€00-2810-11

WJ‘;@

A LOW-PRESSURIE Al PROACH
T
THE FORMATTON AND STUDY
or
EXCIPLEX SYSTEMS

Final Report
Contract No., EY-/6-5-02-2810, DO

Dvr, George Sanzong
Department of Chemistry
Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24001

[V

June, 1981



ABSTRACT

Under this contract, the following goals were set,
1. Development and construction of an experimental system for the

study of the kinetics of exclmers, and demonstrate the validity

ol the low~pressure approach to such studies. The apparatus

wis to consTst of the following:

a) Cluster-molecular-beam source of van der Waals dimers and
Lhigher oligomers;

b) Modulated-beam mass spectrometer;

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

d)  Vacuum—ultraviolet to Vislhle detection and photon-count fng
system to monltor excimer emlsslong

e} Flash-excited tunable laser for studies of resonant sclf-
absorptlions,

2. Form /\r2 in fts van der Waals ground state,

1, Produce Arzn by clectron bombardment of Ar?.

4, Perform fluorescence and photon absorption studics of Ar2 .
At the end of the contract perlod, goals 1 and 2 have been met; experi-

ments 3 and 4 have been desipgned,
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I+  INTRGDUCTION

Among the potential lasing materials for laser-fusion research are the
rare gas exceimers and other bound-anbound emit:mfs.[.H Although con-
slderable information on these meterials ts beecoming available, the
abhsence of fundamental data preveats ug from applying this {i.formatlon

Lo new systoems. o our work, we have developed a promising new technlque
for baslc rescarch on both known and new exclmer systems. In addition,
the apparatus bullt to demonstrate our technique fs capable of applica-

Lion to a nember of fundamenta? nroblems bevond the field of laser

fusion,

A gystem was desiened and buitt in which excimers can be formed from
thelr van der Waals ground states.  Low temperatures (typleally 5K)
obtained in a free~jet expansion have beon used to produce high, steady-
state concentrations of van der Waslg dimers and other oligomers.

These, In turn, can be exclted by low-encrpy, resonant electron bombard-

ment to yield excimers and exciplexes,  The mechanism, fllustrated In

Figure 1, 1s as follows:

A+ B -5 AR (free oxpiansion)
-2 + -
AB + o S AR 4 o (F~bean excitation)
{ i 5 W\
AR 4+ M S AR 4+ M (de-excitation)

The exelted states of the dimers, oxlles, and halldes of inert gases are

. 2 . ,
eambhdaces for nlndy.[ ! Por any laser gystoem, it 18 necessary to study

. 5
boath primary and sccondary photo—processes;[ I we can do both, With our
technique, we can probe the relative rates of electron pumpling of

oreThedentate manbitoldas and, ultiwately, the preferentially pumped



vibronic states within each manifold; we can also consider reactive
quenching of emission, as well as collision- and noncnllision-induced
intersystem crossing. Collision~induced crossing is especially
interesting to us; it 1is important not ouly for gystems like the inert-
gas oxldes, but also for applications of RRKM theory to systems which
4]

exniblt such crossing, e.g. N20n

Although the work originally focussed only on the kinetics of excimer
formation and on recactive and radlavive lifetimes, the scope of our
project was expanded to In-lude another source of exclmer depletion:
near-resonant self absorption of l.sing emissifon, Tf this process is
efficient, especially at high pressures, it could lecad to a serlous
loss of photons via the production of more highly exclted (pertaps
Rydberg) states. The experimental system can also be used te measure
appearance potentials of van der Waals molecules and photoionization

cross scections of excimers.



I1: THE LOW-PRESSURE APPROACH

At the high pressures generally employed, fundamental processes in

lasing matertals are dlfficult to study; rapid collisional quenching
complicates the study of excitation, de-excitation, and radiative
kinetiecs, Consequently, iInstead of using high pressures, we have elected
to usc the low temperatures obtained in a free-jet expansion for the
production of high, stcady-state concentrations of van der Waals dimers
and ollgomers. These molecules are then excited by low-energy, resonant
clectron bombardment to produce excimers or exciplexes, probably in

vibrotationally cxcited states. The formation mechanlsm Is

1
A+ B - AB (in free-~jot cxpansion)

AB + u“l }ﬂ AB+ + 0“1 (eml beam excitation)

In these reactlons, A might be an {nert-gas atom while B could be

another fnert-gas atom, an oxypen atom, or a halogen atom, The procedure

fs based on rhe Tact that dimers and ollgomers form In the flrst steps
[51

of condensation in a jet expansion; it assumes that excitation by

clectron bombardment is a Franck-Condon process,

Unce formed, an excaimer can suffer a number of fates, as represented by

the followlng paths for cxcimer depletion:

F 3
An* + M - AR B M (reactive quenchitng)

ke o {
AH* L' A B4 hy (radlative dissocintion)
An+ A M T ABK M '(c0111910nn1 de~¢xeltation to the

vibrotationally unexctited excimer ABX)
L TR
+ oh

Qv AR AR (rvgonant nolf=abgorption)



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

total mechanism &mbodied in the above equations)is shown schematically

in Flgure 1.

