frequency (em™) Retative intensity
2680 37313 vw
2670 37453 vw
2662 36566 vvw
2660 37594 vw
2650 37736 s
2638 37908 8
2630 38023 w
2625 38095 w
2622 18138 w
2617 38212 vw
2614 38255 w
2600 Ina62 w
2581 ELEE ) W
S379 38774 yw
2569 A8 026 vw
2367 39108 vw
2549 3923 (3
2541 39355 VW
N2hie ) 394147 vvw
a2 39557 VW
%2 39409 vw
2505 9920 vvw
2500 40000 YW

J Chem. Phys, Vol. 63, No. 11, 1 December 1975
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2 2
Kr F( ZUZ— 2‘/2) EMISSION SPECTRUM
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FIG. 9. Densitometer trace of Krl® ¢ —7<) emission spec-
trum from a mistarc of 1'° kr and 0,17 F, in Ar at a totai
pressure of 40 psia, The bandwidth indicated corresponds to
the fuli-width at the haif-intensity points, hased on the nominat
response of the fifm,

vinding energy mily only be of a van der Waais nature.
For XeF the bond energy is ciaimed by some to be more
like 8000 cm', """

The errors in the simple predictions for the 23 - 2%
bands can derive from two sources, the actual amount
of binding in the ionic excited state, and the deviation
from flatness of the lower covalent state, The agree-
ment of the slmple theoretical predictions with exper-
iment suggests that the binding energy relative to ions
of the lowest ionlc 2T, state is probably caiculable
to within about 10t by using the binding energy of the
nearest alkali halide, viz., CsCl for XeCl". At this
stage one may ask why this simple model does work
so well, predicting emission frequencies of the 2%

- 2% bands to within 10z, This 1s a natural question
since the noble gas positive ions should have siightly
larger lonic radii than the neighborlng alkall ions, '?
The answer is threefold. Flrst, the small differences
in ionic radii should not affect the lonlc binding all

that much, Calculations'? suggest that the difference
in positive ion size is only about 10';. The XeX" and
K1 X* exciied states are predominantly ionic in nature,
smee the Caalomb curve crosses the higher lying co-
Vodent potenttals tal devive from Xe* X at very lirge
wlernaclear separations.” Since we know the separated
fon energies very weli and since the Couiomib attraction
is basically a very long range attraction, roughly 80';
of the ioni¢ binding energy can he accounted for at
iarre internuclear separations where the ~10'; differ-
ence in size hetween the Xe® and Cs* jons can make no
appreciabie difference in the net 1onic hinding, This
Is simply astatement that Cs°C1°, Cs*Or”, and Xe*Br” all

J Chem Phys, Vul. 63, No. 11, 1 Decemtwr 1975
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follow the same potential energy curve at iarge R, sec-
ondly, the energy at the minimum apparently is esti
mated better than one should expect because of the ¢ «n-
cellatlon of two smaller effects associated with the s ze
and angular distributlon of the outermost electron clc ud
of the Xe* and Cs* ions, The Cs* jon should have a
smaller radius for its outermost 5p electrons slnce the
Cs* nucleus has one more nuclear charge than Xe*,

Thls would lead to a deeper ionic well depth (~10%) in
Cs*X". Partially compensatlng for thls is the fact that
in the 2T,,, ionic state, the Xe* ion has only one 5p elec-
tron on axis with the electron rich halide ion. Thus one
should expect that in the z}:,,z state of Xe*X " the halide
ion could appreach closer and the binding energy should
approach that of 'S Cs*X". On the other hand, the ion
binding energies of the % ionic states of Xe'X " should
be less than that pertaining to CsX since in this state q
the Xe* outermost electron radius should be larger and |
repulsion should begin at larger values of internuclear

separation, Finally, the predictions of emission wave-~

length are good to within 10% because even though the

lower covalent 2T state could have some net binding,

e T S N A 7

the mlnimum in the ionic curve probably occurs at a 4
larger value of R than the minimum in the covalent

curve, as we shall see shortly for XeF, Thus, the 3
emission to the lowest covalent state probably termi-

nates near the top of the well, In any event, the co- 1

valent binding in the heavier xenon halides is smail and
any errors in the predicted wavelengths wili also be
small. .

It is the possible bound nature of the covalent 2%,
state that we did not discover until we took high pres-
sure spectra of the lighter halides of xenon, Pronounced 5
vibrational undulations appear in our spectra of XeB:*, 1
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FiG, 10, 1 stimated potentiai energy corves for Nel',  The
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Librium bond lenath estimaled from Ref, 1, The centrai wave-
tencth and handwidth of the Net' preen hand emission pives 1he
approximate position and slope of the A%t state’s potential
curve. By, slate’s propertics arc estimated from the fonic
madel, Ref, 7, and the oh served uv emission waveiength, The
potential corves for the gher iving iomce and covalent states
ave based solely on the infinite separation enerpics and rough
estimates ot the sizes of the Ne 1on and excited Ne atom,
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XeCl®, and KrF*. They have a spacing one would an-
ticlpate for the upper ion pair state from comparison
to the comparable ionic alkali-halide potentials. One
interpretation of the undulations is that they are simply
fluctuations due to transitions terminating on a very
flat final state, analogous to the so-cailed kanneliertes
bands in the alkali halides.'® This argument is not
tenable for the XeF spectra. The vibrational spacing
of the Xe°F~ excited state is expected to be of the
order of 370 cm™. The observed spacing of the
two prominent peaks in XeF is more like 170 cm,
completely different from the spacings anticlpated for
the upper states. These vibrational bands in XeF can-
not be readily explained by the “kanneliertes” hypoth-
esis, The explanation that we favor for XeF is that
the 2% = 2% transition in thls species is bound-to-bound
and terminates on bound vibrational ievels located near
the top of the aftractire lower state *Z,,, potential,

One 1s tempted to generalize from XeF and say that
the 2= - %% transitions may not be bound to free tran-
sitions in other xenon halides. However, these low
resolution spectra cannot resolve this question, The
high pressure *Z -2 spectra would appear contlnuous
in Xel even if the iower ievel were bound because the
vibrational spacings of a shal!’_v Xel well would be
fairly small as are the spacings in the upper level,
~100 cm’!, Definitive statemesnts regarding the actual
depths of the lower state potentials of the other xenon
halldes and KrF will require further work.

The origin of the binding is easy to rationalize in
the case of XeF since the weii known XeF, has an aver-
age bond energy of 32 kcal/mole.! The XeF bond en-
ergy has been estimated to be in the range 10-20 kcal/
mole. *'7 The Xe-F stretching frequency in XeF, is
560 cm™.'*!'* The equilibrium Xe-F separation in XeF,
is 1,977 A,' considerably less than the 2,35 A we pre-
dict for the icnlc excited state, The bond length in the
lon molecule XeF* is 1, 84 f\, which should be less than
that occurring. in XeF, or XeF.! The vibratlonal fre-

quency of the XeF* ion is 621 ¢cm™, larger than expecte:.

for XeF.' Sirce the Xe-F bond lengths decrease in the
sequence XeF, (1.98 A), XeF, (1.95 A), XeF, (1.89 &),
a naive extrapolation leads one to anticipate a XeF bond
length of about 2,05:0.1 A. Since the bonding in the
monofluoride is much weaker than the higher fluorides,
the true bond length could be somewhat longer. A vi-
brational frequency of the order of 560 ¢m™ would be
anticlpated for a bond strength of 32 kcal/mole, but
somewhat less for a bond strength of 10-20 kcal/mole,
Since the spountaneous and stimulated spectra show an
approximate 170 cm™ spaclng, we presume that the
XeF emission is terminating on very high states of

the ground state. The potential energy curve of the
luwest 23 state of XeF drawn in Fig. 10 is consistent
with these est:mates, Clearly, an absorption spectrun
«f ground state XeF wouid be desirable, as would a
rotational analysis of the bands we observe,

The dihaiide species XeCl, and KrF, ! have been
studied as weil, but the binding energies for other di-
talides of noble gases are apparently too small to allov
isoiation of these compounds, The XeCi stretching fre
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quency In XeCl, is 313 ¢cm*!, and the mean Xe-Cl bond
energy is less than 32 kcal/mole, By analogy to XeF,
and XeF, we might expect the XeCl bonding energies
to be of the order of 10 kcal/mole, roughly 4000 cm™,
The vibrational spacing In XeCi would be quite small
if XeCl were bound. Very small vibrational spacings
in the lower level of XeCl would be consistent with the
spectra we observe., The monohalide bindlng energy
should decrease for the larger haiides of xenon since
they have decreased electronegativities, Similarly,

a weak KrF bond is anticipated since the Kr—F bond

in KrF, is extremely weak.'! Also, the KrF bond in the
KrF complex formed in a molecular beam is presumed
to have a very shallow well because of the absence of
a measurable dipole moment, '

Another qualitative way to rationalize a slight binding
of the lower 2% potentlal for these specles follows from
the molecular orbitals for these species. In the cova-
lent blnding of a halogen to Xe, one can make up molec-
ular orbltals from the outermost p orbitals, One gen-
erates a set of molecular orbitals ¢, 7, 7', and o’.

