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ABSTHACT 

An extensive series of experiments designed 

to yield information on the mechanisms of ultra-high 

frequency discharges is described. The main 

conclusions 2.re that such discharges exhibit a 

high negative space charge due to secondary elec

tron emissi on from the walls of the cavity and 

that ion production is inhibited by the space charge 

trap so formed, that under certain conditions extremely 

intense electron beams may be obtained from a resonant 

cavity, and that fairly large ion currents may be 

obtained by the interaction of the emergent gas and 

the emergent electron beam in the exit orifice of the 

cavity. 
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1. 

INTIWDUCT ION 

This research is in a field in which there 

is still a great dearth of information. Con-

sequently it was originally almost entirely explora-

tory in nature. As a result, a great number of 

observations were initially made to provide back

ground information and clues regarding the mechanisms 

involved. Ma~y of these e&rly measurements, 

while not without interest, have now become of some

what secondary importance to the main point of 

t,::.is thesis. In order to avoid ohscuring the 

main trend of the thesis in a welter of detail, 

some of these measurements have been given in 

appendices. Other observations reported in 

ap~endices for the same reason are those describing 

general observations, providing detailed explana

tions for some of the effects observed, etc. 
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STATElmN't' OF THE PROBLEM 

Ion sources ~re integral parts of some of 

the most important analytical and research instru-

ments now in use. Furthermore, it is very often 

the case that imperfect performance on the part of 

the ion source is the chief factor which limits the 

overall perfor~ance of the instrument as a whole. 

For that reason, tne improvement of ion sources is 

an ever-current problem. 

Obviously, sound ion source desien must rest 

on an understanding of the mechanisms by which ions 

are produced and expelled from a source chamber. 

Even now, the operation of ion sources employing 

steady or slowly varying voltages very often eludes 

ready explanation, especially in the presence of 

magnetic fields and particularly in cases where 

high space charges are involved. 

Even less well understood are discharges in 

which the fields employed are of sufficiently high 

freq_uency that transit times become important. 

The frequencies at which these effects enter depend, 

naturally, on the dimensions and operating pressure 

of the ion source under consideration; generally 

speaking, this frequency range extends upward from 

about 100 megacycles, and for ion sources of 
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convenient dimensions ranges upw ~rd from about 300 

me gacycles. Only within very recent y ears have 

vacuum tubes been available from which reasonable 

amounts of power could be derived a t t hese fre qu en c ies, 

and only during a nd since the recent war has t here 

been a ppreciable interest in the mechanisms of ultr a-

high frequency ionization. Some work on this subject, 

startec during the w&r, was done(l) to aid in the 

design of high-power wave guides in such a way as to 

prevent internal sparking. More recently, Mar g e-

nau(2,3) and his co-workers(4,5), a no. Herlin a nd 

Erown( 6 , 7 ) have extende d both experimental and the o

retical work to lower pressures in order to gain an 

understandi ng of some of t he b ~sic pro ces s es i nvolved. 

Some of t h e observa tions ab ou t to b E describ ed ha ve 

bee n rGa d E- a t pressures lower t h&n any oL!.ers of which 

t he author has knowl edge. 

It is reco gnized t _iat high-frequency discharges, 

employing fr equencies u p to a few megacycles, have 

been utilized( B), principally as s pectroscopic a rc 

sources, for many y ear s . These so-called "ele c-

trodeless" discl::.arges wer e much in vo gue in such 

problems as hydrogen fine-structure studies; one 

sucn dis char ge tub e was , in fact, built by t h e 

auth or• some y ea rs ago for t his pur pose. As f ar 

¼Descrio ed by Hsueh, ~hesis, CIT 1944 
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as electronic transit times are concerned, however, 

these discharges are not materially different from 

direct-current discharges excepting that the use of a 

radio-frequency field permits of maintaining a high 

average internal electric field without the use of 

conducting bodies within the glass enclosure. 

Ultra-high frequency discharges as here considered, on 

the other hand, do seem to have some properti es intrin

sically diff.~Tent from those involvin6 low frequency 

or steady fields. An investigation of t~ese 

J roperties leading , if possible, to an improvement 

in general understanding of ultra-high frequency 

discharges, was the purpose of t h e work about to be 

described. 

Investigations on the performance of ion sources 

have previously nearly always involved tests not of 

the ion source separately, but of t h e ion s ource as 

a functioning part of the ap9aratus in which it is 

ultimately to be used. This method automa tically 

s nows up any serious f aults which the ion source 

may have and which mignt otherwise be overlooked, 

such as exces s ive gas consumption, faulty beam 

formation, and so forth. However, results 

obtained in such tests are i ndicative not of the 

performance of the ion source itself but of the 

combination, and. dat a which might provide i mportant 

information on the functioning of the ion source 
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as such are sometimes lost. In this work, there-

fore, the ion source was tested as a separate entity, 

at reasonably low voltages, c.rnd with a reasonably 

large variety of electrode configurations, in order to 

obtain as much information as possible about the 

forces at play in the dischetrge itself; it is believed 

that the results to be reported here will justify this 

method adequately. 

There were several reasons why it was felt that 

research on an ultra-high frequency ion source might 

prove fruitful. First, at ultra-high frequencies 

a.nd with suitable geometry and gas pressures, the 

maximum energy acquired by an ion from the field is 

muchless than that acquired by an electron, the 

maximum energy acquired by a particle depending 

inversely on its mass, as will shortly be shown. 

Conse~uently the method of ultra-high frequency 

excitation seemed to offer a means of ex~it i ng a 

disch&rge by a means to which the positive ions 

formed could be made relatively insensitive by 

an appropriate choice of parameters. Ions so 

formed could be drawn out by a superposed :DC field 

or allowed to drift out of the ionizing region by 

diffusion, anu it seemed as if some of the very 

troublesome effects of space charge mieht thereby 

be avoided. It will become amply evident in the 
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course of this thesis that this hope was, at best, 

only pa rtly capable of re alization. Second, the 

method. seemed to of fer promise of permitting mainte

nance of a self-sustaining discha rge at pressures 

much lower than could be permitted in a DC or low-

fre quency aischar ge. Such a pos s ibility would greatly 

alleviate the problem of gas consumption which is 

present in nearly all gas ion sources. Third, 

durinc the early part of this work Ha11( 9 ), working 

at this Institute, developed an ultra-high frequency 

ion source whose mechanism of operation seemed to be 

imperfectly understood; partly to throw, if pos s i ble, 

more light on the mechanisms involved in Ha ll's 

source, and partly to correlate Hall's observations 

with the author's, some of Hall's work was essentially 

repeated and extended under compar able conditions. 
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OUTLINE OF THEORY 

Theoretical treatments of ultra-high frequency 

ionization have thus far uniformly avoided providing 

for either space-charge effects or the effect of 

secondary electron formation at the walls of the 

cavity. Mierdel(lO) has given a very simple 

treatment of the motion of a charged body in an alter

nating electric field, based on the hypothesis that 

the body is essentially free; that collisions of the 

body with gas molecules, t::1e walls of the cavity, or 

anything else, are infrequent compared to the oscilla-

tion frec;uency of the field. 1Jargenau ( ~~) has challenged 

the validity of this hypothesis and has developed a 

theory applicable to higher p¾essures. We shall 

see that there is a large range of pressures in which 

discharges may be maintained under conditions in 

which the simple theory of 1Herdel has as ,much 

validity as any thus far developed; since these are, 

by anu large, the pressures in which we have been 

interested here, we will sketch Mierdel's theory 

briefly and indicate how it may be extended to cover 

secondary electron emission at the walls. 

