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I: INTRODUCTION

Continued fundamental studies are proposed on both the formation and
properties of new materials for high-energy, gas-phase lasers. Attention

will remain focussed mainly (but not wholly) on systems which have bound

(1]

excited states but unbound ground states. An important class of such

excimer/exciplex systems has a van der Waals dimer/oligomer as its ground
state. At the initiation of this work, a new technique for the preparation

e

of excimers and exciplexes was presented in which van der Waals complexes

are formed as intermediates. Candidale systems for study include the
excited states of dimers, oxides,and halides of the inert gases, as well as

rare-gas-mercury complexes.

The main purpose of a laser is to generate large numbers of coherent photons.
Consequently, it is necessary to study both primary and secondary photo-

(2]

processes operating in laser systems. It is the objective of this research
to probe the relative rates of electron pumping of excited-state manifolds

and (ultimately) the preferentially pumped vibronic states within

each manifold. Reactive quenching of emission, resonant self-absorption of
laser emissions as well as collision; and non-collision-induced intersystem
crossing will also be considered. The system developed for these studies

can also providé such additional data as appearance potentials for

van der Waals ground states and photoionization cross sections of excited

states of such complexes.



I1: THE LOW-PRESSURE APPROACH

Although our laser candidates will be used at very high pressures, the rapid
collisional quenching present at tﬁose bressures complicates.the study of
excitation processes and radiative lifetimes. Instead of going to high
pressures, the approach being taken is to use the low temperatures obtained in a
free-jet expansion to produce a high steady-state concentration of van der Waals
dimer or oligomer. These are to be excited by low-energy resonant electron
bombardment to yield excimers or excipie;es, probably in excited vibrotational

states. The formation mechanism is thus:

(1) A+ B-l—+ AR (in free jet expansion)

12.

(2) AB + e+ 2 ppF 4 o7t

(e_l beam excitation)

In theée reactions, A might be a noble-gas atom while B could be another noble
gas atom, an oxygen atom or a halogen atom. The procedure is based upon the
known ability to form dimers and oligomers in the first steps of condensation
in a jet expansion.[3] It assumes that excitation by electron bombardment is a

"vertical" process. Once formed, an excimer can suffer a number of fates, as

represented by the following paths for excimer depletion:

(3) AB* + M-§—+ A+B+M (reactive quenching)
(4) AB* é—+ A+ B+ hv (radiative dissociation)
(5) AB* + M §—+ AB* + M (collisional de-excitation to the vibrotationally

unexcited excimer AB*)

t ba

(6) ABL —> A+ B+ hv
$ 6b ‘ N .
hv + AB — AB** (resonant self absorption)

. In addition, the vibrotationally unexcited AB* can itself undergo reactive
quenching, radiative dissociation and resonant self absorption. The total

mechanism embodied in the above equations is shown schematically in Figure 1.
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IIT: STATUS OF PRESENT CONTRACT

The present, short-term goals of this work included the development and
construction of an experimental system to study excited—state kinetics of
excimers, and the demonstration of the validity of the low-pressure approach
outlined in the initial proposal. The apparatus is composed of the following
principal éomponents:

| a) Cluster-molecular beam source of van der Waals dimers;

b) Modulated-beam mass spectromet;;;

c) Low-energy electron beam for the production of excimers;

d) Vacuum-UV to VisiSle detection and photon—cpunting system to

monitor excimer emission;

-e) Flash;excited tunable laser for studies of resonant self absorptionms.
Progress on the evaluation of the proposed experiments will be represented by
completion of the following experiménté:

a) The formation of Ar2 in its van der Waals ground state;

b) Low-energy glectron~beam excitation of Ar2 to form Arz* (and Ar;');

c) Fluoréscence studies of Arz*

d) Photon-absorption studies of Ar2*

A schematic of our apparatus is shown in Figure 2. The experimental system,
composed of 25 major subsystems, is outlined in the Block Diagram of Figure 3.

The apparatus is in use at this time. (Complete check-out of the laser

system is awaiting the delivery of safety goggles and power/energy meter.)

Ar2 has been detected and the proper performance of the cluster molecular -
beam has been verified. Difficulties have been experienced in the development
of an excitation electron gun with high emission and low energy bandpass.

An indirectly-heated-cathode gun is now under development while a well-focussed




N

.gun (but with only 100 microamp beam) from another project is being used to
push the work forward. The fluorescence studies of Arz* should be completed

by the end of the present contract period.

