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The results of theoretical and experimenialestigations on
generating stochastic oscillations in the decimetarelength band, due to th
collective interactions of electron beam with plasmare reported. The
possibility of creating beam-plasma generators tfclsastic oscillations
operating in a quasi-cw regime is demonstrated. Tésearch methods ar
described and the principal characteristics of thpenerated oscillations arg
studied. We study the plasma discharge, initiatgdnicrowave radiation with
stochastically jumping phase (MWRSJP) in a coaxmeguide at the optimg
mode of the beam-plasma generator. In this paper ¢bnditions of a
microwave discharge ignition, its stable maintenaircair by MWRSJP, anc
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1. Introduction. Extensive research has been devoted to the thesiredind
experimental investigation of the interaction o&ayed particle beams with plasma.

This interest is due to the fact that the beamsmha instability, predicted by A.l
Akhiezer and Ya.B. Fainberg [1-3], is one of thevatent instabilities. It results from a
resonance interaction of charged particles withviages excited in plasma. This interaction
may be used for such important applications as-pmker beam-plasma generators (BPG);
high-current plasma accelerators of electronsomsgtand multicharged ions; plasma heating
to high temperatures, etc. [4, 5].

The main advantage of plasma-beam generators es tability to excite
unprecedented-power oscillations: as the electeambpropagates in plasma, its own electric
and magnetic fields are compensated; as a rebaltatchievable electron beam power and,
consequently, the achievable power of excited pdasstillations, are substantially higher as
compared to devices in which the electron beamagates in vacuum.

Owing to the excitation of bulk waves (rather thtae surface ones, as in vacuum
microwave generators) the efficiency of interactioetween the electron beams and the
excited plasma waves is substantially enhanceddttition, these waves may be excited in
larger volumes.

The frequency of excited oscillations is mainhtetmined by plasma density, and
does not depend on geometrical dimensions; thiescan excite the waves in volumes with
linear dimensions much larger than the wavelength.

The wavelength of generated oscillations can bedaver a wide range by changing
the plasma density.
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When an unmodulated high-power electron beamadnterwith plasma, the reverse
action of excited waves on the beam causes a béstrom velocity distribution spread.
Simultaneously, the excited-wave frequency and @ivadocity spectra are broadened. As a
result of a nonlinear interaction, the waves becetoehastic.

However, some applications require generatorsaammglifiers of regular oscillations.
This poses the problem of control: one should He &b either stabilize and suppress the
unwanted instabilities, or to excite the usefulemge oscillations with predetermined
frequency and phase velocity spectra, as well psesent stochasticity degree. The results of
our previous studies on controlling the charadiessof BPG-generated oscillations were
published in [6, 7].

High-frequency (HF) heating is very important fiefdconnection with fundamental
guestions of plasma physics and applications. afga of physics is intensively investigated
as theoretically and experimentally (for examplee $8-17] and references therein). The
issues widely discussed in literature are connect#tt additional plasma heating in
tokamaks [8-11], the nature of accelerated padioiespace plasmas [12, 13], gas discharge
physics [14, 15]. Among the problems that attratterdion of scientific community is
development of sources with solar spectrum. Thignsost important problem from the point
of fundamental, as well as practical applicatiord & this direction interesting achievements
is obtained (see, for example [16, 17]). It is Wwomentioning that one of the difficulties
associated with additional plasma heating in tokeamia a well-known dependence of the
Rutherford cross-section on velocity. As a consageg the probability of collisions
decreases with plasma temperature rising, thusirngeabstacles for further plasma heating.
Another important challenge in interaction of HFeliegion with plasma is a barrier of the
radiation penetration into the overdense plasma.otlip knowledge, the most part of
investigations in this direction are made with help HF generators of electromagnetic
radiation with regular phase. Thus the new oppdram that microwave radiation with
jumping phase provides in this area would be vemyadrtant.

In this paper, we describe also the results othikeretical and experimental investigation of
the plasma interaction with microwave radiationhwiilmping phase that obtained with help of the
unique beam-plasma generator (BPG) made in KIPT Tt8s study continues research on behaviour
of plasma discharge subjected to microwave radiatiith stochastically jumping phase (MWRSJP)
which started in [19-21]The paper is organized as follows. The first sectiontains introduction
and brief review of previous researdh Section 2jt is considered the interaction of a tubular
electron beam with the plasma of a so-called hallssma waveguide (HPW) being a plasma
waveguide placed into a helix slow-wave structuhe. order to clarify the relative
contributions of plasma and helix to oscillatiorcéation and power output, we investigated
the influence of the helix on the plasma waveguldpersion properties. In Section 3, it is
presented an experimental device layout that wad tes study the generation conditions for
guasi-cw stochastic oscillations in the decimetavelength band. This apparatus consisted
of electron-optical and electrodynamic units, desttbr, and a solenoid. In Section 4, in the
BPG experimental studies it was measured the eledieam current and energy, working
gas pressure, plasma density, power and frequepegtram of generated microwave
oscillations, and the microwave oscillation pulsevedopes. To determine the stochasticity
degree of the generated oscillations it was useddhlization method followed by Fourier-
analysis of oscillations. There are computed thmamurelation functions, the correlation
times, and the integral and differential amplitaigributions. In Section 5, It is considered a
comparizon the theoretical results with the expental data on the collective interaction
between the electron beam and the helix-plasma guesdle waves, it is, above all,
determined the beam parameters and the plasmaydénsiection 6, there are considered the
experimental parameters of MWRSJP obtained fronBth&. The scheme of measurement of various
parameters is given and experimental studies afapadiation from the plasma discharge initigtgd
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MWRSJP are presented. Concluding remarks follotheend.

It was shown in [21-23], both theoretically and esmentally, that the phenomenon
of anomalous penetration of microwave radiation jpiasma, conditions for gas breakdown
and maintenance of a microwave gas discharge, aflidi@nless electron heating in a
microwave field are related to jumps of the phaenmrowave radiation. In this case, in
spite of the absence of pair collisions or synclamnbetween plasma particles and the
propagating electromagnetic field, stochastic mi@wee fields exchange their energy with
charged particles. In such fields, random phasgguai microwave oscillations play the role
of collisions and the average energy acquired bypadicle over the field period is
proportional to the frequency of phase jumps.

