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It was shown experimentally that beam-plasma discharge (BPD) in the system of electron beam plus plasma
(created by the beam) does not “wait” the condition n,>>ns, that connected with the instability increment usually used in
that case (n, and n, are electron concentrations of plasma and beam). Instead, BPD starts at ny=n, with another
increment that was received in this work with help of the corresponding dispersion equation.
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As it is known, in case of electron beam propagating
through a rarefied gas of some critical pressure, the beam-
plasma instability starts and drives to the high-frequency
break-down of gas, that is, to the beam-plasma discharge
(BPD) (e.g., see [1] and references there). BPD used in
many fields of science and technology (plasma
electronics, plasma chemistry, plasma sources, etc.).

Practically all experimental and theoretical works
devoted to BPD (e.g., see references in [1]) do not deal
with collective effects at the initial stage of BPD where
plasma density (n,) is less or equal to beam density (ny).
Usually, it was supposed that an electron beam firstly
prepared (by impact ionization of neutrals) the plasma
density that is much grater than the beam density.
Afterwards, the beam-plasma instability begins with the
increment [2-4]:
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and drives the beam-plasma discharge.

We have investigated the BPD initial stage (i. e., at
n,~ny) in two experiments: 1) in case of pulse electron beam,
and 2) in case of CW (continuous in time) electron beam. In
both experiments the beams running along a uniform
magnetic field (with intensity up to 1 kOe) in air at pressure
p=10°-10" Torr. Summary electron linear concentration
(electron number per cm) of the beam and plasma (N, +N,)
was determined by measuring frequency shift (Af) of an
UHF cavity of the 10-cm range: Ny+N,=Af/A, where the
coefficient A was determined experimentally at p=10 Torr,
N,=0, Ny=600" I/V,, were 1 is electron beam current in
Amperes, V is beam electron velocity. (On increasing
accuracy of measuring small electron concentration see
[5,6D).

At p010° Torr the frequency shift was conditioned by
the beam electrons only (N,=60"% I/V,). In the interval
p=300°-80° Torr the frequency shift slowly rose with
plasma electron concentration due to impact ionization of
neutrals. At p=1010* Torr the temp of plasma electron
concentration rising essentially increased.
Simultaneously, burning of the BPD could be visually
observed.

Parameters of our first installation (see Fig. 1) are: a
pulsed axial electron beam of 0-12 keV, 0-3 A, 10 mm
diameter; pulse duration 25 ps, a longitudinal magnetic
field up to 1 kOe. The electron beam was passed through
a multi-mode 10-cm cavity that was used for the electron

and plasma density measurements.
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Fig. 1. 1-15 kV rectifier, 2-pulse forming line, 3-trigger
device, 4-400 V rectifier, 5—attenuator 10 dB, 6-power
distributor, 7-UHF oscillator, 8—delay line, 9—amplifier,
10-oscilloscopes, 11—frequency meter; 12, 13-cathode
and anode of electron gun, 14- electron beam collector,
15-quartz tube, 16-UHF cavity, 17—cutoff waveguides

In case of increasing gas pressure (air) up to 10 Torr,
the BPD starts, and the electron linear density quickly
rises from 2.300° cm™ to 8.6010° cm™ (Fig. 2).
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Fig. 2. Resonance frequency shift of the UHF cavity vs.
gas pressure in case of 2.3 A, 10 keV electron beam that
initiates the plasma-beam discharge at p=1.5[I0* Torr
and n,~ny, (here Af=1 MHz corresponds to electron beam
linear density Ny=2.3[0° cm™)

It was determined that, in case of the pulse electron
beam, the BPD started at p=1.500* Torr and N,/N, =0.5
(but not N,>>N,, as it was supposed in formula (1)). The
measuring accuracy of Ny/N, was less than 10 %.

In Fig.3 the second installation is presented. The
electron beam was created by a gun consisting of LaBg
cathode (11) and a mesh anode (12), with the following
parameters: DC beam voltage U=10-1000 V, current
I=1-100 mA, beam diameter 2a=10 mm, magnetic field H

132

PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2008. Ne 6.

Series: Plasma Physics (14), p. 132-134.



variable between 100 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.

Fig. 3. Setup of 2-nd installation. Main parts: electronic
equipment (1-10), electron gun (11, 12), magnetic
solenoid, cavity for electron density measurements (13),
spiral resonator for measurements of the electron
distribution function over axial velocities (15), beam
collector (17), multi-electrode probe to measure the
electron energy distribution by means of the retarding
potential method (18-20)
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Fig. 4. Measuring electron linear density versus gas
pressure in case of 10 mA, 300 eV electron beam that
initiates the plasma-beam discharge at p=910” Torr

Magnetic field intensity H=1 kOe. The origin of

coordinates corresponds to N =Ny+N,= 2007 cm™,
p=10*Torr.
At p~10° Torr the plasma density N,=0, and the beam one
N,=5.810" cm™. In Fig. 4 a solid curve corresponds to
calculation of (Ny+N,) for case of impact ionization of
neutrals by the electron beam. In this experiment the BPD
started at p=900~° Torr and N,/N,=0.8, but not N,>>Nj,
as it was supposed in formula (1). The measuring
accuracy of N»/N, was less than 10 %.

Both experiments show that the BPD in the system of
beam plus plasma (created by beam) do not “wait” the
condition n,>>n,, connected with the increment (1).
Instead, the BPD starts at n,~n, with another increment
(see below). So, we made calculation of the instability
increment at the condition ny=n,,.

