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By numerical calculation a motion of one charged Ar, Kr, Xe ions through the magnetic field barrier was studied
(Hmaz ~ 1kG). It was shown that propagation and reflection of the ions is determined by the initial transverse
energy of the ions and their masses. Ranges of change of transverse velocities for the particles with different masses
that pass through the barrier were evaluated. The influence of direction of a radial electric field that was applied in
the region occupied by the linearly decreasing magnetic field, on the particle motion was investigated. It was shown
that radial deviation of particles from the axis of symmetry was essentially increased or decreased in comparison to
zeroth electric field case depending on the electric field direction. After the particle leaves the crossed-field region the
magnitude of its axial velocity can be 1.5...2 times more compared to the starting velocity when the electric field was
directed along the radius. Obtained results can be used to minimize the losses of the ions from a particle source by
a proper disposition it in the magnetic field and to determine parameters which notably influence beam formation.

PACS: 52.50.Dg

1. INTRODUCTION present paper the configuration of magnetic field
that was shown in [2] will be considered with some

Possibility of application of the magnetic field for simplification (Fig.1). General principles of calcu-
isotope separation was studied since 1940’s. Systems lation the magnetic fields like this can be found
where they are used — electromagnetic separators — 11 books on electron and ion beams [8] (ICR) [5].
permitted to separate isotopes nearly all elements
of Mendeleyev’s table with proper resolution [1]. In
subsequent years regions of application such sys-
tems have studied more thoroughly. Electromag-
netic separators have widely used for production the
high-enriched isotopes of elements with great atomic
weights and those which were difficult or impossi-
ble to receive by another ways. However, imperfec-
tions of electromagnetic separators such as bulkiness,
small productivity it has make to search the ways
for an improvement their construction and possibil-
ities. The region of application of magnetic fields
was broadened in connection with development of
plasma methods for isotopes separation [2-7]. Since
in plasma a restriction on current magnitude con- Fig.1. 1 - distribution of H, component of the mag-
nected with space charge of a beam in vacuum was netic field versus z coordinate. 2 — velocity of v, —
removed it was expected that these methods along component of Ar ion that pass the magnetic field bar-
with the proper mass resolution will provide high rier versus coordinate

enough productivity. The magnetic fields that are
usually used in such construction are produced by
a current flowing in a single coil with multi turn
windings or by solenoid. Obtained in such a way ax-
ially symmetric configurations of the magnetic field
are similar to those for plasma confinement (the
magnetic field of mirror trap, picket fence, etc). In

Vz, 10"5 c/s

For the calculation of magnetic field and particle mo-
tion in this field, as a rule, a cylindrical system of
coordinate (r, ¢, z) is chosen. This permits to use
some advantages of axial symmetry of a given con-
figuration. In the regions where the magnetic field
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rises and falls there are two field-components H, and
H,. When the distribution of H,- component on the
axis along z coordinate is known one can calculate
the components of magnetic field in neighborhood of
axis using derivatives of this distribution. In similar
configuration different possibilities of isotope separa-
tion and selection of single elements were considered
(centrifugal separation of elements) because of ro-
tation magnetized plasma column, selective heating
isotopes by ion cyclotron resonance.

In [5] an attention was paid that the region with
lowered magnetic field permits to increase the ef-
ficiency of ICR-apparatus for isotopes separation.
Requirements to characteristic of the particle flow
sharply differ depending on methods of separation
which are used. Therefore, number of questions arise
as to an injection of particles in this configuration of
the magnetic field, passing the particles through the
magnetic field barrier, the influence of the electric
field on the motion of particles. The purpose of this
work was to investigate the possibilities of the system
under consideration for selection the single elements.
Similar task arises, for example, during processing of
spent nuclear fuel where the elements of some practi-
cal interest can be found. In connection with solution
of these tasks a mathematical model including a sys-
tem of equations of motion and the magnetic barrier
of a given form was constructed and some calcula-
tions of trajectories of particles passing the barrier
were done.

2. FORMULATION OF THE TASK

It is supposed that particle start in the region occu-
pied by the magnetic field. The strength of magnetic
field at the particle starting position can be changed
by displacement the particle source relative to the
barrier so that profile of magnetic field was left with-
out change. The system of equations of charged par-
ticle motion in axially-symmetric field can be written
in a form:
P —r¢? =erpH,/Mc,

(1/r) g (r*¢) = e(2H, — 7H)/Me,

Z=—erpH,./Mc

with the following initial conditions at ¢ = 0, where
t is a time, z = z is the position of a plane from
where the particle start, r = rq is initial radial dis-
placement of particle from axis of symmetry, z = 2,
T, and ¢, are the initial axial, radial and azimuthal
components of velocities respectively.

