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Abstract

ICRF heating efficiency and the global energy confinement time during ICRF heating are investigated including

the effect of energetic ion loss in heliotrons. The approximate formula of ICRF heating efficiency is derived

using the results based on Monte Carlo simulations. The global energy confinement time including energetic

ion effect can be expressed in terms of ICRF heating power, plasma density, and magnetic field strength in

heliotrons. Our results in the CHS plasma show the systematic decrement of the global energy confinement

time due to the energetic ion loss from the assumed energy confinement scaling law, which is consistent with

the experimental observations. Also we apply our model to the ICRF minority heating in the LHD plasma in

two cases of typical magnetic configurations. The clear increment of the global energy confinement time due to

the stored energy of energetic tail ions is obtained in the "orbit improved" configuration, while the decrement

is observed in the "standard" configuration.
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1 Introduction

Recent experiments of ion cyclotron range of fre-

quency (ICRF) heating in helical systems[l-7] have

demonstrated the effectiveness of this heating method

in non-axisymmetric configurations. Especially the

successes of the long time operations[5,6] have shown

the importance of ICRF heating for future steady

state operations in helical systems. In these exper-

iments highly energetic tail ions (up to several hun-

dreds keV) have been observed due to the acceleration

by ICRF waves. The higher energetic tail ions (up to

MeV order) will be generated in future experiments

of non-axisymmetric devices (LHD and W7-X).

The stored energy of energetic ion tail increases the

total stored energy effectively and this increment of

the stored energy could contribute to the global en-

ergy confinement of plasma. Previous ICRF heating

experiments in tokamaks have shown the certain in-

crement of energy confinement due to energetic ions

during the ICRF heating[8] and combining heating

with NBI[9,10]. However, the experimental results in

the Compact Helical System (CHS; I = 2, m = 8,

heliotron) have shown that the global energy confine-

ment time of ICRF heating plasma is systematically

lower than both that of NBI heating plasma and the

value estimated by the LHD scaling law[ll].

The ICRF heating increases the ion energy perpen-

dicular to the magnetic field line and generates the en-

ergetic ripple trapped ions in heliotrons. The behav-

iors of these ripple trapped ions are complicated and

have large orbit size in the radial direction. Therefore



the energetic ions due to ICRF heating tend to dif-

fuse radially and would be finally lost by orbit loss. In

the previous papers[12-14] we have studied the drift

orbit effect of energetic ions on the ICRF heating

in heliotrons using the Monte Cairo simulation code,

where complicated orbits of energetic ions, Coulomb

collisions, and interaction between the particles and

applied RF wave are included. It has been shown

that the energetic ripple trapped ions are generated

by ICRF heating and significant fraction of energetic

ions are lost by energetic ion orbit loss when the ICRF

heating power increases more than 10MW.

So the inclusion of energetic ion orbit loss is nec-

essary in considering the ICRF heating in heliotrons.

The orbit loss of energetic ions leads to the power loss

and deteriorates the energy confinement of plasma.

The previous Fokker-Planck analysis assuming sim-

ple orbit loss model[15] pointed out the apprehension

of decrement of the global energy confinement due to

the energetic ions loss. Because of complicated drift

motions of energetic ions, the more realistic model

including the orbit effect in a three dimensional mag-

netic configuration is required to explain and predict

experimental results in heliotrons.

In this paper we study the ICRF heating efficiency

and the global energy confinement time including the

effect of energetic ion loss in heliotrons. The con-

finement of energetic tail ions is assumed to be ex-

pressed by the slowing down time and the heating

efficiency (=the power transferred to the bulk plasma

from ICRF heated energetic ions / the power absorbed

to energetic ions from ICRF wave). The power loss by

energetic ion orbit loss is modeled based on the Monte

Carlo simulation results and the approximate formula

of the heating efficiency is derived. Combining the ob-

tained heating efficiency with the energy confinement

time of bulk plasma, the global energy confinement

time is expressed in terms of heating power, plasma

density, and magnetic field strength.

In section 2, we first derive the global energy con-

finement time including the effects of energetic ion on

the heating efficiency. The heating efficiency model is

considered starting from the power balance of ICRF

heated energetic ions. Finally the global energy con-

finement time is obtained as a function of the density,

temperature, and magnetic field strength. In section

3 we study the effect of high energy ion loss on the

global energy confinement time in the CHS plasma.