Firstly the two electron beam instability at equal
electron  concentration ny,=n,, had investigated

A.V. Haeff [7], theoretically and experimentally. In that
case, Haeff’s dispersion equation was as it follows:
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where ), is Langmuir frequency of each beam, £ is the
wave number, V; and V; are the beams’ velocities. By
method of successive substitutions, Haeff reduced (2) to
the biquadrate equation and solved the problem.
However, it was declared in [8] that Haeff’s results “were
vitiated by the omission of certain terms”. Actually, Haeff
neglected the difference of beam velocities in comparison
with their summary. That action is admissible to his two-
beam electron-wave tube but not right to the plasma-beam
instability at w,=w),, where beam velocity is much high
than plasma one (V,>>V,).

Let us get back to the BPD. Firstly, at the very initial
stage of the BPD, where n,<<ns,, the increment of the
beam-plasma instability, in accordance with a remark in
[9, §1.5], can take the following form:
)1/3’ 3)
where n, and n, change over. In case of increasing plasma
density up to beam density, n,=ns, the dispersion equation
takes the form of (2), where V=V, V.=V, (V,<<Vy).

Now we change the laboratory coordinate system to
another one, moving with (non relativistic) velocity

V= (Vi+V2)/2 4)

In this system the beam velocity is Vin=
Vin=(Vi-V2)/2, and the plasma velocity (or 2-nd beam
one) is Vpm=Von= — (Vi-V)/2. Then, the dispersion
equation takes the form:
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The solution of this biquadrate equation concerning to the

complex frequency w takes the form:
2.2, 1,2 2
W= wb+ZkZ(V1— V)
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Instability will take place at m2 <0, that, as it
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appears from (6), at the choice of sign of “—” before a
square root, and k.<k.;, where:

k= 2‘/5“)1;/(’/1' Vz)- (7

From (6) we will find also, that at an optimum value
of the wave number:

ko * ‘/Ewb/(Vl_ V) (®)
the maximum value of increment of instability takes place
Mmax = Imo = O.wa )

(in this case Rew = 0). At the transition to the laboratory
coordinate system the oscillation frequency, having

greatest increment, in accordance with Doppler
transformation, takes on a value:
] BNt
Rep max = Re0 + & oV = TO)b n-v," (10)
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In our experiments V,>>V, and

3
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Thus, accordingly to the formulas (6-11) the branches

of oscillations in the plasma-beam system in case of n,=n,

look like the following (Fig. 5).
Re(w)/o%] Im(w)/wy,
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Fig. 5. The branches of oscillations in the plasma-beam
system at Ny=N,

In Fig. 5 the relative instability increment Imw/w, is
presented by the bottom curve. Upper branches present
dispersion of waves Rew(k,) in this system.

At further growth of the plasma density and
fulfillment of the condition n,>>n, the evolution of BPD
is possible accordingly to the increment (1).
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3KCIEPUMEHTAJIbHOE UCCJIEJJIOBAHUE OCOBEHHOCTEM HAUYAJILHOM CTAJUA
ITYYKOBO-IIVTASMEHHOI'O PA3PAIA

b.U. Heanos, B.U. Bymenko, B.1l. IIpuwienos

PesynbraTsl mpUBEeNEeHHBIX IKCIEPHIMEHTOB MOKA3BIBAIOT, YTO ITydKoBoO-Iuta3MeHHBIH paspsn (III1P) B cucreme
3JIEKTPOHHBIN IyYOK IUTIOC TIa3Ma, CO3aBaeMasi ITy9KOM, He «KIET» BBIIOIHEHHS yCIOBHS Ny>>1, (N, U Ny—IUIOTHOCTH
IUTa3Mbl U Ty4YKa), CBI3aHHOTO C HHKPEMEHTOM HEYCTOWYHBOCTH, OOBIYHO HCIIONB3YEeMOM B JaHHOM ciydae. Bmecto
storo I1ITP HaunHaeTcs npu n,=n, ¢ JPyTUM HHKPEMEHTOM, 3HaUY€HIE KOTOPOTO MOJIyYeHO B TaHHOU paboTe.

3KCIEPUMEHTAJIBHE JOCJII)KEHHSA OCOBJIMBOCTEM MIOYATKOBOI CTAIII
IIYYKOBO-IIVTAZMOBOI'O PO3PANY

b.1. Isanos, B.1. Bymenko, B.I1. IIpuwenos

PesynbraTi HaBeJEHHX EKCIIEPUMEHTIB MOKa3yloTh,

oo MmydxkoBo-tuta3mMoBuii  pospsix  (IIIIP) B cucremi

€JIEKTPOHHHH ITyYOK IUTIOC IU1a3Ma, [0 CTBOPIOETHCS MTyYKOM, HE «UeKae» BUKOHAHHS YMOBU Ny>>My, (N, ¥ Ny—TYCTHHU
ITa3MH ¥ IIydYKa), MOB’S3aHOI 3 IHKPEMEHTOM HECTIHKOCTi, IO 3a3BHYail BHKOPHCTOBYETHCS B JTAHOMY BHIIQJIKY.
3amicTh mporo [P mounHa€eTHCS MPU Ny=ny 3 IHITAM THKPEMEHTOM, 3HAYEHHS SKOT'0 OTPUMAHO B JaHiil poOoTi.
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