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The mathematical model and computer program were prepared for modeling of physical processes in a source of

thermonuclear neutrons. As a result of modeling, the time dependences on characteristics of system were obtained for
plasma parameters in starting conditions, for the conditions to approach to a stationary mode, for the plasma parameters

in stationary mode and for neutron yield.
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MATHEMATICAL PROGRAM FOR
NUMERICAL MODELING OF PLASMA
PROCESSESIN A SOURCE OF
THERMONUCLEAR NEUTRONS

The equations of materia and power baance are a basis
of amodd in view of specific features of €ectromagnetic
traps. These are the presence of a large volume of
nonmagnetized plasma with fixed basic parameters, the
absence of the most dangerous indabilities, the classicd
character of particles transfer and energy transfer, influence
of an electrical field of a space charge on plasma heating and
confinement. The calculations were carried out for an
axisymmetric multidit electromagnetic trap with a magnetic
field configuration smilar to “ Jupiter 2°.

The equations describe the dependences of the
complete electron Ne and ion N; quantity, compl ete power
content in electronic component W, = 1.5TN, and ion
component W; = 1.5T;N; in the trap on the time of plasma
accumul ation:

dNJdt = IJe +T 1 -1, 1)
dNJdt =T —1; -1, @
dW/dt = Py, - Py 3
dwi/dt =P - Py, 4

where | is the current of electronic injection. At an initial
stage of plasma accumulation this current is limited by
formation of a virtua cathode at the center of atrap. The
specia function is introduced in the program which limits
the current of electronic injection to the leve of electronic
loses at approaching the potential of a space charge near
the center to the cathode potential. The amount of electron
and ion pairs formed in plasma volume in the time units
because of neutral gasionization:

I' = <oeVe>NgNe, (5)
where <ceve> - is the rate of ionization and n,, — the
neutral gas density in plasma. The neutra gas "burns out"

and its density in the plasma is less than that in the
vacuum chamber:

Nep = Na/ (1 + <6eVe>N/VaS,), (6)

where v, = (8kT/mm,)"? — is a velocity of neutral gas
molecules, S, - area of the surface which limits plasma.

Electron are lost from the trap as a result of cross
transfer through the magnetic field with an exit on anode
diaphragms, limiting plasma in magnetic dlits and aso
due to longitudinal diffusion in the velocity space with
overcoming of an eectrostatic barrier @, and exit onto
electrodes of electrostatic system locking magnetic dits.

The flow of cross dectron transfer through a magnetic
field in view of electron mobility in a strong electrostatic
fiedd in eectromagnetic traps with cross magnetic fields
[1,2):

ot = N[Deg(1+®@/2T ) + Dg] NeoFR?, @)

where N — is the number of magnetic dits in a trap,
Dea= TeNdMaWeeZ, De; = TeNa/MeWee> - factors of electron
diffusion in a magnetic field on neutral gas and ions of
plasma, @, - plasma potentia (in power units), Ne, Teo -
density and temperature of plasma electron in the centra
volume of thetrap, F - factor which is taking into account
the geometry of magnetic field, R - radius of the trap on a
ring magnetic dit.

Longitudinal losses, according to [3], are determined
by velocity of particle maxwellization in plasma. At small
rate of maxwellization, al particle achieving the energy
of a potential barrier, do leave the plasma volume:

I, =4(2p)"2 €' | n? V, m¥2 T3 exp?, (8)

At alarge rate of maxwellization the exit of particles
through the barrier is limited by throughput of magnetic
dits:

I, = 2(p)%cr,nkT(By/Ba)"? exp” / eBay"2. (9)

Here V, - plasma volume, g = @/T, r, - radius of plasma,
Ba - magnetic field in aring dit, B = B(rp), ®.= @+ @,
D= O, - AD, D, - electrostatic potential locking out
magnetic dlits.

"Depression” of the space charge potentid in a
magnetic slit A® is calculated with the help of the A.
Kaye theory [4], alowing to find an dectron flow,
circulating in amagnetic dlit:

AD = 4ncngokTo(Bo/Ba) a0/ VeBa, (10)
28y - width of a magnetic dit which is limited by anode
diaphragms, v, - velocity of dectrons in a magnetic dlit.
Theleast value from expressions for longitudinal losses of
particles (8) and (9) is chosen.
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When plasma parameters are approaching the
thermonuclear ones, the losses of ions due to
thermonuclear reactions have to be taken into account.
The a - particles with energy 3,5 MeV are not kept by a
thin layer of a magnetic field and leave the trap carrying
away from plasma the positive charge and leaving in it
some part of their kinetic energy.

