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Abstract

The energy confinement characteristics of ICRF-heated tokamak plasmas

are studied at high input power density ~ 2 MWm"3 volume averaged, on the

JIPP T-IIU device(R=0.91m/a=0.23n). High electron and ion temperatures

(T« ~ 2.5 keV, Ti ~ 2.0 keV, at each maximum ) have been achieved by the

operation at a plasma current Ip of 280 kA, plasaa line-averaged electron

density H, of 7 xlO13csf3 and input power of 2MW, with a suppression of

total radiation loss (30 to 40 % of the total input power) by a carbon

coating on the vacuum vessel. The fraction of ICRF power absorbed by the

plasma, a, is determined experimentally from the decay of the stored

plasma energy just after the ICRF pulse is terminated. The value of a
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increases slightly with increasing electron density and decreases from 90

to 70 % as the ICRF power is increased from ! MWm~3 to 2MWbf3 volume

averaged. The global energy confinement time TE, defined by Vp/(PoH+aPr/).

decreases by a factor of 2 ~ 3 froa that in ohnic plasmas as the heating

power increases up to 2 MW. It is found that the energy confinement time

has a strong line-averaged electron density dependence as TE<=H«0 6. which

is obtained by the use of the measured absorbed power, while the

Kaye-Goldston scaling predicts TE«n"t026.
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1. INTRODUCTION

The degradation of the global energy confinement time has been

reported to be observed in the high power NBI heated plasma and agrees

with the well-known Kaye-Goldston scaling (S.M.Kaye and R.J.Goldston,

1965). The reliable ICRF heating in the various heating regime has been

demonstrated in the past several years. Our greatest interest is to study

whether the energy confinement times in these heating regime agree with

the scaling established with NBI heating experiments. Recently, confine-

ment characteristics of ICRF heated plasma have been studied in FLT

(Mazzucato et al., 1965). ASDEX (Steinmetz et al., 1987). JFT-2M (Mori et

al., 1985). TE3CTOR (Vandenplas et al., 1987), and JET (JET Team, 1987).

However, a comprehensive understanding of the mechanism of the degradation

is difficult to be derived from these studies due to its variety of heat-

ing regime. We have adopted ICRF heating in the two-ion-hybrid regime

using a six antennas located inside the vacuum vessel at the high field

side in the JIPP TII-U tokamak. The heating power density has been

increased up to 2.0 MWnf3 volume averaged, which is much greater than that

in other tokamaks, and allows us to study ICRF heating with very high

power density (Watari et al., 1987). In this paper, we present the energy

confinement characteristics of the plasmas heated intensively with ICRF

wave and make it clear how the energy confinement time depends on the hea-

ting power density.

The ICRF power absorption depends on various experimental conditions:

scrape off plasma density, the RF phase between the antennas, presence of

hot ions, etc.. The absorbed power fraction is reported to be 75 % for

quadrupole and monopole antennas and 60 % for the dipole antenna in JET
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( Jacquinot et al., 1986; Ejima et al.. 1985). It is improved from 60 %

to 70 % when ICRF heating is conbined with neutral beam injection as

reported in ASDEX (Steinmetz et al., 1987). The absorbed power fraction

in circular plasmas seems to be relatively large (85 % in PLT (Mazzucato

et al., 1985) ). These works suggest the importance of using actually

absorbed pover instead of an injected power and imply further that there

might be other parameters which affect the absorbed power fraction. ICRF

theories have made remarkable progress and several calculation codes have

been developed to predict pover deposition profiles. However, these codes

can not run properly for the plasma and ICRF wave parameters in

tvo-ion-hybrid regime in JIPP TII-U. The nenory size needed for the

proper calculations in 3-D real space scales as E?/(nT)]fZ and exceeds the

capacity of computers.

We measure the absorbed ICRF pover in this experiment vith the decay

of the plasma stored energy dV/dt. The dependence of the absorbed pover

fraction on the electron density nt and the injected ICRF power is pre-

sented in section three. Those parameter dependences are properly taken

into consideration for the scaling study of the global energy confinement

time described in section four.