Gas breakdown and maintenance of a discharge iarefiad gas by a pulsed
MWRSJP were studied theoretically and experimental[22-26], as well as propagation of
this radiation within the plasma produced in suctvay. The conditions for ignition and
maintenance of a microwave discharge in air by M\MR&ere found. The pressure range in
which the power required for discharge ignition arsdmaintenance has its minimum was
determined [24-26]. It was shown that, in the in&kiof pressures that have a level less than
optimal (about 50 Pa for argon), the minimum of MBIR breakdown power depends
weakly on the working gas pressure owing to sevexasons. These reasons are efficient
collisionless electron heating, weakening of difbasand, finally, decrease of elastic and
inelastic collisional losses. This allows one tdeexl the domain of discharge existence
toward lower pressures. The intensity of collisesd electron heating increases with
increasing rate of phase jumps in MWRSJP. Theaa isptimal phase jump rate at which the
rate of gas ionization and, accordingly, the grovetie of the electron and ion densities reach
their maximum. The optimal phase jump rate is e¢mdhe ionization frequency at electron
energies close to the ionization energy of the \wgrkas.

In the present work, the effect of high power pdlgecimeter MWRSJP action on a
plasma, produced in a coaxial waveguide filled vaittarefied gas, is investigated with use of
the above mentioned BPG [18], which was upgradedhi® given experimental conditions.
The goal of this work is to study the special feasuof low pressure discharge initiated by
MWRSJP und also optical radiation spectra. Forjpmetation of the experimental results on
the ignition and maintenance of a microwave disgian air obtained with MWRSJP BPG, a
numerical code has been developed. This code allmwsilating the process of gas
ionization by electrons heated in the MWRSJP fatdl studying the behaviour of plasma
particles in such a field.

2. Basic theory.In general, the BPG electron beam-plasma intenacame consists
of a waveguide structure (a waveguide or some slawe system) combined with a plasma
waveguide. In this article it is considered thesiattion of a tubular electron beam with the
plasma of a so-called helix-plasma waveguide (HP®@fida plasma waveguide placed into
a helix slow-wave structure. In order to clarify tiedative contributions of plasma and helix
to oscillation excitation and power output, we istigated the influence of the helix on the
plasma waveguide dispersion properties.

The most interesting case occurs when there is adugh plasma density that some
bulk waves in the plasma-occupied domain exhilsibaving-down weakly dependent on the
parameters of the helix. Assume now the simpldstlar model of plasma density radial
distribution, which is representative of a widesslaf density profiles and, at the same time,
relatively simple to treat analytically.

To simplify the calculations replace the helixlwén impedance cylinder of radids
Consider the bulk waves of the tube-shapea<®d<b<d plasma coaxial with the impedance
(outer) cylinder. One gets the following dispersemuation for these waves:

2'2013 CBITJIOTEXHIKA TA EJIEKTPOEHEPTETHUKA 35



CBITJIOTEXHIKA

koad(k,a)+A Jy(k.a) _ k.aNy(k.a)+AN,(k.a)
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with the notation

A= kal;(ka) A= kb [1(xb) — Rk (xb) |
| o(xa) | o(xb) — Rky(xb)
lo(kd) ~ 11 () K0 7,
R_ K

» where 2 is the cylinder

ol () 0 2

impedancel,<2 =kZ-k?, kg =nk.

With Zo — 0,b — d, anda — 0 relation (1) tends to the dispersion equatianafo
plasma cylinder with conducting liner. If the outerd inner tube rada andb, respectively,
are finite, this equation describes the dispersibtine annular plasma bulk waves inside the
conducting liner. Denote the helix and plasma waidg wave slowing-down factors N
andN,, respectively. IN, >> Np, the helix contribution to the plasma waveguide éisp

sion characteristics, is insignificant.

The phase velocity in the system is shown to desaevith the decrease of helix
pitch, and to increase with the increase of pladerssity.

The tubular waveguide dispersion equation (1) makesssible to find the threshold
plasma density, at which there exists a slow wavéh whase velocity yfor a given
frequencywo [8, 9]. In the limit of small ¥, whenka >> 1, this equation is substantially
simplified and becomes:

tanfn(b—a)] =—. 2%
1+n2’ where 00% . (2)

It follows from this equation that for a relatiyetmall plasma tube thickness, when
wo(b - @) vp < <1, the first eigenvalue of the transverse wawvaneri;= xn(b - a)lies within
the 0<)\; <n/2 range. The corresponding plasma refractive imgexiivo/mo(b - a)increases
with plasma thickness decrease. The critical pladeasity is defined in this case by the
formula [27, 28]:

3 8 ¢2 VG

NperlcM ] =10"°| fg +————|.
bet 42 (b - a)2 3)

Herefy is the operating frequency in Ha;andb are radii in cm; thegwelocity is in
cm/s.

In case of low beam currents, one can neglect space-charge wave field-
distribution change due to the beam. Then the totakment of oscillation build-um the
system is proportional to the beam current. Thi&esat possible to calculate the threshold
beam current corresponding to the beginning ofesysself-excitation under the condition
that this increment (with account of radiation Essis equal to zero:
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Iy = eB5 fowa,
roLQu (4)

wherefo = W/C, Iy is the electron classical radids;Q andoy, represent the system length,
the quality factor, and the beam cross section, aesaectively.
The increase of beam current brings about a tiandrom the discrete spectrum of
excited oscillations to a continuous one. This sgilace at the critical current:

1
i coty +1 [ ) (5
coty -1

‘]cr = ‘]th 1+

The relatior = kv not only defines the frequency spectra of exattecillations, but
also allows one to point out possible spectrum deaang mechanisms.

One of these mechanisms involves the increasearhlparticle velocity spread due
to the beam interaction with a wave pertainingh® slow-wave structure.