The H,-component of the magnetic field was ap-
proximated by linearly changing functions within
zones that were defined in this way:

0, if z<0;
o Hy-z/L, if 0<z<0L;
* ) Ho(6L—=z)/5L, if L<z<3L;
0.6H, , if 2>3L.

L is the length of the zone where the magnetic
field rises. H, — component of magnetic field was
determined by a condition divH = 0, with the as-
sumption that H, — component does not depend on
r coordinate like in the case [2]. The distribution of
magnetic field that was written above gives possibil-
ity to consider particle motion in neighborhood of
axis of symmetry first of all.

The system of equations was sold numerically af-
ter its transforming into dimensionless form. As the
references values were taken: vy = 1/2eUy/M is the
axial velocity of particle, where Uy is an electric po-
tential, e and M are charge and mass of ion respec-
tively, L is the length of the region occupied by lin-
early increasing magnetic field along z coordinate.
The magnetic field rise at the length equal to 25cm
(in some cases 50 c¢m) to maximal value then it fall
to nearly half of its maximal value and further stayed
constant. Besides, one can change the length of that
part of barrier where magnetic field lowed by properly
choosing coefficients in distribution of magnetic field
(2). After passing the barrier the particle continued
its motion in the uniform magnetic field. The motion
Ar, Kr, and Xe ions were considered through this
barrier. The stable isotopes of these elements with
atomic weights Ar = 40, Kr = 84, Xe = 129 were
chosen for calculation. Since for the selection of ele-
ments it had to process the vast quantities of mixture
of elements an energetic expenditure on production of
charged components should be diminished. The value
of a dimensionless parameter of the system of equa-
tions lt = Mcvg/eH,L was evaluated for ions energy
which was equated to 5 eV for every element. This en-
ergy is typical for the isotope separation by a plasma
centrifuge method, for example. The maximal value
of the magnetic field of barrier was equal to 1kG.
Cyclotron radii of one charged ions were calculated
using initial axial velocity and maximal magnitude
of the magnetic field and are equal r4, = 2.02c¢m,
rir =2.94cm, rx. = 3.65cm.

A transverse dimension of an experimental cham-
ber where particles are moving is equal 2R ~
30...40 cm. It was assumed that the particle is moving
near the axis of symmetry if its displacement relative
to the axis is several times less then the radius of the
chamber. To satisfy the condition r./R < 1, where 7,
is cyclotron radius of particle, R is radius of chamber,
the starting radii of particles were taken in the ranges
from 2 ¢m to 3.5 cm. For more precise study the mo-
tion of particle near an outer electrode it is necessary
to have more detailed distribution of the magnetic
field in that region. It was assumed that the trans-
verse energy of particle may reach one half or more
of energy of the axial motion (e ~ ¢|). The space
charge of ions flowing from the source was neutralized
by electrons and collisions in the flow are absent. In
next section some results of calculation of the trajec-
tories and velocities of particles different masses will
be shown depending on different conditions.
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3. THE RESULTS OF CALCULATION OF
THE MOTION OF ONE CHARGED IONS
THROUGH MAGNETIC BARRIER

The distribution of axial velocity of Ar ion (curve?2),
starting from the position zy = 6.25 cm with trans-
verse velocity not equal zero, passing the magnetic
field barrier (curvel) was shown on Fig.l. As can
be seen the axial particle velocity is decreasing in
the region where magnetic field rises and further the
velocity begin to restore in that part of the barrier
where the magnetic field was lowered. In uniform
magnetic field the particle is moving with constant
velocity the value of which was established before
its entering the uniform magnetic field. Though a
decreasing of transverse dimension of particle orbit
moving in increasing magnetic field takes place the
rise of the field to a considerable extent is compen-
sated by increasing of the radial velocity. In fact, the
distribution of axial velocity is typical for all region
of changes of parameters used for calculation. In cal-
culation the starting position of particle (rg, z¢), the
value and direction of initial radial velocity 47, a
form of barrier were changed. The differences of sep-
arate runs only the minimal and settled in uniform
magnetic field magnitude of the axial velocity are
concern. Variation of v,- component of velocity for
Ar, Kr, Xe ions passing barrier was shown on Fig.2.