The use of resonant, low-cnergy electron pumping is not restricted to
species produced in a jet expansion, Consequently, our experimental
system could also be used to study excited states of stable species,

for example CO*, CO?* and CS*,

The experiments proposad were difficult, but worth the attempt. TIndeed,
if It were not for a bizarre set of problems with personncl (Sce section
VITT), cven more data would have been obtained. As it 1s, experiments

cont Inue, even though thls contract has expired.
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II.A: THE UNDEREXPANDED FREE JET
A transition from subsonic to supersonic flow can occur without shock

(6]

waves In a nozzle which has a throat. For sufficiently great pressure
ratios across a nozzle, the flow at the throat goes transonic; when this
occurs, the pressures downstream from the throat become independent of

the amblent, expansion-chamber pressure, P, If the nozzle exit pressure,

Dys is equal to P then the nozzle flow is said to be ideal, otherwise

it is non-ideal,

Two classes of non-ldeal, supersonic nozzle flow can be distinpguished,
depending upon whether pn<pc; théir significance for jet formation has
been rovlewud.[y] 1f pa>pe, a shock pattern forms In the nozzle. The
lower the ambient pressure, the further downstrceam from the throat will

be the position of this shock, TFor sufficlently low P the shock pattern
Is posftioned at the nozzle exit, TIf Py is further lowered, but is
greater than Pg» the adjustment of the flowing gas to the exit chamber
pressure takes place external to the nozzle, The shock pattern takes

the form of a plume which has 1its base at the nozzle exit and 1s terminated

by another shock called the Mach dlsk. (Seec Figure 2.)

I pq(pe’ the adjustment to ambient pressure must azain take place
external to the nozzle, f.e. in the free Jet., This class, the under-

expanded jet, Is fmportant for this vescarch, Maximum mass flow, m ax’

: 7
obLalug when the Flow ts {sentrople with a gonle veloclty at the Lhrout:[ ]

v+

o (2T W
Mtk vyl ¢ e “}[" .
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In this equation, Py TO, and y are the density, temperature, and heat
capacity ratio in the stagnation state (reservoir conditions)) M 1s the
molecular weight of the gas,and A 1s the nozzle area (at the throat).

The structure of the underexpanded firee jet has beeun the subjzct of con-

7,8]
[9]

slderable study. The shape of thls jet has been well characterized

[10]

by Bier and Schmidt, Crist, and others. All principal radii ard

dlameters which characterize the jet geometry have been found to scale
linearly with nozzle dilameter, D. TFor nozzle pressure ratios, (Po/pﬂ)’
from 10 to 300,000 (where poxis the stagnation pressure) and for

stagnation temperatures to 4200 K,

x_ = 0.67 D (p /p )1/2.
o' a

m

(Sce Tipure 2,) Streamlines in the jet radiate from a virtual point

(11]

source located a distance x downstream from the nozzle exit, This

(&}
distance corrolates with the number, f, of active degrees of freedom iu

(71

the gas.

Xy = D (0,20 F - 0.56]

For x>4D, the flow Mach number along the jel centerline can be estimated:

o g v~1
. 9443 {&zxq
Mox 2 - } .

Interest In the use of nozzle expanslons ag hilgh-intensity sources of

[12,13]

molecular beams began with the work of Xantrowltz and Gray, Thay

2
predicted an Intensity gain (over oven beams) by a factor of (L/2)yM™;
the Mach number 1s calculated at the position of a skimmer, (The objective

Is to sample only the Jet core). Thae pradicted gain has never been fully

roaltzed; deviatfons from this Limlt Increase wlth P Ortpinally, 1t

[14]),

1N

[ 1h]

win hetieved that observed deviatfons were due to dimerization

more kely canse Is scateeriag of the beam by background molecules,



Measurement of the velocity distribution in free jets revealed the exist-

[16]

