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ABRSTRACT

The TFTR tokamak has reached its original machina design specifications IIQ = 2.5 4\ and
Bp = 5.2T}. Recently, the D°® neutral beam heating power has been Iincreased to 5.3 M4. 8y
sperating at low plasma current (I_ = 0.8 MA) and low density (Ee » 1 x 10"7a">), 41igh ian
temperatures (9 = 2 keV) and roé;tion speeds (7 x 10° m/s) have be=n achievaed during
injection. At the opposite extreme, pellet injection into high current plasmas has been
used to_increase the line-average density to B x 10 7m™” and the central density to 1.6 x
1020 m~°. This wide range of operating conditions has enabled us to conduct scaling s=sudies
of the global enerqgy confinement time in both ohmically and beam heated discharges as wall
as more detailed transport studies of the profile dependence. In ohmic discharges, the
energy confinement time is observed to scale linearly with density only up %o 7_ ~ 4.5 x
10"%n" 3 and then to increase more gradually, achieving a maximum value of ~ 0.45 s. In beam
heat2d discharges, the energy confinement time is observed to decrease with beam pow2r and
to increase with plasma current. With P = 5.6 MW, Ee = 4.7 2102”7, I_ = 2.2 M2 and By =
4.7T, the gross energy confinement time is 0.22 s and T,{0) = 4.8 keVs Despite shallow
penetration of D° beams (at the beam energy < 80 kev with low species yield}, tE(a) salues
are as large as those for HY injection, but central confinement times are substantially
greater. This is a consequence of the insensitivity of che temperature and safaty factor
profile shapes to the heating grofile. The radial variation of tp is even more prorounced
with D° injection into high density pellet-injected plasmas.

BSTHEUTIS OF THIS DOCUMENT 1§ PHLINITED ,

KEYWORDS

Tokamaks, TFTR, Confinement, Neutral Beam Injection, Ohmic Heating, Scaling

*Presented at the 12th European Conference on Cuatrolled Fusion and Plasma Physics,
Budapest, Hungary, September 1985 (Invited talk). The proceedings are to be published
in Flasma Physics and Controlled Fusior.




INTRODUCTION

Since the last IAEA conference (Efthimion and co-workers, 1985; Eubank and co-workers, 1985)
the cpsrating range of the TFTR tokamak has increasad substantially with operation ¢f the
toroidal field, B, and plasma current, I, up %o the full design values of 5.2T {at major
radius R = 2,48 m) and 2.5 MA, The total D® neutral beam power has been increased up tc 6.3
MW with the beam energy up to 80 keV. Both ohmic and neutral beam experiments have utilized
the recently installed ORNL repeating pneumatic pellet injector (Combs and co-workers,
1985), In addition, an enpergetic ior regime, which is achiaved by high power neutral beam
injection into low density discharges, has been explored. Table 1 lists parameters of
typical discharges in the different modes of operation.

TABLE 1 bparameters of DBischarges in Various Modes of Operation

(R = 2.58m, a = 0.82m}

Standard Pellet Standard Pellet Energetic Maximum

OH OH NB NB Ion {Minimum)
Shot 14618 13640 14734 14773 14281 -—
1, [MA) 2.2 1.4 2.2 2.2 0.7 2.5
By (Tl 4.7 3.9 4.7 4.7 3.9 5.2
q, 2.8 3.5 2.8 2.8 7.5 g (2.3)
Pinj [qug -3 0 0 5.6 5.7 4.6 5.3
i, [10'7m 3] 4.8 b 4.7 7.0 1.0 7
n (91 (102173 641 16 642 10.2 2.0 16
T (0) [keV) 2.5 1.3 4.9 2,7 3.7 S
T, (0) [kev] 2.3 1.3 4.8 2.6 8.321.5 912
tgla) sl 0.44 0.45 0.2? 0.22 ~0.10 0.45

