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The L-H-L transitions have been analyzed mainly for high field pulses (Bt= 4T)
in JT—60U. The simultanecus response of electron temperature Te has been clearly
observed during L-H-L transitions over the wide plasma region. This Te evolution 1s
deseribed as the result of the fast jump of electron heat diffusivity, & xe, over the
wide plasma region. Values of &xe were obtained as 0.5 m?/s< |8 xe| <Ilm2 5.
They usually increase with radius. The simultaneous response of ion temperature Ti
was also observed similarly to the Te response. The jump of ion heat diffusivity,
8 xi, is similar to & xe and usually increases with radius as the same as 0 Ye.
In a low field pulse(Bi~~25T), |dxil is as large as 2m?/s. Values of &x are
consistent with the change of the energy confinement time during transitions.
The dependence of &xi is negative on Bt or Ip like 1/Bt or 1/Ip, while the Bt or
Iy dependence of & xe is weak. These Ip dependencies agree qualitatively with the

result of the power balance analysis of JT--60U L-mode plasmas.

Keywords: Tokamak, JT—60U, Transport, H-mode, L-H Transition, H-L Transition,

Heat Diffusivity, Electren Temperature, Ion Temperature

* Russian Research Center “Kurchatev Institute”



JAERI—Research 95— 060

JT— 60U L-H-LEKEIC 511 5 BIEER O F R EE)

BER T HHERIFRRETF.L 7 5 X <R
Sergei V. NEUDATCHIN* « 1% s« gHF  # - GFHEH
SE N BE - FR-TH OEX

(19954 8 H18HZH)

JT—60U O cSEEEHE (Bl =4T) kB 3 L-H-LEBIC>WTT 21T > oo L-H-L
BT, 73 X v OEGERICE D RS EFRE T. OBRESBRAShic, O Te OFF
RzE b, 75 X< DEWEERICE 3 BT RIEBRROHOBY 0 KH2 6D TH S, TO
5 xo DUEEHE, 0.5m2/s < 8xe| <lmi/s, %Rpc, THIZEE, $EHRIRE T -
TWB, 44 VEEORBNISEED Te DEELERTH S ESBRILI, 14 v BILETR
BOMD 6x bEr, Oxe ERBAETHD, FEHMICHAT 5, BUHKE (Bt = 2.57)
eBOTHE, | 6y 22m s ETKELU-TVE, ThEHD oy OfEE, EBRRO X
E B LA DBOT L EFB/ LIV, 14 VYRIHEAROBY dxid B EFeid Xt L
/By 7213 1L Tp O & 5 BRREHREEE LTS, —F, Sxe @B L iciLY
IRIELIE L, Thod ikt JT0UDLE-FT3Xv0D/NT =37 v AT ORER &
EHIC—E LTS,

AREIRRZEAT © T311-01 ZRIREAE ERARTTRI[ENL801-1
* 7 WF v b 7HIFEHT



JAERI—Hesearch 95

Contents

1. Introduction reerssrerereermrmrrnn
2. Analyses of &x during Transitions coeeeeresees
2.1 FElectron Heat Diffusivity eerceeemesmememrmimee
2.2 Ton Heat Diffusivity «rreserressersrmmmrnie.
2.3 Transitions in a Low Field Pulge «eoreoreees
D DISCUSSION  ++errererersrermerssssrormioniossnssiisinnninianes
A ConClUSIOn rrerrterrererarsnrrerrrrrisieiiiiiaiate
ACKNOWledgments s-resessrssesrererereressorensineriens
S S

Appendix Plasma Configurations and Parameters

T AT 2 ) T L T LT T I VPR PP PPPPOPIPIPPPEPOTRR
2, EWIHICEIT A Sy DRI e

2.1 BT OBIEEUREL ~veereerrerersrmrnreeina,

20 A A v OBFEBUTEL veerorereeereerisnie

23 EEREEREICEIFAEE o
3. & - S LI TITRTPTTEPT LRI SPPRTITILTI SR LIRS
A, EE EB eeveeesseeeserennei
353‘ E;IE ............................................................
SRR voervreereernesen e s
8 73 AELE IS5 A — 4 creererereerine,

—060

................................................
................................................
................................................
................................................
................................................
................................................
................................................
................................................
................................................

.............................................

................................................

................................................

................................................

