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ABSTRACT I. INTRODUCTICH
The ypaper describ.s rthe pregent (end of The research gecals o7 che Tokamak Tusi=n
Tabruary 1985) status of the plasma Test Reactor (TFTX} are %o study plasma
confinement studies in the 7TFTR tokamak with confinement at fusion reactor plasma
2mphasis on those with neutral beam injeetien parameters and to demonstrate enerjy Sreakeven
(NBL). Recent improvements in the device with DT plasmas. Far these gurposes, z 20
capabilities have substantially extaended kev, 25-30 MW neutral beam injecRtisn (NI
aperating paremeters: By increased to 4.0 T, system will Dbe provided, backed up by
I, t 2,0 MA, injection powes CPM r.o S MW adiabatic zompression ta wleialy rhe
with H® or D0° beanms, Ee to 5 x 1Q , and effective heating power. JE critical
zef reduced to 1.4. With ohmic heatinq {OH) impor-ance in pursutag these aoals ara
2lone, the previously established scaling for transport and stabilicy oropersies ot
gross energy confinement time “E z r'leq) has discharqes with auxzliary hear:
been confirmed at higher I, and 8., and the firse year of goeration wizn ohmiz hea H
maYimum T of 0.4 sec has heen achicved. wWith alone, ' the Ffirst =wo 2f Zour meu=ral
NBI at ?b substantially (by factor > 2] higher beamlines, each with =hree ion soursag, wars
<han P:!F{' excellent power and particle ingstalled on TET2 in the TO-*ang 3l
accountahility have been established. This direction. Initial neuzral pean
suggests that the less-than-expected insrsase experimants with H° neutral nower
1n suorad energdy with ABI i3s3 not due to *¢2 MW from one beamline starzad 13 ug
croblems of power delivery, but due to pro- 1984, and results were reported at -he _ondon
clams of confinement deeericratien. :E_Oig IAEA Conference. Since then, the second
sbserved to scale approximately as I 3 beamline has been brought inte speration wizh
iiadependent of Re), censiztent with previous :ot,a,l neutral H®° or D°' power :f up o 3
L-made scalings. With NBI we have achieved MW, In additien, =he TFTR operat:ional
=he maximum T. 2f J.2 sec and the naximum capabilities have heen upgraded”: the
Tl af 4.4 “ev in the normal operating tornidal fieid (BT) from 2.3 T to 4.0 T: the
ragime, and even higher '!‘i(o) in the plasma current (Iol from 1.4 YA %23 2,7 MA; and
2nergetic-ion reqime with 1ow-ne and low-rp the offective iod charge ',e:'f‘ down to 1.4,
sorration. The device capabilities are axpecteé =3 he
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further upgraded before chutdown in mid 2pril,
1985. This paper reviews the preszat (end of
february, 1985) sgtatus of the confinement
studies in TFTR. It emphasizea confinement
studies with beam-heated fall-gize discharges
under nermal operating conditlens. The
energetic-isn regime recently attainad with
high pgwer _injection into low-density (fi, = 1
% 10'7 m™¥), low=current (I_ = 0.8 MA}
dischagges is disecussed in H. l-‘%zth's invited
paper.

II, COMFIMEMENT OF OHMICALLY AFATED QISCHARGES

There has been substantial improvement in
the cleanliness of plagmas in TFTR during this
operational period. Caily high current
cperation (I_. 2 .8 MA) for many weeks without
a vacuum vessel openin%ocnupled with plasma
gptimization technigues has reduced zeff
balow 2.0, 23 determined by peasurements of
both the wvisible bremsstrahlung, necclassical
resistivity, and X-ray pulse height-analysgis.
In addition, the radiasion fraction Prad/PcH
hag fallen to -~ 40%. The main inpuclty
species in the TFTR plasma is carbon, but
there {s a substantial contributicen to zeff
from nickei al}d titanium at low densities {n,
~ 1 x 10 o ) ,and from oxygen near the high
density limit. Year the density limit,
MARFE=-1:ike p‘r‘.encmena'I have been observed, and
further small increments in plasma densit
have resulted in major disruptions.
Application of chromium gettering has heen
effective in reducing the oxygen content by a
factor =of 2.5 without a significart change in
carbon or metal concentrations. The oXygen
removal allowed an increase {n the density
limit by 20%, reduced MARFE~like phenomen?§
-12::31 TMas leowerad Z_sz to 1.4 ar g 2 4,7 % 10

