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RADIAL DISTRIBUTION OF ELECTRONS ROTATION MOMENT
IN HALL EFFECT AND PLASMA-ION THRUSTERS

The subject matter of the article is the radial distribution of electrons movement parameters inside electric
propulsion thrusters with closed electrons drift. The radial magnetic field in Hall effect thrusters is the limits
the axial flow of electrons because of interaction with azimuth electron current. In turn, this azimuth current
exists as a result of rivalry between the attempt of the magnetic field to transform electrons current completely
closed one and the loss of electrons rotation moment in collisions. Similar processes take place in the ioniza-
tion chamber of plasma-ion thrusters with the radial magnetic field. The attempts to estimate electrons param-
eters through only collisions with ions and atoms inside volume have given the value of axial electrons current
much lower than really being. This phenomenon is called anomalous electrons conductivity, which was tried to
be explained as a consequence of various effects including "near-the-wall-conductivity", which was explained
as a result of non-mirror reflection of electrons from the Langmuir layer near the walls of the thruster channel.
The disadvantage of this name is the fact that the reflection of the electron occurs before reaching the surface
from the potential barrier at the plasma boundary with any environment: the wall, but also with the environ-
ment vacuum. The potential distribution in the Langmuir layer is hon-stationary and inhomogeneous due to the
presence of so-called plasma oscillations. The definition of "conductivity” is just as unfortunate in this name,
because the collisions are always not a factor of conductivity, but on the contrary — of resistance. The goal is
to solve the task of electrons rotation moment distribution in the thruster channel. The methods used are the
formulation of the kinetic equation for electrons distribution function over the velocities, radius, and projec-
tions of the coordinates of the instantaneous center of cyclotron rotation; solution of this equation and finding
with its use the distribution of the gas-dynamic parameters of electrons along the cross-section of the chan-
nel. Conclusions. A mathematical model of electrons rotation moment dynamics is proposed, which allows us-
ing plasma-dynamics equations to analyze its distribution along the cross-section of thruster channel and to
estimate the effect of "near-the-wall-conductivity” using appropriate boundary conditions.
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Langmuir layer.

Introduction

Hall effect thruster (HET) and plasma-ion thruster
(PIT) with radial magnetic field relate to electrostatic
thrusters where acceleration of ions is made by
electrostatic component of electromagnetic field
produced by electrode system and with direction of
electric field tension E, almost in parallel to necessary

direction of thrust. It is enough for thrust produce but
without any other factor it would mean acceleration of
electrons in opposite direction with extreme electron
current and the most their part in power consumption.
To prevent this the magnetic field is used. A radial
magnetic field B, in the HET and PIT created by a

special magnetic system limits the axial current of
electrons with a force almost equal to the electric force
tending to accelerate the electrons towards the anode.

A moderate axial current of electrons exists due to
two factors that prevent the magnetic field from making
their motion completely closed: collisions of electrons
with atoms and ions in the volume and loss of electron

rotational moment as a result of their non-mirror
reflection from a potential barrier at the plasma
boundary near the channel. The last factor, which was
unsuccessfully called "near-the-wall-conductivity", is
main one in rarefied plasma of HET and PIT. Thus the
question is important about including the description of
this effect into mathematical model of the processes in
the thruster.

Formulation of the problem

The authors of papers [1, 2] try to describe "near-
the-wall-conductivity" with the use of total electron
collision frequency without a clear comment about this
totality. Such comment is made in paper [3] as the mo-
mentum transfer frequency including electron-atom and
electron-ion collisions are included, as well as effect of
anomalous transport but without presenting a specific
mathematical form for this frequency.

The authors of paper [4] propose to estimate this
non-mirror reflection with the use of experimental re-
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sults, which produce the following serious doubts: do
the methods exist to measure the electrons flow density
in any part of the channel; even yes, is it possible to
adequately list the results of measurements in one type-
size of device with some own profile of magnetic field
for another type-size in any section?

In turn, the authors of work [5] consider the parti-
cle-in-cell simulations as a way to solve this problem.

The attempts to use the empiricism or particle-in-
cell simulations here can be explained by the fact that
the authors are sure that this effect can not be described
by plasma-dynamics.

Really it is possible but with understanding of the
followings: the equations of plasma-dynamics relate to
the point in the volume and this effect must be firstly
represented as boundary conditions [6]; the equations of
plasma-dynamics themselves must include the parame-
ters, for which these boundary conditions are written.