2. EXPERIMENTAL SETUP

Six ICRF fast vave antennas have been installed on the high field

side of the vacuum vessel of JIPP T-IIU tokasak (R=0.91m a=0.23ta V=0.95

m3 ). The ICRF experiments have been performed vith 10 % hydrogen and

90 % deuterium filling gas, and 40 Miz RF frequency, which is nearly equal

to a fundamental resonance frequency of hydrogen for the toroidal field
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(Bt= 3T) in JIPP T-IIU. The line-averaged electron density is measured by

a anm microwave interferometer, while the shape factor of electron density

y ( n«(r)-n«(O)(l-(r/a)2)7 ) is measured with a f- channel HCN laser

interferometer. The electron temperature is measured with a 10 channel

electron cyclotron emission (EKE) polychromator, which is calibrated with

a single channel Thomson scattering measurement in relatively high elec-

tron density ohmic plasma where effects of non-thermal electrons can be

neglected. The ion temperature is derived from the deuteron energy spec-

trum measured with an E // B type (5-channel each) fast neutral analyzer

(FNA). The deuteron temperature derived from the FNA agrees with the ion

temperature obtained from Dopper width measurements and neutron

measurements. The proton energy spectrum is no longer Maxwellian due to

the high energy tail produced by the ICRF fast wave.

The total stored plasma energy is derived from equilibrium vertical

field, diamagnetic, and kinetic measurements. We determine the equili-

brium stored energy from /3p+li/2, which is calculated from plasma horizon-

tal position measured with 4-magnetic probes and the current in the verti-

cal field coils. Here U is the internal inductance and experimentally

determined from measured electron temperature profile assuming

3(r)<*T,(r)®/2K with flat profile of Z»//. The value of li decreases from

1.3 to 1.2 as ICRF power is increased from 0.5 MW to 2.0 MW. The stored

energy is also measured with diamagnetic loops. The kinetic electron

energy is calculated by integrating the measured electron density and tem-

perature over the whole plasma. The kinetic ion energy is estimated from

the measured electron density profile and the measured central ion temper-

ature under an assumption that the ion temperature profile is as peaked as
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electron temperature profile. The values of the stored energy measured

with these three methods agree with each other within 10 %.

3. CHARACTERISTIC OF RF ABSORBED POWER FRACTION

Figure 1 shows parameters of a typical ICRF heated discharge with a

plasma current of 280 kA and an RF power of 2 HW, which is about six to

seven times as large as ohmic input power (< 0.3 MW). The electron tem-

perature increases rapidly after the ICRF pulse is turned on, then

decreases due to collisions with ions as the line-averaged electron den-

sity is increased. This is consistent to the predictions of the mode con-

version model in the two-ion-hybrid regime. The deuteron temperature

shows gradual increase mainly due to the collisional heating by electrons

and the minority hydrogen and due to the second harmonic heating. The

hydrogen high energy tail temperature measured with use of the charge

exchange fast neutral analyzer (FNA) is 4 ~ 8 keV and its density is less

than 0.5% of the total ion density. The energy flow from the high energy

protons to deuterons is estimated to be less than 0.06 MWnf3. It plays no

important role in the power balance for our ICRF heating experiments. The

power densities at the plasma center are 2 ~ 3 MWnf3 for electrons and 1

MWnf3 for deuterons, respectively. We obtain absorbed ICRF power Pahs (=

-dVp/at ) by measuring the decay of the stored energy just after RF pulse

is turned off, assuming no change of the global confinement time for this

time averaging period. This measured absorbed power is presented in Fig.2

as a function of ICRF power. The total power absorbed to the plasma core

increases linearly, in the low heating power density regime , but tends to

saturate in the high power density regime as the ICRF power is increased.
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The total absorbed power fraction a(-Pobs/Pr/) decreases roughly to 0.7 at

an input power of 2 MW. The power absorbed by the electrons is 60 ~ 70 %

of the total absorbed power in this experiment.

