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The maximum plasma current in Doublet III1 is found to be limited by
disruptions when the limiter safety factor is approximately 2. However, due
to the strong toroidal and shaping field effect on rotational transform at
the outer plasma edge associated with a D-shape formation having a vertical
elongation of 1.5, the safety factor qa* estimated from simple geometric
considerations for D-shaped plasmas corresponds to values as low as 1.5.
These discharges operate stably with considerably higher plasma current than
most reactor design studies assume. These low—q discharges show excellent
plasma performance: very flat spatial electron temperature profiles,
high density operation with EeR/BT up to 7.8, and good energy confinement
producing a volume average 8 of up to 1Z with ohmic heating only. This
operational regime appears to be applicable to future high B tokamaks

with D-shaped cross section.
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1. INTRODUCTION

In most recent experiments in ISX-B [1], the values of <B> (volume
averaged B) ~ 2.5% reported from ISX-B and JFT-2 [2] have not been exceeded
even though the neutral beam power has heen raised. In the B saturation
study, 8 saturation appears in Bp (poloidal B) rather than B (toroidal B),
i.e., the <8>-values achievable in ISX-B show a clearly favorable trend with
increasing plasma current as in <8> = B, IPZ/BT2 = Bp/qaz. On this
empirical basis, the smallest q-values consistent with disruption-free
operation become quite an important requirement for achieving high B plasmas
in future tokamak reactors. Generally, low—q discharges are believed to be
disruptive. A low—q discharge of q5 < 2 was realized in TOSCA (3],

T-11 [4], T-10 [5], Alcator-A [6]. However, in ;hese experiments,
reproducible freedom from major disruption was not observed. The very low-q
discharge of q4 < 2 demonstrated in DIVA [7] shows a reliable non-disruptive
regime; with a close conducting shell and titanium gettering, experiments in
DIVA have demonstrated that a major disruption cannot be excited in a q5 < 2
discharge. Thus, very low—q operation is considered to be an important
approach in eliminating the possibility of causing a dangerous major
disruption resulting in large electromagnetic and thermal loads on the

plasma chambetr wall.,

This paper reports the experiments performed in Doublet TIL in order to
explore reliable low-g operational regimes for future high B tokamaks with

D~shaped cross sections and without a conducting shell.
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In our experiment, stable discharges with qu < 2 were not realized.
However, a new operation regime, which 1s expected to improve the high B
capability of tokamaks, was found. Due to the strong effect of the toroidal
and shaping field om rotational transform at the plasma periphery assoclated
with the D-shape formation, the q values of D-shaped plasma increase sharply
at the plasma outer edge. The resultant q-value at the energy confinement
region is very small; e.g., q < 1.5 at r/a < 0.86-0.9 for q5 = 2.9 - 2.5,

where the discharges have reproducible stability.

As a result, low-q discharges with D-shaped cross sections, showed
excellant plasma performance: 1) a high plasma current operational
capability (a factor of 2 higher than those of circular plasmas) with good
MHD stability, 2) very flat electron temperature and plasma current profiles
in the plasma cross section, 3) a high density operation capability of
T R/Bp [X 1019 w2 771] up to 7.8, and 4) good energy confinement producing

a volume average beta reaching 1% with ohmic heating only.

Saction 2 discusses the experimental arrangement; Section 3, MHD
equilibria; Section 4, formation and stability of low—q discharges; Section
5, eanergy confinement; Section 6, plasma-wall interaction. The conclusions

are discussed in Section 7.
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2. EXPERIMENTAL ARRANGEMENT

Figure 1 shows a cross sectlon view of Doublet III. The Doublet III
tokamak [8] has the following parameters: major radius R = 141 cm, plasma
Qidth 2a = 88 cm. The Inconel 625 vacuum vessel is surrounded by 24 field-
shaping coils. Feedback control of the magnetic flux linking the shaping
colls allows the shape and position of many types of discharge to be coa-
trolled very precisely [9]. Arbitrary waveforms can be specified for the
plasma current wavefo;m and gas puffing system throughput by using waveform

generators. These parameters are feedback controlled.

In these low-q experiments, TiC coated POCO-graphite plates with water
cooling are used as a primary limiter {Fig. 1). The graphite limiter was
installed in the summer of 1980 in place of the Inconel limiter. The
primary limiter is placed ~ 5 cm from the wall. On the inside and top of
the wall, Inconel limiters positioned 3 cm from the wall are used {(we call
them back-up limiters). There are 8 inside back-up limiters and 3 top
back—up limiters. Ti gettering which covers the wall with an average

monclayer of 0.1-0.2 was employed during each sequence of shots.
The plasma diagnostics used for the present study are:

1. Plasma equilibrium: 24 single turn flux loops to measure the

distribution of the poloidal flux values on the 24 shaping coils,
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and 12 magnetic probes to measure the distribution of the poloidal
magnetic field. The flux surface in the plasma cross section is

calculated with an MHD equilibrium code [10].