Funds are requested to complete the photon absorption studies on the Ar, system,

2

to apply our techniques to the Xe, system, and to extend our studies to the

2

investigation of rare-gas-mercury systems.
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IV: DIMER FORMATION STUDIES

As indicated above, dimers (and oligomers) for these studies will be formed
in a free-jet expansion. Because of this, a major'experimental task has been
the development of a nozzle-source cluster beam. An in-depth review of the
literature revealed that, in general, the technology of cluster beams (beams
with condensation nuclei) has lagged that of molecular beams. This required
the derivation of a number of new relations, the validity of which.had to be
checked against the mass of existing ex?;rimental data. Table I includes a

summary of design equationé which have been collected or developed for a

cluster beam.

A number of design criteria were developed, the most important of which are
presented in Table II. An important result of the development of these
criteria was a recognition that jet geometry is virtually independent of
conditions in the stagnation chamber but is determined principally by system
pumping speeds. This led to the decision to develop a Eulsed.éluster beam
system. Although this approach added the mechanical design of a pulsed nozzle
to our problems, it did add dan important new control parameter: jet pulse
duration. More important, the variation of stagnation chamber conditions has

been given real meaning in terms of the control of cluster size.

Although nozzle shape is an importaﬁt factor in conventional nozzle-beam
design, it is unimportant for dimer studies. A study of cluster intensity for
various.nozzle shapes’revealed that reported intensity increases were duelto
the formation of beams with larger average cluster size; the intensity of

dimers, trimers and other lower-oligomers does not change with nozzle size.

B
-

This led to the use of a sonic nozzle in our studies. With our pulsed, sonic




TABLE I: CLUSTER BEAM EQUATIONS

Property Re]ation
4 Yo
1. Nozzle Knudsen No. K = )
2. Sk Knudsen N K ' M
| . Skimmer Knudsen No. . = '
i . . sklmmerA . Dskimmer
| . ' M
: 3. Mach Disk Knudsen No, KMD = 5T
: . MD
, _ il B 1/2
4. Nozzle Maximum Mass 2y=-2 2 RT
Flow Rate dn 2y LD
: dt N Po Tt i
, ; | |
. . T 2 |
. . _ ,0.0678,7 D
5. Centerline Jet Density p = {—7—:7—4 {—;—} Po ;
‘ . 4 P 1/2
6. Location of Mach Disk | X = 0,670 {—1}
| MD P,
7. Location of Virtual x = D {0.20 f - 0.56}.
Source Point , P
| kxy N
- -
8.'Mach Number of Flow Ma = 3;43 { _B_E }
. _ ' -0.4
9. Terminal Mach No. MaT = 1.17 K
10. Location of Onset of X, = 0.6 —-
Background Penetration
» 2.86 p. D? T, 1/2
11 Jet Expansion Chamber Py = = 0 {2
Background Pressure : S M
5(y-1
. . X 5/2
s . 0.0304 BS - 5,43, S S
o 12. Jet.Start—Up-Tlme rise <, Das 0 Pﬁ;—-} : At
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TABLE I {Continued)

Property Relation
13. Jet Decay-Time t = Eﬁﬁimmgﬁ
s cay fall c,
Symbols Used In Tab1e I:
o = Density D = Diameter = Pumping Speed
y = Heat capacity ratio m = Mass = Kelvin Temperature
A = Mean free path M = Molar Mass = Distance From Nozzle
¢ = Speed of Sound p = pressure Exit
= Thermo degrees of
Freedom
Subscripts:
0 denotes stagnation chamber
+ denotes jet-chamber background

BS denotes properties of jet barrel shock

!
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TABLE II:; DESIGN CRITERIA

For jet formation:

K

IN

0.3

For negligible skimmer interference:

Kskimmer 50 1S OK.
Kskimmer‘ .] s OK.
1<K < 50  is  Nok,

skimmer
For negliglble effect on Jet properties:
LI

xskimmer ~ 7 "

For similar cluster intensity and size distribution, two scaling

laws have been suggested in the literature:’

1/2 -2.375}
{ro 0% 1,

' ) - .2.50
ipo DT, }

constant

constant
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nozzle, the important experimental variables for controlling dimer

concentrations are:[a]
nozzle-to-skimmer distance,
nozzle diaméter,

stagnation-temperéture, and

stagnation pressure.