If the slow-wave system can support the propagatibwaves with y = Vo = Av
phase velocities, then the beam accelerated aneledated particles will also radiate, but
now they will radiate at frequencies

o = koj(@)(Vo + Av).

The resulting spectrum broadening can be founah fiee equatiom = kjv:

KonAv
Aw= ol << 00

e ’V _—
1-vg /v @0 Vor ok (6)

kojj(o) = o / V.
For the excited oscillations to be stochastic,fthequency interval between the adjacent
harmonics must be small in comparison with the baditth of each excited harmonic.

3. Experimental laboratory device.Figure 1 presents an experimental device layout
we used to study the generation conditions for iguasstochastic oscillations in the
decimeter wavelength band. This apparatus constdtetectron-optical and electrodynamic
units, a collector, and a solenoid. In additioreréhwere working gas leak-in and pump-out
systems. A working gas pressure gradient tranb# &and an open resonator to measure the
plasma electron density were placed between tltreteoptical and electrodynamic units.

We employed a longitudinal magnetic field from2tt 0.16 T to transport the beam.
The beam-plasma interaction zone was inside tlotret/namic slow-wave system. The gas
pressure in the interaction zone was abott 2®@°Torr, and from 18 - 5x10’ Torr in the
electron gun region. In order to study the genenatif high-power microwave oscillations in
the decimeter wavelength band, we developed anriex@etal quasi-cw 100 kW power
laboratory device with a pulse length of 20%) (see diagram Fig. 1). In the upper part of this
figure one sees the sectioned solenoid longitudimagnetic field distribution.

The experimental laboratory setup consisted ofel@ctron gun (1), a slow-wave
structure (9) inside the shield (7), an electrohector (15) with a single Lang- muir probe
(13), microwave feeders (5) ar{d0), and a solenoid8). The system to maintain and
control the working gas pressure consisted of theuum lines(3) and (14), a pressure
gradient tube(4), the working gas leek-in valves (6) aridil), and the pressure control
gauges (2) and (12).
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The electron gun cathode was fed with negative -igtage (up to 20 kV) 20Qs
pulses with a repetition rate from 1 to 1% she electron anode gun was grounded. The
electron beam passed through the pressure gradiemtand the slow-wave structure. After
that it was dumped to a collector. The slow-wavetay was placed inside a metal screen,
which simultaneously played the role of the appeardéiousing. The plasma was created in the
slow-wave structure.

Hg, kOe
1.7

1.1

0.5 | | g . \

25 50 75 100 125 L,cm

Fig. 1 — Experimental device layout and magnetldfdistribution: {) electron gun;2) and 12)
control pickups; §) and(14) vacuum lines(4) working gas pressure gradient tulig);gnd(10)
high-frequency feeder$6) and (1) working gas admission valved) (shielding screen(8)
solenoid; 9) slow-wave structure(13) single Langmuir probe L) electron collector.

In this experimental laboratory apparatus we ugseghagnetron-type electron gun
[10]. It was initiated via impact ionization of gaslecules by beam electrons. After that, a
beam-plasma discharge (BPD) occurred, which pratiiece3.0 cm o.d. and 2.2 cm i.d.
tubular electron beam with an accelerating volw@aig20 kV and a current of 12 A.

A double modified helix [11] was chosen as a sleaxe structure. Its slowing-down
coefficient, coupling impedance, and characterigi@&ve impedance are larger compared to
the usual single helix structure. The helix slowsastructure was designed for a beam
synchronous velocity of 6.5x1@&m/s, which corresponds to a 13.2 keV beam electro
energy. The helix geometrical parameters were ke 4.0 cm o.d., 3.6 cm i.d., 2.4 cm
pitch, 0.6 cm ring width, 11 jumper half-angle, @@&m length, and 6.6 cm shielding screen
diameter.

The cold measurements of the dispersion charasties-showed that this modified
double helix structure had a normal positive digpersn the frequency range from 0.5 to
1.66 GHz. To obtain the required slowing- down @oet value we varied both the jumper
angle and the helix pitch at a fixed electron begammeter. The slowing-down coefficiemt=
c/\Vp is enhanced with increasing jumper angle and hpaioh.

4. Experimental results. Measurement of beam, plasma, and microwave
oscillation parameters.

In the BPG experimental studies we measured #areh beam current and energy,
working gas pressure, plasma density, power anduémcy spectrum of generated
microwave oscillations, and the microwave oscitlatpulse envelopes.

To determine the stochasticity degree of the geedr oscillations we used the
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realization method followed by Fourier-analysis oscillations. We computed the
autocorrelation functions, the correlation timesd dhe integral and differential amplitude
distributions. The phase-frequency analysis of llagiins [12-14] provided data on their
frequency, phase, and amplitude
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Fig. 2 — Pulse power vs. working gas pressure  Fig. 3 — Pulse power vs. working gas
pressure

A 19 keV energy, 9 A current, and 2Q@ pulse duration electron beam passed
through the gas pressure gradient tube and opena&s, entered the interaction region, and
was dumped at the collector.

In this experiment we investigated the excited lzmn power at the entrance and
exit of the slow-wave structure as a function cérneenergy, working gas pressure, plasma
density gradient along the beam, and magnetic §tkhgth.

The microwave oscillation power at the entrance @xit of the slow-wave structure
exhibited a resonance dependence on the beamoelemtergy. The maximum power was
obtained at a beam electron energy of 18 - 19 lkapugh the calculated value for the
helix-plasma waveguide was 16 keV. As noted in i8ec2, this discrepancy is due to the
phase velocity in the helix-plasma waveguide béiigiper than in a plasma-free helical slow-
wave structure.

Figure 2 presents the excited oscillation powes;sgpated in the loads, versus the
interaction zone working gas pressure for 19 kel p8am at a fixed 0.15 T magnetic field.
The maximum power at the slow-wave structure engdd6 kW) and exit (40 kW) occurred
at a (2 - 4)x10 Torr pressure. The maximum summary power of 66 Wi attained at a
beam power of 171 kW, thus, the electron efficiemag equal to 38%.

