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I: INTRODUCTION.-

Continued fundamental studies are proposed on both the formation and
pfoperties 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/oligoﬁer as.its ground‘7
' state. ‘At the initiation of this work, a new technique for the preparation

.

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

are formed as intermediates. Candidate systéms 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 lafge numbers of coherent photops.
' Consequently, it is necessary.to study'ﬁoth pfimary and éecondary phqto4
processes operating in laser systéms.[z]A It is the quective_of this research
‘to probe the felafiye'ratesAof electron.pumping'of excited;étate maﬁifolds
andA(ultimately)Aphé preferéntially pumped Vibfonic'states within‘

- each manifold. Reactive quenching of emiséion, resonant self-absorption of
laser emissions as well as collision- and non-collision-induced intersystem
crossing will aiso be considered. The s&stem developed for these studies

can also provide such additional data as appearance potentials for

van der Waals ground states and photoionization cross sections of excited

states of such complexes.
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‘II: THE LOW-PRESSURE APPROACH

AAlthough our laser oandidates.will be used at very high‘pressures,'the rapidﬁ
,coliisional quenching present at thosé pressureo-complicates the study of
‘excitation proceosés_and radiative lifetioeo. Instead of going to high
pressures, the approaoh being token io to use theilow temperatures obtained in . a
free4jet expansion to produce a high steady-state concentration of van der;Waals
dimer or‘oligomer. These are to bé excited by low—energy resonant electron
bombardment to yield excimers-or exc1ple;es, probably in exc1ted v1brotational

states. The formation mcchanlsm is thus:

(1) A+ B lf+ AB (in free jet expansion).

(2) AB +.e"_l z—+ AﬁY + e—l‘ (e;l beam excitation)

-In. these redcrions, A might be a noble-gas gtom while B could be anotoer noble
‘gas atom, an oxygen atom or a halogenbatom. The procedure is based upon'the
known ability to form dimers and oligomers in the first steps of condensation
1n a jet expan51on (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* 4, A +.B'+Ahv v(radiative dissociatioo)
(5) AB* + M §—+ AB* + M (coilisional-de-excitatioﬁ to the vibrotationally
unexcited excimer AB¥)
(6). AB* éé—* A+ B+ hv
hv + AB* éb—* AB** ' (resonant self absorption) -

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

méchanism embodied in the above equatiohs is shown schematitally.ihAFigure.l.
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ITI: STATUS OF PRESENT CONTRACT

lThe present, short-term gbals of this work included the‘developmenp and
construction of an experimental sysfem to study excited-state kinetics of
excimers} and the demonefration of the'eelieity of the lo&—pressure appfoach
outlined in the initial proposal. The apparatus is combpsed(of the folloﬁing
prineipal components:

A) ‘Clusterrmolecular beam soerce of van der Waals‘dimefs;

b) ‘Modulated-beam mass spectromete;; |

c) Lew—eneréy electron beam for the production of excimers;

d) Vacuum-UV to Visible detection end'photon—counting system'to

moﬁi;or'excimer emission;

e) Flash-excited tunable laser for sﬁudies of resonant self absorptions.
Progress on the evaluation of the proposed experimehts wil; be repreéented by
completionAef<the following experiments:

a) ‘The formation of Ar2 in 1ts van der Waals ground state;

to form Ar *-(and Ar*

. b) Low-energy electron-beam excitation of Ar2 2 5 )

¢) TFluorescence studies of Arz*

d) - Photon-absorption ‘studies of Arz*
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 theAcluster molecular
beam has been verified. Difficulties have been experlenced in the development
ot an excitation electron gun with high emission and low energy bandpass.

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




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

by the end of the present'coﬁtractvperiod.
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IV: DIMER FORMATION STUDIES

As indicated above, dimers (and oligomers) for these studies will be formea

. in a free-jet expansion. Because'of.this, a major experimen;al‘task has'been .
the Aevelopment of a nozéle—source ciuster beam. An in-depth review pf the
literature'?evealed tHat, in general; fhe technology of cluster beams (beams

- with condensation nuclei) has lagged ;hac of moleéular beams. This féquired
“the derivation of a number of new relations, the validity of which had to be

checked against the mass of existing experimental data. . Table I includes a

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

* cluster beam.