The ¢ and o’ orbitals are llnear combinations of a 5po
orbital centered on Xe and an np, orbital centered on
the halogen. The 7 and @ orbitals are virtually non-
bonding orbitals, one set being the p_ and p, orbitals

of the xenon the other set belng the p, and p, orbitais

of the haiogen. The iowest energy configuration for

a xenon halide moiecule then gives the % state:

(0 (m*(2")*(6")'. The bond order for this species is }.
Since the bond order is not zero, one might expect some
slight binding, much like the smail binding in the *Z
states of halogen molecular negative ions,* The first
excited state of the xenon halide has the configuration
(of (m* (') (0'?. This state must be a %fl state. To
the extent that the 7 and 7 orbitais are nonbonding, the
bond order for this covalent state is zero and a repul-
sive potential energy curve can be expected, since the
two antibonding o’ electrons cancel out the bonding due
to the ¢ electrons,

These simple molecular orbital arguments for XeF
binding are not borne out by the best calculational ef-
forts.? An extensive configuration interaction calcu-
lation, using 354 configurations made up of the lower
lying Xe and F orbitais, shows that in the region of
2,35 f\, the approximate bond length of the Xe*F~ ex-
cited state, the 2r},, potential is definitely repulsive.
It is possible that this CI calculation does not properly
account for configuration interactlon with the charge
transfer state, whlch we know is the lowest lylng ex-
clted state of XeF, Clearly, a high resolution spectrum
of XeF using cold gases and isotopically pure Xe could
lead to a rotational analysls and a better descrlptlon
of the XeF and other xenon halide potentials, We sug-
gest that uv absorptlon studies of the xenon monohalides,
possibly matrlx lsolation spectra, would also be worth-
while, Since these species show definite promise for
being Interesting laser systems, as well as interesting
chemical species, a deeper understanding of the nature
of these molecules is needed,

Finaliy, we give a discusslon of the difference in
spectral wldths of the 2Z - %Y bands observed at high
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and low pressures. Spectra of XeCi® and XeBr* pub-
iished by Velazco and Setser® do not look quite the
same as the high pressure spectra. Their research

on the xenon halides utiiizes a iow pressure discharge
flow technique. This approach is significantly dilferent
from our high pressure, pulsed c-beam excitation ap-
proach. In the discharge flow experiments, the total
densities are purposeiv kept low to insure rapid mixing.
Generally speaking, the low pressure spectra are con-
siderably broader than those obtained at higher pres-
sures. This difference derives from the fact that the
emitting inert gas halide is not only formed In ionic
eiectronicaliy excited states, but is also formed with
large amounts of vibrational and rotational excitation
within the excited state manifolds. Similar vibrational
excitation of an ion pair occurs in the analogous reac-
tions of alkalis with halogen-containing species, 212

At the low pressures used in the flow experiments, *°
the Inert gas halides suffer very few, if any, collisions
during the excited state iifetime, of the order of 50 ns.
Therefore, the XeX* cannot be vibrationally relaxed
before emission of a uv photon takes the molecuie out
of the higher lying 2% and 211 ionic states and down to
the iower iying covaient states, Indeed, Golde and
Thrush® see emission from ArCl* at photon energies
up to the total excess energy available to the newly
formed molecules, clearly showlng that they emit from
many states. This emission in the short waveiength
tall of the band presumably comes from unrelaxed vi-
brationally excited ArC1®. Our experiments are done
mostly at high pressures with premixed gases. Under
these conditlons we expect and observe partial, 1f not
complete, vibrational relaxation durlng the estlmated
50 ns lifetime of a typical xenon halide, At low pres-
sures our spectra spread toward shorter wavelengths
in the case of XeF, Since there are three posslble ex-
cited lonlc states, 22,,,, 2M,,s, %fl;,,, the low pressure
spectra are probably also complicated by emlssion from
the higher lying ionic states, 2N,,,, %lly,,. At suffi-
ciently low pressures, the excited specles are probably
not even rotationally relaxed. Thus, the bound~to-bound
spectrum for XeF observed by us is not at variance
with the unrelaxed spectrum observed by Velazco and
Setser® and classlfied by them as Lound to free,
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‘ PHOTOIONIZATION CROSS SECTIONS FOR EXCITED STATES OF
ARGON AND KRYPTON
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Photoionization cross sections for excited states of argon

and krypton?
H. A. Hyman

Avco-Everett Research Laboratory, Inc.. 2385 Revere Beach Parkway, Everctt, Massachuserts 02149

(Recenved 28 March 1977; aceepled for publication 26 April 1977)

Calculanons have been carried out fur the photoionization cross sections of excited states of atomic argon
and krypton, relevant 1o the KrF laser. At A = 2486 A, it is fonnd that photoabsorption due to the ‘P,
melastable siales is relatively unimporiant, while the cross sections for the first excited p states are large

(~4.5 x10 ™cm?).

PACS numbers: 32.80.Fb, 42.55.Hq

In order to optimize the extraction efficiency of high-
power rare-gas—halide lasers, it is necessary to char-
acterize the various photoabsorption processes for the
species present in the laser medium. For this purpose,
calculations have been carried out for the photoioniza-
tion cross sections of excited states of atomic argon and
krypton relevant to the KrF laser.!™!

Partial energy level diagrams for argon and krypton
are shown in Fig. 1. Due to the large spin-orbit split-
ting in the core, the excited levels form two separate
series: mp’(*Py,y)nl and mp°2Py ,,)ul’, converging to-
ward two different ionization limits, [ and I'. 1f one
averages over states of total angular momentum, it is
found that the binding energies I —E,; and I' - E,,. are
almost identical,’® so that it is a good approximation to
further average over core states. The two separate s
series are then effectively collapsed into one series
of levels, which are simply denoted by the quantum
numbers, »l, of the active electron.

Four states have been considered for the KrF laser:
Ar(4s), Ar(4p), Kr(5s), and Kr(5p). The s states in-
clude the :‘I’M metastable levels, as well as the two
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FIC. 1. Partial energy level diagrams for argon and krypton,
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"I’t levels, which are optically trapped and therefore
relatively long lived in the laser. The p states can be
significantly populated due to electron impact processes
of the type ¢ + Ar (4s)—-c¢ + Ar (4p), which have large
cross sections, Since the laser photon has an energy of
5 eV (A = 2486 A), it is obvious from Fig. 1 that all four
states can be photoionized.

