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ABSTRACT

Blackbody electron cyclotron emission was used to ascertain and study the
evolution and behavior of the electron temperature profile in ohmically heated
plasmas in the Tokamak Fusion Test Reactor (TFTR). The emission was meas.red
with absolutely calibrated millimeter wavelength radiometers. The temperature
profile normaiized to the central temperature and minor radius is observed to
broaden substantially with decreasing Llmlter safety factor 44 AaNd s
insensitive to the plasma minor radius. Sawtooth activity was 3seen in the
core of most TFTR discharges and appeared to be associated with a flattening
of the electron temperature profile within the plasma core where g ¢ 1. Two
types of sawtooth behavior were identifled in large TFTR plasmas (minor
radius, a » 0.8 m) : a typically 35 - 40 msec perliod "normal" sawtooth, and a
"compound" sawtooth with 70 - 80 msec period. The compound sawtooth was
characterized by what appeared to be a partial reconnectjon, which occurs away
from the plasma core, Iln addition to a full reconnection. A multinite linear
regression analysis of the central electron temperature fTe(o)] with toroidal

field (BT). major radius (R), minor radius {a), plasma current (Ip) and
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effective lon charge {Z2,p¢) resuits in 2 sealing of the form, T (o} = BT°'78R’
0'31a1'1zerf°'u51p'0‘2u, where the major radlal dependence was obtained by
comparison with earlier PLT data, This temperature scaling is consistent with

the TFTA confinement scaiing of Efthimion et al. {1].



1. INTRODUCTION

Past studies of tokamak plasmas have shown an improvement of plasma
confinement with plasma size. The present generation of large tokamaks (TFTR,
JET, 4160, T15) will determine the extent to which this trend wiil continue.
Central toc the study of plasma confinement and transport 1s the measurement of
the electron Utemperature profile. We present here a detalied study of the
temporal evolution of the electron temperature profile of ohmically heated
piasmas in the Tokamak Fusion Test Reactor (TFTR). Electron temperature
profiles ascertained from the electron cyclotron emlssion have been utilized
in the initiai confinement stucdies of ohmicaily heated piasmas in TSTR T1-3].

Plasmas were studied in TFTR with minor radil (a) of 0.83, 0,59, C,55,
0.4 m and major radii (R) in the range of 2.55 - 2.70 m. The largest minor
radius plasmas had currents ln the range of Ip = 0,6 - 2.2 MA with a toroidal
field {By) up to 4.8 T and 2 line average density in the range of ﬁe = 0.8 -5
x 10!9m—3.

In this paper the electron temperature profile was ascertainec o5y
measuring the intensity of the electron cyclotron emission. It (s well-known
that in dense high-temperature plasmas the intensity of the electron cyclotron
emisslon for the fundamental (w = f,,) ordinary mode and second harmonic (w =
29 ce) extraordinary mode is at the blackbody level [4-8]. Since the magnetic
fielc varies approximateiy Inversely with the major radilas in a tokamak, the
emlssion frequency Ls localized in vposLtion. Fast frequency scanning
heterodyne receivers [7,9] allow the shudy of electron temperature as a
function of both time and major radius withir a single discharge. Because of
the longer plasma time scales in the larger tokamaks and the improvements in
technology which have led to shorter scan times of heterodyne receivers,
electron cyclotron emission provides excellent time-resolved measurements of

temperature profiles for detailed study of sawtooth effects.
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A brief description of the TFTR fast scanning cyclotron receivers s
presented in section 2 of this paper. Included is a discussion of the
instrumental resolution and the resulting accuracy of measurements, Section 3
presents electron temperature profile data which includes a summary of the
evolution of the profile during a piasma discharge and the dependence of the
temperature profile on the Limiter safety factor (q,), Ee and a, A comparison
of the electron temperature profiie measured with the radiometer and TV
Thomson scattering is also shown, Profile evoluticon durlng etectron

temperature sawtooth fluctuations and its implications for the shape of the

current density profile are discussed in section 4, Then we investigate the
scaling of the central electron temperature in section % and compare the cata
from TFTK and eartier data from PLT with the semi-empirical centra!
temperature scalings of Perkins [10] and Tang et al. [11]. We also ciscuss
its implications for confinement time scaling. Conclusions and ruture plans
are stated in section 6. Many of the features of the electran temperature
profile of ohmically heated plasmas in TFTR have been observed in other
tokamaxs, However, the central temperature scallng and the electron
temperature profile evolution in compound sawtooth ohmic discharges have not

been reported in the literature.