Consider a particle of mass m, charge q, 

situated in an electric field of intensity given by 

(1) 
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Such a p &r t i cle sta r ting u t t: 0 with y ~ O, 

Y - Yo , h a s a motion g iven by 

y = ~!~ [ sin 9 - sin ( wt + 9 ij + v O t , ( 2) 

where 

qEo 
V : -- COS 9 + QO o mw Y • 

The motion of such a par t icle is clearly a 

superJosition of t wo simple motions, t h e first being 

a uniform drift pa r a llel in Qirection t o t h e field, 

of mag nitude 

qE0 cos g 
mw 0 

+ Yo 

(3) 

(4) 

and t he second being a si nuous motion in syncnronism* 

with t he field, of 8,mplitud e 

In the absence of initi a l veloc ity, we have the 

maxi mum ki netic e nergy 

(qEo)2 
Tmax =2mw2 ( 1 + lcos 91 ) 2 , 

(5) 

(6) 

show inb that in a situation in wh i ch the b oa y is 

essentially free, an electron may a c ~uire many orders 

of mag nitude great er energy tha n a he a vier cha r ged 

body s uch as a proton. Superposition of a steady 

* The po sition of the cha rged body is in opJo s ite 
phase to t h e field and t he curre nt formed by the mo tion 
of the char g ed body is 90° out of phas e ~th the field, 
lead ing , if the cha r ged bo dy is pos i ti ve. Both t h ese 
effects a r e rever s e ~ i n sign if the body i s an electron. 
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field for withdrawing ions would modify these results 

along obvious lines. 

It is to be noted from (2) that electrons coming 

into being without initial velocity at such times 

that cos 8 = 0 may oscillate sinusoidally in the 

field for a considerable number of cycles and. in so 

cioing may travel for&.. total distance much greater 

than the interelectrode spacings involved. It ca n 

be expected that there may be conditions in which 

this increased path length will lead to greater 

ionization probabilities per electron, and make 

possible operation at lower pressures, than would be 

the case in a steady or low-frequency field. This 

type of motion, and the ionization resulting from 

it, will be impaired by the superposition of a steady 

field due either to space charge or to a field imposed 

externally to the disc harge itself. Some of the 

quantities of interest thus far developed are shown 

graphically in Figs. 1,2. 

These derivations, based as they are on the 

suppositions that space charge and Secondary emission 

may be neglected, h2.ve their greatest significance in 

furnishing information on the mechanism of initial 

breakdown at low enough pressures and in cavities large 

enough that collisions with the walls of the cavity 

are infrequent compared with collisions with gas 

nmlecules and that both are infrequent compared 
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1.2 

to the frequency of the field. Although the results 

are not without validity in the situations to be 

described, ample experimental evidence will shortly 

be presented to support the conclusion that both 

space charge and secondary emission from the walls 

can play important roles. 

It will be seen from figs. 1,2, that electrons 

which come into being essentially without initial 

energy are unlikely to acqvire enough energy from a 

reasonably strong field to be effective in forming 

seconelaries. Consider now an electron which has 

its origin as a secondary at one wall of a cavity, is 

accelerated to the opposite wall where it may, under 

favorable conditions, give rise to further secondaries. 

Assume a field strength of 58~ volts (peak), frequency 

550 megacycles. An electron for which Vo• 0 

(Eq. 1) acquires a maximum energy of 25 volts; if 

~ = O, cos 9 • 1, the energy may be as high as lCO 

vol ts. If an electron has an initial energy of 

25 volts* due to its origin as a secondary, it may 

* There is no general ag reement in the literature 
of the subject of the most prob&ble energy of second
ary electrons; some authors (16) maintain that they 
are emitted with almost constant ener~y of five to 
ten volts; others (12) conceding that the energy is 
relatively constant but maintaining that it is nearer 
to 25 volts, while still a third view (11) is t~at 
they tend to be emitted with a constant fraction of 
the primary energy. Under the circumstances, the 
assumption that the secondary energy is about 25 volts 
seems as good as any. 
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acquire, under t h e most favorable conditions, an 

energy of 175 volts, requiring 0.75 cycle to develop 

the energy and travelling a dista nce of 8.? millimeters 

in doing so. Clearly these are conditions eas y to 

a chieve in a practical situation and the electronic 

motions involved are of such mEgnitude that the pheno

menon might be expected to occur in a cavity of 

reasonable dimensions. Also, it will be observed 

from ( 3 ) that electrons orig inating as secondaries 

on one sicie of the c &.vity at such th1es th a t v0 )0 

will always cross t h e cavity; under the conditions 

given here, this will include somewha t more than hllf 

of a ll the secondaries produced, regardless of which 

side of the cavity t Ley origina te on. 

Data are available on th~ secondary e~ission 

coefficients of rnany common materials; some of the 

more pertinent data, taken from Harries(ll) are given 

in figs. 3,4. It will be notea th&t nearly all 

common materials, even aquadag, have secondary emission 

coefficients greater t han unity for at least a 

restricted range of bo mbardine; energies. It may 

also be noted that t h e admission of trac es of gas to 

a cavity may be expected to contribute to breakdown by 

raising the seconda ry emission coefficient of the wall 

material(ll) even though the gas may not be present 

in sufficient amount to play a directly i mportant 

• part in the gas discharge as such. 
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This simple arg ument cannot, of course, b e taken 

as evidence for or a gainst the possibility of creating 

a self-sustaining pure electron d i scha rge by secondary 

emission effects at high frequencies, nor is t h ere 

enoug h information on the time la8 s involved in 

seconaa ry emission available to permit performa nce 

predictions even if the t h eory were a vailablef 

Empirically, a mple evidence for the possibility of 

pure electron disch arg es, ma inta ined entirely by 

secondary emission, is to be found in hi gh- power 

magnetron tubes, in some of which the electrons for 

operation are provided e ntirely by second ary emissi on 

once t n~ tube has been starte d by initi a l he atine of the 

C&th ode. Suffice it to say tha t secon dary 

emission may not play a ne g ligible role and discuss 

the appare nt import a nce under the results. 

* Wang (14) and Greenblatt & Miller (15) have made 
some indirect measureme nts on this subject, co nclud
ing that at least some of the second aries are emitted 
in less than 10-lO sec. 
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EXPER.D:IENTAL ARRAUGEJ.mNT 

The source of rf power consisted of a three-

stage continuous-wave oscillator-amplifier combination 

comprising a primbry oscillator, an intermediate ampli

fier and "buffer" stage, and a final power amplifier, 

all working at the same frequency. All three stages 

employed double resonant cavities incorporating "light

house" tubes; the oscillator, an RCA 2C43 (five watt), 

t he buffer, an RCA 2C40 (10-watt) and the final ampli-

fier an Eimac 2C3 9 (100-watt). All t hree cavities 

were essentially identical except for the obvious 

differences in detail arising from the necessity of 

their accommodating different tubes. All consisted 

of brass tubing carefully mac~ined and soldered to a 

he&vy base plate, with the end covers machined for a 

tight pres s fit, and tuning plugs were machined from 

billets of brass or bronze. Sockets and other fit-

tings for the tubes were machined from brass or c J pper 

billets. All three cavities were silver-plated on · 

all inside surfaces. Tuning was accomplished by 

moving the tuning plugs by·means of threaded bars pas-

sing through the base plate. A typical stage (the 

buffer) is shown in fig. 5. 

Coupling between cavities was by means of RG8-U 

concentric cables, together with appropriately placed 

telescoping members of conventional type for tuning 



18 

oof 

~ 
a.node cool i ':.J 

I Mxilidry shield. 

;J/afe ca.vi tr 

~ 
;ower ln. 



19 

and impedance matching. In each case, coupling into 

a cavity was by means of a coupling loop inserted into 

the grid cavity and coupling out was by means of a 

capacitative probe inserted into the plate cavity. 

