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Abstract

It is shown that hollow cathode discharges can operate in a mode

characterized by a two-component electron energy distribution:

bulk electrons with a thermal distribution with a temperature of

a few electron volts, and a component of fast electrons with an

energy of about 30 eV and a thermal spread of about 0.1 eV.

Measurements of both parallel and perpendicular energy spreads

confirm the existence of fast, low energy spread electrons.

Selective extraction of these electrons can form the basis of a

high current, high brightness electron gun which could be well

suited for EBIS applications.
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INTRODUCTION

Cathodes in electron sources can be classified into two

major categories: plasma cathodes and solid emitters. Plasma

cathodes can easily yield multi-amperes of electrons, however,

at a very high emittance. Therefore, these types of electron

beams have very limited uses (mostly used to excite molecules in

powerful gas lasers). For almost all other applications, elec-

tron beams are injected from guns utilizing either thermionic

cathodes, or photocathodes. These surface emitted electrons

have energy spreads of about 0.5 eV or less (as compared to

plasma electrons with energy spreads of a few eV at least).

But, space charge problems pose severe limitations on the total

steady state (or long pulse) electron current that can be

extracted from the various surface emitters, other surface

emitters, e.g., semiconductor photoemitters, have an inherent

limitation to very short pulses only at high current outputs.

A scheme that combines the best features of both catego-

ries of electron sources is being developed. Electrons are

emitted from a surface whose temperature is approximately

2,200'C (0.17 eV) with Ta cathodes; hence, the low energy

spread. These electrons are emitted into a plasma containing

ions which neutralize the electrons, thus eliminating the space

charge problems associated with surface emitters. In addition,

the electron emitting cathode is maintained hot by plasma ion

bombardment. This eliminates the need for a heater in the case

of thermionic emitters, or for a laser in the case of a photo-

cathode.

A series of experiments[1,2] showed that there is a

fast population of electrons with a very low energy spread.

These electrons, under special conditions of hollow cathode

discharges, carry most of the arc current contrary to theoreti-

cal predictions.[3,4] Furthermore, simple thermionic emission
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cannot account for the large extracted current observed. For

EBIS application, one potential advantage steins from the hollow

geometry of the cathode which should facilitate on-axis injec-

tion of singly charged primary ions. A major difficulty for

EBIS application is the need for differential pumping since the

optimal hollow cathode discharge (HCD) condition for this appli-

cation is at a pressure of 10~5 Torr.

Although plasma cathodes generally yield high emittance

e-beams, it is shown in this paper that a high current, low

eraittance electron beam was extracted.

EXPERIMENTAL SETUP

Pure intuition and the quest for an intense steady-state,

low-emittance electron beam guided us to search for the

existence of two distinct groups of electrons. In principle,

our scheme to obtain the desired e-beam is based on extracting

the energetic electrons only. Schematically, the experimental

configuration relies on repelling the bulk (thermal) electrons

with a negatively biased grid, and further selection was to be

done with a magnetic mirror in case the discharge would not

operate properly without a magnetic field. Fortunately, we

obtained very encouraging results with unmagnetized discharges.

After numerous experiments and changes, our experimental config-

uration evolved to that which is shown in Figure 1. The plasma

is generated in a 3-mm Ta hollow cathode. The hollow anode is

followed by a negatively biased grid designed to repel the bulk

electrons. Next, we have a positively biased ion-repelling

grid, which proved necessary in self-extraction experiments for

preventing ions from reaching the target. The source enclosure

aperture shown here is 1 mm. This aperture was varied for

different experiments. The whole source is enclosed in a dif-

ferentially pumped cylinder which can be negatively biased.
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The extractor and target (profile monitor) area are at ground

potential. Experiments were done in argon. Extraction was at

voltages of up to 6 kV.

RESULTS

Using a Faraday cup (in place of the profile monitor of

Figure 1), and sweeping the bias on the electron-repelling grid,

characteristics of the extracted electron current versus the

electron repelling grid was obtained. Differentiating the

extracted electron current by the bias voltage yielded the

parallel electron energy distribution function. Figures 2 and 3

show extracted electron current as a function of the electron-

repelling grid bias (a), and the electron energy distribution

function (b). Figure 2 was taken when the pressure inside the

source was 9.2 x 10"5 Torr, while Figure 3 was taken at a pres-

sure of 2 x 10~5 Torr. The conclusion that can be drawn from

the data of these two figures (and some additional similar

experiments) is that at low operating pressure (of the order of

2 x 10"5 Torr or below), HCDs can operate in modes in which the

central core of the external plasma is characterized by two

electron populations: bulk electrons and a population of fast

primary electrons. With an enlarged aperture (of about 1 cm),

and at HCD operation with 0.83 x 10~5 Torr pressure in the

discharge chamber, the best results to date were obtained and

are shown in Figure 4. Up to 6.5 A of total electron current

was extracted with the source enclosure floating at only -100 V.