¢
ence of a maximum or terminal flow Mach number,:M , Anderson and Fenn

.t
later showed this limit depends upon the nozzle:Knudsen number, K, as

fn]lows[17]:

~0) 4
Mo 1,17 K4
t

This relation gives the condition for which the colllsion rate in the
pas becones oo low Lo sustain the continuum expansion; the velocity

distribution and translatlonal temperature "freezes",

To the extent that the free-jet expansion approximates a polnt-source

[18-20]

flow, the expanslon problem has been solved theorvetically, The

stress Lensor Is assumed to have antsotropic pressure components: p11

in the dircetion of the jet axis, and Py in the direction transverse to
this axis. This, in turn, Introduces two translational temperatures,

Tll and Tl, which are only equal at eqt 'Librir .. Tt 18 found that 'I‘11

pradually freezes fn a spherleal, point-source expansiorn, but Tl does

not freeze. The terminal Mach number for a hard-sphere (monatomic) gas

-0,4
{o predicted to be proportional to K O"O. The freezing of T.. and the

11
non-lreezing of 1, have bert experimentally con[irmed.IZl“ZB]

1 For

spherical expanstons of polyatomic pases, the fnternal temperature
freczes rapldly while both T]] and Tl‘aru 5111l decreasing; further
[24]

alony In the expansion, Tll I'reezes, but Tiinevur freczes,

Althoaph the axial temperature freczes, Uhe density in the jet monotoni-
cally decereases as a functfon of distance x from the nozzle exft, TI x
Is much greater than the novvle diametor Dy then the denalty (o the Jet

P owe b approxiaad od by



1

-2 4y-1 2
= b D .
p 0.018{7_11 {x) Po b
here, no Is the reservolr or stagnation density.

One additlonal property of the underexpanded free jet ls its start-up

(25]

time, t, A lower limlt for this quantity may be estimated:
512 5(r=D),
2

£

In this expression, Xg {s the distance [rom the nozzle throat to the

0.0304 x. D {5.a3}
m e e et
C DB ¥

¢

position of the greatest diameter of the barrel shock, DB, {(Figure 2);

¢ {4 the stapgnat ton~state sound speed. Values of DB/xB are avallable

(%)
. 19,20
for a number of gnsos.[ » 20

10



11

TI.B: DIHER AND OLIGOMER FORMATTON

Cases which were originallyv highly unsaturated can become highly super-
saturated in a free-jet expanslon. Although supersaturation can be
reached in the subsonic portion of a nozzle expansion, condensaticn

actually begins In the supersonic ruglon.[%1

Condensation proceeds by
way of the formatfon of dimers and nigher clusters in homogeneous nuclea-
tion reactions; these condensation nuclel are carricd along in the flow.

Milne and Greewe found that Argon clusters up to Ar lagged the argon

{271

10

jet velocity by no more than O percent, The theorv of nozzle flow

in which the gas and condensation nuclel move wirh the same speed has

t28]

been reviewed.

Bier and Hagena veported that for different-sized nozzles, similar con-

[29]

densation occurs ac about the same nozzle Knudgen number, This is

consistent with the finding thet dimer concentration 1s a function of

[30]

both orifice diameter and stagnation pressure. At fixed source

pressures, Milne and Greene found that the concentration of Ar, increased

2
exponentially wit! orifice diameter[jl]; in their studies, concentrations

of oligomers in NZ’ 02 and NO were found tc¢ be several orders of magnitude
lower than that of the dimer Arz. In general, the molecular dimer

concoentrations wlll be expected to be lower than inert-gas dimer con-

[(32] (33)

centrations beecause of meta-stability,

[34]

Tables of inert-gas-dimer

and oligomer equilibrium concentrations are avallable. See Figure 3.

Observed concentrations may, however, be dictated by kinetic rather than

by equilibrium factors; “or example, the dimer of water has been obscrved

[35]

Tncreased oligomer
(36}

at levels as high as 507 of the parent molecule,

concent ratfons have atuo been produceod with gas mixtares,
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IT.C: DESIGN OF THE DIMER BEAM

As indicated above, dimers and oligomers in our studies have bcen formed
in a free-jet expansion. A major experimental task has been the develop-
ment of the nozzlie-source c¢luster beam. Deslgn equations and criteria
were obtained, both from the literature and original derivations; these
are presented in Tables I and IT. We soon recognized that jet geometry
1s virtually iIndependent of the conditions in the stagnation chamber,

but 1s determined principally by system pumping speeds.[37} This led

to the design of a pulsed beam system. Although thig added the
mechanical design of a pulsed nozzle to our problems, it also gave us an
important new control parameter; variation of stagnation chamber
conditions has been given a real function in thie control of cluster

size, An fmportant side~result of pulsed operation is that stagnation
pressures of two atmospheregs can be used to give jet performance comparable

to that normally obtained at 100 atmospheres.[37]