In order to increase the excited oscillation outpower we introduced a rejection
band-pass filter between the generator entrance th@dmatched load (5). The power
generated at the system entrance and exit as &duraf working gas pressure is shown in
Fig. 3.

It is seen that the power absorbed in load (5) lwasand independent of the gas
pressure in the system. At the same time, the palhssipated in the output load (9)
increased with pressure and reached 70 kW &fTtr. The beam energy, beam current, and
magnetic field were 19 keV, 9.5 A, and 0.2 T, resipely. The electron efficiency remained
the same (38%).

We recorded the frequency spectrum of generatatdatiens with a wavemeter (12),
integrater (14), and recorder (15). The oscillatspectrum bandwidth at the 0.1 level was
100-150 MHz in the decimeter wavelength band.
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In addition, the realization of excited oscillattorwas recorded with a fast
oscilloscope (2) to determine its autocorrelationction, frequency spectrum, and phase
time-dependence by means of correlation analysimiques.

The most interesting of the tubular electron-beBirG operating modes is the one
with the microwave pulse length equal to that ef lbleam current pulse. It was obtained at 15
keV beam electron energy, 13 A beam current, 6%&f> plasma density (6x10Torr
working gas pressure), and 0.11 T longitudinal nesignfield in the interaction zone. The
microwave power in BPG feeders amounted to 80 K& electron efficiency was 40%.

We carried out a microwave oscillation analysisthis mode of BPG operation.
Figures 4-6 present the oscillograms of a hightfeeqy signals (Figure 4), thetal phase
of oscillations(Figure 5), its computer calculated autocorrefafinction (Figure 6 top), and
the microwave oscillation power spectrum (Figurdo@tom). The correlation time and
spectrum bandwidth are correlated by the expressiinl; thus, short correlation times
correspond to wide frequency spectra ging versaln our caseécor = 2.5 ns.

It is well known that the shorter the correlatitme (and the wider the frequency
spectrum of excited oscil-lations), the higher thiggree of stochasticity. Thus, in our case,
one should expect the generated oscillations tudigy stochastic.
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Fig. 4 — Oscillograms of a high-frequency Fig. 5 — Total phase of oscillations versus time:
signals (1) 1.2 GHz frequency regular signa) (
oscillations excited in a plasma-beam generator
at plasma density, = 6x10° cm®.

Thus, there is an important conclusion to be steks®ur decimeter-wavelength
microwave BPG makes it possible to control the gmiee oscillation stochasticity and
spectrum width by varying the plasma parameters maharily, its density.

5. Comparison of theory with experimental results.In order to compare the
theoretical results with the experimental data be tollective interaction between the
electron beam and the helix-plasma waveguide watvissnecessary, above all, to determine
the beam parameters and the plasma density. loaser, the tubular beam densigywas 18
cm’; the experimentally measured plasma density waseimange of (2 - 8)x1®cm®. Due
to themp/w, = 1/20 condition, valid in our experiment, theattens could not significantly
perturb the wave field pattern notwithstanding ttls¢iong coupling to the slow-wave system.
Consequently, when calculating the excited oswmltatspectra, one could neglect electron
beam effects within the zero approximation.

The oscillation excitation current threshold isegivby formula (4). In our systedg,=
3 A for a calculated quality factor Q = 4f5,= 1.3x18 Hz working frequency, and a beam
Langmuir frequency depression coefficignt 0.05.
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densitiesn, > np bulk waves appear in 02
this system. The beam Langmuir fre-
guency depression coefficient for these
waves is significantly higher, resulting in a
corresponding threshold current decrease.

For this case, one could find from S ab- units

At sufficiently high  plasma 0.4
. 1|.25f\

0
-0.2
—0.

0.

A NP
i U \_/2.57, arb. units

formula (4) the critical density of 6 - 8x10 1.0f ©
cm” for a tube-shaped plasma with - a) 0.81
= 1 cm wall thickness, this "tube" being 06}
coaxial with the electron beam. 0.4},
The increase of gas pressure in the 02f

system or, with the same effect, the
increase of plasma density and increase of
beam current lead to the excitation of a

0.85 1.0 115 7ife

Fig. 6 — Autocorrelation function, power
spectrum of oscillation realizations versus time
wide spectrum of bulk waves.

The current, corresponding to the wave spectrusadening, was determined from
formula (4) and found to be equaldg = 7 A, in fair agreement with the experimentalueal

ecr = 9 A

6. Experimental studies mwrsjp and optical radiatio

6.1. MWRSJP parameters obtained from the BPG, lsmd¢heme of measurement of
various parameters.

We study MWRSJP parameters and optical radiati@macieristics from the plasma
discharge of induced by MWRSJP in a gas (air ferghesent case), taken at low pressure.
To conduct experiments, a coaxial waveguide witlalasacuum pumping is connected to the
BPG. Coaxial waveguide filled with gas with impedarof about 75 ohms and a length of
1000 mm is made of brass pipes with inner diametet5 mm and external diameter of
50mm (see figure 7). The central conductor is adrad diameter of 12mm. At the ends of
the coaxial waveguide, tapered flanges provide jti@ing of coaxial transitions. In the
middle of the coaxial waveguide a tube is instategump gas or gas mixtures, which also
mounted a thermocouple tube to monitor the pressiutiee gas. Admission process of gases
or gas mixtures is carried out with sufficient psean using the second inlet valve through
diametrically located holes 2 mm in diameter that situated at both ends of the coaxial
waveguide. Tubes for the introduction of diagnoptiabes are located along the length of the
coaxial waveguide. The first tube is located atr6@ from the input microwave power of

stochastic electromagnetic waves; the secc
one is placed at a distance of 260 mm and a tf
— at840 mm. During the working process, suc
arrangement ofnstruments allows us to have
controlled diagnostic probes of a spati
distribution, as well as to monitor parameters
the microwave discharge along throughout t
waveguide length. This provides more details
information about processes that take pla
inside the waveguide. To ensure the requir
conditions for the gas pressure, a coax §
waveguide ionnected with conical coaxial 75 ks :
ohm transitions length 160 mm flange with Fig. 7 — The general view of the
Teflon washers 45 mm in diameter and 10 mmexperimental device with the coaxial
thick. The desired electrical contact between the waveguide
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flanges of the coaxial waveguide and flanges ottirécal coaxial transition provide a lead
strip 3 mm thick.

