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Energy confinement properties were compared for D-shaped and circular
cross section plasmas with an identical horizontal minor radius as functions
of plasma current, electron density, and vertical elongation under a wide
range of discharge conditicons. The improvement of the energy confinement
time with vertical elongation can be explained with an electron energy
transport determined by Eeq* and approximately neoclassical ion energy
transport, both include the geometrical effect of vertical elongation.
Particularly high current operation capability of D-shaped plasma produces
remarkable improvement of energy confinement at high density region due to
the reduction of neoclassical heat loss of ions. The highest energy con-
finement time (75 msec¢) is realized for a high current and high density
D-shaped discharge.
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1. INTRODUCTION

It is widely accepted that D-shaped cross section is one of the best
for the application of future tokamak reactors because the D-shape is
theoretically predicted to be the most stable under high B conditions.

Some characteristiecs of D-shaped or elliptic cross section plasmas have
been reported by relatively small devices [1-3]. References [1-3] reported
MHD properties and Ref. [l] reported dbservation of improvement of energy
confinement time with vertical elongation of the plasma cross section.

This work will present energy confinement.characteristics of ohmically
heated D-shaped plasmas with the relatively large size of R = 141 cm, a % 44
cm, produced in the upper half of Doublet III.

The emphasis will be on the comparlson of 1) operational regimes of
plasma current and density, and 2) energy confinement, for D-shaped and cir-
cular cross section plasmas with an identical horizomtal minor radius. Sec-
tion 2 discusses the experimental procedure and evaluation of energy con-
finement; Section 3, the characteristics of the operational regime of
D-shaped plasmas; Section 4, energy confinement properties; and the conclu-

sions are discussed in Section 5.
2. EXPERIMENTAL PROCEDURE

Figure 1 shows a cross section view of Doublet III. The Doublet IIIL
tokamak [4] has the following parameters: major radius R z 141 cm, plasma
width 2a = 90 cm, and toroidal field Br = 24 kG. The Inconel 625 vacuum

vessel is surrounded by 24 field shaping colls. Feedback control of the
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magnetic flux linking the shaping coils allows the shape and position of

many types of discharge to be controlled.

Plasma diagnostics used fdr the present.study are:

1.

Plasma equilibrium: 24 single turn flux loops to measure the
distribution of the poloidal flux surface on the 24 shaping coils,
and 12 magnetic probes. With the help of an MID equilibrium code
[5] the flux surface in the plasma is calculated. The resultant
equilibrium is compared with the sawtooth observation by 10-
channel and 19 channel horizontal and vertical soft X-ray diode
arrays. The comparison shows good agreement.

Density distribution ng(r): 5-channel horizontal, tangential COj
laser Interferometers.

Electroun temperature distribution To(r): electron cyclotron
emlission at the second harmeonlc, scanning soft X-ray energy
spectrometer.

Ion temperature Tj(o): charge exchange energy analyzer.
Radiative power loss: 5-channel bolometer array.

MHD activity: soft X-ray diode array.

The typical plasma equilibria used for this study are shown in Fig. 23
1) X(a) = 1, K(o) = 1.0; 2) K(a) = 1.4, K(o) = 1.1; 3) K(a) = 1.7, K(o) =

1.3. As can be seen from these figures, magnetic surface within r < 2/3a

can be approximated with ellipses. The flux surface 1s approximated as an

elliptic magnetic surface described by

K(r) = K(o) + [K(a) = K() ()%,
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for the evaluation of energy confinement, where K(r), K(o), K(a) are verti-
cal elongation distributions as functions of plasma horizontal minor radius,

vertical elongation at the plasma center and at the outermost magnetic

surface.

For these equilibria a = 2 produces good agreement with the results of

the equilibrium calculation.

In the non-circular discharges, the plasma centers are shifted downward
9 - 14 cm from the horizontal observation of ng(r), Te(r) and Ti;(o). There-
fore, for the coanvenience of the analysis, the measured ng(r), Ta(r) are
projected on the central horizontal plane along each magnetic surface.

The confinement properties are evaluated as follows:

eG

_ f3
TEe(r) = f—Z_ neTedv ﬁoH Pr PeidV
T =“/?i n, T, dvV P . dv
Ei(r) - 2 i1 ei
T =f1 (n. T +n,T,)dv fP av
E(z ~ J 2 e’ e 171 of

27R 7wK(r) r2

31

V{r)

where Pyy is the ohmic dissipation as determined from Py = Vi/2aR (3§ =

plasma current density), Poqy is the heat transfer from electroms to ions,
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and P, is the radiative power loss. The distribution of plasma current
density i calculated using the Spitzer resistivity with trapped particle
correction.