As a result of the extension in parameters, improved cleanliness, and the performance cof the
pellet injector, significant progress has be2n made in increasing the line-average ela2ctron
density, A_, and the gross emnergy confinement time, tef{als Neutral beam injection has heen
used to heat the plasma in both the “standard" regime a% high density and high currant as
w2ll as in the "energetic ion" regime at low density and current. The extanded operat:ng
range has epnabled us not only to explore the parametric dependence >f the confinement time
and heating efficiency, but also to study the role of "profile consistency” in establishing
the profiles of electron temperature and safaty factor, qlr). Even when a strongly non-
central heating profile was applied, the temperature and pressure profile shapes weare
observed to be altered only weakly and no significant change was ohserved in the gross
energy confinement, implying a relatively long enerqy confinement time in the core region,

This paper reviews the present status of confinement studies in TFTR. Fsilowing a brisf
description of the characteristics of ohmically heated plasmas, recent neutral beam heatinag
and confinement results in the standard regime will be described. Ifterwards, the ra2sults
in the ene.getic ion regime will be summarized.

CONFINEMENT OF OHMICALLY HEATED PLASMAS

In +the present extended operational range, ohmic-heating confinement studies have
concentrated on exploring the range of applicability of the scaling law established
previously, 1E(e) @ Ee quRa (Hawryluk and co-workers, 1984; Efthimion and co-warkers,
1984} whera n is the line-average density, and q, is the cylindrical limiter safaty
factor. Figqure 1 shows results of these studies, The axtended %perational space ranges to
a minimup of qy ~ 2.4, and a maximum density of Ee -~ 5,3 x 10‘9m- with 02 gas puffing and 8
x 10%%0"3 with either D pellet injection or Hs gas puffing (corresponding t> values of the
parameter ﬁe(1019m'3) R(m)/Bp {T) of 3.3 and 5.6 respesctively).

The main impurity species in the TFTR plasma are carbon. (the material of the outer moveable
limiter) and oxygen, At low densities (i, = 1 x 10'°p™7), substantial contributions to 265
from nickel and titanium are observed, which decrease rapidly with increasing density. As
the density limit is approached, oxygen line radiation increases and a poloidally asymmetric
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radiation feature, MARFE (Lipschultz and co-workets, 1984), appears cn the ianer major-—
radius periphery of the plasma. The initial application of chromicm gettering priorv to 2
run was effective in reducing the oxygen radiation, in incre2asing the density limlt by 20%
and in reducing Z,e¢ (from visible bremsstrahlung) to 1.4 at n, = 4.7 x 10 3.  The
reduction in Ze and the radiated power fraction, Prad/PoH' to ¢ 40% from the levels
previcusly reported {Hauryluk and co-workers, 1984; Bfthimion and co—workers, 1984) is also
strongly currelated with an uninterrupted high-power operating period of »~ 2400 discharges.

The analysis of the energy confinement time was performed by using the time-indepandent
snapshot radial-profile analygis code (SNAP)., The largest value of vpla) with D, puff-.nt;
was 0.44 s at F‘e = 4.8 x 10 0~3, which is roughly consistent with the scaling tp = 1,q,.
In He plasmas, rg(a} wags observed not to scale linearly with ﬁe as the density was Increased
to x'{e = 8 x 10 m 7 In high-density He plasmas, the dependence of Tg on g, @as weaker
than in D plasmas. Transport analysis of the high density He plasmas using TiXXI Ky Doppler
nrroadaning measurements of the ion tapperature indicates that the roll-over in tg with
density ig due wainly to electron transport. A neoclassical mulitiplier necessary to explain
the rsll-over by ion transport alone gives rise to the diffarence between TE(O) and T_(0}
substantially greater than the measured difference, including the experimental errors.

The initial ohmically heated pellet injection experiments have used two Aifferent pellet
sizes _|Schmidt and co-workers, 198%). A single 4 mm D, pellet raised n (0} to 1.5 x
10 m"3, rasulting in a substantially peaked density profile (ne(O)/ﬁe = 2.0, as opposed to
~ 1.4 with gas puffing). HMore extinsive experiments have been made with multiple (up to 3)
2.7 mm pallets injected into a single discharge. Pellet injection has extended the i, rande
to 8 x 10 %n=3 in deuterium diacharges, and has resulted in neco)rE(a) of 7 x 107273 s with
To(0) (= T;(0}) of 1.3 keV. The value of rE(a) of 0.4% £ is comparable to the largest value
achieved with gas puffing.