Flow of a - particles from plasma (in recalculation for
singly ions):

l, = 0.5<6Vi>N?V),. (12)

By eectronic injection through magnetic dits into the
trap the energy P, = @l isintroduced. It is spent for crestion
of the space charge, excitation and ionization of the neutral
gas atoms, heating of dectrons and ions, compensation of the
energy losses connected with leaving of particles, the
bremsstrahlung, and cyclotron emisson from plasma The
additiona contribution to the eéectronic channe gives a
recuperation of thermonuclear a-particles P, = @yl, and hot
ions P=®|; leaving the trap through magnetic dits,
overcoming a potentid barrier @;. Thus, the total power
introduced into the plasma through the electronic channd is:

Pen =P+ P, + P. (12)

Collisiona and collisonless energy transfer from
electrons to ions is the source of energy for ion heating.
The energy which istransferred by collisional way is:

Peq = L.5(Te —Ti)Ne/Teg, (13)
where 1o = 3mT%/8(2nme) e Ane.

The collisionless energy transfer is carried out due to
the acceleration of the ions formed by ionization of
neutral gas in an electrical field of a space charge. The
efficiency of heating depends on the place of neutral atom
ionization on the dope of potential well, i.e., on the ratio
of neutral @om mean free pass in the plasma before
ionization, A, to the depth of electrical field penetration
into plasma, Aq.

The energy, which is transferred by collisionless way
is:

PE = a(I)pr ’ (14)

where 0=1/(1+M/Ag), M=V o/ <ceVe Ny, Mg = (Dp/61€Ne) 2.
The energy spent for ion heating is.

Ph=Pa + Pe. (15)

The expense of energy through the electronic channel:

Pac = Ps + Pyg + Pe +PL + Py + Py, (16)
where P, = I’ - losses for neutrd atom excitation and
ionization, € = 70 eV - the energy spent for atom ionization
and accompanying this process excitation of neutral gas
atoms, Py and Pz — the power expent for collisonal and
collisonles ion hesting, P.. = 1.3Td.L, P = @d,| - losses
connected with the transfer of eectrons across magnetic field
on anode digphragms and adong magnetic field on

dectrodatic system dectrodes of locking-out of magnetic
dits, Py - bremsstrahlung losses from plasma.
The power losses through the ion channel are:
P =P +P, +P, 17)
where P, = @jl; - losses connected with ions leaving the
trap through magnetic dits, P, = 1.5Til, — ion losses
connected with thermonuclear reaction, P, = Ti<cioVi>Ng
— charge exchange |l osses.

MODELING OF THE OPERATION OF
SOURCE OF THERM ONUCLEAR
NEUTRONS

The source of thermonuclear neutrons is represented a
multislit electromagnetic trap with  axisymmetric
magnetic field geometry. The number of magnetic dits is
N = 7. Radius of a ring magnetic dit 0.64 m, the length
between axia apertures 4 m. The width of magnetic dlit
limited by anode diaphragmsis 2ag = 0.5 cm. A magnetic
field in a ring magnetic dit — Ba = 25 kG, in axid
apertures Bao = 50 kG. The electrostatic potential locking-
out the magnetic slitsis 200 kV.

The modeling of plasma accumulation and heating
was carried out in rea time. Plasma density ng,; €lectron
and ion temperatures T, and T;, plasma potential @, and
potential "depression” in a magnetic dit DD, neutral gas
density in plasma ng, current of electron injection I,
current of cross I~ and longitudinal I electron transfer,
ion current in magnetic dits |; current a - particles |, and
capacities which are introduced into reactor and spent
there, were displayed on the screen of the monitor. The
results of modeling are shown in the Figure.
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Plasma parameters achievable in a starting mode
depend on the electron injection power and theirs growth
rates are determined by amount of neutral gas letting-to.
The electron temperature is less than the ion temperature,
what is connected with continuing plasma accumulation
and an expense of electron channe energy on neutral gas
ionization and heating. Besides the eectric channel
spends some energy for bremsstrahlung and for
indemnification of electron losses due to the cross and
longitudinal transfer.