Density distribution ng(r): 5-channel tangential COy laser

interferometers.

Electron temperature distribution Ty{(r): scanning soft X-ray

energy spectrometera.
Radiative power loss: J-channel and 2l1-channel bolometer arrays.

MHD activity: 12-channel tangential and 19-channel vertical soft

X-ray diode arrays.
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3.. PLASMA EQUILIBRIA

The plasma current waveforms and MHD equilibria for the typical stable

lowest qa* discharges of D-shaped and circular plasmas are shown in Fig. 2.

1. Ky = 1.55, I, = 760 kA, By = 10 kG, ag* = 1.54, ne = 5.0 x 1013 o3
2. Ky = 1.12, 1, = 540 kA, Bp = 12 kG, 9, = 1.67, Tg = 4.8 x 1013 cm3
Here, qa* is defined as
2 2
. x 2ma BT I + Ka
3
a uoIp R 2

where K,, a, R, are the vertical elongation at the ocutermost magnetic sur—
face, plasma horizontal minor radius and major radius, respectively. These
discharges are stable during ~ 300 msec flattop of the plasma current, and
terminated by volt-second limitation. At t ~ 890 msec the plasma curreunt
decays very rapidly due to the termination of the power supply for plasma
position control. Plasma equilibria at the flattop phase are analyzed by
MHD equilibrium codes. The poloidal flux values measured at the 24 shaping
coils are used as the boundary condition for tﬁe calculation. The plasma
curreat profiles are chosen to have the best fit the calculated magnetic

field to the measured magnetic field at the shaping colls.
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Figure 3 shows the distribution of qw as a function of the
minor radius, where qw is the MHD q determined as

R B
T d1

T ;5;; .

Here the integration is made along the equilibrium poloidal field
lines. For D-shaped and circular cross—section plasmas, qw is smaller than 1
and stays at ~ 0.95 at the horizontal minor radius of r < 29 cm and 25 cm,
and sharply increases at the plasma ocuter edge. The calculated radius of q
= ] magnetic surface shows reasonable agreement with the observation of
sawtooth inversion by soft X-ray dlode arrays. qlp at the plasma surface
(qaw) attains 2.35 for D-shaped plasmas of qa* = 1,54, and 2,00 for circular
plasmas of qa* = 1.67. Note that the discrepancy between qaw and qa* is

large in the non-circular case: qawlqa* = 1,52 for the D-shaped plasma,

qaw/qa* = 1,20 for the circular plasma.

Although the outermost plasma surface of D-shaped plasmas are not a
simple elliptic configuration, the real circumference (Rp = [ dl1) is almost
equal (Epllp' = (0.99) to the elliptic assumption of Qp' = 2rar(l + Kaz)/Z.
Therefore, the elliptic assumption of the magnetic surface in calculating
qa* cannot account for the difference between qa* and qaw. Figure 3 shows
that the difference between qaw and qa* is ascribed to the toroidal effect
R02<R'2> {1.,33 for D-shaped plasma, 1.22 for circular plasma) and the eflfect

of the equilibrium magnetic field produced by field-shaping coil curreunts
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<Bp>/(Bp‘> (1.14 for D-shaped plasma, 1.02 for circular plasma), both

sharply increase at the plasma periphery, where

-1
B> = B di/ di, <B_'> = Jdl/|B dl
p I P /[ P I /f p

R = [RZa1/far .

Figure 4(a) shows the observation of the magnetic surface of sawtooth
inversion with 19-channel vertical and 12-channel tangential soft X-ray
dicde arrays for discharges with qa* = 1.5, 2.1, and 3.1. Figure 4(b) shows
the vertical elongation of the q = 1 magnetic surface obtained by soft X-ray
diode observation and that of the calculated outermost magnetic surface as a

function of 1/qa*.

