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Energy confinement study in JT-60 initial heating experiment
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Parameter dependences of energy confinement time are investigated
of the JT-60 divertor plasmas heated by the hvdrogen neutral beam with
power up to 20 MW. The experimental data obtained under the low radia-
tion level less than about 10% of the absorbed power are used to
investigate the following parameter dependences; (1) abscrbed power
(Pabs)’ {2) beam energy, (3) co- and counter- injection, (4) electron
density (ne), {5) plasma current (Ip) and (6) safety factor (qeff).
With these parameter dependences, scaling laws of the JT-60 divertor

plasmas are drawn as follows;
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1. Introduction

Scaling laws of energy confinement time of auxiliary heated
plasma are important and useful not only for understanding
confinement characteristics of plasmas but also for designing a
new machine such as next generation tokamaks, So far, some
scaling laws have been studied with using experlmental data
obtained in small and medium tokamazks [1,2,3], and have often
been used to evaluate a standard energy confinement time to be
compared with new experimental results. Recently, high power
heating experiments have been performed in large tokamaks,
TFTRM), JETS) and JT~6O6’7). To obtain more reliable scaling
laws, it is necessary tc investigate thelr parameter dependences
of energy confinement time, and to reconstruct new scaling laws
with using these experimental results.

JT-60 is a large tokamak with a compact poloidal divertor at
the outside of the torus6), the first walls of which consist of
the TiC-cocated molybdenum limiters and divertor plates. The
neutral beam heating experiments in JT-60 have been performed
with the divertor plasmas mainly in the high power region above
10 MW, Because of the effective reduction of iﬁpurity influx by
the divertor action, the heating experiments with very low
radiation loss {(less than 10% of the injected power) was
successfully performed in the wide parameter region. The results
obtained in JT-60 under these low radiation level will offer an

reliable input to the database for reconstructing a new scaling

law.
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In this paper,the parameter dependences of energy confinement
time in JT-60 divertor plasma ia presented, each of which is
compared with a conventional scaling law (the Goldston scaling
law). As a summary, a scaling law in JT-6C is drawn by using

these parameter dependences.,

2. Operation and Operational Parameter Regilon

Cenfinement characteristics of the neutral beam heating were
mainly Investigated in the divertor plasmas. The operation
parameters are summarized in Table 1. The parameter, §,,, is a
clearance between the plasma surface and the limiter at a
polcidal angle of 30 degrees in the divertor equilibria6), which
is controlled to maintain the diveftor action during the heating.

As a result of the divertor control, was redugced to 1-2 in

Zeff'
the electren density of 2-7x10!° m~*., The radiation loss was
suppressed tc less than about 10% of the absorbed power in the
divertor plasmas, while in the limiter plasmas it reached
50-80%°7 .

Neutral beam lines are almost perpendicular to the axis of
plasma column (78 degrees)., The ratio of co- and counter-
injection is usually 8:6., The hydrogen neutral beam was injected
not only Intc hydrogen plasmas buf also into helium plasmas. The
neutral beam heating region for each plasma is shown in Fig. 1.

To obtain high abscrption power even in the low electron density

regicn, helium plasmas were mainly used in the experiment with
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In this paper,the parameter dependences of energy confinement
time in JT-60 divertor plasma is presented, each of which is
compared with a conventional scaling law (the Goldston scaling
law). As a summary, a scaling law in JT-60C is drawn by using

these parameter dependences.

2. Operation and Operational Parameter Region

Confinement characteristics of the neutral beam heating were
mainly investigated in the divertor plasmas. The operation
parameters are summarized in Table 1. The parameter, §;,, is a
clearance between the plasma surface and the limiter at a
poloidal angle of 30 degrees in the divertor equilibria6), which
is controlled to maintain the diveftor action during the heating,
As a result of the divertor control, Zeff’ was reduced to 1-2 in
the electron density of 2-7x10'° m~*. The radiation 1oss was
suppressed to less than about 10% of the absorbed power in the
divertor plasmas, while in the limiter plasmas it reached
50-80%°7 .

