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Abstract 

ICRF minority heatings are investigated in the plasmas of the Compact Helical 

System (CHS) and the Large Helical Device (LHD) by means of the orbit following 

Monte Carlo simulation. It is found that the heating efficiency decreases with increase 

of the absorption power by minority ions and depends strongly on the magnetic field 

strength and the field configuration. 
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1. Introduction 

Recent plasma heating experiments using the electromagnetic wave in the ion 

cyclotron range of frequencies[l-4] have been successfully carried out for non-axisym-

metric systems and more high power ICRF heating experiments are planned for fu

ture devices[5]. However, because of the non-axisymmetric configuration, behaviors 

of high energy particles produced by the ICRF heating are so complicated that it is 

difficult to predict those behaviors and to evaluate the heating efficiency in a simple 

manner. In heliotron/torsatrons there are three typical behaviors of particle motions; 

the circulating particle, deeply trapped particle, and transition particle. Properties of 

these particles have been studied in detail(6-9]. However, it is difficult to predict the 

particle behaviors during the ICRF heating, because the particles interact with the 

ICRF wave and collide with the bulk plasma. 

For the study of the ICRF minority heating in non-axisymmetric configurations 

we have developed the orbit following Monte Carlo simulation codellO]. This simu

lation method is also useful for studies of the neutral beam injection heating in non-

axisymmetric eonfigurationsIll -15]. In our code, finite beta effects, complicated orbits 

of high energy particles, Coulomb collisions, and interaction between the particles and 

applied wave are included. In the previous paper we have studied the ICRF minor

ity heating in the Large Helical Device (LHDX5] and have shown the effects of finite 

plasma beta, radial electric field, and minority species on the heating efficiencies and 

the radial profile of transfer power to majority ions and electrons. 

In this paper we study the ICRF minority heating for plasmas in the Compact 

Helical System (CHS) and LHD, and an emphasis is placed on the dependence of the 

heating efficiency on the magnetic field strength and the field configuration. In the 

followings we first explain the simulation model in Section 2. The results of Monte-

Carlo simulation in the CHS plasma are shown in Section 3 and we here show the 

heating efficiency by changing the magnetic field strength and configuration. In Sec

tion 4 we show the simulation results in LHD plasma and compare with the results 
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of CHS case. Conclusions are given in Section 5. 

2. Simulation model 

Due to breaking of axisymmetry the angular momentum for the particle motion is 

not conserved and the particle orbitB become complex depending on the field configura

tion in a helical system. Therefore, introduction of the realistic magnetic field config

uration is necessary for evaluating the accurate particle orbits, losses, and resulting 

heating efficiency. To obtain the realistic magnetic field configuration precisely, we 

employ fully three dimensional MHD equilibria. The vacuum field is first calculated 

with real coil parameters and, then, we solve the three dimensional MHD equilib

rium using the VMEC code[161. The Boozer coordinates are introduced based on the 

obtained MHD equilibrium and we follow the particle orbits are in the Boozer coordi

nates taking into account Coulomb collisions with the bulk plasma and interactions 

with the ICBF wave. 

By assuming the conservations of magnetic moment and the total energy, the mo

tion of charged particle can be reduced to the four coupled ordinary differential equa

tions in the Boozer coordinates[17L By directly solving those four equations we obtain 

the motion of minority ions. The particle motions are followed until they escape from 

the plasma region. In this calculation we take the last closed magnetic surface as the 

boundary of particle losses. 

The collisions of minority ions with majority ions and electrons are incorporated 

by introducing the collision operator developed by Boozer and Kuo-Fetravic[18J. The 

linearized formula of collision operator for the energy and pitch angle scattering can 

be found based on the binominal distribution. We calculate the energy and pitch angle 

scattering by majority ions and electrons in every tune step. 

Minority ions are accelerated by RF electric field to heat majority ions and elec

trons through Coulomb collisions. Therefore temperatures of majority ions and elec

trons increase during applying ICRF heating. However, we fix the density and tem-
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peratures of majority ions and electrons throughout the present calculations for sim

plicity. We will include the changes in the density and temperature of back ground 

species in the future calculations. 

When a minority ion passes through the ion cyclotron resonance layer the particle 

interacts with the ICRF wave to change its velocity. In this calculation we assume 

the small parallel wave number, kpl ~ 0, end consider the velocity change due to the 

RF electric field only in the perpendicular direction and that is given by[19] 

A v ± a a w 7 * * 1 * [ { E + l J ,""i<*^> +i B-l Jn+iikip)] (i) 

where p is the larmor radius, p = mv±/qB, and Jn is the n-th Bessel function of the 

first kind. <pr is the phase of the ICRF wave when the particle passes the resonance 

layer and we treat this value as a uniform random number between 0 to 2n. I is 

the function related to the resonance duration time. When the turning point dose not 

close to the resonance layer the duration time I is given by / = y/2nfnQ, where Q is the 

time derivative of the cyclotron frequency along the particle motion, Q = q/m(v • V)B. 