The cross section for photoionization of the nlth state
is given by the expression

o 141 14 .
Oule) = 2. 69 X100, + )57 3 R 3715 R (o).
(1)

where [, is the ionization energy and ¢ is the excess
energy of the free electron [all energies are in Ryd-
bergs (1 Ry=13.6 eV)]. R is the radial matrix element,
given by

Ria=" By (7P () dr, ()

and P {r} is the solution of the radial Schrodinger
equation:

2
(:—rg -l(l—;zi) 1€+ V(r))l’(;')=0 (3)
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FIG. 2. Photolonizatlon cross sections for exclted states of
argon,
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FIG. 3. Photoionization eross seeiions for excited states of
krypton.

with V(r) being the atomic potential. We have used a
central-field approximation, which is consistent with
our scheme for representing the excited states (i.e.,
neglecting spin-orbit effects); we thus obtain

V(r) =V,ar) +a/0? + 22, €]

The first term in Eq. (4) is the central -field potential
of the parent ion, which was constructed from the
Hartree-Fock wave functions of Clementi and Roetti, *
The second term is a polarization potential, where @ is
the core polarizability and r; is an effective cutoff
radius. The scaling law, Ta ~Zré, has been used to
estimate the core polarizabilities of Ar and Kr from
the known polarizabilities of the alkali ions and halo-
vens. *® The value of r, was taken to be the Hartree-
Fock mean radius of the outer shell of the core. The
parameters used in the calculations were as follows:
for Ar, r,=1.56a, and & = 8. 85q7; for Kr, »,= 1. 84a,
and a = 14.9¢} (where a, is the Bohr radius). The
Schrodinger equation (3) was solved numerically sub-
ject to the boundary conditions: P’(0)=0, and for large
#, P(r)=0 for the bound states and P(r)-n"'/%"1/?
sin[e!?r = Lin =V 2n(2e ) + argl( + 1 - i€t /2) + 6,(€)]
for the continuum states, where 6,(¢) is the phase shift
The same potential, V(r), was used for all bound and
continuum states, so that the wave functions are
orthogonal.

The results for argon are shown in Fig. 2 and for
krypton in Fig. 3. For the s states, the cross sections
drop rapidly to zero just above threshold, where the
matrix element R changes sign. Qualitatively, this
behavior is very similar to that of the alkali photoion-
ization cross sections, !” which also have minima close
to threshold. Although, in the present approximation
the cross sections go to zervo, including spin-orbit ef-
fects would give a small nonzero value at the minimum,
as in the case of the alkalis. '™ !' Since the s -state cross
sections are rapidly varying near threshold, they are
very sensitive to the details of the model, and a much
more ¢laborate theory, including both spin-orbit and
configuration interaction effects, would be required to
obtain a greater degree of accuracy. By contrast, the
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TARBLE L. Photoioniz.ation eross sections for esvited states of
argon and Krypton at A= 2486 A,

Alomic states Cross section (em’)

Ari4s) 2.1x10=%
Ar(ap) 4.3x 101
Kr(5s) 1.3x 14rt?
Kr(5p) 4.5x 101

cross sections for the p states are relatively insensi-
tive to the model and are therefore expected to be more
accurate. In Table [ we have listed the relevant photo-
ionization cross sections at A = 2486 A; it 1s apparent
that photoionization from the p states i> the dominant
process under conditions where they are significantly
populated.

Dunning and Stebbings'? have reported upper bounds
for the Ar (4s °P, ,) and Kr (5s P, ;) photoionizaticn
cross sections at threshold (¢ =0). The values thex
give are 1.1x107® em’ for Ar and 4.9 10" cm” ‘or
Kr. The present calculations agree quite well witl
their value for krypton, but are considerably lower for
argon, presumably due to the sensitivity of the s -state
cross sections close to the threshold, as discussed
earlier. If we renormalize our results for the Ar '4s)
state to agree with Dunning and Stebbings's upper bound
at threshold, the corresponding value at 2486 A be-
comes ~1.5%10"" ¢m?, which is st1ll a factor of ~30
smaller than the calculated Ar (4p) value of 4.3 <107
cm?.

The principal conclusions to be drawn from the
present calculations are that photoionization directly
from the Ar (4s 'P; ,) and Kr (5s 'P; ;) metastable states
is relatively unimportant, while photoionization from
the Ar (4p) and Kr (5p) levels is likely to be a significant
process in the KrF laser.

The author wishes to acknowledge helpful discussions
with J. Jacob and J. Mangano.
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HIGH EFFICIENCY UV LASERS
J. J. Ewing and C. A, Brau
Avco Everett Research Laboratory, Inc.

2385 Revere Beach Parkway
Everett, Massachusetts 02149 U,S.A.

Abstract

The potential of the rare gas halide lasers for high efficiency is briefly
reviewed. The spectroscopy and kinetics of these lasers is emphasized.

Introduction

Within the past year it has become clear that UV lasers having high effi-
ciency are practically realizable. This paper will briefly review the
research that is leading to this revolution in UV lasers. The paper will
also emphasize the underlying physics that determines the efficiency of
electronic transition lasers. We will draw examples from recent work on
rare gas halide lasers.

The biggest gains towards the goal of high efficiency at short wave-
lengths have been made in a new class of molecules and molecular lasers,
the rare gas monohalides. The spectra of some of these species were
first taken within the past two years[1,2,3,4,5] and a solid understanding
of the spectroscopy and the formation mechanisms is develolping. [3.4,5,6,7,8])
Specifically, lasing on XeBr at 282 nm, [9) XeF at 354 nm, [10] XeCg at
308 nm, [11] KrF at 248 nm,[11] ArF at 193 nml[12] and KrCg at 222
nm(13,14] has been observed. Electric discharge pumping of some of
these species has also been observed, on KrF(15) and XeF[10] up to now,
although one assumes that some of the other members of the class can be
pumped by discharges as well.

A complementary set of lasers operating on halogen molecules formed
in certain rare gas/halogen mixtures has also been demonstrated. I,
lases at 342 nm, | 17]Br2 at 292 nm, [18] and C{; is projected to lase near
260 nm, [19] although it has not lased in our laboratory or chersfzol des-
pite substanrtial effort. Discharge production of BrZ’“ and I lasers has also
been achieved. [ 21, 22]

Although the halogen systems are very efficient as flourescence
sources,| 23,24] they have not yet performed as well as the best rare gas
halide lasers. The reasons for this decreased performance are not yet
quantitatively established.
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The most efficient lasers to date in this class are the KrF and XeF
lasers. MHigh intrinsic cfficiencies[25,20) as well as high wall socket
cfficiencies[26,27) have been obtained. The KrF laser has also produced
the highest total ¢cnergy outputs to date although the ArF laser is also cap- -
able of comparably high encrgy outputs.[12

Most of these exciting results in novel high efficiency UV lasers have
developed out of lasers utilizing ground state dissociation, so called
"excimer" lasers.[28] As we will discuss later, excimer lasers have
the advantage that the kinetic extraction efficiency can be made large be-
cause the intra cavity flux can be large without causing bottlenecking.
Although this is the current state of the art, we caution that two other
methods of lower level removal, predissociation and collisional quenching, _
can in principle provide sufficiently rapid lower level quenching to allow a
high cavity flux to efficiently extract upper laser levels,

What is High Efficiency

The words 'high efficiency" mean different things for various laser appli-
cations. However, a definition of the term within the context of a parti- |
cular application can serve as an important guideline in pursuing the goal.
This is so because various applications require different pulse energie:;
and average powers, and very often the application itself dictates the
techniques needed to achieve the desired overall laser system efficiency.
Two examples illustrate this point. Some laser isotope separation schimes
require higher powers and efficiencies than currently available. Howeer,
for the near term and the long term, a high cfficiency laser for UV uranium
isotope scparation probably only nceds to be of order 1% efficient, operate
at about the 1J per pulse level, with ultimate power levels of order 5
kW.[29] This efficiency and power level is clearly higher than what is
currently available in the UV or visible. However, it does not place
severe constraints on either the excitation methods or the nature of the
laser medium and a variety of solutions appear fcasible. As a contrast,
for the projected laser needs for an ultimate high average power laser for
a laser fusion application, energy outputs per laser amplifier of order 1
2000 J or morc are of interest, [30] Economics presumably will dictate ul-
timate efficiencies as high as possible, (>10%) as well as somc modest pulse
repetition frequency. Clearly a ¢combination of laser medium and excitation
scheme applicable to the isotope separation effort need not be directly
applicable to the higher power fusion application, 1
|
F ]
|

