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Abstract

Recent experiments on TFTR have extended the operating regime of TFTR in
hoth ohmic= and neutral-beam-heated discharges. The TFTR tokamak has reached
its original machine design specifications (IP = 2.5 MA and Bp = 5.2 T).
Initial neutral-beam-heating experiments used up to 6,3 MW of deuterium
beams., With the recent installation of two additional beamlines, the power
has been increased up to 11 MW, A deuterium peilet injector was used to

3 4n high current discharges, At

increase the central density to 2.5 x 1020 p~
the opposite extreme, hy oparating at low plasma current (Ip ~ 0.8 MA) and low
density (i, ~ 1 x 10'? @™3), high ion temperatures (9 i 2 keV) and rotatien
speeds (7 x 105 m/s) have been achieved during injection. In addition, plasma
compression experiments have demonstrated acceleration of beam ions from 82
keV to 150 keV, in accord with expectations. T™e wide operating range of
TFTR, together with an extensive get of diagnostics and a flexihle control
system, has facilitated transport and scaling studies of hoth chmic- and

neutral-beam-heated discharges. The results of these confinement studies are

preserted.

I. Introduction

The goals of the TFTR device are (1) to study reactor-grade plasmas with

temperatures ~ 10 keV and densicies ~ 1020 m'a,

and (2) to achieve approximate
energy breakeven between the power input to and the fusion output from the
plasma (Q ~ 1). These objectives reguire the application of intense neutral
beam heating with a full energy of 120 kev, and eventually tritium target
plasmas., The increasingly wide operating range of TFTR has facilitated

trangport and scaling studies in both ohmie- and neutral-beam-heated

discharges. With the installation of two additional beamlines, for a total of



four, the neutral beam power has been increased up to ~ 11 MW and in the
course of a year will apprecach its design goal of 27 MW. The focus of the
next series of experiments will be to optimize the plasma performance at these
higher power 1levels in preparation for a demonstration in 1987 of ¢ ~ 1
equivalent conditions in deuterium discharges.

Two principal approachés exist for demonstrating Q ~ 1 in TFTR. The

3

first is in the standard neutral-beam-heating regime (r'xe > 5 x 1019 m~° where

r’ae is the line-averaged density) at full power. In this regime, beam-target
and thermonuclear reactions predominate. Achieving © ~ 1, in this regime,
will require energy confinement times of ~ 300 ms at full heating power
(Eubank et al. 1985). fThe second is the energetic ion regime in which beam=-
beam and beam-target reactions dominate. This is a low-density regime in
which the energy stored in the fast ions is relatively large and the nTg
required toc achieve Q@ ~ 1 can be reduced significantly (Jassby 1976). Yet
another alternative is to supplement neutral beam heating with adiabatic
compression by rapidly reducing the major radius. Adiabatic compression not
only increases the plasma density and temperature but also increases the fast-
ion energy and thus the plasma reactivity. -

In this paper, a brief description of the device and the present status
will be given. The operating region for ohmic~- and neutral-beam-heated
discharges will be described, followed by a description of parametrlic scaling
studies of ohmically heated discharges. Neutral-beam-heating scaling and
9 =3 for Pin

profile studies in the standard regime (i, > 3 x 10 < 1MW)

3
will be discussed, A brief review of adiabatic compression results will be
given, followed by a discussion of novel ohservations in the energetic ion

regime,



II. Machine Status

TFTR is a circular tokamak with an air-core transformer. The resistance
of the vacuum vessel is relatively high (3.1 mi) to accommodate major=radius
compression experiments. A flexible control and power supply system
facilitates exploration of a wide range of different operating regimes.
Feedback systems are used to control the plasma current, major radias,
vertical displacement, and electron density (Hawryluk et al, 1984 and Muellar
et _al. 1986). A description of the diagnosties is given by Johnson and Young
(1283).

An initial series of experiments with two neutral beamlinmes was completed
in April 1985 during which time TFTR reached its original machine design
snecifications in plasma current and toroidal field (Ip = 2.5 MA and By = 5.2
T, Subsgquently, major upgrades to the neutral-beam-heating system and
vacuun vessel components have taken place.