It should be mentioned here that there is no 

necessity_for a power source of this complexity as far 

as the operation of a practical ion source is concerned; 

a pair of 2C39 tubes working as a self-excited oscilla

tor would almost certainly be adequate, for example. 

The three-stage combination described here was chosen 

partly because it was felt that the superior frequency 

stability of such a combination over a self-excited 

oscillator would make it possible to investigate more 

closely the changes in resonant frequency of the source 

cavity under varying conditions of excitation and part-

ly because it was recognized that there might be many 

conditions of exploring the discharge properties in which 

a self-excited oscillator might become so over-loaded as 

to drop out of oscillation with consequent damage to 

the tubes, whereas this possibility would be largely 

avoided by isolation of the oscillator from the final 

stage. 

To those who may wish, for one reason or another, 

to adopt a similar power supply, a few words here may 

be helpful. 1he first and most obvious is that a 

supply of this complexity must be mechanically well 
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constructed to work at all; none of these stae; es 

produced much more power than was required to drive the 

succeeding one; construction had to be such that fine 

tuning was easy and that a cavity, once critically 

tuned, would stay in tune. Even when fully loaded, 

tne plate c a vities showed ma rked adverse effects if t h e 

tuning plugs were as little as a few thousandths of 

a n inch out of position. Second, it is our obser-

vation that the 2C43 tube will not work properly as a 

power amplifier at t hese frequencies (550 to 900 mega

cycles) without neutralization, which is an added 

nuisance and was one of the reasons for deciding on 

the 2C40 since it will so operate. Third, the 

writer was advised that the 2C43 (and presumably the 

2C40 as well) are very inefficient unless they are 

provided with auxili a ry shields of the type Ehown in 

fig. 5. No certain explanation of this effect is 

to be found, but it is probe,b ly connected with dielec-

tric losses in the glass envelope. The cavities 

used here worked p oorly without these shields and 

worked well with them, but other changes were made at 

the same time the shields were installed so that it 

cannot be said definitely th a t t h e shields were the 

g overning f a ctor in this case. Fourth, to the 

extent to which t h ese cavities may be t reated as capa

city-shunted transmission lines, t heir resonant positions 

to a fundament a l frequency a nd its third h a rmonic are 
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close together; since the oscillator shows a 

large third harmonic output it is not always easy to 

be sure whether the fundamental or its third harmonic 

is being tuned in the buffer. This leads to the 

advisability of making an actual frequency check on 

the buffer output to make sure one is not trying to 

drive the final stage at three times the desired fre-

q_uency. Fifth, the resonant freq_uencies of these 

cavities will drift b~dly during a five or ten minute 

warming-up period, due probably to thermal buckling of 

the grids. A self-excited oscillator employing light

house tubes should, if heavily loaded, always incorporate 

some cathode bias or other current-limiting means to 

protect the tube from the results of drifting in and out 

of oscillation during the wa rmup period. 

Frequency measurements were made in an air-filled 

t unable concentric line resone, tor of approximately 

t 1tree inch ci.iarneter. Frequency measurements were 

accurate to about 0.2%; it was not expected that any 

effects critically sensitive to frequency would be 

found (nor, in fact, were any such effects observed) 

and no attempt was made to measure the frequencies with 

great precision. 

The vacuum system consisted of a bell jar of more 

or less conventional type evacuated throuch a specially 

constructed vacuum valve by a DPI VlCF-lOOW oil diffusion 
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pump, using Octoil as the pumping fluid. The bell 

jar proper consisted of a glass cylinder sealed at the 

top to a heavy steel plate and at the bottom to a narrow 

but stiff ring, the entire assembly being held together 

permanently by three steel tie rods and sealed with 

electricians' rubber tape and Glyptal varnish. The 

base ring of the bell jar was provided with a slightly 

undercut groove into which an 0-ring was fitted, the 

undercut being to prevent the 0-ring from falling out 

when the bell jar was lifted. The base plate was one-
• 

inch boiler plate, surface-ground at the area of contact 

between the plate and the base ring of the bell jar. 

The base plate was ~rovided with twelve holes of 

diameter varying from ¾" to l¾" into ·wn.i ch brass plugs 

carryint;; various electrical Leads, g2.s lines, etc., 

were fitted and sealed, the seals again being effected 

by 0-rings, the plugs being slightly tapered on the 

outer end to prevent their being pushed in by atmos-

Jheric pressure. Electrical insulation inside the 

va cuum chamber was effectea by stringing polystyrene 

beads on the wires. 0-rings were used liberally 

throughout this apparatus, and i n more than two years 

of use there were only three troublesome leaks, one in 

a warped glass stopcock, a second in an 0-ring joint 

which had an extremely rough and go uged surface and 

which was cured by "buttering" this surface with a 
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smooth coat of high-vacuum plasticine, and a third 

in a compression packing of conventional type which ,. 
was cured by substituting an 0-ring joint. 

The basic discharge cavity was of the concentric 

line type, as shown in fig. 6. Gas was admitted 

directly to the cavity, and pressures, where reported, 

were measured by a Knudsen gauge connected directly to 

the discharge cavity. Various internal arrangements, 

different in detail, were tried during the course of 

the work; these will be described later in connection 

with the experimental results obtained with them. 

The short terminal stub shown was provided in order that 

the gen§ral shape of the field would not depend very 

much on the gap spacing, as might have been the case 

had the central pillar faced a flat end surface. The 

central pillar of the cavity could be moved in and out 

to investigate the effect of changes in gap spacing, and 

the tuning plug was adjustable from outside the bell 

jar. A ½" diameter hole through the wall of t h e 

cavity, sealed by mica held in place with "scotch" tape, 

served as an observation port. 

For convenience in focussing the emergent bes.m, 

the re-entrant aspect of the top of the cavity should 

be eliminated in a practical ion source. 

The capacitative probe s hown in fig. 6 was inserted 

into the cavity for, the purpose of making field strength 
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measure~ents. With a discharge in the ca vity this 

probe was shielded to such an extent that it was most 

often useless; its utility was lars ely co nfined to 

indicating the no-load field strengths and hence 

serving as an a id to tuning and obtaining proper 

coupling. 
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EXPERHIBNT.il OBSERVATIONS 

The experimental observations of this work may 

be divided logically into three stages; first, a 

series of purely exploratory measurements, second, a 

series of measurements underts.ken to investigate why 

the ion currents from the source were not as high as 

were ex~ected nor as high as those which by that time 

were being reported by others in the field leading 

ultimately to an hypothesis regarding the mechanisms 

involved in the discharge, and third, a series of 

measurements underta~en principally to check the 

hy_potlleses which had been formulated as a result of 

the second stage of the work. 

The first stage of the work was done with dry air 

as the ionizing medium, with no magnetic f ield, and 

with an all-metal (copper-plated steel) discharge 

chamber. Th e results of this stage, reported in 

detail in Appendix I, will only be summarized here. 

The main conclusions were: 

I. That an ultra-high frequency discharge could be 

initiated and maintained, in a metal-lined cavity, 

at pressures rs.nging from 10- 4 mm. Hg up to 

several tenths of a millimeter. Only rarely 

was it possible to initiate the discharge at 

very low pressures; more usually it was necessary 
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to introduce a burst of gas to raise the pressure 

up to 2-3xlo-2mm, after which the pressure could 

be reduced and the discharge maintained. The 

ion yields showed essentially no fre~uency depen

dence in the range 600-9uu megacycle, and no clear 

evidence for dependence on gap spacing in the 

range 10-16 mm. Measurements taken with 6.4 mm. 

gap spacing tended to be consistently lower than 

the others by about 25%. 