Neutral beam lines are almost perpendicular to the axis of
plasma column (78 degrees). The ratio of co- and counter-
injection is wsually 8:6. The hydrogen neutral beam was injected
not only intc hydrogen plasmas but also into helium plasmas. The
neutral beam heating region for each plasma is shown in Fig. 1.

To obtalin high absorption power even in the low electron density

regicn, helium plasmas were mainly used in the experiment with
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ﬁeg 3x10'% m™® because the ionization rate of the neutral beam by
helium plasma is higher than that by hydrogen plasma. Here, the
ratio of hydrogen and helium atoms in this 'helium plasmas' is
roughly estimated as 1:1 from the comparison of the intensities
of Ha’ the charge exchange neutral flux, etc. between hydrogen

plasmas and 'helium plasmas'.

3. Stored Energy

The stored cnergy of heated plasma is calculated by using

the following relation;

WE = W 3/2(B;/ZuO)A(gp + 21/2)V0 (1)

Here, W is a stored energy of ohmic plasma just before the

OH

heating. The empirical scaling law of the stored energy for JT-

60 ohmic plasmas obtalned by kinetic analysisT),
B 0.86,, . .=0.62, 19 _s
Wo (MI) = 0,157 x Ip (MA)n " 72107 m ) (2)

is used for the calculation of the ohmic stored energy. The
second term in Eq.{1) is the incrsmental stored energy by the
neutral beam heating, which is calculated by using the increment
of Shafranov lambda, A (Bp + li/2), obtained in the equilibrium
analysis, assuming that the change in internal inductance, 1i,

during the heating is negligipble. V, is the plasma volume. It
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ﬁes 2x10'° m~? because the ionization rate of the neutral beam by
helium plasma is higher than that by hydrogen plasma, Here, the
ratio of nydrogen and helium atoms in this 'helium plasmas' is
roughly estimated as 1:1 from the comparison of the intensities
of Ha’ the charge exchange neutral flux, etc. between hydrogen

plasmas and 'helium plasmas',

3. 3tored Energy

The stored energy of heated plasma is calculated by using

the following relation;

. 2 N
W Wou 3/2(Bp/2uo)ﬂ(8p sai/2)v0 (1)

Here, WOH is a stored energy of ohmic plasma just before the

heating. The empirical scaling law of the stored energy for JT-

60 ohmic plasmas obtained by kinetic analysisT),

B 0.86 -0.62,, 10 3
WOH(MJ) = 0,157 x Ip (MA)ne (10'° m™?) (2)

is used for the calculation of the ohmic stored energy. The
second term in Eqg.{1) is the incremental stored energy by the
neutral beam heating, which is calculated by using the increment
of Shafranov lambda, A (Bp + 21/2), obtained in the equilibrium
analysis, assuming that the change in Internal inductance, 1li,

during the heating is negligible. V, is the plasma volume. It
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is noted that since Bp=1/2(Ri + P” )/(B;/EuO)B), the stored

energy, W¥, becomes smaller than the ture value by S({AW*)=1/2
(W, - WH) in the anisotropic equilibriuwn., However, according to
the analyzais of the slowing down process of fast ions with the
Monte-Carlc method, the deviation §(AW*), due to the anisctropy
of the beam energy component is less than 7% at ﬁe=2x1019 m?,
and decreases as the electron density increases. Hence, in the
following investigations, nc correction is made to the stored
energy.

Figure 2 shows the stored energles, W¥, against the absorbed

power, P = P + prid

abs OH abs The difference in stored energies

between hydrogen plasmas and helium plasmas is not clear within
the scatter of the data, It is probably due to the fact that the
ratio of hydrcgen and helium atoms in the "helium plasmas" is

+ ++ .
H :He = 1:1, or there might be no mass dependence between these
speclies. Therefore, both of data are used for investigating the

parameter dependences of energy confinement time without

classifying the operation gases.