The neutral beam injection system was composed of two beamlines operating
at ~ 30 kV, both injecting tangentially in the direction of the plasma current
{co-injectinn). The maximum power, using deuteFium beams, was 6.3 MW with a
pulse duration of O.S S. Subsequently, two additiaonal beamlines were
installed, Of these, one beamline is {n the direction of the plasma current
and one opposite {counter-injection). A summary of the neutral beam system
parameters is given in Table 1, The tangency radii of the different beam
sources were chosen to vary from 1.74 to 2,84 m to facilitate neutral beam
power Jeposition profile studies. At a fixed plasma position, it is éossible
to select beams to preferentially heat the plasma core or the plasma edge.
This capability will facilitate detalled studies to test various transport
models as discussed bhelow. At the end of 1986, the beam system will bhe
modified to provide higher average energy particles and longer pulse duration

as shown in Table 1.



Prior to April 1985, the major internal vacuum vessel components were the
moveable limiter assembly, bellows cover plates, and a partial set of
protective plateé to guard against damage of the vacuum vessel wall due to
neutral beam power deposition. During that run, the plasma was principally
limited by the moveable limiter agssembly cowposed of three water=cooled
Inconel blades covered with grephite tiles. For the large plasma experiments,
the plasma major radius, R, was typlcally 2.58 m and the plasma minor radius,
a, was 0.B2 m. During the recent installation period, the inner wall Inconel
bellows cover plates were replaced with an axisymmetric inner wall bumper
limiter. This limiter is composed of water—cooled Inconel plates coverad with
graphite tiles, ard is able to handle much more power than the moveable
limiter. T~ inner wall limiter defines the present large plasma dimensions
to R = 2,48 m and a = 0.82 m. The full complement of protective plates was
also installed,

Towards the end of the in;tial set of experiments with two neutral beams,
a repeating pneumatic pellet injector developed at Oak Ridge National
Laboratory (Combs et al. 1985) was installed and successfully operated to fuel
the discharge. The injector was operated in deuterium to produce single 4 mm
diameter (2.1 x 1027 peo) pellets at 1300 m/s, or multiple 2,67 mm diameter (7
x 1020 D°) pellets at up to 1350 m/s. The injector is capable of producing 4
mm pellets at 1900 m/s when operated in hydrogen. In May 1986, a more
flexible eight-barrel pneumatic injector will be installed with different size
pellets to optimize the fueling deposition profile and hence the density

profile.



IIT. Operating Range

The operating range for large plasmas during the two nentral beam
experiments conducted on the moveable limliter is illustrated by means of the
Hugill diagram shown in Fig. 1 where q, is the limiter safety factor. The
approach to the high Jensity limit is characterized by the occurrence of high
edge radiation, which begins near the inner wall as a MARFE (Lipschultz et al.
1984), and finally by high density disruptions. In deuterium gas-fueled
discharges, the density limit corresponds to a Murakami parameter ﬁe R/B., of
019 m—2 T—1

~ 3.2 x 1 « By means of pellet injection or the use of helium as

the working gas, higher 1line-averaged densities of up to B x 1019 m‘3,
corresponding to a Murakami parameter of ~ 5.6 x 1079 2 '1"1, were achieved
during operation on the moveable limiter (Schmidt et al. 1985). Recent pellet
injection experiments on the inner wall have produced Murakami values of 6.5 x
10" 1~2 771 and a line-averaged density of 1.4 x 102° n=3. Near the gas-
fueled density 1limit, by carefully programming the current and density
waveforms, it is possible to establish stable discharges with a cold radiating
mantle surrounding the plasma that isalates the hot core from contact with the
limiter for many enerqgy confinement times (Strachan et al. 1985), The
stability of these discharges and the observation that the density limit is
different for gas-fueled and pellet-fueled discharges suggests that the
density 1limit 1is not merely dQefined by thermal stability due to the
temperature dependence of impurity radiation as analyzed previously by Gibnon
(1976), Rebut and Greene (1977), Ashby and Hughes (1981), ohyabu (1979),
Roberts (1983), and Perkins and Hnlse (1985), but is also affected by the
fueling profile and plasma recycling.

