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ABSTRACT 
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SEPTEMBER 1979 

A high pressure, radio frequency discharge nozzle 

beam source has been developed for the production of 

very intense (~ 1018 atoms sr- l sec-I) supersonic beams 

of oxygen atoms. An efficient impedance matching scheme 

has been devised for coupling the radio frequency power 

LBL-9722 

to oxygen-rare gas mixtures as a function of gas pressure, 

temperature, and composition. Techniaues for localizing 

the discharge directly behind the orifice of a specially 

designed quartz nozzle have a1so been developed. The 

above combine to yield a beam source which reliably pro-

duces a high degree 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 translational 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(3pJ ) and O(lDz) atoms are 

present in the beam, while only ground state atoms appear 
. . 

to be present in argon seeded mixtures. This paper des-

cribes the design, construction, and oper~tion of this 

beam source and provides a characterization of the atomic 

oxygen beams it has reproducibly generated in our laboratory. 
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INTRODUCTION 

The interactions and reactions of oxygen atoms are of 

considerable interest and importance due to the fundamental 

role they pl~y in combustion processes and atmospheric 

3 chemistry. The reactions of ground state O( PJ ) atoms are 

of particular interest to researchers studying high tem-
'\--- 1 

perature combustion processes, laser systems based on 

the reactions of oxygen atoms which lead to products having 

vibrationally iiverted population distributions,Z and sur-

f 'h' 3 ace c emlstry. A thorough understanding of~round state 

oxygen atom chemistry is also of immediate practical 

importance since the space shu~t1e will orbit the earth 

at altitudes where the major constituent of the atmosphere 
3 . 

is O( PJ ) atomic oxygen. The reactions of excited state 

O(lDZ) atoms are of primary import~nce' 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 th~ir chemistry a fascinating subject 

1 ' 5 to exp ore. 

In our laboratory a high pressure, supersonic, radio 

frequency discharge nozzle 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

structingthis nozzle beam souite, rather than relying 

on much more simple effusive sources, is that supersonic 

nozzle sources characteristically produce beams of far 

greater intensity and smaller translational velocity 

dispersion than effusive sources. 6 The translational 

energy of nozzle beams can also be varied over ~ very 

wide range, from hypothermal to hypertherm~l, by using 

the seeded beam technique. 7 In this technique the peak 

veloci ty of the "seed" gas, velocity distribution can 

ideally approach that of the pure "carrier" gas f(H very 

dilute gas mixtures. This is accomplished by accelerating 

or d~celerating the seed gas during hydrodynamic e~pansion 

through the nozzle by diluting it in either a lighter or 

heavi~r carrier 'gas. Supersoriic beams ther~fore offer 

several clear advantages over simple effusive sources for 

conducting dynamical studies in molecular beam experiments . 

. The successful operation ofa discharge beam source 

depends strongly on the characteristics of its plasma. In 

particular, the production of a stable and efficiently 

cO,upled high pressure discharge for the generation of 

atomic species is much more difficult than the production 

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

function of gas pressure, temperature, and composition is 

required. Plasma localization directly behind the orifice 

must also be achieved in order to limit atomic recombina-

tion before the expansion. Sufficient cooling of the 

nozzle in order to prevent melting of its orifice, and 

to limit atomic recombination at the nozzle walls (while 

not interfering with power coupling to the plasma) is 

mandatory. Finally, the high pressure plasma must operate 

in a stable, reproducible, and uniform discharge mode 

(no beads or streamers) whose temperature is sufficiently 

high to generate atomic species, but not high enough to 

melt the orifice of the pozzle. The beam source described 

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

nitride skimmer is used and is found to be completely 

stable with respect to the seeded atomic oxygen beam. 

Other high pressure atomic oxygen beaw sources have 

been previously reported in the literature. Miller and 

Patch8 have described in detail a radio frequency dis~ 

charge beam source which produces -35% dissociation at 

60 torr for a 5% oxygen-helium mixture. 
. 9 

Gorry et al. 

have reported a microwave discharge source with dissocia-

tion characteristics similar to those of Miller and Patch. 
, . 

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

in this paper permit a higher degree of molecular dissocia-

tion to be achieved at significantly hi~her operating 

pressures than the sources mentioned above. The current 

limitation on the atomic oxygen ,beam intensity produced 

by our source is not atomic recombination at high pressures 

but rather the speed of the diffusion pump which backs the 

,source region. In some cases the characteristics (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 exceedin~ ZOO torr for oxygen 

helium mixtures with greater than 50% molecular dissocia

tion, producing atomic oxygen int~nsities of ~ 5 x 1~18 atoms 

-1 -1 sr sec Oxygen-argon mixtures have been discharged at 

pressures exceeding 300 torr with greater than 80% dis socia-

·tion, and with measured atomic oxygen intensities of ca. 

S x 10 17 'atoms sr- l sec- l 

The beam source described in this paper was originally 

designed in order to produce intense supersonic beams of 
3 ground state O( PJ ) atoms. However, we find that when 

dilute oxygen-helium mixtures are discharged the beam is 

composed of a mixture of atomic quantum states including 

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

atoms in this bea~ has proven to be of sufficient magnitude 
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to permit the study of O(lDZ ) reactions in crossed 

molecular beam experiments. This exciting development 

will eliminate the need to use powerful and expensive 

UV pulsed lasers for the 

O(l DZ ) atomic beams when 

photodissociative production of 

the presence of other chemical 
3 . 1 

O( PJ ) and OZ( ~ ), will 
, ,g 

species in the beam, such as 

not seriously complicate the chemistry under study. 

SOURCE DESIGN AND CONSTRUCTION 

A cross-sectional view of the source mounted in the 

differential pumping region of our universal scattering 

machine is shown in Fig. 1, with an enlarged view of the 

internal source components and nozzle tip appearing in 

Fig. Z. The important design and construction consider-

&tions which l~d to this final form of our plasma beam 

source will now be discussed. 

A. Nozzle Const~uction 

The first question to be dealt with was that of nozzle 

material. Quartz and alumina were the two materials con-

sidered based upon their relatively high melting points. 

Initially 99.8% purity alumina tubes lO with laser drilled 

holes were tested. They were unsatisfactory for two reasons. 
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They tended to crack when subjected to large thermal 

gradients, and arcing occurred between the outer surface 

of the alumina tubes and the radio frequency coupling 

coil whenever the outer diameter of the tube came into 

physical contact with the coil. After this brief test 

period it was decided that quartz nozzles would have to 

b~_fabricated. The final shape of these nozzles can be 

seen in Fig. l(c) and Fig. 2(c). A water cooling jacket 

was incorporated in our final nozzle design to prevent 

the quartz orifice from melting and enlarging during 

the expansion of the extremely hot gas mixture. The 

nozzle tip geometry shown in Fig. 2(L) was ultimately 

found to be stable with respect to orifice enlargement. 

Here the water coolant flows directly over the junction 

between the inner, plasma containing tube (6 mm O.D. 

commerical grade fused quartz, I mm wall thickness, as 

bubble free as possible) and the quartz water jacket 

(12 mm O.D., 1 mm thick). The short tip on the front 

of the" inner tube is approximately 1 mm long and allows 

the coolant to flow as close as possible to the orifice. 

This is important due to the poor thermal conductivity 

of quartz. In addition to preventing melting of the nozzle, 

water cooling is also desirable since the efficiency of 
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quartz to promote atomic oxygen recombination decreases 

with lower surface temperatures;ll 

Low electrical conductivity water of 5 ~mho/cm con

ductivity is used as the nozzle coolant and is flowed 

through the concentric water jacket at a rate of 10 cm3/se~. 

Use of regular conductivity water as the coolant is pre

cluded due to excessive radio frequency power loss to the 

water. As an added benefit, the cooling jacket completely 

eliminat~d the arcing problem mentioned above. This arcing 

was found to occur for both alumina and quartz plasma 

containing ~ubes which were not physically separated from 

the coil by anothe~ insulating layer. 

The nozzle fabrication procedure is quite reproducible 

and is briefly outlined here. The graded seal water in~et 

and outlet arms along with their s~lidquartz support rod 

(Fig. 2, E,G,H,I) are initially assembled and put aside for 

later use. Next~ the inner tube is prepared. This pre

paration consists of three operations: Flaring 6ne end just 

to clear the I.D. of the outer tube, creating the import

ant tip on its front end (Fig. 2, L), and fusing three 

small quartz physical support standoffs to the inner tube. 