An important, if obvious point is that the overall efficiency of a laser
is a praduct of cfficiencies. To maximize the overall laser efficiency
it is in portant that cach clement of the cfficiency be high simultaneously.
Roughl" specaking the overall efficiency is a product of a quantum efficiency, ‘
an upper laser level production efficiency, an extraction efficiency, an
cfficiency for producing the initial excited states by the pump, and an
energy coupling cfficiency which describes the efficiency with which encrgy
gets from a wall socket into the gas medium. The extraction cfficiency
is comprised of both spectroscopic and kinetic extraction efficiencies
depending on the ratio of net gain to loss and the ratio of rates of stimu-
lated emission of upper laser levels to the quenching and spontancous loss
of upper levels. Certain rare gas halide lascrs have potential for high
power and high efficiency because they have high cfficiency in cach of
the above mentioned clements. Depending on the application requirements,
one may accept a lower cfficiency of one of these clements if the com-
promisec allows for some simplification »f the laser. Typically this trade-
off usually involves coupling and excited state production efficiencies.
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Let us briefly summarize some of the means available for exciting UV
or visible laser transitions and the ultimate efficiencies they can yield.
For the very high powers and high efficiencies, as in the fusion applica-
tion, one clearly requires a volumetrically scalable excitation technique.
Three broad approaches are currently possible for making large volume
UV or visible devices: E-beam (or possibly UV) ionized electric dis-
charges, pure E-beam pumping, and optical excitation.[31] Of the above,
experience with IR lasers shows that the discharge approach offers the
potential for the highest efficiencies (> 10%), with high energy outputs and
average powers. However, the discharge pumping approach imposes
certain constraints on the laser medium. One key constraint of larger
volume electric discharge lasers is that the coupling efficiency improves
as the pumping duration increases. An excited medium having constant
impedance is also a desirable feature for a high coupling efficiency. The
pure E-beam pumping technique is versatile, but is limited in terms of
overall systems efficiency and repetition rate. Overall efficiencies up to
about 10% are probably possible in suitable media.. Optical excitation
schemes are inherently limited by the efficiency and repetition rate of the
optical pump being used. However, as the overall efficiencies of UV and
visible lasers and incoherent pumps improve, the potential and scope of
optically pumped lasers will broaden. One can project optically excited
high energy visible lasers with efficiencies of order 1-3% based on a
hypothetical 10% efficient ArF or KrF UV laser.

At lower average power levels, all of the above methods or combina-
tions thereof are suitable and can yield efficiencies of order 1% or greater.
More convenient for efficiencies near 1%, however, is the use of self sus-
tained discharges such as the fast pulse Blumlein devices which are per-

forming so well with the XeF laser.{27] These devices typically run with an

unstable discharge, one'whic_h becomes an arc after a short time, and
the principal source of inefficiency lies in the '"coupling' efficiency.
These lasers do not lend themselves to scaling to large volumes and as
such are limited in total energy outputs. Currently, these devices are
excellent for producing high peak powers and short pulses. Since similar
pumping techniques yield higher efficiencies in CO2 IR lasers, improving
the performance of short pulse UV lasers is currently an active area of
research.

In general, it is true that the longer pulse, larger volume, highest
efficiency excitation schemes place the most stringent constraints on the
intrinsic aspects of the laser medium. For example, there is one very
important difference in the required laser kinetics of an allowed UV or
visible laser transition excited by an"E-beam stabilized discharge for a
large volume device, contrasted to-a short pulse, small scale discharge.
As noted above the coupling efficiency of a large scale, very efficent
laser improves with long excitation pulses, t S 300 ns. The fast
pulse discharges can operate well with very short excitation times,

t < 50 ns. Because the radiative lifetimes of typical allowed electronic
transitions are roughly equal to the transient turn on time of a large scale
discharge, the long pulse devices must have rapid removal of the lower
laser level for a laser operating on an allowed transition. Obviously one
cannot expect to have an efficient large scale device if the laser medium
shuts off before the electrical circuitry is efficiently coupled to the laser
plasma. The long pulse high efficiency lasers require one to look for
means of removing the lower laser level, a natural venue for the excimer
concept. The short pulse devices, can, however, work quite well on
transitions that bottleneck such as the 510, 6 nm Cu laser line, or the
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Lct us briefly summarize some of the means available for exciting UV
or visible laser transitions and the ultimate efficiencics they can yield.
For the very high powers and high efficiencies, as in the fusion applica-
tion, one clearly requires a volumetrically scalable ¢\citation technique.
Three broad approaches are currently possible for nuking large volume
UV or visible devices: E-beam (or possibly UV) iom :oed clectric dis-
charges, pure E-beam pumping, and optical excitation.{31] Of the above,
experience with IR lasers shows that the discharge approach offers the
potential for the highest efficiencies (> 10%), with hiph cnergy outputs and
average powers. However, the discharge pumping approach imposes
certain constraints on the laser medium. One key counstraint of larger
volume electric discharge lasers is that the coupling ¢fficiency improves
as the pumping duration increases. An excited medium having constant
impedance is also a desirable feature for a high coupling cfficiency. The
pure E-beam pumping technique is versatile, but is limiteqd in terms of
overall systems efficiency and repetition rate. Overull efficiencies up to
about 10% are probably possible in suitable media.. Optical excitation
schemes are inherently limited by the efficiency and repetition rate of the
optical pump being used. However, as the overall efliciencies of UV and
visible lasers and incoherent pumps improve, the potential and scope of
optically pumped lasers will broaden. One can project optically excited
high energy visible lasers with efficiencies of order 1-39% based on a
hypothetical 10% efficient ArF or KrF UV laser.

At lower average power levels, all of the above ma¢thods or combina-
tions thereof are suitable and can yield efficiencies of order 1% or greater.
More convenient for efficiencies near 1%, however, i: the use of self sus-
tained discharges such as the fast pulse Blumlein devices which are per-
forming so well with the XeF laser.[27] These devices typically run with an
unstable discharge, one which becomes an arc after i short time, and
the principal source of inefficiency lies in the "coupliug cfﬁcienzzy_

These lasers do not lend themselves to scaling to laryc volumes and as
such are limited in total energy outputs. Currently, these devices are
excellent for producing high peak powers and short pulses. Since similar
pumping techniques yield higher efficiencies in CO2 I lasers, improving
the performance of short pulse UV lasers is currently an active area of
research.

In general, it is true that the longer pulse, larger volume, highest
efficiency excitation schemes place the most stringent constraints on the
intrinsic aspects of the laser medium. For example, there is one very
important difference in the required laser kinetics of .vn allowed UV or
visible laser transition excited by an'E-beam stabiliz«d discharge for a
large volume device, contrasted to-a short pulse, smu.ll scale discharge.
As noted above the coupling efficiency of a large scalr, very efficent
laser improves with long excitation pulses, t > 300 n:. The fast
pulse discharges can operate well with very short ex«itation times,

t < 50 ns. Because the radiative lifetimes of typical illowed electronic
transitions are roughly equal to the transient turn on titne of a large scale
discharge, the long pulse devices must have rapid removal of the lower
laser level for a laser operating on an allowed transition, Obviously one
cannot expect to have an efficient large scale device if the laser medium
shuts off before the electrical circuitry is efficiently ©oupled to the laser
plasma. The long pulse high efficiency lasers require one to look for
means of removing the lower laser level, a natural venuc for the excimer
concept. The short pulse devices, can, however, wurk quite well on
transitions that bottleneck such as the 510.6 nm Cu laser line, or the
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337.1 nm Njp (C- B) transition. A sccond kinetic constraint typical of the
long pulse clectric discharges derives from the preference for constant
laser plasma impedance,implying constant electron number density. In
the rarc gas halide lasers this constraint is ncatly managed by using
electron attachment by the halogen species to balance the avalanching of
electron number density caused by the high steady state number density
of low ionization potential rare gas excited states. [