In the present energy confinement study, discharges arg produced with a
long flat top in plasma current and density of more than 300 to 400 msec to

eliminate the ambiguity in calculating the energy confinement time caused by

"the inductive part of the loop voltage measurement and plasma energy change

with time.
The plasma parameter regime used in this energy confinement study is

shown in Table 1.

3. OPERATIONAL REGIME OF D-SHAPED PLASMAS

The maximum operational plasma current of D—shaped plasmas in Doublet
IIT has heen discussed in Ref. [6]. Similar results are reported in Ref.
*
[1-3]. 1In those devices, the plasma current is limited at identical ¢, for

circular and elongated plasmas, where

2na BT 1+ K(a)2

q = .
a uOIR 2

In Doublet III, q: was limited around 2.5 = 2.7 before starting titanium
gettering, and around 2.0 -2.5 after titanium gettering during Inconel is
used as the material of primary limiter. After installing a TiC coated POCO-
graphite limiter as the primary limiter (1980, summer), operation regime of
q: as low as 1.4 bécomes possible in conjunction'wfth Ti gettering. This

* *
paper will discuss the discharges with g4 » 2.4. The properties of low q,

regime will be reported elsewhere.
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The maximum operational plasma density of D-shaped plasmas is also of
practical importance. Figure 3 shows the comparison of maximum operational
plasma density in circular and D-shaped plasmas under a same vacuun condi-
tion. The figure shows the relation of the averaged density Ee at the flat
top of the discharge (from 500 ms to 800 ms) versus gas puff throughput Q
between 300 msec and 500 msec in the discharges for K(a) = 1.0, K(a) = 1.4
with I, = 350 kA and 530 kA at By = 24 kG.

In the comparison of the same Ip (350 kA) and different ¥, the density
of circular discharges linearly increase with the increase of Q. With
higher gas puffing than 55 Torr %/sec the discharge becomes disruptive;
therefore, the operational plasma density is limited at 5 x 1013 cm=3. on
the other hand, for K = l.4 discharges, Ee saturates at 3.3 x 1013 cp3,
This saturation is associated with a stroang increase of particle recycling
(Hy emission) at the plasma outer edge. It 1s necessary to operate K(a) =
1.4 D-plasmas at the same value of q: (Ip = 530 kA) in order to obtain the
same maximum plasma density achieved in circular plasmas with Ip = 350 kA,
This dependence of maximum density on Ip is also observed for K = 1.0
plasmas: Eemax increases from 5.0 to 6.4 x 1013 cp=3 by changing Ip from
350 kA to 530 kA, which is discussed in Ref. [7]. Therefore, for noncircu-
lar plasmas, Eemax 1s determined by q: for the same Bp. In other words,

Ee < is determined by average input power density or average current dens-

- x -
ity j, because for a similar q,, j is proportional to (1 + Kz)/ZK, which has

little dependence on K.
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4. ENERGY CONFINEMENT

The elactron density profiles, measured with 5-channel COp laser

interferoneters, are usually flat: between 1 ~(r/a)4 to 1 —(r/a)z, and
close to the former. TIn the calculation of plasma current density distribu-
tion versus minor radius, we assumea a constant Zyff. This assumption pro-—
duces good agreement with observations of sawtooth activity in the soft
X-ray emission for respective discharges. It also is consistent with the
Zoff profile determined by the soft X-ray diode array and scanning soft X-
ray energy spectrometer measurement except for low density operation, which
shows a strong accumulation of metallic impurities [8]. Comparison of typi-
cal discharges of K(a) = 1.4 and K(a) = 1.0 at By = 24 XG, qy = 4.6, na =
3.8 to 4.2 x 1013 ¢m™3 is shown 1n Fig. 4. The figure shows the profiles of
Tas q*, Py, Pr and TEgg 28 2 function of horizontal minor radius. Altrhough
the plasma current and the total ohmic input power are differemt about 507%,
the quantities shown in this figure are similar for circular and D-shaped
plasmas of identicailq:- The T, profile (therefore also the 3 profile) near
the plasma center for D-shaped plasma is flatter than that for circular
plasma with same q:, but is similar to those with same IP of 530 kA. The
figure shows that ohmic input and energy transport is dominant at r S a/2
and radiative loss is dominat at r » a/2. Therefore, we will discuss the

energy transport property at r £ a/2.
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A result of the confinement analysis for a hydrogen discharge of Bt =

24 kG, I, = 350 kA, K{a) = 1.0 is shown in Fig. 5 as a reference discharge

P
(relatively small plasma current). The figure shows TEgg? <1 - P./Pou>,
TEe and Tg; at r < a2 as a function of line-averaged electron density Ee,
where <1 — P./Poy> = [ (1 - P./Pop) dV at r £ a/2.