In addition te variation of nozzle duty cycle, the concentration of -
selected oligomer can be optimized through control of the following

2 [39]
experimental paramcters (sce Flgures 4):
Skimmer-to-nozzle distance (LO),
Orifice diameter (D),

Stagnat fon pressure (po),

Stagnat{fon temperature (TO).

Althoupgh nozzle shape 1s an important [actor in conventlonal nozzle-bean
deglgn, 1t Js unlmportant for dimer studles. A study of cluster intensity
for varlouy nozzle shapes revealed Jhat reported dntensity Increases were

dive to the format lon of beams wlith larger average cluster sizey the



intensity of dimers, trimers and other lower-oligomers does not change

with nozzle slze. This led to the use of & sonic nozzle in our studies,

14



TABLE I: CLUSTER BEAM EQUATIONS
Property Relation
Ao
1.l Nozzle Knudsen No. K = -
2.| ski Knudsen N K At
J Skimmer Knudsen No, . R S
skimmer Dskimmer
. At
3. Mach Cisk Knudsen No. KMU R
MD
3.\ Nozzle Maxioum ¥ e ) 172
1 o Rate dm oy 2 }2"‘ b f xRl )
' at N oo 4T
) R

(9

.t Centerline Jet Density

g

0.0678)""] {;D_];
y -1 X)) o

) 172
) . JaCly i = .....9«
6.)Location of Macl: Disk XMD 0.67 D { p4_}
7.jLocation of Virtual x = D (0,20 f - 0,56}
Source Point P
X y-1
s -
8. [tlach Humber of Flow Ma = 3¢33 {-«5~B-E
, . ~0.4
9. | Terminal Mach No, MaT = 1,17 K
D
10, Location of Onscy of X, = 0.6 —~—
Backyround Penelration )
2.86 p, D [ 1/2
FEoPdet bxpansion Chamber Py © e {_“Q‘S
Rackground Pressure ) M
0.0304 s 5 3} 5/2 . ‘s‘s'{")- -l
12, Fdel Stavi-Up-Tine tl"‘SQ —-~c~(—’-—-" 5;}-; D{'-;'-— {sg
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Symbols Used In Table I:

Property Relation
ot
1] Jel Decavtime . . skimmer
13] Jeb Decay-Time Lf'aH c,
1 Maximum Flow Anglg " oyt 1/2 _n
Prandtl-Mayer expansion 2 y-1 2

p = Density D = Diameter S = Pumping Specd
v = Heat capacity ratio m = Mass T = Kelvin Tenperature
X = Mean free path M = Motar Mass X = Distance From Nozzle
o p - Fxit
¢ = Speed of Soend p = pressure
f = Thermo degrees of
Freedonm
Subscripts:
0 denotes stagnation chamber

+ denotes jet-chamber background
8S dencizs properties of jet barrel shock
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TABLE I1: DESIGN CRITERIA 37799

For jet formation:

K

A

0.3

For negligible skimmer interference:

f
Kskimmer o is OK.
Kskimmer ] s oK.
1< Kskimmer < 5 s NoK.

For negliglble effect on Jet properties:
i

¢ . < e
xskwmmer o2 X

MO

For similar cluster intensity and size distribution, two scaling

laws have been suggested in the literature:’

E~p 0172 ¢ ‘2-375} = constant

Yo 0
i‘po ) To"z‘50 }‘ = constant
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IT1.D: CALIBRATION EXPERIMENTS

Molecular beam composition has been monitored with modulated-beam mass
spectrometry., The system includas a laboratory-built mechanical chopper,
a lock~in amplifier, and either a time-of-flight (TOF) or quadrupole

mags spectrometer, Once the pulsed nozzle source was Iincorporated, the
mechanical chopper was removed; detection now 1is synchronized with nozzle
opening. With pulsed dimer formation, we ellminate contributions to the

Ar2+ signal from the background recombination process:

Ar+ + Ar + M =+ Ar2+ + M

Single pulses of Ar2+ were first measured wilth a storage oscillloscope,
and later with a Blomation transient recorder, Argon dimer was monitored
as a function of the following experimenta® parameters: nozzle diameter,
stagnation temperature, stagnation pressure, and nozzle-to-skimmer

distance., Results are reported in Figures 6 through 9.