These three small "droplets" of quartz should be placed at 

120 0 with respect to each other and positioned from 6-7.5 

cm from the tip. They should be sized just to clear the 
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I.D. of the outer tube and will be used to hold the inner 

tube concentric with the water jacket. The inner tube 

assembly is then slid inside of the buter 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. 6f the outer 'ttibeand should be 

adjusted until the two tubes are concentric. A ring seal 

is then made between the flared rear end of the inner tube 

and the outer tube. Quartz tubulations ate then blown \ 

onto the outer tube which will ultimately be attached to 

the water coolant arms. Next, the 5 cm outer tube exten

sion is pared off with a torch and a carbon tool. The 

objective of this is to create a 1 mm thick quartz face 

whi~h seals off the front of the outer tube without touch

ing the tip of the'inrier 'tube. This {ront surface should 

be as perpendicular as possible to the concentric tube 

axis and should be just shy of touching the inner tip. 

The assembly is completed by joining the Inner tip and the 

newly crea~ed quartz nozzl~ face with a ring seal. 

At this point the most critical stage of the nozzle 

fabrication procedure 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 operation requiring two people. Using a 
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hydTogen~oxygen flame the front face of the nozzle is 

heated at a wide angle until the quarti is ready to be 

blown. The flame is then quickly removed and a ho1.e is 

blown in the tube. This hole should be slightly larger 

than the desired diameter of the no~zle orifice. One 

person now locally heats the ~ip 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 is 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 

pres~ure of oxygen behind the nozzle. This produces a 

small oxygen jet at the orifice. The shape profile o~ this 

jet isth~n made visible by aiming a small gas torch at the 

jet while the entire riozzle 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 produced ~y 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 usin~ two differently sized nozzles will be covered in 

the next section of this paper. Nozzle assembly is then 

compleied by attaching the coolant inlet and outlet arms 

to the water jacket and by briefly etching the inner quartz 

tube with ~ dilute solution of hydrofluotic acid. This 

acid rinse is believed to inhibit atomic recombination on 

the walls of the tube. 12 

B. Electrical Design 

Two distinct radio frequency circuit arrangements can 

be used for generating electrodeless discharges in gas~s.13 

One arrangement involves the use of a seif-excited power 

oscillator. In this c'onfiguration the tube containing 

the ga~to be discharged is placed through the tank coil 

of a free running power oscilla~or. Large amounts of radio 

frequency powei can be coupled to a discharge in this manner, 

but it is inherently inefficient and can pullout of 

oscillation as the circuit loading changes. Loading varia

tibns can' 6ctur when the preSsure of the discharge is 

varied over several hundred torr. lts most serious draw

back is that impedince matching between the plasma and the 

oscillator's circuitry, while the oscillator is in opera

tion,i~ very difficult to achieve. The other circuit 
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option, and the one which we have adopted, uses a driven 

oscillator-amplifier arrangement in which a variable fre

quency oscillator is separated from the load by one or 

more stages of amplification. In this manner the oscillator 

is very well isolated from load variations induced by 

changing plasma characteristics. More importantly, this 

arrangement allows the impedance of the gaseous discharge 

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 coupling LC 

tank circuit. 

The radio frequency (hereafter, RF) power for our 

beam source is supplied by a Viking Valiant radio trans-

mitter which can deliver a maximum output of 140 watts 

over a continuously variable frequency range several hun-

dred kilohertz wide, centered at 14 MHz. (It is difficul t 

to obtain wide fequency tunability in th~ coupling tank 

circuit of this beam source at frequencies significantly 

higher than 25. MHz due to the stray capacitance associated 

with its physical layout.) When higher power levels are 

required a linear amplifier caI?able of providing RF output 

levels of up to ca. 750 watts is used. However, RF levels 

exceeding 200 watts are rarely needed due to the highly 
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efficient impedance matching scheme which is employed. 

The plasma coupling tank coil and capacitor can be seen 

in Fig. 1. The variable air capacitor {Bud #1615, 0-75 

pf, 0.762 cm airgap) is mounted outside of the vacuum to 

facilitate the initial frequency matching of the coupling 

tank circuit to the electronics. A grid dip meter is 

used for this preliminary tuning of the beam source. 

A novel impedance matching scheme is used which 

enables the source to operate routinely it a standing 

wave ra~io (SWR) of less than 1. as: 1. Impedance matching 

is necessary since the effective plasma impedance which 

varies as a function of plasma condition, is much larger 

than the SO ohm output impedance of the electronics. 

Figure 3 shows a schematic outline of the impedance 

matching circuitry which can best be understood when 

viewed in two stages. First, a variable group tap on 

the tank coil (Fig. 2,A) is used to produce a large 

stepdown of the plasma impedance, as seen by the RF 

el~ctronics, ideilly to SO ohms. This large stepdown 

of the plasma impedance is accomplished 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 only approximately14 as 
. 2 

the square of the turns ratio, (N/n) , 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 coil to the ground tap. This impedance 

transformation creates a large voltage stepup at the 

front of the coil (nearest the nozzle tip) and necessi

tates the use of a high voltage ceramic feedthrough for 

the RF return, as is shown in Fig. 1,J. This large, 

but approximate impedance- transformation allows the RF 

power to be delivered to the beam source from a remote 

location by RG-2l3/U coaxi.al cable. In a procedure which 

must be carried out only once when the source is first 

constructed, the source must be repeatedly tested with 

the position of the ground tap varied in order to deter

mine optimum placement of the ground tap. This placement 

is found by noting the tap location which minimizes the 

standing wave ratio between the final RF amplification 

stage and the tank circuit. For the source geometry shown 

in Fig. 1 the optimum tap locations are 2-1/4 turns .from 

the rear end of the coil for discharging oxygen-helium 

mixtures at 200 torr, and 2-1/2 turns from the rear end 

for oxygen-argon discharges operated at up to 350 torr 

tota~ pressure. Standing wave ratios are always less than 

3:1 with these tap locations and are frequently much 

lower. 
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Next, a PI-network, series capacitor arrangement is 

used to critcially fine tune the impedance match until 

standing wave ratios of 1.1:1 or less are achieved. This 

circuit arrangement represents a quite diverse impedance 

matching scheme in that the PI-network can be used to 

match purelY resistive load mismatches while the seri~s 

capacitor can be used for tuning out any reactive impedance 

components presented to the RF electronics by the plasma 

coupling tank circuit. We find that the circuit imp~dance 

changes when the plasma is first started, v?ries rapidly 

as the nozzle pressure is raised from 1 to about 50 torr, 

and then varies more slowly as the pressure is further 

raised to several hundred torr. It is also found to vary 

with RF power level and gas composition. These impedance 

variations arise from the changing reactance of the coupl

ing coil, which can be attri6ute~'to ihe changing perme

ability of the region inside the tank coil. In the 

original deslgn and testing of this circuit a highly vari-

able PI-network, series capacitor arrangement was con-

structed having an intended circuit Q'of 10. The equations 
. ' 15 16 used for the deslgn of the PI-network ' were (for Rl '> 

= (1) 



". 

,. 

= 

= 

-15-

QRl + (RlRi/Xcz) 

Q2 + 1 

(2) 

(3) 

where XCI' XC2 ' and XLI represent the reactances of the com

ponents shown in Fig. 3, Rl and RZ represent the impedances 

of the tank ci rcui t and RF electronics, re'specti vely, and 

Q is the quality factor of the matching network. Particular 

attention should be focused on Rl in the above equ~tions, 

noting that it is related .to the stepped-down resistive 

impedance of. the gaseous discharge. The series capacitor, 

C3 in Fig. 3, completes the impedance matching circuitry 

and is varied dpring the SWR minimiz~tion procedure in 

order to eliminate any reactive components of the tank 

ci~Guit impedance. In the initial 4esign of this tircuit 

both Cland CZ were variable yp to 750 pf and were com

prised of several high voltage ceramic and air variable 

capacitors which were connected in parallel. AlSo in the 

init~al design, capacitor C3 w~s variable up to 250,pf 

while the inductor, Ll, had a maximum calculated inductance 

of 6.9 ~H. It cons~sted 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 positions distributed evenly along the 

length of the coil, making Ll valu~s well below 1 pH 

possible. This circuit worked very well but was eventually 

replaced '(for ease of operation) by a slightly modified, 

commerically available network. 17 In this commerical unit 

Cl and C3 are 20-245 pf air variable capacitors, C2 is. 

variable in discrete jumps up to 2160 pf, and Ll consists 

of a 5.1 cm diameter by 9.1 cm long, 9 turn coil which 

is tapped on its fifth'turn for 14 MHz operation. The 

tuning of these impedance matching circuits is greatly 

facilitated by the tontinuous use of in-line RF watt- . 

meters and a standing wave ratio bridge. Powef coupling 

to the plasma is found to be extremely efficient (~99%) 

and power levels must be carefully limited in order to 

avoid melting the orifice of the quartz nozzle. Stray 

RF fields radiating from the source have been minimized by 

completely enclosing the top. of the beam source 'wi th 

electrically grounded copper mesh. 