The ion temperature was not measured in this particular series. How-
ever, the charge exchange measurements in similar discharges of another
series shows Ty(o) ~ (0.75 -1.0) x Ta(o) for He =2 to 6 x 1013 cn™3.  The
calculation of Ty(o) sqlving a one dimensional heat diffusion of ions on the
basis of neoclassical heat transport, classical energy exchange between
electrons and ions and charge exchange energy loss of ions shows that (1 to
2) x neoclassical heat transport of ions 1is consistent with the measurement
within its experimental accuracy.

It is very difficult to distinguish the difference between 1 times and
2 times neoclassical transport of ions experimentally because the difference
expected from the theory is less than 50 to 80 eV. Therefore caleculation
results for both cases are referred to here. The figure shows almost a flat
dependence of TEqq 7 Ee, which is attributed to a continuous increment of
loop voltage (from 1.15 V to 1.53 V) and to a reduction of the electron tem-

perature with rising the electron density.

Under the condition of T, 2= Ty, Toal is expressed as

T T
o B Gom)
EeG 2 PoH TE + TE
_ e i
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Although <P,./P,g> increases slightly at the low and high density
region, <1 ~P,/P,g> shows roughly a flat dependence omn Ee' Therefore, the
flat dependence of TEgg OM Ee is caused mainly by an electron energy trans-—
port and (1 -2) x neoclassical transport of fons. The electron transport
time TEg? shown in the figure, has an Alcator type dependence of 2 [sec] =
0.83 n, [x 1014 cm'3] a? [m], in which the coefficient has a similar
magnitude as the ISX-A result [9].

Therefore, for the low current discharge of 350 kA, the energy confine-
ment is effected by increasing electron-ion coupling which surpasses the
continuing improvement of electron energy confinement time with rising den-
sity. The same behavior was originally discovered =nd discussed in Refs.
(9, 10].

The electron transport times g, 28 4 function of <{ng> are compared

for different K and Ip in Fig. 6:

1. K(a) = 1.0, 1 = 350 KA.
2. K(a) = 1.0, I =530 k.
3. K(a) = 1.4, T =350 ka.
heo K(a) = 1.4, T =530 KA.

where <ny> is the volume-averaged electron density inside v = af2.
In each series of discharge, T shows a linear dependence on <ng>.
The figure shows the following:
1. For constant I, TE, increases with the increase of K.
Z. For constant K, TEe decreases with the increase of plasma current.
3. For different X, TE, is similar in the same q:.

In the calculation of Pgj for elongated plasmas, neoclassical heat

transport cf ions
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is used [11] to calculate the ion temperaéﬁre;:wﬁefé ai 1svthé.i$n he;t flux
avéraged on a magnetic surface, v; 1s the collision frequency, and pr is the
tordidéi Larmor radius.

Taking into account the above properties, several scaling laws of eiec—
tron'trénsﬁort times are eiamined. The following simple expression éhows

one of the best fits to the present experiments:

* T 1 +K
Ty <ne>q * <ne> T 3
e P
14+ _(a/2)*
Figure 7 shows the relation TEe<Ip>/ Bt - ——— ] versus {ng>

in the wide range of plasma parameters shown in the figure, where 1.5 times
neoclassical 1s used as the ion energy confinement. <Ip> is the plasma
current inside r = a/2. K(a/2) are 1.0, 1.2, 1.4 for discharges with K{a) =
1.0, 1.4, 1.7, respectively.

Now we can expect an improvement of gross energy confinement time for
elongated plasmas for constant q: particularly in high density regime, where
neoclassical heat loss of ions is effective, because TE4 is imprbved by K2
as is shown in Eq. (1) while tEe(m nq*) is kept constant. To demonstrate
this advantage, three different K(a) deuterium discharges at constant q: (=
4.3 -4.9) is compared. Figure 8(a) shows the comparison of TEEG(aIZ) in

three serles of discharges:
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1. K(a) = 1.0, IP = 350 kA (reference discharge)
2, K(a) = 1.4, Ip = 520 kA
3. K(a) = 1.7, I, = 650 kA

The figures shows the following: 15 in low Ee regime of Ee {3 x 1013
cmf3, TEoC is tﬁe same for discharges with different K(a}, 2} in high Ee
regime of Ee 2 4 x 1013 cm"3, TEeG is improved with the increase of vertical
elongation. At highest ng, TEeg is improved by 65% with the vertical elon-
gation from K(a) = 1.0 to 1.7. Since Ty = Tg for high density regime, the
figure shows that the maximum gross energy confinement time T reaches 75
ms .