Next we apply that to the ICRF minority heating

for the Large Helical Device (LHD; I = 2, m = 10

heliotron)[16] introducing two typical configurations;

"standard" configuration and "orbit improved" con-

figuration in section 4. Conclusions are given in Sec-

tion 5.

2 ICRF Heating Efficiency and

Energy Confinement Time

2.1 Energetic ion effect on energy

confinement time

A launched ICRF wave generates the energetic ion

tail distribution and the input ICRF power is first

stored in the energetic tail ions. Then, the stored en-

ergy in the energetic ions is transferred to the bulk

plasma through particle collisions (slowing down pro-

cess). Here, we consider that the total stored energy,

Wtot, consists of two parts; one is the stored energy

of the bulk plasma, Wbuik, and the other is the stored

energy of energetic tail ions, Wtau, as

' ' t o t — » ' 6 u / f c T^ ' ' t a t f -

These stored energies can be expressed by

Wtot ~ "totalTE ,

Wtait = PabsTE
atl,

Wbulk = PtrnsTE
U ,

(1)

(2)

(3)

(4)

where Ptotai, Pabs and Ptms are the total plasma heat-

ing power, the absorbed power of energetic tail ions

from ICRF wave, and the transferred power from en-

ergetic tail ions to bulk plasma, respectively. In Eqs. (2)

to (4), TE'\ TE
ulk and rE

ail are the global energy con-

finement time, the energy confinement time for bulk



plasma and for energetic tail ions, respectively. Note

that the difference between Pat,s and Ptrns corresponds

to the power loss by the energetic ions and that we

consider the orbit loss as a dominant loss mechanism

in this paper.

The stored energy of energetic tail ions is trans-

ferred to bulk plasma due to the slowing down process

and the transferred power is approximately expressed

as Ptms = Wtaii/{rs/2), where TS is the slowing down

time for tail ions (dv/dt = — T'^-V). Using this rela-

tion and Eq. (3) the energy confinement time of tail

ions is given by

Wtailtail
TE = Pabs

= T)T./2, (5)

where T)(= Ptrns/Pabs) is the heating efficiency of

ICRF heating, which corresponds to the fraction of

the transferred power to the deposited ICRF heating

power.

Assuming Ptotai = Pabs, the global energy confine-

ment time is given by

Wtot/Pabs,

v(rb
E

ulk+rs/2). (6)

Equation (6) is a simple formula of energy confine-

ment time including both the effect of the stored en-

ergy of the tail ions and their losses. This can be

rewritten as

The second term of right hand side shows the incre-

ment of the energy confinement time due to the stored

energy of the energetic tail ions and third term is the

decrement due to the power loss by energetic ion or-

bit loss. Also Eq. (7) gives a condition for the heating

efficiency to increase the global energy confinement

time due to energetic ions effect as

1
V>

Ts/2rb
E

ulk'
(8)

2.2 Consistent heating efficiency and

energy confinement time

Next we consider the heating efficiency starting from

the power balance of energetic ions including the ef-

fect of orbit loss of energetic ions. The power balance

for the ICRF heated energetic ions is simply given by

— *trns

(9)

where Pioss is the power loss due to the orbit loss of

energetic tail ions and rc is the particle confinement

time for tail ions. Then the heating efficiency becomes

Ptrns
T} =

(10)
\ + TS/2TC'

In the previous Monte Carlo simulations for ICRF

heating in heliotrons[13,17] we have evaluated the heat-

ing efficiency as a function of heating power and we

have obtained a simple relation between the heating

efficiency and input power based on Eq. (10) as

1
V (11)

+ Pabs/Po'

where Po is a function of T, B, n, ... etc., and is the

value of Pabs when T) — 0.5. Further, we generalize

the heating efficiency as

1
V (12)

where Pabs, Te, n and B are the absorbed power

from RF wave [MW], the averaged electron tempera-

ture [keV], the averaged plasma density [102Om~3] and

magnetic field strength [T], respectively. Since the en-

ergy range of the energetic ions is much larger than

the critical energy, £c(~ 15Te for proton ions), and

the slowing down process mainly depend on the elec-

tron temperature, the ion temperature dependency is

ignored in this formula.

The Monte Cairo simulations results[13,17] shows

that the factor C strongly depends on the configura-

tions, but the power factors of a, /?, 7 and 6 weakly

depend on the configurations. The power factors a,



(3, 7, and 6 are the positive numbers at order of unity.

