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ABSTRACT

‘A high pressure, radio frequency discharge nozzle .

beam source has been developed for the production of

18 1

very intense (> 10 atoms ST sec—l) supersonic beams

~of oxygen atoms. An efficient impedance matching scheme

has been devised for coupling the radio frequency power
to oxygen-rare gas mixtures as a function of gasbpressure,
temperature, and composition. Téchniques for localizing

the discharge directly behind the orifice of a specially

~designed quartz nozzle have also been developed.. The

above combine to yield a beam source which reliably pro-
duces a high dégree of molecular dissociation in oxygen-

rare gas mixtures at pressures up to 350 torr.. Atomic

® : .
Present address: Bell Laboratories, 600 Mountain Avenue,

Murray Hill, New Jersey 07974
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oxygen mean traﬁsiational energies. from 0.14 - 0.50 eV
have been achieved using the seeded beams technique with
Mach numbers up to 10 being realized. . When helium is
" used as the carrier gas both_O(SPJ)'and O(lDZ) atoms are
present in the beam, while only'ground state atoms appear
to be present in argon'séeded.mikﬁureSJv This ﬁaper des-
cribes the design, constrﬁction, andvopération of this

beam source and provides a characterization of the atomic

oxygen beams it has reproducibly generated in our laboratory.

<
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~perature combustion

INTRODUCTION

The interactions and reactions of oxygen atoms are of

considerable interest and importance due to the fundamental

role they play in combustion processes and atmospheric:
chemistry. The réaCtions of'ground state O(sPJ) atoms are
of particular ihteregt to researchers studying high tem-
*Brocesses,l laser systems based on |
the reactions of oxygen atoms which lead to’products having
vibrationally inverted population distributions,2 and sur-
face’che_mistr_y.3 A thorough understanding of'ground state
oxygen.atom chemistry is also of immediate practiéal
importance since the space shuttle will orbit the earth
at altitudes where the major constituent of the atmosphere
is O(3PJ) atoﬁiC'oxygen; The reactions of excited state
O(lDZ).atoms are of primary importanCe'due to their major -
role in the'chemistry of the stratosphere'.4 The -ability
of'singlet oxygen atoms to insert in a variety of chemical
bonds also makes their chemistry a fascinating squect R
to explore.S |

In our laboratory a high pressufe,_supérsdnic, rédio
frequency distharge nqzzle beam source has been developed

in order to determine the products, energetics, and reaction
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dynamics of atomic oxygen reactions in crossed molecular
beam scattering experiments. The motivation for con-
structing this nozzle beam source, rather than relying
on much more simple effusive sources, is that supersonic
nozzle sources characteristically produce beams of far . v
greater intensity and smaller translational velocity
dispersion than effusive sources.6 The franslatidnal
energy of nozzle beams can also be varied over a very
wide.range, from hypothermal to hyperthermal, by using
the seeded beam technique.7 ~In this technique the peak
velocity of the "seed'" gas, velocity distribution can
ideally approach that of the pure "carrier'" gas for very
dilute gas mixfures. This is accomplished by accelerating
or deéeleratingvthe seed gas during hydrodynamic® expansion
through the nozzle by diluting it in either a lighter or
heavier carrier ‘gas.: Supersonic beams therefore offer
several clearradﬁantages over simple effusive sources for
conducting dynamical stuéies in molecular beam ekperiments.
" The successful operation of a dischafge beam source
depeﬁdsnstrongly on the characteriéfics of its plasma. . In
particular, the production of a'sfable.and efficiently
coupled high pressure discharge for the generation of
étomic species is much more difficult than the production v @

~of a low pressure (~1 torr) dischargé. Impedance matching
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of the plasma to the radio frequency power source as a

function of gas pressure, temperature, and compoSiinn is
reduired. Plaama 1ocalization directly béhind the'orifice
must also be‘achievad in order'to liﬁit atomic reccmbinaf‘
tion before the expansion.v Sufficient cooling of the
nozzle in Qrdér to prevent melting of its orifice; and

to 1imit atomic recombination at the‘nozzie walls (while
not interfefing with ﬁoWer coUpling‘to‘the plasma)'is
mandatory. Finaily, tha high pressure plasma muSt'operate

in a stable, reproducible, and uniform discharge mode

(no beads or streamers) whose témperatufe is sufficiéntly

high to generate atomic specieé, but not high enough to
melt the orifice of the nozzle. The beam source described

in this paper meets all of the above criteria. A boron

nitride skimmer is used and is found to be completély

- stable with respect to the seeded atomic oxygen'beam{

Other high pressure atomic oxygen béam sources have

been previously reported in the literature. Miller and

8

Patch have described in detail a radio frequency dis-

charge beam source which produces ~35% dissociation at
60 torr for a 5% oxygen-helium mixture. Gorry EElil-g
have reported a microwave discharge source with dissocia-

tion characteristics similar tc those of Miller and Patch.

The impedance matching scheme, nozzle construction and,
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in particular, plasma localization techniques deseribed

in this paper permit a higher degree of molecular dissocia-
tion to.be‘achieyed at significantly higher operating
pressures than the sources mentioned above. The cnrrent
11m1tat10n on the atomic oxygen .beam 1nten51ty produced

by our source is not atomic reconblnatlon at hlgh pressures
“but rather the speed of the dlffu51on pump which backs the
_source region. In some cases the characterlstlcs (for |
example, gas temperature) of the high pressure plasmas

we have generated to date also become a concern when
pressures exceeding ~400 torr are used. The source has

been operated‘at pressures exceediﬁg 200 torr for oxygen.
helium mixtures mith greater thanISO% molecular dissociae
tion, producing atomic oxygen'intensities of > 5 X 1018 atoms
sr71 sec—l.‘ Oxygen argon mixtures have been dlscharged at
pressures exceeding 300 torr w1th greater than 80% dissocia-
~tion, and with measured atomic oxygen intensities of ca.

5 x 1017 atoms sr ! sec”l,

The beam sourcebde5cribed in this paper was originally
designed in order to produce intense supersonic beams of
ground state'O(SPJ) atoms} Howeyer, we find that when
dilute oxygen-helium mixtures are discharged the beam is
composed of a mixture.of atomiquuantum states including

excited state O(lDZ) atoms. The concentration'of O(lDz)

atoms in this beam has proven to be of sufficient magnitude
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to}permit the study of O(lDZ)—reactions in crossed

" molecular beanm experiments. This exciting development
will eliminate the need to’use oowerful and erpensive

uv puieed lasers for the photodissociative production of
O( D ) atomlc beams when the presence of other chemlcal
spec1es in the bean, such as O( P ) and O ( A ), will

" not serlously compllcate the chemlstry under study

SOURCE DESIGN AND CONSTRUCTION

A cross- sectlonal view of the source mounted in the
differential pumplng region of our un1versa1 scatterlng
machine is.shown in Fig 1, with an enlarged.view of the
1nterna1 source component% and nozzle tip appearlng in
F1g 2. The 1mportant de51gn and constructlon consider-
etions wh1ch led to thlS f1na1 form of our plasma beam

source w1ll now be dlscussed.

A, vNozZle ConStruction

‘The first question to be deaitfwith was that of nozzle
material Quartz and alumlna were the two materlals con-
51dered based upon the1r relatlvely h1gh meltlng points.

10

In1t1a11y 99.8% purity alumlna tubes w1th laser drilled

holes were tested. They were unsatisfactory for two reasons.
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They tendeo to crack when subjected to large thermel
gradients, and areingoccurredbetween the outet surface
ofkthe alumina tubee and the‘raoio frequency coupling
coil whenever‘the'outer diameter of the tobe came into
physicalecontatt with thelcoil{ After this btief teet.
period it wae.decided'that'duartz nozzles would have‘to
be _fabricated. .The final shape of these nozzles can be
~seen in Fig. 1(c) and Fig. 2(c). A water cooling jacket
was incorporated in our fihal nozzle design to prevent
the quartz orifice from melting and enlatgihg during

the expansion of the extremely hot gas mixture The
nozzle tip geometry shown in Fig. 2(L) was ultlmately
found to be stablehwith fespect to orifice enlargement.
Here the Watericoolaht flows directly over the junction
between thefinner} plasma eontaining tube (6 mm 0.D.
commerical grade fused ouartz;'l mm wall thickness, as
bubble free as possible) and the quartz wétetijecket

(1Z mm 0.D., 1 mm thick). The short tip on the front

of the 1nner tube is approx1mately 1 mm long and allows
the coolant to flow as close as possible to, the orifice.
This is 1mportant due to the poor thermal conduct1v1ty
of quartz. 1In addltlontO'preventing melting of the nozzle,

water cooling is also de51rable since the eff1c1ency of



quartz to promote atomic oxygen recombination decreases
11 A

with lower surface temperatures.