Figtir~ 4 shows a block diagram of the RF circuitry~ 

Note that the b~am source is always o'perated in a doubly 

interlocked condition. ~ozzle meltdown pro'iection is 

provided by a paddlewheel flow switch18 which can quickly 

turn off the RF power should the hozzle coolant flow rate 

drop below a predetermined level. Similarly, the RF 

,~ 



-17-

electronics are protected by a fast electronic meter relay 

which has been incorporated into an SWR bridge circuit. 

This relay can rapidly turn off the RF power when the SWR 

rises above some preset value, which is usually chosen 

as an SWR of 2.5:1. 

Finally, we have been successful in localizing the 

plasma directly behind the orifice of the nozzle. This 

spatial localization of the plasma is of critical importance 

if an atomic beam of high molecular dissociation IS to be 

produced" from a high pressure dis charge. Without this 

plasma localization at the nozzle tip extensive atomic 

recombination would occur. The localization has been 

achieved by pl~cing around the nozzle tip (outside of the 

water jacket and no~ along the front face of the nozzle) 

a carefully shaped, electrically ~roundedblock of aluminum 

(Fig. 2,J). The discharge appears to change gradually 

from an inductively coupled plasma at low pressures to a 

capacitively coupled discharge at high pressures. This 

coupling at high pressures occurs beweenthe front, small 

diameter tank coil turns, and the grounded aluminum block. 

As this coupling becomes stronger the plasma localizes 

towards the f~ont of the discharge tube. Photographic 

studies have shown that the discharge region protrudes 

past the front plane of the grounding biock and actually 

.,,', 
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extends up to the nozzle tip, ,ensuring a high degree of 

molecular dissociation directly behind the nozzle at high 

pressures. 

The tank coil (Fig. 2,D) has been differentially 

wound in order to further localize the plasma and to 

increase its energy density at high pressures. The first 

6-1/2 coil turns nearest to the nozzle tip are 1.37 em 

I.D. by -6.0 em long while the 5 large turns are 5.08 em 

I.D. by -6.5 em long. The larger turns decouple from the 

plasma as the pressure is raised, and therefore the energy 

density of the localized plasma is considerably increased. 

The coil is constructed of 0.32 em O.D. copper tubing and 

was wound around correctly sized metal tubes on a low-

speed lathe. The small diameter coil windings should be 

uniformly spaced and carefully shaped in order to avoid 

any inhomogeneities in the RF field. These inhomogeneities, 
. . " ",' 

if present,can cause the uniform plasma to collapse into 

streamers at high pressures. The coil is water cooled 

with low electrical conductivity water at a flow rate of 

4 cm3/sec in order to improve the long term mechanical, 

and hence electrical, stability of the tank circuit. Also 
-, 

note that the entire tank circuit, as seen in Fig. 1, is 

floated with respect to electrical ground. That is re

quired if the RF coupling and localization schemes, as 

described here, are to be effectively used. 
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The pumping requirements for this beam source vary 

greatly depending upon the gas mixture which is to be used. 

It was originally pumped by a 4200 l/sec diffusion pump 

which was separated from the source by a sliding gate 

valve. This pumping arrangement was recently replaced 

by an 8000 l/secpump which was directly joined to the 

source. This large pumping speed is desirable while 

running high pressure oxygen-argon mixtures, for which the 
-5 pressure must be kept below 7 x 10 torr. For higher 

background pressures the RF power decouples from the 

nozile and a glow discharge of the entire source region 

occurs. This glow discharge is a problem which currently 

constrains the nozzle orifice diameter to 0.075 mm for 

gas mixtures containing argon. Nozzle pressures exceed-

ing 350 torr have been successfully run with argon as 

the carrier gas. Helium ~eeded beams do not have this 

operational constraint. This allows much larger orifices 

to be used for helium see~ed beams operating at high nozzle 

stagnation pressures, provided that sufficient pumping 

speed is available for backing the foreline of the diffusion 

pump. 

Signifi~ant effort was also devoted to fabricating a 

skimmer which would not degrade when exposed to the atomic 

oxygen beam. Skimmers made of electrically conducting 
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materials, including stainless steel, were not stable over 

long time periods due to sputtering by high energy ions. 

Apparently, ions emanatirig from the nozzle were being 

accelerated towards the ground potential of these metallic 

skimmers. Boron nitride 19 skimmers with 0.81 mm openings 

were found to be completely stable with respect 'to the 

oxygen beam. The elect~ical insulating properties, 

machinability, and density of boron nitride actually make 

it an ideil skimmer material for use with this beam source. 

C. Source Operation 

The tuning and operating of the beam source is quite 

straightforward~ The plas~a toupli~gtank"cir~uit should 

first be tuned to the desired resonant frequency by adjust

ing the tank circuit's variable air capacitor, which is 

mounted on top of the beam source." The resonant frequency 

of this circuit can be easily monitored by placing the 

probe of a grid dip meter adjacent to the Lank circuit 

capacitor, which is conveniently located outside 6f th~ 

vacuum. During this tune-~p procedure the coaxial" cable 

which brings the RF power to the source should be dis

connected from the source to ensure coirect tuning of the 

circuit. Next, the RF power should be turned on (-100 

watts) with the impedance matthing network and high 

power amplifier temporarily bypassed, and with the 
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nozzle evacuated 'to ~ 1 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 ignited 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 now be flowed into the noz~le while simu1tane

ou~ly retuning the oscillatOr's frequency to maintain the 

SWR at a minimum. When pressures on the order 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 

retuning of the RF electronics, until the final operating 

pressure is reached. We consistently find that the 

resonant frequency of the plasma coupling circuit increases 

slowly with increasing gas pressure. As an example of 

this, a 5% 02-He, 130 watt, discharge is found to require a 

0.006 MHz frequency increase when its pressure is raised 

from 120 to 220 torr. At this point the plasma should be 

switched off, the 'gas mixture in the beam source evacuated, 

and then the impedance matching circuitry along,with any 

high power amplifiers inserted in-line. The source can 

now be reignited and tuned for optimum performance 

at high RF power levels. After a few minutes of 

operation at the final power and pressure settings the 

" 
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electronics should again be slightly retuned to correct 

for any drift during ·this initial ~tabilization period. 

It should be clearly stated here that the minimum SWR 

which can be ach·ieved be.none. the matching network is 

connected is completely dependent ·on the placement of 

the coupling coil's ground tap (Fig. 2,A). As was dis~ 

cussed earlier, t.he correct ·location for this tap must. be 

found in a trial and error process which n~ed be done· only 

once when the source is initially constructed. 

After the overall tuning procedure has been com

pleted the sourc~ can b~ operated without further major 

retuning for a period lasting sever~l weeks~ Typically 

the source is turned on by evacuating the nozzle to about 

I torr, switching on the RF power, and rapidly ~ncreasing 

the pressure to the desired operating level. Within a few. 

minutes of reigniting the discharge the·operating 

characteristics always return to their steady state value. 

Most importan~ly, the beam charac~eristicsare 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 quartz orifice 

does not enlarge at all when the source is operated at 

the power levels discussed in the next section of this· 

") 
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paper. However, sputtering of the front sutface of the 

quartz hozzle does place a lmit on the lifetime of any 

given nozzle. This sputtering results when ions which 

leave the nozzle are accelerated back towards its front 

surface by the large RF fields pre~eni in that region. 

Periodic visual inspections of the nozzle tip are carried 

out to monitor the nozzle degradation. The nozzles are 

replaced when the sputtering errosion becomes severe. 

They can be recycled by rebuilding the no.zzle face and 

reblowing the orifice. Some of the ions which emanate 

from the nozzle actually pass through the skimmer. These 

are deflected out of the beam by a 5000 V/cm deflecting 

field which is placed before the collision region of 

our apparatus (Fig. I,N). The beam characteristics for 

different nozzles operated under the Same conditions 

have been found to be fairly reproducible, with slight 

differences in Mach number and peak velocity being noted. 