II. No ions were ever observed in amounts over 5 micro

arnpere, ano. rarely over 1, without an auxiliary 

withdrawing potential, although electron currents 

over 100 microarnperes were frequently observed 

with no steady potentials anywhere, even on the 

collector. 

III. Ion currents to a collecting chamber of conventional 

t ype tendeQ to be in the range 10-20 microampere. 

IV. Ion currents showed a surprisingly small dependence 

on rf field strength or coupling. 

v. The excita tion of a discharge in the cavity changed 

the resonant point in a direction corresponding to 

the insertion of an inductive loa d, so tha t t he 

net space current in the discharge was apparently 

negative. This is to be expected even in the 

absence of net spEcce chr.rge on acc ount of the h igher 

mobilities of electrons. 
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VI. The magnitude of the ion currents tended to uepend 

on the m2,gni tude of the withdrawing field; this 

sugsested that the current was space-charge-limited, 

although the dependence coula also be accounted 

for by a focussing effect. 

VII. The initial ener6ies of the ion bee,m, expressed 

as volts referred to the source chamber, ran as 

high as 120 volts. This indicates a high 

positive space charge in the presence of the with

Qrawing field and (II) above indicates an even 

higher negative space charge in its absence. 

VIII.There is essentially no difference in ion current 

when the admitted gas is changed from air to 

hydrogen, which suggests that if space-charge 

effects are present, the~ are not governed by the 

conventional expressions which describe space-charge 

current limitation since if this were the case the 

current would show a definite dependence on the 

mass of the ion involved. 

At the conclusion of the above phase of the work, 

and particularly in view of the mutual confusion among 

VI, VII, and VIII above, it was felt that an incompletely 

understood space charge effect of some sort was affect-

ing the results. Consequently it was decided to 

introduce a beam of electrons from a hot filament into 

the discharge chamber from below, to attempt therezy 



29 

to reauce the space charge (which was assumed to be 

positive) and thus enhance the ion beam intensity. 

It was observed at once that the sole result of electron 

injection was to reduce the intensity of the emergent 

beam, the beam intensity falling monotonically with 

increasing electron current injected. (Fig. 7,) 

Here was a most unexpected result. Space 

charge formation is usually tho_ught of as due to unequal 

mobilities of positive ions and electrons, the particles 

having the higher mobility being ~wept out of the dis

charge and leavi~ an excess of the less mobile 

particles behind. Under any ordinary conditions, 

one would expect the net spa ce ch&rge to be positive, 

yet here was evidence that the net space charge, in 

the absence of a withdrawing field, w&.s strongly 

negative, and le&ding to an ion-trapping ~henornenon 

in the potential well resulting from the negative 

space chE.--rge. This phenomenon is well known in 

mass spectrometry, where ioniz&.tion is commonly 

produced by injecting a beam of elec trans tr~rough the 

gas sample more or less transversely to the ionic orbit; 

if excessive electron current is employed, the ion yield 

is actually depressed due to the formation of just such 

a space-charge trap. The phenomenon is also well 

known to students of vacuum-tube theory( 12 ). 

T~ e next experiment tried was the coating of the 
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entire inside surfaces of the cavity with aquadag. 

Obviously, any electrons wnich were present in excess 

of t h e positive ions most probably 1:12.d their ori gin as 

secondaries_ at the walls of the cavity; if they were 

present in sufficient numbers to interfere with ion 

escape by the formation of a spa ce-charge trap, the 

seriousness of the effect might be reduced by coating 

the inside of the cavity with a material t hough t to be· 

* a comparatively poor secondary emitter. 

Two facts were note d as soon as this was done. 

The first was that there was no important cha nge in 

ion current. The second was t riat the DC current 

to the insulated stub (Fig. 6) chc:-"nged sign when t h e 

cavity was tuned through resonance, being negative 

when the cavity was off resonance and positive when the 

ccvity w&.s well tuned, although nothing else in the 

cavity was affected by the tuning process and no DC 

fields were present. There may be more than one 

explanation of this phenomenon, but one which we ar e 

willing to support is the following: under badly 

tuned conditions, electrons strike the stub with average 

energy low enough that the effective secondary emission 

coefficient of the surface is les s t han unity, and the 

net current is negative. As soon as the cavity is 

* Examination of figures 3, 4 shows that aq_uadag is 
not such a poor secoDdary er itter as was originally 
supposed; this error, however, has no bearing on the 
data about to be presented. 
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brought nearer to a prb perly reso Gant condition, t he 

&vera ge electron energy is increased to the point where 

the secondary emission coefficient of the wall material . 

for the average electron exceeds unity, and the current 

changes sign not because of any change in the sign 

of. the bombe.rding pGrticles, but because they arrive 

with such energy, and. t h eir escape in the absence of a 

DC biasing field is sufficiently probable, that there 

are more secondaries leaving t he surface than primaries 

striking it. Conseque ntly the positive sign of the 

current to the stub repre s ents not a net positive current, 

but an excess of secondary electrons leaving the surface 

over primaries striking it. This explanati on is borne 

out by a series of measurements with DC biasing fields 

within the ccwi ty; t I1ese measu~ements, togetr1 er with a 

more detailed discussion of the effect in this instance 

and also in the presence of an axial magnetic field, 

are given in Appendix II. 

At about the time this stage was reached, Ha11( 9 ) 

reported. a very interesting and successful ion source 

working on this s am e principle but considerably simpler 

in detail, employing a Pyrex bottle for the discharge 

and an axial magnetic field to confine it. The 

main purp9se for which Hall's ion source was intended 

was admirable served; however, it raised several impor

tant questions. First, how was it possible to obtain 
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ion currents exceeding those thus far observeu here by 

fo.ctors of twenty to fifty, without a withdrawing 

field. of any kind, when t hi s work had thus f a r i ndicated 

tha t a withdrawing field was absolutely mandatory? 

Seco nd, just wi:ia t wa s the role played by the magnetic 

field and why d i d its employment result in such a l a rge 

increa se in ion yield in a system which a lready seemed 

to have a. considerable degree of cylindr ical symmetry? 

Th e us e of any insula ting material in the d is charge 

cavi ty had until now been a voided becaus e it was felt 

t hLt surface char ges on such material wo uld intro duce 

electric fields of magnitud e ana shape which would be 

hard to predict or to explain, and which would conse

quently only confuse the r esults. However, it did 

seem to be claar t hat i nvestigation of the effects of 

an axial magnetic field was requir ed; a ccordingly, a 

sole noid (Fig. 8) was built for this purpose. The 

pillar of the discharge region was provided at this 

same time with a small (3/8" diameter) section which 

could be raised to co ncentrate the discharge, and in

vestigations of the effect of the magnetic field, both 

in t h e entire gap and in the co nf i ned gap, were begun. 

The first observation was t hat at pres sures of 

about 10-3 mm. and below, a magnetic field of a few 

hundred Gauss would extingu ish the disd:2-rge al to gether. 

In one or t wo i nstances the magne t ic field would blow 
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the discharge out wiihin the gap but would leave a 

fringing discharge arrund the eages of the gap. 

The second observation was that even magnetic fields 

not strong enough to extinguish the discharge altogether 

would impair the ion yield; the degree of impairment 

depended on pressure and withdrawing volta6e, but there 

was no instance in which the magnetic field increased 

the ion yield by any amount which could not be ascribed 

to small instabilities in the source itself, and there 

was always at least one value of the magnetic field 

whose employment resulted in marked impairment of the 

ion yield regardless of the withdrawing voltage. 