Low electrical conductivity watér of 5 umho/cm con-
ductivity is used as the ﬁozzle codlant and is floﬁed
through'thé concentric watér jacket at a rate of 10 cms/seﬁ.
Use of regular‘conductivity_water as the coolant is pfe—
cluded due to exceSsive radio frequeﬁcy power loss‘to the
water. As an added benefit, thé cooling jackep»completely‘
eliminated the aréing'problem mehtioned above. This arcing
was found to occur for both alumina and quartz'plashé
containing tubes which were not physically éeparated‘from
the coil.by ahother insulating layer. o

the ndzzle_fabrication pro;edurevis quite.reproducible
' and is briefly outlined here. The'gréded seal water inlet
and outlet'afms along with theif‘éplidquartz support rod
(Fig. 2, E,G,H,I) are initialiy assembled and put aside for
' 1atér.ﬁse} Next, the'innef tube 1is preparedf_ This pre- |
paration éonsists of three operations: Flaring Oﬁe end jﬁst
to cléaf the I.D. of the duter‘tube, creating the import-
ant tipvbn its froﬁt‘end_(Fig. é,'L); and fusing three
small quartz physical support sfandoffs to fhe inﬁér tube.
These three small "dropleté” of quartz should bevplaced at
120° with respect to eéch other and_positioned from 6-7.5

cm from the tip. They should be sized just'to clear the
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1.D. of fhe outer tube and will be used to hold the inner
tube concehtric with the water jacket.  The inner tube |
aséembly is théﬁ slid inside of the outer tube with the
outer tube extending past the inner front tip by about
5 cm. At this:time the three inner tube support standoffs
are fused to the I.D. of the outer tube and should be
adjusted until the two tubes are concentric. A ring seal
is thén méde between tﬁe flared rear end of the inner tﬁbe
and the outer tube. Quartz tubulations are then blown'
onto the outer tube which will ultimately be attached to
the watef'cédlénf.afmsQ Next, the S cm outer.tube exten-
sion is pared off with a torch and a carbon tool. The
bbjectivé of this is to create a i mm thick quartz face
which seals off théifroﬁt of the outer tube without touch-
ing the tip of the ‘inner tube. This front surface should
be as per?éndicular as'possible'to the concentric tubé
axis and should be just shy of touching the innér'tip.
The assembly is completed by joining the inner tip and the
newly crea;éd quértz nozzle facé witﬁ aAringrseal. | |

At.thié point the most criticai sfage of the nozzle
fabriéation procédure is carried out.’ The nozzle assembly,
with the water arms still detached, is mounted in a glass-
blower's lathe. The orifice is now blown on a spinning

lathe in an opération requiring two people. Using a
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hydrogen-oxygen flame the front face of the nozzle is
heated at a wide angle until the quartz is ready to. be
blown. The flame is then quickly removed and a hole is

blown in the tube. This hole should be slightly larger

_than the desired diameter of the nozzle orifice. One.

person now locally heats the,tip of the quartz nozzle

while the other simultaneously views the hole diameter

with a 60X power measuring microscope. The hole is allowed
to shrink slowly until the desired diameter is reached.
Hole size readjustment can be carried out with this pro-
cedure until the orifice ié Within 0,005 mm of the desired
diameter; | | |

- When an orifice of the desired size is obtained its

'straightness is always checked by placing a small positive

pressure of oxygen behind the nozzle. This‘producés.a

'small oxygen jet at thé,orifice. The shape profile of this

jet is then made visible by aiming a small gas torch at the

jet while the entire nozzle is rotated in the lathe. If-
any wobble or precession of the flame jet is detected
the orifice is reblown. We consistently find that the

straightest orifices are produéed by shrinking a larger

~diameter hole down to the proper size rather than by

enlarging a hole which is too small. Nozzle diameters

are typically 0.076 mm for ogyxen-argon discharges and
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0.191 mm when oxygen-helium mixtures are used. The reasons
for using two differently sized nozzles will be covered>in
the next section of this paper. - Nozzle assémbly is then
completed by attaching the coolant inletvand outlet arms

to thevwater jacket and by briefly etching the inner quartz
tube with a dilute solution of hydrofluoric acid. This
acid rinsé'is believed to inhibit atomic recombination on

the walls‘of the tube,12

vB. Electrical Design

Two distinct radio frequency circuit arrangeménts can
be used for génerating electrodeless discharges in gasés.l3
Oné‘arrangemeht_invo1Ves the use of a_seIf-excited powef
oscillator. In this Configuratioﬁ"the.tube 6ontaining
the gas to be discharged'is placed through the tank coil
~of a free running power oscillator. Large amounts of radio
'frequehcy'powéf can be coupled to a discharge in this manner;
but it is inhefently inefficient and can pull out of
oscillationlas the circuit 1oading changes. Loading varia-
tions can occur when the pressure of the discharge is
varied over several hundred torr. Its most serious draw-
back is that impedance matching between the plasma and the
oscillator's circuitry, while the.oscillatof is in‘opera-

tion, is very difficult to achieve. The other circuit
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option, and the one which we have adopted, uses a.driven
escillator—amplifier-arrangement'in which a'rariable fre-
quency osc111ator is separated from the 1oad by one or |
more stages of ampllf;catlon. In thls manner the osc1llator
is very wellvisolated from load varlatlons 1nduced by
chanOing plasma characteristics. More importantly,‘this

arrangement allows the 1mpedance of the gaseous discharge

h to be carefully matched to that of the radio frequency

electronics. This ensures efficient use of the available

radio frequency power. It also offers the desirable option

of separating the electronics from the plasma cbupling LC

tank_circuit.

The’radio frequency (hereafter, RF) power for'our
beam source is supp11ed by a Vlklng Vallant radlo ‘trans-
mitter wh1ch can dellver a maximum output of 140 watts
over a contlnuously varlable frequency range several hun~
dred k110hertzw1de centered at 14 MHz. (It is dlfflcult
to obtaln wide fequency tunablllty in the coupllng tank
c1rcu1t of this beam source at frequenc1es 51gn1f1cant1y
higher than 25‘MHz,due to the stray capac1tance associated
withvits phjsical'layout.) When higher poWer ievels are
required a linear amniifier capabie of providing RF output
levels of up to ca. 750 watts is used. ‘However,_RFvlevels

exceeding 200 watts are rarely needed due to the highly
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efficient impedance matching scheme thch is employéd.‘
The plésmé coupling tank coil andbcapacitor can belseen
in Fig. 1. The Variéble air capacitor'(sad #1615, 0-75
pf, 0.762 cm éirgap)'is mounted outside of thevvacuum to
facilipafévthe initial frequency matching of fhe coupling
tank circuit to the electronics. A gfid dib meter is
used.fAr thislpréliminary tﬁﬁiﬁg.bf the beam séurée.

VA novel iﬁpedance'métching schemévis used which
enables the source to opeféte routinély at a standing
wave raﬁio (SWR) of Iess than.l,OS:l. impédante'matchiﬁg
is necessary sihce'thé éfféétive ﬁiasma iﬁpedance which
varies as a function of plasma condition, is mﬁch iarger
than the 50 ohm output im?edancé of the‘electronigs.
Figuré 3 shows a schematic outline of thé impedance
matching circuitry which canvbest belundefétbod when
viewed in two stages.’ Fifst, a'fariable grdup.tap on
the fank cdil»(Fig. Z,Aj'ié usedzté'produce a léfge
stepdbwn.of the plasma impedance, as seenvby:the RF
eléctroniés, ideaily to 50 ohms. This large Stepdown

of the plasmé impedance is éccomplished with the coupling

coil-ground tap arrangement acting as an RF autotransformer.

Since this is an RF circuit, the impedance transformation

(for a uniformly wound coil) goes 6n1y approximately14 as

the square of the turnsvrétio, (N/n)z; where N is the total

<
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number of coil turns and n is the numbers of turns from
the rear of. the c011 to the ground tap. ThlS 1mpedance
transformation creates a large Voltage stepup at the
front of_the coilv(nearest the nozzle‘tip) and neceési}r
tates the uee of a high Voltage‘ceramic‘feedthrough for
the RF return, as is shown in Fig..l,J; This iarge,
but approximate impedance»transformation'allows the RF
power to be dellvered to the beam source from a remote
1ocat10n by RG- 213/U coax1a1 cable In a procedure which
must be carrled out only once ‘when the source»is first
construeted, the sonree must be_repeatedly tested with
the positionrof the.ground tap varied in_order to deter-
mine optimum placement of the ground tap._'This placement
is found by notlng the tap 1ocat10n Wthh minimizes the |
standlng wave ratlo between the f1na1 RF ampllflcatlon
stage_and the tank‘olrcult. For the source geometry shown
in Pig 1 the'optimum tap locations are 2—1/4 turns from
the rear end of the coil for dlscharglng oxygen- helium
_mlxtures at 200 torr, and 2-1/2 turns from the rear end
for oxygen—argon dlscharges operated at up to 350 torr'
.tota} pressure. Standing wave ratios are always less than
3:1 with these tap 1oeations and are'frequently much

lower.
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Next, a PI-network; series»eapacitor arrangement is
used to critcially fine tune the impedance match until
standing wave ratios:dt 1.1:1 or less are achieved. This
circuit arrangement represents‘a quite diversehimpedance
matchlng scheme in that the PI-network can be used to |
match purely re51stlve load mlsmatches while the series
capatitor can be used for tuning out any reactive impedance
components presented to thevRF e1eetronies by the plasma
coupiiné tank circuit. We find that the cireuit impédance
changes'when the plasma_is first started, Varies rapidly
as the nozzle pressure'is raised-from'l to‘abouthO torr,
and then varies more slowly as the pressure is further
raised to several hundred torr. It is also found to vary
with RF pemer level and gas composition. These 1mpedance'
variations arise from the ehanging reactance of the ceupl-
ing coil,‘Which can be attrihuteq:to'the ehanging perme-
abiiity of the region inside the tank coil. In the
or1g1na1 de51gn and testlng of thlS circuit a hlghly vari-
able PIjnetwork, series capac1tor arrangement was con—”

strueted having an 1ntended,c1rcu1t Q‘of 10.' The equations

used for the design of the PI-networkt>?10 were (for R1’$‘ .
Rz):
R P

Xep 0 N €Y
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where,Xcl,_XCZ, and XLl repreSent the reactances of the com-
ponents shown in Pig. 3, R1 and Rz represent the impedancesv
of the tank circuit and RF electronics, re%pectively, and
Q is the quality factor of the matchingbnetwork. Particular
attention should be focused on Rl'in the above equ@pions,
noting that it is relatedJto‘the,stepped-down_resistive
impedancé of. the gaseous discharge. The series capacitor,
CS in Figg 3, completes the impedance matching circuitry
and is varied during the SWR minimization procedure in
order to-eliminate any reactive components of the tank
ciréuit impedance. In the initial design of this circuit
both C1 and C2 were-vafiable_pp to 750 pf and were com- |
prised of several high voltage ceramit and air Variablex
capacitors which were connected in parallel. Also in th¢
initial design,:capacitor-CSYWQS variable up to 250 pf
whilévthe inductor, Ll; héd a ﬁaximumlcalculated inductance
of 6.9 uH. It consisted of a 7.6 cm diameter by 15.2 cm
long, 15 turn tapped coil which was constructed out of 0.64

cm diameter copper tubing. The tap could be attached to
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the coil in 30 positibns distributed evenly along the
length of the coil, making L1 values well beloﬁ 1 uH
pqssible. This circuit worked very well but was eventually
replaced (for éase of operation)‘by.a élighfly modified,

7 In this commerical unit

commerically available network.1
Cl and C3 are 20-245 pf air variable capacitors, C2 is
variable in discrete jumps up to 2160 pf, and L1 consists
of a 5.1 cm diameter by 9.1 cm long, 9 turn coil which
is tapped on itsvfifth'turh fbr'14 MHz operation. The
tuning of these impedance matching circuits is greatly
facilitated by the continuous use of in-line RF watt-
meters and a standing wave ratio bridge. Power céupliﬁg-
to the plasma is found to be extremely efficient (3.99%)
and power levels must be carefully limited in Crder-to
avoid melting the orifite of the Quartz:n0221ef Stray
RF fields radiétihg»from’the source have been minimized by
compléteiy eﬁélosing fhe top of'the beam source with
electrically grounded'COpper mesh.