This behavior of TE g BaY be attributed to the coupling of TEq dis-
cussed before and TEi determined by neoclassical transport. To understand
the effect of eiongation on energy confinement caused by the coupling of TEe
and TE4s & simplified transport model in which TEq and TE; have dependencies

only on <ng>, <Ip>, R(a/2) is tried:

2
_n 1 +K - *

v ST Tz () 2)

e
T - 12 . Kj o Kz (3)
Ei 2 2 n 2

NC (1+K) d e

2

where n and I are non—-dimensional electron density and plasma current.
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In this series of experiment, <1 - P,/Pyy> 1s roughly constant with
- = + . .
<1 Pr/PoH> 0.7 0.14

Furthermore, since T, = Ty

i

TEEG =z 1 - Pr/PoH> T . - -

Therefore, comparisons of TEag? which is experimentally obtained, and
TEETEi/(TEe + TEe), determined by the present transport model, may make
clear the elongation effect in the experiment.

Figure 8(b) shows the model calculation of 21g TEiKTEe t g n=l
corresponds to TEe = TRy < 1.0 for the K(a) = 1.0, Ip = 350 kA series
(reference discharge). Each curve shows the model calculation taking the

ratio of (Ip> with respect to the reference discharge:

1. K(a/2) = 1.0, I = 1.0 for the discharge of K(a) = 1.0, I, = 350 kA.
2. K(af2) = 1.2, T = 1.3 for the discharge of K(a) = 1.4, Ip = 520 kA.
3. K(a/2) = 1.4, I = 1.7 for the discharge of K(a) = 1.7, L, = 650 kA.

The term 1 + K2/21 in g, of Bq. (2) are 1.0, 0.94, 0.87 for discharges
No. 1, 2, 3, respectively. The term 1282/(1 + K2/2)2 in TEy of Eq. {3) are
1.0, 1.63, 2.58 for discharges No. 1, 2, 3, respectively. The model pro-
vides the same wmagnitude of 2 TEe TEi/(TEe + TEi) for three discharges in n
< 9.5. On the other hand, by the vertlecal elongation from 1.0 to 1.7, the
model provides the improvement in 2 TE, TEi/(rEe + tEi) of 1.29, 1.59, 1.9

at n = 1.0, 1.5, 2.0, respectively.

—11—



JAERI-M 95069

The comparison of experimental results and model calculations shows
good agreement, if we assume n = 1 in the model corresponds to He =3 ~ 4 x
1013 en=3 in the experiment. Similar transport analysis as is shown in Fig.
5 shows that this correspondence is reasonable. Because the neoclassical
ion energy confinement time for deutrium discharge 1s 0.7 times of that of
hydrogen (TEi = 1/Ym, m is the mass of ions), and also the analysis shows
that TEq of deutrium discharge is a same magaltude within 20% as that of
hydrogen, the Ee corresponding TEs = TEg in deutrium discharge is smaller
than that of hydrogen.

It becomes clear that energy confinement time is improved with
increasing the plasma current in conjunction with the increase of vertical
elongation. If we increase the plasma current with keeping the elongation
constant, the TEqoqg shows different behaviors from that shown in Fig. 8.
Figure 9(a) shows the comparison of discharges with three different plasma
currents and same K(a) of 1.4; 1) Ip = 350 kA, 2) 520 kA, 3) 1 MA. With
increasing the plasma current, TEog is improved in high density regime. On
the other hand, TEeG of low density regime, where the electron transport is
effective, declined with increasing the plasma current. These behaviors are
well explained by the model transport of 1) I = 1.0, K(a/2) = 1.2, 2) I =
1.3, K(a/2) = 1.2 3) I = 2.4, K(a/2) = 1.3 as 1s shown in
Fig. 9(b). DNote that in high curreant (low q*) operation of 1 MA, the verti-
cal elongation at r = a2 increases from 1.2 to 1.3.