The next series of measurements was made with the 

auxiliary gap extended to develop a smaller, more con

centrated discharge. Two effects, which had been 

more or less anticipated, were observed: first, the 

magnitude of the detuning effect due to the discharge 

was much reduced (by nearly a factor of t _en) and 

second, the ion currents tended to be somewhat enhanced, 

being occasionally in: the neighborhood of 40 micro-

amperes. At gas pressures close to 100 micron, a 

magnetic field strength could be found at which the 

discht~rge exhibited a brLght core approxi11cc tely 2 

millimeters in diameter along the axis of the discharge; 

the ion current in the absence of a magnetic field was 

in the neighborhood of 10 microamperes and was reduced 
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to about three microamperes by the forrration of the 

bright core just described. 

It was known from previous measurements that the 

negative withdrawing field was necessary to the 

achievement of appreciable ion currents. It ·,., as 

felt that the above observations could be explained on 

the basis that the magnetic field made it more difficult 

for the withdrawing field to sweep electrons away from 

the exit aperture in sufficient numbers to remove, even 

locally, the space charge trap and hence permit ion 

currents to be maintained at the same values as in the 

absence of a magnetic field. Accordingly a series 

of measurements was undertaken to investigate the effect 

of the magnetic field on the conditions within the cavity 

itself. These measurements (discussed in detail in 

Appendix II) confirmed the hypothesis that an axial 

magnetic field intensifies the negative space-charge 

trap and inhibits ion production from within the high

frequency discharge itself. 

Acceptance of these conclusions, howeve_r, immedi.: 

ately raises the question where the ion currents of 

several hundred microamperes reported by Hall were 

corning from. There was clearly no possibility that 

either these measurements or Hall's could be simply in 

error by an amount sufficient to explain the discrep

anay in ion currents reported, and it was impossible 
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to consider that an understandins of the phenomena 

involved had been arrived at in the presence of this 

direct contradiction between these results and Hall 1 s. 

Consequently, it was decided to attempt to duplicate 

Hall's results under essentially identical circumstances. 

Several Pyrex bottles of the type described by Hall 

* were obtained and measurements with them begun. 

The first measurements were disappointing. At 

the pressures previously most often used, the ion current 

increased with wi thdrawing voltage - it was still rising 

at a withdrawing potential of 700 volts - the ion currents 

even tnen were only in the neighborhood of 30 micro

arnperes, ana. the only clear aifference betv,een the 

Pyrex and the metal cavities seemed to be that some ion 

current (5 to? microamperes) 'could be observed at 

_pressures around 10-3 mm. with no withdrawing voltage 

ap.l:'lied. In view of the fact tha t s urface cha r ges 

on the Pyrex might give rise to almost any preassigned 

field distribution, this dia not seem either surprising 

or important. Ion currents did not seem to depend 

much on the rf field strength, being nearly constant 

when the final amplifier plate volta~e w~s chs nged from 

400 to 700 volts, so that it seemed as if currents 

were being limited by space charge here just a s they 

* The first one used, which served as a pattern for 
the rern :: .indcr, w&.s kindly furnis .c.1 ed by 1Jir . Holloway of 
t De Kellogg Laboratory. 
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had been in the metal cavity. A little later, it 

was f auna possible to form an i ntense localized core 

in the a.isc ::.w,rg e by a suitable choice of' gas pressure 

and magnetic field; the formation of this core reduced 

the ion current from about 30 microamperes in the 

absence of the core to about 7 in its presence. Even 

in tnis co na.iti on, ion current seemed to be insensitive 

to rf field strength; the final amplifier plate voltage 

could be changed from 600 to 900 volts, and the cathode 

bias from 200 to 700 ohms, with no appreciable effect 

on ion current. It is important to note, however, 

that all these measurements were made with an ion ~th

a.rawing voltage of 400 volts or more (negative, of course, 

with res pect to the body of the cavity). 

It was at first thought th&t the f a ilure to 

a.uplicate Hail's ion currents might oe due to insufficient 

rf power supplied. This notion was dispelled very 

soon, however, by the observ~tion that under extreme 

conditions of excitation the discharge assumed the 

bright yellow color of sodium vapor and that the Pyrex 

was badly pitted and eroded at the ends in only a few 

minutes' use, assuming a puffy appearance which one 

would expect from its having been melted loca lly in 

va cuum. Certainly Hall's conditions of excitation 

could not have been more violent than this without 

resulting in much faster deterioration of his capsules 

than was reported. 
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At last, more by accident th~n by design, it was 

observed. that in the absence of any steady electrode 

voltages w~atever, electron currents to the collector 

as high as two or three milliamperes could. be obtained. 

Running aown this clue, it was found that by adjusting 

the withdrawing and focussing voltages, the pressure, 

the magnet current, and the rf power input to optimum 

values, electron currents to the collector as high as 

twenty to thirty milliamperes could be collected; on 

several occasions, fotty milliamp eres were observed, 

and on one occasion, fifty. Furthermore, the 

current ex.hi bi ted the expected cri ti c2,l sens i ti vi ty 

to tuning, to rf impedance match, to gas pressure, to 

amplifier :plate voltage, and. the remaining p2.,remeters 

involvea.. In this observation lies the confirma-

tion of the hypotheses already presented regarding 

space charge and secondary emis s ion, and the explanation 

of the puzzling discrepancies which seemed to exist 

between these □easurements and Hall's. 

At the time these hiGh electron currents were 

observed., the lzydrogen for the source was being generated 

by an electrolytic generator partly because a suitable 

hyarJgen J ressure regulator was not available and 

partly because it was felt that measurement of the 

generating current would provide information on the 

gas consul'Jlption rate if such information was desired. 
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The generating current in the situation under 

discuss~un was so mewhat unsteady, but within a few 

percent of 200 milliamperes. The assumption that 

the electron currents observea vould come from the 

ionization of the gas woula require electrolytic 

generation of the gas, conveying this gas to the 

d.isc::.1arge bottle, dissociation of the gas (Hydrogen) 

into atomic ions and electrons, and collection of the 

resulting electro ns, with the overall efficiency of 

the entire process running in the neighborhood of 

twenty-five percent. It was known that there was 

a large amount of gas leaka.ge around the discharge 

bottle; this leakage was estimated at 80% and was 

certainly at least 50%. Visual observation of the 

effects of the dischar6 e on the Pyrex bottle indicated 

strongly that there was end-for-end symme t ry in the 
-If-

effects, so that these two losses alone would require 

an overall efficiency for the remainder of the process 

of over 100~;'~. Clearly, secondary emission from the 

interior walls of the Pyrex bottle is the only possible 

source of much the lc_r6er part of t l: e electron currents 

ocserved. 

The source of Hall's ion currents is now not far 

to seek. The exit bore of the F'yrex bottle w2.s 

ap:proxima.tely 1 mm. (aiaE::e ter) by 0.8 mm. long (some

what variable from one bottle to another); if we assume 

Electrons are ejected backward as well as forward . 
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E-.n average pressure within the bore of 4x10-2mn1., and 

use Langmuir's ionization coefficient for 100 volt 

electrons of 0.038 ions per cm. :;i er electron at 1O-2rnrn., 

we find ions produced, in the exit jet, at the r&te of 

15 mi croanperes per milli E:.rn.:;:, ere of elec t rons, L nd using 

the measured value of 40 milli amp eres of electrons 

ejected, we find ions produced at the rate of 6~0 micro

amperes per millimeter of jet length; if one assu~es an 

effective length for the gas-electron jet of 1.5 milli

meters, one finds ion cur r ents which agree with Hall's 

fully as well as could be expected from the approximate 

nature of the computations. More accurate computations 

can h~rdly be justified on the basis of available data; 

the exit gas jet is apparently mostly atomic as 2 result 

of the Hydrogen's having been. uissociated in the discharge, 

ana there are no data on ionization probc:.bili ties of 

electrons in a tomic Hydrogen; Langmuir's coefficients 

for molecular Hydrogen have been used for• lack of any 

other data. It is to be noted that ions formed by 

the mechanism described here would sllow all t Le 

sensitivity to gas pressure, rf field strength, tuning, 

and other factors, which have been reported by Hall for 

positive ions and reported here for electrons (but not 

for positive ions); this is further substantiation of 

the hypothesis. 