Vz, 10"5 cm/s

0 20 40 60 80 100 120 140 180 .
Z, cm

Fig.2. The velocities of elements 1 — Xe, 2 — Kr,
8 — Ar that pass the magnetic field barrier versus z-
coordinate. The initial energy is € = 5eV. The
length of region of increasing magnetic field L =
50 cm

The length of region with increasing magnetic field
was equal L = 50 cm. It follows from the results of
calculation that if the initial radial velocities are small
(the transverse energy is of the order of a few tenth of
one eV) then all elements, which are considered, pass
the barrier with small changes of their velocity. In the
Table 1 the magnitudes of the least axial velocity of
particles starting from the position rg = 0.1, zg = 0.1,
with the energy of axial motion 5 eV, radial velocity
v, = 0.24yy, passing the barrier, and the velocity
settled in the uniform magnetic field was shown.
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The magnitudes of least and steady velocity

Element | Vipin, L=1 | V,L >3
Ar 0.87 0.93
Kr 0.89 0.95
Xe 0.91 0.96

The strength of the uniform magnetic field was equal
0.6Hy. The dimensions which characterize the po-
sition of particle and the value of velocity for di-
mensionless quantities were written. The particle is
decelerated considerably more if initial radial veloc-
ity is increased and it is reflected at some value of
radial velocity in increasing magnetic field of bar-
rier. After a reflection the direction of velocity is
changed and the particle begin to accelerate toward
the source. In some cases the most part of initial
energy of radial motion is transformed into axial
energy. The particles with the least mass (in our
case Ar ion) begin to reflect the first. The parti-
cle usually several radial oscillations to the point of
reflection does. The Kr, Xe ions reflect with rela-
tively greater radial velocities. The change of axial
component of velocity (curvel) and radial position
(curve 2) along z-coordinate for reflected Ar ion when
the value of initial radial velocity was positive and
equal 0.55 was shown in Fig.3. The particle started
from the position zg = 0.1,7g = 0.14. The calcula-
tion with different initial radial velocities shows that
there is a limitation on those for passing particles
which are differ for each element of given energy.

Vz, 10M5 em/s
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Fig.3. 1 — the velocity change of Ar ion reflected
from magnetic barrier with L = 25cm. 2 — radial
position of Ar ion reflected from magnetic barrier
versus coordinate. ro = 0.14, zg = 0.1, v, = 0.55

The Ar ions pass through considered barrier
if their initial velocities lay within the ranges
—0.7 < 79 < 0.4, and those for ions of Xe are within
the ranges —0.8 < 7y < 0.55. From this calculation
one should be expect that if an injected flow of parti-
cles had initially some spread of the radial velocities
then concentration of particles with different atomic
weights that were passed through barrier will be dif-



fered from their initial content In the case of need to
inject through barrier particles with small losses it
should be increased the magnetic field in the plane
of injection. When particle is injected from the po-
sition zp = 0.4, where the magnetic field is greater,
along with Kr, Xe ions begin to pass and Ar ions
with 7o = 0.7. It is necessary to mark that after
passing the barrier the particle continues its motion
without circling around axis of symmetry though for
particles with great initial radial velocities the mini-
mal deviation of particle trajectory from axis sharply
diminishes. Maximal deviation of particle from axis
may reach 5...7c¢m depending on the initial radial
velocity and mass of element.

As the value of the radial component of magnetic
field depend on radius decelerating force acting on the
particle in the region of non-uniform magnetic field
is stronger at the greater radius then near the axis.
Therefore, axial particle velocity is non uniformly
changed as in linearly increasing magnetic field so
in the region where the magnetic field is falling. If
the initial radial velocity is great enough (compared
with axial one) then after passing the barrier axial
velocity is not restore to primary one and the trans-
verse particle energy is increased. For example, for
Ar ion starting with initial axial energy ¢ = 5eV
and transverse energy €, = 5eV after passing the
barrier the axial energy was 2 eV and transverse en-
ergy was 5.5eV. So the barrier assist to redistribu-
tion of axial and transverse energies in the direction
of increasing transverse energy. There is also a de-
pendence on the direction initial radial velocity. The
value of axial velocity that is settled after passing
the barrier is differed for particles starting from the
same radius with equal but oppositely directed ve-
locities. In fact, the particles are moving on different
trajectories which are not overlapped. Projections of
trajectories for two particles (only part of trajectory
was taken) were shown in Fig.4.

