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Abstract
A Field Emitter Array (FEA) cathode is used to form a non-neutral el ectron plasmain amulti-

ring electrodes trap by the multi-pul se stacking method. The time evolution of the accumulation
isinvestigated. Whenam = 1 or 2 rotating electric field at frequency range of the electrostatic
mode is applied, the plasma radius decreases and the confinement time becomes one order of
magnitude longer.

1. Introduction

Conventionally, nonneutral electron plasmas are formed with a spiral hot tungsten cathode in
order to give the hyperbolic potential distribution for a constant-density electron column [1].
One the other hand, recent experiments for production of nonneutral anti-matter plasmas are
performed using isotopes or accelerators combined with some moderators. In such cases, the
spatia energy distribution of the particles can not be controlled. And in order to increase the
trapped number of particles, multi-pulsed beams are used [2].

Aim of this paper isto demonstrate to form nonneutral electron plasmas by trapping multi-
pulsed electron beams emitted from the equipotential surface. A Field Emitter Array (FEA)
cathode is used as an electron source. It is not only because the emitters are equipotential, but
it has several benefits such as low outgas level, easy handling, and wide controlabillity. For
trapping and confinement, a multi-ring electrodes trap is used. This trap enable us to confine
long spheroidal nonneutral plasmas|[3], and it isvery important for trapping multi-pul sed beams.

Furthermore, we report preliminary results of long time confinement using a rotating
electric field with frequencies of the electrostatic modes. These results differ from the case
reported for the cold nonneutral ion plasmas [4].

2. Experimental Setup

The apparatus is shown schematically in Fig. 1. The FEA cathode is consist of 9 chips, each
chipsizeis4 mm x 4 mm and 6800 emitters/chip are etched. The size of the one emitter isabout
2 um. The gates of each three chips are electrically connected to apply voltages separately.

Themulti-ring electrodestrap (2L = 78 cm) has41 ring electrodes made of aluminium alloy
with 9 cm inside diameter and 1.5 cm length. They are accurately aligned in the aluminium
alloy vacuum chamber, insulated each other with ceramic supports. In order to produce a
hyperboloidal electrostatic potential well, different voltages are applied to each ring electrode
as V(zj) = Vuweuzj/L?, Where z; is the position of the j-th ring electrode and z,; = 0. The
trap is placed in along solenoidal coil that provides a uniform magnetic field up to 510 G. The
chamber is evacuated by aturbo-molecular pump and a cryogenic pump and the base pressureis
about 1 x 10~7 Pa. Threering-electrode (EL 18, EL 21 and EL 24) are devided into eight sectors
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respectively and insulated each other electrically. In this experiment, arotating electric field is
applied to the central section (EL21) suchthat V. (t) = Vi cos(27 fr.oit —mmk/4), (k =10,---,7)
form=10orm=2.

Theradia profile of density distribution is measured by destroying the well and dumping
plasmas to a 19 ch Faraday cup, whose spatial resolution is 3 mm.
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Figure 1. A schematic drawing of the experimental device.

3. Experimental Results

3.1. Injection and Trapping

Injection Firstly, electronsare emitted from FEA by applying DC negativebias V; totheemitters
and positive pulses Vg between the emitters and the gates. Then the potential of 9 electrodes
(EL1 - EL9) israised from the well potential to V; (> V) and the electrons are injected into
the trap. After the duration 7;,,;, the potential of the electrodes is set back to the well potential
and the emission of electronsisterminated. This cycleisrepeated N,,; timeswith afrequency
fin; and the electrons are accumulated gradually. When the conditions are set so that V,,.; =
-80V, Vg =-68V, Ve =68V, V; =-59V, theinjected current is about 10A. Trapped electron
number is 3 x10® for one pulseinjection of 7;,,; ~ 70us.

3.2. Multi-pulse stacking

Tempora evolution of trapped number of electrons using multi-pulse stacking Repeating the
injection and the trapping, multi-pulsed electron beams are stacked in the trap. The time
evolutions of the trapped electron number are shown for various pulse frequencies (f;,; = 5 -
400 Hz) inFig. 2(a). The evolution seemsto be divided into three stages. During about 5 sfrom
the begining of theinjection, the total number of the trapped electronsincrease rapidly (stagel).
Then the rate of increase becomes smaller (stage 11), and saturated in about 20 s (stage I11). At
the stage I, the rate of increase is larger for the higher frequency. The trapped el ectron number
for the transition from state | to stage Il isabout 5 - 6 x10°, and larger for the higher frequecy.
At the stage |1, the rate of increase is nearly the same for different frequency. At the stagelll,
saturation occurs when the trapped el ectron number becomes 8 x 10° for all the frequencies. At
frequencies above 200 Hz, small deterioration appears.

