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ABSTRACT

A variety of experiments have been performed on the TFTR

tokamak utilizing ICRF heating. Of special interest has been the

insight into plasma performance g_ined by utilizing a different

heating scheme other than the usual NBI. Utilizing ICRF heating
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allows control over the power deposition profile independent of the

plasma fueling profile. In addition, by varying the minority

concentration the power split between ion and electron heating can

be varied. Confinement has been examined in high recycling gas

fueled discharges, low recycling supershot plasmas, and peaked

density pellet fueled discharges. Global confinement is found not to

be affected by the method or localization of plasma heating, but the

calculated local diffusivities vary with the power deposition profile

to yield similar global values. In addition, sawtooth stabilization

observed with ICRF heating has been investigated and found to occur

in qualitative agreement with theory. ICRF sawtooth stabilized

discharges exhibit peaked temperature and density profiles and have

a safety factor q which appears to fall well below unity on axis.
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I. INTRODUCTION

The ICRF experiments on TFTR I,_, 3 have been extended to a

variety of plasma conditions. These include high recycling gas

fueled discharges, NBI fueled supershot plasmas, and pellet fueled

discharges.

The main emphasis of the ICRF program on TFTR is to support

enhanced parameters in future D-T experiments• Although the ICRF

system is envisioned to have significantly less power (ultimately

12.5 MW) than the NBI system (35 MW), the strong central electron

heating by the rf power is still expected to raise the or. production

rate and 13e of the D-T plasmas on TFTR and thereby facilitate the o_

physics experiments. In addition, the ability to stabilize the

sawtooth instability4,5, 6 could prove essential to achieving the best

performance in the highest heating power, highest plasma current D-

T experiments.

To prepare fur these experiments, we have investigated the

behavior of transport and confinement during ICRF heating and

studied the conditions for sawtooth stabilization. These

investigations will be discussed in the sections below.

II. TECHNICAL ASPECTS OF ICRF ON TFrR

ICRF heating is applied to TFTR utilizing two antennas mounted

in adjacent midplane ports. Each antenna consists of two radiating

elements separated toroidally, with independent phase control. For

ali of the experiments discussed here, the elements are phased 180°

apart. Power is applied from four rf generators operating at

47 MHz. ]"his frequency allows operation in the 3He minority mode

"_IP "_ r,lr ' ' qp ,_
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III. TRANSPORT AND CONFINEMENT DURING ICRF

A. L-Mode Discharges

In high recycling gas fueled discharges on TFTR, ICRF

heating has been applied in both the hydrogen minority (BT =

3.4 T) and helium-3 minority (BT - 5.2 T) heating modes• The

global confinement of these discharges is well described by

NBI L-mode scaling. 7 The scaling with plasma current and

power are in general agreement with the Goldston formula.

Deviation from this scaling (up to a factor of 1.5) are observed

when a large fraction of the stored energy is present in the

energetic minority ions, particularly at low plasma density

and for hydrogen minority heating where up to 30% of the

stored energy can be in the energetic minority ions• These ions

exhibit better confinement titan the bulk plasma essentially

transferring ali of their energy to the thermal ions and

electrons before diffusing significantly.

Comparing ICRF and NBI in L-mode discharges allows a

variation in heating profile, heating channel (electron vs ion),

and fueling. Parameters for two discharges are listed in

Table I. The discharges have the same plasma current,

density, and size. The power deposition, temperature, and

thermal confinement profiles are shown in Fig. 1. The

electron ternperature profiles are obtained via Thomson

scattering and the ion temperature profiles via the charge

exchange recombination technique. The ICRF power deposition

is calculated using the code SHOOT 8 in conjunction with the l-

D transport code SNAP. The hydrogen minority concentration is
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at full toroidal field (5.2 T) and H minority mode at reduced toroidal

field (3.2 T). One of the antennas and two of the rf sources are

capable of broad band operation but this feature has not been

utilized to date. Because of the antenna geometry and antenna

plasma coupling requirements, ICRF experiments are restricted for

high power operation to plasmas of large major radius (R ,,, 2.6 M, a ,,,

0.96).