Ion currents of this magnitude could not be 
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brougllt to a satisfc:.ctory focus with the voltages 

and geometry available here; for the purpose of measuring 

total ion current, a special collector capable of 

collecting a considerable _part of a fc::,irly divergent 

beam was constructea. Unresolved ion currents to 

this collector as high as 350 to 400 microamperes could 

be collected without difficulty provided that the 

withdrawine; volt&ge on the first gap was rnacie zero or 

slightly positive. 

The emergent ion beam was not subjected to mass 

analysis; however, visual spectroscopic examination 

showed the Ealmer lines to be bright and clear compared 

to the band background, v;hich is in ,general agreement 

with Hall's measurement of some 601~ protons in the beam. 
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APPENDIX I 

GENER.AL PHENOI'Jl.ENA OF HIGH-FREciUENCY DISCHARGES 

I GEN"ERAL PROPERTIES 

It was generally necessary to admit a burst of 

gas, raising the source pressure to about 2xlo- 2mm Hg, 

to get the discharge started. After this was done, 

the pressure could be depressed to a very low value, 

usually to 2xlo-4 and sometimes as low as 6-7xlo- 5mm., 

before the discharge would go out. If the pressure 

was below about 10-3mm. and the discharge was extin

guished in any of a variety of ways (snapping the rf 

oscillator off and on, by excessive DC biasing voltages, 

or too high a magnetic field), the discharge would not 

generally reignite. Only at the highest rf field 

strengths obtainable was the discharge self-igniting 

at low pressures, and even then it was so infrequently 

so that we prefer to regard failure to ignite spontan

eously at low pressures as the normal behavior, attrib

uting exceptions to this rule to a possible surface 

contamination, an accidental gas burst, or other 

obscure cause. 

There are apparently two main mechanisms involved 

in an ultra-high frequency discharge at low pressures. 

The first is the motion of electrons which have their 

ori§;in in the main body of the gas and without much 

initial energy. At low pressures, only such of 
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these as are formed w.th practice.lly zero initial 

energy and at times near the instants when the field 

phase is optimum can have path lengths sufficient to 

have a reasonable ch&nce of ionizing before they 

<':ere ca.rried. out of the field by their initial energy 

of formation. The number of electrons formed by 

residual ionization (cosmic radiation or terrestrial 

radioactivity) having such low energies seems to be 

too small to permit self-ignition at low pressures. 

At higher pressures, electrons of even fairly high 

initial energy can have that energy degraded by 

multiple collisions to the point where a number of 

low energy electrons sufficient to initiate~ self

sustaining discharge is produced. 

Much the same type of 2,rgument may be advanced 

for electrons produced at the walls. Whether they 

have their origin as secondaries to a high-energy 

primary electron or as electrons ejected . from the wall 

material by terrestrial or cosmic radiation, they are, 

as conventionally thought of, produced by an essentially 

high-energy process. High-energy electrons being 

relatively inefficient for secondary production, it is 

possible to imagine that these would also be ineffec-

tive in bringing a discharge into being at low pressures. 

The foregoing may be summarized by saying that 

~oth of the processes which may of especial importance 

in a high-frequency discharge are essentially low-



45 

energy processes. The background ef fects to which 

discharge initiation is usually attributed, on the 

other hand, are most usually thought of as hi~h energy 

processes (over a few hundred volts). Consequent-

ly these background phenomen~ are ineffective in 

initiating an ultra-high frequency discharge except 

at :pressures where multiple collisions with gas mole

cules provide a mechanism for energy degradation. 

Once the discharge has started, the discharge itself 

affords an amply intense source of low energy elec

trons with which the discharge may be maintained. 

It can be anticipa ted that both of the main 

sources of ionization in an ultra-high f requency field 

will be d0pressed by a super-posed DC field. Even 

electrons formed at pro pitioup times will be quickly 

swept out of the ionizing region, whereas t h e emission 

of secondaries will be inhibited by the DC field which 

tends to drive at least half of them back into the 

surface from w:b..i ch they came. :::iatct on the subject 

are presented in fig. 9. The data presented are 

ty.cJ ical; very many measurements of this effect were 

made a nd there was no circumstance in which a (more 

or less) uniform DC field had any other effect than 

to depress the ion currents. Furthermore it was 

repeatedly observed that superposition of too high 

a DC field, at low pressures, was suf f icient to 
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extinguish the discharge altogether. In a few 

6specially favorable cases it was possible to 

extinguish the main part of the discharge by super

position or a DC field and leave a discharge going 

in the fringing (weaker) part of the DC field; more 

usually the discharge was blown out altogether. It 

might have been possible to produce a fringing discharge 

fairly consistently had means been available to produce 

a smooth continuous variation of DC field strength; 

in this case the stub bias was increased in 25-volt 

increments by selecting one or another tap of a resistor 

string, so that the production of a fringing discharge 

was due more to chance than might otherwise have been the 

case. 

The leakage field from the, withdrawing electrode 

had much the same effect, though of course at much 

higher absolute voltages. In a few instances where 

particule,rly high withdrawing voltages were· combined 

with narrow gap spacing, this leakage field would also 

produce fringing, or extinguish the discharge altogether. 

II DETUNING OJ? THE SOURCE CAVITY :SY THE DISCHARGE 

It has been mentioned that either positively or 

negatively charged particles in an ultra-high frequency 

field move with velocities whose variable co mponent is 

ninety degrees out of phase with the field, and that the 

currents originating in the motion of such charged 
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particles have the effect of a reactive load on the 

cavity. It was repeatedly observed that the tuning 

plug positions for maximum no-load field strength and 

for maximum visual discharge liminosity or ion current 

were quite different. In every cas e the optimum 

cavity length was increased. by the discharge, which 

indicates that the discharge has the eff ect of reducing 

the effective capacity of the gap (by coupling in an 

inductive load), which in turn is evidence that the 

currents are predominantly due to particles of negative 

sign. This was to be expected. in view of the higher 

mobilities of electrons; the presence of min the 

denominator of (5) indicates that space currents would 

be predominantly negative even if positive ions outnum

bered electrons in the space charge by several fold. 

Conse quently this observation cannot be taken as support

in6 any conte ntions regarding the net space chare; e in 

the gap. 

The amo unt of detuning by the discharge is shown 

in Figs. 10,11. The flatness of some of the curves 

(at high pressures) can be partly accounted for by the 

fact that the sensing means (collected ion current) 

was larLely space-charge s &turated at high pressures. 

These curves would agree in general appearance, however, 

with a curve drawn on the ba sis of visual luminosity so 

that the reduced sensitivity of any of the discharge 
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characteristics to tuning plug position at high pressures 

would seem to be very clear. This is easily explained 

on the basis of a br6adening of the cavity resonance 

curve by a dissipative load, by which the ionization 

processes in the dische,rge rnay of course be represented. 

III ION CID1r1:i!;NTS IN EA.11E J:JBTAL CAVITIES 

The dependence of ion currents on tuning has just 

been discussed. The dependence on pressure is shown 

in Figs 12, 13, v,rhtre the currents shown are those 

obtained at optimum tuning plug positions for the 

particular conditions shown. Neither the presence 

nor the location of the maximum shown can be discussed 

very fully without considerably more information, both 

theoretical and experimental; obviously if the pressure 

is too low, no ion currents of any ~onsequence can be 

formed, whereas at higher pressures the gas itself will 

interfere both with ionization, either by secondary 

emission from the walls or by the Hierdel~lO) process, 

and with ion withdrawal from the cavity. It would seem 

that the location of' this maximum might change with 

both high-frequency power level and. frequency, although 

there is no evidence for sucn dependence here. 