GLOBAL CHARACTERISTICS OF BEAM-HEATED DISCHARGES

(i)

In this section, the discharge characteristics in the standard neutral beam heating ragin
and the dependence of the gross energy confinement time on neutral bheam powsr, plasma
current, and injection species will be described. D° beams were used to inja2ct up ©3> 5.3 M4
into both bt and HY target plasmas while H® beams operating at rsduced power {¢ 4 MW) wers
injected into p* plasmas. Pigure 2 compares the evoluticn of plasma current, suxrface
vcltage, and line-average electron density for an ohmic and a neutral beam heated deuterium
discharge. These two discharges are among those in a power scan in which the beam heating
power was varied systematically. The flat-top plasma current of 2.2 MA, w:th By = 4.7 T,
R = 2.58 m, and a = 0.82 m corresponds to q, of 2.8. In the neutral beam discharge, the
total D" heam powver ‘Pinj) was 5.8 Md from two co-tangenctial beamlinpes, =2ach with thrae
sources operating between” 70 and 90 kev (7§ keV average). The beam duration was 0.5 3,
With injection ?\e increased substantially (by ~ 50% at the highest power) consistant with
the direct beam fu2ling rate (Murakami and co-workers, 1985). I order to ohtaln a constant
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Fig, 2 Evolution of plasma parameters of
Pig. 1 Gross energy confinement varsus Aischarges with ohmic lheating (fine
n,aR“a for ohmically heated discharges curves) and neutral beam injection (hbold
with and without pallet injection, curves},
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density just before the end of the beam pulse (r'le = 3.6 x 1()‘93;'3 at t = 3,25 s}, the pre-

injestion density was adjusted. The surface voltagz (vsur) dropped from 1.1 V to 0.7 V
during Zinjection. The total radiated power (P_ ;) increased with injection, but the
fraction Prad/(POH + Pin'] was reduced %to ~ 20% from ~ 40% with ohmic heating alone,
Impurity concentrations generally increased with Jincreasing power, and both the visible
bremsstrahlung measurement and the conductivity measurement (with the neoclassical
correction) indicated that Zosf increasad from 2 to 3 as the neutral beam power increaged up
to 5.6 MW. Figure 3 shows wvariations of central electron temperature (from Thomson
scattering) and c¢antral ion temperature (from TiXXI Doppler broadenirg) with absorbed beam
power (Pabs)‘ Thae sawtooth ascillation {or internal disruption) varied with respect to the
Thomson scattering timing of 3.25 s at which detailed transport analyses were made, The
bars shown indicate the variation of Te during sawteeth {as measured from electron cyclotron
emission) and the timing of the instantaneous Thomson scattering measurement within the
sawtooth period. The Thomson scattering measurement for the discharge at the highest beam
powet happened to be made just bafore a large interpal disruption, and the 1;_,(0) value for
this discharge is at the upper end of the bar., The Doppler broadening measurements of T {0)
have been ccrrected for radial emission profile effects (¢ + 10%). In this regime, ~ the
difference heiween impurity and bulk ion temperature measurements is negligible, The line
drawn in the figure CD}!’L‘ESPODGS to a central ion heating efficiency ny (z ATi(O) ﬁe/?abs) of

1.5 x 10'7 Xev p™3 mu™,

6 23531472
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Fig. 3 variations of central electron and ion temperature as a function
of absorbed beam bpowsr. The ¢entral electron temperature from Thomson
scattering is shown togetiher with the amplitude of sawtooth oscililations
of Te(O) from electron cyclotron emission measurements indicated by the
bars. The experimental central ion temperature is compar2d w:ith that
predicted by a model based on x; = 31?'.

cigixe 4 shows the vaitation of the total stored energy (W_ = Wy *+ W:) in the thermal iens