For the same control of the magnetic flux surfaces linking at the
field-shaping coils for each discharge, the elongation of the magnetic
surface at the limiter position increases from 1.42 to 1.52 with the
decrease of qa* from 3.1 to 1.5. At the same time, the vertical elongation
of the q = 1 magnetic surface measured with soft X-ray diodes increases from
1.18 to 1.38. This is due to the flattening of the plasma current profile
with the decrease pf qa*; in the equilibrium ahalysis the best agreement
with the experiment was obtained with 2; {non~dimensional internal
inductance) from 1.3 to 0.9 for the qa* from 3.1 to 1.5. 1In order to simply
scale qa* with the magnitude of plasma current, we will employ Kyg = .47 of
qa* = 2 shown in Fig. 4(b) for D-shaped plasmas with arbitrary qa* in all
the figures after Fig. 4. Figure 4(b) alsc shows that the toroidal and

shaping field effect on rotational transform is almost constant for
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arbitrary qa*. Therefore qa‘p scales linearly with qa*-

Figure 4(c) shows the ratio of the horizontal radius of the sawtooth
inversion magnetic surface rg to the horizontal minor radius as a function
of qa*'l. With the decrease of qa*, Tg/a increases in a similar manner up

to ~ 0.5 for both D-shaped and circular plasmas.
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4., TFORMATION AND STABILITY OF LOW-q DISCHARGE

The important operational conditions for achieving stable low—q

discharges are listed below. When the conditions discussed here do not

exist, discharges usually have major disruptions during the current ramping

phase.

2.

3.

Clean wall and limiter surface: good vacuum condition and a
moderate amount of Ti gettering (~ average 0.1-0.2 monolayer/shot)
is necessary. The base pressure of the chamber before starting

the day's operation was 0.8 - 5 x 1078 Torr.

Selection of limiter material; when the Inconel plate

with water cooling was used as the primary limiter (before the
summer of 1980), repeated operations with more than 4 or 5 shots
with a plasma current >700 kA were difficult even in Bp = 24 kG
(qa* ~ 3.0) due to melting of the surface during discharge (drops
of melted Inconel were observed by TV) which caused major
disruptions of the plasma. After TiC coated POCO-graphite was
installed as the primary limiter, repeated operations of 1 MA
became possible.

Precise conditioning of plasma position: precise tuning of the
radial (less than #0,5-1 c¢m) and vertical (less than *1.5-2 cm)
position controls which are used to minimize heat lead on any one
particular avea of the limiter is important. This is directly

related to plasma-limiter interaction which results in a release
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of dangerous amounts of limiter material.

4. Slow ramping of plasma current and ad justment of gas puff through-
put during the ramping phase of the plasma current; It is very
difficult to achieve 2 low—g discharge with a ramping rate faster
than 1.5 MA/sec. Below this current ramping rate, there is a nar-
row window in adjusting gas puff throughput. This limits the
region of {ng, Ip) space at the flattop phase of stable low-q
discharge.

A stahle operational regime in an average electron density of ;e and Ip

with Br = 12 kG at the flattop phase of the discharge is shown in Fig. 5.
This data was taken during 3 weeks of operations (7 days for this low-gq
experiment) when the vacuum was very well conditioned. After this series of
experiments, a minor air leak through the primary limiter support occurred
(the base pressure before the start of operations was 1 -3 x 10~7 Torr)
which made it impossible Lo achieve a plasma current of more than 600 kA
with 12 kG (qa* = 2,1) for D-shaped plasmas. The maximum operational I,
before the leak was 870 kA and 540 kA for stable D—shaped and circular cross
section plasmas with By = 12 kG with each corresponding to a qaw of 2.4 and
2.0. The difference in the stable Ip operation capabilities of D-shaped and
circular plasmas is larger than the ratio of qa*, i.e., (1 + Kaz)/z. Under
the assumption that the m/n = 2/1 tearing mode dominates the disruptive
instability, as is clearly shown in DIVA, and that the stability of the node
is very sensitive to the slight change of current profile when the q¢ = 2
surface is very close to the plasma surface [11], the large difference in
stable [p operation capability may be due to the strong toroidal and shaping

field effect on the qaw for D-shaped plasmas, which move the qa¢ = 2 resomnant

— l O -
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surface toward the center of the plasma for a given Ip.

For qa* < 2, circular plasmas show higher T, operation capability
than -shaped plasmas with the same Ip. This was previously discussed
in Ref., [12] for high—q plasmas as maximum operatiomal Ee is determined by
Qa* for the same By, i.e., in order to obtain the same maximum plasma
denslty achleved in circular plasmas, D-shaped plasmas need a larger plasma
currents than circular plasmas corresponding teo the identical qa* for the
same Bp. In a low-q regime of qa* < 2, however, D-shaped plasmas can extend

the operational regime of n, much higher due to the large Ip operation

capability.

