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Confinement results are reported during the 3 months initial operation
of JT-60 tokamak with'Ip of 1~2 MA, ng of 1.5-7x10%m™3 and Pahs up to 20MW.
The plasma stored energy follows an offset linear relatiom with the absorbed
power and the incremental energy confinement time TEinc (=dWg/dP pg) for
thermal components is almost independent of Ip and Ee and iz 60 msec. A
remarkable difference in the density profile has been observed between limiter
and divertor discharges. The electron temperature profile shape is rather
tight compared with the density profile although broader profiles have been

observed in high density beam heated discharges.
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1. INTRODUCTION

The research objective of JT-60 is to achieve and study reactor
relavant plasmas (.7r =2-6x10'%m3 and T;= 5-10 kev- ) (1) . In order to
realize such a plasma condition, neutral beam power up to 20 MW has been
injected into 2 MA divertor discharges [(2,3,4,5) in JT-60. Extensive
studies have been made during ohmié heating experiments to get a wide
range of target plasma density before auxiliary heating 1in JT-60
(6,7,8,8)

More than 10 years of experimental efforts have been paid to get
the empirical confinement scaling during the auxiliary heating. Based
on early experimental results, Goldston {10] suggested an empirical
scaling for the global energy confinement time for so called L-mode.
Later Kaye and Goldston proposed a refined energy confinement scaling
(111 . Both Goldston and Kaye-Goldston scalings gave rough agreement
with the L-mode confinement for present large tokamak experiments such
as TFTR, JET and JT-60 (12,13,2) . They basically assumed the global
energy confinement time can be expressed by the multiple power fit of
the externally controllable parameters such as I,,7.,.Bi,Piot Rp.0p.K .
Offset inverse linear dependence has been proposed as an alternative
approach for the power dependence of the energy cohfinement time by
Burrell {14] and DeBoo {15) . More recently, Odajima (18] showed
that <" is independent of I,,7, and Pgs in JFT-2M and the size
scaling part of the incremental energy confinement time is obtained by
Shimomura and Odajima [17)

It has been well understood that different physical mechanisms rule
the energy confinement properties of ohmic and neutral beam heated
L-mode discharges. Goldston showed that confinement properties of both
ohmie and beam-heated discharges is well described by the combination of
2 independent confinement times t¥ and t* while Odajima divided
plasma stored energy into 2 terms Wgy and AW™ which follow different
confinement scalings t#' and t£"° , respectively. |

In order to understand the underlying physics of tokamak
confinement, there are growing discussions on the profile constraints
originating from Coppi's "Principle of Profile Consistency” (18) . This
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guiding philosophy simply means that transport coefficients such as D
and x are not locally defined but are determined from the global profile
constraint. Such profile constraint may be related to the fact that both
central and edge temperatures are constrained by the sawteeth and the
high neutral recycling at plasma edge, respectively. The profile
invariance or tightness has been shown by Murakami (19)] and Speth
{20) during the neutral beam heating.

In this paper, we will show the energy confinement properties and
T, and n, profile characteristics during the hydrogen neutral beam

heated L-mode discharges in JT-60,
2, EXPERIMENTAL CONDITIONS AND DIAGNCSTICS

JT-80 is a large tokamak which can produce near circular limiter
and divertor plasmas. The basic machine conditions for the experiments
described in this paper are nearly same as the nominal design value for
the divertor operation in JT-80 {8) . Most of the experimental data
are obtained in the divertor discharges. The divertor configuration of
JT-80 1is characterized by the location of the x point. Arrangement of
diagnostics system for eﬁergy confinement and tyﬁical divertor
equilibrium are shown in Fig.?. 4 channel interferometer system is
used to estimate the radial profile of the electron density. Radial
profile of the electron temperature and density is measured by the 8
points Thomson scattering system shown in the figure. Central electron
temperature measured by a soft-X-ray pulse height analyzer is in good
agreement with the Thomson scattering values. Central ion temperature
is measured by the doppler broadening of the T; XXI K, line, Rutherford
scattering of the diagnostics helium beam and charge exchange neutral
analyzer. Total radiation from the plasma. is measured by the 15
channel bolometer array. Z.s is estimated by the visible
bremsstrahlung, Rutherford scattering of diagnostics helium beam and the