T™he ohmic heating scaling 1aw,? Tp ¢ 5.9
2stablisned during earlier cperational
seriods, has teen cenfirmed at  higher
paramerer lewels: a.r < 4.0 T and I:: < 2.0
MA. The density range of TFTR with deéeuterium
plasmas has been ex<tended to n_ a 4.7 x 10'?
m~ > because of the dengity limit F’e = B./Rq
and the application of chromium P3éttaring.
The total energy confinement was increased
from 0.3 to 0.4 gec at these new operating
parameters. Furthermore, there i3 no clear
2vidence of saturation of cenfinement with
danafzy. Zn the other hand, saturation of
zonfinement with density was observed in
helium plasmas, where the maximum densgity
achieved wag 3 = 7.3 x 10°0 2~° and Zoge = 2
(from neoclassical resistivity} ac the high
dengities. Ior, tenperatures  Were net
available for this data ser, but assuming Ty
=lose co T; (or the ion thermal conductien is
= 3 times the Chang-Hinton ion neoclassical
i lue‘s), =zhe confinement appears to satura%e

Ja
ar I. ~ 0.35 sec for densitie ve n, =
‘019%_] 5 s abo Ng 5 x
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L Svoluzion of Dlasma parameters L0 o4
bean-heated d1scharge.

III. CHARACTERISTICS GF BEAM-HEATED 0ISCRARGES

Figure 1 illustrazes =h evelution o°¢
geveral plasma pararmeters far a bheam=haacted
discharge. The discharge s sustained for
gec with rhe flat-top plasma current (I} =
.4 MA (yielding a safety facrtor T
at 35, = 4 T). The =otal H° beanm power of
MW from cwo co-tangential beamlines, each
three gources operated at 50=75 XxeV (62
average), 1s injected for 0.5 sec srvarting az
2.5 sec. Upon injection cthe line=-avaraged
electron density (EEJ is nearly doubled from
1.4 x 10 m (without addi=ional gas puff)

to 2.7 x 1@ m 3 primarily Jue to direct beam

HLY

T

fueling, aa will be discussed lacer. The
surface volrtage Wgur) irops from T 7 o 2.5 Y
during :injaction, yi=2lding the ohm:z powar 2.,
2qual to /5 of Pp. The toval radiited r
(prad) inereasag w@izh iaractin, buz