For nozzle diameters D<0.5 mm, argon dimer formation obeyed one of the

Laws of Corresponding Jets (Sce Table T1).

o DT-S/2 = constant.

Probably because of inadequate pumping speed, data for D20.5 mm did not
obey a Law of Corresponding Jets, Tt was also foumi that Ar2 format{on
kinetles was thivd=ordor In argon stagnatfon pressure,  Attalnament of

thivd=ovrder linet Tes had been selected as a key dlagnoutic of proper

nozzle performance,
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1T.FE:  CALCULATED DTMFR CONCENTRATIONS

Since the success of our program hinged on the validity of earlier

[40]
estimates of argon dimer concentrations n the free expansion, we

recalecutated the mole fraction per unit number density as a function of

the translational temperature Tl in the heam, Calculations for both

homonucledr and heterenucliear inert-gas dlatomles wers performed with

(41}

the method of Strogryn and Hirscl felder; metastable contributions

to the mole fraction were included under an assumed Lennard-Jones (nter-

action, The conscrvative experimental parameters used are listed in

4
Table 111,142

As a guide, we note that, although Tll wlll Freeze out at abeut 10K In

our system, Ti will go to lower temperatures, The results, glven (n
Figures 10 through 12, conflrmed our original rough estimates and
indicated that homonuclear and heteronuclear dimers (and so excimers)

. 43
of Xe, Kr, and Ar should be most caailly studiwd.[‘ ]
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Based on conservative choicesof
experimental values,
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Table T (Continued)

iR | o (107 enl e (107" erg) REFERENCES
R. Van Heijningen et, al,
Physica (UTR) 38, 1 (1968)
Kr-Ne 3.16 30 J. Parson et. al,
J. Chem, Phys. 53, 2123 (1970)
J. Kestin et, al.
J. Chem, Phys. 56, 4086 (1972)
R, Van Heijningen et, al,
Physica (UTR) 38, 1 (1968)
Xe-NHe 79 3.44 :
J. Parson et. al,
J. Chem, Phys. 53, 2123 (1970)
Av-Ar 1495 3.32 J. Parson et, al,
J. Chem, Phys, 56, 1511 (1972)
J. Kestin et, al,
J. Chem, Phys. 53, 3773 (1970)
Ky~ 214 3.4]
J. Parson, et, al,
J. Chem. Phys, 53, 3755 (1970)
. - -
R. Van Heijningen et, al.
Physica (UTR) 38, 1 (1968)
Xe-Ar 236 3.60
J. Parson et. al,
J. Chem. Phys. 53, 3755 (1970)
Kr-Kyr 270 3.48 D. Konowalow et. al,
J. Chem. Phys. 57, 4375 (1972)
Xe-Kr 223 3.82 R, Van Heigningen ot, al.
Physica (UTR) 38, 1 (1968)
J. Kestin et, al,
J. Chem, Phys, 66, 4119 (1972),
X =Xe 347 3,89 i, Davis
B, Davis
B.J. Chem. Phys, 57, 5098 {1972),

Based on a liLeralure sgavch reported by Y. Kim and R, Gordon, J, Chem,
IMys, o1, 1 (19/4),
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ITI: THE STATUS OF THE APPARATUS

The status of our research ls mirrored in the status of out apparatus.
For purposes of deslign, procurement, and construction, our experimental
system was divided into 25 interrclated subsystems, A through Y (See
Figure 13). The following subsystems have been completed:

A through D,

G through P,

R and S, and

U rhrough Y.

The dissociation oven and reclated power supplies, ¥ and F, were dropped
from the preject, when we were directed to discontinue work on inert-gas
halides and oxldes, TLlectron~-gun controls, Q, are actually in usej only
the pulse circuitry (for future excimer~lifetdime measurements) remains
to be assembicd. The gas recovery system, T, will be assembled when

~work on Xenon systems begins,

Functionally, our experimental system fs composed of the following major
units:
1. The Cluster-Molecular Beam source of van der Waals dimers;
2. The Mass-Spectrometer Monltor of molecular beam composition;
3. The Low-ecnergy ¥Vlectron-Beam Source of excimers;
4, The Fxcimer Monftoring System (vacuum~UV to visible detectlon
and photon counting);

5. A Tunable Lascer for absorption measurements.

The cluster-molecular beam i8 shown In lgures 14 and 155 1ts performance

s been discussed In gectton 11 of thig report.
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ITI.A: MASS SPECTROMETERS

Two options are avallable for the measurement of molecular beam composi-

tion: time~of-flight or quadrupole mass spectrometry.