resistivity.
Prior to the experiment, extensive Taylor type ‘discharge
conditioning has been made to reduce impurity influx (21) . The

plasma is initiated in a limiter condition and is changed into the
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divertor configuration after around 200 msec. Feedback control of Ag
and Az is started 80 msec after the initiation of the discharge. Active
feedback control analysis, configuration measurement and initial control
results are seen in the references (22,23,24) . Fig.2 shows a typical
discharge characteristics during the neutral beam heating in JT-60. All
confinement data are taken near the end of the neutral beam pulse .where

the discharge is nearly stationary.
3. ANALYSIS PROCEDURES

The diagnostics data obtained in the experiments are analyzed by
the time independent analysis code LOOK/OFMC/SCOOP developed in JAERI
(25] which is similar to ZORNCC ([26] and SNAP (19) . The analysis
procedure is schematically shown in Fig.3. Outermost flux surface 1is
obtained by using FBI(Fast Boundary Identification) code (27] which
uses the same method developed by Swain (28] . Internal flux surface
is calculated by the numerical equilibrium code using the fixed boundary
condition from FBI code. Electron density and temperature profiles are
determined as a function of ¥. The density and temperature profiles can

be well described by the following forms in JT-€0,

e (r) = (n (0) - n_ )l - (/)" + n

eb

I

T (r) (Te(O)-Teb){l -(r/a)? + a(r/a)?(l -r/a)

+ B(r/a)?(l - (r/a)?)} + Ty
and the unknown parameters are obtained by the least square fit to
the measurements. Radiation profile can be obtained as a function of
¥ by inversion of the 15 channel chord measurement. It should be noted
that total radiation measured by the 15 channel bolometer array is only
5-10 % of total absorbed power and it does not play a major role in the
power balance, Radiation profile is rather flat except small peaks at

the center and the edge and we simply assumed flat profile for the power

balance study. Energy and particle deposition profiles from the
neutral beam is calculated by the OFMC(Orbit-Following-Monte-Carlo) code
(29] . Radial profiles of the tranSport coefficients D and x and power
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divertor configuration after around 200 msec. Feedback control of Ag
and Ay is started 60 msec after the initiation of the discharge. Active
feedback control analysis, configuration measurement and initial control
results are seen in the references (22,23,24] . Fig.2 shows a typical
discharge characteristics during the neutral beam heating in JT-60. All
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the discharge is nearly staticnary.
3. ANALYSIS PROCEDURES

The diagnostics data obtained in the experiments are analyzed by
the time independent analysis code LOOK/OFMC/SCOOP developed in JAERT
(257 which is similar to ZORNCC ([26] and SNAP (19) . The analysis
procedure is schematically shown in Fig.3. Outermost flux surface 1is
obtained by using FBI(Fast Boundary Identification) code (27] which
uses the same method developed by Swain (28] . Internal flux surface
is calculated by the numerical equilibrium code using the fixed boundary
condition from FBI code, Electron density and temperature profiles are
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flow, and global confinement parameters are calculated in SCOOP code.
Physical assumptions for the confinement analysis are as follows.
The ion temperature profile 1is estimated by assuming y;= = C; °
where C; and ¥ are the "neoclassical multiplier’ and the neoclassical
ion thermal conductivity given by Chang-Hinton (30} (; is determined
from the measured central ion temperature. C;=5 1is assumed in high
density discharges without using the measured ion temperature where
small differences between ion and electron temperatures are expected.
The beam compenent of the plasma stored energy is estimated by the
Orbit-Follwing-Monte-Carlo code which increases with Pyg and decreases
with n,. Beam component of the stored energy is typically 20 % of the
total stored energy at 7, =3x10""m™>. No anomalous loss mechanism for the
beam component is included in the calculation such as fishbone

instability.
4, ENERGY CONFINEMENT DURING THE BEAM HEATING

Energy confinement characteristics of ohmically heated plasma has

been analyzed which is important for the description of the "incremental

energy confinement time” during the neutral beam heating. Fig.4 shows
the plasma stored energy as a function of #n, for various plasma
currents. Plasma stored energy is well described by the following
formula,