As the turning point comes very near the resonance layer Q becomes zero (v\\ - 0) and 

the higher order correction in terms of Q should be included. In this case / is given 

by[20,21 ] %n (jifl/2) " Ai(0), where Ai(0) is the value of Airy function Ai{x) at x = 0. 

Finally the duration time I is given by 

/ = min lV2nfn&, 2n (nQ/2J~l/*Ai(fl)] . (2) 

We consider only the fundamental resonance with the ICRF wave, n = 1, and 

assume k±p «1. The change in the perpendicular velocity is simply expressed as 

Using Eq. (3) we introduce the interaction of minority ions with the ICRF wave. We 

further assume that the applied wave electric field on the resonance layer, \E+\t is 

spatially uniform over the resonance layer and fixed in time. 
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3. Efficiencies in the CHS plasma 

We first show the results of the ICRF minority heating in the CHS plasma. The 

main parameters of CHS are shown in table I. Controlling the poloidal field, we can 

move the plasma horizontally to shift the magnetic axis position inward or outward. 

In the present calculations we consider two different configurations of CHS with the 

plasma beta at the center Po = 0.0%; one is the configuration with the major radius 

position R - 0.888m and the other is R = 0.921m. In Fig. 1 the difference between 

the two magnetic configurations can be seen (in the Boozer coordinates). The plots of 

the mod-fimi,, contours that give the approximate orbit of deeply trapped particles[22] 

are shown for the two configurations in Fig. 1. From these figures we can see that 

the better confinement of deeply trapped particles can be obtained in the case of R « 

0.888m (Fig. l-(a)). For these two configurations we study the ICRF minority heating 

varying the absorbed power by the minority ions. We vary the absorption power by 

changing the amplitude of the ICRF wave, \E+\, which is an input parameter for the 

calculations. 

Initially all the minority ions are assumed to form a Maxwellian distribution in 

the velocity space; 

/ ( " ) = ( 2^d e ! ' P t _ t ' 2 / 2 ( ' ' * 1 ' < 4 ) 

where N IB the total number of minority ions used in the calculations and vth is the 

thermal speed of initially loaded minority ions with a constant temperature of 150eV. 

Pitch angles of the minority ions are randomly distributed. The minority ions are 

initially loaded in the real space by 

n(W> - n„Qexp[-cij?l (B) 

where y is the normalized toroidal flux function, y = yJy/a (vfe is the toroidal flux 

function on the last closed flux surface). Note that tyis proportional to r 2 , where r is 

the average minor radius. nmo is the density of minority ions at the axis (.iy = 0) and 

c is the inverse of the standard deviation and set to be 4 in the present paper. The 
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particles are randomly distributed in the poloidal and toroidal directions. 

The distributions of majority ions and electrons are given by 

n/0?) = «*(?) = raoU-W1. <6> 

. Te{ip) = n o U - W 1 2 . (7) 

T{(& = Ti0a-W3> (8) 

where n, and ne are the density of majority ions and electrons, respectively, and 7/ 

and Te are the temperature of majority ions and electrons, respectively. We set the 

parameters as nQ = SxlO^m - 8 , Teo = 150eV, 7*w = ISOeV, anda t =a2 =a3 = 1 . We 

assume the proton minority ion concentration is 10%. The ion cyclotron resonance 

layer can be controlled by changing the strength of resonance magnetic field and we 

set that strength to the value at the magnetic axis in the following calculation. 

Figure 2 shows the plotB of the power transferred from the minority ions to the 

bulk plasma, Ptrans* a s a function of the absorption power by minority ions, Paj,s, in 

the case of R = 0.888m. We change the strength of magnetic field; B = 0.92T(closed 

circles), 1.4T(closed squares) and 2.0T(closed triangles). It is seen that the increasing 

rate of the transfer power becomes small as the absorption power rises and that this 

rate depends on the strength of magnetic field. In the case of B = 0.92T the lower 

increasing rate ofPlrwns is observed than that in the case of B = 2.0T when Pabs > 

200kW. 