The composition of our molecular beam hés been monitored with a modulated-
beam mass spectrometer. This home-built system employed a mechanically chopped
beam with lock-in~amplifier detection. With the usé of a pulsed nozzle

source, the mechanical chopper was not required sinqe detection could be
synchronized with the nozzle opening. Moreover, by monitoring dimer ions as

a function of time as produced in single-nozzle bursts, the contribution to

dimer due to atomic ion-background-atom recombination is eliminated. - Single

+
, Wwere first observed with storage-scope detection. Later, the

pulses of Ar
storage scope was replaced with a Biomation transient recorder. The dimer
of Ar2 was monitored as a function of nozzle diameter, stagnation temperature,
stagnation pressure and nozzle-~to-skimmer distance. Formation kinetics of

+ . . . .
Ar2 was shown to be third order in Ar pressure in the stagnation chamber.
Moreover, it was found that Ar2 formation in our system obeyed one of the
laws of corresponding jets:

5/2

P DT = constant.
See Figure 4. Data for nozzle diameter D2 0.5 mm did not obey a law of

corresponding jets. This is believed to be due to inadequate pumping speed

for the jet-expansion chamber.
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IV.1: Retarding Potential Ion Energy Analysis

Mass spectrometry of cluster beams is in its infancy. The problem is a
lack of standards for cluster size distributions. The combined use of
retarding-potential ion energy ahalysis and of mass analysis in an
alternate-cycle beam system should provide a new standard for size-
distributionlmeasurements. It is proposed to add a retarding-potential
analyzer to our apparatus in line with the molecular beam'bpt down-
stream of the mass spectrometer eléctron beam. The combined mass
speétrdmeter/RP analyzer should be most valuable in studies éf hetero~

nuclear excimer systems.

IV.2: Rare-Gas Dimers

As for the case of Ar the formation of other rare gas dimers will

2’
involve the free expansion of single-/two-component gases to obtain

homonuclear/heteronuclear diatomics.

IV.3: 1Inert-Gas Halides and Oxides

Ground-state van der Waals complexes of inert-gas oxides or halides
can be made in expansions of iner; gas—oxygen atom or inert gas-halide
atom mixtures. Oxygen atoms have been prbdu;ed by thermal dissociation
in a tubular iridium oven;[s] 90% dissociation has been obtained at
2300 K. Halide atoms can also be produced by thermal dissociation.[6]
While the oxide systems appear to have too much gain, the rare-gas
halide excimers could have considerable potential as bound-free
ultraviolet systems. Experimental values for some well-depths are

7]

good theoretical potential energy curves of some rare-gas

(8]

available;

fluoride states are also available.
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IV.4: Mercury and Mercury-Rare Gas Dimers
There is continuing interest in metal vapor excimer systems as

(9]

candidates for lasers for laser fusion. In particular, the lowest
electronic levels in Group IIB elements are metastable with lifetimes
of the order of 0.1 to 1.0 microseconds. The ground-state mercury
dimer can be produced in the free expansion. There are some problems
unique to work with metal vapors which will have to be solved. These
are associated with maintaining high purity and the generation of
high ﬁétal-vapor pressures. An inert-gas sweep-out techniqde could
be employed for the formation of ng. This technique would almost
certainly be employed in the formation of mercury-rare gas dimers
~in the free-jet expansion. Funding is requested to allow the
solution of this sampling problem. As noted below, the formation of
ground state ng and HgA beams (A is any rare-gas atom) will allow a
number of experiments on the excimers of these species, not the

least important of which will be the photoionization cross sections

of excited states.

The use of van der Waals molecules as photochemical prototypes has now been
recognized. For example, the fluorescence excitation spectrum of He12 has
been studied and the distribution of energy in the photodissociation

products of HeIé has been discussed.[lo]

Supplementing the experimental work, calculations of expectéd rare-gas dimer
concentrations have been carried out. These are reborted in the following
section. In addition, calculations of the Frank—Coﬁdon féctors for the
ionization of rare-gas dimers are in progress. These calculations will be
hélpful in the interpretation of the mass spectroscopy of rare-gas dimer

systems.



. 16..

V: CALCULATED DIMER CONCENTRATIONS

Feasibility calculations in the original proposal for this work were based
upon the properties of Argon. Since the success 6f our experiments depends
so much on the validity of our estimates of obtained dimer concentration, it
was considered importaht to refine our calculations on Argon and to extend
the results to the other homo- and heteronuclear noble-gas diatomics. The
quantity computed was the mole—fractiop—pgr—unit—number—density as a function

.of the absolute (transverse) translatipnal temperature in the beam. Following
' [11]

Stogryn and Hirschfelder, we assumed a Lennard-Jones (6-12) potential.