{¥;) 2nd electrons (We] with heating power ‘Pheat} For *he 2.2 MA powar scan and for 1.8 MAa
discharges utilizing either H® or D° injection. The changes in poloidal beta (8_) due to
beam injection as calculated by kinetic analysis agree (within ~ 10%) with diamagnetic
measurements af A8 , and equilibrium measurements of AA. The heating power (Pheat) is
defined as the sum”of the ohmic (P,,) and absorbed beam power (Pabs) less the calculated
fast-inn charge-2xchange loss (ch), which is typically £15% of Pobs in these experiments.
The stored energy increases linearly with heating power to 1.3 MJ (tcotal stored energy is
1.4 MJ, including the fast ion energy). However, the rate af increase of stored enerqv,
dwp/dpheat' is appreciably less than the chmic confinement time,

One possible explanation for the difference might rave been that the beam power was not
completely trangferred to the plasma. However, the following obsarvations eliminate this
possibility. Nearly 100% (& 15%) power accountability has been demonstrated in various
discharges by simultanecus meagsurements of radiative and charge exchange losses with
bolometry and limiter power with an infrared photometry. This demonstrates that the beam
power s being delivered to the torus. Turthermora, the power accountability is good even
in neon-seeded discharges in which the fraction prad/“:heat approached one (Murakami and co=-
workers, 19385)., Thus, the power transfer from ths beams to the bulk plasma can not be
seriously affected by either beam orbit losse: or beam charge exchange which would not be
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measured by the perpenaicular bolometer array. Tangential charge exchange spectra have also
been examined to investigate possible enhanced beam Zon losses. The specira are reasonably
consistent with e¢lassical expectations in D® injected discharges. Agreement was alsao
observed during major-radius compressiocn experiments in which the fast ilons were accelarated
from §2 to 150 kev (Wong and co~workers, 1985), consistent with classical expectiation.
These observations inply that the beam power is delivered to the plasma and thus the less-
thapn-expected increase in stored energy is due to confinement degradation with the auxiliary
heating,

The grcss energy confinement time r la) (5 W /P.,..) for the data shown in Fig. 4 fits
naturally to a form of a + B8/Py . where the "incremental” confinement time 3 = 0.!0 s for
2.2 MR discharges. Within the scatter of the data, :E(a) can also be fit by a power law
dependence of Pﬁ;at where y = 0.6. Figure 5 shows the variation of tgla) with powar, and
shows a continuous deterioration with heating power. Also shown are empirical scaling laws
derived by Goldston (1984) based on smaller tokamaks with neutral bheam injectica. [We
express the term <nT> in BEq. (8) in Goldston (1984) in terms of (Pheat 15). The resulting
form of Eq. (11) can be transformed to a quadratic equation for Tge and s2 solved. The g
calculated in this manner is > 10% higher in the transition region from chmic to auxiliary

heating than given by expressing <nT> in tarms of (Pheat T; x)-]
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C.I+ _
) L 1 A 1 L O 1 L 1 L A it 1
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Fig. 4 Var:'.atio.n of the‘ total stored Fig. S5 Variation of the gross energy
thermal energy with heating power for confinement time for the power scan and
d.m 2.2 MA power scan and 1.8 MA comparison with Goldston's (1984) - and
!?;s.chalt:ges utilizing both D°® and H° H-mode scaling predictions.
injection.

Pigures 4, 6, and 7 show the dependences of TE(a) on injection species, density, and plasma
current. Figure 4 demonstrates that there is no differe.ce in tE(a) between H® and D°
despite shallower penetration of D° beams compared to H® beams, as previously discussed
(Muraxami and co-workers, 1985). The insensitivity of t.(a) to beam penetration is also
demonstrated in Fig, 6 which shows a weak dependence of t_.{a) on the density in beam-heated
discharges with and without pellet injection (Schmidt and co-workers, 1985), These points
will be discussed in more detail below. Furthermore, Fig. 7 shows that t.(a) increases
approximately linearly with I, as Sound in smaller tokamaks with injection., At the highest
plasma current, tg{a) is somewhat larger than the Goldston L-mode scaling. The strong
plasma current dependence is encoucaging., Indead, at I_ = 2.2 MA, a rE(a) value of 0.22 s
has been achieved at A, = 4.7 x 10'° m™> with T, (0) = 4.& xev.

