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TRANSIT THROUGH HIGH-DENSITY NEUTRAL GASES
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The theoretical and experimental results of investigations of the relativistic electron beam interactions with plas-
ma, created during its penetration into neutral gas of large pressure, are presented. It is shown that by using of deeply
modulated beam it is possible to avoid the depressive influence of dissipation and longitudinal nonuniform plasma den-

sity on the beam-plasma interaction efficiency.
PACS: 52.40-w; 52.59.-f

1. INTRODUCTION

The research of processes, arising during injection of
relativistic electron beam (REB) in air at atmospheric
pressure or other gases of high-density, along with funda-
mental meaning is of interest for the various applications.
In particular, at application of REB in plasma-chemistry it
is desirable to fulfil conditions, at which the beam creates
plasma, effectively interacts with it, resulting in develop-
ment of plasma-chemistry processes [1,2]. At the same
conditions the microwave radiation in a short-wave range
is possible [3]. On the other hand, for radiation processing
of various materials, for clearing of sewage and decon-
tamination of medicinal preparations it is desirable to
transport REB in atmosphere without essential losses.

In this paper the results of theoretical and experimen-
tal researches of interaction of modulated REB with plas-
ma, formed by REB itself in air at atmospheric pressure
are presented. In the researches conducted earlier [4-6] in-
sufficient attention to influence of beam modulation on

the efficiency of beam-plasma interaction was paid espe-
cially in case of nonuniform and dissipative plasma.

2. THEORY

Let's consider a spatial problem of REB injection in
plasma half-space z=0. The beam with relativistic factor Yo
and density n,, previously modulated on density with fre-
quency W, represents a sequence of square pulses of du-
ration T*, following through the period 7=277w, i.e. REB
is modulated with duty factor S=A/4=6, where a is the
length of a bunch, A is the wavelength of accelerator HF-
power. The plasma is nonhomogeneous 7,(z), therefore at
the frequency of an excited wave w~w,=~w, the wave vec-
tor k-(z) changes along length of interaction according to a
dispersion equation for a plasma wave &wk.)=0. Besides
the plasma is supposed dissipative. Damping of the excit-
ed wave, determined by pair collisions, stochastic jumps
of the wave phase, and processes of decay and radiation
etc., will be characterized by an effective collision fre-
quency Ve .

The self-consistent set of equations in dimensionless
variables, describing interaction of modulated REB with
collisional nonuniform plasma, has a view:
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The first equation describes excitation of a plasma
wave, whose complex amplitude C=E/E,; E.=m VZ8k?y3
/eko is the amplitude, at which beam is trapped by a wave;
Ok = w‘,’,/yOVO(w ,Z,Vo/wf,Vg)”3 is the spatial coefficient of
amplification (gain parameter); § = 8ky3; V, = dw /dk, is
the group velocity. Other two equations are self-consis-
tent equations of the beam electron motion of in the field
of excited wave; P = (P~ Ry)/RP is the dimensionless
momentum of the beam electron in a system, bound with

the wave. Function W, describing the type of beam modu-
lation, is selected in the form

v (© )_Ml, 0,] 0, A
o7, mie,io0. @

and corresponds to steep rectangular modulation with
duty factor S=21/0 .. The relativism of the beam elec-
trons is taken into account by the function

F=(J(r0 - D(L+ pB)+ 1/y,(1+ Bp) (5)
The dissipation of the excited wave is characterized by
parameter K =V . /2V 0k . Non-uniformity of the plasma
density is described by the function
G(U)= k. /ky=1/1- Ndk/k.); N=(k.-ky)/dk (6)
Further for the simplicity the linear dependence of the
wave number on coordinate is considered. A = 0 { corre-
sponds to that.

The set of equations (1) - (3) was solved numerically
on the computer (method of particulate computer simula-
tion [7] for area of parameters, close to experiment: yo=5;
S=6; k =0-54=0-2,

The results of the computer simulation show, that for
unmodulated beam both dissipation and longitudinal non-
uniformity of plasma density result in failure of instability
(Fig. 1).

If at these conditions (K =2, A=-0.2) the modulated
beam is used with S=6, the instability develops in spite of
taken non-uniformity and dissipation, i. e. the same values
of maximum amplitude of a field, as well as in uniform
nondissipative case for the unmodulated beam are
reached.
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Fig. 1. Dependence of amplitude of the excited wave on
coordinate: 1 - modulated beam, 2 - unmodulated beam (
kK =2; A =-0,2)

Thus excitation of HF-fields and beam-plasma break-
down can be most effective, when the frequency of modu-
lation of the beam cy is close or is multiple to a plasma

frequency wy= @)= (41T n pe2 / m)”2 . If plasma density in-

creases above than this level, resonance is baffled, intensi-
ty of HF-fields, in which the discharge is developed, de-
creases and plasma density drops. It can result in relax-
ational oscillations of plasma density near its resonant

* 2 2 . . . .
valuen, = wj,m/4mne” . Itis possible to receive an estima-

tion of a necessary current density of the beam for cre-

ation of resonant conditions, at pressure close to atmo-

spheric, using expression for plasma density, formed by
REB at its transporting in gas [8].
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here I, is the beam current, A,(z) is the area of a plasma

channel, formed by the beam, — 1is the ionization losses

z
of the beam on a unit of length of a path, E, is the energy
of derivation of ion - electron pair.