The low density limit is determined by recycling from the limiter and the

particle confinement time. With increasing plasma current, the low density



limit increases, Thus, in order to obtain the low density discharges, of
particular importance in the energetic ion regime studies, reduced current
operation has been required.

In ohmically heated discharges, Zeff decreases with increasing density.
According to  visible bremsstrahlung and :t-ray pulse~height-analysis
measurements and neoclassical resistivity calculations, Zogg = 1.2 has been
achieved in high density discharges defined by either the moveable limiter or
the inner bumper limiter. During a neutral beam power scan at an intermediate
density of = 4.6 x 10'? 23 on the moveable limiter, Zopp was found to
increase from = 1.8 to = 2,8 with increasing power up to an injected power of
5.6 MW, TRecent experiments on the inner graphite bumper limiter do not show a
significant increase in Zagg WP to an injected power of = 11 MW (with Zape S
2) as determined by pulse-height-analysis measurements and neoclassical
resistivity calculations. fThe principal impurity is carbon which determines
both Zeff and the dilution of deuterium ions, though oxygen impurities appear
to play an important role at the density limit (Dylla et al. 1986).

In typical high current discharges, the most prominent type of MHD
activity 1s sawtooth oscillations (McGuire et al. 1985). Sawteeth appear to
play an important role in determining the temperature profile shap2 in the
core of the discharge. However, they have little effect on the overall energy

balance under present operating conditions (Murakaml et al, 1985b).

IV. Confinement in Ohmically Heated Discharges

Pravious expariments (Hawryluk et al. 1984, Efthimion et al. 1985) at

modest toroidal fields (¢ 2.8 T) and plasma currents (€ 1.4 MA) demonstrated

2

that the global energy confinement time, Tge Scales as EeqaRa reaching a

maximam value of g™ 0.3 9. Recent ohmic experiments utilizing both gas- and



pellet-fueled discharges have concentrated on exploring the applicability of
the previous scaling law cover a wider operating range in density, torcidal
field, and plasma current.

The analysis of the energy confinement time has relied upon the time-
independent kinetic analysis code, SNAP. Figurs 27 ig 3 anummary of the ohmic-
heating studies €for large plasmas on the moveable limiter. In gas-fueled
deuterium discharges, the confinement time increases up to 0.44 s, in
reasonable agreement with n,q, scaling for §, g 4.8 x 10'2 ™3, However, in
both high density helium discharges as well as high density deutarium pellet
discharges, the confinement time no longer increases linearly with line-
averaged density. The.rollover in the density scaling of ohmically heated
discharges is in £fair agreement with the predictions of the empirical
confinement mo&el proposed by Goldston (1984), assuming that the H-mode
scaling applies in these ohmic discharges. [This corresponds to multiplying
the L-mode auxiliary confinement time by a factor of two.] L-mode scaling
significantly underestimates both the confinement time and the density at
which the transition from linear density scaling occurs. In the high density
ragime, the confinement time is observed to be only a weak function of plasma
current, also in fair agreement with Goldston's H-modz model., Analyses of the
energy balance for helium discharges in the high density regime, utilizing
Thomson scattering electron temperature profile measurements and Doppler
broadening measurements of the TiXXI K, line to determine the central ion
temperature, indicate that the electron channel and not the ion channel is
rasponsible for the rollover, assuming that electron-ion heat transfer is due
to Zoulomb collisions. Howaver, small systematic errors in either megsurement
could alter this conclusien since (Te - Ti)/'rE << 1 so that, at present, it is