raduced o2

fraction ?:ad/'(P:)H + ?bl
The value of 2,:. Of 3.3 sm wreamsstranis

is in goed agreement ~izh <he conductiwvizty
Zapg  Of 2.9, particularly -onsidering a
calculated beam-driven currepnt of 2.2 MA.
Zeff values in beam~Feated 1].5::":6:;&5_ range
between 1.7 and 3.8, and scale as ! T, witn
only a slight increase of ~ 3.3 fragm -
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- - accompanying the injection. Figure 3 depiczts
glant sawteeth in Te(r) measured by the ECX
Corresponding OH wvalues. Figure 1(c) shows ‘heterodyne radiometer) diagnostiz  1n  the
the evoiszion of zhe diamagretically discharge shown in fig. -.
Jetermired poloidal beta (3} and cthe global
energy confinement <time erived from it. V. NEUTRAL BZAM POWER DEFOSITION
Jalues of &, from the diamagnetic measurement
dgree  reasonably wel! (within £ 710%) with We have seen in Fig, '{¢) that the global
~hose calculated by a  time-independent energy confinemenc, (7 2 decreases during
inapshot radial profil analysis sode injection and recovers quickly
I3NAP). Values of 5_ + ’"1-’2 (where Zy is the injection, indicating thas the incraase
inzernal raductivi ty) from the profile {or the stored enerqy) with 1injectiocn 15 not
analysis are also in agreement (within £ 10%} large enough. This point is alse illugrrateg
with those from the magnetic equilibrium in Flg. 4 where the total scored 2nergy, the
measurdment, 3um of the electran (We] and ion (‘di‘, scored
energy determined from <he profile anaiys:is,
Figure 2 shows the tirme hehavior of the i3 plccted as a function of the <ocal reazing
central 1om  temperatuzre [Ti.("” for the power (POH + Papgls “omparad with the stored
ii1scharges saown 1n Flg. 1 as derived from energy gained oy OH lischarges 1n a similar
three dLfferent diagnostics: Doppler density vrange, cthe increase In the <otal
aroadening of TL XXI Ka line radiation, charge stcred energy with additional neutral 2eam
2xchange analysis, and total neutran powaer is relatively small. Thls sugcesis “hax
2ML5S1on. The T,(0) walues incr2ace from 2 we should be concerned about the possibilicy
eV to 4.4 kxeV uBcn injection. Under chese that the Dbeam power injected and Jepositec
sperating condi-ions, eorrections ta the T-L(o) ineo the plasma is less than estipated,
valles 1n the Ti XXI Xa and charge exchange However, the following fsur  obserwvations
measurements are small and thelr agreements eliminate thils possipLliczy. ("1 Substancial
ara sacrsfaccory. However, the neutron riforts in the NB operation part were nade 2o
201S310n  measurenent Yedulres an  assumption 1Lmprawve “he acguracy of the hean sowar
that fthe density rise during injection is Mmeasuremencs. Based un the measurements, the
anlely due to injected protonsg rather than due calibration factor for H® 1njection has been
to recvcling deuterens, as well as knowledge lowered relativa to the previous power
»¥  the dZeutersn density bafore injection. eszimates by 'Ss. 12} Nearly 003 cower
flect.on temperature profiles are =maasured by accountabirlity at plasma boundaries has been :
Thomsoh scactering, fundarencal (heterodyne demonstracted with two smethods. The firsc
radlometer}) ahd second  harmenie  (Micheis.n method involves a deliberate enhancement of |
interferomezer} alectron cyclotron emissicn radiative loss with necn iajection. As shown
jragnoscics. Electron heating has bsen amall by the upper right peint in Fig. §, addition
incéer isual operatingd condifions. There are of neen {~ % of the cotal eleczrons! Las
“wo contributing factors. The first is the oroduced radiative loss of up to 1003 of the 1=
stroni rise in elactron density which masks =otal i1nput power with a negliaibie gower =a
“1e Lemperature lncrease. However, whan a Ta the limiter. The second method for the nower |
profile wien injection is compared wita a T accountability involves simultaneous .
prafile wieh JH alone at the same 4density, i3 measurements of lesses to the walls and ta =he
noranle Increase ia Te i5 seen across the irmiter. The loss %3 the wall i3 measursd by
l.scharge. The = r contribuging faQLor is
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“1Chaut nesn injection.

Dalometer arrays, and the loss ta the limiter
1s determined by infrared television in
conjunction with a heat-transfer nodel.'®
Tigure 5 shows an excellenc pawer
accountability {100 = 10%) in most cages. We
note that the shinethrough of cthe tangential
beams {5 calculated to be small (< 6&&).
Furthermnore, the succesasful  accountability
implies that the fast ion charge exchange less
{preferentialily in the forward direction
beyand the acceptance angles of the bolometer
arrays) i small, as indicated hy Monta-Carle
caleculations. (3) The particle
accountability of beam injection alse supports
the conclusion that the neutral beam power is
delivered a2 expected. Tigure 6 shows that
the Lncrement of the iine-averaged electron
density observed at the end of a 0.5 aee beam
Pulse agrees well with that calculated from
the nurber of bheam particles and the glabal
particle confinement ti::\e {r.) for He
injection. The values of 'rP plotted in Fig. 6
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P paMwi
g, 5 Ratio of the observed <5 =alculate-
danzity rise iuriag acsion a0
<he global particlas confinement Sim-
varsus injection pows:s,