It is of interest to compare the measured absorbed power fractions

with those calculated with the models. Ehergy dissipation of the ICRF

wave at the plasma periphery and the vacuum vessel may cause the loss of

the power launched from ICRF antenna. Global wave code (Fukuyama et al.,

1963) includes such less mechanisms. The fraction of this power loss is

estimated to be at most 10 % of the transmitted power for our ICRF

heating. No dependence of a on the input ICRF power is predicted with

this model. We evaluate the power lost by the fast ion escaping from

plasma through the loss cone by solving a Fokker-Planck equation at

r/a=0.5. The fraction of the power loss due to this mechanism is esti-

mated to be only 3 * as shown in Fig.2 with the shaded area. This

theoretical prediction is supported by the measured energy spectrum of the

fast neutral. The hydrogen high energy tail temperature measured is 4 ~

8 keV and much smaller than the minimum energy of the loss cone (24 keV)

with a plasma current of 280 kA. The decrease of the absorbed power frac-

tion a is not due to this fast ion loss. The descrepancy between the

measurements and calculations in the absorbed power fraction is still

open.

The dependence of the absorbed power fraction on n» is another int-

eresting feature. The RF total absorbed power fraction increases from 0.7

to 0.85 as the line-averaged electron density is increased from 0.4 to 0.7

xlO14 cm"3 at the medium level ICRF power density of 1 MWm"3 volume

averaged. The theoretical model with coaxial modes predicts that the
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absorbed power fraction decreases as the electron density is increased.

The increase of the absorbed power fraction is probably attributed to the

thinner cut off layer in front of the antenna as the plasma density is

increased, since the power loss between the cut off layer and antenna is

reduced with thinner cut off layer.

4. CHARACTERISTIC OF ENERGY CONFINEMENT

Power degradation of the global energy confinement time TE

(=Vp/(PoH+aPrf)) has been investigated at plasma currents of 150 IcA and 280

kA and the line-averaged electron density of 7x10 '3 cm'3. The total radi-

ation loss fraction measured with a bolometer increases linearly with

increasing ICRF power for the lower current (IP<150 kA) discharges. This

is due to metal impurities sputtered by fast ions escaping from the plasma

core in the low current plasma. However, the total radiation loss is

always below 40 % (typically 30 %) for all ICRF powers up to 2 MW for

plasma currents above 150 kA by the carbon coating on the vacuum vessel

(Noda et al., 1986; Ogawa et al., 1987). Furthermore, this radiation loss

is mainly from plasma edge region and does not affect the measurements of

global energy confinement time. We have studied the power dependence of

the coupled power fraction as determined by the measurements discussed

above. Figure 3 shows how confinement time TE scales with input power,

for a fixed absorbed power fraction (a-1.0) and with a measured variable

absorbed power fraction ( a=0.7 to 1.0 ). The global energy confinement

time TE, defined by ^/(POH+OPT/) . decreases by a factor of 2 ~ 3 from that

in ohmic plasmas as the heating power increases up to 2 MW. In high power

ICRF region, the dependence of the energy confinement time on the plasma
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current seems to be weaker (T£=rp°
 7) than the Kaye-Goldston scaling

(S.M.Kaye and R.J.Goldston, 1985) (TEccJp1-24) as shown in Fig.4.

Figure 5 shows the global energy confinement time as a function of

the line-averaged electron density. Confinement time of the plasma for

fixed a increases linearly as the line-averaged electron density is

increased. This apparent increase is partly due to the better absorption

in high electron density regime. After taking account of absorbed power

fraction, The energy confinement time scales with the line-averaged elec-

tron density as T£«n,0'6, K-G scaling gives values for the confinement

time which are close to the experimentally determined values. However, it

gives a weaker dependence on n« ( TE<=nt
026 ) than that observed in the

experiments. We note that the confinement time observed in JIPP T-IIU has

a stronger electron density dependence than that observed in other

tokamaks. The increase of the confinement time is not due to the improved

absorbed power fraction, since the change of absorbed power fraction is

measured for each electron density. It is not due to the residual Ohmic

heating effects, since the additional heating power is 8 times as large as

the ohmic heating power.