not possible to exclude the pogsibility that ion transport is responsible for



the rollover as indicated in the Alcator-C experiments (Greenwald et al.
1985).,

In addition to inereasing the line-averaged density, pellet injection
enablegs the formation of highly peaked density profiles, A line-averaged
density of 1.4 x 102% n~7 has been achieved following the injection of three
2.7 mm pellets in recent experiments conducted on the inner graphite
limiter. The central electron density was 2.5 x 1020 n3 and the central
electron temperature was 1.25 keV as measured by Thomson scattering 400 ms
after the last pellet was injected. The line~averaged density decreased to
1.0 x 1020 o3 by this time. The energy confinement time was ~ 0.40 s
according to kinetic and diamagnetic measurements corresponding te an n {0} Tg
= 7 2 1029 n=3 5, The radiation loss on axis in these high density discharges
due to bremsstrahlung ccllisions (Karzas and Latter 1961), Pps is = 50 kw/m3
for a pure hydrogenic plasma., This is a signiflcant fraction of the local
ohmic input power, pb/pOH ~ 0.2, unlike in typical tokamak discharges. That
bremsstrahlung may be important has been previously recognized. Pease (1957)
pointed out the general constraints imposed on pinches when bremsstrahlung
radiation equals the ohmic input power.

This peaked density profile was achieved by decreasing the plasma minor
radius to 0.7 m and the plasma current to 1.6 MA in order %to improve the
pellet penetration. For a given pellet size and speed, an optimum target
plasma needs to be established for adequate penetratlion because of the strong
dependence of the ablation rate of the pellet on electron temperature. The
new eight-barrel pneumatic injector with multiple pellet size and independent

firing time will provide additional flexibility to optimize the deposition

profile further,
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V. Neutral-Beam-Scaling Studies

The variation of energy confinement time with injection power up Lo
~ 11 M4 was systematically studied by operating so that the density at the and
of the injection pulse was approximately constant (f, = 4.2-4.8 x 10'? 073y,
These erperiments were oonducted in the large plasma configuration on the
inner wali limiter with dewnterium gas fueling, deuterium beans, Ip = 2,2 MA,

and By, = 4.8 T. Because there was a large power-dependent density rise due to

T

j ~ 11 MW}, the dengity before injection

was decreased as the power increased to maintain the approximately constant

the beam (4n_/n, up to ~ 0.7 at Pin

firal density. In this power scan, the electron and ion temperature in
ohmically heated discharges was ~ 2.5 keV. At Pinj = 10 MW, the electron

temperature increased to ~ 4 keV according to Thomson scattering and x-ray

>

pulge-height-analysis measurements, while the ion tempurature increased o
~ 5,2 keV according to Fe}ng Ky Doppler~broadening measurements. Measurements
of the neutron flux using the techniques described by Hendel (1986) show that
the neutron source strength increases with injected power up to ~ 1 x 1015
n/s. The calculated neutron source strength using the K, Doppler-broadening
measurements for the central ion temperature and assiming classical slowing
down of the East ions in gags-fueled neutral-beam-heated discharges 1is
typically a factor of ~ 2 larger than the measured neutron source strength. A
similar discrepancy was algo observed in the compression experiments (Wong
et al, 1985) and in gas-fueled ochmic experiments. The reasons for the
discrepancy are under investigation,

Figure 3 shows the variation in the total stored energy in the thermal
ions (Wi], electrons (we), and beam ions (Wb) with heating power (Pheat) for
the 2.2 MA power dgcan. Both kinetic and diamagnetic loop measurements are

shown. Because the enevgy stored in the beam ilons is evaluated to be amall,
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the interpretacion cf the diamagnetic measurements assumed the plasma was
isotropic. The heitiny power (Py,,.) 1s defined as the sum of the ohmic (POH)

and the absorbea? beam power (P ) after subtraction of the calculated fast-

abs
inn charge exchange loss (ch), whi¢h is 8-16% of P, . in these experiments.
"he stored energy increases linearly with heating power; howsver, the rate of
increase of stored energy, dwp/dpheat‘ is appreciably 1less then the ohmic
confinement time., The less-than-expected jincrease in stored energy is due to
degradation cf the global energy confinement with auxiliary heating, Previous
measurements of the power radiated and the heat flux to the limiter in the
scandard neucral-beam-heating regime are in good agreement (within & 10%) with
the ohmic- and neutral-beam-heating power (Murakam: et al. 1985a).

