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Abstract

An experimental study has been made which confirms

the theoretical prediction of confinement of low-density plasmas

(n<n ) at sufficiently low pressure in an electric quadrupole field

having a $ potential well. A cylindrical resonant cavity 36 cm in

diameter and 24 em long was used. When excited in the electric

dipole TM mode (nonconfining) at 644 MHz, no breakdown or

discharge could be observed at pressures below that corresponding to

the electron mean-free-path limit of the diffusion mechanism of rf

breakdown. However, when excited in the electric quadrupole

TM mode (confining) at 902 MHz, breakdown and discharge were

observed at pressures down to 3 decades below the m. -f. -p. limit.

Observations of the discharge luminosity in the TM . mode showed

a minimum at the center of the $ well at a pressure above the m. -f. -p.

limit and a maximum below the limit. As pressure was reduced, the

floating potential of a probe at the center of the $well showed a change

from + to - at a pressure about 1 decade below the m. -f. -p. limit.

A simple analysis of stochastic heating of electrons by collisions with

neutrals indicates that the cycling "lifetime" of confined electrons is

of the order of microseconds. • •,-,

• ((
Work performed under the auspices of the U.S. Atomic Energy Commission!

Paper 24, Conference on Electrostatic and Electromagnetic Confinement
of Plasmas and the Phenomenology of Relativistic Electron Beams, sponsored
by the Ne. ?ork Academy of Sciences, New York, N. Y., March 4-7, 1974.



- 2 -

i. Introduction

The research that I will describe was begun in "̂ 1960

with an analytic study, was continued intermittently through the 1960's

with the assembly and commissioning of an experimental facility, and

came to partial fruition in 1971-72 with results that have been partially

published. This rf-confinement research was a relatively small part

of a broader study of plasmas produced in rf and microwave cavity

fields. The present paper contains a summary of some of these earlier

studies and results, plus additional new results.

Prior to our experimental work described here, the

only experimental study of rf confinement per se was by Self and Boot

in 1959. However, their investigations were limited to breakdown and

did not include any observations or measurements of plasma properties.

Our breakdown results, reported earlier ' and summarized here, are an

extension of the work of Self and Boot. Our new results described here

include measurements of the luminosity distribution (reported in part

earlier ' ), and the floating potential of the confined plasma.

2. Theoretical Considerations

From the early theoretical studies of rf confinement of

plasmas , it became clear that the $-quasipotential method was at

once both simple and useful. Thus, the total energy of an electron

could be represented by the period-averaged oscillatory energy

* = e E /4mti> resulting from its direct interaction with the rf field.
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plus any slowly-varying drift kinetic energy T resulting from either an

initial drift motion, from drift motion arising from the drift force

3 = - V$, or from a combination of both. For the collisionles3 case

the system is conservative, and hence $ + T = constant. The condition

for confinement is that the electron be in a $ well having a rim of

effective depth * ">$ + T. From the topology of $ in rf fields it is

easily shown that there is no $ well in a field of the electric dipole

generic typt, but that a $ well does occur in the vicinity of the central

nodal-point of an electric quadrupole field. If the field is to act on the

2 2
electron, then the density must be below cutoff, i. e. n<n = u> m€ /e ,

c o

where u> = 2irf is the radian frequency of the field, m and e are the mass

and charge of the electron, respectively, and € is the permittivity of

free space.

The correspondence between the topology of the $ well

and the field configuration in the TM electric quadrupole mode of a

8 9
cylindrical cavity is shown in Fig. i. ' These plots are for a cavity

having a diameter/length ratio D/L = 3/2, a value chosen for our

work on the basis that it gives the maximum well depth per unit cf rf

power. The effective depth of the $ well corresponds to the value $
R

at the rim isopotential which passes through the saddle point S shown

in Fig. l(a). The 3-dimensional shape of the well is approximately

that of a cylinder coaxial with the cavity as indicated in Fig. l(b). The

volume of this $ well is approximately 12% that of the cavity.
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Figure 2 is a plot of a computer-simulated trajectory

of a single electron confined in the axial midplane of the TM. mode of

the 36 X 24 cm cylindrical cavity used in this work. This plot was

generated in a manner similar to that described in the earlier paper

10
by Dr. Shohet , except that the cylindrical cavity fields were used

here. The electron was launched with 0 drift speed (quiet start) at the

point indicated by the arrows at the lower right.