During the past year, operations have been extended to higher

power, longer pulse, and over a wider range of plasma density than

previously reported. 4 Power levels up to 6.3 MW for 1 sec and 5.0

MW for 2 sec have been achieved. One antenna has achieved

operation at 5.0 MW and a power density of 10 MW/m 2 while the

other antenna has achieved 1.7 MW and 5 MW/m 2 operation. Damage

to the second antenna prevented its operation at higher power levels.

This damage is being repaired during the present shutdown and

operation to the design level of 7 MW total injected power should be

achieved. Ali experiments were carried out in the so-called dipole

phasing. Although having lower plasma coupling than monopole

phasing by about a factor of 2, dipole phasing has no problem

associated with plasma-antenna interaction. 2

Operation has been extended to high density (_e "" 8 x 1019 m-3)

utilizing pellet injection. Operation to higher density will be

attempted during the next run period utilizing multiple pellet

injection. Strong central heating is observed up to densities of 2.5 x

102o m-3 in agreement with modelling, indicating no problems in

wave propagation or absorption at these densities.



adjusted so that the SNAP predictions of stored energy and

neutron production agree with the experimental values to

better than 10%. The H minority ICRF heating leads to strong

central electron heating. Eighty percent of the absorbed power

is coupled to electrons and 20% to ions with ali the power

deposition inside of r/a ~ 0.35. The 100 keV deuterium NBI

heated plasma yields a broader power deposition profile that

is a mixture (~50:50)of ion and electron heating with the

power deposition occurring out to r/a ~ 0.7. In spite of these

differences, the global thermal confinement times of these

discharges are nearly identical ('_EIh rf- 185 ms, '[Eth NBI =176

ms). Examination of the derived radial dependence of '_Eth (Fig.

lc) utilizing the 1-D time independent transport code SNAP

indicates that thermal confinement is strongly degraded in the

center for the ICRF case and rises to the NBI level only at r

___0.7 a. Further examination shows that the enhanced

diffusivity (Fig. ld) is mostly in the electron channel (:Xe), i.e.,

the cl3annel being heated.

To compare the efficiency of heating through the electron

or ion channel, hydrogen minority and helium-3 minority

heating have been compared. In Table II, the parameters for

two ICRF discharges are listed. Neither shot exhibited

sawtooth oscillations. As in the above case, hydrogen minority

heating is mainly through the electron channel while helium-3 ,.

minority heating, due to the stronger coupling of the helium-3

ions to the thermal ions, tends to introduce more energy

through the ion channel. In addition, the helium case is



slightly off axis heating (r ,,, 0.12a), leading to a less

energetic tail due to the lower power density of the rf from

the reduced focusing of the rf waves. This less energetic tail

in conjunction with the stronger drag of 3He on the bulk ions

leads to an increase in the ion heating at the expense rof

electron heating. Again, the H minority case shows strong

central electron heating (70% electron, 30% ion for ria < 0.3)_

while the 3He minority case shows broader heating (r/a < 0.5)

that is predominantly through the ion channel (85% ion, 15% .

electron)+ Examination of the global parameters shows
't

essentially identical global thermal confinement but enhanced

total confinements in the hydrogen case due to the ,-25% non-

thermal hydrogen tail. Radial profiles of temperature, power

deposition, and confinement properties as derived by SNAP are

shown in Fig. 2. The temperature profiles for both types of

discharges are peaked even for the off axis heating case. The

diffusivities are enhanced for the channel being heated and the

enhancement is localized where the heat is applied. In

particular, the off axis heating case in conjunction with the

peaked temperature profiles leads to the inferred small

central diffusivity.

The L-mode data leads one to believe that L-mode

confinement manifests itself as a global quantity independent

of heating channel, method, or profile. Temperature profiles

are observed to be "resilient" with a tendency to remain

peaked. If heat loss is then attributed to local heat diffusion,

the derived diffusivities are seen to increase where the power



density is high and for the species the power is deposited in,

resulting in temperature profiles that are generally peaked in

ali cases.