Gas dynamics equation set is fundamentally
opened, and the number of equations is brought into
correspondence with the number of unknowns only
approximately — as a result of certain assumptions. Due
to the rarefaction of the substance in the electric
propulsion  thrusters the local thermodynamic
equilibrium method is insufficient to describe the
processes there, and there is a need to use more
extended form of equations as it was done in the article
[7]. This equations system is enough to describe the
most of features of processes in HET. But specific of
radial magnetic field action on the component of

electrons pressure tensor (trial to revolve Pe(“") into

Pe(xr) and then Péxr) into — Pe(”p)) does not permit to
close equations system with any appropriate
supposition.

The goal of this work is to solve the kinetic task
about electrons rotation distribution in thruster channel.

Solutions

The necessity to use kinetics approach appears and
the channel curvature, volume collisions, electron flux
onto the radial boundary and, as a consequence, the
radial projection of the electric field tension are
neglected in the following entries for simplicity to save
the most important aspects in approximate solution of
kinetic equation. Also the electric field tension and
magnetic induction in the axial size of the order of the
cyclotron radius of the electron are considered as
constant ones.

The stationary form of the kinetic equation for
electrons velocity distribution function f(x, r,\7) is the

following one:

29
af(x,r,v)  8f(x,r,v) eE, of(x,r,v)
X +V, - -
ox or me  OVy
_eBy, (Vx 6f(x,r,\7)_v(p af(x,r,\?)J:O’ O
me oV, OVy
or:
of(x,r,v of(x,r,v
) (6X ) v, (ar v),
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where the cyclotron frequency o, drift velocity Vi

and cyclotron rotation velocity v of electrons:
eB, Ex
O =—,Vy =—",0y =V,,V, =V, —VH. 3
c Me H Br X X' Yo [0) H ()
The motion equation of a single electron in
projections has the form:

dv, dvy dv,

at =V, W_CDCT/(P =0, W-F(DCVX =0, (4)
dr dx da do

—=V,, — =V, —=r—=V , 5
dt Tt g dr HTYe ©)

where a — the length of the arc in the azimuth direction.
As a result, the motion of a single electron is
described by the following expressions:

Vy =Vyo COS y+040 SNy, (6)
Vo =—Vxo SINY+V0 COS (7)
Vyo SINY =74 COS Y
X=X¢+ X0 0 , (8)
®¢
VHW +Vyo COS W+7D,0 SINY
a=ag+ X0 @0 ,9)
®¢

wherey, X, and a. — phase and projections of the

coordinates of the instantaneous center of cyclotron
rotation on a plane transverse to magnetic induction:

(r—r)

()]
v = ot = ——27, (10)
Vr
Voo v
Xe =Xg + PO X2
Oc Oc
Vxo Vyw+Vv
a; =a, —a—HYTIx g
Oc ¢

Time is counted from the moment the electron is
positioned on the middle axis of the channel.

We can introduce the electrons distribution
function over the velocities, radius, and projections of
the coordinates of the instantaneous center of cyclotron
rotation F(xc,r,ac,vx,vr,v(p) — such that the number

of electrons in the elementary six-dimensional range of
each of its arguments is equal to:
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AN =Fxc,rac, vy, vy, Vg )

xdxcdrdacdv,dv,dv,. (12)

Axial symmetry in this problem means the absence
of dependence of quantities on the arc coordinate a :
F(xc, r,ac,vx,vr,v(p)z F(xc,r,vx,vr,v(p). (13)

On the centerline of the channel, withr =r,:
F(xc,ro,vx,vr,v(p)zFo(xc,vx,vr,vq,). (14)
The motion of electrons without collisions means
the conservation of their number on one Hall trajectory
with a shift along the radius:
F(xc,r,vx,vr,%)z Fo(xc,vxo,vr,v(po):
= Fo(xc,vx COs y — ¥, siny,
(15)

At the same point in space with a coordinate x
can be electrons, which coordinate x. the
instantaneous center of cyclotron rotation is offset from
the coordinate x at different distances depending on the
radius and phase of cyclotron rotation. In this case, the
relationship between the distribution functions over the
actual coordinates f(x, rVy, v,,v(p) and coordinates of