The calculations made use of conservative choices of experimental Lennard-

Jones parameters. Preliminary calculations which ignored the contributions
of metastably-bound double molecules were presented in our second quarterly
progress report.[lz] Refiﬁed calculations which include metastaﬁle contri-
butions to the dimer mole fraction have now been completed and the results
are shown in Figures 5, 6, and 7. As a guide, we note that in our system T,
will freeze at about 10K but that transverse temperature T, will go lower.
The results tend to confirm the rough estimates made in the original

proposal and we note that homo- and hetero-nuclear dimers (and so excimers)

of Xe, Kr and Ar should be most easily studied.
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VI: FORMATION & STUDY OF EXCIMERS & EXCIPLEXES

VI.1l: FORMATION

Excimers and exciplexes will be produced by low—eﬁergy (typically 10 eV) reson-
ant electron-beam pumping. Because electron-beam excitation is a vertical or
Franck-Condon process, it is important that there exist vibrotational levels
near the dissociation limit in the excited' species AB at the internuclear con-
figurétion of the ground-state van der'w§als complex. (See Figure'l.) The
existence of such levels near dissociation is, however, reasonable. For
example, Li and Stwalley found such states in the spectrum of Mg2 at inter-
nuclear separations of 10 angstroms; for these states, the difference between
the potential gﬁergy surface and the dissociation limit is about 0.050 eV.

We note that the potential well depth for excimers like Xez* is about an

electron volt.[l3]

The formation rate of AB is given by

¥
(7) : . d[AB ] _ k[AB]n ,
_ dt e
where né is the number of electrons in the volume of intersection of the dimer
and electron beams. Rate constant k takes a value of about 3.6 x 10_10 cm3/

electron/second if the electron excitation cross section is assumed to be

8 2 [14]

2 x lO_1 cm” for 10 eV electrons. For the production of Xe, , we should

2

, 9 , -
form in excess of 10° excimers per second.

If we assume a radiative lifetime for apt of about 20 NSEC, a beam velocity

corresponding to the expansion terminal Mach number, and a reasonable value

for the de-excitation cross section, then it is found that less than one
[15]

percent of our excimers will be vibrotationally excited. . We should note,

however, that a 20 nsec lifetime is probably too short for a high-energy laser




N

material. Part of the objective of our research will be to find bound-free

systems with longer radiative lifetimes.

VI.2: STUDIES OF EXCIMER/EXCIPLEX SYSTEMS

A very large number of systems can be studied. These will include the
excimers of homo- and heteronuclear inert-gas dimers, of inert-gas oxides
and of inert-gas halides as well as the atom-diatom exciplexes of systems

such as A‘Nz, A-CN and A'Clz, where A is a rare-gas atom.

Our attack on the problems outlined above will -involve six basic classes of

measurements.

A: Visible Vacuum Ultraviolet Spectra

The visible to vacuum ultraviolet regions of the spectrum will be
monitored for each species studied. These emission spectra should
help to characterize the wavelengths for potential new laser materials.
Photon-counting will be empldyed when sensitivity requires. Low-

. (7]

pressure studies should yield well-resolved line spectra.

'B: Electron-Excitatiou Cross Sections

Steady-state emission intensity measured at very low background pressures
in the excitation chamber can be used to deduce cross sections for
electron-beam formation of excimers and exciplexes. The pumping
electron-beam current will be monitored while the dimer conceﬁtratioﬁ

is obtained with the mass-spectrometer. From these data, the rate
constant (and so the cross section) for the reaction

(8) AB+ et »apt+ et

can be found. 1In addition, the dependence of this cross section on

electron excitation energy can also be determined. It may be necessary
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N

to extrapolate measured cross sections to zero background pressure conti-
tions in these studies. Absolute cross-sections will have large uncer-
tainties, but relative cross-sections should be much more accurately

determined.

C: Reactive Cross Sections

Total reactive cross sections for the collisional de-excitation and
collisional dissociation of'excimers can be obtained, oﬁce the cross
sections for formation of excimer%‘have been determined. Under the
conditions of stéady—state excimer formation, the data on reactive
cross sections will be found by the simple process of varying the
pressure as well as the composition of the background gas in the

excitation chamber. Again, it is relative cross sections which can be

obtained with the greatest accuracy.