The value of axial velocity that is settled after
passing the barrier in uniform magnetic field de-
pends on the length of zone within of which the
magnetic field is reduced to the given quantity. For
Ar ion starting with initial velocity 4.9 - 10° cm/s
in the increasing magnetic field its value was re-
duced to 1.8 - 10° em/s and after passing the zone
of the same length where the magnetic field fall
to 0,6Hy and further stays constant the velocity
is increased to 3.25 - 10°cm/s. If the magnetic
field was reduced more smoothly (the length of
zone of decreasing magnetic field was 2...3 times
more) the axial velocity was settled 3.67 - 10° cm/s
and 3.64 - 105 cm/s respectively. When magnetic
field was reduced to 0.4Hy the velocity was settled
4.24 - 105em/s. Tt is followed from this that by
choosing a strength and gradient of the magnetic
field one can adjust the value of steady state velocity.

Fig.4. The projection of a part trajectory of Xe
ions, that pass the magnetic barrier with equal ini-
tial radial velocities oppositely directed. o — starting
position

The variation of starting radius in the ranges of
rog ~ 2...3cm do not lead to notable changes in the
motion of particles. The differences concerned only
the boundary values of radial velocity permitting the
particle still to pass the barrier. Difficulty arises
when the motion of particles, starting from small
radius (rg < 1em) with great radial velocity, is cal-
culated. The particle passes too close near the axis
of the system and it is necessary to improve an accu-
racy of calculation that lead to increasing of duration
of calculation. The strength of the magnetic field at
the starting position influenced more noticeably on
the ranges of radial velocities that permit the par-
ticle to pass the barrier. When the magnetic field
is increased the ranges of velocities are widened. A
more smooth increase of the magnetic field influences
in a similar way. For barrier with magnetic field in-
creasing according sin(nz/2L) (z < L) the Xe ion
with initial radial velocity -1 passed. Some notion of
the motion of particles with equal masses but differ-
ent initial radial velocities or particles with different
masses and equal initial velocities was shown on Fig.5
for Xe ions and Fig.6 for Ar, Xe ions respectively.
In Figs.5 and 6 the region of increasing of magnetic
field L = 25 ¢m and the region of decreasing is equal
2L.

The least radial extension of the region where Xe
ions were moving is at a location of the magnetic field
maximum. The radial extension of the region of par-
ticle motion with different radial velocities is growing
wider in the uniform magnetic field. As can be seen
from Figs.6,a,b the maximal deviation from the axis
Ar and Xe ions with equal initial velocities notice-
ably differ. The value of radial velocity 7o = 0.5 for
Ar ions starting from zg = 0.1 position is close to the
limit after exceeding of which the ions begin to reflect.
When the adiabatic conditions rjdH/Hydz << 1
are well satisfied the energy of axial particle mo-
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tion in non homogeneous magnetic field is defined
by a following relation: e = &g — e1o(H/Hgs — 1),
where H is the magnetic field of barrier, Hyg; is
the magnetic field in starting position, and it not
depends on mass and gradient of magnetic field.

Ir.cm

10 !
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Z,Ccm

T T
140 160
z,Cn

T T T
0 20 40 60 80 100 120

b

Fig.5. Radial position Xe ion with different initial
radial velocities passing the magnetic barrier:

a)l ~v, =05, 2-v,=-05;b)1-v.=03, 2 -
v, = —0.3

As it follow from the expression the strength of the
magnetic field, that is needed for the particle reflec-
tion (g = 0), is defined only by the initial axial and
radial energies.

The calculation that was carried out show that
for the given barrier and quantities of mass the pass-
ing and reflection of particles depends from mass
and gradient of magnetic field. One may conclude
that for given configuration the adiabatic conditions
are badly fulfilled. Summarizing, it should be note
that the calculation permitted to find the most im-
portant parameters to adjust by the flow of parti-
cles passing through barrier. They are the lengths
of increasing and falling parts of the magnetic bar-
rier, the relation between the initial radial and ax-
ial velocities, the starting position of particles. A
new possibility appears to adjust by flow of parti-
cles when the external radial electric field is applied.
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Fig.6. Radial position Ar and Xe ions passing the
magnetic barrier and in uniform magnetic field:

a)l ~vpxe =0.5,2-v.xe = —0.5;b) 1 —vp4, = 0.5,
2 - Vrar =—0.5

4. THE PARTICLE MOTION PASSING
THE MAGNETIC FIELD BARRIER WITH
APPLIED THE RADIAL ELECTRIC
FIELD

The motion of the particles in crossed electric and
axially symmetric magnetic fields was analyzed in
[9]. The possible trajectories of particle motion were
considered and a division of trajectories and the di-
rection of particle motion depending on magnitude of
electric field was done. Some mechanisms of particle
separation were analyzed. In the present paper the
passing of particles through the magnetic barrier with
applied radial electric field in the limited region of
barrier where the magnetic field is falling was studied.
For simplification, the electric field was taken to be
constant (E, = const). The length of the region with
constant electric field was equal 0.45L, The lengths
of rising and falling parts of the field were equal 0.1L.
A decreasing the transient length of the region, where
electric field was settled, several times did not influ-
enced noticeably on the results of further motion of
particle. The differences in the values of velocities
and deviations from the axis do not exceeded 1...2%.