Since the highest efficiency pumping schemes by and large place the
most stringent constraints on the laser medium, our discussion of new
high efficiency lasers will be oriented towards E-beam and E-beam con-
trolled discharge excitation of laser media. For each of these pumping
techniques a set of guidelines can be drawn up that allows one to focus
on key elements required to obtain overall high efficiency. Listed below
are a set of such guidelines convenient for discussing potential as high
efficiency electric discharge lasers. |;

-Guidelines for an Efficient UV Electric Discharge Laser i

e Quantum Efficiency

Maximize Quantum Efficiency
Usually a Fixed Parameter within a Pumping Scheme

o Upper Laser Level Production
Minimize Branching into the Useless Channels
e Extraction
Net Gain Much Greater than L.oss (Minimize Excited State
Absorption)
Cavity Flux Large Enough to Beat Quenching and Spontaneous
Emission
e Initial Excited State Production

Minimize Production of Ions and Useless Excitations

Coupling

Stable, Constant Impedance Laser Plasma, Long Excitation Pulses

For a pure E-becam laser or an optically pumped laser the guidelines within
the first thrce areas will be the same. For E-beams there is little con-
trol over the excited state production efficiency, whercas with optical
excitation one can hope to choose the best wavelength for exciting the
medium. The coupling efficiency for optical or E-beam pumping will be
limited by desired homogeneity of excitation and the fraction of the primary
clectron range or optical depth utilized. The coupling efficiency will also
include the efficiency with which the E-beam or laser beam itself is pro-
duced from electrical energy drawn from the wall socket.

In the following sections we will consider the spectroscopy and kinetics
of the rare gas halide lasers and show how various components of the
overall efficiency of cach laser compares to the "ideals' stated in the
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above guidelines. Similar comparisons for other classes of UV or visible
lasers can be drawn.

Rare Gas Halide Spectroscopy

The potential for high efficiency of the rare gas monohalides derives from
both kinetic and spectroscopic aspects. Since the spectroscopy is some-
what better understood than the laser kinetics, we will describe it first.
The spectroscopy impacts on the above mentioned efficiency areas in
several ways. Obviously with the choice of an excitation scheme, the
laser wavelength determines the quantumn efficiency. The upper laser
level production efficiency is primarily a kinetic phenomena, but certain
aspects of high branching ratios can be traced directly to the almost uni-
que spectroscopic features of these molecules. Spectroscopy impacts

the extraction efficiency in two ways. The position of the molecular
potential energy curves determines the amount of excited state absorption
competing with stimulated emission. Obviously, the less absorption one
has the better the extraction. Secondly, the shape of the lower level
potential energy curve determines to a first approximation the emission
spectrum bandwidth and as such impacts the stimulated emission coeffi-
cient and,correspondingly, stimulated emission rates. Itis important to
note that among UV excimer lasers the stimulated emission cross sections
for.the sharp bands in the rare gas monohalides are very large, ¢ ~ 10-1
cm2, This large cross section makes it possible to extract upper laser
levels on time scales of order 1 ns with flux levels of order 5 MW/cm?2,
The rapid stimulation of the upper laser levels effectively competes with
kinetic quenching and is a key component of attaining high efficiency with
these species,

Figure 1 shows a schematic molecular potential energy level diagram
for a rare gas monohalide. One can see that these lasers utilize lower
level dissociation. Unlike the rare gas excimer lasers there are two
lower branches. For the simplified case shown here emission is centered
near two wavelengths, A1 _and A 2. The two dissociative levels are desig-
nated as a 23 state and a 4]l state. Spin orbit splitting ofthe quyerziT states
is neglected but is important in rare gas bromides and iodides. The 2y
lower state corresponds to having one halogen '"hole' in a p orbital on axis
with the rare gas atom. The 2Il state places the partially occupied atomic
p orbital perpendicular to the molecular axis. The “Il state is strongly
repulsive at the equilibrium internuclear configuration of MX™, R, because
more electrons are between the halogen and rare gas nuclei. Emission
terminating on the “Il state, near wavelengthX, is characterized by a re-
latively broad continuum band width. The 2% lower level has a fairly flat po-
tential energy curve at R, and the emission bandwidth for this transition is
narrow. Assuming comparable radiative transition rates to both states, the
gain on the transition near A, is higher because the bandwidth is lower. To
date rare gas monohalide lasers have operated on the sharper, higher gain
bands. As noted above, a "high gain' excimer laser which utilizes a fairly
flat lower laser level has many significant advantages because the higher
stimulated emission cross section increases the rate at which stimulated
emission can remove the upper laser level. This allows laser emission on
the sharp band to effectively compete with quenching of the excited state.
This benefit would not accrue as readily on the broad, lower cross section
bands that terminate on very repulsive lower laser levels. The dissociative
nature of the relatively flat lower level still allows for the rapid removal of
the lower level, thus maintaining the population inversion.
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sociation into an incrt gas atom M and an cxcited halogen atom, X*. It
is also bound with respect to M¥ 4+ X, The ionic naturc of these excited
statcs has been discussed.[1,2,3,4,5] The excited statec is nothing more
than a positively charged inert gas ion, Mt, and a ncgative halogen ion, X~,
held together by coulombic rather than covalent forces. Predications of var=
ious propertics of thesc excited specics are based on the similarity of these
excited states to the ionic ground states of the ncarly isoelectronic alkali
halide ground states.[3] Thesec predictions arc accuratc to within a few
percent.[4,5] The similarity of the excited ionic statcs of the rare gas
monohalides to ground state alkali halides derives from the fact that a rare
gas halide ionic excited state differs by only onc electron from an alkali
halide. KrF* is simply the ion pair Krt F~. Kr? is only different by one
electron from Rbt. Thus, the properties of KrF* are very close to those
of the ionic RbF molecules. A number of other useful analogies exist as
well. For instance, the rare gas excited states, such as Kr* have low
ionization potentials and as a result the chemistry of Kr*, both kinetically
and generically, is very similar to that of Rb.
¢

The simplified potential curves shown in Fig. 1 do not illustrate the
other ionic excited states, which lie very close to the jonic “¥1/2 state.
Two other curves having symmetry 2113 29 an 2 lie within 1 eV of the
upper laser level. The splitting depends on the amount of spin orbit
coupling, being largest for the Xe halides. A priori calculations show that
" a substantial amount of mixing occurs between the © = 1/2 states, and as
such the 2% notation given in Fig. 1 is an over simplification.[33] Emission
from the higher ionic states has been observed.[>,8,13] In fact, the
broad bands are probably super positions of emission from the 221/2 and
the 2]13/2 states to the repulsive 2II.

Notc the high guantum cfficiency that is intrinsic to the rare gas mono-
halide lasers. Assuming the process begins with production of an excited
metastable, such as Kr*, quantum efficiencies of order 50% can be
achicved. The lost energy goes into chemical potential by dissociation
of a weakly bound halogen source, such as F», and excess vibrational
encrgy initially invested in producing the rare gas monohalide excited
state. Discharge excitation of Kr* is capable of fairly high excited state
production efficiencics. Boltzmann code calculations[32, 34] suggest that
the efficiency of producing excited rare gas atoms could be as high as 70%
for an excitation level sufficiently high to produce useful laser gain on
rarc gas halides in a reasonable length device. Thus, before accounting
for losses due to extraction and encrgy coupling, a discharge pumped rare
gas halide laser could have an efficiency of order 35%.

For E-beam pumping the quantum efficiencics are not as high as with
discharge pumping. Morcover, the production cfficicncies are much
lower than with discharge excitation because the primary electron beam
looses roughly twice the encrgy of ionization of the dominant species to
producec an ion with some atomic excitation.[33] Thus the product of
production efficiency with quantum cfficiency is about 25% for typical rare
gas halides. Powecr coupling cfficiency lowers the overall potential sys-
tem cfficiency for an E-bcam device relative to a discharge.

