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In the article the circle of questions connected to plasma heating and confinement in a multislit electromagnetic trap
with axisymmetric geometry of a magnetic field is considered: plasma formation and heated by electrons injection,
electrons cross transfer in a space of coordinates and in a space of speeds, ions losses through ring magnetic slits and
axial holes, recuperation and direct transformation of O - particles kinetic energy in electrical one. The accounts of the
basic characteristics thermonuclear reactor “Elemag” are offered.
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ELECTRONS INJECTION

Plasma in an electromagnetic trap is created and heated
by the most simple way - with the help of electron
injection. Electrons are injected in a trap through
magnetic slits (in traps with axisymmetric magnetic field
geometry - through axial holes). They ionize neutral gas
directly in volume of a trap. The heating of the formed
plasma by energy transfer from high-energy electrons of
injection to plasma particles is carried out.

The current of electron injection cannot be arbitrary
large. It is limited by a volumetric charge of electrons
already accumulated in a trap. This current is equal to a
flow of electrons, leaving a trap as a result of cross
transfer through a magnetic field minus a ion flow which
are carrying away a positive charge from a trap through
magnetic slits

le=ILo-1 (1

The maintenance of "fulfilled" electrons exit on the
channel of classical difusion is indispensable condition of

successful plasma accumulation and heating in
electromagnetic trap by electron injection is
Lo< Lo ()

At default of this condition the quantity of electrons
acting in plasma exceeds throughput of the Coulomb
diffusion channel. Therefore plasma searches for an exit
from the created situation: by interruption of electrons
injection by volumetric charge potential with the
subsequent downturn of electrons temperature and
reduction of ionization speed, or by swing of HF-
fluctuations with formation of the abnormal electrons
transfer channel. Attempts to increase speed of plasma
accumulation by increase of neutral gas submission have
not crowned by success - in this mode smooth
monotonous plasma accumulation interrupts by failures of
density. The forced density accumulation in an
electromagnetic trap ATOLL (IAE) has resulted in
abnormal large electrons losses through a magnetic field
exceeding classical on two orders.

Electrons are injected in a trap with energy ®@,, and
leave a trap with average energy (3/2)T.. The capacity
which will be entered into plasma

We = (Ia/e)( @, —1.5T.) < (L — L) (@, — 1.5To)le  (3)

This capacity is spent on neutral gas excitation and
ionization, plasma heating, losses of the energy which is

carried away by charged particles from a trap, on
radiation, on recharge etc.

COLLISIONAL ENERGY TRANSFER FROM

ELECTRONS TO IONS

Electrons injected in a trap with energy E, = @, transfer
kinetic energy to plasma particles in result of Coulomb
collisions. According to [1] efficiency of this process for
plasma electrons

dE,/dt = 4ne*Ln/ (2mc)”2E1”2 (4)

for ions
dEy/dt = 4nze‘Lng(mo/m) /(2mc) °E," (5)

It is in m¢/m; times less, therefore collisional ions heating

passes two stages: heating of an electron plasma
component by a primary beam of injected electrons and
temperatures alignment of plasma electrons and ions.
From the equation (4), carrying out integration, we shall
find time of energy transfer from electrons of injection to
plasma electrons

T =E**(2m.)"*/6me*Ln. (6)

The estimation shows, that this time is much less than
time of plasma accumulation in a trap, i.e. all electrons
injected in a trap have time to transfer the energy to
plasma electrons during process of plasma accumulation.

Further heated electrons exchange energy with ions.
Time of temperature alignment

Teq = 3miT%/8(2mne) " e*Ln, 7

exceeds 0.1 sec. for plasma parameters of an
electromagnetic trap "Jupiter 2M", i.e. is much greater
then duration of a magnetic field plateau. Collisional
heating of plasma ions at electron injection is possible
only in installations with long plasma accumulation, such,
as "Jupiter 2T", "Elemag".

COLLISIONLESS ENERGY TRANSFER
FROM ELECTRONS TO IONS
Collisionless plasma heating by the way of acceleration
of electrons and ions, formed at neutral gas ionization,by
electrical field of a volumetric charge is realized in
electromagnetic trap. The efficiency of ions heating will
depend on a location of a point on a slope of a potential
well, where there was an ionization. The location of a
point is determined by the relation of depth of electrical

field penetration into plasma
i = (P/6me™n,)"? (8)
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to length of neutral atoms run in plasma before ionization
A = vy/<Oven (€

Vo = (8kT,/mm,)"* - speed of neutral atoms. With growth
of plasma density this relation is increased as n'?. Energy
inserted in ion plasma component at the bottom of a
potential well

Wei = @y/(1 + M) (10)

achieves value W ~ 0.4®, at plasma density n. = 1*10"
cm, other 60 % of energy is inserted in an electron
component. Capacity of collisionless ions heating