are calculated at 0.2 sec after the beam turn-
off, although t1_ values during injection arse
not mich different from those after injection
{i.e., there i3 no substantial “density
clamping” at these hiqh. I)). At low I, 3.8
MA)} with D° injection, t_ Juring injectior is
decreased to 0.2-0.4 gec, and the small <
made it posgsible to attain the energetic-ion
regime at low n_. {4) Poor beam penezration
resulting from injection of low-energy beams
into the large gize plasmas can in principle
lead to the ponr heating performance. Monte-
Tarlo calculations of power deposition show
substantial differences between H° and D¢
injection under similar experimantal
conditions, as shown in Fig. 7. Cn the other
hand, the plasma performance of the opoarly
penetrating D° beams proves to he as good as
9r even better than that of Hd° beams, as
inrficated by Ti(o) or gross energy confinement
-imes tabulated in Table 1. Based on these
obgervations, we conclude cthat the beam power
is delivered to the plasma and that the less=-
than-expected increase in plasma enargy
content represents a deterioratisn of energy
confinement.

v, SCALING OF EINERGY CONFINEMENT TIMES

The dependence of the energy confinement
time on plasma density, beam power, and plasma
current has been examined with H® and L heanm
powers up to S MW lato the large plasmas (R, =
2.5 m, a = 0.B1 a) at 3'{‘ = 4.0 T. In these
expariments, the plasma current has been
varied from 0.8 MA to 1.8 YA, and scans of
density and beam power have been taken at =ach
step. Figure & shows gross energy confinement
times [vgla)] as functiens of A, with and

e
without NBI, where TE(a) = (We - Wl)/(POH -
Pae + P_.) evaluated at r = a using the
profile analysis. In contzast to the OH

confinement which follows closely the TETR
scallng, vt {a} with injection is independent

of f,+ The figure also shows that values of



#89x0307
12 T 1 i T

Phmi Fbma Pex

10 H® cmme weme e

o i10* W/m®)

Pig. 7 Comparison 2f pover depogition
prafiles for H® and D* ainjection.
Plasma parameters are listed in
Table 1.

Table 1

Comparison 3etween H® and DY Injection

(Ip = 1.8 MA, Byp = 4.0 7,
A, =4.4x102 373 g

e b = 3.3 MW)

3eam  tglo) tl{a/?) T lal Tile) T,l0)
is) {3) {5} (keV) (keV¥)

H? 0.29 Q.24 0.19 2.8 2.5
3° 0.26 -.28 0.20 2.6 2.4

1.la) are in aceord with those predicted by
e Goldstor L-mode scalin which was
25zaplished with data from beam-heated
scharges with degrading confinement in
smaller devices., Figure 3 lllustrates similar
.onstancy of <he global energy confinement
sime [T3R o= fw, e W o+ 3, 2)/(Roy + Pyp)]
with n, for different I_ and injected beam
species. There axists some Adifference in the
definitions of rEa from T1glal. Haowever,
small fast ion energy (W, ) and fast ion
charge exchange loss (= Fabs - .Pbe -diP 1.) tend
ro compensate each other, making g nearly
2qual &0 tgla) under normal e:c'f:erimencal
cond:tions. However, t312 ac low A, with I_ =
7.8 A includes substantial beam contributidns
and <hargye exchange loss” as well as plasma
rotatlon energy.

Figure 30 illustrates the dependence of
:E:aﬁ on beam power, indicating that
sanfinement  degrades ac  high beam power.
Figure 11 plots rE(a) as a function of Ig,
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3howing that tp(a) lincr=ases roughly linearly

with I,. The bhest £ic of these data ghown in
ig. 8 apd 9 is expressed as t,p = Io'
P07 This : has  very
parametric dependenciag as 2ithe
Goldston' ° or Xave-Goldston?? o
scalinga. Wiehin the szatter of the Jata, it
can be fit also to a form of a « b'“F:‘H -
Fa':s)" as praviously suggested. The stronc
dependence af T, an I is ancouraging.

Indeed, T values aof 002 sec have heep
obtained at I = '.C MA with iajectisn power
substancially %iqher (by factor > 2) than 2.,.