We have estimated the power factors from simulation

results as a ~ 1, /? ~ 2, 7 ~ 2, and 6 ~ 1, where the

fraction of minority ion density to the bulk plasma

density is fixed in changing the bulk plasma density.

Assuming that the bulk plasma is mainly heated

by the transferred power from energetic tail ions, the

electron temperature can be expressed as

= 1
e 3

Tb
E"'kPtrns

(13)
3 nVtot '

where Vtot is the total plasma volume and we assume

the same temperature for electrons and ions. There-

fore, in order to evaluated the heating efficiency and

temperature we must solve the coupled equations (12)

and (13). Then, the relation between the heating ef-

ficiency and Pabs is given by

xP^^'-V1-*'}-! = 0, ( 1 4 )

where C" = C{C/3Vtotf and we assume Tb
E

ulk =

C'neB°Pfr*a, where the values of e, a, and A are esti-

mated from the usual energy confinement scaling law

(e.g. the LHD scaling law).

Solving Eq. (14) we can obtain the heating effi-

ciency. The slowing down time can be evaluated using

the obtained electron temperature as TS = kn~lTe' .

Then we can evaluate the global confinement time

from Eq. (6) as

ri. =
\ - A

(15)

The ratio between the energy confinement time with

and without tail becomes

r*E">/retail =

(16)

In the limit of the high efficient heating (r) ~ 1) this

ratio becomes

k1 C"
T9lb r notail -i , / \ \ ?(e — 5) T> \<J P ? ( 3 — A)

E ' E o V 071/3 '

It is found that energy confinement time is improved

due to tail distribution and this improvement strongly

depends on the density and heating power. The strong

improvement can be observed in the low density and

high power heating cases.

We can easily extent Eq. (15) to the situation with

other heating methods, e.g. NBI (neutral beam injec-

tion) heating, electron direct heating by ICRF heating

and ECRH (electron cyclotron resonance heating). In

this case TE is given by

gib bulk i T?Pa6«T 's/2 — (1 — f])PabsTE /i^\
TE =TE +

 P^TP' ' (17)

where P ' is the heating power of additional heating

and the energy confinement time of bulk plasma is

Tbuik = c'ntB'T{Ptrns + P ' ) - \ Then, the heating

efficiency becomes

= 0,
(18)

and the final results are obtained as

rf = V{C'n*B°(TiPabs+P')-X

(19)

3 Effect on energy confinement

in CHS

We apply our model to the CHS plasma and study

the effect of ICRF heated energetic ions on the global

energy confinement time in CHS. From the results of

previous Monte Carlo simulations[13], we have esti-

mated the power factors in the heating efficiency of

Eq. (12) a s a ~ l , / ? ~ 2 , 7 ~ 2 and 6 ~ 1, as

mentioned in section 2.2. The constant C has been

obtained as C = 9.1 for the CHS plasma (Rax —

0.921m), where we assumed proton minority ions (10

%) in deuteron plasma. The LHD scaling for energy

confinement time[ll],

= 0.17fl°-75a2n°-69i?0-84P,r0-58, (20)

is used for the energy confinement time of bulk plasma,

where R, a, n, B, and Ph are the major radius [m],

minor radius [m], density [1020m~3], magnetic field

strength [T], and injected power [MW], respectively.



Figure 1 shows (a) the ICRF heating efficiency, (b)

the stored energies and (c) the electron temperature

as a function of ICRF heating power with three dif-

ferent densities n = 0.2, 0.4 and 0.6 x 1020m~3. The

magnetic field strength is set to be B = 0.9T in the

following simulations for CHS. It is found in Fig. 1-

(a) that the heating efficiency decreases with heating

power for all density cases. As heating power is in-

creased, the more energetic ions are generated, leading

to more energetic ion loss and more reduced heating

efficiency. We can also see that the heating efficiency

strongly depends on plasma density. This is because

that the slowing down time of energetic ion becomes

longer for a lower density case and that the more en-

ergetic ions are generated in the lower density case.

Fig. l-(b) shows the plots of the total stored energy

and the stored energy of bulk plasma for three dif-

ferent densities. The difference between these stored

energies corresponds to the stored energy of energetic

tail ions. Since the heating efficiency decreases with

the heating power, the saturations of total stored en-

ergy can be seen in the higher heating power region.

Also, the saturation occurs at a relatively lower heat-

ing power in the lower density cases, because of the

lower heating efficiency. The stored energy in the en-

ergetic tail ions is about 20%. The achieved temper-

ature also saturated around 300-400eV in the CHS in

Fig. l-(c). This saturation also occurs at lower heat-

ing power for lower density case.