4, Parameter Dependences of Energy Confinement Time
4.1 Absorbed power dependence

Figure 3 shows the absorbed power dependence of energy

confinement time t¥. Here, tX is defined as tX=W*/P . As
E E E abs

shown in Fig. 3, the absorbed power dependence can be expressed

X

in the forms of f(Ip,ne,...)(a+b/Pabs) or f(Ip, né...) Pabs'
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is noted that since Bp=1/2(3l + P” )/(B;/2u0)8>, the stored
energy, W¥, becomes smaller than the ture value by §{AW¥)=1/2
(W, - WH) in the anisotropic equilibrium. However, according to
the analysis of the slowing down process of fast ions with the
Monte-Carlc methcd, the deviation §(AW¥*), due to the anisctropy
of the beam energy component is less than 7% at ﬁe=2xW019 m-?,
and decreases as the electron density increases., Hencge, in the
following investigaticns, ne correction is made to the stored
energy.

Figure 2 shows the stored energies, W¥, against the absorbed

pewer, P =P + Pan

abs OH abs The difference in stored energles

between hydrogen plasmas and helium plasmas is not clear within
the scatter of the data, It iIs probably due to the fact that the
ratio of hydrcgen and helium atoms in the "helium plasmas" is

+ ++ .
H :He = 1:1, or there might be no mass dependence between these
species, Therefore, both of data are used for investigating the

parameter dependences of energy confinement tLime without

classifying the cperation gases.

4. Parameter Dependences of Energy Confinement Time
4.1 Absorbed power dependence

Figure 3 shows the abscrbed power dependence of energy

. . % x s ; %1%
confinement time TE. Here, TE is defined as T W /Pabs' As

shown in Fig, 3, the absorbed power dependence can be expressed

X

in the forms of £(I_,n_,...){a+b/P .
p’ e a abs

bs) or f(Ip, né...) P



JAERI-M B8-095

Incorporating other parameter dependences, [, described in the
following sections, a regression analysis gives a=0.033, b=0.37
or x=-0.56., Both functions fit the experimental data equally

well within their statistical accuracy.

4.2 Beam energy and co-/ccunter-injection dependence

Figure 4 shows the beam energy dependence of energy
confinement time. The dependence is investigated in the
comparatively low power region of Pabs=9.3—1T.u MW because the
maximum injection power decreases with beam energy (P§ﬁ§x13Mw at
Eb=50keV). The energy confinement time has a weak dependence on
the electron density, but is independent of the beam energy in
this power region.

Since most of the heating experiments were performed with
the ratio of co- and counter-injection, 8:6, the detailed
dependence of energy confinement time against the ratic of co-
and counter-injection was not obtained. However, to Iinvestigate
the effect of the direction of the beam injection, the following
experiments .were performed for co-injection alone and counter-
injection alone, resectively.

(a) Ip = 1.5 MA, B.=4.5 Tesla, ﬁe=u.3—u.5x1olg m-3, E =70

keV for P?O., P?Ognter=
inj inj

(b) Ip = 1.2 MA, B, = 2.75 Tesla, ﬁe = 2.1-2.3x10'? m73,

9.1 MW

T
co counter

=4.,5 M
inj? inj 4.5 MW

Eb=70 kel for P

In both experiments, almost the same energy confinement times
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were obtalned for the respective injection (TE = 124 msec for co-
injection, 122 msec for counter-injecticn in (a) and TE=123 msec
for co-injection, 121 msec for counter-injection in (b)). As
shown in Fig. 3, the energy confinement times obtained in the
experiment (a) (symbol % , % ) are almost same as those obtained
in the experiment with both injections. According to the orbit
analysis with Monte-Carlo method, the orbit loss for co- and
counter—-injection under the condition of Ip=1 M& and ﬁe=3x1019
m~* is 1% and 3%, respectively, From these experimental and
numerical results, it is considered that there is no clear
dependence on the direction of beam injectiocn.

Thesefore, no classification with beam energy and injection

direction is made in the following investigation.