Figure & shows the dependence of stability ou gas puff throughput §
during the plasma current ramping phase: a) stable discharge of Ip = 750 kA
with Q = 80 Torr 1/sec, b) disruptive discharge with small Q of 60 Torr 1/s,
¢) disruptive discharge with large Q of 93 Torr 1/s. The dependence of
stability on gas puff throughput was very reproducible. With a small Q,
there is little radiative cooling at the outer edge of the plasma. This
causes a high nickle impurity influx as shown in Ni XI intensity, and
results in plasma disruption. In case c), large amounts of gas puffing
causes strong cooling of the plasma edge. At the same time, a strong

increase [n nickel impurity influx was observed.

These results show that adjusting the intensity of the gas puff
throughput during current ramping is an essential requirement in order to
achigeve low~q discharge. A simllar phenomenon was ohserved In Ref, [Il], in

which it was explained that stability is determined by modification of the
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plasma current profile near q¢ = 2 magnetic surface with“gas puffing. 1In
the present experiment, gas puff control is also directly related to the
control of metallic impurity production at the limiter. As a result,
stable low—q discharges with a high plasma current of ~850 kA are

controlled to have the same amount of nickel as low plasma currents of ~420

kA.

Once stable operation conditions, such as plasma current and gas puff
waveform, and plasma positioning are established, low—q discharges,

especially D-shaped plasﬁas, show good reproducible MHD stability.

Figure 7 shows the probability of disruption as a functien of pro-
grammed Ip at the flattop for D-shaped plasmas with By = 12 kG. Here, we
refer only to discharges produced after stable operation conditions were
estabished. Conditioning discharges to find stable operation region and

discharges with neon gas injection to test the stability are excluded.

For a programmed Ip of greater than 900 kA, the discharge always
disrupts. For a programmed I, of less than 900 kA, the number of shots
refarred to here are: total 165 shots, stable discharge 145 shots (88%),
disrupted discharge 20 shots (12%) (during flattop 6 shots, during current
ramp 14 shots). In discharges with qa* < 2, disruption occurs mainly during
the I, ramping phase. Note that the number of disruptions during the

flattop is quite small.

Figure 8 shows the locations of disruption in the ne~I, space for all
the disrupted shots (20 shots). Each location corresponds to the time

when the first negative spilke appeared in Ip. The trajectories of two
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typical stable discharges are also shown: a lowest n, and a highest ng
operation with Ip = 8§50 - 870 kA at the flattop. The figure shows that

disruptions during the flattop {shown as X) occur at the very edge of

the stable region of fg-1,. One shot with the highest 7, with I, =870 kA
is even outside the stable region. This disruption happed during an opera-
tion of repeated discharges achieving T, and Ip at the very edge of the

stable region with the same gas puff throughput, and is appareuntly due to

change of surface conditions during repeated operations.

The disruptioas during the curreut ramp phase (shown as symbol of
®) may be grouped into threes types: 1) disruptions near the higher g
stability boundary. These disruptlons are caused by relatively large gas
puff throughput in discharges aiming to achieve high n, at the flattop
phase; 2) disruption near the lower i, stability boundary. These disrup-
tions are caused by felatively small gas puffing in discharges aiming tn

13
= 730 kA, ng = 3.2 x 107,

achieve low ny, at the flattop. Two disruptions at T e

P
13 3 ,

3.3 ¥ 107 " em™ occurred after a longer break time during shots (~30 min) than

usual (~7 min). The longer break time causes relatively small T, due to the

change in surface condition of the chamber wall; and 3) disvuptions at the

beginning (~100 ms) of the discharge.

This result suggests the possibility of large reduction in probahility
of disruption; disruption can be prevented if the ne—Ip at the flattop is
aimed well inside of the stability boundary and if the discharge trajectory
is carefully selécted to pass through the center of the stable region.
Digruption at the initial phase may not be a serious problem in the future

in terms of damage to the plasma chamber, because those discharges can be
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artifically terminated before the Ip is ramped much higher.

Figure 8 also suggests that stable regioms can be simplified using
three lines; between two lines of Ip/ne = 1.1 and 2.2 MA/101% cm™3 and

below the horizontal line corresponding to qaLP ~ 2.4 (qa* ~ 1.53).

For I, > 870 kA, the discharge always disrupts with By = 12 kG. At Bp =
10 kG, however, a reproducible stable operation of I, = 760 kA is possible,
which corrvesponds 912 kA with Bp = 12 kG. From this evidence, the lowest
stable q4 1s considered to be determined not only simply by qa¢—value, but

also by the ohmic input power aad severity of plasma-wall Iinteraction.

