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FUSION REACTIVITY ENHANCEMENT AT D-"He
PLASMAS DUE TO *He ADDITIVE HEATING

0.0. Hluwxin, A.O. Mockeimin, FO.K. Mockgimina. IlincujieHHs1 TEpMOSIIEPHOI peaKTUBHOCTI y D-"He
n1a3Mi npu HarpiBaxni Mastoi qomimkn ionis *He. BHBYEHO MOXITHBICTB ITiACHIICHHS TEPMOSACPHOI PEAKTH-
BHOCTI y D-’He TopoiaHiii m1asmi npy BUKOPHCTAHHI iIOHHOTO UKIOTPOHHOTO HArPIBAHHS MaJoi TOMILIKH iOHIB
*He. JIyist IpOBEIEHHS YHCIOBOTO TOCIIUKEHHS PO3POGICHO KO, SIKHii Ga3y€eThCsi Ha HAOHKEHHI TECTOBHX 4a-
crunOK. et KO/ PO3B’sI3y€e CHCTEMy DIiBHSHB PyXy y ApeiipoBoMy HaGmmwkeHHi mis ionis *He y TopoimHOMY
MarHiTHOMY TIOJIi 3 ypaxXyBaHHSM KYJIOHIBCHKMX 3ITKHEHb 13 YaCTMHKAaMHM OCHOBHOI IUIa3MHU. Y KOJI BBEJECHO
cnpomeHnii Monte Kapno meron it MOJEIIOBaHHsS iOHHOTO IMKJIOTPOHHOTO HarpiBaHHA. [lepexin ¢yHKIii
posnoziny ionis *He Bi MakBeTiBChKOI 10 HEMAKCBEIIBCHKOI BiIirpae KIIOUOBY pollb Y MiABUIIEHI TepMOsIEp-
HOI peakTHBHOCTi. @OpMyBaHHS 3HAYHOTO XBOCTA (PYHKIIIT pO3NOALTY IPU3BOIUTH IO ITiJBUIIECHHS pPEaKTHBHOC-
Ti. Lle € BaXIMBUM YMHHHUKOM T (PYHKIIIOHYBaHHS TEPMOSIIEPHOTO peakTopa 3 i0HHUM IUKIOTPOHHAM Harpi-
BaHHAM MaJIoi JOMIIIKH 10HIB.

Kniouosi crosa: nna3ma, repmosiiepaunii cunre3, Monte Kapio, HemakcBeiBcbka (DyHKIIS PO3IOALTY.

O.A. Hhuwxun, A.A. Mockeumun, FO.K. Mockeumuna. 'Ycunnenne TepmosiaepHoii peaktusnoctu B D-"He
J1a3Me NpH HAarpeBe MaJioii 106aBKku HoHOB “He. V3ydeHa BO3MOKHOCTh YCHIICHHS TEPMOSICPHOI PEaKTHB-
noctu B D-"He TOPOMJANIHON IUIa3Me NPH UCHOJIB30BAHUU MOHHOTO LIMKJIOTPOHHOI'O HarpeBa Majoi 100aBKU
osoB “He. C 1e/IbI0 IPOBEICHHS UHCICHHOIO HCCIIEIOBAHMS Pa3paboTaH KO, OCHOBAHHBI HA TIPHOTIKCHHH
TECTOBBIX YacTHI. DTOT KOJ peUIaeT CUCTEMY ypaBHEHHH JBIKEHUS B Apel()OBOM MPUOIIKEHUS AJIsI HOHOB
*He B TOPOMJaJIbHOM MArHHTHOM IOJIE C yUETOM KyJIOHOBCKHX CTOIKHOBEHHII C YaCTHIIAMH OCHOBHO# IJIA3MbL.
Taxoke B koa BBezeH ynpouleHHbli MonTte Kapno MeTon ans MoJaennpoBaHusi HOHHOTO LUKIOTPOHHOIO Harpe-
Ba. [lepexon GyHKIMH pacpe/ieeHus HOHOB “He 0T MaKCBEJIIOBCKOi K HEMAKCBEJLIOBCKOI MIPAeT KIIOUEBYIO
pOJb B YCHIICHUU TEPMOSICPHON peakTUBHOCTH. DOpMHUPOBaHNE 3HAYUTEIFHOTO XBOCTa (DYHKIIMU pacIipeiene-
HUS TIPUBOJHUT K YCHIICHHIO PEAKTHBHOCTU. DTO ABISETCA BaXKHBIM (haKTOM s (PYHKIIMOHHPOBAHUS TEPMO-
SIIEPHOTO PEaKTOpa C UCMOIH30BAHUEM HOHHOTO IUKIOTPOHHOTO PE30HAHCHOTO HarpeBa Majoi 100aBKHA MOHOB.