“he gross energy confinement time T.{a) (2 wp/Pheat in equilibrium where
Wp = Wy + w'i) for the data shown in Fig. 3 fits the form of a + B/Pheat where
the "incremental®” confinement time & = 0,09 s for 2.2 MA discharges. an
alternative and commonly used technique is to fit tg(a) by a power law
dependence of P-\l'{leat where Y = 0.6 for this data. F.r high current TFTR
discharges, both formuiations result in similar extrapolations for TE(a) for
when the heating power will be increagsed to 27 MW, Figﬁre 4 shows the
variation of T{a} with power and the predictions of the empirical scaling
model proposed by Geldsten (1984), As mentioned above, the ohmic results are
in fzir agreement with the H-mode model; however, the hiligh power beam-heating
results are in better accord witih the L-mode mecdel. These recent results are
in good agreement with‘ the previous results reported by Murakami et al.
{1985b) on experiments conducted on the movezhle limiter at the same plasma
current and density. In those experiments with P, € 5.6 MW, the energy
confinement time was typically 10-15% greater at the same pawes., Figure 5

shows the favorabl!e variation of TE(a) with plasma current as found in smaller
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tokamaks with injection (Murakami et al. 1985b). In TFTR, variations in
plasma current are typically accompanied by variations in electron density. &
jolnt confidence analysis of the database for auxiliary heating indicates that
1z(a} is indeed a strong function of plasma current and a weak function of
density.

The degradation of confinement time with power was anticipated based on
the performance of smaller tokamaks, On smaller devices, a wvariety of
technigues has been effective in increasing the confinement time (see
references in the review paper hy Kaye, 1985). The most successful technique
has been the use of a divertor to define the plasma boundary (Keilhacker et
al. 1985, Xitsunezaki et al. 1985, Fonck et al. 1984, and Overskei et al.
1984). In limited discharges, by carefully admitting low-Z impurities
(Lazarus et al. 19B4), by injecting pellets {Sengoku et al. 1985), or by the
use of a pumped limiter on the large major-radius side (Budny et al. 1984),
enhancements in the energy confinement time have been achieved. In the
upcoming series of experiments, the goal will be to extend techniques which
have worked successfully on smaller devices and to develop new ones suitable
for the present larger higher power tokamaks such as JET, TFTR, and -JT-60.
Though the empirical scaling models provide a useful benchmark for evaluating
the efficiency of confinement enhancement techniques and device performance,
the reasonable agreement between the empiricalr scaling models and the
experimental resultz is not an indication of a fundamental understanding of
plasma transport. This is shown by the results on smaller devices which
exceeded the predicticns cof L~-mode scaling. Indeed reproducing these enhanced
confinement results on a larger machine would be a major step towards

enhancing this understanding.



VI. Profile Variations During Neutral Beam Injection

The heating profile during neutral beam injection is primarily determined
hy the beam energy distribution, injection angle, beam species, and plasma
density profile. In comparison with the ohmic heating profiles, which during
the current flattop are peaked on axis, the beam~heating profiles, aspecially
with D° beams and high density discharges, can be much broader and in some
cases even hollow. Thus, one might expect that the shape of the temperature
profile would be substantially dJdifferent during neutral beam injection.
However, this is not observed. -

In TFTR ohmic studies, Taylor et al. (19BS5) have shown that the electron
temperature profiles are correlated with L Similarly, in PDX neutral-beam-
heating studies, Goldston (1984) and Kaye et al.{1984) demonstrated that the
ratio'(Te>/Te(0), where <T.> is the volume-averaged Tgr is a function of 1/a,

independent of beam power. Fiqure 6 shows the sawtooth-averaged <Te>/Te(O) as

a function of 1/q, for TFTR discharges (Murakami et al, 1985b}. In addition,
the radius of the g = 1 surface (as determined by the soft x-ray imaging
system) is also observed to be a function of 1/q; for the same data
independent of beam power (Murakami et al. 1985b). These studies were
conducted during the flattop phase of the plasma current pulse in order to
minimize variations in the current density profile associated with the current
penetration phase and the development of the g = 1 surface. That both
<Te>/Te(0) and the radius of the q = 1 surface are functions of 1/q, suggests
that there are natural profile shapes for T,{r) and possibly q(r) associated
with the limiter safety factor. Coppl (1980}, Perkins {1984), and others have
discussed the impllcations of a constrained temperature profile for anomalous
transport., Recently, Furth (1985) and Furth et al. (1985) have discussed the
constraints on current profile shape 1imposed by resistive kink stability