The first term in a right member (7) yields number of
electrons, produced by the beam. The second and third
terms determine losses of plasma electrons, which are de-
termined by a dissipative recombination with a constant o
and three-dimensional trapping of plasma electrons by
oxygen molecular with constant k,,. n; is the ion density,
which equals in our case to electron density n.. Using val-
ue fl—f and E. and from [9], a and k,, from [10], we ob-
tain, that the minimum current density, at which the reso-
nant plasma with density 7,=10"cm™ can be obtained,
equals J,,=0.2 A/cm’.

3.EXPERIMENTAL INSTALLATION

In our experiments REB was used, obtained with the
help of a linear electron accelerator. Parameters of the
beam: energy W=2 MeV, current in a pulse [,=/4, pulse
duration =2us, frequency of the beam modulation
f=2850 MHz. Each pulse has N=6x10° bunches of elec-
trons with duration 1,=1,5x10"'’s. Mean density of elec-
trons in the beam n,=5x10°cm™. At realization of experi-
ments there was the possibility to change width of the
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electron distribution function of the beam on energy in
limits from 8 % up to 50 % by changing the modulation
frequency over the range 0,15 %.

The beam was injected directly in atmosphere or in
the chamber of interaction, representing glass tube of
length 50cm and diameter /0cm, through a titanium foil
by depth 50um. The chamber of interaction was filled
with different gases, which pressure varied in limits from
1 up to 760Torr.

The current of the beam electrons was measured by
Faraday cylinder and mobile Rogovsky belt of diameter
30 cm . The plasma density, formed by the beam, was de-
termined on its conductivity 0 by the special microwave -
probe [11]. At high pressure of neutral gas and frequency
of the applied field w=10* —10’s’ this conductivity

0 = en,ll,. The electron motility M. at given density and

temperature of neutral gas was determined under the ta-
bles [12]. The measurement accuracy of plasma density
by such method is within the limits of 20 %.

The duration of plasma glow was determined with the
help of FEU-29, whose maximum sensitivity is in the re-
gion of the visible spectrum. For protection of FEU from
X-radiation, arising at injection of the beam from an ac-
celerator, it was placed outside of a zone of X-radiation,
and light on FEU was transmitted by the optical waveg-
uide of length 2m.

The X-radiation from interaction zone registered by
the semiconducting x-ray sensor and obscure chamber.

4. EXPERIMENTAL RESULTS

The experiments have shown, that at injection of REB
in atmosphere, the plasma with intensive glow in visible
range of a spectrum is produced. Thus the duration of
plasma glow (¢=5us) considerably surpasses pulse dura-
tion of the beam current (7=2us) (Fig. 2a, b). The begin-
ning of the plasma glow is not synchronized with beam
current pulse (glow starts 0.3—0.4 (s after beginning of a
current pulse). The maximum amplitude of glow is on the
second half of current pulse. At small pulse duration of
the current (7<0.5us) the glow is not observed. The most
intensive glow is observed from area, arranged apart 5 —
10cm from exit foil of the accelerator.
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Fig. 2. The oscillograms: a - current pulse of a beam;

b - signal of plasma glow; c - signal of X-radiation
The results of measurement of plasma density have
shown, that in the region of intensive glow (0<I<I0cm)
the plasma is uniform (Fig. 3), and its density n,=5%
10"em?, so the plasma frequency is close to frequency of
the beam modulation (w,=w),). On large distances (/>10

cm) plasma density decreases, that is explained as de-
creasing of the current density of the beam in connection



with its angular divergence, and with dissipation of the
beam electrons at its interaction with plasma in a reso-
nance region. The measurements by the x-ray sensor and
chamber - obscurer have shown presence of region of soft
X-radiation generating, which coincides with region of
maximum plasma glow. The pulse of X-radiation is shorter
than a current pulse of the beam and corresponds to the sec-
ond half of this pulse (Fig.2, c).
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Fig. 3. Distribution of plasma density along the axis of
the beam propagation
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Fig. 4. Energy distributions of beam electrons on differ-
ent distances from an exit foil

The energy distributions of the beam electrons, past
through the plasma, formed in atmosphere by beam, apart
2, 6, 15 and 25 c¢m from an exit foil of an accelerator are
shown in Fig. 4. It is visible, that if near to the foil the en-
ergy distribution is close to a distribution in vacuum, after
transit of a resonance region the considerable change of
the energy distribution with formation of an electron
bunch lost up to 25 % of the energy is observed. On large
distances from an exit foil (/ >25cm) the change of the en-
ergy distribution in comparison with vacuum are less size-
able, as the electrons, lost energy as a result of collective
interaction with plasma, do not fall in an analyzer, be-
cause of considerable angular dissipation.