4.3 Electron density dependence

Figure 5 shows the electron density dependence of the energy
confinement time of 1,5 MA and 2 MA divertor plasmas. It is
found that the energy confinement time of the divertor plasmas
has a very weak dependence on the electron density like a
function of 52'12HO'?8, which is independent of the region of the
absorbed power and the plasma current. If the correction of the
anisotropic beam stored energy is made to the total stored
energies of plasmas in the low electron density region, this
dependence will become weaker, Thus, the electron density

dependence of the JT-60 divertor plasma is almost same as the

Goldston scaling law (= ﬁ;). This result implies that the stored
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energy, W¥*, including beam stored energy is almost independent of
electron density at the fixed absorbed power, Since the beam

energy decreases with increase in electron density, the variation
of electron temperataure is weaker than 1/ﬁe, which is consistent

with the measurement of electron temperature in JT-60,

4.4 Plasma current dependence

Figure 6 shows the plasma current dependence of the energy
confinement time, Since there 1s no commcn region of the
electron density and the absorbed power from 1 MA plasmas to 2 MA
plasmas, this dependence is investigated by deviding these
parameters into several region as shown Iin Fig. 6, From this

figure, the plasma current dependence of 12'56_0'75

is obtained,
Taking account of the ccrrection of the beam stored energy to the
1 MA plasmas with low electron density, it may be considered that
this dependence i3 approximately 12'6.

Compared with the Goldston scaling law and the Kaye-Goldston
scaling 1aw2) with strong dependence on plasma current (mIp and
I;'ZM, respectively), the JT-60 divertor plasma has a compara-
tively weak dependence on plasma current, The conventicnal
gcaling laws have been drawn with using the experimental results
from limiter plasmas and divertor plasmas with a stangnation
point at the top and/or the bottom of the torus. While, the JT-
60 divertor plasma has a stagnation pcint at the cutside of the

torus. This difference might affect the current dependence cf

energy confinement time. The comparison of the results from the
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divertor plasmas and the limiter plasmas in JT-60 will be an
answer to this guestion, As shown in Fig. &, the current
dependence cf the energy confinement time for the limiter plasmas
is almost same as that for the divertor plasmas. However, 1t
should be ncted that the radiation level is very high in the
neutral beam heating of the limiter plasmas as described above.
Alsc, the energy confinement time of the limiter plasmas is worse
than that of the divertor plasma. Taking account of this fact,
to answer this question, it is necessary to compare the results

obtained under the same level of the radiation loss.

4.5 Safety factor dependence

Figure 7 shows the safety factor dependence of energy

confinement time. Here, a safety factor, is defined as

qeff’

Qpp = 2ﬂap28T/uo RIp(1 + (ap/R)2(1+(Bp+Ei/2)2/2)).

To exclude the dependences on both the major and the minor radii,
R and ap, they were fixed almost constant, E=3.10-3.1% m and
ap=O.82—O.88 m in this experiment. The Qupp dependence was
investigated by scanning the strength of the torcidal magnetic
field from 1.9 Tesla to 4.5 Tesla for 1 MA plasmas and from 3,5
Tesla to 4.5 Tesla for 1,5 MA plasmas. From this figure, it is
found that there 1s nc Aepr dependence in the energy confinement

time.
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5. Scaling Law of Energy Confinement Time of the JT-60 Divertor

Plasma

From the parameter dependences described above, scaling laws
of energy confinement time of the JT-60 divertor plasma may be

expressed by the following type functions;

14

(1019 m_g) q°

0.6 -0.
{a = b/PabS(MW))Ip (MAIn orp

s
tE(sec}

or

Wu 19 '“3 0
(10" m 7) Qorr

S x_0.5 -0,
TE(seC) e PabS(MW) Ip (MA)ne
Here, the coefficients, a, b, ¢ and x obtained by regression
analysis are a=0.033% and b=0.37, or ¢=0.26 and x=-0.56, Figures
8{a) and (b) show the comparisons of energy confinement times

obtained in the experiment, t¥, and those evaluated by the

jap
scaling law drawn above, T;, for the respective scaling laws.
Both scalings fit the experimental data equally well within the
same statistical aeccuracy, althcugh their dependences on absorbed
power are different. Within the data obtained in this
experiment, it is difficult to determine which dependence is
better.