In order to evaluate the heating efficiency we introduce the power transfer rate, 

n, defined by Ptmns^Pabs as a measure of the heating efficiency. Figures 3-(a) and (b) 

show the heating efficiency, //, as a function oFPabS in the two configurations. In both 

cases the decrease of the heating efficiency can be seen with increase ofP^s and higher 

efficiencies are obtained in the stranger magnetic field. This indicates that the heating 

efficiency strongly depend on the strength of magnetic field. Comparing the results of 

the two configuration cases it is found that the heating efficiency of R = 0.888m case 

is higher than that of R - 0.921m in all cases of magnetic field strength. 

lb clarify the dependence of the heating efficiency on the strength and configura-
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tion of the magnetic field we consider a fitting function given by r) = 1/(1 + P0fcs/Po), 

where Po is an adjustable parameter and show the value o(Pabs in which i) = 0,5. By 

evaluating Po we discuss the dependence of the heat efficiency on the strength and 

configuration of the magnetic field. The plots of the fitting curves are shown in Fig. 3. 

We obtain the good agreement between the fitting curves and simulation results. 

Figure 4 shows the values of Po in the two configurations as a function of the 

magnetic field strength in the two configurations; R - 0,888m (closed circles) and R = 

0.921m (open circles). In all magnetic field strength cases of R = 0.888m the values 

of Po are about two times larger than those of R = 0.921m. The strong dependency 

of Po on the magnetic field strength can be seen. The relation Po ~ aBy can fit the 

calculated data if we chose a = 135.3 and y = 1.28 in the case of R = 0.888m, and 

a = 67.8 and y = 1.14 in the case of R = 0.921 m. The larger value of a shows the 

better efficiency in the case of R = 0.888m and the value of y 1-2 shows the strong 

dependence of the heating efficiency on the magnetic field strength in both cases. 

We here show the behavior of the minority ions to study the changes of particle or

bits in the different strength and configuration of the magnetic field. Figure 5 shows 

the plots of typical orbits of minority ions during the ICRF heating in the two con

figuration and two magnetic field strength of CHS; (a) R ~ 0.888m and B = 2.0T, (b) 

R = 0.921m and B = 2.0T, and (c) R - 0.888m and B = 0.92T, where the initial ve

locities and positions are all the same. The magnetic surfaces of the initial particle 

position are shown by dotted lines. 

Initially the particles are the circulating particle and move approximately along 

the magnetic field lines. During circulating the torus the particles pass through the 

resonance layer and the perpendicular energy of the particle increases. Then the 

particle becomes the trapped particle and can move across the magnetic surfaces. 

Comparing the orbits of (a) and (b) we can see the difference between the particle 

orbits in the two configurations. In the case of R = 0.888m the particle is confined in 

the plasma region after the particle becomes the trapped particle. On the other hand, 
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the particle is lost after the change to trapped particle in the case of R = 0.921 m. This 

is because the confinement of the trapped particle is not good in the case of R = 0.921 m 

(SeeFig.l-(b)). 

The dependence of magnetic field strength on the particle orbit can be seen by 

comparing (a) and (c). In weaker magnetic field we obtain the larger VB drift velocity, 

Vyj3 - TiqlB (I is the characteristic length of magnetic field), and the finite banana 

orbit effect becomes large. Thus, the deviation from approximate orbit given by Fig. 1 -

(a) increases. In Fig 5-(a) and (c) the particle becomes the trapped particle at almost 

the same position. But the orbit of trapped particle reaches more outer region in the 

case of B = 0.92T and finally the particle is lost. That is due to the excursion caused 

by the larger drift velocity in the weak magnetic field. 

Consequently, the strength and configuration of the magnetic field are important 

factors for the confinement of minority ions and, thus, the heating efficiency depends 

on the strength and configuration of the magnetic field. 

4. Efficiencies in the LHD plasma 

Next we show the results of ICRF minority heating in the LHD plasma. The main 

parameters of LHD are shown in table I. The magnetic configuration called "Standard 

configuration" of LHD[5] is considered in which the shift of the vacuum magnetic axis? 

position, A, is -0.15m (0.15m inward shift) and the toroidally averaged magnetic sur

faces are nearly circular in the vacuum field. This configuration satisfies the require

ments for high plasma performance, i.e. good confinement of a single particle, high 

plasma beta value, and creating a divertor configuration. Using the VMEC code we 

also obtain the three dimensional MHD equilibrium based on the vacuum magnetic 

field with the coil parameters of the standard configuration. In this calculation we 

set the plasma beta at the center as #> = 0.0% in order to compare the results of the 

CHS with PQ = 0,0%. The dependence of the heat efficiency on the plasma beta has 

been discussed in the previous paper[101. The temperature and density at the center 
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for majority ions and electrons are IkeV and 1 x l0 2 0 m - 3 , respectively, and we assume 

the proton minority ions and 3% of minority ion fraction in the plasma. The strength 

of resonance magnetic field is set to the value at the magnetic axis. 