The block diagram shown in figure 8 schematicafipresents measurements of the
main parameters of the BPG and of the plasma, wkiphoduced in the coaxial waveguide.

Fig. 8 — Block diagram of measurement of BPG adrmpl principal parameters.

Stochastic microwave oscillations generated byBR& (1) were supplied from the
output of the slow-wave structure through a broadbdirectional coupler (2) and 3-
conical coaxial junction (3) to the input of theag@l waveguide (4) and then, through a
conical coaxial junction (5) and coupler (6), wéd to an IBM-2 high power gauge (7). For
operating in the regime of narrow-band signal gatien the input of the BPG slow-wave
structure was attached to a shorting plug T8e oscilloscopes (11, 12) and the submodulator
(9) and modulator (10) of the high voltage suppliedhe cathode of the BPG electron gun
were triggered synchronously by using a timing (b#). A time-delay circuit (14) was used
to vary the instant of triggering the oscilloscop@th respect to the beginning of the high
voltage pulse. This allowed us to observe the shadpthe generated signal at different
instants after the beginning of the electron beansey A detector head (15) and D2-13
variable resistive—capacitive attenuator (16) cetet to the secondary line of the coupler
(2) were used to measure the envelope of microwaeélations and the waveforms of the
electron beam pulse. The temporal realizationsspgedtral characteristics of MWRSJP at the
input and output of the coaxial waveguide were istidising an HP Agilent Infinium four-
channel broadband (2.25 GHz) oscilloscope (12).EMR29 photomultip-lier (17) powered
from a VSV-2 high-voltage stabilized rectifier (18as used to measure the integral intensity
of optical radiation from the plasma. An ISP-51etprism glass spectrograph (19) and
PEM-106 photomultiplier (20) were used for optisplectroscopy of the discharge in the
coaxial waveguide.

Ignition of the discharge does not affect the pexien into dense plasma of
MWRSJP what is evidenced by nearly constant angsitat the entrance to the waveguide
(curves 1 in figure 9). Because of expendituresadfation energy on air ionization for the
discharge maintenance the MWRSJP amplitude at thpub of the coaxial waveguide
(curves 2 in figure 9) is essential diminishedisltalso important that the MWRSJP local
spectrum on the output waveguide significantly geah (curves 2in figure 9), a peak
associated with the main spectral component of MWARIS absent. It should be noted that in
the pressure range from P = 30 Pa to P = 2 PaMAWRSJP power that conforming to the
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optimal operating mode of BPG a similar situatiomliserved. The optimal operating mode
of BPG corresponds to the following parameters: meéig induction in the interaction range

of the beam with slow-wave structure in BPGHs0.096 T, a high voltage 8, = 13.2
kV, the current electron gun I%Dm = 3-5 A, high-voltage pulse is 163.

Fig. 9 — Waveforms of MWRSJP at the (1) input a?)dotput of the coaxial waveguide,
respectively, and local microwave spectra on aritigaic scale (10 dB/div) at the (1") input ar&) (
output of the coaxial waveguide, respectively. §he pressure in the waveguid®is (a) 2.0 and
(b) 30 Pa, respectively. The time scale is 5 nsétind the voltage scale is 100 (Vé)fdiv

Comparison of the results presented in figuresr@a%b shows that, as the spectrum
of the microwave signal used to initiate and mamta steady-state discharge is narrowed,
the amplitude of the MWRSJP electric field can exrdased by nearly a factor of 2.
However, in order for the pressure range in whickakdown occurs and a steady-state
discharge exists to be sufficiently broad, it ixessary that the phase jump frequency be
sufficiently high (as will be seen below, it shoub@ about one-third of the microwave
frequency). Let us now analyze the measured clarsioits of MWRSJP at the input and
output of the coaxial waveguide in the optimal BR®de. The oscillograms shown in
figures 3,4 were processed by the method of cdivelanalysis, and the frequency spectra,
the time dependence of the phase of microwavelatoils, and self-correlation functions
were determined. Figure 4 shows the measured ptasmd MWRSJIP recorded at 108
after the beginning of the electron beam pulsééndptimal BPG mode for two air pressures
corresponding to the pressure range in which digehia air is ignited and operates stably.

It can be seen that gas breakdown takes place ajtdy the electric field amplitude of
MWRSJP reaches a certain critical value, which ddpeon the gas pressure. The instant of
discharge ignition can be easily determined fromahrupt decrease in the amplitude of the
microwave signal at the output of the coaxial waneg to almost zero. It can also be seen
that the electric field amplitude required to mainta steady-state discharge is one order of
magnitude lower than that required for breakdown.

From figure 9 it can be seen that, MWRSJP amplitadéhe waveguide outlet is reduced
substantially (more than an order of magnitude) tvue development of the discharge; the
discharge ignition and maintenance lead at the guade outlet to a strong damping of the
spectral components, which are corresponded tongeémum range of input signal into the
waveguide.

Let us now consider the conditions for breakdowaiimby microwave radiation from
the BPG described in [13]. In optimal regime atroaband signal of this generator the
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working frequency is 500 MHz, the mean rate offthase jumps being;, = 2x10 st Itis

important to keep in mind that, when the electroergy increases from zero to the ionization
energylair, the cross section for elastic collisions of et@a$ with air atoms and molecules

varies greatly (by a factor of about 30), beingt&tmaximum several times larger than the
ionization cross section corresponding to electeoergies of 15...20 eV. This makes it

possible to initiate discharges in air by micronawédth a stochastically jumping phase at
pressures as low as 4 Pa. In this case, the meanfrphase jumps is equal to the maximum
inelastic collision frequency, which correspondsetectron energies close to the ionization
energy. Operation under such conditions is advaotag in that, first, no energy is lost in

elastic collisions, and, second, due to the jumpthé phase, the electron diffusion remains
insignificant and the electromagnetic energy igefhtly transferred to electrons.

