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It has been shown, that at REB (4 MeV, 0.5 A, 2 s, 3 Hz) outlet into atmosphere besides of sterilization straightly
by REB electrons, more intense sterilization can be achieved by produced plasma. The sterilization process is
determinated by influence of plasma particles, radicals, soft X-ray and UV radiation, and ozone.

PACS: 41.75.Lx, 41.85.Ja, 41.60.Bq

1. INTRODUCTION

At present for cold sterilization and decontamination
of the medicinal vegetative raw material and other
biological objects instead of toxic gases using the various
physical methods are applied more and more: radiation
technology (by the relativistic electronic beam (REB) and
X-ray radiation [1-3]), processing by plasma of the
electric discharge [4, 5] and ozonization. Each of these
methods has the certain merits and shortages. Sometimes
the combination of these methods results in essential
positive results [6]. In particular, REB allows to sterilize
the closed objects or medical products of the large
thickness (about path length of relativistic electrons in
irradiated substance), with larger efficiency, than the gas
discharge or ozonization, influences on capsular bacteria
and spores (especially at spore density above 10’
spores/cm?) [4].

In this paper it has been shown that along with
sterilization by relativistic electrons sterilization by plasma
produced at REB injection into atmosphere takes place.

2. EXPERIMENTAL ARRANGEMENT

In experiments electron linear resonant accelerator
"Almaz - 2" was used to produce REB with parameters:
electrons energy is 4 MeV, beam pulsed current is 0.5 A,
the duration of a pulse is 2 ps, modulation frequency of a
pulse is 2805 MHz (so the pulse consists of 6[10° short
bunches of relativistic electrons), the repetitive frequency
is 3 Hz. The electron beam was injected from the
accelerator into air of atmospheric pressure through a
titanium foil of thickness 50 microns. The beam diameter
at accelerator exit was equal 0.8 cm. As a result of the
passage through the foil angular divergence of the beam
electrons appeared that was approximately equal = 10°.

The density of plasma produced at REB outlet into
atmospheric air was measured by the special microwave
probe [7]. It was shown that the plasma density coincides
with one calculated using relationship n,=2,810'%/BP,
where j is beam current density, P is neutral gas pressure
(in our case it is one atmosphere) [8]. At the distance
/=10-12 cm from the exit foil plasma density is equal n,=
10" cm™ and its diameter is equal 10 cm.

Plasma luminescence was investigated with the help of
photomultiplier FEU-29, which sensitivity maximum is in
the visible light region of the spectrum. It was revealed that
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duration of plasma luminescence (T,=5 ps) is much longer
than the duration of the beam current pulse (T,=2 Us).

The spatial distribution of soft X-ray radiation,
measured by the pinhole camera and the semi-conductor
X-ray probe, coincided with area of the maximum plasma
luminescence (Fig. 1). Duration of the pulse of this
radiation was approximately equal to 0.5T,. It was
observed in second half of pulse of the beam current. The
energy of this radiation (E,<1 keV) was determined by
measuring decrease of its intensity after passage metal
foils of various thicknesses.
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Fig. 1. The spatial distribution of soft X-ray radiations from
plasma: I - X-ray probe is open,
2 - X-ray probe is covered with a copper foil
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In experiments on research of REB interaction with an
atmosphere the current of the plasma electrons (a plasma
current) was observed both along the direction of the
beam movement [9] and perpendicularly to it. The value
of plasma current directed perpendicularly to beam
movement, and the energy of the plasma electrons were
determined with the help of a ring metal collector of
diameter 12 cm, inside which the beam passed. The
collector located at distance of 10cm from exit foil of the
accelerator, registered plasma current, which density is
equal 30 HA/cm®. The energy of these electrons was no
more than 12 eV.

3. STERILIZATION EXPERIMENTS

The researches of sterilization efficiency by such
plasma were performed together with Mechnikov Institute
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of microbiology and immunology. In these experiments
the glass pans of diameter 100 mm and height 5 mm were
arranged so that the pan center was at distance of 10 cm
from exit foil of the accelerator. The pan was placed
parallel to accelerator axis and its bottom was at distance
of 7cm from this axis so the direct falling of REB
electrons on irradiated samples was excluded. (Fig. 2).

1

Fig. 2. Scheme of experiment:
1 - accelerator, 2 — electron beam, 3 - pan

On the pans bottom divided into six sectors irradiated
bacteria cultures were inoculated on Endo medium.
Inoculation was also performed in the control pan and on
preliminary irradiated medium without inoculations.