A number of désign‘criteria were developed, the most important of which are
presentedlin Table II. An important result of the'developﬁent of these.
criteria was a recognition.that.jet»geometry is virtuaily independent of'
"conditions in the stagnation chamber but is determined brincipally by system
puﬁping speeds. This led';o the decision to develop aigulsed cluster beam
system, Although tﬁis approach added ;he mechanical design of 5 pulsed nozzle
to our prdblems, it did add an important new control parameter: jet pulse
dugétibn. More important, the variation of stagnation chamber conditions ﬂas

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

Although nozzle shape is an important factor in cqnvenfional nozzle-beam
design, it is‘unimportant for dimer studies. A study of cluster intensity for
o vapipus.nozzlé-shapes revealed Ehat repof£ed intensity lncreases were due to
thelformation of beams with larger averagé cluster size; the intensity of
dimers,.trimeré and other lower-oligomers does not éhange with nozzle size.

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




TABLE I: CLUSTER BEAM EQUATIONS

Property Relation
1. Nozzle Knudsen No. K = 5
: . ' ‘X+
2. Skimmer Knudsen No. Kskimmer = 5
, skimmer
. ‘ | M
3. Mach Disk Knudsen No. KMD = g
‘ - : ' MD
4. Nozzle Maximum Mass 2y-2 2 : 1/2
Flow Rate dn . (2 } EQ_.{ YRTo
_ dt ¥+] o 4 "M
1
| e YT 2
. 5. Centerline Jet Density p = {Q?QQ%gJ {—%—} Po
. _ : o . 1/2
6. Location of Mach Disk Xyp = 0.67 D ( 23
. P,
7. Location of -Virtual x, = D {0.20.f - 0.56}.
© Source Point P :
‘ Yoy y-1.
8. Mach Number of Flow Ma = A5;43 o B;P }
. _ - -0.4
9. Terminal Mach No. MaT = 1.17 K '
10{‘Location’of Onset of X, = 0.6 —%—
Background Penetration
2.86 p. D 1, 172
11 Jet Expansion Chamber P = = 0 { -2
Background Pressure S M-
' . . 5(y-1)
S X . 5/2. 24
12, Jet Start-Up-Time rise 0'2304 DBS D‘{étig} ,=%}~ ¢
. ‘ 0 8S -
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'ﬂ', TABLE I (Continued)
Property . Relation
13 JetlDeca ~-Time t = Eékimmgﬁ
. Y fall .= 7 ¢,
. Symbols Used In Table I:
p = Density D = Diameter = Pumping Speed
y = Heat capacity ratio m. = Mass = Kelvin Temperature
A = Mean free path M = Molar Mass ~ X = Distance From N0221e‘
¢ = Speed of Sound p = pressure Exit
: : “f = 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 IT: DESIGN CRITERIA

For jet formation:

K s 0.3

CIN

For negligible skimmer interference:

Kskimner > 50~ 1s0 0K
Kskinmer qu‘.: OK.
V< Koiimmer € 50 is 0 NoK.

For heglig\ble effect on Jet properties: 

]
Xskimmer ~ 7 XMD

For similar cluster intenéity and size distribution, two scaling

- laws have been suggested in the ‘Titerature:’

' 1/2° -2.375]
{p D T0

0. .
: -2.50
Lo, 0 7,2 ]

constant

il

.constant
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nozzle, the important experimental variables for controlling dimer

(4]

concentrations are:.
nozzle-to-skimmer distance,
nozzle diameter,
étagnation temperature, and

stagnation pressure.

The composition of our molecular beam has been monitored with a modulated-
beam mass spectrometer. This home-built system employed a mechanically choppéd
beam with lock-in-amplifier detection. With the use of a pulsed nozzle .
source, the méchanical chopper was not reduired since detection could be
synchronized with the nozzle'opening. - Moreover, by monitoring dimer iomns as
a function of time as produced iﬁ:singlevnbzzle bursts, the.contribution to
dimer.due to atomic-ion-background-atom recombination is eliminated. Single
_pulses of Ar2+ were fiﬁst ébserved with storage-scope de;ec;iqn. Later, the
storage scope was replaced with a Biohation transient recorder. The dimer
Qf Ar2 was monitored as a function of nozzle diameter, stagnation temperature,
stagnation pressure and nozzle-to-skimmer distance. Formation Kinetics of
Ar2+.ﬁgs shown to.be third order in,Ar pressure in the stagnation chamber.
Mdreover, it was found that Arz'formation in our system obeyed 6ne of the
laws of corresponaing jets:

PO DT_S(Z = constant.
SeevFigure 4. Data for nozzle diameter D2 0.5 mm did not obey a law of
cdrresponding,jeﬁs. This is believed to be dQe:to inadequate pumping speed
fof the jet-expansion chamber. The sonic nozzle profile used is shown in
Figure's. Figdres 6 and 7 present the dependence of_Ar2 dimer-concentration

as functions of nozzle-to-skimmer distance and stagnation pressure.
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~ SONIC NO_ZZLE. PROFILE
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Mass spectrometry of cluster beams is in its infancy. The problem is a

lack of étandards,for cluster size distributions. The combined use of
distribution measurements. It is proposed to add a retarding-potential

spectrometer/RP analyzer should be most valﬁable in studies of hetero- -

Retarding Potential Ion Energy Analysis

rétarding—potential ion energy énalysis'and of mass analysis in an
alternate-cycle beam system should provide a new standard for size-
analyzer to our apparatus in line with the holecular beam but down-
stream of the mass spectrometer electron beam. The combined mass
nuclear excimer systems.