To determine the dependence of the threshold poreeuired for ignition of the
discharge in a coaxial waveguide, on the presstisgodcking gas, BPG has worked in the
mode of generating the maximum output power le¥eharrow-band signal in which the
generation of microwave radiation with a maximuexfrency of phase jumps occurs. In this
case part of the power with the help of a broadtshrettional coupler with variable coupling
(see figure 10) was supplied to analyezed gasifdteaxial waveguide.

Fig. 10— The general view of the coupler (6) internal stovet

The rest of the power assigned to the matched Badh a method of regulating the
power delivered to the coaxial waveguide for igmitof the discharge allows conserving the
permanent parameters of microwave radiation. Iniquaar, this concerns the mean rate of
the phase jumps and the energy spectrum densMWiRSJP, because in this situation BPG
works in the same mode.

The optimal operating mode of BPG corresponds ® fibllowing parameters:
magnetic induction in the interaction range of bieam with slow-wave structure in BPG is
B=0.096 T, a high voltage 9, = 13.2 kV, the current electron gunli§om =5 A, a high-

voltage pulse is 16Qds, MWRSJP peak power is W = 36 kW, the pulse rapetirequency
is 5 Hz. In figure 5 the general view of the cougl internal structure is shown.

While conducting experiments, to determine the ddpace of the threshold power
on the gas pressure, the left center coax transttiwpler was connected to BPG, the lower
left coax transition joined the coaxial waveguitlee right central and the lower coaxial
transitions were connected to the load. By changiegbond between the central and the
lower shoulders of the coupler through the use itierént linked curved shoulders, we
adjusted the peak power coming into the coaxialegaide from 6 kW to 28 kW.

Fig. 11 shows the dependence of peak power reqtaragtie discharge ignition in the
air that filled coaxial waveguide on its pressure.
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From figure 11 (curves 1, 2) it can be seen tlint,peak power levels from 6 kW to
28 kW MWRSJP discharge is ignited stably at a pressf gas (air) ranging from 1.5 Pa to
3990 Pa. This result clearly demonstrates the ddgas of the discharge, supported by
microwave with stochastic jumps in the phase coeygbarith the microwave discharge in the
fields of regular waves.

L Ay

=

M 2\

Fig. 11— Dependences for breakdown power of a microwaveatsgwith a stochastically jumping
phase versus a pressure for air in the optimal Bie@e (curves 1 &, 2 - *), in the non-optimal BPG
mode: for air (curve 3+), argon (curve 4 -A), helium (curve 5 -¥), respectively, at narrowband
signal

Thus we have the opportunity to create a dischargepressure of almost two orders
of magnitude lower than the pressure that is naceder the fulfillment of the condition of
minimum capacity of the discharge ignition by regumicrowave radiation. Namely, (see
[29]) for v, =w (Wherev, is the frequency of binary collisions, as wellis the frequency

of microwave radiation), effectiveness of such sclarge is much higher because of the
small contribution of energy loss on unnecessapsteEl and inelastic collisions when
working at low pressures. For comparison, depereesfc microwave radiation power
required for the discharge ignition in air (curvg 8rgon (curve 4) and helium (curve 5),
which are filled the coaxial waveguide, on its gree, obtained while working in the non-
optimal BPG mode is given. It is seen that the sures range in which it is possible the
ignition of the discharge is much narrower than wurtle optimal BPG mode functioning.
This is due to a significant difference in mearesabf the phase jumps in these modes of
BPG.

Using the delay device (14), the time for startttod oscilloscope can be modified
within the length of high-voltage pulse. This circgtance allows us to observe the shape of
the generated signal at a different time momeriisg from the very begin of the electron
beam current pulse. Features MWRSJP at the intbtoatiet of the coaxial waveguide are
studied using the four-channel broadband (2.25 Gidzjlloscope (12) HP Agilent Infinium
Oscilloscope.

In the next part we present the results of expental studies of optical characteristics
of plasma discharge. Preliminary results of anagpttharacteristic studies presented in [30].

6.2. Experimental studies of optical radiation frahe plasma discharge initiated by
MWRSJP

Optical characteristics of plasma discharge imtatboy MWRSJP in coaxial
waveguide are examined in the conditions of BPGaim in the optimal mode in air for a
wide pressure range, in which the discharge istegniand maintained stably. For
experimental studies of the integral intensity e plasma radiation in the visible spectrum,
used photoelectron multiplier (17) of type PEM-29aitached to a high-stabilized rectifier
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(18) VSV-2. For spectroscopic studies of the disgban the visible spectrum a three-prism
glass spectrograph (19) ISP-51 is used. With hetpeolens, the radiation from the discharge
is focused onto the entrance slit (slit width i810mm) of the spectrograpBy the output
gap with width of 0.015 mm the spectrograph isciga to the photoelectron multiplier (20)
of type PEM-106. The spectral sensitivity in thevelangth range from 360 nm to 700 nm of
the photomultiplier PEM-106 used in experimentabigs is shown in figure 12.
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Fig. 12 — The dependence of spectral sensitivithefphotomultiplier PEM-106 versus the
wavelength

From figure 12 it can be seen, that the photomigtig?EM-106 has high sensitivity
in the wavelength range from 350 nm to 550 nm. Wittone from 550 nm to 1000 nm the
sensitivity is less that will lead to distortion tie discharge optical spectra which are
observed on oscilloscope (11). This fact shouldaen into account when the wave forms
of the emission spectra are analyzed. The sigoat the photomultiplier PEM-106 was fed
to the digital (2 GB/s) oscilloscope (11) Le CroyaVé Jet 324 with a frequency band of 200
MHz. The ISP-51 spectrograph was calibrated usiegspectral lines of a PRK-2M mercury
lamp (21) and the Balmer hydrogen lines emittealyeissler tube (22). The mercury lamp
and the Geissler tube were powered from an OUHititig unit (23).