Vi, Vy siny + v, cos \u).

the instantaneous center of cyclotron rotation
F(xC IV, Ve, vq,) is defined by the expression:

f(x,r,v’x,v’r,%)dx:

xc(x%d x,v(p)
- jF(x’C,r,vX,vr,v(p)d X¢, (16)
xc(x—%dx,’(/(p

v
where xc(x,v(p): X+—> — the dependence presented
O¢

in (11).
In this way:

f(xrv v )—F X422 ryo v (17)
1 X ry(()(p - ® 1y VX rer(p

or, in accordance with (7), (8) and (15):
f(x, r,vx,v,,%):

Vo i
=k X+E,VX COS y — 7, SNy,

Vi, Vy Siny + 7, COS WJ. (18)
In the polar coordinate system, the cyclotron
rotation velocity can be represented as follows:
Vy =V COS ¢, ¥, =Vcsing, (19)
where ¢ — the phase of cyclotron rotation.
The kinetic equation (2) in this case takes the
form:

v, COS¢8f(x,r,vr,vc,¢)+
oX
f f
+Vr6 (x,r,vr,vc,q))_ Ca (x,r,vr,vc,q)):0 (20)
or o0
and the expression (18):
Ve sing

f(x,r,vr,vc,¢)=Fo(x+ ,vr,vc,¢+\y].(21)

c

On the centerline of the channel, with r=r,:
fo(% vy, Ve, 0)=F(x, 1o, vy, Ve, d)=

V.. sin
:FO(X_'_ £ ¢:Vravcv¢jx

Oc

(22)
whence follows:

FO(Xer:VCvd)):fO(X_VC sin¢

'VI‘IVC!(I)J’ (23)

Fo(X,Vr, Ve, d+w)=
:fO[X_M!VrIVCI¢+W\J (24)
®¢

and

f(x, r,vr,vc,¢)=fo[x+v—°(sin¢—sin(¢+\y)}
(O]

c

vr,vc,¢+\uJ. (25)
From the expressions (10) and (25) it follows:
of _9dfo (26)
oX 0OX
of of ofy ofy
V, — =0, — =0, ———V; C0s (p+y)—, (27
rar wc@\u mc@d) c (¢ \V)ax (27)

of ofg ofy
W, — =0, ——+V| C0S $—cos (¢+ —, (28
C@d) °a¢ c( ¢ (d) W)Jax (28)
which really corresponds to equality (20).
Thus, taking into account (25), the problem of
changing the velocity distribution function of electrons
in the radial direction has been solved.

v
Value —% in (25) has the order of the cyclotron

®¢
radius, at the size of which all parameters vary little,
which allows us to write:

£(X, 1, Vp, Ve, 0) = fo (X, vy, Ve, 0+y)+

. 6f0(x,vr,Vc,¢+\lf)V_C{sin ¢—sin(¢+\|f)j . (29)
oX ®¢

In this approximation:
2

of 6f0 Ve A ) 0 fO
—=—+—|SINO—-SINO+ —, (30
X o mc( ¢-sin(o “’)}axz (30)
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31
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and
v, Cos¢af(x,r,vr,vc,¢)+\/r of(x,r,vy,ve,¢)

oX

2
M:V—Ccos b (sin¢—sin(¢+w)]><
od ®¢
y asz(Xerva:¢+\V) .
ox?

The ratio of the right-hand side of (33) to the first
term of the left-hand side coincides in order with the
small ratio of the cyclotron radius to the length of the
thruster channel. Thus, neglecting the named small
ratio, expression (29) is an approximate solution of the
kinetic equation (20).

The symmetry of the problem relative to the
midline of the channel means the requirement:

f(X’ err:Vc’¢)=f(X’ r, V,I"VC'¢)
at r'—ry =rg—rand vy, =-v,, (34)
from where, subject to this requirement in sign
should also:
fo(x,vr,vc,¢)=fo(x,—vr,vc,¢):f0(x,|vr|, vc,d)). (35)
Moreover, in the case of mirror reflection, there
would be equality:

f(m)(x, fVp, Ve 0)= f(m)(x, =V, Ve, 9), (36)
which, in accordance with (29), would mean the
absence of a function f(x, v, v, ) dependence from
phase ¢ and coordinates X :

f(gm)(x, Vi, Ve, §)= f(()m)(]vr|, vc). (37)

