EXPERIMENTAL STUDIES OF SOME FEATURES OF BEAM-PLASMA
DISCHARGE INITIAL STAGE
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In case of gas pressure increasing, the plasma density rapidly increases at p=(1-2)*10"* Torr, due to the beam-plasma
discharge start (BPD). For fixed pressure above 2*10* Torr, the BPD start depends from the interaction length L and
beam current /, with relation //7 L. Measurements of the electron velocity distribution were performed using an UHF
method and a multi-electrode probe. The start conditions are agreed with theoretical estimations.

PACS: 52.40.Mj
1. EXPERIMENTS

Beam-plasma studies were described in many papers
and reviews (e. g., see [1]). Our paper is devoted to a par-
ticular problem, namely, to the start conditions of beam-
plasma discharges (BPG). This problem was investigated
in [-]. In [2,3] BPD was studied for the cyclotron branch.
In this case the BPD start (for hydrogen gas) take place at
the pressure of (1-2)*10™ Torr [2]; in [3] the BPD start
(for nitrogen and argon) take place at the pressure ~1*10
Torr. In [4-6], where BPD was studied for the plasma
branch, the discharge also starts at the pressure of (1-
2)*10* Torr. Our studies were performed on three differ-
ent installations. It is interesting to note that all these ex-
periments demonstrate the BPD start at the same critical
pressure, p.,=(1-2)*10* Torr. This phenomenon requires
further investigations and explanations.

Parameters of our first installation (see Fig. 1): a
pulsed axial electron beam of 0-12 keV, 0-3 A, 10 mm di-
ameter; pulse duration 25 mks, a longitudinal magnetic
field of 0,1-1 kOe; an interaction length is 40 cm.

Fig. 1. 1-15 kV rectifier, 2-pulse forming line, 3-start de-
vice, 4-400 V rectifier...7-HF oscillator...12-cathode, 13-
anode, 14-collector, 15-quartz tube, 16-HF cavity

In case of increasing gas pressure (air) up to 10 Torr,
the BPG starts, and the electron density quickly rises from
2.7%10° cm™ to 1.1*10'" cm™ (Fig. 2).
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Fig. 2. Frequency shift for a HF-cavity vs. pressure for

10 keV beam (Af=1 MHz corresponds to n=2.7*10° cm™)
The electron distribution function of BPD was mea-

sured at 2™ installation, see Fig. 3. The electron beam was
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created by a gun consisting of a LaBs cathode (11) and a
mesh anode (12), with the following parameters:

Fig. 3. Setup of 2" installation

DC beam voltage U~10-1000V, current /~1-100 mA,
beam diameter 2a =10 mm, magnetic field H variable
between 0 and 1 kOe , magnetic field inhomogenity 1 %.
The beam was shot down the axis of a quartz tube 30 mm
in diameter, which was evacuated down to pressures of
the order of 10 Torr. A cavity operated in the E¢o mode
(13) was mounted coaxial with the tube and served to
measure electron density, together with an axially
overmode helical resonator (14) which was used for the
measurement of the distribution of electrons over axial
velocity. The parameters of the helical resonator are: 1.D.
of metallic screen 26=102 mm, height #=300 mm,; helix
I.D. 2¢=33 mm, helix pitch 17 mm. The resonator was
excited via a coupling loop from a generator (2)
delivering 10 mW at the resonant frequency /~=1750 MHz,
vulc=0.4, and k;=0.8 cm”. The microwave power
transmitted through the resonator was registered with a
receiver (5) and oscilloscope (9). The magnetic field was
varied linearly in time, by means of a sawtooth generator
(6). The microwave power transmitted through the
resonator was displayed on the scope screen vs. magnetic
field.

We have simultaneously measured the distribution
function by means of the multi-electrode probe. To
measure the energy distribution by means of the retarding
potential method we have to differentiate collector current
with respect to analyzing grid voltage: f(W,)J dI; /dU..
We have used a setup permitting to carry out such
differentiation and to display the distribution function on
the scope screen. Fig. 4 (oscillograms 2,4,6) shows these
electron energy distribution function in the beam-plasma
discharge (lower trace). The upper trace is the variation of
voltage on the analyzing grid. On the left are the oscil-
lograms (1, 3, 5) of microwave power transmitted through
the resonator vs. magnetic field (lower trace). The upper
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trace is the variation of magnetic field strength. The
parameter is the residual gas pressure. As the pressure is
increased the beam cyclotron absorption peak merges
with the plasma peak, and a characteristic plateau is
formed in the distribution function (see oscillograms 5,6).