Figure 4 shows a block diagram of the RF tircuitryfv'
Note that the beam source is alwafs_operated in a doubly
interlocked condition. WNozzle meltdown protection is

provided by a paddlewheel flow switch®

which can quickly
turn off the RF power should the nozzle coolant flow rate

drop below a predetermined level. Similarly, the RF
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electronics are protected by a fast electronic meter relay
Wthh has been 1ncorporated into an SWR bridge c1rcu1t
ThlS relay can rapidly turn off the RF power when the SWR

rises above some preset value, which is usually chosen

as an QWR of 2.5:1.

Finally, we have been successful 1n 1oca1121ng the

:plasma directly beh1nd the 0r1f1ce of the nozzle ThlS -

spatlal localization of the plasma 1s_of cr1t1ca1 importance
if an atomic beam of high molecular dissociation is to be

produced'from a‘high pressure discharge Without this

'plasma 1ocalization at the nozzle tip exten51ve atomic

recombination would occur. The locallzatlon has been
achleved by plac1ng around the nozzle t1p (out51de of the
water jacket and not along the front face of the nozzle)

a carefully shaped electrlcally grounded block of alumlnum

(Fig Z,J). ‘The discharge appears to cnange gradually

from an 1nduct1ve1y coupled plasma at low pressures to a
capac1t1ve1y coupled dlscharge at high pressures. ThlS
coupling at high pressures occurs heween.the front, small

dlameter tank coil turns, and the grounded alumlnum block.

As this coupllng becomes stronger the plasma localizes

towards the front of the discharge tube. Pnotographic
studies have shown that the dlscharge region protrudes

past the front plane of the grounding block and actuallv
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extends up to the nozzle t1p, ensur1ng a h1gh degree of
molecular dlssoc1at10n d1rectly beh1nd the nozzle at high
pressures. | ‘.

.Thevtank coll (Fig. 2 D).has been differentially
wound in order to further loca11ze the plasma and to
1ncreasev1ts eneroy den51ty at hlgh pressures The first
6-1/2 c011 turns nearest to the nozzle t1p are l 37 cm
I.D. by ~6.0 cm long whlle the 5 large turns are 5 08 cmh.
I.D. by ~6.5‘cm long. The larger turns decouple from the
plasma as»the pressure 1s ralsed and therefore the energy
den51ty of the local1zed plasma is con51derably 1ncreased
The c01l is constructed of 0.32 cm 0.D. copper tublng and
was wound around correctly s1zed metal tubes on a low—
speed lathe The small diameter c011 w1nd1ngs should be
unlformly spaced and carefully shaped 1n order to av01d
any 1nhomogene1t1es in the RF f1eld These 1nhomogene1t1es,
if present can cause the unlform plasma to collapse into
streamers at h1gh pressures. The coil is water cooled
with low electrical'conductivity water:at a flow.rate.of
4 cms/sec in orderwto improve the long termﬁmechanical,
and hence electrical stabilitf of the tank circuit. Also
note that the entire tank c1rcu1t ,-as seen in Fig. 1, is
floated w1th respect to electr1cal ground That is re;
quired 1f the RF coupl1ng and locallzatlon schemes as

described here, are to be effectively used.
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The pumping requirements for this beam source vary
greatly depending upoh ﬁhe gas-mixture which is to be used.
It was originally pumped‘by a 4200 1/sec diffusion pump
which was separated from the source.by a sliding gate |
valve. This pumping arrangement was recently replaced
by an 8000 1/sec pump which was directly joined to the
source. This large pumping speed is desirable while
running high pressure oxygen-argon'mixtures,forwhichthé
pressure must be kept below 7 xvl()‘.5 torr. Fof higher
background-pressures the RF power découples ffom the
nozzle and a gldw discharge of the entire source region
occurs. This glow discharge i§ a problem which.currgntly
constrains the nozzle orifice diameter to 0.075 mm for
gas ﬁiktures containing argon. Nozzle pressures exceed-
ingASSO torr have beenvsuccessful}y run with argon as
‘the carrier gas. Helium seeded beams do not have this’
operational ébnstraint. This allows much larger Qrifices
to be used for helium seeded beams operating at high nozzle
stagnation pressures,'provided that sufficient pumping
speed is available for baéking‘the.fofeline of the diffusion
pump. | |

Signifitant effort was also devoted to fabricating a
skimmer which would not degrade when exposed tb the atomic

dxygen_beam. Skimmers made of electrically conducting
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materiais, including Stainlesérsteel, were nof stable over
long time'periods due to sputtering by high energy ions.
Apparentiy; ion$ emanating from the nozzle were being
accelerated towards the ground potential of these metallic

skimmers. Boron nitridel®

skimmers with 0.81 mm openings
were found to be completéiy étable with respect ‘to the
>oxygen beam. The électrital‘insulating-properties,
machinability,'énd density of'boron nitride actually make
it an ideal skimmer material for use with this beam source.

4C; Source Operation ¢

The'tuning and operating of the beam source is quite
straightfbrward; The piasﬁa coupling tank circuit should
firsf be tuned to thé desired resonant frequenéy.by adjust-
ing the tank circuit's variable air capacitor, which is
mounted on top of the beam source. The resonant frequency
of thisbciréuit can be éaéily monitored by placing the
probe of a grid dip'meter'adjacent to the tank circuit
capacitor, which is conveniently located outside of theé
Vacﬁum. Durihg thié tune-up'procedure the coaxial cable
which brings the RF powef to the source should be dis-
connected.from the source to ensure correct tﬁning'of the
ciréﬁit; Next, the RF power should be turned on (~100
watts) with the impedance matching network and high

power amplifier temporarily Bypassed,'and with the



-21-

nozzle evacuated to < i torr. The variable frequency
oscillator is then varied until the SWR between the beam
source and the electronics is minimized; If the discharge
is not ignitéd when the SWR minimum is reached the RF
power should be quickly switched off and then on again.

- Invariably the discharge will be ignited by this procedure.
Gas should nowlbevflowedvinto the nozzle while simultane-
0u31y'retuning the oscillator's frequency té maintain the
SWR at a.minimum. Wheﬁ pressures on the Qrder of 100 torr
are reached, the RF power level may be  safely increased to
sustain the discharge at higher pressures. The pressure
may then be further inCreased, again with the simultaneous
refuning' of thé RF elecfronics,‘until'the final operating
pressure is réached. ‘We consisténtly find that the
resonant frequency of the.plasmavcdupling circuit increases
slowly with increaéing gas pressﬁre. As an example of
thié; a 5% Oz;Hé, 130 watt.discharge is found to require a
0.006 MHé frequenéy increase when‘its pressure 1is raiSed
from_lZO to 220 torr. At this point the plasma should.be'.
switched off, the ‘gas miktufe'in'the beam source evacuated,
and' then thé'impedance matching circuitry along with any
high powef amplifieré inserted in-line. The sourée can

now be reighited and tuned for optimum performahce

at high RF.powef levels. After a few minutes of

operation at the final power and pressure settings the

N
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electronics should again be slightly retuned to correct
for any drift during this initial stabilization period.

It should be cleariy stated here that the minimum SWR
which can be achieved before the matching network is
connected 1is tompletely'dependent-on the'placement_of

the coupling coil's ground tap (Fig. 2,A). As was dis-
cussed earlier, the correctfloéation for this tap must be
foundAin a trial and error procéss which need be donefdnly
once when the source is initially constructed..