The deviation from the mirror reflection trajectory
is small, and the consequence of this deviation is the

appearance of a weak dependence fo(x, |vr|, Ve, ¢) from

or

_(DC

(33)

phase ¢ and coordinate x. Therefore in the

decomposition fo(x,|vr|,vc,¢) in the Fourier series, the

dependence on X in terms describing the dependence
on ¢ and vice versa, dependence on ¢ in the zero term

describing the dependence on x:

fo(X,vr Ve, 0)= féc)(x,|vr|, Ve )+

+ ifIEC)(IVr |’ Ve )COS (ko)+
k=1

o0

+Zf|55)(|vr|,vc)sin(k(p)

(38)

and correspondingly:
f(x,r, vr,vc,(l))zf(c)( ,|v,|,vc)+
of
—< v VC)VC [smd) S|n(¢+\|/)}

oX O
3 10v | veJeos (k(o+y))+
k=1

(39)

+ ki:lflgs)(]v,L vc) sin(k (¢+w)).

Periodic by phase ¢ terms (39), when substituted

into the expression for the electron concentration, give a
zero result:

ne(x,r =If X, T, vr Ve, 0)vedvedv,dd=
—If X, |Ve| Ve Jvedvedv,do=nge(x). (40)

and the electron concentration is a function of only x.
The expression for the azimuth projection of the
electron flux density in the distribution (39) has the

form:
Ne (X, 1)(Veq (X,1) = Viy )=

1 0
_203 ™ (()C)(x,|vr|,vc)vgdvcdvrdq)—
1 0
“Zer ox f(gc)(x,|vr|,vc)v§d Vi cos ydv,do+

o J'f (IVr|Vc vidv cosy dv,dg. (41)

In the second and third terms (41), we can
distinguish the cosine of the phase  average over the

radial velocity projection:

o jf X, |vi| Ve Jeos v dv,
(cos W)OC ,
Jf c) X, V| Ve Jdv,
Tfl(s)(lvr|,vc)cos ydv,
(cos w)gs) === (42)

_[f (] r|v dv,

Under the assumptlon of the Maxwell form of

functions f ( X, |Vel, VC) and f ( X, Ve, vc) it means:
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(cos ) 271:mkeTe "
2
x__[ Xp{— 2?{ Jcos [m (:/r rO)Jdvr (43)
or
2 7 22 (r)
(cos y) N '([e cos (T)d z (44)
where
me
()= (r—ro),/zkTe . (45)

The results of numerical integration (44) are
shown in Figure 1.

You may notice that (cos) getting smaller 0.01

already at (r)>10, which is noticeably smaller than
the Hall parameter found over the channel width of the
HET %(R). Notable value of (cosy) takes place only

near the midline of the channel at r —r,.

When averaging also over the channel cross
section, you can write:
1(R)

1
(cos y) \|1 cos y)dy. (46)
< "R £

0.1 —— =
{cos ) 55 1)
0 = >
_01 //
-0.2 \v/
0 10 20

Fig. 1. Cosine phase y average by v,

The results of numerical integration (46) are
shown in Figure 2. Cosine of the phase y average by

v, and the channel cross section becomes to be less
than 0.005 already at x(R)>10.

0.2

({cos W)\

0.1 \\\ X(R)

0 1 2 3 4 5 6 7

Fig. 2. Cosine phase y average by v, and r

Thus, the velocity distribution function of
electrons in this problem can be represented as follows:

f(x,r,vr,vc,¢)~f(c)( |Vr|va)+

L 16 vel ve) ve
O0X O

+8f(x,|vr|,vc,¢+\v),

—sin¢

(47)
where:

SF (%, [V, Vi, b+ )= ifﬁc)(lvrlivc)cos (k(o+w))+
k=1

0

#3180 (vl ve) sinlk o+ w))-

k=1
D e (x X, |Vl v )
oX O
In this case, the contribution of the function
6f(x,|vr|,vc,¢+\|/) into the integral characteristics and

—Lsin(¢o+v). (48)

the characteristics at the boundaries of the plasma with
the parietal layer can be neglected.
In this approximation, the expression (41) takes

the form:
Ne (X)Ve(p (X, r) =Ng

1 0
s ax

(Vi +

f(gc)(x, V| ve)vidvedv,dg=

= ne(x)vecp (). (49)
in which the azimuth projection of the electrons mass
flow velocity also turns out to be a function of only the
axial coordinate X .