The MWRSJP power was input via the conical coapiattion in the waveguide
pumped out to a pressure of 1.33 Pa. In certaigesof the gas pressure, gas composition,
and microwave power, a discharge was ignited irctiaxial waveguide. Figure 13 shows the
emission spectrum of the mercury lamp of type PRK-2

Fig. 13 — The emission spectrum of mercury lampg tyRK-2M

Remark, that in figure 13 and in the consequamirds 14-19, which presents
radiation spectra from the low-pressure dischatpe, real dependence of the spectral
sensitivity of the photomultiplier is taken intocacint, and for the simplicity of comparison
the same arbitrary units are used.

Figure 14 shows the photo of glow discharge atasure of working gas (air) of 13.3
Pa in the waveguide made through a curved quartrabpnvindow. For the necessary
observations, apertures were drilled with a diam2t® mm on the lateral surface of the
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coaxial waveguide in the area of the windows. Om ¢ine hand, these apertures provide
properly output of the light radiation from a coaxivaveguide and, on the other hand, they
prevent output of the microwave radiation from diecharge region.

tle
Fig. 14 — Photographs of the discharge glow incthexial waveguide, taken at the distances
of (a) 60 and (b) 600 mm from the microwave powui in the waveguide

From figure 14 one can see, that the glow dischargmsity significantly decreases
with distance from the MWRSJP input to the wavegUidr example, compare (a) and (b)).
Figure 14 shows photographs of the discharge giothé coaxial waveguide at a working
gas (air) pressure of 13.3 Pa. It can be seen figune 14 that the discharge glow is
inhomogeneous over the cross section and hasraefiiiary structure. This is because 2.5-
mm-diameter holes were made in the side wall ofcthexial waveguide near the diagnostic
windows. These holes, on the one hand, provideubutpoptical radiation from the coaxial
waveguide and, on the other hand, prevent escapgcodwave radiation from the discharge
region. It is seen that the discharge radiatioensity decreases along the waveguide. It
should be noted that the discharge color dependshenworking gas pressure and the
microwave power input in the waveguide.

In Fig. 15-17 the dependence of optical radiafrom the discharge on air pressure is
compared at the conditions when a stable combustiathe gas discharge is held at the
MWRSJP power that correspond the optimal BPG mode.
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Fig. 15 - The emission spectra of discharges irFig. 16 - The emission spectra of discharges in
air at a pressure P = 28 Pa air at a pressure P = 4.8 Pa

Figs. 15-17 show that the spectrum of opticalatain from the discharge depends
strongly on the pressure of the working gas (aird coaxial waveguide. In particular, within
the lower range of air pressure, the optical ramafrom the discharge is pronouncedly
enriched with shorter wavelengths.

In this way, if value of pressure iB= 28 Pa then spectrum is depleted at the
wavelengths shorter than 550 nm, i.e. red radigti@vails, see figure 15. At the same time,
when the pressure is reduced nearly an order ohitalg, see figures 16, 17 a spectrum
becomes significantly enriched with short wavelésgt.e. blue light prevails. Further figures
18 and 19 represent the experimental studies oftehgoral characteristics of optical
radiation for two specific wavelengths within tharation of the single high-voltage pulse
(160 ps).
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Fig. 17 - The emission spectra of discharges iatdit = 4 Pa
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Fig. 18 — Dependence of the optical radiation isifigron time for the wavelength 485 nm
within a duration of one high-voltage pulse for gasssures d? = (a) 28 and (b) 4.8 Pa
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Fig. 19 —-Thedependence of the optical radiation intensity oretfor a wavelength of 651 nm within
a duration of one high-voltage pulse for gas pnessafP = (a) 28 and (b) 4.8 Pa.

One can observe that the optical emission starth widelay relatively to the
beginning of current pulse (current pulse marked on figures 18, 19 by vertical risk).
However, duration of the optical emission excedésduration of the high voltage pulse.

Thus, relying on the quantitative indicators of #lectric field intensity, frequency
MWRSJP and frequency of phase jumps, etc., theppobsof creating a source of light
radiation of low power (100 W) is implemented. é lbased on the consideration of a
stochastic microwave discharge with high efficieatyow pressure of working gas.

7. Conclusions.In this article we described the investigation d?@&s producing
stochastic oscillations caused by electron bearsrmacollective interactions.

Laboratory models of high-power stochastic osdilbagenerators were implemented
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using the slow-wave helix-plasma systems with eisiegle or double mo-dified helices.
Their performance was investigated.

The obtained experimental results (the dispersigopgrties of helix-plasma
waveguides, the frequency spectrum broadening meéstha, the threshold and critical
currents) turned out to be in qualitative agreedméth theory.

At the stage of discharge in the coaxial waveguites discharge becomes
nonuniform along its length due to the strong apison of MWRSJP. The electric field
amplitude decreases by more than one order wheoagpng to the waveguide exit.

During the maintenanceof MWRSJP discharge in the waveguide, gas ioropateads to
almost complete decay in the spectrum of the oudijgmial from the coaxial waveguide of the
main spectral components of the input microwaveadign

With the distance increasing from the input of MWIRSInto the coaxial waveguide, the
discharge optical radiation intensity decreasesifsigntly, becoming inhomogeneous, as
well as its cross-section decreases.

With air pressure decreasing, the optical radiatiom the discharge becomes more
reach with shorter wavelength. Thus, if at the gues of 20 Pa, the radiation has red colour,
then at pressure of 2Pa the radiation becomes blue.

MWRSJP and discharge optical radiation are obseirvéithe almost throughout the
pulse duration of electron beam current in BPG.

When the frequency of MWRSJP signal and the frequei phase jumps are those
as observed in the conducted investigations, tisezaough to have the magnitude of electric
field equals to 50 V / cm, for the creation and m@inence of the discharge in air.