As we have discussed, confinement behavior of beam heated dischargas are diffarent from that
of ohmically heated discharges. Conventiocnally, the energy transport in tokamaks has bean
descriked by a three region model: a core region where internal disruptions are important;
4 confinement region outside the core whera a large pressure gradient ias sustained; and an
edge region dominated by a combination of atomic physics effects and rapid transport. This
model will be used as a basis for discussing the behavior of the TFTR discharges. The
transport in the confinement region will be discussed and then that in the core region. The
role of the plasma edge will be discussed in relationship with our future work.
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fueling, as compared with that for
ohmically~heated drscharges.

ENERGY TRANSPORT IN THE CONFINEMENT REGION

The 2.2 MA power scan described in the previous section was used to study the variation of
plasma transport with beam power. Both SNAP and the time-dependent transport analysis code
TRANSP (Hawiyluk, 1980; Goldston and co-workers, 1981) have been used. The radius of 2a/3
was chosen to represent the conflnement region. In this analysis, kq{ was asspmed ro be
equal to 3 xl“ where X;' is the neoclassical ion thermal diffusivity (Chang and Hinten,
1982) . Ion temperatures were calculated on the basis ©f the instantansous Thomson
scattering profile, and no attempt was inade to include direct eEfects of sawteeth on the ion
power balance. Figure 3 shows that the predicted ion temperature is in agreement with the
experimental wvalues, especially when the uncertainties in both T_{(?) and T-L(D) are taken
into account, Classical beam power depogition and slowing~down calcula:ions using a Fokker-
Planck code (in SNAP) and a Monte-Carlo code {in TRANSP) show most (~ 4/5) of the beam power
15 transferred to the ions in the power scan experiments. However a substantial oortion of
the pewer to the lons (Pb.) is then coupled ta the electrons through classical electron-ion
collisions. In fact, about 80% of the total heating power i3 lost by the electron channel
throughout the entire range of beam power, 3ince the electron stored energy within r = 2a/3
is only 40-50% larger than the ion energy, the electron enerqy confinement Tge (23/3) is
substantially smaller than the ion confinement tine rEl(Za/B) and the total epsrgy
confinement is largely determined by the eleztron confinement, as shown in P:g. B{a).
Uncertainties in the ion heat conductivity multiplier of + 50% would alter Tp; by 30% while
T ge and Ta hardly change {<¢ 5%).

As perhaps expected from the deterioration of Tga with inc¢reasing beam power, the electron
thermal diffusivity x,’2a/3) increases with increasing beam power, as shown in Fig. 8(b).
The Xa value further out (e.g., r = 0.8a) rises more decisively with beam power, Howsver,
in the core regioun, the Xe value at r = 0.4a stays level or decreases with Increasing Pahs
as described below,

CONFINEMENT IN THE CORE REGION

The confinement characteristics of the core region are not only of great Cfundamental
interest but also of importance for the performsnce of future ignition devices. The obvious
phenomena in the central region are the sawtocth oscillations (internal disruptiens),
{McGuire and co~workers, 1985), which are believed, however, to play a minor role in the
overall enerqgy balance. Both the lccation of g = 1 surface and the electren temperature
profile shape are observed to be functions of the limiter safety factor and not of the
heating profile. One interesting consequence is that for non-central heating profiles the
central confinement during injection can be appreciably longer than the gross energy
confinement time.
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Fig, B8 Results of power balance analyses for the power scan: (a) the
solid points show variations of the electron (rg.)r ion (tg:) and total
fTE) energy confinement time, all evaluated at r = 2a/3, with absorbed

beam power. The open circles are the gross energy confinement time,
tgla)s (b} the solid points show electron (x,} and lon (x;) thermal
diffusivity as functions of beam absorbed powar, assuming that y, = 3

x?”. The open points are deduced ion thermal diffusivities required to
match the measured T;(0).