Theevolutionsof thetrapped el ectron number are shown asafunction of theinjection pulse
number inFig. 2(b). Theincreasing ratefor the pulse number issmaller for the higher frequency.
Thisfact suggeststhat the trapped number per one pulseis smaller or some deterioration occurs
for the higher frequency.
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Figures. 3 (a) - (c) show the time variation of the total number of trapped electrons, the
line-integrated electron density on the axis and the plasmaradius for the condition that V,,.;; =
-80V, Vg =-68V,V; =-59V and f;,; = 40 Hz. The central density increases as the injection
starts, becomes maximum value at t ~ 1 s and decreases as the plasmaradius increases. After
t ~ 8 s, the central density do not change, while the total trapped electron number gradually
increases as the plasma radius becomes large. After t ~ 16 s, the plasmaradius increases up to
3 cm and then keeps constant. Coincided with this, the total trapped electron number saturates.
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Figure 2. Variation of the trapped electron Figure 3. Temporal evolution of (a) the
number as functions of (a) time and (b) in- total trapped electron number, (b) the line-
jected pulse number, for various pulse fre- integrated density on the axis, (c) the plasma
guencies. radius and (d) the calculated potential on the
axis.

Saturation caused by the potential limit The potential on the axis ¢, calculated from the density
distribution assuming that the plasma is spheroid, is shown in Fig. 3(d). The potentia ¢,
becomes as same as the barrier potential V; for the injection at about 4 s, that isthe boundary of
thestagel and 1. At stagel, the potential ¢, islower thanthe barrier potential V; and theinjected
electrons can be trapped into the potential well. When the trapped electron number increases
and ¢, becomesthe same as V1, the injected el ectrons can not be trapped until the plasmaspread
and the central density decrease. At stagell, thetrapped e ectron number increases asthe plasma
spread by diffusion and the potential ¢, decreases. When the plasma reached to the electrode
surface, electrons can not be trapped any more and the total trapped electron number saturates.
Thisisat the stage I11.
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3.3. Long time confinement by applying a rotating electric field

The rotating electric field is applied to the central section EL21 from 15 s after finishing
the injection of electrons. Figure 4(a) and (b) show the time variation of the total elec-
tron number confined in the trap and the line-integrated electron density on the axis, re-
spectively, for the cases with and without the m = 2 rotating electric field in the same
direction of the plasma rotation at f,,, = 3.5

MHzandV; = 30 mVpp. Total electron number e —
decreasegradually, but the central density iskept 3., (a)
constant during the application of the rotating ° * y .
electricfield. The confinement timebecomeone
order of magnitude longer than that without the
rotating electric field. Radial profile measure-
ments show that the central density increases
and the peripheral density decreases, that is, the
plasma radius becomes smaller. Similar results
are obtained for the m = 1 mode. These phe-
nomena occur only when the frequency f,.; is oF 11 R
close to that of the electrostatic modes of the 0 200 400 600 800 1000
spheroidal nonneutral plasmas [5]. These facts time (sec)

suggest that the rotating electric field couples

with the electrostatic mode and givetheangular ~ Figure 4. Time evolution of (a) total electron

momentum, resulting in the suppresion of the  number and (b) line-integrated density on axis
radial diffusion. for the cases with and without application of

the m = 2 rotating electric field.
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4, Summary

Using the multi-pul se stacking method, electrons emitted from the equipotential surface of the
FEA cathode are trapped and form the stable nonneutral plasma in the multi-ring electrodes
trap. The saturation level of the total trapped electron number is determined by the condition
that the self-charge potential on the axis reachs the barrier potential for the injection.

Whenthem = 1 or 2 rotating electric field isapplied at frequency range of the el ectrostatic
mode and in the same direction of the plasma rotation, the central density is kept constant and
the confinement time becomes one order of magnitudelonger. The plasmashrinksand theradial
diffusionis suppressed.
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