A Bendix Model 12 TOF mass spectrometer was obtained under a Loan Contract
from USEPA, Cincinnati, but has been dedicated to this project via an
Excess Property Transfer. I'hls instrument, originally designed by the
principal investigator In 1960, {is now a fully functloning masas
spectrometer. Tt has a sensitivity of 0.1 amp per torr and a unit wass

resolution of 300 d/e .

Our quadrupole option was, at flrst, based on a Var{an RGA of uncertain
vintage and model number, obtained on loan from NASA, lLangley Kesearch
Center, When operational, 1t was shown to dctect partial pressures to

5 x% 1O~11 torr with a unit resolution of 50 d/c  In the mass range from
10 to 250 d/e . Circultry to expand the mass range to 600 d/e  was built
but never incorporated; once the Instrument's performance was known, i1t

wag obvious thnt the mass-range expansion would deteriorate the resolu-

tion to less than 35 d/e .

To optimize dimer production in the molecular beam, we have to manipulate

the cluster size distribution. This, in turn, requires unit resolution
134

of 600; the tetramer Xca, for example, has a mass of 536 d. A used

ART Model 250 quadrupole mass spectrometer was obtained; both the

quadrupole head and {ts electronics were modified., 1ITn its present con-

figuration, this instrument has a base-line resolution of 600 d/e”.

Duapltae the seemingly Targe number of publlcationd In thls arca, masgs

dpectirometry ol clugter beamy fg I tty (nfancy.  The principle problem
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is the lack of established criterta for cluster-size distributions. In

44
addition, ionizatien enecrgetics show anomalies.{' ] The use of combined

(retarding~-potential) encrgy and mass analyses in alternate cycles should
provide a new standard for slze-distribution measurcments. A retarding-
potential analyzer has been developed for use with our TOF spectromater;
it mounts in line with the molecular beam, but {s downstrecam of the
mass-spectrometer electron beam, (Sce Figure 5.7 This approach to
cluster~beam spectrometry should prove especially useful in our studies

of heteronuclear excimers,
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T11.8:  EXCITATION ELECTRON GUN

During development of an acceptable electron gun for our excimer studies,
cont inual difffculties arose. The incompatible criteria of high beam
current and low enerpgy bandpassg required a working compromise. 1In

retrogpect, we spent tao much time sccking this compromise,

The first gun, shown {n Flgure 16, used ribhon f{laments and cathode-

ray=tube optics; It satigfied netther of the above-mentioned criteria.
Successive designs employed directly “eated wlres or Indlrectly-heated
cathodes with an evolving set of electron optics., For narrow bandpass,

beam currents were stlhl restricted to less than 100 ua.

Figure 17 [llustrates the newly completed '"final" versfon. Using a
tunpsten spiral fllament with desceptively simple clectron optics, Chis
gun has produced beam currents of over 300 na at eclectron energices of

50 ev, The clectron beam {5 clectrostatically focusgsed with optics
designed by rleld graphing, All gun elements, Including the electron
trap, are mounted to a single-plece, stalnless steel frame. Flectrical
insulation fs provided by the material "Vesptl1", an experimental polymer
developed by Dupont, which is caslly machined and fs stable at the high

temperatures surrounding the f{lament,

(461

Grids nave been included which, with RPD analysls, should allow an

exeltatfon encrgy resolution of 30.02 cv,
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ITT.C: PHOTON DETECTION

The photon~detection system, required to monitor excimer emission, con-
sists of the fovllowing major components: a Minuteman Labs Model 302-VM
scanning Vacuum-UV/Visible monochromator; a Model 1109 photon counter and
a Model 1121 amplifier~discriminator from Princeton Applied Research; an
EMI-9635QB photomultiplier; a Products For Research TE-104 pm chamber;
and a Galileo CEM 4000 electron multiplier, Since this type of system
was now to the principal investigator, its design was given top priority;
moreover, the components had the longest lead times of the commercial

cquipment required,

A Chromatix Model CMX-4 (lash-excited, tunable dye laser was obtained
for cxelmer~absorption studlies. With gpectroscopic detection and laser
excltation, the exclmer formation chamber is the gite of the confluence
of three beams:  the molecular, excltation-eclectron, and laser heams,
In addition, the photon-detection system must focus on the volume of