These differences can be attributed to the slight coil 

shape and positioning changes which invariably occur 

during each reassembly of the beam source . 
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BEAM CHARACTERIZATION 

A. Confirmation of Atomic Oxygen Production 

The atomic oxygen beams produced by this beam source 

have been thoroughly characterized in order to improve 

our understanding of the source's operation and to 

optimize its performance. A wide variety of diagnosti~ 

techniques have been used for this analysis. Chronologic

ally, our first goal ~asto experimentally verify the 

presence of oxygen atoms in the ierminal beam. This was 

unambiguously demonstrated by measuring the differential 

elastic scattering cross section for O-He and 02-He' in our 
20 universal crossed molecular beam apparatus. In these 

measurements the elastically scattered mass 16 and mass 32 

number densities were recorded~ with the discharge on, when 

the oxygen beam was crossed at 90° with a supersonic beam 

of pure helium. For this prelimin~ry experiment a 5% 

02-Ar mixture was discharged in the source at 95 torr total 

pressure by 9S watt~ of RF power. The N~wton velocity 

d · 21 f h 11· . h . Iagrams or t ese two co ISlon systems are s own In 

Fig. Sa, 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 lighter atomic oxygen, if 

present in the beam,. could be sc'attered 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 relates the LAB and 

Center-of·Mass reference frames. Figure Sb shows the 

experimentally measured differential elastic cross sections 

for these two systems. The mass 16 (O-He) scan can be seen 

in this figure to have a qualitatively different shape from 

the mass 32 (02-He) scan. This difference indicates that 

the ma~s 16 signal does not exclusively come from the 

dissociative ionization of elastically scattered molecular 

oxygen in the ionizer of our quadrupole mass ~pectrometer. 

More importantly, the mass 16 scan does in fact peak and 

begin to falloff around 40° while for the mass 32 ica~ 

this occurs at 20°, in. excellent agreement with the shapes 

predicted from the most probable·Newtondiagrams shown in 

Fig. Sa. The experimental curves actually extend past the 

predicted cutoff angles due to the finite spread of 

veloci ties' in the two beams. The 0- He experimental curve 

shown in Fig. Sb has been corrected .for the dissociative 

ionization of elastically scattered molecular oxygen. We 
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conclude from the abov~ data that oxygen atoms are 

definitely 'present ~nd, in fact, they are more abundant 

than oxygen molecules in the tetminal be~m produced by 

our high pressure, RF dis~harge beam source. 
! 

B., Molecular Dissociation 

The ext~nt of 02 dissociation in the terminal beam 

has been carefully ~easuredfor sev~ral oxygen~rare gas 

mixtures as a ~unction of gas pressure and RF power. 

Th~se measur~ment~ were made,in onr crossed beam apparatus 

with the,triply differentially pumped mass spectrometer 

looking"directly along the beam axis. The relative ° 
and 02 number densities were actually neasured by inter

grating the time-of-flight spectra of masses 16 and 32. 

,We have opted to integrate these time-of-flight spectra 

rather than use our usual particle counting electronics 

in order to eliminat~ any possible contributions from 

VUV photons 'and high energy ions in the detected signals. 

Thi~ separation of the true signal from VUV photon and 

high energy iOfi contributions' can ~asily be made in ~he 

ti~e regime without time-of-flight (herafter, TOF) 

instru~entation since the interferring factors always 

have much shorter flight times that the true signil. The 

ion deflecting field mentioned earlier 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 fro~ 

the beam source. Only during very high power operation 

of the beam source did a few high energy ions apparently 

reach the detector. 

The TOF apparatus 'u~ed in these studies con~isted 

of a 17.78 cm diameter al~minum disk having four equally 

spaced 0.5 mm or 1.0 mm 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 between the TOF disk 

and the electron bombardfuent ionizer was 18.4 cm. The 

ionizer and quadrupole mass spectrometer have been pre

viously described in detail,20 and the i~nizer's emission 

current was set sufficiently low to eliminate any space 

charge perturbations of the detected signal intensities 

and velocity distributions. A 256-channel scaler inter-

faced to an on-line NOVA minicomputer was used to record 

signal intensity as a function of flight time. The 

scaler was usually set a"t. 2 ']Jsdwell time for the helium 

miitures and 4 ]Jsfor the argon mixtures. 

The extent of molecular dissociation in the terminal 

beam was calculated with the following two equations: 

R = = (4) 



-Z8-

Percent Dissociaton R 
R+Z 

(5) 

where I and I are the experimentally observed mass 16 
, 0 - Oz 

and 3Z number densities, n is the experimentally observed 

I /1 count ratio with the discharge off, and the cross 
o Oz 

sections represent the following processes: 

°z °z 
+ Ze a + e -+- + Oz 

a ° + e -+- 0+ + Ze 
0 

ar.> ' °z + e ° + 0+ + Ze 

For ionization with 250 eV electrons: a = 1.5Z AZ a = . oZ' , 0 

1.15 XZ, and aD = 0.88 AZ.ZZ,Z3 In their paper Miller and, 

Patch8 have used an equivalent expression for R, and have 

discussed the approximations and assumptions leading to 

the use of equations (4) and (5). The (aD/a o )In term 
Z 

corrects for any differential detection of masses 16 ~nd 

3Z by our detector. This difference- in detection pro-

bability, if present at all, is partially due to the 

differential transmission of m/e = 16 and ,3Z through the 

quadrupole mass filter o~ our detector. 

Figure 6 shows the pressure dependence of 0z 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 stagnation 

pressure, varying only a few percent pver a several hundred 

torrpressute range. The actual extent of molecular 

dissociation in the beam is also found to be quite high 

over this large.pressure rangei Argon seeded mixtures 

regularly achieve moelcular dissociation 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 t6 

the spatial localization of the plasma at the tip of the 

quartz nozzle. The dissociation percentages shown in 

Fig. 6 have been found to be reproducible. to within about 

'5% for data taken over a several month time period with many 

different nozzles. Further examination of the ccirves shown 

in Fig. 6 indicates that the dissociation versus pressure 

curves for identical gas mixtures discharged by different 

RFpower levels have similar slopes, with the higher power 

curves shifted to slightly greater dissociation. The 10% 

oxygen mixtures also appear to exhibit slightly lower 

dissociation values than their more dilute counterparts. 

Figure 7 shows even more clearly the effect of RF 

power and 02 concentration on molecular dissociation; 
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Increasing the· RF power from 130 to 195 watts is seen to raise 

the dissociation level by at most 10% for three different 

gas mixtures. The two upper cutves of this figu~ealso 

show that the extent of molecular dissociation is·only 

mildly influenced by raising the 0z concentration from 

5% to 10% when argon is used as the carrier gas. ,The 10% 

° -Ar mixture is seen from Fig. 7 to exhibit the same RF 
Z 

power dependence as the 5% 0Z-Ar mixture, with itsdissoci-

ation preceritage lower by about 10%. 

The information related in Figs. 6 and 7 has been very 

useful for optimizing the performance of our oxygen atom 

beam source. The very weak pressure dependences shown in 

Fig. 6 indicat~ that the nozzle stagnation preS5ure should 

be held as high. as possible, subject to th~ limitations of 

plasma stability and pumping speed availability, without· 

worry of severe recombination. These figures also tell us 

th~t 10% 0Z-rare gas mixtures should be used rather than 

more dilute mixtures in order to increase the flux of 

oxygen atoms leaving the nozzle. Finally, Fig. 7 informs 

us that power levels a~proaching ZOO watts should be quite 

adeqtiate for dissociating molecular oxygen in s~eded argon 

and helium gas mixtures. This is fortunate since power 

levels exceeding ZOO watts lead to orifice enlargeme~t 

when argon is used as the carrier gas. Power levels 
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exceeding ZOO watts also appear to accelerate the ~uartz 

sputtering rate at the n6zzle face for all gas mixtures 

tested. 

C. Velocity Analysis 

The true, undistorted atomic oxygen velocity distri

butions produced by our beam source have been recovered 

from the convoluted experimental TOF distributions by 

correcting the observed spectra for instrumental broaden

ing effects (shutter function and finite ionizer length) 

and ion flight time offset. The peak velocity and Mach 

number of these distributions have been found to vary with 

both n~zile stagnation pressur~ and RF power level. 