Pa=od,l (11)

where o = 1/(1 + AA4) - factor of collisionless energy
transfer, which is determined from structures of
volumetric charge potential and neutral gas density in
plasma, [ = <O.ve>n,,N. - amount of the ionization acts
per second, N. - complete quantity of electrons. For
parameters of electromagnetic trap "Jupiter 2M" o = 0.1.
CHARGED PARTICLES LOSSES FROM A
TRAP WITH ACUT ANGLED MAGNETIC
FIELD GEOMETRY
The electromagnetic traps have acut angled magnetic
field geometry formed by conductors or coils with
alternating polarity of a current inclusion. The magnetic
slits are closed by electrostatic fuses - electrodes with
high negative potential, imposed on them. Electrons
injected through magnetic slits create a negative
volumetric charge and potential well for ions confinement
in a trap. The electrodes of electrostatic system, situated
at the external part, do not hamper to free moving of
electrons in magnetic slits - electrons flow from plasma
into magnetic slit of an electromagnetic trap has the same
value, as in a acut angled trap, only, being reflected by
an external electrical field, it comes back in a trap
practically without losses. It allows to use results of
theoretical accounts of charged particles losses in
magnetic slits executed for acut-angled traps.

The most complete theoretical account of charged
particles losses in a trap with acut-angled magnetic field
geometry is executed in A. Kaye article [2]. He used the
Vlasov equations for collisionless neutral plasma with
density n and temperature T. The Vlasov equation is
satisfied with any function of integrals of movement.
Energy of particle were chosen to be the one of such
function(without the calculation of an electrical field)

H=m/2(vi + vo* +v.)
The moment of movement quantity

Py = mrvy + erAg/c
And adiabatic invariant, offered by Grossman [3]

M= f) P.dr

Flow of any quantity Q(H,Ps, 1) through any r - 0 plane
can be found from the equation

F(Q) =2nI: rdrm Qfdv.dvedv,

The limits of integration are determined by area of phase
space, accessible to particles.
Losses of the charged particles in a ring magnetic slit

F1 = 27'CCHRkT(B()/BA)”2/eBA (12)

and axial hole
F> = nenRKT(Bo/Bao)*/eBao (13)

Where R - radius of a trap on a ring magnetic slit, B -
magnetic field in a ring magnetic slit, Bao - magnetic field
in an axial hole, B/B, - the mirror relation.

The formulas A. Kaye allow determine value of
electrons flows, circulating in magnetic slits and axial
holes of an electromagnetic trap and very important
characteristic - potential depth of a volumetric charge
(potentials of electrons volumetric charge in a ring
magnetic slit and axial hole).

RING MAGNETIC SLIT
The flow of electrons F = 2F,, circulating in a ring
magnetic slit, creates average on section density

na= Fi/2nRagv.

(14)
and potential of a volumetric charge at the centre of a slit
(A®P),, = keaoF1/Rv. (15)

Here R - radius of a trap on a ring magnetic slit, 2a, —
width of anode diaphragm, limiting plasma in a ring
magnetic slit, v.- electrons speed, which is determined by
electron temperature in plasma and additional acceleration
of electrons by an electrical field of a potential ion barrier
@;. Factor k takes into account geometry of electrons
flow. Limits of its change are from k = 1 for uniform
distribution of electrons flow on section of a slit up to k =
2, if width of electrons flow is much less than width of

anode diaphragm.

Potential depth
AD = [1-(AD)ma*/ag] (16)

has maximum value at the center of a magnetic slit at a =
0 and falls down up to 0 at edges of anode diaphragm at a
= a. The ions flow in a ring magnetic slit is determined
by the A. Kaye formula with taking into account
electrostatic confinement of ions by a potential barrier

O =D, -AD (17)

On the initial stage of plasma accumulation in an
electromagnetic trap, when plasma density is still small, A
@ « P, ions flow in a ring magnetic slit

Ii = Flexp(—CDp/Ti) (18)

There is an additional multiplier in formula (18) which is
taking into account increase of ions losses as a result of
potential barrier @®; reduction at increase of plasma
density and potential depth of volumetric charge. If (AD).,,
< d,, fig. 1a,
o
I, = Fiexp(-®y/T) — J’ exp(AD/T;)da
a, 4
At (AD),, > D, the fig. 1b, the neutral channel with width
2a; is formed in the middle of a slit, where @; = 0 and the
ions leave a trap, not feeling influence of a detaining
electrical field,

(19)

4

1
1= Fiexp(-®,/T) — [al+f exp(AD/T;)da]
0 3

(20)

Where a, is from the equation

a={1-0,/(AD),.} a, e2y)
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Fig. 1.

For parameters of a multislit electromagnetic trap
"Jupiter 2M" n. = 1*10" cm™, T, = 100 eV, T; = 30 eV,
Ba = 5000 Gs, ®, =180 V, potential depth in a ring
magnetic slit @ = 83.5 V (k=1.5), ions flow through a slit
Ii = 82 ma, that is close to experimentally observable
values.