Fiqures 9(a), (b) and (¢} show the responses of Ty (0), Ti(o), and central rotation, Vv, (0),
tc internal distuptions in a q; = 3.6 beam-heated discharge. Figure 9(d) compares two T,
profiles (from electron cyclotron emission) before and after an internal disruption. There
is also a modest (< 5%) variation of ne(D) deduced from a S-channel FIR interfarometer.
Based on these profiles, the thermal energy within a radius, r, hag been calcniated, as
shown in Fig. 9{e), The change in the stored thermal energy as a result of the internal
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disruption is small. The neutron source rate, which is donirated by beam-target reactions
does not show substantial reductions as a result of the internal disruption, indicatiang that
there is no significant loss of beam ions. A confinement time associated with sawtooth
oscillations, TEST = tstTe/ATe {where tst is the sawbtooth periad), is of the order of 0.7 s
much longer than either the gross or electron energy confinement times. In the power scan
experiment, ‘l!-: is alsu ~ 0.7 s, independent of beam pawar.

In addition, it has been observed in the TFTR ohmic heating studies that 'rp(r) profiles gzre
determinad by q, {Taylor and co-workers, 198S5). Similarly, in PDX neutral beam heating
studies (Goldstom, 19B84; Kays and co-workers, 1984} the ratio <T,>/T,(G), where <T,> is the
volume-average Ty Was observed to be a function of /My, independent of beam power. Figure
10 shews the sawtooth-averaged <Te>/'1‘e(0) as a function of an' and Fig. 11 illustrates the
variation of the g = 1 radius (as determined by the soft X-ray imaging system) with ta, for
the same TFTR data set. That both <Te>/’!e(0) and r{(gq = 1)/a are uniquely detarmined by 1,
implies that there are natural profile shapes €or T (c] and q{#) associated with the limiter
safety factor. Coppi (1980}, Perkins (1984), and others have discussed the significance of
a constrained profile shape for anomalous transport. Recently, Furth (1985), and Furth and
co~workers (1985} have discussed the constraints on rcuvrent profile shape impnsed by the
resistive kink stability reguirements and its ramifications.
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It was found in TPTR (Murakami and co-workers 198S) that, despite shallow penetration of nD°
injection, TE(a) values are as large as those with more penetrating H° injection, and that
the central core confinement is substantially greater with D° injection. Not only is the T,
profile shape indistinguishable Letwecen D° and H® injection, but the T,(0) and T;(0) values
themselves are about equal to those with H® injection in TFTR. Similar results have baen
obtained in neutral bteam heating experiments in ASDEX (Speth and co-workers, 1985). These
observations are similar to the T-10 electron cyclotron heating results which showed that
Tzla) remained roughly constant as the resonance layer was moved from r = 0 to r ~ 0.7a
(Blikxaev and co-workers, 19B85), D° injection inte high—density pellet-injected plasmas in
TR (Schmidt and n~o-workers, 1985) have demonstrated the same phencmenon in even mores
striking form. Figure 12 shows the fraction (F ) of the plasma stored energy within v = a/3
as a function of the fraction {(F_) of the heating power deposited within r = a/3. 1In ohmic
discharges ({shown by the hatchedparea including ~ 200 shots with a q, range similar to the
neutral beam case), F, increases as F,_ is raised by increasing qg,. with neutral beam
injection, F, can be changed in a much wider range. A change in F by a factor of 5 still
leads to a range of P, as narrow as the ohmic casa, and the - vagiation is basically
governed by q, rather than by F.. Since Fu/f = T (a/3)/1yla}, this indicates that the core
confinement with poorly penetrating beams Fln particular with pellet-fueled beam-heated
plasmaa) is substantially greater than the gross enrrgy confinement.
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Since the beam heakting profile F_. is primarily governad by density, the central energy
confinepent tends to improve with increasing plasma density as shown in Fig, 13. In fact,
within the presently avallable data, xe(a/a) is not much different from the INTOR ivpve Ve =
5 x 10 /"e' However, this conclusion should be taken with care, since the availahle Mg

range for a given value of I_ is livited (as seen in Fig. 13) aand analysas cf data are

incomplete at this time. g
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with pellet injection.