Figure 8 indicates the dependence of peak velocity on nozzle 

pressure for seven different gas mixture - RF power com

binations. The effect of seeding is immediately apparent 

here, with the oxygen seeded in helium beams having much 

higher velocities than the oxygen seeded in argon gas 

mixtures. 'The mean energy of the atomic oxygen beams 

generated in our laboratory span th~ range from 0.1 - 0.5 

eV, with the highest energies being obtained for 5% 0Z-He 

mixtures discharged with 200 watts. The shape of the curves 

shown in Fig. 8 indicates that velocity "slippage" occurs 

between the oxygen and carrier gases durihg the hydro

dynamic nozzle expansion. Velocity slippage occurs when 
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the collision frequency is too low during the nozzle expan-

sion,to, effect complete momentuM and energy equilibrium 

between the seed and carrier species. Slippage is 

especially typical of low pressure, high temperature expan

sions due to the relatively low number density these 

systems have 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 collisions which occur during the expansion. This 

behavior is clearly seen in Fig. 8. The mixtures having 

helium a~ the carrier gas have their atomic oxygen peak 

velocities steadily ine~ea4ing with increasing pressure 

until their terminal velocities are reached at pressures 
\ 

approaching 150-200 torr. The mixtures having argon as 

the carrier gas behave oppositely from this, with thei~ 

peak oxygen velocities dee~ea4~ng with increasing pr~ssure 

until theit terminal velocities a~e reached between 250 

and 300 torr. The above behavior is expected since helium 

serves to accelerate atomic oxygen while argon decelerates 

atomic oxygen during coexpansion from the nozzle. 

The influence of RF power on beam velocity has also 

been studied and is shown in Fig. 9 for four gas'mixtures. 

In all cases the. atomic oxygen velocity is found to 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 theref6re be tuned over a narrow 

energy range about 0.1 eV wide by simply varying the RF 

powerus~d to run the discharge. This tunability may apply 

to an even broader energy range when power levels exceeding 

200 watts are used for running oxygen-helium mixtures. 

In these experiments the raw TOF data is always 

recorded as number density versus flight time. However, 

TOF spectra are more readily interpretable when di~played 

as flux versus velocity spectra. A typicalTOF spectra . 

is shown in Fig. 10 which represents the velocity distri~ 

bution of a fast atomic oxygen beam. The correct Jacobian 

trans~ormation, 1/v2, was used for converting this and' 

other spectra frorntime space to velocity space, while the 

resulting distr{butions were then multiplied by v to effect 

the conversioft from numb~r density to flux. The oxygen . 

seeded in heliu~ distribution shown in Fig. 10 has a FWHM 

of 19%r~ith a Mach number of 9.2 as calculated by a para-

. f· h d l' d d· °b· 24,25 metrIC It to t e econvo ute IstrI utlon. This 

shduld be compared to the width of an effusive beam whose 

velocity distribution is Maxwellian. Numerical solution 

of the transcenderttal equation which defirt~s the two half 

intensity ve16cities of the distribution ICv) ~ v3expC~V2/a2) 
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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 mQst important 

characteristics, and are in general indicative of beams 

produced from supersonic nozzle expansions. The slower 

oxygen seeded in argon beams have typically -40% FWHM 

distributions with Mach numbers ranging from 3 to 4. In 

the future the use of neon rather than argon as the beam 

carrier gas may enable narrower moderate energy. beams to 

be produced due to the smaller mass mismatch which exists 

between neon and atomic oxygen relative to 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 tha ratio 

of the mass flow 

beam, vic, where 

speed ~o th~ local 

1/2 
c = (YkTb/m) ,y 

speed of sound in the 

is. the usual ratio of 

specific heats at constant pressure to constant volume, 

and Tb is the temperature of the beam in. the reference 

frame moving with the bulk velocity, v. For seeded gas 

mixtures which are expanded in the hydrodynamic regime 

(Knudsen number < 1) c.ollisions wi th the carrier gas ini tially 

accelerate or decelerate the. seed gas depenlling on whether 

the carrier gas is lighter or heavier than the seed gas, 

respectively. Subsequent collisions during the expansion 



-35-

then serve to "cool" the seed gas and to narrow the width 

f . l' d . . b . 26 Th 1 b f o lts ve OClty . lstrl utlon. e tota num er 0 

binary collisions which occur during the expansion is 

proportional to n D, the product of the particle number o 

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. 11 that further 

velocity distribution narrowing should be possible for 

operation at still higher stagnation pr~ssures. This 

statement particularly ap~lies 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 Cor with a larger nozzle orifice, which would also 

increase the terminal Mach number of:the beam). Figure 12 

shows that the beam.Mach number decrea~es as a function of 

RF power level. This is not surprising since the number 

density at the orifice decreases as liT, where T is the 

effective plasma temperature at thebtifice. It is never

theless important to understand the ~ctual extent of Ma~h 
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number degrada tion wi th increasing RF power· since future 

operation of the beam source at higher stagnation pres

sures may require the use of higher power levels. 

D. Plasma Tempe,rature 

The temperature of the gas at the hozzle orifice has 

be~n determin~d tor a variety'of sour~e operating con

ditions with two diffirent t~chniques. The first of these 

techniques depends on the fltix change which occurs when 

the gas temperatur~ at the orifice is varied. The flux 

emanating from the orifice at constant stagnation pressure 

depends on the gas temperature in the following way: 

cI>(T) ex: n(Tl-vCT) ex: lin (6) 

where the particle number density, h(T), varies as liT 

and the velocity of the pariicles emariating from th~ nozzle, 

veT), goes as n-. An approximate determination of the 

plasma temperature can th~refore be made by meastiring the 

pressure in the sour2e with the distharge turned on and 

off: 

ex: (7) 
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A Bayard-Alpert ionization gauge was used for making these 

pressure measurements, and the gas temperature with the 

discharge off was assumed to be 300K. Using equation (7) 

the plasma temperature for high pressure oxygen-helium 

mixtures is repeatedly found to range from 800-900K for 

130 watt discharges, 850-ll00K for 165 watts, and from 

l150-l300K for 195 watts. Only a slight pressure dependence 

is observed, with the temperature tending to decrease 

slowly with increasing pressure. Oxygen-argon mixtures 

are found to De considerably hotter: l300-l500K for 130 

watts, l600-l750K for 165 watts, and l750-2050K for 195 

watt discharges at high pressures. The oxygen-argon dis

charges also have much stronger pressure dependences than 

the oxygen-helium discharges, with their temperatures 

rising ~ignificantly as the stagnation pressure is lowered. 

As a specific example of this a 5% 02-Ar, 130 watt discharge 

was found to increase in temperature from l400K to l750K 

as the pressure was lowered from 250 torr to 100 torr. For 

this reason extreme caution should be taken when igniting 

(at low pressures) high power argon discharges. Immediately 

after igniting high power argon discharges the pressure 

should be quickly raised to at least 100 torr in ~rder to 

avoid melting of the quartz orifice. The above temperatur~ 

measurements are of course only approximate, but are very 

useful fqr day to day plasma characterization. Also note 
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that the electron temperatures in the plasma are much hotter 

than the above transl~tional temperatures, with electron 

temperatures on the order of lO,OOOK or higher being achieved 

in the discharge. 

More accurate plasma tempeiature determinations can 

be made by monitoring the mole fractions and velocity 

distributions of the three species (0, 02' and either 

helium or argon) which a~e present in the beam. These 

temperature determinations may be carried out by assaming 

27 28 the overall energy balance. ' 

O:X.Cp )T 
1 . 0 

1 

= 
1 2 

EX. Cp T
b

· + -2 EX. m. v. 
1 . 1 111 

1 

(8) 

where Xi is the mole fraction, Cpi the heat capacity, vi 

the. terminal velocity, mi 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 T from equation. o 

(8) have been thoroughly reviewed in Reference 8. The 

mole fractions of each component have been calculated 

using the molecular dissociation data which was discussed 

earlier, taken in conjunction with the known composition 

of the gas mixture under investigation. Figure 13 shows 
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the RF power dependence 6f gas temperature. at·constant 

pressure, Jor three different gas mixtures. Once again 

we see that the argon cont~ining mixt~resgenerate signifi

cantly hotter plasmas and ,exhibit stronger power dependences 

than the helium containing ones. The data used in con

structing these curves were intentionally taken at relatively 

high operating pressures in order to ~nsure the validity 

of equation (8). The pressure dependence of gas temperature, 

at constant RF power, has also been studied for several gas 

mixtures under a wide variety of operating conditions. 