IV.2: Rare-Gas Dimers
As for the case of Arz, the formation of other rare gas dimers will
involve. the free ekpanéion of single-/two-component gases-to obtain
homonuclear/heteronucleér diatomics.,

IV.3: Inert-Gas Halides and Oxides

. Ground-state van der Waals complexes of inert-gas oxides or halides

can be made in expansions of inert gas-oxygen atom or inert gas-halide
atom mixtures. Oxygen atoms have been produced by thermal dissociation

in a tubular iridium oven;[S] 90% dissociation has been. obtained at

(6]

2300 K. Halide atoms can also be produced by thermal dissociation.
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]

available; good theoretical potential energy curves of some rare-gas

(8]

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

(91

gandidates.fdr lasers ‘for laser fusion. In particular, tﬁe lowest__
‘electronic levels in Group IIB éiements are mefastable with lifetimes
of the order of 0.1 to lLO micrdseconds.. The groundfstaté mercury
dimer can be'produéed in the free expansioh. There are some problems
Qnique to work.with metal Qapors which will have to be solved. These
are associaﬁed with maintaining high puri£y and tHe generation 6f

high metai—vapor pressures. An inert—gaé sweep-out technique could

be eméloyéd.for‘thg formation of ﬁgz. Thig technique would almoSF
certainly be employed in the formation of mercury-rare gas dimers in
ﬁhe free-jet expansion. As noted bélow, the formation of ground state
'ng and HgA beams (A is>any-r3re—gas atom) will allowla aumber 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 HeI2 has
been studied and the distribution of energy in,the'photodissoqiation

products'of HeIz“has been discussed.[lO]

*Supplementing the experimental work, calculations of expected rare-gas dimer
cOncentratioﬁs have been carried out. These are reported in the following
section..,In addition,lcalculations'of the Frank-Condon factors fof the
ionization of rare-gas dimeré are in progress. These calculations will be
helpful in the .interpretation of thé mass spectroécopy of rafe—gas dimer-

systems.
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V: CALCULATED DIMER CONCENTRATIONS

Feasibility calculations in the original proposal for this work were based
upon the properties of Argon. . Since. the success of our experiments depends

so much on the validity of our estimates of obtained dimer concentration, it

was considered.iﬁportant 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-fraction-per-unit-number-density as a function

DY

of the absolute (transverse) translational temperature in the bean. Following

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

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

(12]

. progress report. Refined calculations which include metastable contri-

butions to the dimer mole fraction have now ﬁeen completed.and the results
are showniin Figufes‘s,’Q, and lb. As a guide, we note that in our system T,
will freeze at about 10K but that traqsverée témperatﬁre T, will go IOyer.
The results tend to coﬁfirm the rough estimates m;&e in the original
proposal and we note that homo- and hetero—nuclear”dimérs (apd so excimers),

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

VI.1: FORMATION

_Excimers and exciplexes wiil be:produced by low-energy (tyoically 10 ev) reson-
ant electron-beam pumping. Because electtonrbeam excitation is a vertical or
Franck-Condon process; it is 1mportant‘that there ex1st vibrotational 1evels
near the dissoc1at10n limit in the excdited soec1es AB at the'internuclear con-
figuration of‘the.ground—statc van der Waals complex. (See Figure_l.) The -
existence of such leQels near dissociation is, hoWeVer, reasonable. For
cxamole, Li and.Stwalley found soch states in‘the:spectrum of Mg2 at inter-
ncclcar separations of 10 angstroms; for thesc states, the difference between
the potential cnergy surface and the dissociation limit is about-0.0SO ev,

We note that the'thentiai wcll depth for excimers like Xez* 1s about an.

electron volt.[l3]

The formation rate of AB 1is given by
() arast) _

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

-18 2 [14]

2 x.10 cm for 10 eV electrons. For the production of Xe2 » we should

: 9 ,
- form in excess of 107 -excimers per second.