The axial-axial and axial-radial components of the
electron momentum flux density tensor I, in this
approximation are equal to:

jf |v,|v vidv.dv,dé, (50)

) _o. (51)
Moreover, taking into account (3) and (49):
6H(XX) al_I(xr)
e + e
oX or

which fully corresponds to the axial projection of the
motion equation of electrons.

With a more accurate description, taking into
account the dependence of the electron concentration on
the radial coordinate, the azimuth projection in the
expression for the rotation moment of the electrons:

Me(x, 1) = ne(x, r)rveq,(x). (33)

can be considered as a function of only the axial
coordinate.

+ene(EX

~VeoB,)=0, (52)
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Conclusions 7. Hecmepenxo, C. 0.  Cucmema  ypasHenui
MOMEHMO8  (PYHKYuu pacnpeoeieHusi yYacmuy no

The kinetic task is approximately solved with the
use of electrons distribution function over the velocities,
radius, and projections of the coordinates of the
instantaneous center of cyclotron rotation. The results
obtained have shown the approximate equivalence of
electrons azimuth mass flow velocity on the Langmuir
bound and one averaged by channel cross section. The
obtained conclusion can be used in a quasi-one-
dimensional mathematical model of processes with the
Hall effect and a plasma-ion thruster with appropriate
boundary conditions.
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PATIAJIHUI PO3IIO/IIJI OBEPTAJIBHOI'O MOMEHTY EJIEKTPOHIB
B XOJJIIBCBKOMY I IIJIABMOBO-IOHHOMY JIBUT'YHI

T'o I[3ynwiyai

IIpeameroM cTaTTi € pamianbHUN PO3MOAIT MapaMeTpiB pPyXy ENEKTPOHIB yCEepeauHi eINeKTPOPaKETHHX
JIBUTYHIB 13 3aMKHYTHUM JperoM enexTpoHiB. PajianpHe Mar"iTHe moie B XOJUIIBCBKHX JIBUTYHaX OOMeEXye
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OCHOBHMH MOTIK €JIEKTPOHIB 4Yepe3 B3a€MOAII0 3 a3UMYTAJIBHUM EJIEKTPUYHHM CTPYMOM. Y CBOIO uepry, uei