Figure 6 shows the plots of the heating efficiency in the LHD plasma as a function 

of the absorption power, Pn6s. We can see the similar decrease of the heating efficiency 

observed in the CHS case. However, the higher heating efficiency than that of CHS 

can be seen and the heating efficiency is higher than 0.6 even when Pabs ~ 10MW. 

In order to compare the dependence of heating efficiency on the configuration we also 

apply the fitting curve given by i) = 1/{1 + Pabs^o) t° t h e results of the LHD plasma. 

The solid line shows the fitting curve and the value of PQ is 1.61 x 104kW. Using the 

relation PQ = aB7 and y - 1.2 we ean evaluate a as a = 4.3 x 10 3 and it is about 

30 times better than that of the CHS plasma with i? = 0.888m. Several reasons of 

this difference of a values between the CHS and LHP can be considered! e.g. device 

size, collision frequency, and particle confinement. Further studies are necessary for 

making clear the dependence of a value on those parameters. 

5. Conclusions 

We have studied the ICRF minority heating in the CHS and LHD plasmas using 

the orbit following Monte Carlo simulation code. The heating efficiencies as a function 

of the absorption power by minority ions have been shown with changing the strength 

and configuration of the magnetic field. As the absorption power by minority ions rises 

the heating efficiency decreases due to the increase of power loss by the particle orbit 

loss. We have found that the heating efficiencies strongly depend on the magnetic 

field strength and the field configuration. This is confirmed by comparing the orbit of 

minority ions with different strength and configuration of the magnetic field. 

Our results in the CHS suggest that the more strong magnetic field strength and 

the better configuration for particle confinement are necessary for the efficient ICRF 

minority heating. And comparison of results in the CHS and LHD shows the remark-
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able advantage of ICRF minority heating in the LHD. 

However, in the CHS the improvement of the heating efficiency can be possible 

by changing the following conditions. In our calculations we have used protons as 

a minority species and the higher heating efficiency is obtained by applying the 3He 

minority ions[10] because of the increase of Coulomb collisions with the bulk plasma 

and the decrease of orbit loss. By increasing the minority ion concentration we can 

also improve the heating efficiency due to the reduction of the averaged energy of 

minority ions and the two-ion hybrid mode conversion process where direct electron 

heating occurs. In the CHS plasma the competition of the minority heating and the 

mode conversion process is possible in the ICRF heating and would improve the heat

ing efficiency largely. 
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Table I. Main parameters of CHS and LHD 

CHS LHD 

number of helical coil / 2 2 

number of neld period m 8 10 
number of pairs of poloidal field coils 4 3 

major radius R [m] 1.0 3.9 

minor radius a [m] -0.20 -0.66 

pitch modulation parameter of winding law a 0.3 0.1 

shift of magnetic axis A [ml(standard) -0.08 -0.15 

strength of central magnetic field fio [T] -2.0 3.0 
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Figure captions 

FIG. 1. Mod-Bmi„ contours of the the CHS plasma in the Boozer coordinates with two 

different major radius; (a) R = 0.888m and (b) R = 0.921m. 

FIG. 2. Plots of the transfer power to the bulk plasma, Ptmna, versus the absorption 

power by minority ions, Pai,s, in the CHS plasma with R = 0.888m. The closed 

circles, squares, and triangles show the simulation results of B - 2.0T, 1.4T, and 

0.92T, respectively. 

FIG. 3. Plots of the heating efficiency, t}, versus the absorption power by minority ions, 

Pobs, in the CHS plasma, (a) Closed circles, squares, and triangles show the 

results of B = 2.0T, 1.4T, and 0.92T in the R = 0.888m case, respectively, (b) 

Open circles, squares, and triangles show the results of B = 2.0T, 1.4T, and 

0.92T in the R = 0.921m case, respectively. The solid, doted, and dashed curves 

show the fitting curves given by n = 1/(1 +PabaIPo). 

FIG. 4. Plots of PQ as a function of magnetic field strength, B in the two configurations; 

12 = 0.888m (closed circles) andi? = 0.921m (open circles). The curves show the 

relation P0 * cBr. 

FIG. 5. Typical orbits of minority ions during the ICRF heating in the two configuration 

and two magnetic field strengths of CHS; (a) R = 0.888m and B = 2.0T, (b) 

R = 0.921m and B = 2.0T, and (c) R = 0.888m and B = 0.92T, where the initial 

velocities and positions are all same. 

FIG. 6. Plots of the heating efficiency, rj, versus the absorption power by minority ions, 

Pat,, in the LHD plasma. The solid line shows the fitting curve given by n = 

1/(1 +Pab,/P0). 
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