After theioverall_tuning procedufe has been com- .
pleted the source can be operated without further_majof
retuning for a period lasting several weeks. Typicaliy
the source is turned’on.by’evacuafing_the nozzle to about.
1 torr, switching on the RF power, and rapidly increasing
- the pressure to the desired operatiﬁg[level. _Within.a few
minutes. of reigniting the discharge the ‘operating
characteristics always.return to their steédy state_véiue.
Mosf importantly, the beam characteristics are extremely
reproducible-for_day to day operation of the source,
alloWing-experimental scattering data to be taken over a
period several~weeks long if necessary, without concern
for fluctuating beam characteristics. The quaftz orifice
does not enlarge at all when the source isAoperated at

the power levels discussed in the next section of this
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paper. However, sputtering of the ffoﬁt sptface‘of the
quartz hozzle does place a 1mit on the lifetime'of any
given nozzle. This sputtering results When ions &hich
leave fhe‘nozzle are accelefated Batk towards its front
,sﬁrféce by the_lérge RF fields préSent in that region.
Periodic visual inspectionsvof the nozile‘tip»ére ;arried
~out to mqnitor the nézzle degrédation. The nézzles are
replaced when the sputtering errosion.bécomeé severe.
They can be recycled by rebuilding the nozzle face and
reblowing the orifice. Some of the ions which emanate
from the nozzle acﬁually pass through the skimmer. These
areldeflected>out of the beam by a 5000 V/cm»deflecting
_fieldﬂwhich is placed before the colliéion region of
ourvabparatush(Fig. 1,N). The béam characteristics.for;
different nozzles operatedvunder the same conditions

have béen foﬁnd to be.féirly reprodﬁcibie, with slight
differencés iﬁ Mach number and peak Velocity'being noted.
These differenées can be attributed to the slight coil
shape and positioning éhanges which infariably‘occﬁr :

during each reassembly of the beam source.
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BEAM CHARACTERIZATiON

A. Cohfirmation of'Atomic'Oxygen Production

The atomié oxygen.beaﬁs produced by thié beam source
have béen thoroughly characterized in order to improve
our understandihg of fhé sbﬁféé'é operation énd to
optimize its performante.' A‘widé Variety of diagnostic
techniques have been used-forlthis analyéis.. Chronologic?‘
ally, our first gbél was to experimeﬁtally verify the
presence of ongen atoms in thevfefminal béam. This was
unambiguously demohstréted'by measufing‘tHe-differential
elastic scattéringncross section for O-He and OZ-He{in our
universal crossed mdiecﬁlar beam appa_ratus.20 In these
measuréménfs the elastically scattered mass 16 ahd mass 32
number aéhsifies were recorded, with the diséharge on, whén
the'oxygen beam was crossed at 90° with a.supérsonic beam
of pﬁre heliuﬁ. For this prelimihafy‘experimeht a 5%
0,-Ar mixture was discharged in the source at 95 torr total
‘pressurérby 95 watts of RF bower. The Newton velocity
diagrams21 for these two tollision.sysfems‘are shown in
Fig. 5a, and clearly reveal how.the presence of atomic
oxygen in the terminal beam can be confirmed by these
experiments. They show that the heavier molecular oxygen

is kinematically constrained to scatter within a LAB angle.
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of approximately 24° while the 1igHter atdmic oxygeﬁ, if.
present in thé beam, could be scattered to. 44° in the ‘.
LAB reference frame. These differential cross sections
would also be.expected to have a rather broad peak in

the vicinity of these cutoff angles due to the nature of
the transformation Jacobian which relafes the LAB and
Center-of-Mass reference frames. Figure 5b shows the
experimentally measured differential elastic cross sections
for theéevtwo systems. The mass 16 (O—He)_scah can be seen
in this figure to have a.qualitativély.differentvshape from
the mass 32 (Oz—He) scan. fhis difference indicates that -
the mass 16 signal does not exclusively come from the
dissociative ibnization of elastically scattered molecular
oxygen ‘in the ionizer of our quadrupole mass Spectfometer.
More importantly, the mass 16 scan does in fact peak and
begin to fall off around 405 while for the mass 32 scan
this occurs at 20°, in. excellent agreement with the shapes
predicted from the most probable Newton diagrams shown in-
Fig. 5a. The experimental curves actuallyvexténd past the
predicted cutoff angles due to thé'finite,spread_of
velocities'in the two beams. The O-He experimental curve
shown in Fig. 5b has been correctéd;for the dissociative

ionization of elastically scattered molecular oxygen. We
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conclude from the above data thatfbxygen atoms are
definitely ‘present and, in fact, they are more abundant
than oxygen molecules in the terminal beam produced by

our high pressure, RF discharge beam source.
. |

B." Molecular Dissociation

The extent of 0, dissociation in the terminal beanm
has. been carefully measured for several oxygen-rare gas
mixtures~ésvéffunction of gas pressufe and RF power.
‘These measuréments¥were made«in our crossed beam apparatus
with the[triply-differentialiy pumped mass spectrometer
'lodking?directly along the beam axis.” The relative O
and O2 number densities were actually measured by inter-
grating the time¥of-fiight spéctra of masses 16 and 32.
We have opted to integrate these time-of—flight spectra
rather than use our-usﬁal-parpicle'counting electronics
in order to eiiminaté'any possible contributions from
vuv phptons‘and‘high-energy ions -in thevdetected'signals. a
- This separation of the true signal froﬁ VUV photon and
high energy ion contribution5<can éésily be made_iﬁ the
time regime with our time-of-flight (herafter, TOF)
instrumentafion since the interferring factors always
-have much shorter flight times thét the true'signal. The
ion deflecting field mentioned éarlier was held at a field

strength of 5000 V/cm during these measurements and was
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found to deflect virtually all of the ions emanating fromv
the beam source. Only during'very high power operation
of the beam source did a few high energy ions épparently
reach the deteétof. |

The TOF apparatus'uSed in these studies consisted
of a 17.78 cm diameter alﬁminum disk having four equally
spaced 0.5 mm or 1}0vmm slots around its circumference.
.The.disk_was rotated at either 300 or 350 Hz during data
acquisition. The detector aperature was narrowed to
0.125 mm diameter,‘and the distance Betweeﬁ the TOF disk
and the electron bombardment ionizer.was 18.4 cm. The:
ionizer and quadrupole mass spectrometer have been pre-

20 L . .
and the ionizer's emission

viously describedvin detail,
current was set sufficiéntly low to eliminate any space
charge perturbations of the detécted signal intensities
and Velocity-distributions;l A 256-channel scaler inter-
faced to an oﬁ-line NOVA minicomputer was qsed to record
signal intensity as a function of flight time.  The
scaler was usually set at 2 ys dwell time  for the helium
mixtures andv4 ﬂs7for the argon mixfuresq

The extent of moleculaf dissociation in the terminal

beam was calculated with the following two equations:

N (OD/Oo ) [0, Ionls \.
o - _ 2 2 ) 2 .

R o= g— = n 3 T/ W
0, o 0,
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w

Percent Dissociaton = ' _ , ()

where I and I  are the experimentally observed mass 16
2 ’ .

and 32 number densities, n is the expefimentally‘observed

10/104 count ratio with the discharge off, and the cross
sections represent the following processes:

4
%% O2 + e -> 02_ + 2e
2
o 0+ e > 0"+ 2e
o ,

Oy 0, + e > 0+ 0" +2

op ! e ) e
For ionization*with.ZSOeV’electrons:<% =.1.52,K2, Oy =
1.15 KZ, and o, = 0.88 &2.22,23 In their paper Miller and-

D

Patchs‘have used an equivalent expression for R, and have
discussed the approximations‘and assumptions leading to
the use of equations (4) and (5). The (cD/ooz)/n.term
corrects for any differential detection of masses 16 and
32 by our detector. This difference in detection pro-
babilify, if present at all, is partially due to the
differential transmissien of m/e =.16 and 32 through the
quadrupoie'mass'filter of our detector. o |

Figure 6 shows the pressure dependence of 02 dissoci-

ation for four oxygen-rare gas mixtures under a variety of
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.RF power settings. These curves reveal the unique operating
characteristics of this'beam_source. The molecular dissoci-
tion is seen to depend only weakly on the nozzle ;taghation
pressure, varying only -a few percent over a.several hundred
torr pressure range. AThe actual extent of molecular
dissociation in the beam ‘is also found to.be quite high
over this large pressure rénge; Argon seeded mixtures
regularly achieve moelcular;dissociatioh‘levels of 80-90%
while helium seeded mixtures operate with 50-65% dissoci-
ation. The weak pressure dependence and high dissociation
levels described here can undoubtedly be.attributed to
the spatial localization of the plasma at the tip of the
quartz nozzle. The dissociation percentages shown ip
Fig. 6 have been found to be reproducible. to within about
5% for data taken over a several month time period with many
different nOzzies. Further examination of the cdrves{shown
in Fig.. 6 indicates,that the diséogiation versus pressure
curves for identical gas mixtures discharged by different
.RF«power levels have;similar.slopes, withvthe higher power
curvés shifted to slightly greater dissociation., The 10%
oxygen mixtures also appear to exhibitvslightly lower
dissociation values than their more dilute_céuhterparts.

- Figure 7 shows even more\cleafly the effect of RF

power and 0, concentration on molecular dissociation.
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Iﬁcreasing the RF power from 130 to 195 watts is seen to raise
the dissociation level by at most 10% for three different
gas mixtﬁres. The two upper curves of this figufe'alsb

éhow that the extent of molecular dissociation is -only
mildly influenced by raising the 02 concentration from

5% to 10% Whén argon is used as the carrier gas. -The 10%

O0,-Ar mixture is seen from Fig. 7 to exhibit the same RF-

2
power dependen;e as the 5% 0,-Ar mixture, with its dissoci-
ation precentage 1qwér by aboﬁt_lO%. |

~ The information related in Figﬁ; 6fand 7 has been very
useful for optimizing the performance of our oxygen atom
beam source. The’véry weak pressure dependences shown in
Fig. 6.indicate'that the nozzle stagnation pressure should
be held as high;as possible, subject to the limitations of
plasma'stability and pumping speed availability, without.A
“worry of se&ére recombination. These figures also tell us -
that 10%'02—rére gas mixtﬁres should be used rather thaﬁ |
‘more dilute mixtures in ofder to increase the flux of
dxygen atoms leaving the nozzle. Finally, Fig. 7 informs
.uS‘that powerblevels approaéhing 200_watts should be quite
adeqUate.for dissociating molecular oxygen in seeded argon
and helium gas-mixtures. This is fortunate since power

levels exceeding 200 watts lead to orifice enlargement

when argon is used as the carrier gas. Power levels
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exceeding 200 watts also apbear to accelerate the quartz
sputtering rate at the nozzle face for all gas mixtures

tested.