The source of thermonuclear neutrons achieves the
stationary mode for ~2 seconds with parameters of plasma
n.=10%...10* cm®, T, ~ T, @10* eV. The total neutron
yield dependence on magnetic field in 10...50 kGs range
is approximated by linear function, and the dependence
on the injection current saturates when the current |,
exceeds 2 A. The latter is connected with longitudinal
electron diffusion in the velocity space and outflow of
them through the external electrogtatic barrier with
recovering the energy spent for ion acceleration into the
external circuit. Actually, the amount of injected electrons
intothea trap is determined by the difference between the
injection current and the current of longitudinal diffusion.

A very strong dependence of the neutrons yield on the
electron injection energy occurs: from ~10" n/s at the
energy 50 keV to ~10'® n/s with the energy 700 keV. The
“power price’ of aneutron ise= 10"...10™ ¥n and the
expenditure of deuterium - tritium mixtureis 5 10 g/s.

CONCLUSIONS

The modeling of plasma accumulation, hesating and
confinement in a source of thermonuclear neutrons on the
base of multidit dectromagnetic trap was provided. The

dependences of neutron yield on the current of electronic
injection and electrogtatic potential locking out magnetic
ditsarefound. In the optimum performance, with electron
injection current 5A and with electrogtatic potentia
200 kV, the dationary state is achieved for the time 2 s
from the injection with neutron yield 10" n/s and neutron
flux density 10" n/cm?s. The power price of a neutron is
102 Js, expenses of the equicomponent gas mixture of
deuterium and tritium 5 10 ¢/s.

The essentid difference of this project from the other
projects of neutron sources is the aggregation in one
device of the plasma target and the source of high energy
ions.
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MOJIEJMPOBAHUE HAKOILIEHUS, HATPEBA U VIEPKAHUS TIJIA3MbI B MCTOYHUKE
TEPMOAAEPHBIX HEUTPOHOB

0.A. Jlaspenmoes, B.A. Macnos, C.B. I'epmanosa, b.A. Illlesuyx, H.A. Kpymbko

IlogroroBiaeHa MaTeMaTwdeckas MOACIbL U KOMIIBIOTEPHAsA TMporpamMmmMa Uil MOIACIUPOBAHUA q)I/IBI/I‘ICCKI/IX

MPOLIECCOB B HCTOYHHWKE TEPMOSIEPHBIX HEWTPOHOB.

B pesynprate MOAEIMPOBAaHMS TOMY4YEHBI BPEMEHHBIC

3aBHCHMOCTH IIapaMETPOB IUIA3MBI B ITyCKOBOM PEKHME, ONpPEICICHBI YCIOBHS BBIXOJA HA CTAIlOHApP, MapaMeTphl
IUTa3MBI B CTAIIMOHAPHOM PEXKHMME M BBIXO/ HEHTPOHOB OT ITapaMEeTPOB YCTAaHOBKH.

MOJEJIIOBAHHSI HAKOIIMYYBAHHSI, HAI'PIB TA YTPUMAHHS IIJIA3MHU B JIZKEPEJII
TEPMOAJEPHUX HEUTPOHIB

0.0. Jlaspenmoes, B.O. Macnoe, C.B. I'epmanosa, b.0. Illesuyk, H.O. Kpymopko

[TigroroBeHa MaTeMaTHYHA MOJEINH Ta KOMIT IOTEpHA IIporpama IJisi MOJCOBaHH: (i3MIHIX MPOIECIB B IKeperi
TePMOSIICPHUX HEUTpOHIB. B pesympTari MojemoBaHHS OylnHM OTpHMaHI 4YacoBi 3aJIe)KHOCTI MapaMeTpiB IUIA3MHU B
ITyCKOBOMY pE&XHMMi, BU3HAUCHI YMOBH BUXOAY Ha CTaIliOHAp, MapaMeTpH IDIa3MH B CTAIllOHAPHOMY PEKUMI Ta BHXIiJ

HEHTPOHIB BiJ] MapaMeTpiB yCTAHOBKH.
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