a3UMYTAIBHUA CTPYM ICHYE B pe3ynbTaTi CYHNEPHHITBA MDK CHPOOOI0 MAarHiTHOTO MOJS HEPEeTBOPUTH CTPYM
€JIEKTPOHIB B TIOBHICTIO 3aMKHYTHH 1 BTPAaTOI0 MOMEHTY O0€pTaHHS €JIEKTPOHIB B 3ITKHEHHSAX. AHAJIOTIUHI POIeCH
BiOyBalOThCcA B 1OHI3aIliifHIA Kamepi IJIa3MOBO-IOHHMX IBUTYHIB 3 pafiaibHUM MarHiTHEUM moieM. Crpobu
OIIIHATH TapaMeTPH CJIEKTPOHIB TUTHKH Ha OCHOBI 3iTKHEHP 3 i0HAMH i aToMaMH B 00’€Mi 1any 3HAYSHHS OCHOBOTO
CTPpyMYy €JEeKTpOHIB Habararo Hkd4e, HDK B mificHOCTI. Lle sBuIme oTpmMano Ha3By aHOMaJbHOI IPOBIXHOCTI
CIIEKTPOHIB, SIKE HAMATaJIUCs TOSCHUTHU K HACHITOK Pi3HUX e€(peKTiB, BKIFOYAIOUN «IIPHCTIHKOBY MPOBITHICTEY, AKa
MOSICHIOEThCA HEI3ePKAIBHUM BIIOWTTSAM €JICKTPOHIB Bifl JICHIMIOPIBCHKOTO IIapy OiJisi CTiHOK KaHaJy JBHTYHA.
HenomikoM wi€i Ha3BU € Te, O BIOWTTS €IEKTPOHA BiNOYBAETHCS 10 AOCSTHEHHs MOBEPXHI BiJ| MOTEHIiaTbHOTO
Oap’epy Ha MeXi IUIa3MH 3 OyOb-SKHM CEpEINOBHUILIEM: CTIHKOIO, ajle TaKoXX 3 BaKyyMOM HaBKOJHIIHHOTO
cepenoBuIa. Po3mosin noTeHmiany B JICHTMIOPIBCHKOMY HIapi € HECTalliOHAPHUM 1 HEOAHOPIIHUM Yepe3 HasBHICTh
TaK 3BaHUX IUIa3MOBHX KOJIMBaHb. BH3HAueHHS «MPOBIAHICTH» B Ii Ha3Bi € HACTUIBKU XK HEBAAINM, TOMY IO
3ITKHEHHS 3aBX/JM € YNHHAKOM HE MPOBIIHOCTI, a, HABNAKH, ONOpYy. MeToI0 € BUPILICHHS 3aBAaHHS PO PO3MOALT
MOMEHTY OOEpTaHHSI €JICKTPOHIB B KaHalli ABMI'yHa. BukopucToByBaHi mMeromm: (GopMyIIOBaHHS KiHETHYHOTO
piBHSHHS 11 (YHKIII PO3MOAITY €JIEKTPOHIB 3a IMIBHIAKOCTSAMH, PaAiyCOM i NPOEKII€I0 KOOPAWHAT MHTTEBOTO
LHEHTPY HUKIOTPOHHOTO OOEpTaHHS; PIMICHHA IIHOTO PIBHAHHS 1 3HAXOKEHHS 3 HOTO JOIIOMOTOI0 PO3MOILTY
ra3oJMHAMIYHUX MapaMeTpiB EJICKTPOHIB II0 IIONEPEYHOMY HEpeTHHY KaHaily. BHCHOBKH. 3amnporoHOBaHO
MaTeMaTHYHy MOJEIb IUHAMIKH MOMEHTY OOepTaHHs SJICKTPOHIB, SIKa I03BOJISE 32 JOMOMOTOK PiBHSAHB JHHAMIKH
IUIa3MH  AHANI3YBaTH HOrO pPO3HOAUT IO IIONEPEYHOMY IIEPETHHY KaHaly IBHTYHa 1 OLIHIOBaTH e(eKT
«TPHUCTIHKOBOI MPOBITHOCTI» 3 BHKOPHUCTAHHSAM BIAMIOBITHUX TPAHUYHUX YMOB.