The global energy confinement time with ICRF heated

plasma (solid line) and the energy confinement time

without ion tail effect (dashed line) in CHS are shown

in Fig. 2 with the slowing down time (dotted line).

The plasma density is n = 0.6 x 102Om~3. Although,

a slight increment of the global energy confinement

time due to the tail effect appears in the region P <

0.2MW, the decrement of the global energy confine-

ment time is significant in the higher heating power

region. This decrement comes from the low heating

efficiency in the higher power region (See Fig. l-(a)).

Finally we compare our results with the experimen-

tal results of CHS[1]. We assumed the similar plasma

parameters with CHS experiment and compared the

tendency of the global energy confinement time. Fig-

ure 3 plots the obtained global energy confinement

time versus the energy confinement time of LHD scal-

ing. In the CHS experiments the direct electron heat-

ing also occurs in ICRF heating[2]. So we, here, ex-

amine the following four parameters cases by changing

the heating scenario (ion heating and direct electron

heating) and plasma densities; (A) only ion heating

at n — 0.15 x 1020m~3, (B) ion and direct electron

heating with equal weight at n = 0.15 x 1020m~3,

(C) only ion heating at n = 0.4 x 1020m~3, and (D)

ion and direct electron heating with equal weight at

n — 0.4 x 1020m~3. Here we assume that no heating

power loss occurs in the direct electron heating.

It is clearly shown that the obtained global energy

confinement time is systematically lower than that of

the LHD scaling law. Also the global energy confine-

ment time is closed to that of LHD scaling in the case

that the ion and direct electron heating coexist with

equal weight. These tendencies well agree with the ex-

perimental observations. Therefore, our results show

the important role of the power loss by the energetic

ion orbit loss in the global energy confinement in the

ICRF experiments of CHS.

4 Effect on energy confinement

in LHD

We, next, apply our model to the LHD plasma in

two cases of typical magnetic configurations. By con-

trolling the current of the vertical coils the magnetic

axis position can be horizontally shifted in the LHD

and various types of configurations can be obtained.

We, here, consider two configurations with different

values of the magnetic axis shift. The first one is a

configuration where the magnetic axis is shifted by

15cm inwardly from the center of two helical coils in

vacuum. This configuration is called "standard" con-

figuration satisfying the requirements for highly bal-

anced plasma performance (i.e. a high plasma beta,



relatively good particle confinement, and creating a

divertor configuration). The second one is a config-

uration where the magnetic axis is shifted by 30cm

inwardly from center of two helical coils in vacuum.

This configuration is called "orbit improved" configu-

ration where the confinement of ripple trapped parti-

cle is improved drastically and the good confinement

of energetic ions would be expected.

The power factors of the heating power, density,

temperature, and magnetic field strength of the heat-

ing efficiency given by Eq. (12) are assumed as a ~ 1,

P ~ 2, 7 ~ 2 and 6 ~ 1, respectively, from previous

Monte Carlo simulation results [13,17]. The constant

C has been obtained as C = 0.082 for LHD for 3He

minority ions (3%) in deuteron plasma. The LHD

scaling for energy confinement time Eq. (20) is also

used to evaluate the confinement time of bulk plasma.

The ICRF heating efficiencies in two types of LHD

configurations are shown as a function of RF input

power in Fig. 4; (a) the "standard" configuration and

(b) the "orbit improved" configuration. Three differ-

ent averaged densities n = 0.2, 0.4 and 0-6 x 102Om~3

are used and the magnetic field strength is fixed to

£?o = 3.0T. It can be seen that the heating effi-

ciency decreases as the heating power increases and

that the better heating efficiencies are obtained in

the "orbit improved" configuration. This is because

of the improvement of energetic ion loss in the "orbit

improved" configuration. The heating with the den-

sity lower than 0.4 x 102Om~3 is not effective in the

"standard" configuration for the heating power more

than 10MW- On the other hand, the good heating ef-

ficiency is obtained even for the higher heating power

in the "orbit improved" configuration.

Figure 5 shows the stored energies in the total and

bulk plasma for three different plasma densities n =

0.2, 0.4 and 0.6 x 1020m~3 in (a) the "standard" con-

figuration and (b) the "orbit improved" configuration.