In the discharge of Ip = 1 MA, up to 2 times neoclassical heat loss of

ions is negligible (pei/pog < 0.13 at r < a/2) even in high ;e regime.
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The following resqlts hgvelbeep obtained in the.gémparison of
confinement propertiés in ohmically heated D-shaped and circular cross
section plasmas with an identical horizontal minor radii.

1. Maximum operational plasma current is determined by the same q:
for the same By. Maximum operational electron density is deter-
mined by average current density (approximate average ohmic input
power or q:) i.e., D-shaped plasmas need larger plasma currents
than circular plasmas corresponding to the identical q; for the
same Bry.

2. Transport properties are well explained by TEe x neq* and TEy ™
up to 2 times neoclassical. The improvement of energy confinement
time observed for D-shaped plasmas is due to the favorable geome-
trical effect of vertical elongation on the above transport pro-
perties, {.e., 1) for copstant IP and By, TEg is improaved by (1 +
Kz)/Z, and 2) for constant ¢* and B, TEy is improved by K2,

3. High current operation capability of D-shaped plasmas produce
remarkable improvement of energy confinement at high plasma den-
sity reglion due to the reduction of neoclassical heat loss of

ions. The highest Tg (75 ms) is realized for high current

D-shaped discharges.
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The following resu}ts have been obtained in the comparison of
confinement properties in ohmically heated D-shaped and circular cross
section plasmas with an identical horizontal mlnor radii.

1. Maximum operational plasma current is determined by the same q:
for the same By. Maximum operational electron density is deter-—
mined by avefage current density (approximate average ohmic input
power or q:) i.e., D-shaped plasmas need larger plasma currents
than elrcular plasmas corresponding to the identical q: for the
same Br.

2. Transport properties are well explained by TE, = neq* and By
up to 2 times neoclassical. The improvement of energy confinement
time observed for D-shaped plasmas is due to the favorable geome-
trical effect of vertical elongation on the above transport pro-
perties, i.e., 1) for constant Ip and By, TEg is improaved by (1 +
K2)/2, and 2).for constant q* and By, By is improved by K2.

3. High current operation capability of D-shaped plasmas produce
remarkable improvement of energy confinement at high plasma den-
sity region due to the reduction of neoclassical heat loss of

ions. The highest tg (75 ms) is realized for high current

D-shaped discharges.
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TABLE 1
PLASMA PARAMETERS

R 141 em

a 44 cm

K(a) 1.0 - 1.7

B 15 - 24 kG

I, 250 kA - 1 MA

ne 1.3 - 6.7 x 1013 cn™3
Te(0) ' 490 - 1240 eV

Zeff < 1.6

Working gas Hy, Do

OHMIC HEATING CQIL

DEMOUNTABLE
JOINT

SHAPING FIELD COIL

PARTIAL
ROGOWSKI
COIL

TOROIDAL
FIELD COIL

DIAGNOSTIC
PORTS

VACUUM
VESSEL

| —| eve— | m—  — | a—— o— |

0 ===

Fig.1 Cross sectional view of Doublet-11I1 device
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Fig.5 A result of energy confinement analysis for discharges with rela-

tively small plasma current.
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R By = 24KG
eG K=1.0
(msec) )
] L <ap? Ip=350KA
Ho
| | H 1 1 i
{1-Pr/PoH>
r<al?

TEqeg shows flat dependence on Ee. TEog

ion coupling which surpasses the continuing improvement of the electron

The gross electron energy confinement time

is effected by increasing electron-

energy transport time TE, with rising plasma density
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150}  Tpe (msec)
I < a/2

100 +

50 |- =—2xNC

~NC

BT=24KG

Ip=350KA 530KA
® [ ]

O ]
i 1 ]

0 1 2 3 4 5 6 7 8
die> (x10'3cmd)

Fig.6 Comparisons of electron energy transport time TEq for discharges

with different I, and K{(a). For constant K(a), Eq increases with the

p

increase of K(a). For constant K{a), TEy decreases with the increase of

%
plasma current. TEe is similar for same q, and different K(a)

Ceedp) 2
By 1+K(a/2)?
1.5 } o)
o]
o
1.0
o)
C)qb o]
o /0
o ooo
o © o
0.5 | o P
Q Ha
fo BT=15-24KG
A Ip = 250-680KA
K({a)=1.0-1.7
ION:1.5xNEQ CLASSICAL
4 1 ! ] 1
0 2 4 6 8 10

e (x10'%em®)
Fig.7 The relation TEe (Ip>/(BT « (1 + K(a/2)2)/2) versus <{ng’. g, is

proportional to <ng> q*
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