0.86 0.62

W = 0,157 Ip(MA) "rIe (101° m=3)

Fig.5 shows the total kinetic stored energy Wror (= We+W;+W, ) as a
function of absorbed power Pgs (=Psg; —Pst +Poy ) where W., W;, Wy, Pl »
Psr and Ppy are electron stored energy, ion stored energy, beam stored
energy, neutral injection power, shine through power and joule heating
power, respectively, Roth hydrogen and helium discharge data are
included in the figure because no significant difference in the
confinement properties have been observed. The density fanges are
restricted to 4-5 x 109w for I,=2 MA case and 3.4-4.0 x 10"m3 for

I,=1.5 MA case becauée the stored energy has a strong dependence on the
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flow, and global confinement parameters are calculated in SCOOP code.
Physical assumptions for the confinement analysis are as follows.
The ion temperature profile is estimated by assuming y;= = C; ¥
where C; and ¥\° are the "neoclassical multiplier” and the necclassical
ion thermal conductivity given by Chang-Hinton {30} (; is determined
from the measured central ion temperature. ;=5 is assumed in high
density discharges without using the measured ion temperature where
small differences between ion and electron temperatures are expected.
The beam component of the plasma stored energy is estimated by the
Orbit-Fellwing-Monte-Carlo code which increases with Pyg  and decreases
with n,. DBeam component of the stored energy is typically 20 % of the
total stored energy at W, =3x10""m™. No ancmalous loss mechanism fof the
beam component is included in the caleculation such as fishbone

instability.
4. ENERGY CONFINEMENT DURING THE BEAM HEATING

Energy confinement characteristics of chmically heated plasma has

been analyzed which is important for the description of the "incremental

energy confinement time” during the neutral beam heating. Fig.4 shows
the plasma stored energy as a function of 7, for various plasma
currents. Plasma stored energy is well described by the following
formula,

0.86 0.62

WH = 0,157 I (MA) 1 (10%° m—3)
P ) e

Fig.D shows the total kinetic stored energy Wrpr (= W.+W;+W, ) as a
function of absorbed power Pgs (=Pyg; -Pst +Poy ) where W, Wy, Wy, Pus »
Pst and Py are electron stored energy, ion stored energy, beam stored
energy, neutral injection power, shine through power and joule heating
power, respectively, Both hydrogen and helium discharge data are
included in the figure because no significant difference in the
confinement properties have been observed. The density fanges are
restricted to 4-5 x 10w for I,=2 MA case and 3.4-4.0 x 103 for

I,=1.5 MA case because the stored energy has a strong dependence on the
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plasma density in the chmic discharges. The total stored energy . is
compared with the magnetic measurement which is shown in the Appendix.

The plasma stored energy follows an off set linear relation with the
absorbed power having incremental energy confinement times for the total
stored energy i (= dWpr/dPes ) of 86 msec and 83 msec for I,= 2 MA and
1.5 MA cases, respectively. Tt for I, = 1.5 MA H° neutral injection

case 1s larger than that of D° injected TFIR result {12] . e is
relatively insensitive to plasma current. Fig. B shows thermal and
total stored energies W; and Wror as a function of n, for I,= 2Z2MA
discharges. The experimental data between Pg, =13.4-16.9 MW are

converted to Py =15 MW in this figufe. The 1Incremental energy
confinement time for thermal component T} (=dW,/dPgs) 18 almost.
independent of n, and is 60 msec. It should be noted that we do not
subtract the charge exchange loss for the definition of "¢ while TFTR
group subtracted the charge exchange loss for the definition of heating
power Pr.o:  [(19) .  If we add the calculated beam stored energy, the
total stored energy is almost independent of n, and the global energy
confinement time <pc is 120 msec.. Therefore, we expect that i is
more than 100 msec in low density regime although the energy confinement
time for thermal component 1is fairly lower than that in high density
regime. Fig.7 shows a similar plot for I, = 1.5 MA and 1 MA cases. The
incremental energy confinement times for the thermal component 7" are
B0 msec for both I,= 1.5 and 1.0 MA cases as seen from the figure. The
experimental data between Py, = 9.1-10.9 MW are converted to Pgs =10MW
for J,=1.5 MA case and the data between 7.4-8.7 MW are converted to
Pus = 8 MW, respectively. The total stored energy including the beam
component Wr is almost independent of n, for I,=1.5 MA case. Density
scan for I,=1 MA discharges is not performed because of the short
experimental period. . .