The difference between the total and bulk plasma

stored energy corresponds to the stored energy of the

tail ions. We find that the fraction of the stored en-

ergies of the tail ions are about 10% at the heating

power of 10MW in the "standard" configuration in

Fig. 5-(a). That is because the obtained temperature

is estimated less than 2keV at the plasma center and

the estimated slowing down time is much smaller than

the energy confinement time. It is also found that the

maximum fraction of stored energy of the tail part is

not obtained at the lowest density in the "standard"

configuration, because of the low electron tempera-

ture due to the lower heating efficiency. On the other

hand, in the "orbit improved" configuration, no sat-

uration of the stored energy can be seen in Fig. 5-(b)

because of the good heating efficiency. The fraction

of the stored energies of the tail ions are more than

30% at the heating power of 10MW and still increases

in the higher energy region.

Figure 6 shows the energy confinement time as a

function of RF input power in the LHD, where the

global energy confinement time (solid line), the slow-

ing down time (dashed line), and the energy confine-

ment time without tail effect (dotted line) are plotted.

The plasma parameters are n = 0.6 x 1020m~3 and

B = 3.0T.

The heating efficiency is almost unity with the low

RF input power ( < 4MW) and slight increment from

the simple LHD scaling is observed due to the tail ef-

fect in the the "standard" configuration in Fig. 6-(a).

The slowing down time is so smaller than the energy

confinement time that increment due to the tail effect

is small. When the input power is increased, the de-

crease of the energy confinement time from the value

of simple LHD scaling without tail effect is found due

to the reduction of heating efficiency. On the other

hand, in the "orbit improved" configuration the in-

crement of energy confinement time form the LHD

scaling can be seen in Fig. 6-(b).

Figure 7 shows the global energy confinement time

versus the energy confinement time evaluated by LHD

scaling. It is found that the systematic decrement of

energy confinement time can be seen in the "stan-

dard" configuration and no density dependence can

be seen. This tendency is very similar as that of CHS

(See Fig. 3). On the other hand, the increment of



energy confinement time can be seen in the "orbit

improved" configuration. Also we find that the in-

crement of the energy confinement time depends on

the density and the increment is higher for the lower

density case.

5 Conclusions

We have investigated the ICRF heating efficiency

and the global energy confinement for ICRF heated

plasma including the effects of energetic ion loss in

heliotrons. In order to consider the confinement of en-

ergetic tail ions and bulk plasma separately we have

derived the formula of global energy confinement time

as a function of the ICRF heating efficiency, the slow-

ing down time, and the energy confinement time for

bulk plasma, where the ICRF heating efficiency is de-

fined by the fraction of the transferred power from en-

ergetic tail ions to bulk plasma to the absorbed ICRF

heating power. Assuming the power balance of en-

ergetic ions the approximate formula of the heating

efficiency is obtained based on the results of Monte

Carlo simulations. Then the global energy confine-

ment time can be estimated combining the heating

efficiency with the energy confinement time of bulk

plasma and the slowing down time of energetic ions.

The obtained formula has been applied to the ICRF

minority heating in the CHS plasma. The ratio of the

slowing down time to the energy confinement time is

about 0.2 to 0.3 for the CHS plasma parameter. Since

the confinement property of the energetic ions is not

so optimized in CHS, the reduction of energy confine-

ment due to energetic ion loss occurs in the heating

power region (P > 300kW) rather than the increment

by energetic ions. The global energy confinement time

is systematically lower than the empirical scaling, and

the difference becomes smaller for the combining heat-

ing case with direct electron heating. This result is

consistent with the experimental results in CHS[1].

We have also applied our model to the ICRF mi-

nority heating in the LHD plasma in two cases of typ-

ical magnetic configurations. The reduction of the

global energy confinement time from the LHD scaling

is observed in the "standard" configuration. On the

other hand, the increment of the energy confinement

time can be seen in the "orbit improved" configura-

tion. The density dependence of the increment also

has been observed.

In this paper, the numeral power factors in the heat-

ing efficiency formula in the CHS and LHD plasmas

are estimated by the results of Monte Carlo simula-

tions, where we have ignored effects due to finite beta

configurations. To take into account these effects and

theoretically understand the values of these power fac-

tors are our future works.
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Fig. 1 : Plots of (a) the heating efficiencies, (b) the stored energies in the total and bulk plasma, and (c) the

electron temperature in the CHS plasma(ICRF minority heating) as a function of heating power with three

different densities n = 0.2, 0.4 and 0.6 xlO2om~3. The 10% of the minority fraction is assumed and the

magnetic field strength is B = 0.9T.
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