................................................

................................................

................................................

................................................

................................................

................................................

................................................



JAERI—Research 95—060

1. Introduction
An understanding of the time evolution of local transport coefficients during a

transition between various confinement regimes is important to clarify the physical
mechanism responsible for the anomalous transport observed in tokamak plasmas.

In relation to L-H-L transitions, soft terminations and strong ELMs on JET, the
time evolutions of electron temperature Te, ion temperature Tj, electron heat
diffusivity Xa, and ion heat diffusivity X; have been analyzed and reported previously
[1-4]. The simuitaneous T, response (with few millisecond unbertainty) was clearly
seen during L-H-L transitions in the plasma region, 0.2 < r/fa < 1 (r is the volume-
averaged minor radius of a magnetic surface and a is the volume-averaged minor
radius of the separatrix). To describe this event, we apply a simple heat diffusion
equation with the change in ¥¢ after the transition. It was shown that X; changes
across almost al! plasma volume on a millisecond time scale (more than a hundred
times faster than the energy confinement time tg). It can be considered that the
ancmalous L-mode transport is switched on and off on a millisecond time scale
during transitions. Values of X jump, 8Xs, were easily cbtained from experimental
data. Note that these values can be calculated without knowing values of power
balance diffusivity XPB before and after a transition. Interestingly, the profile of Te
gradient was almost unchanged in a limited space-time region by these transitions,
but vaiue of Tg was changed. The behaviours of Ti and toroidal rotation velocity Vi
were similar to Te, and values of 8X; and 8Xqom were obtained aiso. It was not
cbvious up to today whether these diffusivity jumps are the peculiar feature of JET
or not.

The possible explanation for the jump of X is that a part of the anomalous
transport is controlled by "noise pumping" created by strong periphery turbulence
[5]. The density fluctuation level and the correlation width measured by correlation
reflectometry technique decrease simultaneously with X variation at the L-H-L
transitions on JET [3, 4]. The similar picture of the density turbulence behaviour at a
transition was observed cn JT-60U [6].

Let us remind that in the "traditional picture" the L-H or H-L transition occurs
near the plasma surface, and the confinement improvement in plasma interior then
evolves on a time scale of the order of tg [7].

Results of JET above mentioned [1-4] were severely criticized by Burrel [8].
The criticism seems based on the DIII-D results where the "traditional picture" was
seen. This criticism seems also based on the result of the heat pulse propagation
(HPP) study: The author of Ref. [8] might mix the fast T¢ response during L-H-L
transitions on JET with the short term (within one millisecond usually) non-diffusive
spreading of the Te perturbation during a sawtooth crash on TFTR[39] and JET [2,
10]. He suggested in Ref. [8] to use "inward heat pinch model" to describe JET

il_
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data. The unrealistic value of convective electron heat velocity (order of 100 m/s) is
obviously necessary for the propagation of the Te response over one meter within
few milliseconds on JET. We believe, therefore, that the "inward heat pinch model"
cannot be applied to describe the L-H-L transitions on JET.

in order to answer above questions, we investigate in the present paper the
time evolution of X, and X; during L-H-L transitions on JT-80U. The behaviour of Te
is measured by ECE grating polychromator [11] and that of Tj is measured by
charge-exchange recombination spectroscopy [12]. It is well-known that the
confinement behaviour in various stages of the discharges cn JT-60U is
complicatedly varied with plasma parameters. There are no clear first L-H
transitions in many JT-60U high field pulses [6, 13]. The formation of the internai
transport barrier occurs before or independently from the edge barrier formation
[14]. Regarding any types of confinement modes, we restrict the analyses here for
the cases of L-H-L transitions after the improved confinement with high H-factor
(ratio of T to Te!TERSSP) is well developed. In the next section, jumps of X during
transitions are analyzed mainly for high field pulses. Section 3 is devoted to
discussion on the results. Conclusion is summarized in section 4.

2. Analyses of 8X during transitions

In this section, we analyze the jumps of X, §X, during L-H-L transitions on JT-
60U mainly for high field pulses, i.e., the toroidal magnetic field at the plasma center
Bi is about 4 T. Typical shape parameters are the major radius R = 3.2 m, the
volume-averaged minor radius a = 1.05 m, the ellipticity k = 1.6, the triangularity 3 <
0.1, and the plasma volume V = 70 m3. We study the behaviours of Xg in sub-
section 2.1 and of ¥j in sub-section 2.2. The behaviour of X for.a low field pulse (Bt

= 2.5 T) is also analyzed for comparison in sub-section 2.3.