requirements and their ramificaticns.
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At present, further experiments are in progress to examine whether the
current or the temperature profile is more severely constrained by q,- In
equilibrium, the current and temperature profile are related by the plasma
conductivity. By applying a strong current ramp of up to 2.8 MA/s (starting
at IP = 1.4 MA and increasing to 2.2 MA), the current and temperature profiles
have been transiently perturbed. Despite the large current ramp-up rate, the
current penetration g¢an be sguccessfully modellsd using a one~dimensional
magnetic field diffusion code, TRANSP (Hawryluk 1980), using the measured
electron temperatl;re profile and assuming neoclassical resistivity. Bursts of
MHD activitv, which occur at the highest ramp rate (typically when Ty is ~ 4},
result in a significant decrease of the electron temperature in the plasma
periphery which has been taken into account in the analysis. Detailed
analysis of these discharges during beam injection experi:znts is in progress.

That the electron temperature profile shape (with electric field
approximately constant across the profile) ig a weak function of beam power
and is similar to the ohmic temperature profile has several interesting
implications since the heating profile in beam-heated discharges is different
€rom the chmic heating profile., Murakami et al. (1985a) showed that, despite
shallow beam penetration with D° injection, TE(a) values are as large as those
with more penetrating H° injection, and that the central core confinement is
greater with D® injection. Similar results have been reported by Speth et al.
[1985) on neutral beam experiments conducted in ASDEX. These observations are
similar to the T-10 electron-cyclotron-heating results which showed that the
confinement time remained roughly constant as the resonance layer was moved
from r =0 to r~ 0.5 a (Alikaev et al. 1985). Figure 7 shows the fraction of
the plasma stored energy, Fy, within r = a/3 as a function of the fraction of

the heating power, F deposited within r = a/3. In ohmic discharges, Fa

pl
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increases as FP is raised by raising g,. With neutral beam injection, Fp
varies over a much wider range (a factor of 5); however, the variation in P
is no broader than in the ohmic case and is determined basically by q, rather
than by F

Since F/F, = rE(a/:i)/IE(a], this indicates that the core

p* P
confinement with poorly penetrating beams (in particular with pellest-fueled
beam-heated plasmas) is substantially greater than the gross energy
confinement.

Schmidt et al. {1985), using a time-dependent kinetic analysis code,
TRANSP (Hawryluk 1980, and Goldston et al. 1984), has shown that in the
pellet-fueled discharges the central energy cc'mfi.ne‘men\‘? time to{a/3) is ~ 1 s;
however, the global energy confinement is = 0.2 s which is similar to that in
lower density gas-fueled discharges. The results of the analysis indicate
that the improvement in the central confinement time is due' to a reduction in
the thermal diffusivity and not due to a reduction in the thermal gradients
(i.e.,, the temperature profile is largely consistent]. Furth (1985) and
Zweben, Redi, and Bateman (1986) have pointed out that the high density, non-
centrally heated regime which can be achieved with pellet injection should
lend itself to the study of alpha-heating effects. Under these conditlons,
the central region is expected to have a favorable nt o value, along with
minimal levels of nonfusion background power deposition.

In these experiments the large varlations in heating bprofile ware
accompanied by variations in electron density. Thus while the global energy
confinement wag not found to vary with dengity, part of the variation in the
central confinement time may be due to a change in the central density.
Experiments are in progress to examine this by preferentially heating either
the edge of the plasma or the core at constant density. This will be

accomplished by choosing scurces with different tangency radii. The temporal
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evolution of these edge~heated discharges may also enable us to examine
whether an inward heat pinch is present. Aan inward heat pinch would affect
the conventional thermal diffusion analysis which was used to analyze the
pallet-fueled discharges. Direct edge heating can algo be used to test the
hypothesis proposed by Rebut and Hugon (1985) about local heiting versus power