2. EXPERIMENTAL ARRAMGEMENT

A simplified schematic of the TFTR c¢yclotron radiometers is shown in

Fig. 1. The instruments were absolutely calibrated, ip <itu, uasing = Dicke

1a)

712] switching lntegration technigue tc an accuracy of better than 10% 01
with room temperature and liquid nitrogen coocted biackbody sources, Details
of the receivers have been discussed elsewhere [9]. The transmissicn sSystem

between TFTR and the receivers was designed to operate between 75 GHz and




210 GHz. This spectral range required three scanning millimeter wavelength
receivers, each covering a different region of the transmission system
bandwidth, Power splitters direct cyclotron radlation to each of the
receivers which are located in the dlagnostic basement under TFTR, The
receivers can be independently swept through their full operational frequency
range in 2 msec every 4 msec. This capablllity allows an electron temperature
profile to be determinedi every 4 msec. The recelvers can also be individually
tuned remoteiy to dwell at one [requency to allow the study of fast
temperature fluctuations at one plasma position with a Lime resolution of less
than 100 psec. The major radial resolution {3 - 5 cm} of the receivers is
determined by their t dwidths and is somewhat larger than the thickness of
the cyclotren resonance layer. The spatial resolution In the toroidal and
vertical directions at 75 GCHz is timited to 15 = 20 cm at the center of the
TFTR vacuum vessel by diffraction from optical components in the transmission
system, At 170 CHz, diffraction is significantly less, and tre spetial
resolution is better than 10 cm. Plasma refraction effects are negligihle
compared to the optical resolution limits at the line average electiron
densities n, < 5 x 10"% "3 studied nere.

The measurements bpresented in secticns 3-5 were made with only two
receivers, operating at 75-110 GHz and 110~170 GHz respectively with toroidai
fielaos (Bp) up to 4.8 T. The cyclotron emission was measured at both the
fundamental (w = f,e) ordlnary mode, and second harmonic (w = 20,07
extraordinary mode. The emission intensity I received by the radicreter
antenna is'given by

I, = T a0 (1-e=") , (1)
where Af is the bandwidth of the receiver, 1 is the optical depth, an¢ « is

Boltzmann's constant [8). In a plasma with a Maxwellian electron velceity



distribution (i.e. when runaway electrons are insignlificant), 1 > 2 |is=s
sufficient to produce a blackbody emission intensity level, and the electron

temperature is the only plasma parameter that determines the emission

intensity. For the second harmonic extracrdinary mode, the optical depth is
given by
1
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where § = *__am_g_—, Wpe is the electron plasma frequency, Qoe is the
2q_ me

electron cyclggron frequency, m is the electron mass, and ¢ is the velocity of

light. For the first harmonic ordinary mcde, the optical depth is

2
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Tor(m = Rpel 2 7 and Toylor = ZQee) > 20 in the center of a TFTR discharge with
By = 2.7T. T, = 2 eV and g = 3 x 10'°m73,

Since Q,, depends on B, an accurate determination of B(R) is required to
obtain good radial profiles of Te' At a minor radial position r and for small
(r/R) the magnitude of the total field variation 4B from the 1/R dependent
toroidal field B, is given by [14]
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where bg(r) is the normalized poloidal field defined oy
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Jd{r) is the current density, and u, is the permeability of free space. Here

B(r) (s the paramagnetic contribution given by

2 2
-1l g 21 it . EEE_ + % (6)
B, dr 2|ar dr r '

where %L is the nermalized perpendicular plasma pressure. The local poloical
component of the magnetic field and plasma paramagnetic effects contributed to
a 1 - 4% variation in the total magnetic field from an inverse major radial
dependence. For the data presented here, both these effects resulted in a
total variatlon of 0.03 to 0.1 m in the position measurements deduced from a
simple inverse, major radial field dependence (i.e., In the mapping of ths

emission frequency to the major radial position). These effects were inclured

in all the figures except for Fig. 3.