Thus, based on the quantitative indicators, suchthas electric field intensity,
frequencies of MWRSJP and phase jumps it can beoteg the following. The prospective
creation of an efficient light radiation sourceloW power (100 W) in a wide range of air
pressure, in which the discharge is ignited andntaaied stably, becomes a reality. The
main task of future experimental and theoreticabagch is to optimize the gas mixture for
the discharge of quasi-solar optical spectrum.

The results might also be of some use in connegtitnadditional plasma heating in
nuclear fusion devices due the fact that, the elacheating by microwave radiation with
jumping phase is collisionless. Thus the heatirfggiehcy by MWRSJP does not decreas
when the temperature increases, whereas the usaahdp by the regular radiation is to be
collisional and becomes less and less efficienh@easing temperaturdloreover, instead
of pulse working regime of BPG, the constant wogkiregime which is important for
tokamak plasma, in principle may be elaborated.

The developing of a new type of the high efficiersources of optical radiation with
quasi solar spectrum would make a fundamental tieakgh in lighting technology.
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MMKPOBOJIHOBOE M3JIYYEHUE CO CTATUCTUYECKHU ITPBIT AIOIIEN
®A30M: TEHEPALIMSA Y TIPUMEHEHUE JIJIS PA3BUTHS HOBOI'O TUITA
NCTOYHHMKOB OIITUYECKOI'O U3JIYUEHU A
B. U. Kapacs, B. U. I'osota, A. M. Eropos, 1. ®@. IToraneunko, A. I'. 3aropoanuit

IIpusedenvl pe3ynomamol meopemuyeckux U IKCHePUMEHMATbHbIX UCCIe008AHUU NO
eeHepayuy CmoxXacmudeckux KoieOanuii 8 0eyumempo8om Ouanda3one OJUH 60JH, 6 CE53U C
KOJLIEKMUBHBIM — 83AUMOOEUCMBUeM  IIeKMPOHHO20 NYYKa ¢  NAasmMou.Bosmosxcnocme
CO30aHUsL NYUKOBO-NIASMEHHBIX 2EHEPAMOPO8 CMOXACMUYECKUX KOAeOaHUll, pabomaowux 6
KBA3UHENPepbIBHOM pedicume npodemoncmpuposana. Onucanvl memoovl UCCLe008aAHUL U
U3YYEHbl OCHOBHblEe XAPAKMEPUCTIUKU 2eHepupyemblx Koaebanuil. Mcciedosan niazmeHHblll
paspao, UHUYUUPOBAHMBIN MUKPOBOTHOBLIM U3NYYEHEeM CO CMOXACMUYECKUMU CKAYKAMU
Gazot (MBUCC®) 6 KoakcuaibHoM 60IHOB00E 6 ONMUMAIbHOM pexcume pabomol
NAA3MEHHO-NYYK08020 2eHepamopa. B amoii cmamve naiidensvi: ycnosusa saxcueanus CBY-
pasps-o0a, eco cmabunbrHoe noooepxcanue 8 6030yxe MBUCC®D, ouanazon Oasénenuil, 8
KOmMopom  mpebyemass MOWHOCb — MUHUMANbHA. IDKCHEPUMEHMANbHO — UCCTIe008AaHbl
onmuueckue Xapakxmepucmuku naasmvl paspsaod 8 WUpoKom OUanazone 0asieHutl 6030yxa. B
Yenom uccie0osanue HanpasieHo Ha papabomky HOBbIX MUNO08 UCMOYHUKOE ONMUYECKO20
U3yHeHus.

MIKPOXBUJIbOBE BUTTPOMIHIOBAHHA 31 CTOXACTUYHO CTPMBKOBOIO
DA30H0: TEHEPAIIA TA 3ACTOCYBAHHA VIS PO3BUTKY HOBOI'O TUITY
JUKEPEJI OIITUYHOI'O BUITPOMIHKOBAHHA
B. I. Kapacs, B. I. T'onota, O. M. €ropos, 1. ®. [Toranenko, A. I'. 3aropoaHiit

Hagedeno pezynomamu meopemuynux ma eKCnepumMeHmanbHux O0o0CaiOHCeHb Nno
eeHepayii CMmoxacmuyHux KoaueaHsv 68 0eyumemposomy 0ianazoni 008HCUH X8UNb, V 36 A3KY 3
KOJIEKMUBHOIO 83AEMOOIEI0 eNeKMPOHHO20 NyuKa 3 naasmoio. Moowcaugicms cmeopenus nyuka
NIA3MOBUX 2eHepamopie CMOXACMUYHUX KOJIUBAHb, WO NPAylooms 8 KEA3IHEeNnepepeHOMY
pedxcumi  npodemoncmposano. Onucani  Memoou O0CHIONCeHHs. 1 6UB4eHi OCHOBHI
Xapaxkmepucmuky 2eHepo8anux Koauganv. JlocniodceHutl Naa3Mosutl  po3psao, AKUl
IHIYITI0BAHO MIKPOXBUILOBUM BUNPOMIHIOBAHHAM 31 CMOXACMUYHO CMPUOK0BOW ¢hazoi
(MXBCC®) 6 rkoakcianbHomy X6une600i 6 ONMUMALLHOMY DENCUMI ONEPYSAHHS NIA3MOB0-
nyuKoeoeo cemepamopa. Y yiii cmammi 3Haudeno ymosu sanantosanus HBY pospsaody, tioco
cmabinbHoeo niompumarts 6 nogimpi MXBCC®, dianazon mucky, npu KoMy HeoOXiOHa
nomydcHicmes MiHiManvHa. Excnepumenmanvrho 00cniodxceno onmuuHi Xapakmepucmuxu
nuasmu  po3paody 6 WUpoKomy OianazoHi muckie nogimps. B yinomy oocniodcernns
cnpamMosane Ha po3poOKY HOBUX MUNIE 0Jxcepesl ONMUYHO20 BUNPOMIHIOBAHHS.
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