These studies again indicate that the gas temperature 

decreases with increasing pressure. For example, helium 

containing gas mix~ur~s typically decreased 200 degrees, 

from ab6ut 1000K to 80tiK, 'for a pressure change from 100 to 

200 torr. Argon containing mixtures also exhibit this 

temperature decrease with increasing gas pressure. We also 

find that the as~umptions which enable equation (8) to be 

used for calculating gas temperature appear to br~ak down 

at low pressures for argon containing mixtures due to the 

poor quality of these expansions. This statement especially 

applies to high p'ower, low pressure discharges which contain 

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-

bution of a pure helium beam which was produced from a 200 

torr, 175 watt discharge. Its p~ak velocity was found to 

be 2.83 x 105 em/sec. For an ideal nozzle expansion ofa 

rare gas, where v = ISkTo/m this velocity corresponds to 

a gas temperature of 770K. This temperature can be con

sidered to ~e in fairly good agree~entwith the temperatures 

determined above when we take into consideration the 

difference in gas composition which exists between this 

discharge and those previousl~ discussed. 

In concluding this section on plasma ~emperature 

characterization it should be mentioned that we have 

encountered some plasmas which were not suit~ble for 

generating atomic species. In particul.ar, we have been 

unable to generate. "hot" discharges .for gas mixtures pre

dominantly composed of helium when small.nozzle orifices 

of < 0.127 mm diameter were tes ted. Thes e "cool" dis-

charges would typically have temperatures on the order 

of otily 400K for power levels up to 200 watts. These· 

"cool" discharges are fortunately of little practical 

concern since orifices of > 0.180 mm diameter 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 stabilizing the hotter 

mode (-laaaK) relative to the cooler mode (-400K). Argon 

containing plasmas also have var{otis discharge 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 pressures in excess of 

400-500 torr at high power levels. This latter mode is 

extremely hot and can cause rapid enlargement of the 

orifice. The inner diameter of the plasma containing 

quartz .tube can influence the probability of this "hot 

mode" to "streamer mode" transition. The 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 .. lntensity. 

Absolute beam flux measurements have been ~arried out 

in a differentially pumped beam 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 mm 

conical aperature. The pressure rise, 6P, 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 the source skimmer and the detector 

entrance aperature, d, is accurately known. This inten

sity determination. is po~sible since the pressure rise, 

6P, reflects the new rate equilibrium which is established 

between molecules entering the detector and those effusing 

from it. The rate at which molecules enter the detector 

can therefore be found by calculating the rate at which 

molecules effuse out of the detector. This effusion rate 

can be expressed as: ~. = !4 n v A,. where n = 6P/RT, 
·0 0 0 

v 0 = (8nkmTr, A is the. area of the detector entrance aperature, 

and T is assumed to be 300K. The long sidearm extension 

was added to the ionization gauge to ensure the validity of 

this last assumption. The absolute .intensity ~f the beam 

in terms of solid angle units can be obtained by dividing 

~ by 6Q, the solid angle subtended by the detector aperature, 

where 6Q = A/d 2 . Examination 6f the above relationships 

reveals that the actual area of the detector aperature does 

not influenc"e 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 1018 atoms sr- l sec- l The atomic oxygen mole 

fraction present in the terminal beam of 10% 0Z-Ar 

discharges, run under the same power and pressure 

settings as above, is known to be 0.15 from molecular 

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 1017 

Pure helium d~scharges which were 

run at ZOO torr with power levels again between 165 

and 195 watts produced beam fluxes of 5.5 x 1019 atoms 
-1 -1 sr sec Combining this figure with the measured 

atomic ox~gen mole fraction for 10%OZ-He discharges, 

X = 0.10, leads to an absolute atbmic oxygen flux of ca. 
18 -1-1 5 x 10 atoms sr sec for oxygen-helium discharges. 

The pure rare gas beam intensities produced by this· source, 

as described above, are comparable in magnitude to the 

intensities which have been reported in the literature 

Z9 30 for other nozzle beam sources.' The ionization gauge 

readings which were used for these and. subsequent beam 

intensity calculations were corrected for the differences 

in gauge sen~itivity which exist for the various gases 

under study. . The gauge readings were actually divided 

by 1.19, 0~15, and 0.85 in order to find the true pressure 
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changes due to Ar, He, and 02' respectively.31 These 

represent the correct gauge sensitivity conversion factors 

as the detector gauge was calibrated for N2 . 

The pressure rises due. to oxygen-rare gas beams were 

~lso measured in prder to perform an approximate check 

on the atomic oxyg~n flux estimates described abo~e. Pre-

dictions for the seeded beam pressure rises were based on 

the 

ing 

pure rare gas data~ and were calculated in the follow

way:. ~Pmix(predicted) = (X RG + X02(0.;S))~PRG' where 

and Xo represent the rare gas and oxygen concehtrations 
2 

the gas mixture, ~PRG is the pressure rise registered 

by the gauge for a pure rare gas beam run under the same 

stagnation pressure and RF power settings, ~p. is the 
mlX 

predicted gauge pressure r-ise due to the seeded beam, and 

S is the gauge sensitivity conversion factor for either 

helium or argon. The measured gauge pressure increases 

for oxygen-argon discharges agreed well with the predicted 

gauge deflections, falling consistently withinlO% of 

~P ... However, the measured pressure rises for oxygen-· 
mlX 

helium beams were usually 20% higher than the predict~d 

gauge deflection .. This discrepancy can ~e explained if 

the mole fraction of oxygen (0 an~ 02) along the beam 

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

gas mixture .. This explanation is·supported by the fact 
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that the heavier particles o~ a seeded gas mixture are 

preferentially focused on the beam centerline during 

h d d . . 1 . 32 d tt t d 1 Y ro ynamlc nozz e expanslon, an are a enua e ess 

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 10 17 atoms sr- l 

sec- l for oxygen seeded in argon beams and> 5 x 10 18 

-1 -1 atoms sr sec for oxygen seeded in helium beams. For 

these determinations a 40° inner-60° outer cone angle, 

0.82 mm diameter boron. nitride skimmer was fixed at a 

nozzle-skimmer distance of 5.08 mm, a second collimating 

skimmer of 1.04 mm diameter was placed 31.78 mm from the 

orifice, and a flat slot of variable dimensions was placed 

52.76 mm from the orifice in the wall which separated the 

diffe~ential and detector sections of the apparatus. The 

total gas flow emanating from the nozzle is typically 0.75 

torr-l/sec for 200 torr, 165-195 watt oxygen-helium dis

charges (0.191 mm diameter orifice) and 0.25 torr-l/sec 

for 350 torr, 165-195 wattoxygen~argon discharges (0.076 

mm diameter orifice). 

The ability of this beam source to produce intense 

atomic oxygen beams at high pressures,without suffering 

significant intensity loss due to atomic recombination, 

is one of its most novel and 'important operating 

I.,' 
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characteristics. This behavior is clearly demonstrated 

in Fig. 14 where the atomic' oxy~en number density, as 

measured with a quadrupole mass spe,ctrometer, is plotted 

as a function of increasing stagnation pressure for four 

gas mixture-RF power'levelcombinations. In Fig. l4a 

the relative n/e = 16 number density is seen to rise 

linearly with increasing stagnation pressure over the 

entire pressure re~imes which were explored for two argon 

containing gas mixtutes: up to 300 torr fot a 5% 0Z-Ar, 

165 watt discharge and 350 torr fot a 10% 0Z-Ar,' 195 watt 

discharge. The 10% 0Z-He, 165 watt number density curve 

shown in Fig. l4b behaVes in a similar manner, up to a 

maximum pressure of 200 torr, as those described above. 

However, the 5%bZ-He, 130 watt curve shown in this figure 

turns over at pressures higher th~n ZOO torr. This indi~ 

cates that power levels >165'watts should always be used 

for running oxygen-helium discharges above ZOO torr total 

pressure. The mle = 16 curves shown in Fig. 14 have all 

been corrected for the slight contributions arising from 

dissociative ionization of the molecular oxygen which is 

present in the beam. The high pressure segments of these 

curves are also representative of the' relative atomic 

oxygen 6luxe~ produced by this source, as a function of 

increasing pressure,due to the weak dependence beam velocity 

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

When dilute oxygen -he! ium gas mixtures are dis,charged 

in this beam source a mixture of atomic oxygen quantum 

states including ground state O(3pJ ) and excited state 

O(lDZ) atoms is present in the terminal beam. lVhen helium 

is used as the carrier gas the O(lD Z) flux has in fact 

proven to be of sufficient magnitude to permit differential 

reactive scattering experiments to be carried out. This 

represents a very significant development in the realm of 

molecular beam technology as prior to this no other O(lD Z) 

beam source has been reported in the literature. 