3. Experimental System

The rationale involved in the basic design of our ex-

perimental facility can be summarized as follows:

First, a cylindrical shape cavity was selected because

of its (a) circular symmetry, (b) fixed axis of symmetry, and (c) ease

of fabrication. A rectangular cavity fails to meet requirements (a) and

(c); a spherical cavity fails to meet requirements (b) and (c).

Second, the relative dimensions of the cylindrical cavity

were determined by consideration of the dependence of the depth of the

$ well on the D/L ratio. A computational study of the depth of the $ well

as a function of D/L gave the results that the maximum depth occurs at

D/L = 3/2, and hence this ratio was used.

Third, the commercial UHF-TV band (~400-1000 MHz)

was chosen as the approximate frequency range to be used mainly

because a large cavity would facilitate optical observation and other
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studies of the properties of the large-volume confined plasma. (Self

and Boot used a cavity excited at 8. 7 GHz in which the volume of the $

3
potential well was only~3 cm ; the corresponding volume in our cavity

i3 ~3 liters.) An additional practical consideration was the ready

commercial availability of medium-power microwave equipment in the

UHF-TV band.

Fourth, the absolute size of the cavity was determined

so that we could use a single UHF power source that was tunable through

a frequency range wide enough to excite either of the TM0,0 or TM- .

modes separately in a single cavity. A compatible system was found to

be one using an Eimac 4KM3000LR klystron tube, which has a nominal

frequency range of 610—985 MHz and a cw power rating of 2000 W, in

conjunction with a cylindrical cavity having D = 36 cm and L = 24 cm for

which the frequencies of the TM. ) n and TM modes were calculated

to be 638 and 893 MHz, respectively. For a copper cavity of these

dimensions, the theoretical Q of the TM.. . mode is 33 000 and the depth

of the $well is 164 eV at rated klystron power.

Figure 3 shows an axial midplane cross section of the

cavity used and Fig. 4 is a photograph of the cavity. All interior sur-

faces were OFHC copper clad to an exterior vacuum shell of stainless

steel except the bottom copper end plate which was perforated with

1/8-in. diameter holes to act as pumping ducts having a minimum

perturbing effect on the cavity field. The cavity was watercooled and

Viton 'O1 rings were used throughout except at the Pyrex viewing
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window where a copper gasket was used. The cavity "field meter" was

based on the sensing magnetic loop in the upper right corner of the

cavity having its plane in an axial plane of the cavity cind being connected

to the RF VTVM. Calibration of this field meter was accomplished by use

of the TM mode and an upper end plate which had a small capacitor-

dividing voltmeter that had been calibrated independently by a capacitance

meter at a low non-resonant frequency. This calibration was verified

independently by use of the TMni/. mode and the relation E = (2 PQ/wn)

010 o

where P is the input power in watts, and 1 is a readily-calculated

geometrical factor. E x p e r i m e n t a l e r r o r in the

measurement of E was attributed to error in measurement of the
o

capacitance ratio in the first case and to error in measurement of Q in

the second case. The resultant absolute error in E was estimated to be
o

± 10%, giving an error in the depth $ of the confining potential well of
R

±20%. However, the relative error in E field values was smaller,

"±3%.

A block diagram of the experimental system is shown in

Fig. 5. The klystron power amplifier using the 4KM3000LR 4-cavity

aircooled klystron tube was built to our specifications by Continental

Electronics, a firm specializing in high-power radar systems and rf

particle accelerators. Driving power was furnished by a Sierra Model

470A-1000 power oscillator. Output power could be varied smoothly and

continuously from 0 to 2000 W by varying klystron beam voltage.
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Frequency could be shifted while maintaining nearly constant output power

by use of remotely-driven klystron tuning cavities. Impedance matching

was greatly facilitated by use of an Alford automatic impedance plotter.

A photograph of the experimental system is shown in Fig. 6.