B. Pellet Injection Experiments

The correlation of local heating and enhanced thermal

diffusivity observed in L-mode is not found during pellet-

fueled discharges with peaked density profiles. Figure 3

shows the combination of pellet injection followed by 3H e

minority ICRF heating. For a period of 350 ms following the

pellet injection, there is small central heat diffusion

(,.,1.0 m2/sec) even though the power deposition is peaked on

axis. During this time, the density and pressure profiles are

strongly peaked. The global confinement during this time is

enhanced over L-mode (x 1.6) even though a large non-thermal

population does not exist. As the density profile relaxes, the

enhanced confinement disappears and reverts to a state

similar to the gas fueled cases, where ;(e is larger

(~2.5 m2/sec) in the center of the discharge and the global

confinement agrees with the L-mode scaling value.

The next step in this program will be to extend the

experiments using multiple pellet injection during the ICRF

pulse to sustain the peaked density profile and to increase the

plasma central density. For plasmas fueled with a single

pellet, central densities of up to 2.5 x 102o m-3 have been

achieved. Effective central electron reheat upon the

application of ICRF heating is observed at ali densities,



indicating strong rf absorption in the plasma center at even

the highest densities. At present, the central density is

limited by the size of the perturbation from a single pellet.

Extrapolation of the parameters achieved to date with pellets

and ICRF heating indicate that for '_E "" 0.22 sec (present value)

and Prr ~ 12.5 MW (the maximum planned for TFTR), central

temperatures of up to 10 keV will be obtained at central

density of 1.5 x 1020 m-3.

C. Supershots with ICRF Heating

The addition of ICRF heating to supershot plasmas is

expected to be a major benefit to the alpha-physics stage of

TFTR operation. The aim of applying ICRF heating to a

supershot plasma is to raise the central electron temperature,

thereby increasing the neutral beam and alpha slowing down

time and hence the density and beta of the alpha particles in

the discharge.

iCRF heating utilizing both hydrogen and helium-3

minorities has been applied to low recycling beam fueled

discharges. In both instances, strong central electron heating

has been observed with no reduction in the total global

confinement time, which is enhanced above L-mode by a factor

of ~2. The increased central electron temperature is

accompanied by an increase in the beam stored energy.

Figure 4 shows the central electron temperature evolution for

a supershot with 23 MW of NBI heating and 5 MW of 3H e
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minority ICRF heating compared to a shot without the added rf

power.

The strongly centralized rf power deposition into the

electrons is shown in Fig. 5. Even though the total rf power is

only 20% of the NBI power, the power to electrons for r/a _<

0.25 is dominated by the ICRF. This central deposition leads to

the 20% increase in central electron temperature SNAP

analysis indicates that this increase in central temperature

leads to a 15% increase in stored beam energy. Analogously in

a D-T plasma, it would aead to a similar increase in central 13_.

For these shots the increase in temperature did not lead to an

increase in neutron level due to an increased influx of carbon

from the limiters which depleted the central deuterium

density. This decrease in deuterium accounts for the decrease

in thermal stored energy and therma; confinement time for

this discharge although global confinement was not affected

until 3.9 sec.

Lower power shots which do not have the full supershot

enhancement (due to inadequate beam fueling) do show the

neutron enhancement in the absence of the carbon influx.

Changes to the top and bottom limiters during the present

TFTR shutdown are being made to allow high power operation

of large plasma supershets with reduced carbon influx.

II1. SAWTOOTH STABILIZATION EXPERIMENTS

Sawtooth stabilization may be of particular importance on

TFTR in D-T operations. The best supershots do not have sawteeth,
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but as the power and stored energy increase, the plasma current

must be increase d to avoid MHD itlstability. 9 As the current is

increased, the sawteeth tend to reappear.