O(lD) production was experimentally confirmed in.our . Z 

universal crossed molecular beam apparatus by observing the 

production of OH from th~ reaction _ 

6H = -43.5 kcal/mole (9) 

For this study a supersonic hydrogen beam (peak velocity = 
5 Z.66 x 10 cm/sec, Mach number = Zl) was collided at 90 0 

with an·oxygen seeded in helium beam (peak atomic oxygen 

velocity = Z.38 x 105 cm/sec, Mach number = 9) at a relative 

collision energy of Z.7 kcal/mole. The oxygen beam was 

produted by discharging a ZOO torr, 5% 0Z-He gas-mixt~re 
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with ZOO watts of RF power. Under these experimental 

conditions the OR could not have beeri produced by the 

ground state reaction 

--+ OH + H ~H = 1.9 kcal/mole (10) 

due to the large 8.9 kcal/mol~ activation ~nergy33 which 

is as~ociated with this prcicess. Further support of the 

Reaction (9) protess comes from the a~gular arid velocity 

distributions of the OH reaction product., The OH'LAB ~ngular 

distribution shown in Fig. IS' extends as far as the OH(v=O) 

Cen ter- of -Mass velocity circle permits based upon a reaction 

exoergicity of 43.5 kcal/mol'e, while the OE velocity distri'

butions obtained with cross correlation time-cif-flight' 

. 34 35 technlques ' falloff with velocities indicative of 

this exoergici ty.. These experimental distributions also 

indicate that the concentration of O(lSo) at6ms in the 

termin~l beam must be extremely low as nQ OH product was 

observed at the high energies characteristic of the process 

~H = -94.7 kcal/mole (11) 

When 10% 0Z-He gas mixtures were discharged rather than 
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5% 0Z-He mixtures a 30% decrease in OH signal was bbserved 

relative to the 3000 counts/sec ~ounting rate of the more 

dilute mixture. This indicates that the number of collisions 

occurring between OClDZ) atoms and other oxygen species 

should be minimized during the expansion if extensive 

qu~nching of the OClDZ) is to be avoided. When dilute 

oxygen-argon gas mixtures were tested no OH product was 

detected, indicating that, within the accuracy of the·· 

determination, oxygen seeded in argon beams con~ain no 

OClDz). This is fortunate as it enables OC3pJ} reactions 

to be studied in an environment free of OClDZ) contamina

tion when argon is used as th~ beam c~rtier gas. 

The presence uf OClDZ) in beams having helium as the 

carrier ga~ can be attributed to the extremely small· 

quenching rate constant of the process 

t.H = -45.4 kcal/mole C12 ) 

which has been experimentally found to be: kg-He < 10- 16 

cm 3 molecule-l sec- 1 36 This value canbe compared to the 

"gas kinetic" rate constant in order to crudely estimate 

the number of collisions needed for quenching to occur: 
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kGK = 8 x 10- 10 cm 3 molecule- l 
O-He 

-1 sec This gas kinetic 

. d by kGK = rate constant was approxlmate CTIrZ)C 8kT)1/Z 
m'TIll ' 

,where rm is the experimentally determined Lennard-Jones 

(lZ,6) parameter for OC 3P
J )-He cOllisions,37 T is the 

plasma temperature, taken a~ 1000K, and 11 is the reduced 

mass of the collision partners. The above indicates that, 

on the average, -about 10 6 OClDz)-He collisions ~ust occur 

before quenching takes place. Since only about 10Z 

11 · . d· h .' 38. . co lS lons occur ur,lng t e expans lon 1 t IS not sur-

prising that some OClDz) atoms are present in the terminal 

beam. In fact, most OClDZ) quenching probably occurs 

1 during collisions between OC HZ and other oxygen species 

which are present in the beam. 'Irt contrast to this, the 

experimentally determined rate constant for OClDZ) quenching 

Q -13 3 -1 -1 36 by Ar, kO-Ar = 3 x 10' cm molecule sec , is only about 

three orders of magnitud,e smaller than the O-Ar "gas 

kinetic" rate constant, kg~Ar = 6 x 10- 10 crn3 molecule- l 

-1 sec , which was calculated assuming a plasma temperature 

of lSOOK and using the r~ value for OC3PJ)-Ar given by 

Reference 37. The OClDz)-Ar collisions therefore deactivate 

a significant fraction of the O(lD Z) atoms during expansion, 

with ,the remaining O(lDZ) atoms being deactivated by 

collision with the other atomic and molecular oxygen species 
Q _ ' -11 3 

beam (kO-O - 3.7 x 10 cm 
2 

which are present in the 
-1 -1 36 molecule sec ). An analysis of the collision dynamics 
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for Reaction (9) is currently being prepared for publication, 

and will be presented elsewhere in the literatuie. 

The pressure and power dependence of O(lDZ) production 

has been examined for a 5% 0Z-He gas mixture in our crossed 

beam apparatus. This was accomplished by monitoring, at 

the peak of the broad product angular distribution, the OH 

signal intensity coming from Reaction (9) .as a function of 

beam source pressure and RF power level. Since the oxygen 

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 the oxygen beam. 

the OH count rate would be indicative of the O(lDZJ number. 

density at the collision center.) The curved shape of the 

int~nsity versus pressure data shown in Fig. l6a indicates 

that some O(lDz) quenching does occur at higher pressures, 

but not to the extent "lhich would r~quire operating the 

sources at pressures below Z50 ~orr. The intensity verSus 

RF power curves shown in Fig. l6b clearly ind~cate that . . 

higher source powers (and hence plasma temperatures) 

significantly increase the flux of O(lDZ) emanating from 

the nozzle. In the near future gas mixtures composed of 

less than 5 pertent oxygen will be characterized in order 

to determine the optimum oxygen-helium mixture for 

maximizing O(lDZ) production. 
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DISCUSSION 

The high pressure, supersonIc, radio frequency dis

charge beam source which has been described in the pre

ceeding sections of this paper offers several improvements 

in the important operating characteristics of beam trans

l~tional energj, beam intensity, velocity distribution 

width, and beam composition when compared to either thermal 

or low pr~ssure·discharge effusive sources. For example, 

the atomic oxygen translational energies which have been 

acce~sed in our laboratory span the range from 0.1-0.5 eV, 

with future extension of this range up to 0.7 eV being 

pos~ible for operation with dilute oxygen-helium mixtures. 

These energies are considerably higher than those accessible 

with effusive sources constructed from either thoria (Th02)39 

or iridium: 40 . Also, the atomic oxygen intensity produced 

by an effusive thermal oven, operating with Knudsen number = 

1, would be ca. 4 x 1016 atoms sr- l se~-l. 41 This intensity 

was calculated ilsing an °2 pressure of 1 torr, a calculated 

equilibrium constant of K = 1.2 x 10- 2 torr for the process p 

°2 
~ 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 atomic oxygen 

fl f 3 . 10 16 . -1 - 1 b .. 1 . d f uxes 0 ca. x atoms sr sec . elng rea Ize or 

operation under effusive flow conditions (with 10% molecular 
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diss~ciation, a temperature of 350K,42 Knudsen number = 1, 

and a slit heightbf '2 mm).The above atonic oxygen 

intensities are much lower than the measured intensities 

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

sr- l -1 for oxygen-argon mixtures and sec > 5 x 1018 atoms -
-1 .,.1 

for oxygen-helium mixtures. Also note that sr sec 

the Maxwellian velocity distributions typical of effusive 

sources are quite often 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 1-3 orders of magnitude higher than those possible 

wi th conventional effus i ve sources, wi th the actual inten-

sity gain depending upon the peak velocity and velocity 

widths ~hich are"used for this comparison. The high 

atomic oxygen fluxes produced by this source should permit 

extremely well defined ~ollision experiments to be carried 

out i~ which the supersohic beam source woul~ be coupled 

with either a high resolution mechanical velocity selector 

or with a magnetic sublevel quantum ~tate selector in 

order to further define the atomic beam. 
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The ability of this source to generate seeded beams 

having high molecular dissociation at pressures up to 

several hundred torr total pressure~s undoubtedly due 

to plasma localization·at the nozzle tip, and to the 

highly efficient power coupling which has been achieved 

between the RF tank circuit and ~he plasma. The use of 

radio frequency rather than microwave power simplified: the 

above as radio. frequency. generated plasmas. can be easily 

drawn out of the region enclosed by the coupling coil, 

while microwave generated plasmas tend to strongly localize 

in the region surrounded by the-coupling cavity. The 

facile frequency variability and impedance matching of the 

RF circuitry d.escribed earlier also simplifies operation. 

at high pres sures " The water cooled nozz Ie, which ensures 

extremely stable andreprodticible day to day operatio~ of 

the source, would h~ve to be replaced with a more curnber-

some and less efficient oil-cooled design if microwave. 

radiation' were used., The abil ity of·· this source to. generate 

terminal beams containi~g 0(1)>2)· atoms is at this time 

unique, and would not have been possible if the discharge 

were removed from the region immediately behind the orifice. 