Knrouesvie cnosa: mimazma, TepMosiepHBIHN cuaTe3, MeTo MonTe Kapiio, HeMakcBesIioBeKast (PyHKIMS pacTIpeIeIIeHEIS.

O.A. Shyshkin, A.O. Moskvitin, Yu.K. Moskvitina. Fusion reactivity enhancement in D->He plasma due
to *He additive heating. Possible fusion reactivity enhancement due to *He minor additive ion cyclotron range
frequency (ICRF) heating in D-"He toroidal plasma is demonstrated through the exposed present numerical sim-
ulations. For this purpose the particle code based on test-particle approach is developed. This code solves guid-
ing center equations for *He ions in toroidal magnetic field including Coulomb collisions of these ions with the
particles of background plasms. A simple Monte Carlo model for ICRF heating is implemented in this code as
well. The transformation of *He distribution function from Maxwellian to non-Maxwellian due to heating plays
the key role for reactivity enhancement. The formation of significant energetic tail gives rise to the reactivity
enhancement. This is an important issue for the performance of fusion reactors with minority ICRF heating.

Keywords: plasma, nuclear fusion, Monte Carlo simulation, non-Maxwellian distribution function.

One of the possible techniques to decrease neutron load on plasma facing components and super-
conducting coils in fusion reactors refers to users fuel cycle based on D-’He reaction as alternative to
D-T. Taking into account that the thermal reactivity of D-’He is much lower than that of D-T, new
approach such as ICRF catalyzed fusion should be developed. The main idea of this technique is to
modify reagent distribution function in order to achieve favorable reaction rate for nuclear fusion en-
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ergy production. The effect of transformation from the Maxwellian to non-Maxwellian plasma is es-
sential for reactor aspects studies both in tokamaks and heliotrons.

To provide ignition analysis for D-"He plasma with *He minor addition the set of particle and
power balance equations should be solved [1]. The main point is that these equations include the term,
which is the volume averaged reaction rate. This term gives the fusion reaction intensity and is propor-
tional to the product of densities of fusion reagents and the averaged reactivity. The reactivity itself
depends on the distribution functions of fusion reagents.

In this paper we demonstrate the possibility to increase the averaged reactivity by distribution
function modification of *He minority due to *He selective ICRF heating. This study is done by means
of numerical code, based on test-particle approach. A simple model for ICRF heating is included in
code as well.

This paper structure is the following: firstly we introduce the particle code, and secondly we pre-
sent the calculation results of *He minority distribution function under RF heating. Thirdly, we show
the data from reactivity enhancement calculations, and then we summarize our study and describe the
directions for the further research.

To calculate the distribution function of *He minor addition in D plasma we developed a numeri-
cal code based on the test-particle approach [2]. This code solves the guiding center equation of a gen-
eral vector form given by

mac(2vi +v1) myc Vﬁ
WBXVB'FW(BXTOtB)XB. (1)

We solve Eq. (1) by means of the Runge-Kutta integrating scheme for the test-particle of mass m,
and charge Z,e in toroidal magnetic field B, taking into account the effect of the electric field E. It is

B
Vg ZVHE+§EXB+

considered that the adiabatic invariant of motion p=v: / B =const together with the total energy

W =ma(Vi +V]) / 2+ Z,e® =const are conserved in the absence of collisions and RF heating.

To simulate the Coulomb collisions of test-particle with the other species the discretized collision
operator based on binomial distribution is used [3]. The idea of this operator is that after each integra-
tion time step, the test-particle gets a collision kick in pitch-angle A =v;/v and kinetic energy
K= mavz/ 2. In case of *He ions colliding with the background deuterons and electrons the operator
reads for pitch-angle scattering as

Aw =(1=va Dho £va(1-13) T, Q)

and for kinetic energy slowing down and scattering

K, =K, 2 vg {KO—T%(X)} 1+ 2K, vk T'r, 3)

w(x)

where v, is the deflection frequency, vk =vs —xv; is the combination of slowing down and parallel
velocity diffusion frequencies. The Maxwell integral y(x) is a function of the square of ratio of test-
particle velocity to the background species thermal velocity. The subscripts ‘n’ and ‘o’ stand for the
new and old values respectively, and 1 is the integration time step [4].