3. ELECTRON TEMPERATURE PROFILE BEHAVIOR

The evolution of plasma current (Ip), tine integral censity {Eei), and
the surface voltage (VS) in a TFTR dlscharge with 0.83 m minor radius, a
plasma current of 1.4 MA, and a toroidal field of 2.7 T is sghown in Fig. 2,
Ip rises to a constant value of 1.4 MA 1n approximately 1.7 seconds. Vg falls
throughout the current flattop, and ﬁel reaches a steady value of 5 x 1019m

~2

at the beginning of the current flattop, The electron temperature profile
[Te(R)] evolution for this discharge is summarized in Fig. 3. In this figure
the major radial position does not Include poleoidal field and paramagnetic
ef'fects in the frequency to positlon mapping. During the first second of the
pulse Te(R) becomes Increasingly peaked, with a maximum centra. temperature
over 2 keV. The profile then broadens; the central temperature falls rapidly

to 1.7 keV and it remains at this level until the end of the current
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flattop. AsS the profile broadens, temperature sawtooth fluctuations appear in
the center of the plasma. Sawteeth will be discussed in more detail in
Section 4, The profiles shown in Fig. 3 and the other figures discussed in
this section were averaged over 100 msec¢ to remove fluctuations in the profile
due to sawteeth, Figure # illustrates the agreement between the radiometer -

profiles and the corpresponding ones obtalned from az multichanneli TV Thomson

scattering system [15] at the same time during the fiattop of a 1.4 MA
discharge, .This agréement was obtained only after the radiocmeter profiles
were analyzed with paramagnetic and poloidail field effects included in the
mapping of the emission frequency to the major radial position.

Temperature profile broadening during the current llattop was found to be

more significant for discharges with lower Limiter safety factors (qp), as :
iilustrated in Fig. 5. These temperature profiles are for discharges with
different currents from 800 kA to 1.5 MA at Bp = 2.7 T corresponding to a i
change in A from 4.7 to 2.5. Trhese discharges had line average electron

densities, ﬁe = 2.1 = 2.3 x 10"%m™3, The arrows in this figure indicate the

rosition of the g = 1 surface for each profile. The radius of the g = i

surface increased with decreasing Qs wnile the central temperature remained
reiatively constant. The temperature within 15 em of the limiter increased
significantly with decreasing ay- This increased 2dge temperature correlatec
Wwith an increase in the metallic impurity contentu of the plasma, measured by
an x-ray pulse helght analyzer [1]. The profile shapes appear to depend on q,
in agreement with the principle of profile consistency [16,17); this
essentially implies that the ratlo of the central electron temperature to the

average temperature is only a function of q,. In addition the centrai

e T

temperature decreased with increasing ﬁe' This density dependence,

illustrated in Fig. 6 for qQ, = 3, and 0.833 m minor radius plasmas is



associated with an inverse dependence of Zerr on ﬁe [2], as will be :snown in
section 5.

Fig. 7 summarizes the behavior of the temperature profile for plasmas
with g, = 3 and minor radii of a =~ 0.55m, 0.69 m and 0.83m, and n, in the
range 2.3 = 2,6 x 1019m'3. The profile shape appears to be independent of the
plasma minor radius and is determined by g,. Indeed, from Fig. 5 and 7, ry/a
- U/q,, where r, is the minor radius of the q = 1 surface. Experimentally we
observe a signhificant temperature gradient outside the sawtooth inversion
surface, Tlils appears to be a region of Jlow thermal conductivity and
effective thermal confinement, while ins‘de the sawtooth inversion zurface is

a region of effective thermal conductivity.

b, ELECTRON TEMPERATURE SAWTOOTH FLUCTUATIONS

For almost all of the a > 0.8 m TFTR discharges the time evolution of the
central electron temﬁerature shows well-defined, large amplitade sawtiooth
fructuations [18-20). Figure 8 shows the evolution of the central temperature
for the q, = 3 discharge shown In Figs. 2 and 3. The filled circles show the
central electron temperature measurements from an X-ray pulse height analyzer
with an averaging time of 100 msec (1], The maximum cerntral electron
temperature is attalined at 1 s, Simultaneous with the fall of the electron
temperature at this time is the deveiopment of 30 ~ 40 msec period sawtooth
fluctuations, Later In the discharge the central temperature exhibits
sawteeth with almost twice the amplitude and perlod of the (nitial sawteeth.
These latter sawteeth will be referred to as "compound" sawteeth and the
former short period fluctuations as "normal"™ sawteeth.