5. DISCUSSION

The absorbed power fraction at the low heating power density <Pr}>

< 1 MWm"3 was found to be close to unity in the JIPP TII-U, which shows a

good agreeaent with the code calculation. This value is a little bit

higher than those reported in other tokaaaks. The wave absorption in the

two-ion-hybrid regime is localized near the plasma center, when the waves

is incident from the high field side. This could be a reason for obtain-

- 9 -



ing a close to unity. The absorbed power fraction of ICRF wave is

observed to be 85 % - 90 % in the tokamaks with a circular cross section

(PLT and JIPP TII-U), while it is 60 % - 75 % in the tokareaks with a

non-circuiar cross section (ASDEX and JET). Although there might be other

factors which should be taken into consideration, it presumably depends on

the shape of plasma cross section. The discussion of the heating mechan-

•ism at the low heating power, however, is out of the scope of this paper.

We wish to emphasize the importance of the measurement of the absorbed

ICRF power particularly when the power density exceeds 1 MWm"3. As pre-

sented in section III. the absorbed power fraction decreases as the ICRF

pover is increased. Any analysis based on linear theories fails to

explain this observation. Although the electron temperature changes

according to the input pover, it does not change the wave propagation of

the mode converted IBW significantly. Theories predict that deposition

profile is more dependent on the plasma density and the density is kept

constant during the pover scans. The production of the energetic parti-

cles and their loss deserve to be suspected as a possible cause to the

decrease of a on high pover ICRF heating. However such loss is not large

enough to account for the observed decrease of a as we conclude in section

III. Nevertheless, the decrease of a is well correlated to the high heat-

ing power density of ICRF wave. The mechanism responsible for this

decrease of a will be a real space diffusion enhanced by ICRF wave, which

manifests itself only at the presence of intensive RF electric field as

reached in JIPP T-IIU .

The global energy confinement time depends on the line-averaged elec-

tron density in a manner as strong as the plasna current, while
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Raye-Goldston scaling predicts a weaker line-averaged electron density

dependence. The electron density range for the ICRF heating in JIPP TII-U

is well below the critical density for the saturation of the Alcator

scaling, since this tokamak has a relatively small major radius and strong

toroidal magnetic filed. This is contrasting to other tokamaks where the

operational density range is above or near the critical density

(Niedermeyer et al., 1967). The density dependence of the confinement

time observed in the JIPP TII-U ICRF heating may be masked in other toka-

maks due to the high density saturation of confinement time.
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Figure caption

Fig.l Time evolution of line-averaged electron density n~e and

temperature Te, ion (D) temperature Ti, total (Vp) and

electron (¥«) stored energies for a typical ICRF heating

discharge in JIPP T-IIU.

Fig.2 Coupled power to the plasma core (open circle) and elec-

trons only (closed circle) as a function of ICRF input

power, for a plasma current IP of 280 kA and a

line-averaged electron density n, of 7xl0l3cm~3.

Fig.3 Global energy confinement time as a function of total

input power with (closed circle) and without (open circle)

correction of the absorbed power fraction, for a plasma

current Ip of 280 kA and a line-averaged electron density

n, of 7xl013caf3.

Fig.4 Global energy confinement time as a function of the plasma

current, with (closed circle) and without (open circle)

correction of the absorbed power fraction, for an ICRF

input power of 1.8 MV and a line-averaged electron density

n. of 7xl013cnf3.

Fig.5 Global energy confinement time as a function of the

line-averaged electron density, with (closed circle) and
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without (open circle) correction of the absorbed power

fraction, for a plasma current Ip of 280 kA and an ICRF

input power of 1.2 MW.
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