In this experiment, the dependence c¢n the plasma size {(major
and minor radii, R and ap) was not investigated. To compare the
JT-60 divertor results with the results of cther tokamaks, the

comparison of the energy confinement time of the JT-60 divertor

plasma is made with that of the Goldston scaling law;
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= 0.37

GS -0.5 1. -
Tg (sec) = O.O368Ip(MA)PabS {MW)R {m)ap (m)

Since the energy confinement time depends on plasma current, the

comparison is made in the following cases,

Case 1: I =2 MA, n =Ux10'® m~%, P__ =20 MW, R=3.15 m and
e abs
] GS
ap—0.83 m; E~98 msec, T =133 msec,
Case 2: I =1 MA, n =2x10!% p-%, P 4=20 MW, R=3.15 m and

e ab

3 GS
ap—0.83 m; TE—SM msec, Tp =66 msec,

Here, it is noted that the Goldston scaling law is drawn with
using the deuterium plasma data, while the JT-60 results are
obtained with the hydrogen plasmas. In ASDEX[10], the mass

. H
dependence like 1

D
g = TE/mH/mD has been obtained between hydrogen

plasmas and deuterium plasmas. Here, Tg and Tg are the energy
confinement time of hydrcgen plasmas and deuterium plasmas, and
m and m, are the mass of hydrogen atom and deuterium atom.
Assuming this mass dependence, the energy confinement time for
the 2 MA plasma (Case 1) and the 1 MA plasma {Case 2) predicted
by the Goldston scaling law become 93 msec and 46 msec,
respectively. The JT-60 results for the 2 MA plasmas are almost

same as the estimated value by the Goldston scaling law, but

those for the 1 MA plasmas are slightly longer.,
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6. Summary

The paramester dependences of energy confinement time of JT-
60 diverteor plasma is investigated with using experimental data
obtained in the high power neutral beam heating up to 20 MW under
the significant feature of lcw radiation loss. The parameter

dependences are summarized as scaling laws like following

functions;
) _ 0.6 -0.114 1 -3, 0
TE(SGC) = (0.033 + O.37/Pabs(Mw))xIp (MA)ne (10 m )qeff’
or
s _ -0.56 0.6, .=0.14 19 =3, G
TE(SGC) = (0.26 PabS(MW)) xIp (MA)ne (10" m )qeff’

and are summarized as fcllows.,

(1) Both type Functions of a + b/P_  and szs fit the

bs
absorbed power dependence equally within the same
statistical accuracy.

(2} The plasma current dependence is weaker than the
conventional scaling laws such as Goldston scaling
law[1,2,3].

(3) The electron density dependence is very weak,

(4) The beam energy dependence is not found in the region of
Eb=50—75 keV, and no differehoe in energy confinement time
is found between the co-injection and the counter-

injection from a limited database.

(5) There is no Qops dependence .
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Table 1 Operational parameter region of neutral beam heating
Parameters Range
Configuration Divertor
Ip 1.0- 20MA
Me 0.65-6.7x10"°m3
By 19- 45T
Qeft 2.2- 6.2
Rp 309-315m
ap 082-091m
339 0.2-5.1cem
Plasma gas H, / He
Piaj 4 - 20MW
E beam 50-TSkeV
Feo- /(Feo-+ Peyr ) 0-1
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Fig. 2 Magnetically measured stored energy for divertor plasmas,
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Fig. 3 Absorbed power dependence of energy confinement time,
Symbols, ¥, % , show the results obtained in the

experiments with co-injection alone and counter-injection

alone, respectively.
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Fig. & Plasma current dependence of energy confinement time.
Although the radiation losses is high (50-80%) in the
limiter discharges, the current dependences of their
energy confinement time is shown to be compared with that
of the divertor plasmzs.
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8 Comparison of the scaling laws of energy confinement time