The evolution of the tempepature profile during compound sawteeth in the

current flattop region of a q, = 3 discharge 1ls shown in Fig. 9. These



sawteeth dominate the plasma core within 0.35 m of the magnetic axis which is
located at 2.6 m major radius, Inverted sawteeth can be readily observed out
to 0.7 m from the magnetic axis, which is only 0.1 - 0.15 m from the limiter.

The profile evolution is different for normal and compound sawteeth.
Examples of each of these are shown in Figures 10 and 11, respectively,
During the rise of a normal sawtooth the profile grows slightly peaked, and
when the sawtooth relaxes, the profile appears to become holiowed. However,
the accuracy of our measurements (+ 10%) are insufficlient to dlscount it from
being flat,. During the ramp-up of compound sawteeth, an exchange of hotter
core plasma with plasma further from the plasma axls occurs as illustrated by
profites A and B in Fig, 11. This exchange occurs, 0,2 - 0.4 m from the axis
of the plasma, so that the central temperature c¢ontinues to increase.
Sventually the profile (Profile C) becomes more peaked than in the case of
normal sawteeth and subsequentiy relaxes (Profile D) to a hollow profil: this
relaxation ineludes plasma across the whole of the core region,

The observed evolutfon of the Cemperature profile during <compoznd
sawteeth is consistent with the existence of a hollow current den'ity prcfile
with two q = 1 surfaces [271,22]. During the current flattop the =awtooth
tehavior often makes several transitions between normal and compound zctiviby.
Discharges with the same ﬁe and q, exhibit varying degrees of this compound
activity, although compound sawteeth are more commonly Seen at lower values of
dg [23]. It is possible that the current density proflile is therefore also
holiow during the normal sawtooth, but that the hollowness i3 insufficient to
prodace conditions necessary for the partial reconnection to occur. This
transition has been considered in more detaii by Parail anc Pereverzev [24].

Discharges domlnated by compound sawteetn appeared to have essentially

the same global energy confinement as those containing predominantly normal
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sawteeth, In both cases the presence of the sawteeth may br associated with
the flattening of the tlme averaged TB(R) nrofiles in the plasma core In low
g, “ischarges. The minor radial mixing which occurs at the onset of sawtooth
activity coutd pesult in a significant reduction in the peak electron
temperzture which can be obtained during the current flattop., The sawtooth
fluctuation period (1.) was compared to the growth time af the m = 1 resistlve

tearing mode. In particular we compared Tg to the analytical predietion of

McGuire and Robinseon [25], namely,

g - 3TH3/7TA2/71h2/7' (73

where 15 = r12/n is the resistive diffusion time, 1, = RDK/BT 18 the Aifven
transit time, T = 3nTe/2nj2 is the heating time, p is the mass density, n is
the resistivity, J 1s the ceniral current density, and v, is the sawtooth
inversion radius. The McGuire~Robinson model assumes that the resistive mode
heating is terminated when the m = 1 lsland grows to ry and it does not
include ciamagnetic orirt effects., We found that the compound sawteeth zgreed
well with this scaling, but that the normal sawteeth seen in large TFTR
pilasmas did not, Yamada et at. {26] have come to a similar ccnclusion after
analyzing data from an X-ray Llmaging system for a large number of TFTR
discharges, including plasmas with 0.1 m ¢ a ¢ 0.E3 m. In addition, they

find that the period of sawteeth seen In smaller TFTR dlscharges, a ¢ 0.6 m,

also agrees with the MeGuire and Roblnson scaling.