4. Experimental Results

a. Breakdown

Breakdown curves for both the TM. . . and the TM
010 Oil

modes are shown in Fig. 7. These measurements were made by Rev.

2 3
Charles Shelby and used in his thesis. The TM curve has been published.

The abrupt cutoff in the breakdown curve for the TM.. . mode near the

12
predicted electron mean-free-path limit of the diffusion mechanism

was readily reproducible and very sharp. Its onset could be precipitated

by reducing pressure from 3. 0 mT to 2. 8 mT, whereupon the cavity field

could be increased by a factor of ^ 10 without breakdown occurring, the

field being limited only by breakdown at atmospheric pressure in the

exterior tuning stubs. The electron mean-free-path limit is defined as

the condition for which the m. -f. -p. X equals the characteristic diffusion

length A of the cavity. For this cavity, A =5.29 cm. For air,

X = 0.026/p.
e

No such cutoff was ever observed for the TM». . mode.

Instead, the breakdown curve continued its logarithmically linear rise

with decreasing pressure for nearly a decade below the m. -f. -p. limit,

whereupon it underwent a smooth transition to a slightly rising plateau

at a field strength level corresponding to a $-well depth of ~15 — 35 eV.
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This plateau region is the regime of rf-confinement-aided breakdown.

Here the electrons (on the average) do not escape from the interior

field regions of the cavity before undergoing an ionizing collision as

happens in the TM mode, but instead are kept in the $ well region

long enough for such collisions to occur. In this extension of the work

of Self and Boot we have definitely established the existence of the

plateau characteristics of rf-confinement-aided breakdown and have

show-i that the level of this plateau corresponds to $ well depths of

^ 1—2 1/2 times the lonization potential of the gas.

b. Luminosity Measurements

In the electron diffusion mechanism of rf breakdown the

ionization coefficient depends on a positive power of the electric field ,

and hence it is not at all surprising that in weakly-ionized gas discharges

the luminosity is also dependent on both the field and on the existing

electron density. A brief digression will serve to illustrate this point.

Clear evidence of the correlation between luminosity and

field is given by the photographs and related field patterns shown in

Fig. 8 for three modes of a resonant cavity ircluding those described

above. This particular cavity (built for other purposes) had a cylindrical

wall made of perforated copper so that it was semi-transparent to

visible light but nearly opaque to microwaves. The cavity was 33 cm in

diameter and 42 cm long and was excited by the same microwave power

system shown in Fig. 5, Low pressure for the discharge was

maintained by use of a Pyrex liner inside the perforated copper. All the
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photographs were taken at pressures in the vicinity of the collision-

frequency transition pressure (~ 1 Torr) for each mode, approximately

at the minimum in the breakdown curve. In each case of these diffusion-

cominated discharges the region of maximum luminosity corresponds to

the region of maximum electric fiald. The reader's attention is called

to the photograph and field illustrations for the TM . mode - the

confining mode. In this case where the field strength corresponds to the

minimum in the breakdown curve at which the § well depth is ^0. 1 eV,

no confinement effects were observed. That is, there was no disccrnable

glow at the central nodal point of the cavity which is also the center of

the $ well. The glow was highly localized at the two ends of the cavity.

As pressure was reduced one or two decades, the glow gradually filled the

rest of the tube but the maximum luminosity stayed at the two ends. The

pressure in this system was never reduced tc that corresponding to the

rf confinement domain. The point of this digression, then, is that in the

diffusion mechanism there is a strong correlation between electric field,

luminosity, and electron (plasma) density.

Now we return to the main theme of this paper. Luminosity

measurements were made using the pivoted photometer arrangement

shown in Fig. 9. The photometer had a narrow field of view (~i-2

angle of acceptance) and was pivoted about a horizontal axis that passed

through an opening in the perforated copper wall section of the cavity.

Thus, as the photometer was scanned slowly between the limiting small
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values of vertical angle 6, the resulting trace on the X-Y plotter could

be considered as an axial profile of luminosity.

Two profiles obtained in this way are shown in Fig. 10.