Figure 9 shows the stable operational regime in {(ng R/BT, l/qa*) space.
Typical low-q discharges shown in ¥Fig. 5 are raeferred to here as well as
discharges before the start of Ti gettering (March, 1980) and discharges
hefore installation of the graphite primary limiter (August, 1980) [13].

The low—-gq discharge regime, especilally of D-ghaped plasmas, shows the high
density operational capability reaching na/Bp/R = 7.8 (x 1019 =2 171y with

ohmic heating only.

14~
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3. ENERGY CONFINEMENT

Typical electron temperature profiles for discharges of 12 kG, Ky ~ 1.5,
qa* = 1.5 and 2.8 measured with a scanning soft X-ray spectrometer (1-10
keV) are shown in Fig. 10. With the decrease in qa*, the electron tempera-
ture profile becomes flat. In the low—qa* and high T, operation shown
here, the volume average B reaches 1.0%Z with ohmic heating only.

The electron density profile measured with a 5-channel CO; laser interfero-

meter is usually flat (fe ~ 1-(r/a)*) for arbitrary P

The scaling of the global electron energy confinement time Bag for

*

discharges of 1.4 < qz < 3.2 in circular and 1.5 elongated D-shaped plasmas

is shown in Fig. 11, where tg . = J 372 0, T, dV/Ip Vge

A least square fitting of the data assuming linear dependence of TR

an Ee vields global electron energy confinement time scales like

0. 84

T (msec) = 30 n [= 10k4 cm"3] q .
oG e a

=l

The global energy confinement time tgp {electrons and ions) is twice that

of TE because the ion heat transport calculation using up to 2 times neo-—

aC

classical transport predicts that T, = Ty in all the discharges in Fig. 1l
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{the lon temperature was not measured in this series). Then the present

scaling in Doublet TIII can be written as

2

*
JF0.84 2

D-II1 low-q: Tglsec] = 0.3 ﬁe14 q

where Tayy = ne/l()l4 e 2 and a in meter. In comparison with INTOR

scaling presently used for future reactor design,

INTOR: T_[sec] = 0.5 1  a°
B e
: L4
these confinement scalings show identical tg at qa* = 1.8, Therefore,

the present low—g regime of qa* ~ 1.8 in Doublet TII is fairly well

applicable to future reactor design.

In these discharges, energy confinement is mainly determined by
electron energy traansport. Up to 2 times the neoclassical heat loss of ions

and radiative power loss is not the major part of the energy loss.

Therefore, the electron energy confinemeat time %g, is proportional to

fig qa*O.B&, and can be approximated as

This shows that for constant BT and Ip, electron energy confinement
. R . . *
tmproves by (1 + K2)/2 with vertical elongation. For constant q;",
electron energy confinement time is the same for both circular and

non-circular plasmas [12].
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In the low-q discharges of DIVA [7], strong sawtooth oscillations are
observed in the electron temperature and soft X-ray emissions from the
plasma center. The energy confinement is strongly affected by internal
disruption spreading to more than half the minor radius. The period of saw—
tooth oscillation tg is proportional to “e/qas and the amplitude (A (neTe)/
(neTe) is roughly proportional to qa"3/2. This sawtooth oscillation
results in an energy confinement time proportional to ng, qalfz, since the
energy confinement time determined by sawtooth oscillation ?Ee is

described as

e

= neTe/(A(neTe)/tS) . (D)

In Doublet IIT, sawtooth oscillation is an important but not major
cause of electron energy transport even though the internal disruption
spreads up to half the minor radius.

From the soft X-ray emission (A having a dependence of A a\fTe exp

~

(=Ec/To)), the electron temperature oscillation T, can be deduced as

. ~
+ ——
T ) A/A ,

whers B, (= 1.33 keV) is an energy constant associated with the X-ray detec-
tor foil. Here we assumed that the soft X-ray sawtooth oscillatioun comes
only from the electron temperature oscillation. Usiang this dependence, the
energy losses with internal disruption inside the q=1 magnetic surface is

evaluated.
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For circular discharges of By = 12 kG, qa* = 1.64, Ee = 4,7 x 1013
cm"3, rg/a = 0.49, the time—averaged loss power by internal disruption is
38% of the ohmic input inside the q = 1 magnetic surface. TFor a 1.5
elongated D-shaped discharge of B = 12 kG, q" = 1.72, ng = 4.2 x 1013
cm'3, rg/a = 0.45, the energy losses by internal disruption are 187 of the
ohmic input inside the g=1 magnet surface. The difference in degree of
internal disruption between circular and elongated discharges is

due to the differences in A/A shown in Fig. 13.