A. Stability of High Recycling Discharges

Initial sawtooth stabilization experiments were performed

in the gas-fueled high recycling regime. Sawtooth

stabilization is obserVed as in JET6 for strong central heating

that produces a large energetic ion population. Direct on-axis

heating is the most effective for stabilizing the sawteeth.

During the sawtooth stable period, the temperature and density

profiles peak. Stabilized sawteeth have been observed for

periods of more than 1 sec, limited by the rf pulse width.

Figure 6 shows a typical sawtooth stabilized discharge.

Simulation of this shot utilizing the time dependent code

TRANSplO indicates that the central q value falls from ~1 to

0.6 during the stabilized period and that the inversion radius

should increase by about 7 cm in rough agreement with the

10 cm growth observed. This increase, in inversion radius

from rinv = 28.5 cm ~ a/q(a) to a larger value rinv = 38:5 cm

indicates a strong peaking of the current profile in agreement

with the peaking of the temperature profile. This agreement

gives confidence that q is well below unity on axis during the

stabilized period.

Comparison with the theories of Coppi et al.4 and White et

al. 5 indicate qualitative agreement with these theories.

Figure 7 shows four i different sawtooth stabilized d isrharges

at different plasma currents and densities. The normalized
i



growth rate '_i='Yi/(Od is calculated using the ARES stability

code11 while the normalized 13h=13h_OA/_dhas been obtained by

performing spatial integrals over the fast ion tail as

estimated by the SNAP + rf code. 'Y'iis the growth rate of the

ideal m=l instability, O)d is the drift frequency of the fast

ions, eA is the Alfven frequency, 13hthe beta of the fast ions

inside the q=l surface, and E = rq=l/R. Note that as ne

increases for a fixed current the discharge is calculated to be

more unstable since the pressure is larger. Since the

simulation of the time evolution of the q profile indicate that

the inversion radius grows throughout the stabilized period, it

is postulated that the termination of the sawtooth free period

occurs when the normalized growth rate increases such that

the discharge evolves vertically out of the stable region.

Tailoring the rf deposition profile such that the inversion

radius does not continue to increase with time may be required

to achieve a true steady-state sawtooth stable discharge.

B. Stability of NBI Heated Discharges

Most ICRF plus ,NBI supershot plasmas are already sawtooth

stable before applying the ICRF. By studying a counter

dominated NBI heated discharge that exhibits sawteeth, ICRF

stabilization of an NBI heated discharge has been demonstrated

(Fig. 8).

During the sawtooth stabilization period, the neutron

emission is seen tc increase by ~40%. To achieve this



stabilization required an increase i_. the toroidal magnetic

fi.,.,Id to focus the ICRF heating power into the strongly

Shafranov shifted center of the discharge. This required shift

again demo_st_'ates that direct on-axis heating is most

efficacious for ICRF stabilization of sawteeth. The power

threshold for this case was between 3.0 and 3.5 MW of ICRF for

an NBI power of 7..5 MW.
I

V. CO_,LUS K_N

The addition of ICRF heating has allowed a greater flexibility in

studying plasma behavior on TFTR. Confinenent studies indicate

that while global thermal confinement is independent of heating

method, profile, or channel, the derived local diffusivities are

strongly modified with the local _'s, increasing in value where the

power deposition is large and specifically for the channel in which

the heat is introduced. An exception to this rule is observed in

pellet fueled discharges. When the density peaking is very large, the

local _. is suppressed even with strong central heating and the global

confi,lement is enhanced over L-mode. The presence of fast

particles a_lows global confinement in excess of L-mode but does

not affect the underlying thermal confinement. The superthermal

ion population has been found to stabilize the sawtooth instability

in qualitative agreement with theory. ICRF heating of supersho,_s

has led to increases in central electron temperature and stored beam

energy without degradation of s_J,_er,_,shot confinement properties. In

a O-T plasma, this increase in central electron temperature will



lead to increased n_ and _(_ thus allowing a wider range of o_ physics

to be studied on TFTR.
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