D: Lifetimes

The effects of the variation in background pressure on emission spectra
will provide a first probe of lifetimes. It 1is hoped thét some of the
new excimer/exciplex systems to be studied will have lifetimes of the
order of collision times. Actual lifetimes will be measured in relaxa-
tion studies with pulsed electron-beam excitation followed by (variably)
time-delayed photon counting. Newly available electron—bdmbardment—
semicogductor devices[l6] (Watkins-Johnson Corp.) allow the generation
of .very fast-risetime, high-energy ‘pulses for the measurement of life-
times shorter than 3 nsec. With an ability to ﬁeasure lifetimes to

2 nsec, kinetic complexities can be probed. For.example, the existence

of two different lifetimes (5 and 40 nsec, respectively) for the singlet

and the triplet manifolds of rare-gas excimers might be directly confirmed.
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Ar2 should provide a good system with which to develop our delayed-photon-
counting and lifetime measurement techniques. The lifetime measurements

are the most difficult experiments we have proposed.

Resonant Self Absorption

For high-pressure lasers, resonant self-absorption of lasing emissions
could lead to a serious loss of excimers through the formation of more-
highly-excited states. To study this process, the following experiment

is proposed with our tunable UV—Vi;ible laser. The population of excimers
will be moﬁitored by their steady-state fluorescence. Laser-induced
transitions, i.e. absorptions, will be monitorgd as changes in the
intensity qf that steady-state fluorescence. Since the number of
absorbing excimer states will not be large in our experiments, we will

not be able to monitor the emissions from the more-excited states formed.

Because of this, the total optical absorption cross sections of our

excited states will be determined.

This experiment is feasible only because of.the extremely large resonant-—
aBsorption cross sections for visible light. The measurement of upward-
bound resonant absorption cross sections would be complicated in the event
that the minima in the potential wells of the excimer and van der Waals
dimer occur at the same ipternuclear separation. Even this unusual.casé
could be discovered by laser excitation studies of the ground-state

dimer.

The experimental system has been designed to allow laser excitation studies
either in the molecular beam or directly in the free-jet expansion.
The tuned laser must deliver 64 MW of power for successful execution of

these experiments. A commercial tuned flasthamp excited laser is now
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\

available which is capable of 3 kw peak power at 90 MW average power, and
which can operate at pulse repetition rates as high as .30 pulses per

second. (Chromatrix CMX-4). ' .

F: Photoionization of Excited States

Because a mass spectrometer is being used to monitor concentrations of
beam species, another important (but difficult) class of experiment is
possible. This is outlined in Figgre’8. .The dimer ion AB+ produced by
photoionization of beam species islgonitored by the mass gpectrometer
which, with its electron beam off, acts as a passive ion detector.
Structure in the photoionization efficiency curve for AB+ whichris induced
. b4
by the beam-excitation electron electron gun is immediately interpretable
in terms of the photo-ionization of excited states of the dimer. The
mass spectrometer, using ion counting, provides a meagurement of steady-
state photo-ion current while photon counting of excimer florescence
provides the steady-state excimer population. Monitoring of laser
intensity could.then allow the determination of photo-ionization cross
sections. This type of data is seriously lacking for excimer-laser

systems.
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IX: FACILITIES

Although the proposed work is being done in the Chemistry Building of VPI & SU,
the project has been supported by facilities and pérsonnel from two depart-
ments: Chemistry and Physics. In these departments, available for this
research, are very good Glassblowing, Machine, and Electronics Shops, a

"small computer" laboratory for on-line data processing, as well as synthesis

and analytical laboratories.

University-wide research facilities avdilable include additional machine and

electronics shops and a computer center with an IBM 370 system, including two

Model 158's.

‘in addition to providing machinists' time, the Physics Department has
contributed several large vacuum components (pumps and traps). To the
system Aescribed in this proposal, the following equipment are aQailable
from the principal investigator's laboratories:

CEC Vacuum Leak Detector

Bendix Model 12 TOF Mass Spectrometer

Transistorizeq Electronics Package for TOF

4" dia Pyrex Shock Tube (with Maés Spec‘Detection)

3" dia Stainless Shock Tube

2" dia Aluminum Shock Tube (with IR Detection)

1" dia copper Shock Tube (with.TOF Detection)

Beckmann DU ﬁecording UV-Vis Spectrometer

Perkin Elmer 301 Far-IR Spectrometer

CEC 21-620-A Trochoidal Mass Spectrometer



Beckman GC-4 Gas Chromatograph

30-Channel Analog Computer Laboratory

Scopes, Recorders, Etc.

The experimental system is in a new laboratory which was created from office
space. The lab has been air conditioned and provided with the usual

services (water, power, etc.).