5. CENTRAL ELECTRON TEMPERATURE SCALING
In the !ight of studies [27] which propose a fusion reactor scenario

wWhere the plasma s brought to lgnition primarily by ohmic heatlng, the
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central temperature scallng in ohmle plasmas takes ¢n 2 new significance.
Perkins [10] and Tang et al. [11] have recently developed semi-empiricat
models which are based on the observation that there is effective thermal
confinement {n the 1 £ q ¢ 2 region of the piasma profile, They assume that
heat transport in this region is driven by a drift wave mechanism and that the
radial dependence of T, is determined by profile consistency [16]. Perkins
model constrains the electron temperature profile to zero at the g = 2 surface
and the electron density profile is assumed te be a gaussian, In contrast
Tang et al. assume a gaussian lemperature profile in which ry/a = 1/q, and 3
parabolic denslity profile. The formalism of the twc heat transport models
also differs in that Perkins takes a somewhat heuristic approach in which the
drift wave growth rate is governed by a diamagnetic drift frequency which i=
sensitive te density gradients where as Tang et al. use a self-consistent
theory where the drift wave growth rate is8 sensitive to densiiy ang
temperature gradients. Both these mode:s have been used to aqerive the

effective thermal <diffusivity due tc drift wave turbulence and through the

heat balance equatijon,

& d Te(r)
ar (ner xe(r)) a = Poy o (8)

3]

where Py is the ohmic lnput power, a parametric dependence for Te(o) has been
derived, Both these models assume -transport due to radiation, convection and
charge exchange is insignificant in the 1 ¢ q £ 2 region, The T.(o0) scaling
of Tang et ai. [11] is
Tolo) - BO-3R0+1z,0.0-31 042, (")
and Perkins [10] is

Te(o) ~ By0+850-250:66z  0.33; -0.12 (10)

.



Both models predict a strong dependence of T,{c) on By and a somewhat
weaker dependence on Zgpe. They also prediet that T.(o) is independent of ﬁe
at fixed zeff’ Data presented (n Section 2 showed that Te(o) decreased with
inereasing ﬁe in TFTR but further study of thils dependence indicates that this
is the result of the deénsity dependence of Zeff‘ In fig. 12 we illustrate
this interpretation for two density scans taken at Ip = 1.8 Ma, Bp = 4T. One
density scan was taken 5 weeks after the other so that although the scans were
over a similar density range the Z,.r was lower at fixed density for the lLater
scan, due to TFTR having bectme somewhat cleaner. Fig. 12(a) shows the I .
from visible bremsstrahliung as a function of ﬁe for the two scans and fig.
12(b) shows Te(o)/zef.fo'5 plotted against Ee. If T,(o} is independent of ﬁe
and dependent on Zenao‘IS we would expect the data from the two density scans
to fall on the same horizontal line in fig. 12(b) which indeed they do.

To determine a T,(o) secallng for TFTR, a multiple Llnear regression
analysis was applied to the TFTR data set and to data obtaired frem PLT. In
order to determine the Te(o) dependence on B, a, Zeff- and Ip a TFTR dataset
was used with deuterium, hydrogen and helium discharges having 1.8 ¢ B; g n.8
T, 0.41 ¢ a ¢ 0.83m, neoclassical Z,pp between 1.6 and 5.2, and 0.27 ¢ I ¢
2.2 MA. Data from a scanning Michelson interferometer [28] was used to cbtain
temperatuée data for the TFTR a =~ 0,41 m discharges. The R dependence was
found by Including deuterium and hydrogen PLT data where R = 1.32 m, a =
0.4 m, and B¢ = 3.2 T. Essentially the data from over 200 piasma dischargeé
were used in the regression analysis. The PLT data includes aeon zischarges

with Zoep -~ 8 [29]. A T (o} emplrical scaling of the form:

0.78 + 0.07,-0.31 # 0,06_1.1 * 0.1 0.45 ¢ 0.05, -0.24 + 0.06

Zerr p

Te(o) « By



was found. Ee was not included as an independs3nt varfable in regression since
we found T.{o) to be Independent of A, at flxed Z,pe. Figure 13 is a plot of
the central temperature against the emplrlical secaling, The TFTR data includes
Bp = 2.7 T (squares), 4 T (stars), 4.8 T (diamonds) deuterium, hydrogen and
heiium discharges with .5 < a ¢ .83 m. Also plotted are TFTR a2 = D.41 m
deuterium discharges (triangles) where the central temperature was obtained
using a scanning Michelson interferometer [28]. The PLT hydrogen and
deuterjum discharges [(shown by crosses) inclade both carbon and stainless
steel limiters. The datasets do not includz shots where ceonflinement seemed to
saturate with density and where [on transport was dominant according to power
balance calculations, The neoclassical value was used for Zopp in this
study. On TFTR the impurity Z,pp Measurements tend to Lie between the
estimates obtalned from the Spitzer and neoclassical reslstivity modetls. A
regression on TFTR data where visible bremsstrahiang data was avai . able
ylelded a similar dependence of Zerf as that obtained when 21sing the
neociassical Zgep. The TFTR temperature scaling (s significantly diffecent to
that obtained by Pfeiffer and Waltz [30], however, earlier work by Gondnralekar
et at. [31] on Alcator shows a strong toroldal fleld dependance similar to
that seen on TFTR.

Adopting the technique in Perkins {10] and Tang et al, [11], the central
electron temperature can be related to the total energy confinement .hrough
the energy balance equation for ohmic heating. Assuming the electron dénsity

profile is paraboli% and the electron temperature profile is gaussian in shape

and obeys profile consistency, then

]

2 r
Te(r) = Te(o)exp( -3 e, =5 ) (12

n
a
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where a, = (qa + 0.5). Assuning T =~ T; and that the plasma has an atomie
number 2 = 1 and a generic lImpurity with Z = 10 the ion number density n; =

n.(1.1 = 0.1 Zpp). Therefore, the confinement time, 1z is given by:

a
R(2.1 = 0.1 2, i ng(r) T (r) rdr

o - , (13
E a 2
R I nJ(r}* rdr
o
ki
where j(o) = BT2/H2 and n « Zefr/Te‘fz'

After integration, (13) becomes:

2...
R® n, T (0) .1 - 0.1 Zeff]

= Z 32 (tu)
eff °T

/2 0.
5 @ 3(2

Note that the confinement time in (14) ls a very strong functicn of the
central temperature and any uancertainties in the parametric depencence of
Te(o) will greatly increase the uncertainties in tg, However, the relation in
{(14) has some interesting Impilcations; since Te(o) from the regression
analysis is insensitive to density, it follows from substitution of (11) in
(14) that the confinement time Iincreases Ltineariy with ﬁe. Simitarly on2
would conclude that e is insensitive to Zopp and that the confinement jc 4
strong function of both minor and major radius.

Indeed (t ls also possible to determine a temperature scaling from {(14)

by substituting the TFTR confinement scaling of Efthimion ev ai. [1], namely:

T« ﬁeRzaqa 15)
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This leads to a Te(o) parametrie dependence of the form:

z 0.4 _
1.08,-0.28_0.95 eff ; ~0-28 (6

2.1 -0 Zeff P

This expressicn is very similar to the dependence obtained in (11),

Te(o) = B

6. CONCLUSIONS AND FUTURE WORK

Fast scanning cyclotron radiometers operating between 75 and 170 GEz, and
absolutely cailbrated in situ, have been used successfully to study the time
evolution of the electron temperature profiles in TFTIR ohmic discharges in
sufficient detail to study the temperature sawtooth in the plasma core. S.ch
measurements are essential for plasma cornfinement and transport studies
£1,2]. Te(R) is observed to broaden with decreasing g+ and the normalized
profile shape is found to be insensitive to variations in minor radius, These
observations support the principle of profile consistency [16,17). Compon.nd
sawteeth which involve a partial reconnection away frcem the plasma core as
well as a full reconnection are often seen LIn TFTR discharges. Their
temperature profile behavior Is consistent with the existence of two g = 1
surfaces and a significant hollowing of the current density profile [21,22].

A regression anatysis of Te(o) yields an empirical dependence of the form:

- 0,78,=0.31_1.1 Q.u5, =-.24
Telo) Br R a *'Zarp Ip '

and when the Zopr dependence 1s removed Te(o) is found to 5e indegpendent of
ﬁe' The central temperature seallng appears to be consistent with the TFTR
confinement secaling [1].