Another approach forlseeing the effect of internal disruption on
energy loss is the Investigation of parameter dependence of internal dis-
ruption., The period of sawtooth oscillation tg and the amplitude A/A of
soft X~rav smission are shown In Fige. 12 and 13 as a function of Ee/qa*

* 4
and qg , respectively,

Contradlctory to the DIVA and TFR [14] results, Fig. 12 shows that tg
has no dependence on He/qa* for D-shaped (o) and circular (e) discharges.
A/A as a function of qa* shown in Fig. 13 is not simple; for a circular dis-
charge, it remains almost constant in the area of 0.26-0.32 {(with one excep-
tion attaining 0.4). TFor 1.5 elongated plasmas, it stays almost constant
around 0.22 for qa* = 1.8 - 3.0, and decreases down to around 0.14 at qa* =

1.5 - 1.7. As a result, there Is a factor of two difference in A/A for cir-

cular and elongated discharges at qa* < 1.7. This difference of MHD
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property.may be related to the increase of wvertical elongation at the q=1

magnetic surface in D-shaped low—q plasmas. Again, X/A shows no dependence

such as "'(15[’3/2 observed in DIVA and TFR. Therefore, ¥Ee defined as Eq. (1)
- *1 /2 - *

shows no dependence such as ng 4u nor ne q; , So that intermal

disruption is not a major factor of energy confinement.
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6. PLASMA-WALL INTERACTION

The severity of plasma-wall interaction for low-q discharge especlally
in large devices, was predicted in the DIVA experiments. 1In the low—q DIVA
discharges, although no serious increase in radiative loss was found, a
pulsive increment in the release of wall material was observed after each
internal disruption. This was attributed to the increase in edge tempera-
ture caused by the pulsive heat released from the inside of the q = 1 mag-

netic surface close to the wall.

In terms of plasma-wall interaction, the low—q experiment in Doublet
111 is a good extension of DIVA for future large tokamak devices, since
Doublet LIl has large ohmic input, up to 1.5 MW, compared with 0.2 MW in

DIVA,

Figure 14 shows the ratio of radiation loss to ohmic input P¢/Pgy in
the total plasma volume as a function of qa* for D-shaped discharges. The
circles and triangles correspond to discharges with Bp = 12 kG and 24 kG
respectively. TFor each qa*, the data point includes the operational elec—
tron density regime from lowest to highest. The figure shows that dis-
charges of qa* £ 2 typically have a Pyp/Ppoy of ~0.4, while those of
qa* > 4 have a ralatively high Pp/Pgy of ~0.5 = 0.7. Circular plasmas show
the same hehavior as D-shaped plasmas. This tendency indicates that the

heat load on the limiters Increases greatly during low-g operation.
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A comparison of successive discharges with the same Ip and Ee for

low-q (1.7) and relatively high—q (3.4) are shown in Fig. 15.

These discharges differ only in the toroidal field: Bt = 12 kG for
qa* = 1.7, Br = 24 kG for qa* = 3.4. The figure shows the comparison of
155 Nes EeEDGE measured with a CO» laser interfercmeter looking 2 cm away
from the inside backup limiter, spatially peaked heat flux into the inside

back-up limiter measured with infra-red camera, VUV signal of NiXI 1484,

Ni XVIIT 292 A and OV 630 A, and P, Ppy at the flattop.

Heat flux as measured by an infra-red camera locoking at the inside
hackup limiter and a thermocouple probe installed at the top back-up limiter
(not shown here), increases by a factor of 2 with low—q operation and

corresponds well with the change in (Pgyg = Pp).

Total radiation power measured with a bolometer array is mainly
determined by the radiation at the outer half of the minor radius. From the
VUV measurement of NiXT 148A&, NiXVILI 292R (both An = 0 transitions), the
amount of nickel is.~ 0.001% of Ee and the line radiation from the nickel
is negligible. The radiation power due to the line radiation from the
gaseous impurity 1s not clear, becauée out‘absolute intensity calibration at
more than 3008 is incomplete, where most of the strong rescnance lines of
oxygen occur. However, from the OV 630A by VUV observation, and CIIT 46474,
6T 7773A and Hy by filtered photo-diode observation, the increase in
radiation from the periphery in high—q discharge 1s considered to be

attributed to Increased recycling of gaseous impurities.