ENERGETIC ION REGIME

Operation of TFTR at low I_ {0.4-1.0 MA) and high beam power has allowed access to A very-
low-density regime (i, ~ 7 x 10'? m™3) characterized by high ion temperature and high
toroidal rotation velocity [Grove and Meade (1985)). Figuce 14 shows Lthe time evolution of
uncorrected ilon temperature measurements (from TiXXI X=-ray Doppler broadening an:
perpendicular passive hydrogen charge~exchange analysis} and of central electron temperature
(from electron cyclotron emission measurements) for a typical discharge in this regime.
Substantial corrections to the raw ion temperatures are calculated (Medley and co-workers,
1985). The dominant adjustment to the Doppler broadening measurement is the expecte.’
temperature difference between impurities and hydrogenic ions, which 1is maintained L.
preferential coupling of the beam power to impurity ions (Eubank and co-workers, 1978). The
charge exchange analysis is corrected for opacity and for the high rotation velocity. The
thermalized central hydrogenic ion temperature is calculated to be 8.3 % !'.5 XeV on the

basis of both measurements. The ion heating rate calculated from this temparature ig
similar to that obtained in the standard neutral beam regime. The toroidal rotation
velocity (as measured from Doppler shift of TiXXI line radiation) observed :in this

ischarge is 6.5 x 10° m/s, corresponding to_a ratio of the rotation wvelccity to the
deuteron thermal velocity (Vi,r.h z (Ti(O)/mi)VZ) of ~ 1. The rotation velocity incraases
linearly with P.n./n‘__ throughout the entire operating regime {(with a tne only weak function
of I.), as shown in Fig. 15. Analysis of this discharge indicates that the bzam <on deasity
is afmost as large as the background ion density and that the average central ion energy (~
23 keV) is ~ 70% due to unthermalized beam ions. The high rotation velocity substantially
complicates the encrgy transport analysis: direct beam heating is reducaed, but additional
viscous heating terms arise. The effort to include these effects in the analysis is in
progress, Preliminary analysis shows that the ion power balance is dominated by conwvection
and that 1 (a) is of order 100 ms. Despite a relatively large populatien of beam ions in
the plasma, behavior of ion heating, momentum confinement and global energy confinement are
similar to those observed in the standard neutral beam regime.
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There are several additicnal interesting features of this new regime. (1) The surface
voltage during injection decraases substantially to ~ 0.05V. The surface voltage at the 2ni
of the injection pulse decreases with increasing power and increases with plasma currant.
TRANSP analyses and BALDUR simulations, which do not Include toroidal rotation, predict a
neutral beam driven current of ~ 300 kA, (2) A relatively high neutron source strength (4 x
10 7/s) has been obtained in this regime,

This regime Is of interest not only for its intriquing physics, but also for its relevance
to the two-compeonent mode of operation for which TFTR was designed. Future experiments will
seek a better understanding and optimization of this regime.

CONCLUSTONS

Recent chmic and neutral beam heating experiments have resulted ir substantial improvements
in plasma parameters, Ohmic discharges spanning a wide range of operating parametsrs
clearly provide good target plasmas for neutral beam injection. With the recent
installation of two additional neutral bheamlines and provisions for higher voltage operation
and for varying injection angle, confinement studies of higher power injection experiments
will be focussed on further extending the plasma parameters and on obtaining a clearer
understanding of “he transport praperties. The obsérvation that the temperature profile is
a weak function of heating profile suggests a couple of intriguing experimental imp!ications
(Furth, 1985). Pirst, the properties of the edge region determine the local temperature
there, and possibly therefore the overall stored energy and ¢entral temperature, since the
shape of the overall temperature profile is relatively fixed. Hence betier control of the
plasma edge region may be crucial to attain improved gross energy confinement in high power
beam injection experiments, as suggested by studies of various enhanced confinement modes.
Second, since high density non-central heating profiles can result in favorable central
confinement time, this regime rould lend itself to the detection and study of alpha-part’cle
affects in future DT experiments at modest overall Q.
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