C. Velocity Analysis

The true, undistorted atomic oxygen veloéity distri-
butions produced by our beam source have been reéovered
from the convoluted experimental TOF diétribhtions by
correéting the observed spectra for instfumental broaden-
iﬁg effects (shutter'function‘and finite ioniier length)
and ion flight time offsef. The peak Velocity énd Mach
number of these distributions have been found to vary with
both.n0221e stagnation pressure and RF p0Wer level.
Figure 8 indicates the dependence of peék velocity on nozzle
p?essure:for seven different gas mixture - RF'pdwerfcom-
;binations. The effect of'seeding is.immediately apparent
here, with the oxygen seeded in helium beams having much
higher velocities than the oxygen seeded ih érgon gas
mixturesQ';Thé mean energy of the atomic oxygeﬁ‘beams
generéted in our laboratory span the range from 0.1 - 0.5
eV, with fhe highest energies being obtained for 5% Oz?He‘
‘mixtures discharged with 200 watts. 'The shape of the curves
“ shown in Fig. 8 indicateé that velocity ''slippage" occurs
between the oxygen and carrier gaseé during thé hydro-

dynamic nozzle expansion. Velocity slippage occurs when
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the collision frequency is too low during the nozzle expan-
sionuto‘éffect complete moméntum‘and energy equilibrium
bétween the seed and carrier species. Slippage is
especially typical of low pressufe, high temperature expan-
sioné due to the relatively low number density these
systems haye in the vicinity‘of the nozzle orifice. When
slippage occurs it can usually be minimized,by increasing
the pressure behind the‘nozzle, which increases the number
of cbllisions Which occur during the expansion. This
behavior is ﬁlearly seenvin Fig. 8. The mixtures having
helium as the carrier gas have their atomic oxygen peak
velocities steadily 4ncreasding with increésing pressure
until their términal velqcities are reached at pressures
approachingtlSOLZOO torr. The mixtures_haying argon as’
the carrier gas behave oppositely from this, with their
ﬁeak oxygen velqcitiesfdecneaééng wi;h increasing préssﬁrg
until tﬁeir términal’velocities are reached befween 250
and 300 torr. The above behavior is expected sincenhelium
serves to accelerate atomic oxygenvwhilevargon deceleraées
atomic oxygen during coexpansién from the nozzle.

The influence of RF power on beam velocity has also
been studied and is shbwn in Fig. 9 for four gas mixtures.
In all cases the.atomic oxygen velocity is found tq'increase

monotonically with increasing RF power. This in turn
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indicates that the effective plasma temperature does in
fact rise with increasing RF power. The translational
energy of the beam can therefore be tuned over a narrow
energy range about 0.1 eV wide by simply'yarying the RF
powerused.to fun the discharge.  This tﬁnability may apply
to an even broader ehergy range when power 1¢vé1s exceeding
200 watts are used for running oxygen-helium mixtures.

| In these experiments the raw TOF data is always
retorded as number density versus flight time. However,
TOF spectra are more readily interprétable when displayed
as'flux.versus velocity Specfré. A typical.TOF spectra

is shown in'Fig. 10 which fepresents'the velocity distri-
butionlof é fast atomic oXygen beam. The correct Jacobian
transformation, 1/v2, was used for convertihg this'and"
other spectra froim time space to velocity space, while the
resulting distributions were then multiplied by v to effect
the coﬁversioﬁ from numbér density to flux; The oxygen
seeded in helium distribution shown in Fig. 10 has a FWHM
of 19% with a Mach number of 9f2.as calculated”by a para-
metrit fit to the deconvoluted distribution.24’25 ‘This
should be compared to the width of an effusive beam whose
velocity distribUtion is Maxwellian. Numerical solution
of the transcendental equation which defines the two half

intensity velocities of the distribution I(v) « vsexp(fvz/uz)
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shows that the FWHM of a Maxwellian flux distribution is
~95%. The relatively narrow velocity distributions pro-
duced by this beam source are one of its most important
-characterisfics, and.aréin general indicative_of beams
producgd from supersonic nozzle expansions. The slower
oxygen seeded in argon beams have typically ~40% FWHM
distributions with.Mgch numbers ranging from 3 to 4. In
the future the use of neon rather than argon as the beam
carrier gas may enable‘narroWef moderate_enefgyfbeams to
be produced due to the smaller mass mismatch which exists
between neon and_atomic oxygen relatiyelto that of argon.
The terminal_Mach number of a beam is a parameter
which is frequently used for .characterizing the Width‘of
its velocity distribution. It is defined as fhe.ratio
of the méss flow speed to theglbcal spéed of sound in the
bear, v/c, where c = (Yka/m)l/?, Y isrthe‘usual ratio of
specific heaf$ at constant pressure to Constant volume,
and T, is the»temperature of the beam in the referénce
frame moving with the bulk velocity, v. For seeded gas
mixtureé which are expanded in thevhydrodynamic regime
(Knudsen number < 1) collisions with the carrier gas initially
accelerateor'decelerate thé,seed,gasdepending on whether
the carrier gas is lighter or heavier than thevsced gas,

respectively. Subsequent collisions during the expansion
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then serve to "cool" the seed gas and to narrow the width
of its Velocity._distribution_.26 The total number qf |
binary collisions which occur during the expansion 1is
proportional to ﬁoD, the product of the particle number
density at the orifice with the orifice diameter. Figures
11 and 12 show how the atomic oxygen Mach number‘varies
respectively with nozzle stagnation pressure and RF power

for several operating conditions of the beam source. The

nearly linear Mach number versus pressure curves shown in

. Fig. 11 indicate that the cooling process does vary as

described above, and is not complete. It is clear from
the slope of the curves_shown in Fig.‘ll that furtherv;
velocity distribution nafrowing should be possible for
operation at still higher stagnation prqésures. This
statement pérticularly applies to helium containing mixtures,
where the addition of a Roots blower to our pumping system
will enable the’source to operate with higher nozzle pres-
sures (or with:a larger nozzle orifice, which wouid also
increase the terminal Mach number offthe beam). Figure 12

shows that the beam Mach number decreases as a function of

"RF power level. This is not surprising since the number

density at the orifice decreases as 1/T, where T is the
effective plasma temperature at theforifice. It is never-

theless important to understand the actual extent of Mach
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number degradation with increasing RF power since future
operation of the beam source at higher stagnation pres-

" sures may require the use of higher pbwer levels.

D. Plasma Temperature
”The temperéture’of'the gas at the nOZZle_Qrifice has
been determined fof a variety of source operating con-
ditions with two different tééhniques. The first of thése‘
teéhniQueé depends on the flux change which occurs when
the gas fempgrature at thé_ofifice‘is varied. The f1ux 
emanating from the brificé‘af constant stagnation pressure

depends on the gas temperature in the following way:
?(T) « n(TY-v(T) « 1//T° : - (6)

where the particle hﬁmber'dénsity,-n(T), varies as 1/T

and the vélocity of'thé.particles emanating from the nozzle,
v(T), goes as ¥T . An approximate determination of the
plasmaftemperatufe’caﬁ.thérefore be made by measuring the
pressure in the sourée,With the discharge turned on and

off:

(7)
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A Bayard-Alpert ibnization_gauge was used for making these
pressuré measurements, and. the gas temperature with the
discharge off wés‘aSSUmed to be SOOK. Using equafion (7)
the plasmé temperature for high pressure oxygen-helium

- mixtures is repeatedly found to range from 800-900K for
130vwatt'discharges,'850~1100K for 165 watts,‘and'from
1150-1300K fof 195 watts. Only_a slight pressure depehdence
is observed, with the temperature tending to decrease

slowly with increasing pressure. -Oxygen-argon mixtures

are found to be considerably hotter: 1300-1500K for 130
watts, 1600-1750K for 165 watts, and 1750-2050K for 195

watt discharges at high pressures. ‘The oxygen-argon dis-
charges also have muChvstronger pressure dependences than
the oxygen-helium discharges, with their temperatures

fising Significantly as the stagnation pressure is lowered.
As a specific example of this a 5%'02-Ar, 130 Watt discharge
was found to,incréase in temperature from 1400K to 1750K

as the pressure was 10Wered from 250 torr to 100 torr. For
this.reéson extreme caution should be taken when igniting
(at 1ow:pressures)jhigh power érgon-discharges. Immediately
after igniting high power argon discharges the preséure
should be quickly raised to at least 100 torr in order to
avoid ﬁelting of the quartz orifice. The above temperature
measurements are of course only approximate, but are very

useful for day to day plasma characterization. Also note
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that the electroﬁ_temperatures in the plasma are much hotter
thén the above translational temperatures, with electron
temperatufes on the orderAqf 10,000K Qr‘higher_Being achie?ed
in the discharge.