Both are for the quadrupole TM.. mode. Trace A was obtained at

conditions corresponding to A in Fig. 7, and hence represents a diffusion-

controlled plasma. The minimum in this trace near the central nodal

point of the mode is consistent with the luminosity distribution for the

TM-.j mode in Fig. 8. Trace B, however, was obtained at conditions

corresponding to B on the plateau in Fig. 7, and hence can be considered

as representing an rf-confined plasma. The maximum luminosity near the

central nodal point is contra-indicative of a typical diffusion-controlled

plasma. It is interpreted as indicating the presence of an rf-confined

plasma located mainly in the $ well and having its maximum density at

the nodal point center of the $ well. About i minute was required to

obtain each luminosity profile of these steady-state plasmas.

c. Plasma Floating Potential

2 2 2

Since $ = e E /4 m(D varies inversely as mass, then it

appears that the confining effect of a $-potential field should be exerted

primarily on the electrons and that the ions should be held in the well

secondarily by time-average space-charge attraction to the confined

electron cloud. Thus, in the rf-confinement regime both the plasma

potential and the floating potential should be negative rather than

positive as usually occurs in the diffusion regime. (The floating
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potential is that acquired by a probe tip immersed in the plasma and

measured with respect to the grounded reference of the plasma container,

i.e. the cavity in this case.) To explore this hypothesis experimentally,

we inserted a Pyrex-enveloped Langmuir-type tungsten probe in the

cavity as shown in Fig. 11. The purpose of having the probe traverse

the diagonal from a corner of the cavity to the center was to avoid the

possible short-circuiting effect of a probe mounted along either the axis

or a midplane diameter. The floating potential of the probe was

measured with a Keithley electrometer. Measurements were made by

increasing pressure while holding input rf power approximately constant

at ~300 W. Typical results are shown in Fig. 12.

At the higher pressures where the diffusion mechanism is

dominant the probe potential V is positive as one normally observes in these

F

plasmas. This is caused by the more rapid initial transient diffusion of high-

mobility electrons from the discharge region until a steady-state space-

charge-dominated diffusion of both electrons and ions is established. The

rise in VF as pressure is decreased is also typical of diffusion-controlled

rf discharges, especially in the low-pressure regime near the electron

me an-free-path limit.
The unique result here is the rather precipitous reversal of

V from positive to negative at a pressure ^ 1 1/2 decades below the
F

m. -f. -p. limit. Note that this is also slightly below the pressure where

the rf-confinement-aided plateau becomes established on the breakdown

curve in Fig. 7. Below this reversal of V in Fig. 12 it appears that a
F
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negative plateau is about to be established, but experimental difficulties

prevented us from exploring this regime.

The main experimental difficulty encountered was that

the Pyrex housing of the probe became heated in the rf field which is

large near the midpoint of the diagonal section of the probe. This

sometimes caused the probe to sag and it became useless. We could

usually circumvent this difficulty by keeping rf power low until the

pressure adjustment had been made, then increasing the power quickly

and reducing it quickly after obtaining a steady-state reading. However,

this modus operandi was self-limiting at the lower pressures because

of the increased field required on the slowly-rising breakdown plateau.

It also contributed to the rather large error indicated. The ideal

solution to this problem would have been to use a quartz-enveloped probe,

but this we were unable to do.

Also shown in Fig. 12 is the magnitude (in arbitrary units)

of the rf field in the cavity. This was measured by the magnetic sensing

field probe shown in Fig. 3. The small increase as pressure was

increased initially indicates a slight retuning and/or change in impedance

matching due to the presence of the plasma having an increasing but small

density. As pressure is increased further the very large decrease in

field (by more than a factor of 10) is due to the loading effect of the higher

density plasma on the cavity. Since the plasma density in this higher

pressure range is undoubtedly comparable to cutoff density, the
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magnitude of field indicated at the probe position does not necessarily

correspond to that in the plasma

d. Other Properties

No measurements of plasma, temperature or density in

the confinement regime have been made. However, from considerations

of the existence of excitation and ionization energy levels in air up to

about 15 eV, and of the ~ 15 — 35 eV depth of the Swell, one would expect

that the electron kinetic temperature would be in the vicinity of ~10—-15 eV.