Recently, experiments on TFTR have been extended to Br = 5.2T and plasma

currents of up Lo 2.5 MA, The addition of a 170-210 GHz radiometer will allow

a study of temperature scaling at B 2 5 T and currents 2 3.0 MA,

T U ——
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FIGURES

Schematic of the TFTR heterodyne microwave radiometers. The radiometers
were used to measure the fundamental ordinary mode and extraordinary mode
second harmonic cyclotron emission on the horizontal midplane of <he TFTR
plasma.

Evolution of a 1.4 MA TFTR discharge with a minor radius of 0.83 m and an
axial toroidal field of 2.7FT. Surface voltage continues to fa.t during
the current flattop.

Electron temperature profile evolutiun during the discharge shown in Fig.
2. At approximately one second into the discharge, temperature sawizeth
preak out at the center of the discharge and the proJile broadens.
Profiles were averaged for 100 msec to remove fluctiations on the prefile
due to the sawteeth,

Comparison of radiometer profile (solid curve) with laser Ticmson
scattering data (filled circles) during the current flattop of the san2
1.4 MA TFTR discharge.

Broadening of the electron temperature profile with plasma current for Bp
= 2,7 T and ﬁe = 2,1 = 2,3 x 10'%3,  The g = 1 surface (indicated by
arrowWs) grows as q, Is decreased from 4,7 to 2.5 while the temgerature
near the magnetic axis of the discharge remains very nearly constant.
Electron temperature profile dependence on Ee for I.D = 1.2 MA,

81 = 2.7 T and 2 = 0.83 m. Profile shape is Insensitijve to variatinn of

f,. Profiles were averaged over 100 msec.
The electron temperature profile ls shown for three plasmas with rincr

racii of 0.83, 0.69 and 0.55m. The arrows indicate the q = 1 surface,
Profiles were averaged over 100 msec., The temperature normalized to the

central temperature is independent of minor radi.s,
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Time history of the central electron temperature for an Ip = 1.4 MA, a =
0.83 m and A, = 3 x 1079073 discharge. The filled circles are data
determined from x-ray bremsstrahlung measured by a pulse heipght
analyzer. The central electron temperature exhibits compound sawteeth at
2 to 3 seconds into the discharge.

Profile evolution during compound sawteeth in an Ip = 1.4 MA, 2 = 0.83 m,
2.7T plasma. The sudden colliapse in central electron temperature |is
accompanied by a rise in temperature near the edge of the plasma.

The tine history of a normal sawtooth filuctuation in the center of an ip
= 1.k MA, Bpo= 27T, 2= 0.83 m plasma ig shown In the wupper figire.
The 1lower figure shows an overlay of electron tempecature profiles at
times before and alter & rull reconnection.

The time histery of a compound sawtooth fiuctiation in the center of a
Ip= 1.4 MA, Bp = 2.7 7, a = 0.83 m plasma is shown in the :pper
figure, The two lower figures [llustrate the change in temperature
profile that occurs at a ful' reconnection (C and D) an® 2 minor
reconnection (A and B) away from the plasma axis.

(a) Visible bremsstrahlung Zapp plotted against ﬁe for two density scans
with Ip = 1.8 MA, By = 4,0T. The scans were taken on -“wo tays sezarated
by Six weeks so that the TFTR plasma had become ciezner for the jater
scan.,

() Teo/zewo"5 plotted against n, for the same density scans. When

Zeff depeﬂdence is removed the central temperature is independznt of

density For both density scans.
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Central electron temperature plotted against the power scaling

BTO’78R'°‘31a1'Izeffo'uslp'o'zu derived from regression of TFTR and PLT
data. The TFTR data Include Bp = 2.7 T {squares), 4 T (stars), 4.8 7T
(diamonds) deuterium, hydrogen and helium discharges with 0.5 < a <
0.53 m, Alsc plotted are TFTR a = 0.%1 m deuterium discharges
(triangles) where the central temperature was obtalned from an absoiutely

calibrated Michelson Interferometer [28]. The PLT data include hydrogen

and deuterium discharges with both carbon and stainless steel limiters

{crosses).
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