radiated in determining the stability of magnetic islands,

VII. Major-Radius Compression EXperiments

Compression experiments in which the plasma major radius was reduc:d from
3.0 to 2.1 m in~ 20 ms have been performed in TFTR. In an initial series of
experiments, Tait et al. (1985) observed that the increase in T,(0) was less
than theoretically expected, though the discrepancy in n,(0) scaling was
less. Furthe experiments and analysis {Kiraly et al. 1985) indicate that
high freguency MHD activity during compression as well as the occurrence of an
exceptionaily large internal disruption I[sawtooth oseillation}? may be
important to the understanding and interpretation of these results.
Additional experiments are planned to clarify the role of MHD activity and to
evaluate transport during compression. During the two neutral beam run
period, acceleration of beam ions was studied in 450 kA -discharges that were
compressed from 3.0 m to 2,17 m in ~ 15 m3, The tangentially coinjected
deuterium beam ions were accelerated from 82 to 150 keV in good agreement with
Fokker-Planck simulations as shown in Fig, 8 (Wong et al. 7985, and Kaita et
al, 1986), Measurements of the neutron emission from d(d,n)3He reactions and
of 15 MeV protoi:: from 3He(d, plx reactions show a substantial enhancement of
the plasma reactivity as expected. Future effort on plasma compressicn will
focus on utilizing it as a tool to understand plasma transport during the

intense auxiliary heating which occours during campression.



VIII. Energetic Ton Mode

Operation of TFTR at low I_ (0.4-1.0 MA) and high beam power has allowed

P
access to a very-low-density regime (A, ~ 1 x 10'2 n=3) characterized by high
values of ion temperature and toroidal rotation velocity. In this regime, the
density rise saturates during injection and the overall density increase is
much less than the integrated numbter of heam icons injected into the torus.
The reduced density rise together with -the lower ilunitlfal density is required
for operation in this regime. The dependence of the .uncorrect.ed ion
temperature measurenents (from TiXXI Ku Doppler broadening and aear-
perpendicular passive hydrogen charge-exchange analysis) on absorbed beam
power normalized by line-av;raged density is shown in Fig. 9. Substantial
corractions to both ion temperature measurements are caleulated., The impurity
ion temperatures need to he corrected for the preferential coupling of the
beam power to the impurity ions (Eubank et al. 1979). In addition, smaller
corrections due to the emission profile and the shear in the toroidal velocity
affect these measurenents. The charge-exchange measurements are corrected for
emission profile, plasma opacity, and the high torocidal velocity. Central
hydrogen temperatures up to 9 % 2 keV have been achieved. The lon-heating
efficiency, m =ATiﬁe/Pab5. in this regime is similar to that in the standard
regime (Medley et al. 1985),

The central tornidal velocity 1s measured by the Doppler shift of the
TiXXI K, line and increases linearly with Pinj'/ﬁe up to 7 x 105 m/s as shown
in Fig, 10. This corresponds to a ratio of V,(0)/vy = v¢[0]/(Ti/mH)"/2 =
0.6. At modest values of the parameter Pinj/ﬁe' measurements of the toroidal
velocity using the m = 1 sawtooth pfecursor are in good agreement with the

Ti L line Doppler shift mecasurements. At high power, sawteeth and the m =1

precursor are not absaerved.
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buring neutral beam injection, the surface voltage decreases
substantially. Experiments utilizing three co-heamlines have resulted in
negative surfa¢e voltages (Vs = - 0,15 V) with Pinj of ~ 8 MI¥ in a 700 kA
discharge with ﬁe = 2 x 1019 m-a. The surface voltage at the end of the
injection pulse decreases with increasing power and increases with increasing
current. TRANSP analysis and BALDUR simulations, which do not yet include the
effects of plasma rotation, predict a nentral-beam-driven current ot 300-500
kA with pinj ~ 5 MW. A more gquantltative comparison between theory and
experiment requires the inclusion of plasma rotation in the tise-dependent
analysis. The usual assumption that the plasma motion is negligible compared
with the fast-ion velocity is not adequate in this vegime, substantially
complicating the analysis of these discharges (Goldston 1985). Inclusion of
these effects in the time-independent code, SNAP, results in a s=ignificant
reduction in the beam density, a reduction in direct beam heating, and the
addition of viscous heating. Further work on evaluéting the effects of
rotation is in progress. Despite a large population of beam ions and high
toroidal velocity, the behavior of the ion heating, momentum confinement, and
global energy confinemeat is gimilar to that observed in the standard neutral-
beam-heating regime. With the addition of a beamline oriented in the counter-
direction, the effects of plasma rotation and beam current drive on
confinement will be readily studled. Furthermore, in this e¢onfiguration,
subgtantial enhancerients in neutron production from collisions hetween co- and

counter-streaming fast iong are expected, especially if tritium and deuterium

beams are used simultanecusly.