The obtained results are markedly differed when
direction of electric field are changed (Figs.7,a,b).
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Fig.7. The projections of trajectories — 1 in (r,z)
plane Ar ions and velocity v, — 2 passings the mag-
netic barrier — 3 with applied electric field — 4.

a) E. <0, b) E. > 0. The starting radius is equal
3cm. For convenience the curve of the magnetic field
H, was plotted with coefficient 7 and radial electric
field E,. with coefficient 5

The electric field directed to the axis of symmetry
(B < 0), deviate the trajectory in the direction of
smaller radii (see Fig.7,a). In a neighborhood of the
axis the particle begin to drift in azimuthal direction.
While the particle passes the region of the crossed
fields it turns relative axis at a certain angle and
after leaving this region continuous its motion along
the magnetic field on trajectory displayed relative
initial one. For the strength of electric field used in
calculation (1...3V/em) the axial velocity of particle
entering the uniform magnetic field always stays less
then initial velocity. The deviation of particle in the
direction of greater radius is considerably increased
(see Fig.7,b) if the electric field is directed along the
radius (E, > 0).

The transverse dimension of orbit is increased
5...6 times compare to orbit with opposite direc-
tion of the electric field. After particle is leaving

the region of crossed magnetic field its axial velocity
may exceed 1.5...2 times the starting velocity (Fig.8).

7*Hz,
kG 87

S*Er,
Viem 87

44
Vz,
1075 emv's

T T T T T T
0 20 40 60 30 140
Z, cm

100 120
Fig.8. The axial velocities Ar ions — 1 and Xe ions
- 2 passings the magnetic barrier—4 with applied elec-
tric field — 8. For convenience the curve of the mag-
netic field H, was plotted with coefficient 7 and radial
electric field B, with coefficient 5

The value of velocity of particle entering the uni-
form magnetic field depends upon the value and
the direction of radial velocity which the parti-
cle had before entering the region with crossed
magnetic field, and the length of the region
where the electric field is differed from zero.

I.cm
254

Fig.9. The projections of trajectories 1 — Xe ion
and 2 — Kr ion in (r,z) plane. The boundary
of the chamber was shown by horizontal solid line.
20 =0.1, v, =0.25

At Fig.9 the projections of trajectories in the plane
(r,z) for Kr and Xe ions passing the magnetic bar-
rier with applied electric field E, are shown. As the
calculations show the deviation of particle starting
from the positions of r ~ 2...3 cm is compared with
transverse dimension of a chamber. The particles will
reach the wall (Xe—curvel) or will pass the system
(Ar—curve2) depending on relation between axial
and radial velocities. As can be seen from a compar-
ison of Figs.5,6 and Fig.9 the application of radial
electric field promotes the better stratification in ra-
dial direction the mixture of elements with different
masses into layers of equal masses. For more pre-
cise calculation it is necessary to have more detailed
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information about the distribution of the magnetic
field near the outer wall of the chamber.

5. CONCLUSIONS

In this work, the trajectories of the charged parti-
cles of different masses in non-uniform magnetic field
were calculated. It was shown that propagation of
particle of given energy through magnetic field bar-
rier or its reflection from barrier depends on the ini-
tial radial velocity and mass. In the most cases, while
passing the barrier, a redistribution between the com-
ponents of particle velocity occurs in a way that ax-
ial velocity is diminished and radial velocity is in-
creased. In uniform magnetic field after passing the
barrier, the transverse dimension of particle orbit is
increased because of the greater radial velocity and
the less strength of magnetic field which can be in
this region several times lower compare to its maxi-
mal value. The similar character of particle motion
assists to divide in radial direction the mixture of par-
ticles of different masses into layers of equal masses.
The external radial electric field of positive direction
(B, > 0, directed along radius) that is applied in the
region of falling magnetic field much more increases
the differences in the dimensions of orbits of different
elements and assists to stratification of particles on
masses. And this allows to select the single elements
from many component mixture. Besides, the calcula-
tion of this kind gives the opportunity to choose the
optimal position of the particle source.
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JABVXKEHUE 3APSIYKEHHBIX YACTUI[L CKBO3b BAPBEP, CO3IABAEMBII1
HEOJHOPOAHBIM MATHUTHBIM IIOJIEM C 1 BE3 PAJIMAJIBHOT O
DIJIIEKTPUYECKOTI'O IIOJIA