The dependence of ion current on withdrawing 

potential is shown in Fig. 14. There is little 

that can be said about these curves, or need be said, 

except that they show clearly that some type of space-
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charge effect is involved; the fact that the ion 

current rises monotonically v,hile the withdrawing 

electrode potential is taken all the way from the source 

cavity potential to the Faraday cage potential indicates 

against the supposition that the rise can be due entirely 

to a ficussing effect. 

IV INITIAL ENERGIES OF Tfil ION EE.AJ,1 

In these measurements the ion beam originated in a 

space free of any DC fields except those due to space 

charge or to the leakage from the withdrawicg electrode, 

and yet their combined kinetic and potential energies 

are as high as 125 volts with respect to the cavity in 

which they were formed. (Fig. 15) T}:i s measurement 

was one of the first ones which suggested that space 

charge was playing Ln important role in these phenomena; 

no ion currents of any importance had ever been observed 

without a withdrawing potential, yet once.withdrawn, 

the ions were seem to have ample e.nergy to escape 

except for some unexplained effect. The cor;.clusion 

finally arrived at to explain this result is shown 

graphically in Fig. 16a,b. Fig. 16a shows the 

hypothecatea potential distributions in the gap, in 

the absence of a withdrawing potential, aue to ions 

alone, electrons alone, and tneir resultant. The 
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net potenti a l cl ear J.y forms a well, or space-char ge 

* trap, from which the ions are unable to escape. 

Jlig. 16b snows the s &,me quantities in the presence of a 

withdrawing potential. The internal potential due 

to the leakage field from the withdrawing el ectrode is 

shown as a light solid line, the r emaining potentials 

being shown as before. It is assumed that the le akage 

field does not disturb the posi~iv~ s pace charge much 

(not comparatively, a t least) but vhat the negative space 

charge is compa,rati vely distorted due to highE., r electron 

mobilities. The net potential (heavy solid line) 

permits the escape of ions formed between points a and c, 

and some of these i ons will be ejected from the cavity 

with anomalous energies as is readily seen from the 

position of point c above b. The extent of penetrat ion 

of this stray field from the withdrawing electrode will 

depend on the electrode potential, which explains at 

least a part of the dependence of ion curr~nt on this 

potential which was discussed in the section just 

previous to this one. 

* La ngmuir has sn own that the potential due to a 
combined uniform field and uniform s pace cha rge is 
parabolic. 
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APPENDIX II 

INTERNAL CONDITIONS IN THE CAVITY 

One of the first observations which suggested that 

secondary emission might be playing an important part 

in the behavior of the discharge was the observation 

that the net stub current, in t h e absence of any .DC 

fields, changed from negative to positive and back 

again when the cavity was tuned through resonance. 

Since the change affected only the rf field strength in 

t he gap, it was difficult to believe that mostly 

positive ions might be collected at maximum field 

strength and then for the characteristics to chang e in 

some mysterious way so tha t mostly electrons would be 

collected at weaker fields; the supposition t hat the 

positive current is due to the fact that there are 

mo re secondaries leaving the stub than primaries strik-

ing it seemed much more plausible. It is known (ll) 

. * f • that the secondary emission coefficient o any material 

starts near zero at low bombarding energies, rises to 

at least one maximum, then falls again as the primary 

energy becomes high, and that the secondary emission 

coefficient of nearly all 

* The ratio of the number of secondary electrons 
ejected fro,m a surface to the number of primaries 
striking it. 



6,0 

common m&,terials exceeds unity* for at least a part 

of this range in pri r ary ener~ies. This fact rnakes 

it possible to give a ready explanation for the change 

in sign of the stub current; at high field strengths 

ana ligh energies, the secondary emission coefficient 

of the wall material is greater t han unity for a 

sufficient number of the primary electrons t h fat the 

average current to the stub is positive, while detuning 

the cavity decreases t i e field strength and hence the 

average energy so that the secondary emission coefficient 

is less than unity ana t h e stub current is of the sign 

to be expected from electrons. 

It is possible to check this hypothesis by imposing 

a DC biasing voltage on t h e stub. If the current to 

·the unbiased stub is positive and due to positive ions, 

it should be decreased by a positive bias; if due to 

excess secondaries it should be increased, because the 

:positive potential will inc:::ease the numbe;r of primr.ries 

striking the ~urface, until the bias is so h i gh as to 

interfere with the escape of the secondaries themselves. 

The argument is reversible; if the bias is nega tive, the 

current, if due to ions, should increase; if due to 

secondary emission, it should decrease. The results 

* At least when the surface is not clean and free 
from occluded gas, which is the situation here. 
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of actual measurements are shown in Fig. 17. It 

will be clear from a study of t h e figure that the 

hypothesis just given is confirmed in a generally 

satisfa ctory way. The question of current continuity 

will be dealt with shortly. 

Th e effect of an axial magnetic field may now be 

discussed. The first gross observation was that the 

magnetic field has much the same effect on the discha,rge 

as a parallel steady electric field, in creating a fring

ing discharge or in extinguishing the discharge altogether. 

The explanation which is believed to be correct is 

the following. At zero magnetic field, the space 

charge is self-limiting by virtue of electron circulation 

to the walls of the cavity; as soon as a negative space 

charge has built up to an appreciable level, electrons 

are ejected radially (tra nsversely to the rf electric 

field) where they are collected on the inner walls of 

the envelope and can return as conduction electrons 

t.Lrough the walls to the gap. It will be obvious 

that secondary emission at the envelope will play no 

part of importance in this phenomenon because the 

field at the envelope is essentially steady and any 

secondaries formed will be driven back into the surface 

from which they originated. This provides a 

sustaining mechanism for the secondary emission in the 

magne tic-field-free gap and makes the nega tive space 

charge self-limiting at a low level. As soon as 
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an axial magnetic field is applied, t his electron 

circulation i s inhibited, t he electrons are tra pped 

in the ionizing region, the ne gative s Jace charge 

builds up to the point whJre there is a DC field high 

enough to extinguish the disch2rge (at low pressures) 

by mechanisms already discussed at length in Appendix I. 

To obtain a. check on this hypothesis, two measure

ments were made, the first being measurements of stub 

current and collected ion current as functions of the 

magnetic field, and the second being a measurement 

of the electron current collectea at the wall as a 

function of magnetic field. Since the second of 

~uese measurements has the simpler interpretation we 

will deal with it first. 

The experimental arrangement and the data are 

shown in Fig. 18. The data are generally confirma-

tory of the hypothesis just stated, as will be seen. 

This very clear and unambi guous confirmation is obtained 

only at low pressures, however; at higher pressures, 

and especially with a ten or fifteen millimeter gap, 

there is a sufficiently strong general discharge 

t 11roughout the cavity to mask lar&ely or completely 

the effect sought. This does not, of course, affect 

the validity of the co nclusion. 