The atomi,c oxygen is probably generated in the dis

charge by a variety of kinetic processes. Thompson43 has 

shown, for low pressure discharges, that dissociation can 
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be directly induced by electron-oZ collisions via the 
3 - 3 - 3 Schumann-Runge continuum 0Ze ~g) ~ [Oz( LU)] ~ O( PJ ) +, 

O(lD Z) for collision energies> 7.1 eV. Metastable argon 

collisions could also lend to dissociation via this pra-

II cess. Metastable helium atoms, due to their high 

energies,have the" ability to Penning ionize molecular 

oxygen. ,Ionization in this manner~ fOllowed by dissOcia

tive recombination between 0z+ and an electron has been 

proposed as ~he'primary source nf ,atomic oxygen in 

oxygen-helium RF discharges. S 

The generation of other atomic and electronically· 

excited species should also be possible with this source~' 

In our laboratory we have briefly tested dilute hydrogen

helium mixtures (lZ5 torr total pressure, 145 watts) 

and have obs~rved atomit hydrogen production. The genera

tion of a supersonic molecular beam containing 0Z(16 g) 

, without the simultaneo~s presence of atomic oxygen in the 

terminal beam should be possible. This could be accomplished 

by pulling the discharge back, away from the nozzle tip, and 

by introducing a small amount of mercury into the gas 

mixture. The resulting mercuric oxide coating located 

after the discharge zone would effectively remove the 

atomic species present in the gas. 44 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. 1. 

Fig. 2. 

Sectioned view of the plasma beam source mounted 

i~ a differentially pumped chamber. A-Lucite 

insulating flange. B-Nozzle coolant return. 

~-Quartz nozzle gas inlet. D-Cajon ultra-torr 

fittings. E-N6zzle coolant inlet. F-RF power 

input from RG-2l3/U coaxial cable. G-Variable 

air capacit~r. H-Coupling coil coolant outletA 

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

through for RF return and coil coolant. K-Ceramic 

feedthrough for RF input arid coil coolant. 

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

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

deflecting field. 0-1200 l/sec diffusion pump, 

differential region. P-4200 or 8000 l/sec 

diffusion pump, source region. Q-Epoxy resin 

mechanical support. R-Electrical ground wire. 

Not shown: Wire mesh RF shielding l'Jhich covers 

the air capacitor/RF feedthrough assembly. 

Sectioned view of ,the internal source components. 

A-Variable· ground tap. B-Swagelock reducer. 

C-Water-cooled quartz nozzle~ D-Coupling coil. 
I 

E-Quartz support rod for water inlet/outlet 

assembly. F-Swagelock union joining copper and 



Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6 ; 

Polyflow tubing. G-Cajon VCO fitting. H-Kovar-

pyrex section~ I-Graded seal, pyrex to vycor~ 

"J-Alumiiium support block to electrical ground. 

K-Boron nitrid~ sk~mme~~ 0.88 mm. L-4X enlarae-eo 

ment of nozzle tip; arrows indicate low conduc

tivity water flow direction: 

Impedance matching circuitry. 

Block diagram of the plasma generating e1ectronic~. 

Theddub1e solid lines indicate the equipment used 

for high po~~roperati6n, while the double dashed 

lin~s indic~te the bypassing netes~aryfor pre

li~inary tune-~p of the ~ource. 

a) 'Newton diagrams for O-He and 0Z-He elastic 

scattering. b) Differential el~stic scattering 
, , 

cross sections for O-He and 'O~-He. The wide 

angle falloff bf the O-He curve conciusively 

demonstrates atomic oxygen production. 

Pressure dependence of °z dissociation: 

0 5% 'OZ-Ar, 165 watts; • 5% °Z-Ar, 130 watts; 

.6.10% °Z-Ar, 195 watts; 0 10% °Z-Ar, 140 watts; 

• 5% °Z-He, 130 watts; ... 10% °Z-He, 130 watts; 

¢ 10% °Z-He, 165 watts; performance data 

for the source described in Reference 8. 

\,.', 

.' 
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Fig. 7.. R.F. power dependence of °z dissociation. 

0 5% °Z-Ar, Z50 torr; • 10% °Z-Ar,' Z50 torr. 

• 0 10% ° -He Z ' 175 torr . 

fig. 8. Pressure dependence of atomic beam velocity. 

'. 0 5% °Z-He, 130 watts; • 10% °Z-He, 165 watts, 

11 10% °Z-He, 130 watts; 0 10% °Z-Ar " 195 watts; .' 5% °Z-Ar, 165 watts; .& 5% °Z-Ar, 130 watts; 

0 10% ° -Ar Z ' 140 watts. 

Fig. 9 . R.F. power dependence of atomic beam velocity. 

• 5% °Z-He, ZOO t.o.rr; 0 10% °Z-He, 175 torr; 

• 5% °Z-Ar, Z50 torr; 0 10% °Z-Ar, Z50 torr. 

Fig. 10. Atomic oxygen velocity distribution for a seeded 

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

the deconvoluted best fit to the experimental 

. data which yields a beam Mach number' of 9. Z. 

Fig. II. Pressure dependence of atomic beam Mach number. 

• 5% °Z-He, l30 watts; 0 10% °Z-He, 130 watts; 

0 10% 0z -Ar, 195 watts; Il. 5% .OZ-Ar, 130 watts; 

0 5% °Z-Ar, 165 watts; • 10% °Z-He, 165 watts. 

Fig.1Z. R.F. power> dependence of atomic beam Mach number. 

" 0 10% ° ~He Z ' 175 torr; Il. 10% °Z-Ar, 250 torr; 

• 5% °Z-Ar, Z50 tort. 
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Fig. 13. R.F. pdwer dependence of plasma temperature. 

o 5 % ° 2 - A r, Z SOt 0 r r ; • 10 % ° 2 - Ar, 250 tor r ; 

o 10% 0Z-He, 175 torr. 

Fig. 14. a) Atomic oxygen number density as a function of 

pressure 'for ~rgon containing mixtures. 

o 10% 0Z-Ar, 195 watts ; • 5% 02-Ar, 165 watts. 

b)Atomi~ oxygen number density as a ~unction of 

pressure for helium containing mixtures. 

o 10% 02 -He, 165 watts; .' 5%02 -He, 130 watts. 

These curves have all b~en corrected for slight 

mle '"' 16 contributions aris,ingfrom dlissociative 

ionization of mass 32 in the electron bombardment 

ionizer. 

Fig. 15. Laboratory angular distributionoi OH from the 

reaction O(lDz) + HZ' + OH + H at a relative 

collision energy of 2.7 kcal/mole.· The solid 

line is a calculated fit to the experimental 

data which employed a symmetrical center-of-mass 

product distribution for the OHproduct. The 

excellent fit ,between the calculated and experi-

mental data,taken in cOhjunction with with wide 

angle falloff (-40°) of the distribution, 

demonstrates the presence of 0(lD2) atomic oxygen 

in the terminal beam. 

,,' 
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a) Relative O(lOZ) intensity as a function of 

gas pressure for a 5% 0Z-He, ZOO watt discharge. 

b) Relative O(lOZ) intensity as a function of 

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

• 150 torr total pressure; 0 100 torr total 

pressure. These curves indicates that the 

0(102) intensity can optimized by simultaneously 

operating the source at high power and pressure 

settings. 
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