,,21__
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The most significant change is in the formation of high edge density at
the inside backup limiter. The phenomenon was originally studied by D.
Baker, et al., {15}, and was found that the high edge density layer appears
when Ee/(POH - Pr) exceeds a critical value. The N1 XI radiation intensity,
which is proportional to nickel influx, does not change although the heat
flux to the limiter increases by a factor of 2 with low-q operation. One
possible answer is in an experiment using Ne injection during the discharge.
The Ne injection experiment was originally planned to study the radiative
cooling of the plasma periphery with low-Z impurity in order to reduce the
production of limiter material impurity [16}. In terms of the stated
purpose, our trial failed, i.e., an increase of Ni XI was observed with Ne
injection for both low—q and high—q discharge although the radiation loss
increased with injection. This implies that under clean surface
conditions, contamination of the plasma with low-Z impurity is more effec~
tive in increasing incident ion flux to the limiter rather than decreasing
the edge temperature in the ion-sputtering process [17]. A similar
phenomenon was observed with Ne injection into the JFT-2 plasma [18] with a
molybdenum limiter. Applying this observation to both high—q and low-gq
discharges, the increase in recycling flux of 1ow;Z impurity ieons during
high—q discharge may compensate for the reduction in edge temperature due to

larger radiation.

The line—~integrated Ni XVIII intensity during low=-q discharge is a
factor of 2 higher than that during high-q discharge. Using an impurity

transport code [18], the difference in line-integrated emissivity is



JAERI-M 9589

explained by that of electron temperature with the
the discharge; To(0) = 450 eV for 12 kG and 810 eV
employed neoclassical transport superimposed by an
x 103 em?/sec, which gives the best agreement with

intensity ratio of nickel lines of several charged

same amount of nickel in
for 24 kG. Here we
anomalous diffusion of 5
observation of the

states.

In counclusion, no serious increase of metallic impurity contamination

was observed duringvlow-q discharge, although the heat flux increased by a

factor of 2. In future tokamak devices with higher'heating power, the

{nersase in heat Flux will become a serious problem resulting in a melting

of the limiter. An improvement in the limiter, for example, one which

accepts heat over a larger area, may be necessary.

,23__
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7. CORCLUSIONS

An optimum low-q operation regime, which can be applied to future
D-shaped cross section high—# tokamaks without a conducting shell, was
explored in Doublet TII. The stable discharge with qaIp < 2 was not realized
in this experiment. However, a low—qg regime, which is expected to improve
the high—-f capability of tokamaks, was found in D-shaped plasmas. The low-q
discharges with D-shaped plasmas also show excellent plasma performance.

The results are summarized as follows:

1. .qa* as low as 1.5 and 1.7 was realized for 1.5 elongated D-shaped
and circular cross section plasmas. The actual MHD q, (qaw) was a
factor of 1.5 and 1.2 larger than qa* for D-shaped and circular cross
sections, respectively. Because of the strong toreoidal and shaping
field effect on the rotational transform at the outer plasma
edge associated with D-shape formation, the q¥-value sharply
increase at the plasma outer edge, thus D-shaped plasmas show very
high piasma current operational capabilities. With this low-q
discharge, the q¢ value at the energy confinement region is small,

ive., q¥ < 1.5 at r/a < 0.86 - 0.9 for qz¥ = 2.9 - 2.5,

2. Important operation conditions to achieve low-qg discharge were
1) clean wall and limiter surface conditions, 2) precise plasma

position conditioning, 3) slow ramping of plasma curvent,
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and 4) precise control of gas puff throughput during
the current ramping phase. Most of these operations are directly

related to the control of metallic impurities influx.

For D-shaped plasmas, the repreducible stable operation region can
be simplified as between Ip/t—le = 1.1 and 2.2 MA/1014 em3,

and qaw less than 2.4 (qa* ~ 1.5). The probability of disruption
was 12% for the discharges aiming the Ee- Ip at the flattop

within this stable region. In the future, the probability of
distuption is expected to be reduced significantly with careful
operation, because the disruptions in the present experiment
occurred only near the boundary of the stable regipn, or outside
due to the change of wall surface condition during a repeated

operation.

Low-gq discharges, especially for D-shaped plasmas, show excellent
plasma performance: 1) high density operational capabilities of Ee
R/Bp reaching 7.8; 2) good energy counfinement resulting in volume

average B reaching 1% with ohmic heating only.

Energy confinement time in this low-q regime is fairly applicable

to recent tokamak reactor design. Gross energy confinement time
- 1 !\ _3 *0. 84, .

tg scales as tg[sec] = 0,06 ng [x 10'% em™] q4 in this low—gq

regime, where neoclassical heat loss of ions is not important.