Measurements of stub current and collected ion 

current as a function of magnetic field are shown in 
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Fig. 19. The si multaneous dip in ion current and 

stub current may have s everal explanations. One may 

say taat t~e magnetic field acts in some unexplained 

way to de pres s the ionization in the cavity directly and 

hence to inhibit both electron current to the stub 

and the ion current to the collector. This explanation 

is refuted by two observa tions: first, that the electron 

currents ejected from the cavity show a generally rising 

tendency with increasing magnetic field (Fig. 20) and 

second, that the stub curr~nt was observed actually to 

change sign on one occasion, so that the drop in stub 

current seems most likely to be due to an increas e in 

its secondary emission rather than due to a reduction 

in t he number of primaries striking it. It was 

orie,;inally thought that the magnetic field might have 

some influence on the secondary emission coefficient 

of the gap material by influencing its state of magnet

ization, but this seems implausible because the effect 

of increasing electron current and decreasing ion current 

was also observed with the Pyrex bottle (stub current, 

of course, could not be measured in this case). It is 

now believed t hat the mag netic field, by inhibiting electron 

circulation, simply concentrates the discharge to such an 

extent as to operate it a t a higher power density and 

consequently raise t he average electron energy to the 

point where cond i tions for secondary emission become 

more favorable. Such an effect will show the general 
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behavior seen here; the electon density will increase 

sharply at the point where the &.ver2,ge electron energy 

is high enough to be effective in producint; secondaries, 

but the imposition of higher than optimum magnetic 

fields will depress the yield of electrons because the 

space ch~rge eventually becomes so high that the low 

energy seconct.aries cLnnot get across the gap to contri

bute to the process. 

This phenomenon will c=.lso account in a qualitative 

way for the formation of axial jets in the discharge; 

it was observed both in the Pyrex bottle and in the 

metal cavity with the central pill~r extended that under 

certain critical conditions of pressure and magnetic 

field, an intense jet would be formed on the axis of 

the c&.vity, tne discharge cont,inuing at about its usual 

brilliance in the remainder of the active volume. At 

higher pressures, intense localized cones would form 

' about the two axial openings in the Pyrex bottle or in 

the end plates in the metal gap. It is known(ll) · 

that secondary emission is preponderantly normal to the 

emitting surface; secondaries emitted at the curved 

lips of the exit orifices are emitted transversely to 

the field, due to space ch~rge, which tents to arive 

them bnck into the surface, and consequently second.ary 

emission at the edges of t~ese openings ~ill be inhibited 

at higher fields than those for which the emission is 
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inhibiteu on the plane surfa ces of the gap. 

There c0.n be no q_uestion tha t the electron density 

in the immediate neighborhood of the exit orifice is 

markedly enhanced by jet formation. In the absence 

of any DC potentials, the formation of a reasonably 

intense jet in the cavity was always acco m~>anied by the 

appearance of a visible exit b e am of electrons moving 

toward the collector; with some accelerating potential 

on the electrodes, this beam was brig~tly visible with 

the room lights on. The beam was invariably composed 

principally of electrons, in a:mo,rnts up to fifty milli

amperes under the most f hvorable conditions; it w2,s 

alv,ays possible to get twenty milliam:ps or ,:::,o vdthout 

any trouble and with some care in picking optimum oper

ating points for _;_Jressure, tu.nine, and magnetic field, 

thirty milliamperes or more could be obtained consistently. 

Not only the intensity of the emergent electron beam, 

but its energy, deJended on t n e value of the axial magnetic 

field. A crude magnetic analyzer was co nstructed 

during one phase of the work and placed in the path of 

the emergent beam; w:i.";. en this was first constructed it 

was believed that electron energ ies migh t be as high as 

several hundred volts and might be reaching the negatively 

biased collector and hence interfering with ion current 

measurements (for example, causing the dip in measured 

ion current on jet formation already alluded to). As 

soon as the magnetic analyzt r was installed it was observed 
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that the aef'lection of the ern e:rgent electron beam was 

markedly de pe ndent on t h e axial magnetic field within 

the cavity, the deflection being a minimum at the field 

settint correspond i ng to jet formation. (This, of 

course, is without a ny withdrawing potentials). The 

two mag nets were electrically isolated so tha t t h ere was 

no chance of a chang e in t h e current in one aff ecting 

t h e otn er (the cha ng e was most strikin~ly evident with 

ti:1e G-n&.lyzer mB{, net opera tine only on its resi dual field~ 

Somewh& t be t ter measurements of initial electron energ ies 

are s ho• .. n in Fig. 21 for va rious magne t ic fi elds; these 

were ctone with the Pyrex bottle, with no withdrawing 

vol tages, ana with o taer potentials as shown. 

Some measur ements on t h e Pyrex bottle were made with 

a plain end be ll on t he cavit~, as sh own in Fig. 23, 

This end bell was constructed t o permit better observation 

of the exi t be am, although at t h e exp ens e of the f ocussing 

m8ans shown in Fig. 6. One observa tion of possible 

interes t wa s t hat, a t the lowe st pos s ible pressures 

(estimated to be about 4-5xlo- 4mm.), the emergent beam 

was positive in si gn and had consider &ble energy. 

The energy de pended on both magnet ic fi e ld and pressure. 

The dependence on magne t ic field is shown in Fig. 22, 

where t he energy s s tima t e was bas ed on the ~nown r epe lling 

po tential of t he cag e plat e a nd the heigh t of the positively 

cllc: r g eci cloud. The depena enc e on pressure could not 
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be rnec-isured, but the ener;;,;y increased steadily as the 

pres sure we:. s reducect., all t e e vray down to t he ,;i o i ht where 

t~e nischar ge was extincu ished by i nsufficient gas, anu 

decrc &s ed a s the pres sure was raised, the J ositive cloud 

Qisa..,;:pearing e.l t ,,getller long before the electron beam 

became visible. If it is sup2osed that the Pyrex 

bottle was actually ejecting elec t rons but that the 

electron beam was not visible because of the low pressure 

in the bell jar at the time, secondary emissi on fro□ the 

walls of the Pyrex will account for this phenomenon; 

electrons to replace those emitted are carried over the 

surface of the Pyrex from the metal discharge cavity ana 

in so doing they bias tne outside of the cavity strongly 

negative with respect to its interior, which results in 

a withdrawing field equivalent to the one which had. to 

be imposed in the metal cavity. At higher pressures, 

the disch&rge becomes more intense, the l'yrex is heated 

to the point where its surface conductivit;y- increases, a,nd 

the electron flow gives rise to a smaller potential 

difference and a lower ion energy. These currents are 

in any case too unstable and too small to be of any 

practical value (or even measurable with the apparatus 

available; certainly they were under one microampere) 

a.nd are reported here only for general interest. 
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Ultra-h1gh frequency dischcrges exhibit two cli;:,rac

teristics which differentiate them sLarply from ctirect

current or low-freq_uency ui sc11arges: the first is 

that tne oscillatory motion of some of the electrons is 

sufficient to make possible a discharge under lower 

pressures than those in which a direct-current discharge 

coulu be maintained, anu the second is th~t the in~ibit

ion of secondary electron emission from the walls of the 

cavity is so much less effectual t!·~at secondary electron 

emission, ancl the high neg, .ti ve space ch,re;es associated 

with it, ma:; play a role of governing importance ,;.t 

some pressures. The use of an axial 1::rragnetic field 

mcy prevent the dissipation 0£ this neg~tive space 

chfarge and thus lead to the formation of steady electric 

fields, which have their origin in space ch&rGe, large 

enough to blow out the disch~rge altogether at low 

:pressures. 

Space chcTge plays a governing role in determining 

the energy of an emitted ion beam; such a bearn may h&ve 

energy as high as several score volts, presumably of 

el tLer sign, and depending on the ,;)a.r2.meters chosen, due 

to space ci1a.rge or the action of withdrawing fields. 

Under conditiocs favor~ble to electron ejection, 

ions observeu are formed principally in the exit orifice 
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of the source by interaction of the emergent gas beam 

with the electron jet; under sucn conditions, the use 

of E. :Pyrex bottle serves princi_pally to ensure tLc,t the 

err,erG ent gas stream will be larr;ely in atomic, rather 

than molecular, form. 
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