Naturally, the development of new lasers and new molecules is leading
to incrcascd rescarch on these species. The exdact dependence on inter-
nuclear scparation as well as the locations and assignments of the potential
curves for many of the states of the rarc gas halides remains to be done.
The lowest 2X covalent state, the lower laser level, is not truly dissocia-
tive for XcF and XeCl. The lasing transitions are, in fact, bound to
bound, [5,6,36) for these species since these molecules have shallow wells
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in the lowest states. Because the wells are fairly shallow, depopulation

of the lower level can take place via rapid collisional dissociation. The

binding of the XeF ground state was not anticipated theoretically.[37]

Refined calculations on the XeF ground state show that inclusion of the

long range Vander Waals attraction is important in calculating the proper-

ties of the bound ground state of XeF. [38] >

As seen in Fig. 1, there are higher lymg potenhal curves that derive
from M" + X and X* + M. Not drawn are the potential curves for the ion
MX*t, which are typxcally at higher energies. The exact energy and shape
of the curves coming from M* + X has an important impact on the possi-
bility of self absorption. Xenon bromide is probably a fine example of a
rare gas haide that fluoresces very efficiently butl lases very poorly. This
is possibly due to self absorption as shown in Fig. 2. Note that the self
absorption is a photod1ssoc;atmn process rather than photoionization which
plagues the rare gas excimer lasers such as Xez - The positions of the
upper and lower laser levels can be determined by the wavelength and shape
of the XeBr” emission bands. The exact position of the potential curves and
the wavelength depcndence of the absorption bands relative to the stimulated
emission cross section is not known. However,, it is reasonably clear that
absorption is possible in the XeBr* case since a 282 nm photon has ample
energy to produce an Xe* 4+ Br from the ionic upper laser level. Rough
considerations of the atomic orbitals that the electrons occupy in the
various states suggests that absorption plays a major role in decreasing
gain and efficiency in this system. Recall that the upper laser level is an
ion Xe* Br~. In making a transition to the lower laser level an electron
hops out of a p orbital of Br- into the lowest vacant orbital of Xet, a & P
orbital. This produces ground state Xe and Br atoms. However, in
making a transition upward to Xe* + Br the electron hops from Br~into a

~
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large 6 s orbital of Xe. By virtue of the fact that the final electron

orbitals centered on Xenon for states of Xe™ are larger than those in

which a ground state Xe atom is produced, one expects that the total
transition dipole moment for absorption is larger than that corresponding

to the lasing transition. The absorption is probably spread out over a
broader band than the sharp laser transition, thus allowing for net gain

to occur. Such absorption, as in the case of XeBr*, obviously limits

the spectroscopic component of the extraction efficiency as well as low-
ering the gain. A similar absorption can occur in other rare gas halide
lasers, even in the high efficiency KrF laser. The KrF* 248 nm photon
barely allows the molecule to reach the energetic limit for forming Kr*+ F.
Such absorption would clearly limit the scalability and efficiency of a
larger KrF laser. Small signal gain and loss measurements through the
KrF laser band would shed light on this problem. That absorption is a
problem in the KrF laser can be shown simply by measuring laser power
out as a function of output coupling.[25] For Ar/Kr/Fz mixtures the
maximum efficiency is derived with large output coupling, for example
when using the 15% feedback of a quartz flat as one of the laser reflectors. 1
Similar results obtained with Ar/Kr/NF., mixtures suggest that the F ;
by itself was not the only absorbing species (NFj3 does not absorb at 248 nm).
As mentioned above KrF~ self absorption could be the cause of this effect,
or possibly photoionization of the excited atoms Ar™ or Kr¥, absorption 3
by ArF, Ar; , or Kr'i molecules.

e et e a s s e

o

The XeCl laser is another case where absorption strongly limits laser
performance. With the use of Cl, as an oxidizer. absorption is clearly a i
problem because of its strong photodissociation band at 308 nm. However,
use of alternate sources such as HC1, while improving performance relative
to Clz, does not make the XeCl laser as efficient as either XeF or KrF.| 6,39]

i

Spectroscopically speaking, even the best of the rare gas halide lasers is
far from ideal. Quantum efficiencies, while excellent, are lower than that
of the CO infrared laser. Spectroscopically efficient extraction requires 3
high output coupling in the best of cases to date. The use of high output :
coupling lowers the intra cavity flux for a fixed total energy input. This 3
can lower kinetic extraction efficiency of a KrF laser if the flux drops ]
below that required for reasonable saturation. The simultaneous observa-
tion of efficient discharge pumping of excited states, high flux levels for A
efficient kinetic extraction, and high output couplings for good extraction
relative to losses has yet to be shown for KrF'.

T e

Rare Gas Halide Kinetics

The mechanism for producing the excited states of the rare gas halide lasers
are not yet fully understood or quantitatively documented. However, the
general ways in which excited states can be produced can be given and
estimates of pertinent rates made. Producing excited states from the
priinary excitation products, ions and excited atoms, is only a part of the
overall iaser kinetics. This part is becoming well understood. From an
efficiency point of view, the kinetics are ideal, since branching ratios are
near unity for many cases.’ Electron attachment rates are very important
in ¢lectric discharge lasers because attachment is usually the dominant
mechanism for recmoving electrons. Moreover, attachment provides a
mechanism for maintaining a_constant impedance discharge in strongly
excited rare gas mixtures. [ 2,34) The kinetics of this process is critical
to thie attainment of high efficiency at high average powers. The quenching
kinctics and radiative lifetimes of these species are poorly understood but
are clearly important because they determine the flux level needed for a
kinctically efficient extraction.
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| Table I gives a simplificd mechanism for the KrF laser. This laser ;
operates most efficiently in Ar/Kr/F, mixtures. Left out of this mechan- i
ism is any specification of the excited states. Since a manifold of states L
are cxcited and can react with different reaction rates for forming excited -'.
states, this is possibly an oversimplification. The thrce body loss of :

excited states into excimers is not tabulated, and this is an important 3
reaction when the halogen number densities are below optimal. Three
body loss will decrcase the upper laser level production efficiency. E
Ionization of Ar and Kr excited states has been left out of the Table, and
this is a very imzporta.nt rate for efficient discharge pumped rare gas _
halide lasers.[32, 34] !

With the above mention of the simplifications in the mechanism, we
discuss the reaction kinetics as they are understood at this stage. We
begin with a discussion of the '"classical' route to rare gas halide excited
‘states, reactions of rare gas excited states with halogenated species.

The first public mention of the potential of these new molecules as
P"excimer!" lasers was a result of fundamental rate constant measurements
for the quenching of inert gas metastables.[ 1» 2] Groups in Kansas and
Cambridge, England, were attempting to look at the energy partioning in
these rcactions by monitoring product fluorescence. Both observed new ]
UV and VUV luminescence due to quenching reactions of rare gas excited
states with halogens. These new, bright emission spectra were attributed
to bound-free continua of rare gas monohalides. The prototypical reactions f
are

Sk i

Ar 4 c1, - ArCl® + Cl
l———>— Ar + Cl1 4+ hy (172 nm) (1)

! Xe® + C1, = XeCl® + C1

2 ]
|____>_Xe + Cl + . (308 nm) (2) ]

Thesc reactions all tend to proceed with large cross sections. This is not
surprising since the corresponding reactions of alkali metal atoms with
halogens and halogenated species also have large cross sections. As
mentioned earlier, a noble gas in its excited state is very similar in
properties vo an alkali ground state. A low ionization potential is the key
to the similarity of rcaction chemistry and chemical compounds.

and

Species such as KrF , are nothing more than short lived "'pseudo alkali ,
halides', i.e., diatomic molecules in which one clectrical charge has been 4
transferred from the rare gas atom to the halogen. The formation of alkali 1
halide molecules and rare gas halide excited states can all procced along
chemically similar pathways. This similarity derives from the fact that
metastable rare gas atoms, Kr” for example, or any highly excited state
of an atom have low ionization potentials and chemically will behave like
ground state atoms that have low ionization potentials, viz the alkali atoms.
The chemical kinetics of alkalis reacting with halogen molecules has a long
history and this chemistry is understood in much detail. The mechanism
for such alkali/halogcn recactions-is discussed in detail elsewhe re. [40]