Ion temperatures are undoubtedly only a small fraction of an eV. Indirect

qualitative comparisons of luminosity between the present confined

plasma and other rf plasmas for which the density is known (e..g., rf

8 -3
plasmoids), indicate that the density here is only of the order of 10 cm ,

compared with a cutoff density of ~ 10 cm at 902 MHz. The Debye

8 -3
length corresponding to 10 eV and 10 cm would be ~0.25 cm.

5. Stochastic Heating

An electron oscillating in an rf field but not undergoing

collision can gain no energy from the field. However, if elastic

collisions occur which are random in time phase, then the average

energy gain per collision is twice the period-averaged oscillatory energy

14
possessed by the electron before the collision. Thus electron stochastic

heating occurs at the rate P =v(e E /2 mm ), where v is the collision

frequency. For an electron placed in the $ well with an initial energy
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of 1 eV (e.g., from an inelastic ionizing collision), the average energy

after successive elastic collisions wiil be 3, 9, 27, etc. eV. Therefore,

only (*-3-4 collisions are required for an electron to gain enough energy

to escape from the $ well or to cause an ionizing or other inelastic

9
collision. For air in which v <** 5 X 10 p, where p is the gas pressure

in Torr, the time required for an electron to reach ionizing energy at a

pressure of 0. 4 rn Torr (corresponding to trace B in Fig. 8) is only

~2(J sec. This is the cycling "lifetime" of an electron in the $ well.

In order that electrons which gain more than ionizing

energy not be lost from the $ well, the well depth $ must be somewhat

deeper than V.. In the present case, the maintainance of a steady-state

electron population appears to require a $ well depth of ~ 1 —2 1/2 times

the ionization potential.

6. Summary

The rf breakdown measurements of Self and Boot have been

extended to lower pressures and correlated with $-well theory in such

a way as to confirm the existence of a dominant rf-aided breakdown

regime at pressures less than ~l/10 that corresponding to the electron

mean-free-path limit of the electron-diffusion breakdown regime.

Additional measurements of luminosity distribution and of floating

potential at the center of the $ well are consistent with the existence of

quasi-steady-state rf-confined plasma. Considerations of stochastic

heating lead to the conclusion that rf confinement involves a continuous
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electron cycling process in which electrons gain energy through random

elastic collisions and lose energy through inelastic collisions.
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Figure Captions

Fig. i. (a) Plot of $ in one quadrant of an axial midplane cross section

of the cylindrical cavity, (b) Plot of the field in the axial

midplane of the cylindrical cavity. The dashed line outline

of the $ potential well corresponds to the dotted line isopotential

in Fig. l(a).

Fig. 2. Plot of a computer-simulated trajectory of a single electron

confined in the axial midplane of the TM., . mode. The

electron was launched at the point indicated by the arrow.

The trajectory was computed for 500 cycles of the cavity

field.

Fig. 3. Cross section diagram of the resonant cavity used.

Fig. 4. Photograph of the resonant cavity.

Fig. 5. Block diagram of the experimental system.

Fig. 6. Photograph of the experimental system. From left to right,

the major units are the klystron power amplifier, a rack of

frequency-measuring equipment, the automatic impedance

plotter, the klystron control console, the resonant cavity

sitting on top of the sound-suppressing enclosure surrounding

the turbomolecular pump, and a rack of vacuum gauge circuits.

Fig. 7. Breakdown curves for TM , n and TM modes.
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Fig. 8. Photographs of plasmas in a semi-transparent resonant cavity

and diagrams of the fields used to excite the plasmas.

Fig. 9. Diagram of pivoted photometer arrangement used to record axial

luminosity distribution of plasma.

Fig. 10. Luminosity profiles for TM mode. Trace A corresponds

to A in Fig. 7 in the non-confining diffusion regime. Trace B

correspond? to B in Fig, 7 in the confining regime.

Fig. 11. Diagram showing probe used to measure plasma floating

potential at central nodal point in cavity.

Fig. 12. Plot of plasma floating potential and cavity rf field vs. pressure.
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