HCD operation was in argon with an arc voltage of 36.8 V. In

Figure 4, the fast electron population (the sharp increase)

seems to account for 5.7 A of the extracted electron current.

The most spectacular result, however, is that the plasma current

in this case was only 7 A; as it was lowered, so was the total

extracted current (roughly proportionally). Further details of

these results can be found in References 1 and 2.
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One way to determine the perpendicular electron temper-

ature was to measure the e-beam emittance. Unfortunately, no

suitable emittance head was available. We did, however, obtain

a profile monitor (shown in Figure 1). This monitor could be

moved along the beam direction from as close as 17.13 cm from

the source enclosure to as far as 45.705 cm. Also, this profile

monitor could be rotated. Additionally, an Einzel lens was

inserted between the extractor and the profile monitor of Figure

1 (not shown). Our plan was to measure the minimal e-beam spot

size that can be obtained with the Einzel lens, from which the

beam temperature can be calculated.[5]

First, beam profile measurements were made at a number

of axial locations for various angular rotations of the profile

monitor, and we found that the extracted e-beam was, indeed as

expected, circularly symmetric. Next, a series of measurements

was performed to determine the optimal focal point and beam size

(for the available Einzel lens and power supply). The optimal

focal point was found to be 32.37 cm away from the source en-

closure. But, the smallest (focused) beam size was found to be

limited by lens aberrations rather than by the thermal spread of

the beam. The analysis in Pierce[5] assumes that focusing is

done by a perfect lens. Some of the data, however, was taken

with grounded lens; fortunately, only at three positions. We

used the beam envelope eguation[6]

K €S

R" + KR = 0 (1)
R R3

where R is the rms beam radius, prime denotes differentiation

with respect to the direction of the beam propagation, K is the

focusing, K • ai/Io^^3 is a generalized perveance with I o = 1.7

x 104 A, and « is the transverse emittance. A least-squares fit

of this equation to three data points yielded the emittance
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(unnonnalized). With a known emittance value, the transverse

beam temperature can be calculated for a laminar cylindrical

beam whose particle trajectories can be described by a paraxial

ray equation.[7] The MKS form of this equation is

0 2 7 mo c
2 e2 r2

k T = ( 1 - — ) (2)
2 R2 R2

We can use this equation to determine the e-beam temperature at

various positions. For the "temperature" at the source, we use

a widely accepted definition of the beam emittance as related to

the fundamental particle temperature in the source[8]

kT
2RO (3)

m oc
z

where F • 4<n = 4 ypt , and Ro is the radius of the source

aperture.

Table I shows the beam radius, R, at three positions

(distances from the source enclosure) as a function of source

parameters.
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TABLE I

Z R @ Cond. 1 R § Cond. 2 R § Cond. 3

17.13 cm 0.37 cm 0.35 cm 0.43 cm

32.37 cm 0.89 cm 0.71 eta 1.13 cm

45.705 cm 1.34 cm 1.025 cm 1.7 cm

Cond. 1 is at P = 2 x 10~5 Torr, I a r c = 5 A, V a r c = 276.1 V,

vrep. g " °
Cond. 2 is at P = 1.2 x 10"5 Torr, I a r c = 12 A, V a r c = -28.3 V,

Vrep. g = -28 V

Cond. 3 is at P = 7.5 x 10~5 Torr, I a r c = 20 A, V a r c = -22.2 V,

vrep. g = °

All extractions of Table I were done at 6 kV, the extracted

current was 500 juA for Cond. 1 and Cond. 2, and 875 yuA for Cond.

3. Solving « by fitting the envelope equation (1) to the data

of each condition and then using Equation 3 to determine the

electron temperature, we obtain T ^ = 5 eV, T x 2 = 0.11 eV, T l 3 =

12 eV with large error bars. This indicates that at a low

pressure discharge with the electron repelling grid excluding

the bulk plasma, the beam temperature is most likely on the

order of 0.1 eV.
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CONCLUSION

It is shown in this paper that HCDs can operate in a mode

in which the electron distribution function has two components.

The fast population can become the basis for an excellent e-beam

source. A grid can repel the bulk electrons, and an ExB filter

can be used to separate the fast electron [spike in Figure 3(b)]

from the Gaussian tail, resulting in electrons with an energy

spread of only about 0.1 eV. The phenomenon of a large popula-

tion of low emittance electrons may or may not be limited to

HCDs.
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FIGURE CAPTIONS

Figure 1 Schematic of the electron selection and extraction

system (distance between the source enclosure and

the profile monitor is not to scale).

Figure 2 (a) Self-extracted electron current vs. bias on

the electron-repelling grid, and (b) electron

distribution function at normal operating pres-

sure.

Figure 3 (a) Extracted electron current vs. bias on elec-

tron repelling grid, and (b) electron distribution

function at low operating pressures. The fast

component is manifested as a very sharp spike.

Figure 4 Total extracted electron current vs. bias on

electron-repelling grid. Bias voltage was swept

manually.
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