The reaction of a Kr* with a halogen containing molecule should produce
an ionic species. A graphic explanation of these rcactions, thought to
proceed by way of an ionic-covalent curve crossing, is called the "harpooning"

mechanism.[}> 2,40] 1 such reactions the low ionization potential of the
- 19
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Table I

Simplified mechanism for rare gas halide lasers
(Ar/K r/FZ mixture)

EXCITATION REACTIONS

Discharge Pumping

e Metastable Formation
e + Ar —~ Ar* + e
e + Kr —» Kr* + e
o Reaction with Halogen
Ar + F, » ArF' + F
Kr* + ZE‘2 - KrF* + F
e Displacement
Kr + ArF = KrF' + Ar

E-Beam Pumping

e All of the Above
e JIon Recombination
o B F-
= + *
F + Ar + M -ArF 4+ M

= ' £ 3
F o+ Krl + M>KrF + M

LOSS REACTIONS

e Quenching

Ar Ar

* Kr Kr

KrF +F2-—>Kr+F+ZF
e e

KrF' + e = Kr, Kr + F~
e Radiation
KrF' = Kr + F + hy
hv + KrF - Kr + F + 2hy
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alkali or excited spec1es and the high electron afhmty of the halogen mole-
cules allows an ionic potential curve of the form Mt + X," to cross that
of‘évi + X, at fairly large internuclear separations, distances of order
The X3~ ion formed by an clectron hop, when the ionic and covalent
potcnhals become degenerate, is unstable with respect to d1SSOC1at10n into
X- 4+ X in the presence of the large electric ficld of the Mt jon. Asa
result, the Mt X7 temporary triatomic species fall apart mto an ion pair
Mt X- leaving behind an X atom. The term "harpooning' mechanism de-
rives from considering the electron that hops from the M* over to X2 as
the harpoon that creates an extremely large coulomb1c force that pulls
the old X2 molecule apart and forms the new ionic, Mt X~ species. The
prime difference between reactions of halogen molecules with alkali metal
atoms and the corresponding chemistry with excited states such as Kr¥
is that in the alkali reactions only one electronic state can be formed while
several potential product channels can exist in certain excited state/halo-
gen molecule reactions.

The cross sections and exit channel branching ratios for a number of
excited metastablc inert gas atoms reactmg with halogens are now being
mezsured. [ /18] The bulk of this work is being done at low pressures.

The spectra observed are similar but not identical to those at high pressure
as in E-bcam or discharge excited lasers. A brief compendium of some of
thé relevant reaction rates for reaction of metastable incrt gases with
halogen containing compounds is given in Table II. The key phenomenon,

from an efficiency viewpoint, is that the kinetic branching ratios for form-

ing rare gas halide excited states are unity for several of the most impor-
tan_g reactions: viz Xec* + F2, Xe™ + NF3, Xe™ + Clyp, Kr* + F2 and
Kr™ + C1 Thus, if one makes rare gas exc1t_‘ed states and does not
lose cxcxtatmn into excimer states such as Xe,™, Kr ', or Ar, , one has
a very efficient means of producing the upper faser level from a species
which can be produced d1rect1y, and hopefully efficiently in a discharge.
At typical Fp mole fractions, 3%, and total pressures of 2 atm, the
characteristic time for Ar™ or Kr* reaction with F, is about 10 ns. The
Kro” excimers formation time is longer than this because of the usc of
Ar/Kr mixtures. Some Ar;" excimers are made from Ar™ 1n1t1a11y pro-
duced, but because of thga large cross section for produc1ng Kr™ upon
collision of Kr with Ary" excimers, the formation of Ar,™ does not con-
stitute a kinetic branching loss mechamsm. Thus {or suitable mixtures
of rarc gases and halogens the production channel involving rare gas
metastables can provide upper laser levels with branching ratios that
appear to be unity. ;

The reactions tabulated above pertain, to some degree, to discharge
pumping of a rarec gas halide laser. In a discharge, however, one can
have several other excited states produced, and the reaction kinetics of
other states may differ, possibly even having larger cross scctions. The
low pressure E-beam c>.c1tcd XeBr™ experiments of Scarles and Hart
suggest this since their modeling of the p1oduct1on and decay of XeBr"
from E-bcam excited Xe/Br, mixtures gives a ratec constant for an undefined
ensemble of Xe* excited states reacting with Br that(ﬁ a factor of 4 times
larger than the rate measured out of Xe metastables.

Not all reactions of rare gas metastables give high yiclds of rare gé.s
halide excited states. In fact, a number of reaction pairs, such as Ar® 4
Brzl ) give halogen atom emission.
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Table 11 p

Some kinetic rate constants for
rare gas metastable/halogen reactions

o ' 1

ka' °a Ref, Comments
xe'(’P,) + <l 6.5 193 (2) ‘
Br, 6.0 202 (2) |
CF,1 184  (2)
F, 1.3 156 (8)  Produces XeF with unit
quantum yield. 1
NF, . 86 23 (8) |
Kr'(CP,) + F, 8. 1 163 " (8)  Produces KrF" with unit ;j
yield., ]
cl, 6.0 147  (8)
' NF, 1.6 39 (8) :
Ar(p,) +  Br, 6.5 147 (7)  Produces Br'
Gl 7.1 142 (7)  Produces ArCl® ana c1™
FZ 8.5 148 (8) Should produce ArF* with
near unit yield.
Kr 06 L3 (51)
Xe 1.8 40  (51)
a. KRate constants, K, given in units of 100 Yeen 3/ molecule sec.
‘ b. Cross sections, g, given in units of 107" %=,
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A simple understanding of why some reactions produce halogen atom
excited states and others produce rarc gas halide emission can be gained
by in5pecting approximate potential curves for a rare gas halide. 1n the
measured case of Ar™ + Brp chemistry, the ArBr” is presumably formed
with energy up to that available from the combining reactants, in this case
E(Ar¥) - DE(Brp) where DE is the dissociation ¢nergy of the halogen bear-
ing fuel.[l] Sketching up the ArBr* potential curves shows that the cnergy
available by this reaction is sufficient to populate a number of exit chan-
nels that can yield Br™ by predissociation. Making a statistical argument,
which has been found excellent in the analogous alkali dimer/halogen atom
reactions, [41,42,43] one would say that every state accessible via some
curve crossing will be produced. For the case of Ar™ + Brz or Ar¥ + an
lodine containing compound such as Iz or HI there are many more accessi-
ble states that put the energy into electronically excited halogen atoms
rather than rare gas halide excited states. For the case of ArI*, whose
potential energy curves are schematically shown in Fig. 3, no net binding
of ArI¥ relative to Ar + I* is expected{3] and one predicts that Ar* + RI
reactions should produce primarily high lying iodine atom excited states.
In marked contrast to this is the reaction of Ar*¥, Kr™, and Xe™ with Fj
and Xe* with Cl,. The rare gas halides formed in these cases cannot
predissociate into any F* or C1* excited states since the rare gas halides
produced by reactions all have lower cnergy than any halogen atom excited
state.[3] Reactions of these species should then lead primarily to rare
gas halide emission. This, of course, is one reason for the high efficiency

of the KrF laser.