A.TI. Beauxos, C. B. Illapwii, B. B. IOgepos

YucieHHBIM METOIOM PacCMOTPEHO ABHXKEHHe OgHO3apsaaHbix moHoB Ar, Kr, Xe ckBo3b bapbep, co3maBa-
€MBbIli HEOTTHOPOITHBIM AKCHAIBHO-CAMMETPHIHBIM MATHUTHBIM TONeM (Hopq, ~ 1%Ic). Tlokasaro, aTo mpo-
XOKJICHHE ¥ OTPAYKeHMe NOHOB 3aBUCUT OT HAYAILHON TTOMEPEYHON SHEPTUN YACTHUIL U UX MACCHL. [IpuBeaens
OIEHKHN [JIsi TPAHUYHBIX 3HAYEHWH HAYAJIBLHON MOMEPedHON CKOPOCTH MpoXoaAmux dactuil. Ilokazamo, aro
HAJIOXKEHNE PAIAAILHOIO 3JIEKTPUIECKOTO IMOJsT B ODJIACTH CIAIAI0NIEr0 MArHUTHOTO ITOJsS 3aMETHO BJINAET
Ha PaJpajbHOE CMENIEHHe YACTHIL PA3HONH MacChl U BEIMYUHY IIPOAOJBHON CKOPOCTH 4acTHIl. IlosydyeHHbIe
pe3yabTaThl MOrYT OBbITH UCIOJIB30BAaHBI JII MUHMMH3ALUN IOTEPh HOHOB, BBLIETAIIINX M3 MCTOYHUKA IIYy-
TeM BBIOOpA MECTa PACIIOJOXKEHHs] HCTOUYHHUKA, W IO3BOJISIOT OIEHUTH IapaMeTphl, Haubojee CyIeCTBEHHO
BJAUSIIONINE Ha, (DOPMUPOBAHIE MTOTOKA, YACTHIL.
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PYX SAPAJ2KEHNX YACTUHOK KPI3b BAP’EP, ITTO CTBOPIOETHCHA
HEOJHOPIIHNM MATHITHUM IIOJIEM 3 TA BE3 PAJIAJIbBHOTO
EJIEKTPUYHOI'O ITIOJIA

A.TI. Beauxos, C. B. ITaput, B. B. Odgepos

YucenbHUM METOIOM PO3TIISTHYTO pyX oaHozapsanuux iouis Ar, Kr, Xe kpiss 6ap’ep, 10 CTBOPIOETHCST HEOI-
HODIIHUM aKClaabHO-CUMETPUYHUM MartitHuM nojem (H,q, ~ 1xIc). Tlokazano, 1mo npoxoazKeHndsa i Bij-
OUTTs 10HIB 3aJI€KUTH BiJ MOYATKOBOI IIOTIEPEYIHOl eHepril YaCTHHOK Ta iX Macu. Ilpusemeni OmiHKY 11 Tpa-
HUYHAX 3HAYEHDb MOYATKOBOI MOMEPETHOI MMBUIKOCTI YACTHHOK, IO MPOXOAATh. 1lokazano, mo HaK/IaIeHHT
PaIiaIbHOrO EJIEKTPUYIHOIO TOJA B O0JACTI CITAIAI0M0r0 MATHITHOTO IIOJA TMOMITHO BILIMBAE HA PaJiasbHe
3MIIIEHH YaCTHHOK PI3HOI MacW Ta BEJIMYUHY [TO3/I0BXKHBOI MBUJAKOCTI yacTunoK. OrpuMani pesysibraTu
MOXKYTh OyTH 3aCTOCOBaHI Mpu MiHIMIZaIil BTpaT 10HIB, MO BUIITAOTH 3 JXKEPesa, MIISTXOM BHOODY MicIis
PO3TAITYBAHHS J¥Kepesia 1 JO3BOJIAIOTh OIIHUTH TapaMeTpH, SKi HafiCyTTEBIIe BITMBAIOTHL HA (DOPMYBaHHS
TOTOKY YACTUHOK.
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