The ICRF heating of minorities is modeled by modifying the perpendicular velocity of *He when
it passes the resonant layer 21 Frr = nw. by the value

Zae Zae

1|E.|Jua(kipr)cos(@,) + —s—(I |E.
8m

2
mg, aVl

Jua(kipL))’sin® o, 4)

AVJ_Z

where E. and ¢, are the left-circularly polarized component of RF wave electric field and random

phase respectively [5]. The argument of Bessel function J,_; is the product of test-particle Larmor
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radius p, and wave field parameter k, . At the same time k; =0 for our further treatment. The time that
a particle needs to pass the resonant layer is given in terms of time derivatives of cyclotron frequency ®.
and harmonic number 7 as I = min(/21/né. ,21(no. /2)"" 4i(0)), where A4i(0) is Airy function.

A simple electric field distribution is assumed throughout this  study
E, = Etanh((1-r/ay) / [)cos 3 with a plasma minor radius a, , poloidal angle variable 9 and wave

field structure parameter /.
At our simulations we employ a simple toroidal magnetic field model with magnetic field com-
ponents presented in the toroidal coordinates as

q

whereh=1-¢,co0s9, ¢, = r/Ro and ¢ is the safety factor.

BZB()%(CSSIL-FC“)J, (5)

In the present analysis, two cases of *He ion
fractions have been traced during 1 second in a

Parameters of fusion plasma - ’ ) .
fusion plasma with the following parameters given

Major radius R, 6,2 m in table.

Minor radius of plasma a,, 2 L - In the first fraction, 24000 ions were heated
Deuterium density #p >x10"" m on the main harmonic with the RF frequency
Electron density 7. 1.2np 50 MHz at the magnetic field of 5,3 T [6]. This is
Plasma temperature 7, 15 keV the condition planned for the ICRF heating at
Toroidal magnetic field on axis By 53T B

RF electric field amplitude E . 12 kV/m ITER. We also employ &k, =62,8 m and /=0,2

in the present calculations. In this case, the reso-

nance layer R,., = 6,69 m appears in greater value
of the periodic wave electric field and the time averaged acceleration of the particles is higher than in
the other case with 15000 ions under the RF frequency 51 MHz having the resonance layer
at R, = 6,55 m.

At Fig. 1 the averaged ion kinetic energy for both particle fractions is displayed versus the tracing
time. As one can see for both cases the energy is growing up to 600 keV for 50 MHz heating whereas up
to 300 keV for 51 MHz. The kinetic energy decreases after reaching the maximum by the energy transfer
to the background deuterons and electrons, which are assumed Maxwellian with a constant temperature
15 keV. The other reason of the energy decay is the escaping of energetic particles from the confinement
volume. At Fig. 2 the number of *He ions in the plasma is plotted versus the tracing time.
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Fig. 1. The averaged kinetic energy for two *He minori-  Fig. 2. The number of *He ions in the confinement
ty fractions under different heating frequencies versus volume versus the tracing time
the tracing time
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As it was pointed out in the previous section, the energy
from the RF heating is deposited in the perpendicular velocity
of the test-particles. This effect is included in the model by
means of perpendicular velocity alteration given by (4). Hence
the distribution function of *He is modified to anisotropic shape
with an elongated tail in the v, direction.

The further elongation is prevented by collisions of test-
species with background plasma. The energy from the test-
particles transfers to the background species and spreads in the 05 0.5
pitch-space. This is called the gyro-relaxation effect, which is Longitudinal velocity x10°, m/s
included in our mpdel by means of.expressi(.)ns (2) 3and .(3). As Fig. 3. Distribution function of *He ions
an example, at Fig. 3 the distribution function of "He ions in . .

- ) > in (v,v ) velocity space under
(v}, v1) velocity space under Frr=50 MHz heating at the time  pRrr = 50 MHz heating at the time slice
slice £=0,3 s is demonstrated. The size and the shape of the t=03s
energetic tail depend on the heating efficiency, particle loses
and energy transfer from the energetic fraction to the back-
ground plasma.