Intergection these three beams,
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IV: FORMATION OF EXCIMERS

According to the proposed mechanism (See Figure 1), excimers and exci-
plexas will be formed by electron bombardment of van der Waals complexes,
Since resonant-electron pumping 1s a Franck-C. - arocess, vibrotational
states mugst exist near the dissoclation limit of ABT, f.e¢. at the inter-
nuclear configuration of the van der Waals complex, This requirement
will surely be gatisfied., For example, Li and Stwalley found guch states
In the spectrum of Mgz at internuclear separations of 10 angstroms[as]

(where the difference between the electronic energy and dissociation

. %
limit 1s about 0.05 ev). The potential well for Xez’ ig about 1.0 ev.{ll

The formation rate for AB+ is given by

s_ll_/\liil_

s k {AB] N,»

whoere N0 is the number of electrons in the volume of intersection of the

47
dimer and c¢lectron beams, With an electron-excitation cross section of{ ]

18 10

2 x 107 sz’ rate constant k takes a valoe of 3.6 x 10 cm3/electron/

second. For Xe2+, we should form more than J.O9 exclmers per second,

If we assume a radiative lifetime of 20 ns for AB+ and a reasonable value

48
for the de-excitation cross 3ectlon,[ ] then less than one percent of
our excimers will be vibrotatlonally exclited, llowever, our oblective 1s,
{n purt, Lo discover boumnd=~lree systems with radtative 11fetimes Yonger

Lhan 20 ns,

The experimental program, as flrst proposed, 1nvolved four basic classes
of measurement: spectra, exclitatlon cross scctions, reactlve cross
sections, and 1ilet tmes,  As our work propresged, two additional measure-

mont capabilftios were bullt Into our appoaratus:  photofonfzatlon and

regsonant self absorption,
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IV.A: VISIBLE TO VACUUM-~ULTRAVIOLET SPECTRA

Since emission spectra should help in the characterlzation of potential
new laser materials, we plan to monitor the visgible to vacuum~
ultraviolet regions of the spectrum for each species studied. Low-

[

pressure studies should yleld well-resolved spectra, 2,49] but photon-

counting will be employed when required.

IV.B: ELECTRON EXCITATION CROSS SECTIONS
The cross~-sgections for electron~beam formation of excimers and exci-
plexes can be deduced from steady-state emission Intensities, provided

that the excitation chamber 1g at very low background presgsures.

AB + &= % AB+ + e
AB+ ﬁ+ A+ B+ hy

At steady-~state, the enission of AB+ is proportional to the rate of
reaction (2); 1f the clectron-beam current is directly monitored, while
the AB dimer concentration 1s measured with the mass spectrometer, then
the rate constant (and so the cross-section) for (2) can be found as a
function the electron energy., Absolute cross-~scctions may have large
uncertainties, hut relative cross scctions will be more accurately
determined; 1t may be necessary to extrapolate measured cross-gections

to theilr values at zcro background pressure,

IV.C: REACTIVE CROSS SECTIONS

Once the cross-sections for excimer formation have been determined,
total cross—scctions for quenching reactions (collisional de-excitation
and dissociatlion) can be determined. By the simple procedure of varying
background pas pressure and composition under the conditions of steady-
stnate exedmer formation, data leadling to reactive cross gections can he
obtalned, Apaln, [t I8 relative cross-scctions which can be most

accurately detoerminaed,
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IV.D: LIFETIMES

Since some of the new excimer or exciplex systems under study will have
lifetimes on the order of collision timrg, a first probe of lifetime 1s
provided by the dependence of emission spectra on variations in back-
ground pressure, However, actual lifetime measurements will involve
relaxation studles with pulsed electron-beam excitation and time-delayed

photon counting.

(501

Using recently available electron-bombardment-semiconductor devices,
we have generated very fast-rigetime, high-energy pulses for the measure~

ment of lifetimes shorter than 3 n?.[SI]

With this ability to measure
lifetimes to 2 ns, we can now probe kinetic complexitles; for example,
the exlstence of two different 1ifetimes (5 and 40 ns, respectively) for

gsinglet and triplet rare-gas cxcimer manifoldsl)z]

can be directly
confirmed, The lifetime measurements arc the most difficult experiments

planned In thls research.