Fig.5a,b is a comparison of electron distribution
measurements in the initial stage of the beam-plasma
discharge, by the microwave method and the retarding
potential method. The oscillograms (1) are [P(H)]"”?
curves used to calculate f{v)) curves (2) and the
oscillograms (3) are distribution functions f{W)) obtained
by the retarding potential method. In the initial stage of
the discharge both methods give like results.

ig. 4. Dependence of
transmitted microwave power
on magnetic field strength, and
the electron distribution
unction, measured with the
“retarding potential method
(U=300V,1=10mA,

H =400 - 700 Oe;

1,2 -n=28%10° cm™;

3,4 -n=4.6*10° cm>;
5,6-n=8.3*10° cm®)
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Fig. 5. The function [P(H)]'? (1) and the electron
distribution function, measured with the microwave
method (2) and the retarding potential method (3).
(U=300V, I=10 mA, H = 400-700 Oe, Us;= -(0-600) V.
a)n=10cm™,; b)n=23.7¥10°cm™)

The scheme of the 3rd experimental set is presented in
Fig. 6. Electron beam was created by electron gun with
LaBg cathode (1) of 3 cm diameter and anode grid (2).

The DC energy and current of the beam were changed
in the interval 0-10 keV, 0-60 mA. Through the pipe (3)
providing pressure jump, electron beam was injected into
interaction chamber (4) of 150 cm length and 15 cm
diameter. Inside of it there are placed: an open 8 mm
resonator (5) for plasma density measurement, HF-probes
(6),

a movable metallic screen beam collector (7). Interaction
chamber was placed in solenoid creating magnetic field
up to 1500 Oe. The HF-probes were two double-wound
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magnetic loops, oriented on azimuthal and longitudinal
components of HF magnetic field. Movable copper screen
of 13 cm diameter provides the length changing of the
beam-plasma interaction region. Plasma was produced
during interaction of electron beam with neutral gas.
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Fig. 6. 3rd experimental set (1, 2 - cathode and anode of
electron gun, 3-pressure jump pipe, 4-interaction chamber,
S-resonator, 6-HF-probes, 7-movable beam collector
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Fig. 7. Plasma density dependence vs. gas pressure
(bottom - collision ionization, top — ionization by BPD)

In Fig. 7 the plasma density on dependence of gas
pressure is presented. Here the BPD starts at p=2*10"* Torr.
The start current [, dependence on the interaction

length L is shown in Fig. 8; as it is follows, L,[(JAL™".
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Fig. 8. Start current vs. interaction length in form of L’

The growth rates of excited oscillations were found
near the plasma frequency: w <@, and the cyclotron
frequency: w = wy. In Fig. 9 series of spectra are
presented for the beam current values. Magnetic field is
700 Oe, beam energy 2 keV, interaction length 122 cm,
gas pressure 5000 Torr. It is seen that spectrum has two
maxima corresponding to frequency bands for case of w,
< .



Fig. 9. Oscillations spectra vs. beam current I (mA)=
12 (1), 15 (2), 20 (3), 30 (4), 40 (5), 50 (6), 60 (7)
These pictures are shown that single mode generation
near ¢, starts at /,=12 mA, several frequencies start at
=15 mA, the continuous spectrum near ¢, appears at
=30 mA, a frequency near @y arises at =40 mA and
continuous spectrum near ¢, is formed at /=50 mA.

2. DISCUSSION

As is known, at the gas pressure of 10°-107 Torr, the
neutralization of the electron beam by the ions (created by
gas ionization) can occur. At increasing the gas pressure
up to (1-2)*10* Torr, the secondary electrons are suffi-
ciently accumulated and the BPD starts, see Figs. 1, 4, 5,
7. In 3rd experiment it was shown (Fig. 9) that the BPD
starts at the plasma branch, as in [4-7] also.

We had measured the electron distribution function
for longitudinal velocities and energies. From common
notions, it is evident that dispersion of longitudinal veloc-
ities of secondary electrons can be large. By measure-
ments, it was determined that, before starting BPD, the
secondary electrons have the longitudinal mean energy
~10 eV, see Fig. 5a. This indicates possibility for kinetic
type of beam-plasma instability at the BPD start. Really,
the BPD starts such a way that the beam current magni-
tude is vice versa to the length of interaction distance: /[J
L, see Fig. 8. There is an evidence that the instability has
the kinetic increment y [/ n, [71. In fact, the BPD start de-
pends on EM field amplitude increase along the system
length to reach the critical value E.. for the discharge:
E.=Eexp)L. So, if Y. and IL are const, then y [JI[] ny.