AXIAL HOLES
The axial holes occupy the special place in researches
of electromagnetic traps with axialsymmetric magnetic
field geometry. The magnetic flow from a ring magnetic
slit passes an axial hole, being condensed in a beam of
circular section

re=(aoR)"” (22)
At such sizes potential depth in an axial hole
(A D), =2eF,/v. (23)

exceeds plasma potential in many times and the electrostatic
ions confinement by a longitudinal electrical field is absent. It
seems, that axial holes should become the basic channel of
ions losses from a trap under the given conditions. However
experimental researches have shown, that the basic channel of
ions losses are the ring magnetic slits, the losses in axial holes
are lower almost on the order.

The reason of low ions losses into axial holes is the
additional forces, arising at plasma interaction with crossed

electrical and magnetic fields. Causing drift rotation of the
charged particle around of an symmetry axis of a magnetic
field, they result in occurrence of centrifugal force,which push
a particle along a force line of a magnetic field in a direction
from an axial hole to a ring slit. Besides that electrical field
increases cross speed and magnetic moment of the charged
particle. Additional force of braking, which is proportional to
cross speed increase in an electrical field, arises as a result of
interaction with magnetic field increasing along magnetic
tube. Potential of these forces

&, = 8.18mc’p (b @), * (Bav/B, ~1)/epi'Bas®  (24)

where p - current coordinate in an axial hole, po - radius of an
axial hole, B, - magnetic field on an axis. Potential ®; acts
only on ion plasma component. For electrons its action is in
m./m; times weaker. A flow of ions through an axial hole
Po
Iio = Fz - I exp(—dJs/Ti)dp
p 0 "
The ions flow, calculated on this data, into axial hole I; = 48
MA, that is less than ions losses through one ring slit.
CONCLUSIONS

Creation of the theory of plasma heating with the help of
electrons injection, theoretical accounts and experimental
measurements of ions losses in ring magnetic slits and axial
holes are the main results of work. It is established, that
collisional heating of plasma ions is possible only for
installations with a stationary magnetic field. Collisionless ions
heating as a result of their acceleration by electrical field of a
volumetric electrons charge is carried out for installations with
a pulse magnetic field. The efficiency of such heating grows
with increase of plasma density and for parameters of the
"Jupiter 2M" installation is about 10 % from plasma potential,
i.e. on the average ions get such energy at the bottom of
potential hole. The results of theoretical account and numerical
modeling of ions losses in ring magnetic slits and axial holes
of an electromagnetic trap "Jupiter 2M" will be satisfactorily
coordinated with results of experimental measurements. The
direct experiments confirm small ion losses in axial holes in
comparison with losses in ring magnetic slits.
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TEOPISI HATPIBY TA YTPUMAHHS TJIABMU B BATATOIILJIMHHIN EJJTEKTPOMATHITHIA HACTIII
0. O. Jlagpenmuce
B crarTi po3rismaeThes KOJNO NMUTaHHb, TMOB’S3aHMX 3 HArpiBOM Ta YTPUMaHHSAM IUIa3MH B OaraTOLIUTMHHIN
€JIEKTPOMATHITHIH MMACTIi 3 OCECHMETPUIHOIO TEOMETPI€I0 MarHITHOTO TIOJISI: CTBOPEHHSI 1 HAarpiB IUTa3MH 3 JJOITOMOT OO0
€JIEKTPOHHOI 1HKEKIIil; MepeHoC ENEeKTPOHIB B MPOCTOpPi KOOPAMHAT i MPOCTOpi IIBHUAKOCTEH; BTpATH 10HIB depe3
KIJIbIIEBI MarHiTHI OIUTHHU Ta OCBOBI OTBOPH, peKyIieparis i 6e3nocepeiHe NepeTBOPEHHS KIHETHYHOT eHeprii O-4acTok
B esleKTpuuHy. [IprBOIATECS pO3paxyHKH OCHOBHUX XapaKTEPHCTHK TepMosiiepHOTro peakropy «Ememary.

TEOPUS HATPEBA U YIEPYKAHMS IJIA3MbI B MHOI'OLLIEJIEBO# SJIEKTPOMATHUTHOM JIOBYIIKE
0. A. Jlagpenmuves

B crathe paccMaTpHBaeTCs Kpyr BOMPOCOB, CBSI3aHHBIX C HATPEBOM M YJEPIKAHUEM IUIA3MbI B MHOTOIIEIICBON
JJIEKTPOMATHUTHOM JIOBYIIKE C OCECUMMETPUYHON TeOMETpHEell MArHUTHOTO MOJIsi: 00pa30BaHKE U HATPEB IJIa3MbI [IPU
MOMOIIH 3JIEKTPOHHOW HMHKEKIUH, IEPEHOC AJIEKTPOHOB B MPOCTPAHCTBE KOOPIUHAT U B MPOCTPAHCTBE CKOPOCTEIf;
MOTEPU HOHOB 4Yepe3 KOJIbIEBbIE MArHUTHBIE INETH M OCEBbIE OTBEPCTHS; PEKyIepaluss ¥ HENOCPEICTBEHHOE
peoOpa3oBaHie KHHETHUECKOM SHEPTHH O-YaCTHIL B AIEKTPUUECKYIO0. [IpHBOIATCS pacueThl OCHOBHBIX XapaKTEPUCTHK
TEPMOSIZICPHOTO PeaKTopa «Jmemary.
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