IV.E:  RESONANT SELEF-ABSORPTION

In high-pressure lasers, regonant self-absorption of lasing emilssion

could lead to a scrious depletion of excimer (through the formation of
more~highly-excited states), To study these processes, the following
experiment, cmploying a tuned laser, was proposed. Upward-bound optical
transitions Induced by a lager (tuned near the exeimer's lasing frequency)

would be monftored via emisslons from the more~hlghly-exclted states,

Aa noted 1n the following section, this experiment ts feasible only
hocaude regonant-nbsorption crods-sccetiona for visible l1aht are extremcly

barge, Measorementa witl be complieated 10 the potential enerpy minima



for both excimer and van der Waals dimer occur at the same internuclear
geparation, But even this unusual case could be revealed in laser

excitation studies of the ground-state dimer,

IV.¥: UPWARD-~BOUND TRANSITIONS

Upward optical transitions (process 6 in Figure 1) can be studied via
the emisgion from the more-highly-excited states formed; this is a
congequence of the extremely large cross-gsections for resonant absorp-~

tion of visible light,

If v 1s the radiative lifetime of the excimers formed by electron-beam

t

excitation, then the number of excimers, N

N* = ,ﬂ§+{ l—exp(—-%)} T

dt

, present after a time t is

where dN+/dt is the steady-state excimer production rate, 109'excimers/

sec, If v 1is 20 ns, then
+ == 3 l i‘— .
N = 20 { l-exp (~ T)}

Let P be the number of photons required to excite every excimer by

resonant absorption; then

where A 1s the area of the molecular beam (%0.01 cmz),and Ios is the
cross—-section for resonant absorption, The latter quantity 1g pro=-
portional to the squarc of the wavelength for the transition; for a
Brejt-Wigner linceshape:

2
= 0477 )

a
res
I'erge AO = 5000 anputroms,

P b X I()H {I-uxp(~ %)) > 1.6 x }08 photons
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This corresponds to a laser power of 64 mw; the Chromatix Model CMX-~4,
the laser available for thils research, 1s capable of 3 kw peak power at

90 mw average power, when operating at 30 pulses per sccond,

IV.G: PHOTOTONTZATION OF EXCTITED STATES
Another Important, but difficult, class of experiment {is possible

because a mass gpectrometer lg being used to monitor molecular beam

composition, See Figure 19.

With 1ts electron beam off, the mass gpectrometer acts as a passive

ion detector; consequently, dimer-ion% ABT produced by photoionization
of AB* can be detected, Structure in the photoionization efficiency
curve for AB+ which 1s 1nduced by the excitation electron beam, can
immediately be interpreted in terms of the photolonization of the
excited states of the dimer. While photon counting of excimer
fluorescence indicates the steady~state excimer population, lon counting
measures the steady-state photo~ion current. By monitoring laser

intensity, we can then determine photolonization cross sectilons.
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Vi MERCURY & MERCURY-INERT GAS SYSTEMS

There has been some interest in metal vapor excimer systems as candidates
(53]

for lasers. As an example, the lowest eclectronic levels in Group IIB

elements are metagtable with lifetimes from 0.1 to 1.0 microsecond.

The ground-state mercury dimer can be produced in the free expansion,
There are, however, problems unique to metal-vapor work which must be
solved: 4n particular the maintainence of high purity,and the generation
of high vapor pressures. In this work, an inert-gas sweep~out technique
was planned for the formation of mercury-inert gas dimers in the free-
Jet expansion; ng would also be formed. Our study did not go beyond

the planning stage, although a heated sweep-out source was desighned.,
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VI: CALCULATIONS OF POTENTTIAL ENERGY CURVES

With the study of the fluorescence and product energy distribution of
wrolerules
HeIz, the use of van der WaalsAas photochemical prototypes has now heen

recognized;[54] this speciles, however, is relatively long~lived

(].O‘7 gec) and, at the pressures used, reactive quenching has dominated
observed kinatics. A key goal of the low-pressure apprcach has been the
separation of quenching kinetics from formation and radiative~.dissocia~
tion kineties; In particular, we have been interested in excimers and
exciplexes of heteronuclear van der Waals clusters - about which little
is known regarding stability, or formation and ionization kinetics.

It had been hoped to develop an in-house theoretical expertise on such

systems and to compute ground-state potential encrgy curves for hetero-

nuclear (as well as homonuclear) inert gas diatomic molecules and {iomns.

Some preliminary calculationg were included in earlier progress reports;
they deserve little further comment, since the theoretical calculations
never roally got off the ground. The princ{pal investigator 18 con-
sidering the Inltiation of such calculations himself, they would be
useful In setting limits on the concentrations of specles whieh either
can be formed In the Jet expansion, or can be detected mass spectro=

/
metrically,
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