More accurate plasma temperature determinations can
be made by monitoring the mole fractions and Velocity 

distributions of the three species (0, O and either

2,

helium or argon) which are present in the beam. These

temperature determinations may be carried out by assuming

the overall energy balance.27’28

B _ 1 N 2 .
p)To 7 EXiCp Ty * 7 EXimyVy - (&)

(ZX;C

the heat capacity, v.

where Xi is the mole fractién, C i

Pi
the terminal velocity, my the mass, and Tbi the terminal
temperature of each component of the beam, and To.is‘the
temperature of the gas at the orifice. The assumptions
which must be made in order to calculate To from equation
(8) have been thQroughly reviewed in Reference 8. The-
moie fractions of egch component héfe_been_calcﬁlated
using the molecular dissociation data which was discussed
earlier,'takén in_conjunction with the known composition

of the gas mixture under investigation. Figure 13 shows
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the RP power dependence of gas.temperature.’at'constant
pressure;‘for'tﬁree different gas mixtures. Once again .

we see that the argon containing mixfures'generate signifi-
cantly hotter plasmas and exhibit stronger'powef dependences
than the helium containing ones. The data used in con-
structing fhese curves were intentionally taken at relatively
high operating pressures in ordér to en$Ure the Vaiidity
of equation (8). The pressure dependence of gas temperéture,
at constant RF power, has also.been studied for sevefalrgas
mixtures under a wide'variety‘of opefatingvéonditiohs.”'
These studies'again indicéte that the gas temperature‘

" decreases with increasing pressure. For example, helium
containing gas mixtures typically decreased 200 degféeé;
from about 1000K to SOOK,'fdr a pressure change from 100 to
200 torr. Argon containing mixtures also exhibit this
temperatufe decrease with intféasing gas pr655ure.' We also
find that the assumptions whiéh enable equation (8) to be
used.for calculating'gas'temperatufe aﬁpear to break down
at low pressures‘for argon containing mixtures due tO'fhe

‘poor quality of these expansions. This statement especially
applies to high power, low preSSure'dischargéswhichcontain

argon.
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In a final attempt'to gauge the true gas temperature
at the orifice we have also measured_the velocity distri-
butibn of a pure helium beam which was produced from é 200
tdrr,vl75 watt discharge. Its peak Veiocity Was_fQUnd to
be 2.83 x 105 cm/set._ For an idealvnozile'expansion vaa
rare gas, where v = /EFT;7E—,Athis velocity'corresponds to
a gas temperature of 770K. This‘temperatUre can ge con-
'sidergd to be in fgirly,good agreement'with the .temperatures
détermined abové when we take into consideration the
difference in gas composition_which exists between'this
discharge and those previously disqussed. |

' In concluding‘thisv section onuplasma temperature
characterization if should be méntiqnéd that we have
encduntered some_plasmas which were not suitable for
Vgenerating atomic_species. In particular, we have been
unable to generéte_ﬁhot”,discharges,for gas mixtures pre-
dominantly composed of helium when_smallfnozzle orifices
of i 0.127 mm diametefweretested. These 'cool'" dis-
charges.WOuld'typi;ally have temperatures on the order
of only 400K for power levels up to 200 watts. Thesei_
“cobl”.discharges are fortunately of little practical
Eoncefn since orifices of > 0.180_mm'diametef are always
used for running helium containing mixtures. .The rate

of gas flow out of the orifice is therefore seen to
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influence the mode stability of discharges containing
helium, With faster flow rates stabilizinguthe hotter

mode (~1000K) relative td the cdoler mode (~400K). Argon
containing plasmas also have VarioUdeischarge modes, with
the two most important modes being the desired "hot mode'
(~1750K) and the destructive "streamer'" or 'pencil' mode
which can occur for operation at pfessures in excess of
400-500 torr at high power levels. Thié latter mode is
extremely hot and can cause rapiduenlargement of the
orifice. The inner'diameter of the plasma containing
quartz .tube can influence the probability of this "hot
modeﬁ to "streamer mode'" transition. lThe inner tube
dimensions given earlier in this‘paper were chosen as

‘a compromise between maximizing power coupling to the
discharge and minimizing the probability of streamer

formation at high pressures.

E. Beam.Intensity
Absolute beam flux measurements have been carried out
in a differentially pumped beém source test facility in
which a Bayard-Alpert gauge having a 52 mm‘sidearm extension
was used as the particle detector. For these measurements
/
the long sidearm of the detector gauge was pointed directly’

into the beam and was terminated with a small 1.58 mnm

-conical aperature. The pressure rise, AP, which is registered
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by the gauge when the beam is turned on can be used for

calculating the absolute intensity of the beam when the

distance between

entrance aperature, d, is accurately known.

the source skimmer and the detector

This inten- -

sity determination. is possible since the pressure rise,

AP, reflects the new rate equilibrium which is established

between molecules entering the detector and those effusing

from it.

can therefore be

molecules effuse

can be expressed

r\E
V = (_.S_H), A is
o] mm
and T is assumed

was added to the

this last assumptibn.

The rate at which molecules enter the detector -

found by calculating the rate at which

out of the detector. This effusion rate -

1
4
the area of the detector entrance aperature,

as: & = n v A, where n_ = AP/RT,
00 o

to be 300K. The long sidearm extension
ionization gauge to ensure the validity of

The absolute intensity of the beam

in terms of solid angle units can be obtained by dividing

¢ by AQ, the solid angle subtended by the detector aperature,

where AQ = A/dz.

reveals that the

Examination of the above relationships

actual area of the detector aperature does

not influence the outcome of the beam intensity determina-

tion as it cancels out in the final step of the calculation.

The detector-skimmer distance, d, was fixed at 86.54 mm for

these studies.

Pure argon discharges which were operated

at power levels between 165 and 195 watts at stagnation
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pressures up to 350 torr were found to have beam fluxes
of 3.6 x 10'8 atoms sr’1 sec_l. The atomic oxygen mole
fraction present in the terminal beam of 10% 0,-Ar
dischargés, run under the same power and'preSSure
settings as above, is known to be O;ls'from molécﬁlar
dissociation experiments. By combining the above data
the absolute oxygen atom flux produced by discharging

oxygen-argon mixtures is found to be ca. 5 x 10t7

atoms sr’ ¥ sec’l. Pure helium discharges which were
run at 200 torr with power levels agéin between 165

and 195 watts produced beam fluxes of 5.5 x 1019 atoms

st 'l sec™d. Combining this figure with the measured

atomic oxygen mole fraction for 10%,02—He‘di5charges,

X = 0.10, leads to an absolute atomic oxygen flux of ca.

5 x 101® atoms sr'! sect for oxygen-helium discharges.

The pure rare gas beam intensities produced by this source,
as described aBoVe, ére'comparable in magﬂitude to the
intensities which have been reported in the literature

for other nozzle beam'sources.zg’30

The ionization gauge
readiﬁgs which were used for these énd,subsequent beam
intensity calculations were corrected for the differences
in gauge Sénéitivity which gxist fér the vafious'gases
undeffstudy. ‘The gauge feadings were aétually divided

by 1.19, 0.15, and'0.85'in drder to find the true pressure
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changes due to.Ar, He, and 0,, respectively.zl ‘These
represent the correct gauge sensitivity conversion factors
Vas the detector gauge was célibratéd for»NZ.

The pressuré rises due. to oxygen—fare gas beams were
also measured in orderbto perform an approximate check
on the atomic oxygen flux estimates described above. Pre-
dictions for the seeded beam pressure rises were based on
the pure rare gas data, and were calculated in the follow-

. , . . - 0.85
ing way:. APmiX(predlcted) = (XRG + XOZ(_TT—))APRG’ where

X and X represent the rare gas and oxygen concentrations

RG 0,
of the gas mixture, APRG is the pressure rise registered
by the gauge for a pure rare gas beam Tun unagr the same
stégnation‘pressure and RF power settings, APmix is fhe
predicted gauge'pressure_rise due to the seeded beam, and
S is the gauge éensitivity conversion factor for either
helium or argon;_ The measured gauge pressure increases
for.oxygeh-afgon discharges agreed well with the predicted
gauge deflettions, falling consistently within 10% of
APmiX' “H0weVér, the measured p?essure‘rises for oxygen-
helium beams were usually 20% highéf,than.the predicted
gauge deflection. .This discrepancy can be explained if
the mole fraction‘of oxygen (0 and 02) along the beam

axis is larger in the terminal beam than in’ the initial

gas_mixture.~'This explanation is'supported by the fact



that the heavier particles of a seeded gas mixture are
preferentially focused on the beam centerline during
hydrodynamic nozzle expansion,32 and are attenuated less

than lighter particles in the region between the nozzle.

orifice and the skimmer. In summary, we therefore find
.the atomic oxygen flux to be about 5 x 1017 atoms st

sec_l_fOr oxygen seeded in argon beams and > 5 x 1018

toms sr~_1 s_ec_1 for oxygen seeded in helium beahs For
these determinations a 40° inner- 60°vouter cone angle,
0.82 mm diameter boron. nltrlde skimmer was fixed at a
ynozzle-skimmer distance of 5.08 mm, a second collimating_
skimmer of 1.04 mm diameter was pléced 31.78 mm fiom the
~orifice, and a flat slot 6f.variab1evdimenSionvaas placed
52.76 mm from the orifice in the wall,whiéh'separated the
differential and detector sections of the apparaﬁus. The
total gas flow emanatingbffom‘the‘nozzle,is typically 0.75
torr-1/sec for 200 torr,'165-195_watt‘okygen;heliumvdis_
charges (0.191 mm diameter orifice) and O,ZS:torr~1/sec,,
for 350 torr, 165-195 watt oxygen-argon dlscharges {0.076
mm dlameter orifice).

The ability of this beam source to prodﬁce intense

atomic_oXygen beams'af high pressures, without suffering .
significant intensity loss due to atomic_reéombiﬁation,

is one of its most novel and- important operating
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characteristics. This behavior is clearly demonstfated
in Fig. 14 where the atomic’ oxygen number density, as
measured with a quadrupole mass spectrometer, is plotted
as a function of increasing stagnation pressure for four
gas mixture-RF ?ower“1eve1‘combinations, In Fig. 1l4a

the relative m/e = 16 number density is seen to rise
'iinearly with incréasing stégnation pressure over the
entire pressure regimes whithlwere explored for tﬁo argon
containing gas mixtures: up to 300 torr for a 5% Oz-Ar,
165 waft diécharge and 350 torr for a 10% 0,-Ar, 195 watt
dischafgé._ The 10% OZ-He, 165 watt number density curve .
shown in- Fig. 14b behaVeS'in“a.similar manner, up to a
makimum pressure of 200 torr, as those described above.
However, the 5%_02jHe,'130 watt curve shown in this figure
turns.ovef af pressures higher than 200 torr. This indi-
cates that power levels 3'165~watts should always be used
for runﬁing oXygen;helium discharges above 200 torr total
pressure. The m/e = 16 curves shown in Fig. 14 have all
been corrected for the slight contributions arising from
dissociative ionization of the‘molééular oxygen which is
present in the beam. The high pressureVSegments of these
curves are also representative of fhe‘relative atomic
oxygen §Luxes produced by this source, as a.function of
increasing pressure, due to the weak dependence beamAvelocity

has on gas pressure at high stagnation pressure.
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F. O(lDZ) Productidn

When dilute oxygen-helium gas mixtures are discharged
in this beém source a mixture of atomic oxygen quantum .
states including ground state O(SPJ) and excited staté
O(lDé) atoms-is present in the»terminél beam. When helium
is used as the carrier gas the O(lDz) flux has in fact
proven to be of sufficient magnitude to permit differential
reactive scattering éxpefiments to be carried out. This
represents a veryisignificantydevelopmgnt iﬁ.the realm of
molecplar beam technology as pfior_to this no other O(lDZ)
béam source.has been reported in . the literature..