The advanced BPD stage was theoretically studied in
[8] where particle balance condition takes in account the
secondary electrons accumulation (due to gas ionization
by the electron beam), and their losses due to ambipolar
diffusion (seen as main losses) and recombination. Unfor-
tunately, at the BPD start conditions, for pressure of 10
* Torr and low plasma density, the diffusion equation is
invalid because the electron free path is sufficiently more
then lengths of experimental systems, and the ion free
path is sufficiently more then their transverse sizes.. In
this case, for calculation of critical pressure p.. we pro-

pose the balance equation for ions created by the electron
beam and ones going away across the magnetic field
through the lateral electron beam surface, whereas sec-
ondary electrons going away along the magnetic field:
10Ny Omol =210 Lnvy; (1)
where a — beam radius, 1, — electron beam density, v, —
beam velocity, 0; — ionization cross-section, ny, — neutral
particle density, L — interaction length, n; — ion concentra-
tion, vy — ion transverse velocity. Supposing that n=n,
(the quasi-neutrality condition), n.=n; (the condition of
maximum  of the instability increment), and
n=3.5*10" p Torr, we receive relation for p, in the form:
Po=2vr;/ 3.5%10"av,0; ()
The results of calculations are shown in the Table
(here we use Wg=1eV). The amount of calculated p.,
(po~10" Torr) coincides with experimental data for the
plasma branch but not coincides for the cyclotron one
[2,3]. Latter may be explained as if ionization efficiency
at the cyclotron branch is sufficiently increased.

Refer- |Gas| W, a, lop Der.exp. | Per.cate.
ences keV cm cm’ mTorr | mTorr
[2] H, | 058 | 0.13 | 3.9%10" 0.2 7.8
[3] H,| 4.5 0.20 | 7.3*10"® 2.0 9.2
[3] N, | 4.5 0.20 | 2.5*%10"7 | ~0.1 | 0.59
[4] Ar| 050 | 0.15 | 1.8*10'° 0.2 0.36
[5] [Air] 1.2 ]0.65 ]| 8.1*10" 0.2 0.19
[6] Ar| 4.0 1.15 | 3.4*10" 0.1 0.09
lexp |Air| 10 0.50 | 1.4*10" 0.1 0.46
2exp | Air| 0.30 | 0.50 | 2.2*10"'° 0.2 0.12
3exp [Air| 2.0 1.50 | 5.3*10°" 0.2 0.10
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3KCHEPUMEHTAJIbHOE UCCJEJOBAHUE HEKOTOPBIX CBOMCTB HAYAJIBHOM CTAIUM ITYY-
KOBO-IIVIABMEHHOI'O PA3PSJIA

B.U. Bymenko, b.U. Heanos, B.I1. IIpuwienos

[Ipu yBenndennn mapienus rasa 10 (1-2)*10* Topp IUIOTHOCTH IIa3MBI PE3KO BO3PACTAeT Giaromaps MydYKOBO-
miasMenHomy paspsaxy (IIIIP). Ilpu ¢puxcupoBanHoM masnenud Boime 2*10 Topp magamo IIIIP 3aBHCHT OT IJIHHBI
B3aUMOZEHCTBUS L 1 ToKa my4ka [: I1[]L". [IpoBeneHsl M3MEpEHHs pactpenesIeHus dIEKTPOHOB 1o ckopoctsam CBU me-
TOJIOM X MHOTOCETOYHBIM 30HJ0M. YcinoBus crapta I1TIP cornacyroTcst ¢ TeOpeTHYECKHMMH OIEHKaMH.
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EKCIEPUMEHTAJIBHE JOCJIJIKEHHSA JESIKUX BJIACTUBOCTEM MOYATKOBOI CTAJII My4-
KOBO-IIJIABMOBOI'O PO3PALY
B.1. Bymenko, b.1. lIéanos, B.I1. IIpuwenos
Ipu 36inpmenni Tucky rasy mo (1-2)*10™ Topp IIBHICTH IUIA3MHU Pi3KO MiJBHINYETCS 3aBISAKH ITyYKOBO-TLIA-
3moBoMy pospsxy (IIIIP). ITpu pikcosanomy trcky Bumie 2*10* Topp mouarox I1I1P 3aneuTh Bi JOBKHUHH B3a€MOIIi
L Ta cTpymy myuka I: I[JL”. Bynu poBeneHi BUMIpIOBaHHS PO3HOIIIY €IEKTPOHiB 1o mBuakoctsaM CBY meromom ta
6araTrociTKOBUM 30HIOM. YMOBH cTapTy I1I1P y3romkyroTscst i3 TEOpETUYHUMHU OLlIHKaMH.
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