This scaling shows an ideutical tg as the INTOR scaling {1glsec] =

0.5 Ee [ x 10t cm"3] a[m]z) at qa* = 1.8. Internal disruption
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seems to play an important but not dominant role in electron
energy loss. Some difference in sawtooth activity between
D-shaped and circular cross section plasmas was found at lowest

q, where the vertical elongation of the =1 magnetic surface 1ls strong.

h. Plasma-wall interaction becomes a seriocus preoblem in low~q opera-
tion. This is caused by the reduction of radiative loss at the
plasma periphery, which is attributed to the reduction of particle

recycling at the periphery in low-q operation.
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FIGURE CAPTIONS
Fig. 1 Cross sectional view of Doublet III device.

Fig. 2 Equilibrium and waveforms of plasma curreat and loop voltage for
typical lowest q discharges with D-shaped and circular cross section.

Plasma position control is terminated at around t = 890 msec.

Fig. 3 Comparison of qW profile for discharges with D-shaped and
circular cross sections. q¥ increases very rapidly near the plasma surface
for D-shaped plasmas due to strong toroidal and shaping field effects; qa¢

/qa* = 1,52 for the D—~shaped plasma, qaw/qa* = 1,20 for the circular

i

plasmas.

Fig. 4(a) Observation of the magnetic surface of sawtooth inversion with
vertical and tangential soft X-ray diode arrays for discharges with qa* =

1.5, 2.1, 3.1,

Fig. 4(b) . Vertical elongation of the magnetic surface of sawtooth
inversion (hor{zontal radius of rg) measured with soft X-ray diode arrays
and that of the outermost magnetic surface calculated with MHD equilibrium
code. For a constant shape control of the magnetic flux surface at the
shaping coils, elongation of the magnetic surface of sawtooth inversion
increases with the decrease of qa*. At the same time, eloﬁgation of the
outermost magnetic surface increases slightly. For simplicity, we will
refer to K; = 1.47 for D-shaped plasmas with arbitrary qa*.from Fig. 4. The

toroidal and shaping field effects on qu¥ stays almost constant with qa*.

28—
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Fig. 4{c) Yorizontal radius of the magnetic surface of sawtooth

inversion for D-shaped and circular cross section plasmas.

Fig. 5 Comparison of stable operational region in ;e”Ip space for
D-shaped and circular cross section plasmas at the plasma current flattop.
D-shaped plasmas with 1.5 elongation have a factor of two higher plasma

current operation capability than circular plasmas.

Fig. 6  Stability of discharges as a function of gas puff throughput
during plasma current ramping. Adjusting the intensity of gas puff

throughput is the esseantial feature in order to achieve low—-g discharges.

Fig. 7 Probability of disruption as a function of programmed plasma
current at the flattop. At T, ¢ 900 kA, total probability of disruptions
was 12%Z: total 165 shots, stable 145 shots (B8%Z), disruption 20 shots (12%)

(during flattop 6 shots, during curreat ramp 14 shots).

Fig. 8 Location of disruption in Ee-Ip space for all the disruptive
shots {20 shots) with programmed Ip at flattop of < 900 kA. Disruptions
occur only outside or near—inside the boundary of the stable region during

repeated operations. This indicates the possibility of great reduction in

the disruption probability with more careful operation.

Fig. 9 Improvement of stable operational regime with the changing of the
wall conditioning and selection of the primary limiter material. In the
presant low—-q experiment, He R/BT reaches 7.8 for D-shaped plasmas with

ohmic heating only.
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Fig. 10 Electron temperature profiles measured with scanning soft
X-ray spectrometer for D-shaped discharges with qa* = 1.5 and 2.9.

The volume average 8 reaches 1,0% with ohmic heating only.

Fig. 11 Least square fitting of the data shows that gross electron

energy confinement time scales as tg [msec] = 30 n, [x 1014 em™3]

*0. 84
9a .

Fig. 12  The sawtooth period of soft X-ray tg shows no dependence on

- *
nal/dz o

Fig. 13 Amplitude of sawtooth show no clear dependence on qa*. The
amplitude for D-shaped plasmas is a factor of two lower than that for

*
circular plasmas at qz £ 1.7.

Fig. 14 The fraction of radiative loss power to the ohmic input

. *
inereases with the increase of g5 .

Fig. 15 Comparison of plasma-wall interaction for discharges with the
same plasma current of 750 kA and different Bp: By = 12 kG, qa* = 1.7 and B
= 24 kG, qa* = 3,4, Low-q discharge reduces the radiative loss power, and
results in an increase of heat flux to the limiter. No Increase of influx

and accumulation of metallic impurity was fouund.
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