KirouoBi cioBa: XOJUTIBCBKHH JABHUTYH; OOEpTalbHUM MOMEHT €JEKTPOHIB; (YHKIS pO3MOALTY 32
LIBUKOCTSIMU; KIHETUYHE PIBHSIHHS; JICHI'MIOPIBCBKHUI1 POLIAPOK.

PAAUAJIBHOE PACIIPEJEJIEHUE BPAIIATEJIBHOI'O MOMEHTA 3JIEKTPOHOB
B XOJIJIOBCKOM U IIJIASMEHHO-UOHHOM JIBUT'ATEJIE
To I3ynwiyai

IIpeaMeToM cTaThH SBIACTCS paguaIbHOE pPacIpeeliCHUE MapaMeTPOB ABIKCHHS SJICKTPOHOB BHYTPH JJICK-
TPOPAKETHBIX JABHTATEICH ¢ 3aMKHYTHIM JIpeihoM 3JEKTPOHOB. PamnansHoe MarHUTHOE TI0OJIe B XOJUIOBCKUX JIBUTA-
TEJIAX OTPAaHMYMBACT OCEBOW MOTOK 3JCKTPOHOB HM3-3a B3aMMOJACHCTBHA C a3UMYTAIBLHBIM DIICKTPOHHBEIM TOKOM. B
CBOIO OYEpEe[Ib, TOT a3UMYTAIBHBIA TOK CYIIECTBYET B Pe3yJIbTaTe COMEPHUYECTBA MEKIY MOMBITKON MarHUTHOTO
moJisi mpeoOpa3oBaTh TOK AJIEKTPOHOB B IOJHOCTHIO 3aMKHYTHIH M TOTepeil MOMEHTa BpAaIleHHS JJIEKTPOHOB B
CTOJIKHOBCHUSX. AHaJ'IOFI/I‘-IHBIe Hpoueccm HpOI/ICXOL[SIT B I/IOHHS&HHOHHOIZ KaMepe IIJIa3MCHHO-UOHHBIX }IBHFaTeHeﬁ
C paI[I/IaHI)HI)IM MAarduTHBIM ITIOJIEM. HOHI)ITKI/I OUCHUTH napaMeTpLI 3J'I6KTPOHOB TOJIBKO HaA OCHOBE CTOHKHOBCHI/Iﬁ C
HNOHAaMU U aTOMaMHu B O6’beMe JaJIn 3BHAYCHHUEC OCCBOI'0 TOKa BHCKTpOHOB HAaMHOT'O HHUXC, YCM B HeﬁCTBHTeHLHOCTH.
DTO SBJICHHE TOJYYUIIO Ha3BaHUE AHOMAJIBHOW MPOBOJMUMOCTH JJIEKTPOHOB, KOTOPOE MBITAIUCH OOBSICHUTH Kak
CIEJICTBHE PA3IHYHBIX 3((EKTOB, BKIOYAS IIPHUCTEHOYHYIO MPOBOAMMOCTEY», KOTOpas OOBICHAETCS He3epKallb-
HBIM OTpPaX€HHEM JJIEKTPOHOB OT JIESHTMIOPOBCKOTO CJIOSI Y CTEHOK KaHana jBurarteis. HemocraTkoMm 3TOro Ha3Ba-
HUS SBJSIETCS TO, YTO OTPaKEHHUE JICKTPOHA MPOUCXOIUT 0 NOCTIDKCHHS MTOBEPXHOCTH OT IMOTEHIIHAIBLHOTO Oapb-
epa Ha TpaHHIe TUIAa3MBI C JIIOOOH CpeIoil: CTEHKOW, HO TakKe ¢ BAKyyMOM OKpYy’Karomied cpenbl. Pacmpenemenue
MTOTEHI[MAJa B JICHTMIOPOBCKOM CJIO€ HECTAIMOHAPHO W HEOIHOPOIHO M3-32 HAIMYHS TaK Ha3bIBACMBIX ILIA3MEHHBIX
kosebannii. OnpeeneHue «IIpOBOJUMOCTE» B 3TOM Ha3BaHUU CTOJIb )K€ HEYJauHO, TOTOMY YTO CTOJIKHOBEHHS BCe-
r71a SBIAIOTCSA (PaKTOPOM HE MPOBOIMUMOCTH, a, Ha000poT, compoTusicHus. Lleblo siBasieTcs: pemnieHrne 3a1a49u 0O
pacrpeeiecHid MOMEHTa BpAIICHHUs AJICKTPOHOB B KaHajie Auratess. Mcmoab3yemMble MeTOAbI: (OPMYIHPOBKA
KHUHETUYECKOTO ypaBHEHUS ISl GYHKIMH PACIIPEICICHHS JIEKTPOHOB MO CKOPOCTSM, PauyCy U MPOEKIUSIM KOOP-
JUHAT MTHOBCHHOTI'O HCHTpa HI/IKJ'IOTPOHHOFO BpaH_IeHI/ISI; pemeHHe 3TOT0 ypaBHeHI/ISI U HAXO0XICHUEC C €0 ITOMOIIIBIO
pacnpeienenys ra30JnHAMUYEeCKIX apaMeTpOB AJIEKTPOHOB MO MOTNEPEYHOMY CEUeHHIO KaHana. BeiBoasl. [Ipen-
JIOKCHa MareMaTtu4deckass MOoAcCjib TUHAMHUKU MOMCHTA Bpame}mﬂ BHGKTPOHOB, KOTOpaf{ IIO3BOJISIET C IIOMOIIBHO
YpaBHEHHI TUHAMUKH TUIA3Mbl aHATH3UPOBATH €r0 paclpe/elieHre Mo MOMePeuHOMY CeUSHHUIO KaHalla JBUTATEeNs U
OIICHUBATh FPPEKT KIPUCTCHOYHOW IPOBOIMMOCTH C UCIIOF30BAHHEM COOTBETCTBYIOIINX IPAHUYHBIX YCIOBUH.

KawueBble cjioBa: XOJUIOBCKHH JBUTaTellb; MOMEHT BpAIllCHHs 3JICKTPOHOB;, (QYHKIUS pacHpeieicHUs IO
CKOPOCTSIM; KHHETUYECKOE YpaBHEHHUE; JIEHTMIOPOBCKUH CIIOH.
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