VI. DISCUSSIONS AND CONCLUS ONS

In an attempt To understand <he
mechanisms responsible for the confinement
detericration, rransport studies are belng
carried out orimarily with <c©wo ftranspors
cades: the time~independent 3SMNAP :zode foar
wide survey of transpart parameters: and the
time-dependent TRANSP c¢ode® for Jezarled

studies af transpor* characteristics ‘n
gelectad discharges. Thus far the TRANSDI runs
have concentraced on two =vpizal 3T

discharges.
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{1} In a high density cage [E®(3.2 MW) + D7

(1.8 MA), 7. = 4.3 % 16°7 @™ 3}, T, (o) tracks
closely with T, (a) due to strong electron-ion
coupling, as 1.n the usual injection <cases.
Although the differen-e between T,(o) and
Tj{0) is not known well enough to determine
grecisely the multiplier on the Chang=-Hinten
ion necoclasgical conductivity, a multiplier
of 3 ig adequate to repvoduce the experimental
T;{o) and zotal stored energy. Then the power
balance indicates that rm(Za/J) excaedg
Tge(za/BJ by a factor of 5. Tharefore 1%
seems reasenable to conclude that the electron
loss channel ig responsible for the
confinement deterioration in 1igher density
discharces. {2} In a low-density, high-power
zage (H°(4.2 ) » DY(1.4 MA), A, = 2.6 x 10’
mn”7, as shown in Figs. 1-3], the ion-el.ctron
coupling becomes weak relative to beam power
input to lons. There TR becomnes comparable
T2 Ty, at least at r £ 2a/3, indicating that
the ion loss c¢hannel becomes significant in
the overall confinament. Although a samewnat
larger mulriplier appears necesaary to match
the experimental T}_{c) shown in Fig. 2, its
precise detarmination requires %nowledge of
the convective loss which may becoame important
in this high ion temperature plasma.

Clearly further analyses are required to
understand transport characteristics in these
discharges. At the same time, 3everal new
effacts must be incorporated ln the transport
analysis. The giant sawtooth oscillation (as
in Fig. 3) may be imporczant in thermal energy
confinement in the core plasma as well as in
fast ion confinement. The maximum toroidal
ratat;:lun velocity obgerved in TFTR has been &
% 10° m/sec in the lou-Ee, 0.8 MA discharges,
alchouch wvelocities of 2 x 10 m/sec are
typical in the normal operating regime. These
velocities become a signirficant fraction of
cthe thermal ion velocity (up to 0.8), and
should be taken irto ac¢count in the transport
analyses. MHD activity, fluctuations, and
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plasma edge «conditlors may have tc  be
congidered.

The main objective of this run period has
been to extend the plasma performance with the
improved devire capabilities, and significant
progyess has been made in this regard. Te of
0.4 sec has been obtained 1n a clean (zeff =
1.4) QH discharge. With injection of beaam
powar up to 5 MW, wa have achieved the highest
ien temperature of 5 keV under normal
operating conditions, and even higher Ti(o) in
the energetic-ion regime. Despite the
canfinsment datarioration (or the L-mode
scaling), high-current operation is =zleariy
advantageous and has achieved tp of 0.2 gec
with neutral powar significantly higher =han
ohmic power. We 1look forward to further
upgrades of I_ and By, to the raxiaun design
capahilities in the near future.

The other major objective of che present
run pericd has bean to improve the plasma
perforpance wsing novel discharge scenarios.
Among varicus schemes attempted so far has
been the neon injection inte Heam-heated
dischargas (Z-mode) . Al<hough some
encouraging results have been owvserved and
cooling of the limiters with neon iniectior
has been clearly demonstrated, a substantial
increase {n tp at higher He is yet tao be
deen. Shifting the plasma column 2o the innecr
wall is of special interest Erom the wviewpoint
of the future progran’ and pessible
confinement improvement. The =03t important
confinement improvement scheme yet to te tricd
is pellet injection. A pneumatizc nultiple
pellet injector has Dbeen installed on TFTR
ard the experiment is now starting.
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