O(lDz) produ¢tion was experimentally cpnfirmed in our.
universél»crossed molecular beam apparatus by obsérving‘the

production of OH from the reaction .

X — OH + H . AH = -43.5 kcal/mole (9)

O(IDZ) + H
For this_study a supersonic hydrogen beam (pedk velocity =
2.66 x lO5 cm/sec, Mach number = 21) was collided at 90°
with én-oxygen seeded in helium beam (peak atomic oxygen
velocity = 2.38 X 105 cm/séc, Mach number. = 9) at a relative
collision energy of 2.7 kcal/mole. The 6xygen beam was

produced by discharging a ZOOVtorr, 5%/02fHe gas-mixture
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with 200 watts of RF power. Under these experimental
conditions the OH could not have been produced by the
ground state feaétion : |
0(3PJ) +H, —> OH + H  AH = 1.9 kcal/mole  (10)
due to the large 8.9 kcal/mole activatiOn'energy33 which
is associated with this process. iFurthér support of the
~Reaction (9) broCess'comes from the ahgular and velqcity
distributions of the OH reaction product.f'The OH LAB angular
distribution shown in Fig. 15'exténds as far as the OH(v=0)
Center-of-Mass velocity circle permits based.Updn]a_reaction :
exoergicity of 43.5 kéal/mole, while the OH velocity disﬁri:
butions obtained with cross correlation time-of-flight
technique534’35 fall offvwithvvelqcities indicative of
this exoergicity._'These experiﬁental distributions aléb
indicate that the concentration of 0(180) atoms in th¢
terminal beam must be extremely low as no OH produét was
observed at the.high energies characteristic Of_the process
2

o('sy) + H, —> OH +H  AH = -94.7 kcal/mole  (11)

When 10% OZ-Hé'gas mixtures were discharged rather than
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5% Oz-He mixtures a 30% decrease in OH'signéi was observed

relative to the 3000 counts/sec counting rate of the more

dilute mixture. This indicates that the number of collisions

occurring between O(lDZ) atoms and other oxygen species
should be minimized during the expansion if extensive
quenching of the 0(1D2) is to be avoided. When dilute
oxygen4afgon gas mixtures were tested no OH produét'was\
detected,'indicating that, within the accuracy of the -
determination,OXygenseéded.in argon beams cOntain_no
O(IDZ). This is fortunate as it enables O(SPJ)'reactions
to be studied in an envirdnmént free of O(lDz)'contamina-
tion when argon is used as the beam carrier gas.

The présehce of O(lDz) in‘beams'having helium as the
carrier gaé can.be'attributed to the extremely smali'--~;

quenching'rate constant of ‘the process

0(11)2) " He(lsb) —->O(3PJ) + He(IS'O)

AH = -45.4 kcal/mole ’ (12)
. o . : o -16.
which has been experimentally found to be: kO-He < 10
~cm3 molecule-l séc—1;36 This value Cahfmacomparéd}td the

""gas kinetic'" rate constant in order to crudely estimate -

the number of collisions needed for quenching to occur:
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k8$H ~ 8 x 10 cm® molecule'l sec_l._ This gas kinetic
rate constant was approximated by kGK = (nr )(SkT 1/2,

. where T is the experimentally determined Lennard-Jones
(12,6) perameter for,O(SPJ)—He collisioné,37 T is the
plasma temperature, taken as 1000K, and p is the reduced
mass of the collision partners. The above indicates that,

on the average, -about 106_0(1D2)—He collisions must occur

before quenching takes place. Since only about 102
oollisions occur during the expansion38 it is not sur-
prising that some O(lDZ) atoms-are present in the terminal
beam. In fact, most O(lDZ) quenching probahly occurs
dufing.collisions_between O{lD2 and other oxygen speciee
which are present in the beam. In contrast to this, the
exoerimentally determined rate constant.fori)(?Dz) que_n,c:hi.n“g B
by Ar, kg-Ar= 3x:10713cm3 molecule—lsec—;,é6 is only about
three orders of magnitude smaller than the O-Ar "gas
kinetic”.fatefoonstant, kg¥Ar X6 X 10_10 cﬁ3 molvecul_e_1
sec-l, which was calculated assuming a plasma temperature

of 1500k_and using the ra value for OCSPJ)-Ar given by
Referenoe 37.. The O(lDZ)-Ar collisions therefore deactivate
a significant fraction of the O(lD ).atoms during eipansion,
with the remaining 0( D ) atoms being deactivated by o
collision w1th the other atomic and molecular oxygen soec1es

which arevpresent in the beam (kg_o = 3.7 x 10 -11 cm3
2

-1 -1, 36

molecule sec 7). An analysis of the collision dynamics
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for Reaction (9) is currently being prepared for publicapion,
and will be preSented;elsewhere in the 1iterature,v

The pressure and pbwer depéndence'of O(lDZ) production
has been examined for a 5% Oz-He gas.mixfure in ourlcrossed
beam épparatus; This was accomplishéd by monitoring, at ‘
the peak of the broad product angular distribution, the OH
“signal intensity coming from Reaction (9).55 a function of
beam source pressﬁre and RF power 1eve1;T_Since theFOXYgen
and hydrogen beam velocities are nearly equal the OH count
rate is indicative of the O(lDZ) particle flux. (Whereas
if the_hydrogen beam were much faster than thg.oxygen_béam‘
the OH count rate would be indicative of the O(;Dz)_number:
denéity at the collision center.) The cuTVed_shgpe of the
intensity versus preésuré data‘shown in Fig. 16a indicates
that some_o(lDZ) qﬁenching does'occur at higher pressures,
but not to the extent which would require:operating fhe'
sources at préssures below 250 torr. The intensity Versus:
RF power curves shown in.Fig. 16b clearly ipdicate thét
higher source powers (and hence plasmq témpéfaturés)
significantly increase the flux of:O(lDz) emanating from
the ﬁdizle. In.the>neaf future gaé mixtures édmposed of.
less than 5 perCent“oxygen will be characterized in order
to determine_the optimﬁm oxygen—helium mixfure-for |

maximizing O(1D2) production.
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DISCUSSION

The high pressure, supersonic, radio frequency dis-
charge beam source which'has’beén described in the pre-
ceeding sections of this paper offers several improVementS
in the important operating characteristics of beam trans-
1éfioha1'energy, beam intehsity; velocity distribution
width; and beam compositidn when compared to either thermal
or low pressure'discharge effusive sources. For example,
the atomic oxygen translational energies which have been
accessed in our 1abgratorylspan the range from 0.1-0.5 eV,
with future extension of this range up to 0.7 eV being
~poésible for operation with dilute oxygen-helium mixtures.
These energies are Considefably higher than those accessible
with éfosive sources constructed from either thoria (ThOz)39
or iridium;40' Also, the atomicloxygen intensity produced
by an effusive'thermal oven, operatiﬁg with Knudsen numBer =

16 -1 -1 41
sec .

1, would be ca. 4 x 10 atoms sr e This intenSity

was calcuiatéd'USing an O2 pressure of 1 torr, a calculated
equilibiium constant of'Kp = 1.2 x 10_2'torr for the pfdcess
0, == 20 at 2500K, and assuming that the source orifice

was 2 mm high. The fluxes available from low pressure dis-

charge sources are comparable to this, with étomic oxygen

1

fluxes of ca. 3 X 1010 atoms st sec_l'being realized for

operation under effusive flow conditions (with 10% molecular
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42

dissociation, a temperature of 350K, “ Xnudsen number = 1,

and a slit height of 2 mm). The above atomic oxygen

intensities are much lower than the measured intensities

produced by our seeded nozzle source: ca. 5 x 1017 atoms

sr—1 sec — for ongen—argoh mixtures and > 5 x 1018-atoms

st ! sec’! for oxygen-helium mixtures. Also note that
the Maxwellian velocity distributions typical of effusive:

sources are quite'oftén,too broad for carrying out well

defined collision experiments, necessitating the use of

mechanical velocity selectors which further reduce their
intensity by at least an order of magnitude. It is there-.

fore evident that the nozzle source described here is

capable of producing atomic oxygen fluxes which are at

least 1f3 orders of magnitude higher than those possible
with COﬁventioﬂal'effusive'soﬁrces,with the-acfuallinten=
sity gain depending'upon the peak velocity and velocity
widths which éreﬁused for this cbmparison. - The high-.
atomic'OXygen'fluxes produced by this source'shoﬁld permit
eXtremeiy well defined collision experiments to be carried
out in which theVSuperSOnic beam source would‘be cdupled

with either a high resolution mechanical velocity selector

or with a magnetic sublevel quantum state selector in

order to further define the atomié bean.
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The ability of this source to generate seededvbeams_
having high molecular dissociation at pressures up to .
several hundred torr total pressure is undoubtedly due
to plasma localization at the nozzle tip.and to the
highly efficient powerlcoupling which has been achieved
between the RF tank circuit and .the plasma. The use_of1
radio frequency rather than microwave,power.simplifiedfthe
above as radio. frequency generated plasmas. can be easily
drawn out of the region enclosed by the coupling coil,
while microwave génerated plasmaé tend to -strongly localize
in the region surrounded by the.coupling cavity.  The
facile frequency Variabilityvandmimpedaﬁce matching of the
RF circuifry described earlier also simplifies operation.
at high pressures.. The water cdoled nozzie, which ensures
extremely stébleland:reprodhcible:day to_day operation of
the source, would have to be replaced with a more cumber-
some and 1essiefficient_oil-cooled design if microwave. .
radiation were uéed, The ability of-this source to; generate
terminal beams containing O(lDz)'atoms is at this time '
unique; and would not have been posSiblevif the discharge -
‘were removed from the region immediateiy behind the orifice.