The distribution functions of *He ions under the Fgr= 50 MHz heating versus the absolute ve-
locity value for several time slices starting from 0.1 s up to 1 s are displayed in Fig. 4. At each time
slice there is a certain energy, which is gained from RF wave and stored in *He fraction. With the gray
curves on Fig. 4, the Maxwellian distributions of *He ions are given for the same stored energy values
as in the non-Maxwellian case.

The similar plot is presented at Fig. 5 with black curves for *He ions under the Fgr=51 MHz
heating. The energetic ion tail is still observed, but as it was mentioned above due to less effective
heating the number of particles accelerated up to high energies is smaller compared to the previous
case. Collisions with the background plasma particles (deuterons and electrons) truncate the tail as
well. Despite the losses of energetic particles, displayed at Fig. 2, up to 1 s of tracing we still observe a
number of particles that form energetic tails in both heating scenarios.

The fusion reactivity is calculated in general as a sixfold integral

(V) s = [ [ o (VD) i (Vo) (V) VaAVD dvs 6)

where v=|vp - V3He| is the relative particle velocity, fp and f,, are the distribution functions for
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deuterium and *He respectively and o(v) is the fusion cross-section [7]. By means of this expression

we are able to calculate the reactivity for modified distribution functions displayed at Figs. 4 and 5.

On this purpose we include in expression (6) the non-Maxwellian *He distribution functions f He
for both heating scenarios. At the same time deuterium distribution function fp is assumed to stay in
the Maxwellian with the constant temperature 15 keV. The reactivity values plotted at Fig. 6 (black)
are related to the distribution functions at four time slices displayed at Fig. 4 for the Frr=50MHz
heating scenario. The reactivity rates for Frr =51 MHz scenario are displayed at Fig. 7 (black). Each
point on this figure is related to the distribution function shape shown (in black) at Fig. 5.

Then assuming that the *He fraction in spite of heating could have Maxwellian distribution func-
tion but with the stored energy equal to that gained from heating and these reactivities in this case are
pointed with gray color at Figs. 6 and 7.

The reactivity depends on the relative velocity of the interacting particles. When we increase the
energetic tail for one reacting specie (*He) we increase the relative velocity and hence the reactivity by
itself. In our case we observe an increment by a factor of 10.

To summarize the ICRF heating of *He minority in D-"He toroidal plasma is studied by means of
numerical simulations. On this purpose the particle code based on test-particle approach is developed.
This code solves the guiding center equations for *He test particles taking into account Coulomb colli-
sions by means of a discretized collision operator. A simple Monte Carlo model for ICRF heating is
implemented in this code as well.
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Fig. 5. Distribution functions of *He ions under
FRF = 5IMHz heating (black curves) in time slices 0,1,
0,3, 0,6 and 1 seconds on graphs a), b), ¢) and d) re-
spectively. Maxwellian plasma distribution functions
(green curves) with the same energy stored as in cases
of heating are also plotted.

Vertical axes are in arbitrary units

Fig. 4. Distribution functions of *He ions under
Frr= 50 MHz heating (black curves) in time slices
0,1, 0,3, 0,6 and 1 seconds on graphs a), b), ¢) and

d) respectively. Maxwellian plasma distribution

functions (grey curves) with the same energy stored
as in cases of heating are also plotted.
Vertical axes are in arbitrary units

Two heating scenarios with 50 MHz and 51 MHz antenna frequency are examined at the magnet-
ic field of 5,3 T and ITER-like plasma. It is observed that the effective heating of *He on the main
harmonic with 50 MHz frequency is followed by formation of non-Maxwellian distribution function
with a significant energetic tail. The same situation but with a less energetic tail appears under
51 MHz heating.
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Fig. 6. Reactivity rates *He(d,p) o for non-Maxwellian
3He distribution function (1) under Frp=50MHz heat-
ing and corresponding Maxwellian distribution (2)
with the same amount of stored energy versus the trac-
ing time

Fig. 7. Reactivity rates *He(d,p) a for non-Maxwellian
3He distribution function (1) under Frp=51MHz heat-
ing and corresponding Maxwellian distribution (2)
with the same amount of stored energy versus the trac-
ing time

The non-Maxwellian shape of the *He distribution function plays the key role for reactivity en-
hancement. It is calculated that the formation of the energetic tail gives rise to the reactivity increase
of factor of 10 for both heating scenarios in the considered fusion plasma. The increase of reactivity
rate is an important issue for the performance of fusion reactors, which needs further detailed studies.
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