ARGON 1ODIDE POTENTIAL CURVES
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Fig. 3 Gross ¢stimate of the potential curves for
Atl. Notc that the jonic state is vot hound

relative (o Ar + 1°, A a result quenching
reactions of Ar® with Jodine containing
motecutes soch as CEg 1, or ion recombina-
tion of Ac® with | = should yield 1* excited
states
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‘excited Ar/F, mixtures the Ar

Since the upper levels of rare
gas halide lasers are ionic in
nature, positive-negative ion re-
combination can also feed the
upper laser level. In E-beam +
ions are formed by the relativistic
electrons. F~ ions can be form-
ed by attachment of the secondary
electrons. Recombination then
yields ArF". For those rare gas
halides that have very large radii
curve crossings with M* + X or
M + X*,[3] theory and experi-
ments with alkali halide dissocia-
tion show that these species
should recombine entirely into
ions.[ 44,45] For. the recombina-
tion of Art + I~ or Art + Br-,
however, ion recombination
should simply yield electronic
excitation of the various atoms.
Because of the long range of the
coulomb potential these ion re-
combination reactions have huge
three body rates, ~10-25 ¢cm3
sec.[46] "These three body rates
become diffusion limited two body
rates at high pressures. The
derree to which ion-ion recom-
bination occurs rather than ion-
electron recombination (typically
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by way of Ar2+ + e at high pressure) depends on the rate constants for
dissociative attacl ent

e + RX-+ R + X (4)

where R is anything bonded to a halogen. For mixtures containing Fp,
HI, and CF3l attachment is fast and negative ion-positive ion recombina-
tion dominates for mixtures with halogen pressures of order 3 torr.[47]}
Br2 and Iz, however, attach slowly[48] and rare gas mixtures with these
halogen sources will be dominated by neutral chemistry.

Displacement reactions should be very important in rare gas halide
lasers, although little is yet known quantitatively. These come about when
a light rare gas halide excited state collides with a heavier rare gas atom:

ArF. 4+ Kr(Xe) - KrF® (XeF') + Ar (5)

ArF" is simply an ion pair, ArT F~. Kr and Xd have lower ionization
potentials than Ar. ArF* has a higher energy than KrF™* or XeF*. These
facts suggests that these exothermic 'knockout' reactions could have large
reaction rate constants, at least as large as 3 x 10-10 cm3 sec~l. These
reactions must be accounted for to properly model the rare gas halide )
lasers. They will be important in both E-beam pumped lasers where ArF~
will form by ion recombination, and also in discharge pumped KrF lasers
where ArF* forms by way of Ar® + F2 reactions. Electron-beam pumped
KrF lasers, using F2 as the flourine source, are excited primarily by
ion recombination. Thus the branching ratio for the reaction ArF* + Kr —
KrF* + Ar must be unity since Art is the dominant ion formed, and since
the intrinsic efficiency of the KrF laser is so high.[25]

The excited states of these species can also be pumped by neutral recom-
bination, for example, Br* recombining with Ar, Kr,.or Xe. Such re-
actions are important in E-beam pumped mixtures where the attachment
rate is low leading to Ar® or Ar2™ chemistry and a primary reaction leads
to an excited halogen rather than a rare gas halide.

The radiative lifetimes of these species are not well known. Searles
modelled the kinetics of his low pressure, E-beam excited Xe/Br, system
to give a radiative lifetime of 17 ns.[8] This lifetime is quite reasonable
for an allowed charge transfer transition corresponding to an oscillator
strength of about 0.1. Preliminary measurements at AERL have suggested
an upper limit of 40 ns for the radiative lifetime of XeF. [49] This cor-
responds to an oscillator strength of about 0.05, which also is consistent
with experience with alkali halides or the recently measured lifetime of an
analogous charge transfer band in I2.[50] Since the radiative lifetime is
needed to determine the gain and saturation parameters of these lasers
it is anticipated that calculations and measurements of radiative lifetimes
will appear in the next year. Dunning and Hay have given a theoretical
calculation of the KrF* lifetimes for the various ionic excited states.3
For the intense laser band a lifetime of about 6 ns is calculated. This
corresponds to a stimulated emission cross section, ¢ ~ 4 x 10-16 ¢cm?2,

The quenching kinetics of the upper laser levels of rare gas halides and
halogens is not yet completely understood. However, it is known that the
laser efficiency of KrF is much higher than its fluorescence cfficiency.
High cavity fluxes should in principal be capable of competing with any
quenching, but from anacademic point of view it is important to identify
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the quenching mechanisms. The obvious quenchers arec the rare gas

atoms present in the excited mixtures. Quenching in the KrF laser occurs

about four times faster than radiation.[25) This implies a quenching

frequency of about 5 x 108 sec-1. If the quenchin§ is ascribed wholly to

Ar or Kr, rate constants of 5 x 10-12 and 8 x 10-11 ¢m3 scc-1 would be 3
required. This seems rather large for what must be an E— T process

with almost 4 eV of energy appearing in the relative translational energy

of 2 Kr atoms and an F atom. F2 could also quench KrF* and at the

typical mole fractions used this would correspond to a rate constant

of 8 x 10-10 cm3 sec-1. This seems at first to be too large also, but

is within the range of rate constants one can have for a long range dipole
interaction.[51] This is not unreasonable since F» does absorb in the 248 nm

band and a continuum of final states is accessible. The cross section

for such a process is about 200 Kz, Larger cross sections are known

for the transfer of energy from Kr>* and Arz* excimers to Xe by a

similar mechanism. 31 Finally electrons can quench these excited

states. Recall that the excited state in both halogen and rare gas halide

lasers is an ion pair. The permanent electric dipole moment of rare

gas halides is hugh, ~10D. The charge-dipole interaction then at large |
distances, ~5 A, can exert a significant force and initial and final states
can be mixed together by passing electrons. Also, a dissociative attach-
ment process such as

HERT B osEE G (6)

can occur with electrons of energy ~1 eV. If the entire quenching of ex-
cited states was due to electrons, a rate constant of order 2 x 10-7 c¢m3
sec-l corresponding to a cross section of -200 K2 is inferred. This is

a little bit larger than most dissociative attachment rates, but not outside
the realm of possibility. The total quenching is probably due to contri-
butions from each of the above, and detailed modeling will require defini-
tive measurements of these quenching rates individually.

In terms of the guidelines given earlier, the kinetics of the rare gas
halides is nearly ideal. Coupling efficiencies can be large for several
reasons. Attachment of electrons to halogens balances the avalanching
of clectron number density. The net-rate of ionization, and consequent
change in plasma impedance, and the state population of excited rare |
gas atoms can also be minimized because the halogens react rapidly
with excited states. Because the stimulated emission cross-sections 1
are sufficiently high, excited state number densities can be kept lower
than those required for broader band excimer lasers, such as Xe2* or
Hg>™. Naturally, since the lower levels, excepting possibly XcF, are
rapidly removed, the inversion can be maintained while the discharge
circuitry is being switched. Upper laser level production efficiencies 1
are large. Both ion recombination and direct reactions can yield cer-
tain rare gas halides with unit branching ratios. The displacement
rcaction apparently also has a high branching ratio. Loss into other
excimer channels is minimized. At sufficiently low excitation levels,
< 10-29%, the initial excited states can be produced at roughly 80%
efficiency. [32, 34] The area of extraction c££icienc¥l is the only as-
pect of rare gas halide lasers that critically taxes the kinetics of the
system. Quenching of excited states does occur, but reasonable flux
levels can be used to extract efficiently. Since the lower level is dis-
sociative, no bottlenecking occurs even when the stimulated rate is signi-
ficant. D-18
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Conclusions

The growth of research in the rare gas/halogen systems has been pheno-
menal over the past year. This is not surprising since the potential of
these species as lasers and as fluorescence sources is quite large. The
rare gas monohalide molecules themselves are intrinsically interesting
because of their novelty. It is not hard to predict that practical lasers
based on the schemes discussed here will evolve over the next few years.
If indeed practical UV lasers with overall efficiencies well in excess of
1% become available, UV photochemistry, and other areas requiring
coherent UV light, should be dramatically enhanced.

Nothing with similar laser potential has been demonstrated yet as a
coherent visible source. However, the potential for higher efficiency
clearly exists. Aside from finding systems analogous to the rare gas
halides that might work in the visible, one can hope to find systems with
higher efficiencies by overcoming some of the shortcomings of the rare
gas halides. The rare gas halides do have fairly low quantum efficiencies
and have problems with spectroscopic extraction, and these areas would
have to be improved on if one hopes to find visible or UV lasers with even
higher efficiency.

There is no reason, however, to doubt that practical, high efficiency
lasers can also be found in the visible, as well as the UV and IR.
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