The atomic oxygen is probably generated in the dis-

43

charge by a variety of kinetic processes.. Thompson has

shown, for low pressure discharges, that dissociation can
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be directly induced by electrOn-Oz collisions via the
Schumann-Runge continuum OZ(SZé) -> [02(32&)] > OCSPJ)‘+mM
O(lDz) for collision energies > 7;1 eV. Metastable argon
collisions couid also lend to dissociation via this pro-
cess.11 Metastable hélium atoms, due to their high
energies,'have the ability to Penning ionize molecular
oxygen.  Ionization in this manner, followed by dissocia- -
tive recombination between 02+ and an electron has been
proposed”as the primary source of atomic oxygen .in
oxygen-helium RF discharges.8

The generation of other atoﬁic and eiectronica11y w
excited species should also be possible with this sourceui
In our 1aborafor7~we ﬁave briefly ﬁested.dilute hydrogen-
helium mixtureé (125 torr total pressure, 145 watts)
and have observed atomic hydrbgen production. The genéra-
tion of a supersonic molecular beam containing 02(1Ag)
“without the simultanéoUs presence of atomic oxygen in fhé'
.terminal beam should be poséible._ This could be accomplished
by pullingvthe discharge back, away from the nozzle tip, and
by intrbduting‘a small amount of mércury into,the gas
mixture. The resulting mercurié oxide coating located
‘after the discharge zone would effectively:remove the

44

atomicbspecies present in the gas. The feasibility of

generating atomic nitrogen beams with a high temperature
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version of this source is currently being explored in our

laboratory.
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FIGURE CAPTIONS

Fig.

Fig.

1.

Sectioned view of the plasma beam source mounted
in a differentially pumped chamber. A-Lucite
insulqting flange. B-Nozzle coolant return.
C-Quartz'nozzlé gas inlet. D-Cajon ultra-torr
fittings. E-NbZziey§oplant inlet. F-RF power
inpuf from RG-213/U'coaxialvcab1e. G-Variable

air capacitor. H-Coupling coil coolant outlet.

I-Coupling coil coolant inlet. J-Ceramic feed-

through for RF return and coil coolant. K-Ceramic

feedthrough for RF input and coil coolant.

L-Poly-Flo tubing sections. M-Stainless steel.

source chamber. N-Plates for 5000 V/cm ionr

deflecting field. 0-1200 1/sec diffusion‘pump,

differential region. P-4200 or 8000 1/sec

diffusion pump, source regioh. 0-Epoxy resin

- mechanical support. R-Electrical ground wire.

Not shown: Wire mesh RF shielding which covers.

~the air capacitor/RF feedthrough assembly.

Sectioned view of.the.internal‘§Ource.compbnenté.
A-Variablérgqund tap! B—Swageiock reducer.vk

C—Wate;—cooled»quaitz nozzle. DFCoupling coil.
E-Quartz support rod for water inlet/outlet

assembly. F-Swagelock union joining copper and
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Fig.

Fig.

M 5% 0,-He, 130 watts; A 10% O
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Polyflow tubing.l G-Cajon VCO fitting. H;KOVQfF

pYrex_section;' I-Graded'séél, pyrex to vycor.

- J-Aluminum support block to electrical ground.

" K-Boron nitridé skimmer, 0.88 mm. L-4X enlarge-

ment of nozzle tip; arrows indicate low conduc-

tivity water flow direction. -

Impedance matching circuitry.

Block diagram of the plasma generating electronics.
The double solid lines indicate the equipment used

for high power operation, while the double dashed

‘lines indicate the bypassing netesééry”for pre-

liminary tune-up of the sSource. .

a) "Newton diagréhs_for’O-He’and OZ-He‘elastic

'scattering. b) Differential elastic scattering

cross sections for O-He énd'Oé-He. The wide
angle falloff of the 0-He curve conclusively

demonstrates atomic oxygen production.

“Pressure dependence of 02 disscciation:

O 5% 0,-Ar, 165 watts; @ 5% O,-Ar, 130 watts;

A10% 0,-Ar, 195 watts; [J10% O

2

Z*Ar, 140 wafts§ ‘

, 5 Z-He; 130 watts;
O 104 Oé-He,'165 watts; - — — performance data

"for the source described in Reference 8.
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' 500
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R.F. power dependence of»O2 dissociation.

O 5% 0,-Ar, 250 torr; @ 10% O,-Ar, 250 torr.

2

O 10% 0,-He, 175 torr.

2 _
Pressure dependence of atomic beam velocity.

O 5% 0,-He, 130 watts; .@ 10% O,-He, 165 watts,

2
‘A 10% 0,-He, 130 watts; 0O 10% 0,-Ar, 195 watts;

B 5% Oz-Ar,; _165 watts; A . 5% Oz-Ar, 130 watts;

Q 10% 0,-Ar, 140 watts.

2
R.F. power dependence of atomic beam velocity.

-He, 200 torr; O 10% O,-He, 175 torr;

2 2

W 53 0,-Ar, 250 torr; O 10% 0,

Atomic oxygen velocity distribution for a seeded.

-Ar, 250 torr.

beam having a FWHM of 19%. The solid line is

the deconvoluted best fit to the experimental

rdata which yields a,Beam Mach number of 9.2.

Pressure dependence of atomic beam Mach number.

% 0,-He, 130 watts; O 10% 0,-He, 130 watts; .
@ 10% 0,-Ar, 195 watts; A 53 0,-Ar, 130 watts;
O 5% 0,-Ar, 165 watts; 10% 0,-He, 165 watts.,

R.F. power: dependence of atomic beam Mach number.

O 10% 0,-He, 175 torr; A 10% O

5 -Ar, 250 torr;

2
® 53 0,-Ar, 250 torr. |



Fig.

13.

15.

-64-

R.F. power dependence of plasma temperature.

O 5% 0,-Ar, 250 torr; @ 10% O

Z—Ar, 250 torr;

@ 10% 0,-He, 175 torr.

a) Atomic oxygen number density as a function of
pressure for argon containing mixtures.

O 10% 0,-Ar, 195 watts; @ 5% 0,-Ar, 165 watts.

2
b)~Atomi¢ oxygen'number density as a function of

" pressure for helium containing mixtures.

-He, 165 watts; @ * 5%.0

O 10% O, ,-He, 130 watts.

These curves have all been corrected for slight

i

m/e = 16 contributions arising from dissociative
ionization of mass 32 in the electron bombardment
ionizer. o
Laboratory angular distributioﬁvof OH from the

-+ OH + H at a relative

reaction O(lDz)_& H,

choliision energy of 2.7 kcal/mole.  The solid

line is a calculated fit to the_expérimental

data which employed a symmetrical center-of-mass
product diétribﬁtion'for’the CH'product. The
excellent fit.betwéen the célculated and experi-
mental data, taken in conjunction withvwith wide
angle falloff (~40°) of the distribution,
deménstrates‘the presence of O(lDZ) atomic oxygen

in the terminal beam.
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a) Relative 0(1D2) intensity as a function of
gas pressure for a 5% OZ-He; 200 watt discharge.
b) Relative O(lDZ) iﬁtensity as a function of

R.F. power level for a 5% 02-He gas mixture.

@ 150 torr total pressure; O 100 torr total

pressure. These curves indicates that the

O(1D2) intensity can optimized by simultaneously

operéting the ‘source at high power and pressure

settings.



-66 -

1882 -282718X H -L;.mnm
1 ‘wo 0]
L s L
o. w ____IIA &_ i ol
%
O Y
yawi
F_
1L _
Em—em—
o /A
N 7 D
// N L B2 2 Nz
W S I
" , B
Bl %ﬂmM/
- T 3
=1
£ EH
4
7-| ~|




-67-

| ]

N
T 2 ? J
_. ]/ %
N
N
7
12\
\ N

)

B

y
\ T IITIID,

~-0.25¢cm

| XBL782 - 2882



-68-

G622 -2161 19X

N

#

A &=

-0

\\ Sy /A
| auI|
UOISSIWISUDI|

)

For

| Jamod 4y 0}

9|qD |DIXDOY)



L ____*
S

. - — Interlock
Oscillator — Buffer amp. Amp.l50onsv4<—_ relays
RF wattmeter — SWR. monitor — Reflected power
7 ~ E======+ interlock
Linear amp. | Impedance matching | “ o |
1000 watts network |1
T T e
RF wattmeter | | R watmeter |
Plasma coupling || Nozzle coolant
fank circuit | inferlock

Fig. 4
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(a)

) —2%10%cm/sec

O-He

i IllllllLl (IEEREN

103 L
_: O—He, m/e =16 (b)
2

IO‘ _F

IO'; =
~ F 0,—He,m/e=32 =

. ) ’ -

(o5 IR TR NI PR RTI BT B

-0 IO 20 30 40 650 60

_Lab scattering angle ® (deg.)

" XBL 797-2266

Fig. 5
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l . |

~ 9% 0pinHe

- Press_ure =‘22() torr

" Oxygen otom velocity dls’rrlbuhon

- R.F power =130 watts
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Fig. 10
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not imply approval or recommendation of the
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