If we assume a radiative lifetime for ast of about 20 NSEC, a beam velocity
correéponding to the expansion terminal Mach numbér, and a reaéonable value
for thelde-ekcitation cross section, then it is found that less than one

[15]

percent of our excimers will be vibrotationally excited - We should'noté,

however, that a 20 nsec lifetime is probably too short for a high—energy laser
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material. Part of the objective of our reséarch 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 ﬁe studied. These will inélude.the
excimers of homo- and.hegeronuclear'inert—gas dimers, of inert—gas oxides

and of inert-gas halldes as well as the atom-diatom exc1plexes of systems

such as A- NZ’ A- CN and A- C12’ where A 1s a rare- gas atom.

v .

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

measurements.

i

A: Visible Vacuum- Ultraviolet Speftra
The visible to vacuﬁm hicraviole; regions of the spectrum wiil be
i monitoréa for each‘species studied. These emission spectra should
help to éhéracterize the wavelengths‘fo; potential new laser materials.
Photon-counting will be employed when sensitivity requires. Low-

pressure studies should yield well-resolved line spectra.[7]

B: Electron-Excitation Cross Sections

Steady-state emission intensi;y measuredAat vefy low background pressures
in tﬁe excitation chamber can be used to deduce cross sections for
electron—beam formation of excimers and ekéiplexes. The pumping
electron-beam cﬁrrent will be monitéred while theldimer,concentration

is obtained with tﬁe maés—sbectrometer. From‘these data, theArate
coﬁstant (and so the cross section) for the ?eaction

(8) AB + AT o .'

can be found. 1In addition, the depenaence of this cross sectioﬁ bn

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

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 coilisional de~excitation. and
eollisional dissociation of excimers can be obtained, once the cross
sections for formation of excimers‘have been_determined.4 Under the
.conditions of steadyfstate excimer formation,.the data on reactive
cross sections will be found b} thelsimple process-of varying the
pressure as well as the composition of the background gas in the

excitation chamber. Again, it 1s relative cross sectlons which can be

obtained with the greatest accuracy.

D: Lifetimes

The effects.of the variation in background pressure on emlss1on spectra

will provide a first probe of lifetimes. It is hoped tbat some_of the

new excimer/exciplex systems to be studied will have lifetimes of the

order of eollision times. Actual lifetimes will be measured in relaxa-.

tion studies‘witb pulsed electronfbeam excitation_followed by (variably)
~ time-delayed photon counting, Newly avallable electron—bombardment;

16]

semieonduetor devices[ (Watkins-Johnson Corp.) allow the generation .
of very fast-risetime, high energy pulses for the measurement of life-
times shorter than 3 nsec. W1th an ability to measure 11fet1mes to

2 nsec, kinetic eomplexities can be probed. For exampie, the existence:

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

and the triplet manifolds of rare-gas excimers'might be direetly confirmed.
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Ar2 should provide a good system with which to develop our delayed-photon-—
cbunting 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 oﬁr tunable'UV—Visible laser. The population of excimers

will be monitored by their steady~state fluorescence. Laser-induced

transitions; i.e. absorptidns, will be monitoréd as changes-in the
intensity of that stéady—stape fiuorescence.‘ Since the number oft
abéorbing'excimerAsfatesAwill not be large in our experiments, we will
npt'be able fo monitor the emissioné from the more—éxciged states formed.
Bécause of this; the total optical absorption cross sections of our:

excited states will be determined.

This experiment is feasible only because of the ektremely'iarge resonant-
aBsqrption cross-sections‘for visible light. ‘The measurement of upward-
bound resonant- absorption cross sectidns would be complicated in the event
that the minima in thg potential wells of'phe excimer and vaﬁ der Waals
dimer occur at the same internuclear separation. Ewven ;his unusual case
could be discovered by laéep 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 flash-lamp excited laser is now
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.

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

second. (Chromatrix CMX-4).

Photoiohization of ExcitedAStates

Because a mass speEtrometer is heing USed'to monitor concentrations ef
'beam species, another 1mportant (but difficult) class of experiment is
pos31b1e. This is outllned in Flgure 9. The dimer 1on AB produced by
phot01onlzat10n of beam species is honltored by the mass spectrometer
which, with its electron beam off, acts as a passive ion detector.
Structhre in the phet01onizat10n effic1ency curve for AB which is 1nduced
by the beam-excitation electron electron gun is immediately interpretablc
in terms of the photo—ionization of excited states of the dimer. The
mass épectrometer, using ion counting, provides a measurement of steedy—
state photo-ion current while<photon counting of excimer florescence
provides the steady—state excimer population. Monitoring of laset

intensity could then allow the deLermination of photo ionizatlon cross

sections. This type of data is seriously lacking for excimer-laser

systems.
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