At increase of width of the beam eclectron energy dis-
tribution up to 50 % the power loss of electrons equals
100-120 keV, that coincides value of ionization and radia-
tion power losses of a relativistic electron at its transit in
air of atmospheric pressure of distance 25cm, at absence
of collective interaction.

At decreasing of the beam current /,< 200 mA, it was
revealed, that all effects, bound with collective interaction
of the beam, disappear. This current value is critical and is
well agreed with minimum current, which is necessary for
creation of resonant plasma density, determined by ex-
pression (7).

5.CONCLUSIONS

Thus, the results of the experiments show, that at
transporting of modulated REB with current 1A and
width of an energy distribution of the beam electrons A
W/W<10% in neutral gas with pressure 20-760 Torr the
localized equilibrium and resonant plasma is produced,
with which REB effectively interacts.

The large beam energy losses, found in experiment,
presence of X-ray and microwave - radiation from an in-
teraction region, and also the dependence of these effects
on width of an energy distribution of the beam electrons,
evidences the collective interaction of this beam with
plasma.

Computer simulation has shown that for the modulat-
ed beam the restrictions on dissipation of the beam and
spatial non-uniformity of the plasma density are consider-
ably softened in comparison with a non-modulated beam.
The results of experiment coincide with theoretical calcu-
lations.

The experiments with the hydrodynamic beam and
beam with a wide distribution function of the beam elec-
trons on energies show that the efficiency of the relax-
ation of the beam essentially depends on a degree of
mono-energy distribution of the beam pursuant to [13].

It is necessary to mark, that REB interacts most effec-
tively with plasma, formed at its transit through molecular
gases with many electrons in atom (air, oxygen). Through
the hydrogen and helium REB passes with much smaller
energy losses of electrons and all other physical effects
are expressed much more weakly.
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B3AEMO/ISI MOJYJIbOBAHOTI'O PEII 3 IIJTIA3MOIO, IO BUHUKAE ITPH OO ITPOXOIKEHHI
YEPE3 HEUTPAJIbHUM I'A3 BEJIMKOI T'YCTUHHA

B.A. Kucenvos, A.®. Jlunnuk, .M. Onuwenxo, I.B. Comnuxos, B.B. Yckos

[IpencraBneHi TEOpPEeTHYHI Ta EKCHEPUMEHTANbHI pe3yJdbTaTH JMOCHIKCHb B3a€MOJIl PENATHBICTCHKOTO
€JIEKTPOHHOTO IMyyKa 3 Iuiasmoto. [lokazaHo, 110 NMpU BUKOPUCTaHHI TNTMOOKO MPOMOAYJILOBAHHMX ITyYKiB MOMKIIHBO
VHUKHYTH [IPUTHIYEHHS ITyYKOBO-TIA3MOBOI HECTIHKOCTI AUCHIIAMIEIO 1 TTO3JJOBKHBOIO HEOAHOPIHICTIO TUIA3MHU

B3AMMOJENCTBUE MOJIYJIUPOBAHHOI'O PIII C IIJIABMOM, OBPABOBAHHOM ITPH EI'O
MMPOXOKJIEHUU YEPE3 HEMTPAJIBHBIN I'A3 BOJIBIION IIJIOTHOCTH

B.A. Kucenee, A.@. Jlunnuxk, H.H. Onuwenxo, I.B. Comnukos, B.B. Yckoe

[IpencraBieHbl TeOpeTHUECKNE W IKCIIEPUMEHTAIIBHbBIE PE3yNIbTAThl MCCICAOBAHNI B3aUMOACHCTBUS PEIISTHBUCT-
CKOTO JIEKTPOHHOTO MydYKa ¢ mIa3Moi. [lokazaHo, 9TO MpH HCMOIB30BaHWU TIyOOKO NMPOMOAYTHUPOBAHHBIX MTYYKOB
BO3MOXKHO M30€KaTh MOJAaBJICHUS IyYKOBO-IIJIa3MEHHOM HEYCTOHYMBOCTH JUCCHUIAIIMEH U IPOJIO0IEHONH HEOIHOPOIHO-
CTBIO MJIa3MBI.
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