The incremental energy confinement time for the thermal component
is almost independent of I, and n, which is the same conclusion with
JFT-2M results [18) . T} for H° injection is 60 msec and 7 times
less than the energy confinement time during the ohmic heating. This
ratio T/ 7" is fairly larger than that of JFT-2M result ¥ /7F™ =3.2
(31) . The energy confinement time during the ohmic heating has been
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increased by the favourable size scaling ( ¥ « RZa ) in large - tokamaks
{3&])] . On the other hand, the incremental energy confinement time
during the L-mode discharges seems to have less favourable size scaling.

For this size scaling part, Shimomura and Odajima [17] proposed as,
T = 12vi/mp of

which gives 7/ = 64 msec for the experimental conditions in
JT-60. This is fairly consistent with the experimental observation.

The energy confinement time tg (= (W, +W; )/ Pgs ) decreases down to
100 msec during 20 MW injection from the ohmic heating value (400-500

msec). Fig.8 shows 7y as a function of Py .
5.PROFILE CHARACTERISTICS

Fig.9 shows typical example of electron temperature and density
profiles for both ohmic and beam heated limiter and divertor discharges.
A significant difference in the density profile has been observed
between limiter and divertor cases while T, profile is relatively
unchanged. Solid and broken lines in the density profile are n,
profiles obtained by the 4 channel FIR/Zmm interferometers and by the
Thomson scattering which give good coincidence. Fig.10 shows n, (0)/f, as
a function of n, for hydrogen(CH and NB) and helium (NB) discharges.
Extremely flat density profile is realized in high density ohmically
heated divertor discharges while more peaked density profile is séen in
limiter discharges. A peaked density profile tends to be formed even
for the divertor discharges for full size plasmas with minor radius more
than 83 cm. This fact indicates the importance of the plasma-wall
interaction for the appearance of the peaked density profile. At least
we can say that strong particle inward flow {33) caused by the ion
mixing mode [(34] is absent in high density divertor discharges in
JT-60.

Contrary to the density profile, the electron temperature profile
tends to keep a bell-shaped form. Fig.1! shows T, (0)/<7T.> for ohmic

and beam heated discharges as a function of 1/q, with restricted
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increased by the favourable size scaling ¢ T?fa R%a ) in large tokamaks
{32) . On the other hand, the incremental energy confinement time
during the L-mode discharges seems to have less favourable size scaling.

For this size scaling part, Shimomura and Odajima [17) proposed as,
T = 12vin/mp o

which gives 7/ = 64 msec for the experimental conditions in
JT-80. This is fairly consistent with the experimental observation.

The energy confinement time 7g (= (W.+W; )/ Pus ) decreases down to
100 msec during 20 MW injection from the ohmic heating value (400-500

msec). Fig.8 shows 7y as a function of Py, .
5.PROFILE CHARACTERISTICS

Fig.9 shows typical example of electron temperature and density
profiles for both ohmic and beam heated limiter and divertor discharges.
A significant difference in the density profile has been observed
between limiter and divertor cases while T, profile is relatively
unchanged. Solid and broken lines in the density profile are n,
profiles obtained by the 4 channel FIR/Zmm interferometers and by the
Thomson scattering vhich give good coincidence. Fig.10 shows n, (0)/n. as
a function of n, for hydrogen(CH and NB) and helium (NB) discharges.
Extremely flat density profile is realized in high density ohmically
heated divertor discharges while more peaked density profile is séen in
limiter discharges. A peaked density profile tends to be formed even
for the divertor discharges for full size plasmas with minor radius more
than 83 cm. This fact indicates the importance of the plasma-wall
interaction for the appearance of the peaked density profile. At least
we can say that strong particle inward flow (33) caused by the ion
mixing mode [34) is absent in high density divertor discharges in
JT-60.