19

IX. Conclusions

The difficult problems associated with making high-field, high-current,
high-electron density, and high-purity discharges have heen successfully
raesolved in TFTR. Ohmic discharges spanning a wide range of operating
parameters provide a variety of interesting target plasmas for neutral bheam
injection. Pellet injection can create target plasmas with exceptionally high
central densities and long energy confinement times. The initial neutral-
beam-heating experiments with two beamlines have further expanded the
operating parameters. During the next phase of operation, the emphasis will
be to gain a bhetter understanding of the transport properties in order to
optimize the energy confinement time. Technigues for the enhancement of T
that would be effective at high power in a large undiverted tokamak could have
a significant impact on the design of future DT reactors. Experiments in the
IOWQdensity energetic ion regime offer an alternative approach to achieving @
~ 1 and are of basic physics interest. The acceleration of beam ions during
compression has been demonatrated to increase the plasma reactivity as
expected. The four large tokamaks = JEF, JT-60, and TFTR, which are now in
operation, and T-15 which is under construction - have been optimized
differently. Their roles 1n the advancement of fusion research are quite

digtinctive and each device will be able to make a unique contribution,
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Tahle 1

Neutral Beam System Parameters

April 1985 February 1986 April 1987

Pulse Length (sec) 0.5 0.5 2.0
Voltage (kV} - 80 80 120
Number of Beamlines 2 4 4
.Ion Sources B 1 12
Beamline Configuratian 2-co 3=-co 3-co

1-ctr 1-ctr
Power (MW) (deuterium) 6.3 11 27

Power at Full Energy 3 5.5 20



25

Figure Captions

Figure 1

Figqure 2

FPigure 3

Figure 4

Figure 5

Operating range of TFTR gas-fueied and pellet-fueled deuterium
discharges conducted on the moveable limiter. q, is the limiter

safety factor,

Gross energy confinement versus Eequa for ohmically heated
discharges with and without pell.t ilnjection. These experiments

wvere performed on Jhe moveable limiter in the large plasma

configuration,

vVariation of the electron, 1ion, and beam-stored energy with
heating power for the 2.2 MA power scan. NDiamagnetic

measurements of stored energy are shown for comparison.

Variation cf the arcss energy confinement time for the power scan
and comparigson with L- and H-mode scaling model of Goldston

(1984).

Depundence of the gross energy confinement on plasma current for

experiments conducted on the moveable limiter during experiments

performed with two neutral beamlines.



Figure 6

Figure 7

Fiqure 8

Figure 9

Figure 10

26

ratlo of volume-averaged electron temperature to central electron
temperature as a function of the inverse of the limiter safety
factor, Rll data polnts are averaged over several sawtooth
periods, except the data shown by a vertical 1line which 1a
bounded by two values Ffor the Te(r) profiles before and after a

large internal disruption (sawtooth oscillation).

Fractional total stored energy within r = a/3 versus fractional
heating power Azposited within r = a/3. The shaded area
indicates a large number (~200) of ohmically heated discharges.
Charge—-exchange measurements of the fast-lion slowing~down spectra
before and aEter major-radius compression commencing at 2.5 sec.

The dashed curves are Fokker-Planck simulations.

Dependence of the uncorrected ion temperature measurements based
on Doppler broadening of T; ¥, lines (Timp) and perpendicular

charge-exchange spectra [T;{cx)] as a function .of Pinj/ﬁe' The

correction to the neasurements is shown by the arrows.

Central toroidal rotation velocity as a function of the: ratio of

injected beam power to line-—averaged electron density.
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