The density of microorganisms in the sectors varied in
limits from 10° up to 10> CFU/ml (CFU — colony -
forming units). As irradiated samples cultures E. Coli
ATSS #25922, Kebsiella pneumoniae #32, and E. Coli #3
were used. Pans with inoculations were irradiated in two
modes: 5 and 10 minutes.

It was revealed that at irradiation during 10 min the
growth of bacteria was absent in all sectors (Table 1).

Table 1

Culture E. Coli ATSS #25922
(irradiation during 10 min)
Control Irradiated medium | Irradiat. culture
10’ CFU/ml 10’ CFU/ml NG
10° CFU/ml 10° CFU/ml NG
10° CFU/ml 10° CFU/ml NG
10* CFU/ml 10* CFU/ml NG
10° CFU/ml 10° CFU/ml NG
10> CFU/ml 10> CFU/ml NG

NG means the absence of the bacteria growth (no
growth). The irradiation during 5 min resulted in 3-4
orders reduction of microorganism density (Table 2).

Table 2

Culture E. Coli ATSS #25922
(irradiation during 5 min)

The control | Irradiated medium Irradiat. culture
10’ CFU/ml 10’ CFU/ml 10° CFU/ml
10° CFU/ml 10° CFU/ml 10* CFU/ml
10° CFU/ml 10° CFU/ml 10° CFU/ml
10* CFU/ml 10* CFU/ml 10> CFU/ml
10° CFU/ml 10° CFU/ml NG

10> CFU/ml 10> CFU/ml NG

When the pan was covered with a steel plate of
thickness 5 mm the density of microorganisms in the pan
did not change in comparison with control after
irradiation during 10 mines. It testifies that presence of
the hard X-ray radiation, arising at the accelerator
operating, for such times does not result in reduction of
microorganisms concentration.
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The sterilization efficiency was lower at irradiation
Kebsiella Pneumoniae #32 (Table 3). Obviously it is
connected with that this culture consists of capsular bacteria,
which are less sensitive to various sterilizing factors.

Table 3

Culture K. Pneumoniae #32
(irradiation during 10 min)
The control Irradiat. Irradiat. culture
medium

10® CFU/ml 10® CFU/ml 10* CFU/ml
10" CFU/ml 10" CFU/ml 10° CFU/ml
10 CFU/ml 10°CFU/ml 10> CFU/ml
10° CFU/ml 10° CFU/ml 10 CFU/ml
10* CFU/ml 10* CFU/ml NG
10° CFU/ml 10° CFU/ml NG

If the pan was covered with lavsan film of thickness
20 microns the difference between densities of
microorganisms in the open pan and covered one was
about two orders (Table 4). In this case, in our opinion,
sterilization occurs under influence of soft X-ray radiation
from plasma as influence of the charged particles of
plasma and radicals produced in plasma in result of
plasma-chemical processes are excluded.

Table 4

Culture E. Coli #3
(irradiation during 10 min)

The control covered pan open pan
10’ CFU/ml 10* CFU/ml 10> CFU/ml
10° CFU/ml 10° CFU/ml 10 CFU/ml
10° CFU/ml 10*> CFU/ml NG

10* CFU/ml 10 CFU/ml NG

10° CFU/ml NG NG

10> CFU/ml NG NG

There is an open question on presence and influence
of the ultra-violet (UV) radiation that has been observed
in gas discharge plasma [4]. However carried out
experiments have shown that in such lavsan film UV-
radiation is strongly absorbed (the intensity of UV -
radiation with wavelength of A=250 microns is 6 times
weakened). When the pan was covered with aluminium
foil of thickness 200 microns sterilization efficiency was
the same one as in the case the lavsan film.

For research of influence of the microwave radiation,
arising at REB interaction with plasma the pan was
covered with teflon plate of thickness 10 mm. Such plate
is transparent for the microwave radiation but it excludes
all other kinds of influence. Sterilization was absent.

4. DISCUSSION

At REB injection into atmosphere plasma is produced
as a result of collisional ionization of gas molecules by
beam electrons and as a result of cascade processes.
Outside of area of the beam propagation the gas
ionization is carried out by beam electrons scattered on
large angles as well as by high energy secondary
electrons. Each relativistic electron (with energy 1-
4 MeV), with taking into account cascade processes,
creates on 1 cm of its way in atmosphere 60 secondary
electrons [10].



The estimation of produced plasma density in
dependence on value of the beam current density can be
derived from the equation [11]:

0
ane(z)= Ib (d_E
0t  ed,)|z)E, dZ

where I, is beam current, A, is area of the plasma channel

)
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beam losses , E. is the energy of electron - ion pair
production.