Contrary to the density profile, the electron temperature profile
tends to keep a bell-shaped form. Fig.1! shows T, (0)/<T.> for ohmic
and beam heated discharges as a function of 1/q, with restricted
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density range. The measured T, {0)/<T.> is compared with the general
inequality qes %7 < T, (0)/<T.> (uniform Z,; and spitzer resistivity
assumed ). Measured T, {(0)/<T.> values follow this lower bound qusz- %7 in
ohmically heated discharges., Effect of sawteeth broadens this - peaking
parameter during the neutral beam heating as seen from the figure and we
can not see clear correlation with q;H . Fig.12 shows T, (0)/<T.> as a
function of m, for both ohmic and beam heating cases. Although sawteeth
effect blurs the tendency, we can see a formation of the broader
temperature profile in high density beam heated discharges. However,
this profile change is not large enough to reject so called "Temperature
Profile Consistency” (18] . Fig.13 shows radial profiles of the
NB-supplied particle deposition ~ calculated with . the
Orbit—Following—Monte~Carlo code and of the energy confinement time for
low and high density helium discharges. The core energy confinement is
significantly larger than the gross energy confinement time for high

density hollow beam deposition cases similar to the TFIR case (18]
6. TRANSPORT INSIDE THE PLASMA

Convective and conductive energy transports have been analyzed for
these discharges. Fig.14 shows the particle diffusion coefficient D and
the convective energy loss normalized by the input power at r=Za/3 as a
function of input power P, (=Pas -P.y.) where P, 1is the charge exchange
loss power of the fast ion. In this calculation, we estimated the
convective energy loss by Pom=3/2nTV  and is only 10 % of the total
input power although there is no cdnsensus on this convective loss
formula (35) . At least we can say that convective energy loss is not
a dominant energy loss channel although significant enhancement of D has
beeri observed in these discharges. Fig.15 shows the electron thermal
conduction coefficient %, and the electron conduction loss power
normalized by the input power at r=2/3a as a function of
P,, . Basically, we assumed y;=5x{ and some of the experimental data
are obtained by using T; (0) which gives C;=1-4 for this range of plasma
density. As is seen from therfigure, about 70-80 % of the heating power

is lost through the electron heat conduction.
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7. CONCLUSION

The energy confinement characteristics during the initial neutral
beam heating has been analyzed by the time independent radial tranéport
analysis code using the radial profile of the electron temperature and
central ion temperature. The global energy confinement time follows an
off set linear relation with absorbed power and the incremental energy
confinement time for the thermal component is almost independent of n,
and TI,. A remarkable difference in the density profile has been
observed between limiter and divertor discharges. The density profile
is extremely flat in high density divertor discharges while more peaked
density profile has been observed in the limiter discharges. Contrary
to the density profile, the temperature profile shape is rather tight
although some broadening has been observed in high density hollow beam
deposition cases. The power balance studies shows that the convective
energy loss is only 10 % of the total energy loss while the electron

conduction loss goes up to 70-80 % of the energy loss.
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Appendix

Plasma stored energy during the neutral beam heating has been
estimated by the equilibrium field measurement. Shafranov A

measured by the equilibrium is expressed as follows,

where (9= Uo(<P/ +Pl >)/B§ and - 1; 1is the internal inductance,
respectively. If we assume that the internal inductance does not -
change during the beam heating, we can estimate the plasma stored

energy as follows,

OH !
' =
WT WS + AWNB
ng = (see section 4.)

2
-
AWNB = 0,471 Rp(m)Ip(MA) AL (MT)

where we used the pararell beam pressure is negligible in JT-60.

This plasma stored energy by the equilibrium measurement W o is
compared with the kinetic measurement as shown in
Fig.Al. Relatively good agreement between these measurements are

found.
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gives total radiation and 3 channel bolometers viewing 3 vertical
lines ( 2 ) gives the degree'of the poloidal asymmetry. 4 channel
interferometers viewing vertical lines are used to estimate the
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Stored Energy Scaling (Ohmic Plasma)
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Fig.15 Electron thermal conduction coefficient yx, during the beam
heating for I,=1.5 and 2 MA discharges with restricted density
range as a function of input power. Charge exchange loss is
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