The first member in the right part of (1) gives the
number of electrons produced by electron beam. The
second and third members determine plasma electron
losses, which are caused by dissipative recombination
with a constant O and by attachment to oxygen with a
constant ky,. n; is the ion density which in our case is
equal to electron density n..

produced by electron beam, is rate of ionizing

dE
—— and E. from [12], and values a

dzZ

and k,, from [13], one can derive the attainable stationary
plasma density. At the distance of 10 cm from the exit foil
n=3%10" cm™. The beam density in this cross-section is
n,=5x10®* cm™. This value of plasma density agrees with
experimental data.

At REB propagation in atmosphere in the beam region
and near to it nitrogen oxides are produced as a result of
chemical reactions of the oscillatory excited molecules
and atoms of nitrogen and oxygen [14]:

O+N,’-NO+N; N+0O,-NO +0;
NO™ + 0, - NO, + 0.

The presence of NO, in our case the experiment
testifies, in which at distance of 5 cm aside from the beam
axis and at distance of 10 cm from the exit foil a glass pan
with 10 cm® distilled water was settled. After 10 minutes
of the accelerator operation, in the pan the 3% solution of
nitric acid was obtained, which presence proved to be true
by reaction of "brown ring”. Besides a large amount of
ozone (up to 0.1 mg/m®) observed at REB outlet into
atmosphere testifies dissociation of oxygen molecules.

Taking values

5. CONCLUSION

Thus, on the basis of the carried out experiments it is
possible to draw the conclusion that sterilization and
decontamination of various biological objects with using
REB, propagating in atmosphere is more effective

comparatively to sterilization and decontamination in
vacuum. The plasma produced at REB propagation in
atmospheric air and radiations from it are additional
sterilizing factors. Thus the main influence is exerted by
the radicals, produced as a result of chemical reactions of
oscillatory excited molecules of nitrogen and oxygen, the
plasma charged particles and soft X-ray radiation from
the area of REB interaction with the produced plasma.
The microwave radiation from plasma does not
practically influence on sterilization efficiency. It needs
the further researches the presence of ultra-violet
radiation from area of interaction and its influence on
sterilization efficiency. The experiments have shown that
sterilization efficiency by only plasma at presence of
capsular bacteria considerably falls. Therefore in such
cases it is preferable to use joint processing by an electron
beam and plasma.
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CTEPUJIM3ALIMS IIJIA3MOM, OBPA3OBAHHOM I1PU BBIBOJIE P3I1 B ATMOC®EPY
E.M. babuu, B.A. Kucenes, A.®@. /lunnux, B.H. Macnoe, H.U. Onuwenxo, H.U. Cxnap, B.B. Yckoe

[Tokazano, uro npu BeiBoge POII (4 MaB, 0.5 A, 2 Mkc, 3 I'nt,) B atMoctepy, KpoMe CTEpHIIN3aIMN HETTOCPEICTBEHHO
anexktpoHamu POII, Gosmee WHTEHCHMBHAs cTepuiaM3anust AocTUraercs oOpa3oBaHHON IuazMoi. Crepuiamzanus
OIIpeZIeTIsIeTCsl BO3JCHCTBUEM IUIa3MEHHBIX YaCTHIL, PaJMKaloOB, MSTKOTO PEHTI€HOBCKOTO M YJIBTPa(HOIETOBOTO

H3IIyYeHUH, a TaK 5K€ 030Ha.

CTEPUJIIBAILLIA ITJIA3MOIO, CTBOPEHOIO ITPHU BUBO/II PEIl B ATMOC®EPY
€EM. baouu, B.O. Kucenvos, A.®. /lunnik, B.1. Macnos, M.I. Onuwienko, M.1. Cxnap, B.B. Yckos
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[Tokazano, mo mpu BuBoai PEIT (4 MeB, 0.5 A, 2 mkc, 3 T',) B atmocdepy, kpiMm crepumizauii enekrponamu PETI,
OUTBII IHTCHCHMBHA CTEPUITI3AIliS HOCSITAEThCS CTBOPEHON IUI1a3Mor0. CTepriiizalliss BH3HAYAETHCSA IEI0 IUIA3MOBUX
YaCTOK, paluKaiiB, M SIKOTO PEHTTEHIBCHKOTO Ta YIETPadioleTOBOTO BUMIPOMIHIOBaHHS, a TAKOK O30HY.
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