2.1 Electron heat diffusivity

At first, we study the response of Xe during an H-L transition. The waveforms
of a hot ion H mode pulse 16130 with Ip/ By = 3 MA/4.2 T [6] are shown in Fig. 1. In
the figure, the plasma current Ip, the line integrated electron density nel (length L is
about 2.5 m), the stored energy measured by diamagnetic loop W, the injected
neutral beam power Pn8g, and the Ha intensity from the divertor region Hadiv are
shown. The time evolution of electron temperature profile, Te(r, 1), was observed
with JT-60U multi-channel ECE grating polychromator [11]. The signals were
caliprated from Fourier transform spectrometer system [15]. Figures 2 and 3 show
Te(p, t) in the low field side and Te(p, t) in the high field side, respectively, where p =
r/a is the normalized minor radius. The time evolutions of Te(p) in both sides are
basically the same with each other. In ECE signals, spikes induced by ELMs (Edge
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data. The unrealistic value of convective electron heat velocity {(order of 100 m/s) is
obviously necessary for the propagation of the Tg response over one meter within
few milliseconds on JET. We believe, therefore, that the "inward heat pinch model"
cannot be applied to describe the L-H-L transitions on JET.

in order to answer above questions, we investigate in the present paper the
time evolution of X; and Xj during L-H-L transitions on JT-60U. The behaviour of Te
is measured by ECE grating polychromator [11] and that of Tj is measured by
charge-exchange recombination spectroscopy [12]. It is well-known that the
confinement behaviour in various stages of the discharges cn JT-60U is
complicatedly varied with plasma parameters. There are no clear first L-H
transitions in many JT-80U high field pulses [6, 13]. The formation of the internal
transport barrier occurs before or independently from the edge barrier formation
[14]. Regarding any types of confinement modes, we restrict the analyses here for
the cases of L-H-L transitions after the improved confinement with high H-factor
(ratio of Tz to Tg!TEREIP) is well developed. In the next section, jumps of X during
transitions are analyzed mainly for high field pulses. Section 3 is devoted to
discussion on the results. Conclusion is summarized in section 4.

2. Analyses of 86X during transitions

In this section, we analyze the jumps of X, 8X, during L-H-L transitions on JT-
60U mainiy for high field pulses, i.e., the toroidal magnetic field at the plasma center
By is about 4 T. Typical shape parameters are the major radius R = 3.2 m, the
volume-averaged minor radius a = 1.05 m, the ellipticity k = 1.8, the triangularity 5 <
0.1, and the plasma volume V = 70 m3. We study the behaviours of Xg in sub-
section 2.1 and of %; in sub-section 2.2. The behaviour of X for a low field pulse (Bt

= 2.5 T) is also analyzed for comparison in sub-section 2.3.

2.1 Electron heat diffusivity

At first, we study the response of X during an H-L transition. The waveforms
of a hot ion H mode pulse 16130 with Ip/By = 3 MA/4.2 T [6] are shown in Fig. 1. 1n
the figure, the ptasma current Ip, the line integrated electron density nel (length L is
about 2.5 m), the stored energy measured by diamagnetic loop W, the injected
neutral beam power PnB, and the Hg intensity from the divertor region Hadiv are
shown. The time evolution of electron temperature profile, Tel(r, 1), was observed
with JT-60U multi-channel ECE grating polychromator [11]. The signals were
caliprated from Fourier transform spectrometer system [15]. Figures 2 and 3 show
Te(p, t) in the low field side and Te(p, t) in the high field side, respectively, where p =
r/a is the normalized miror radius. The time evolutions of Te(p) in both sides are
basically the same with each other. In ECE signals, spikes induced by ELMs (Edge
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Localized Modes) are superimposed. Since we pay attention to only the
monotonous evolution of the ECE signals, we excluded large spikes of ECE signals
from the figures in this paper.

It is clearly seen that the growth of the stored energy W is interrupted by a
series of ELMs. The decay of all ECE signais is ctearly seen during the short L-
mode phase for an approximately 30 ms time interval pointed as A-B. Aiter the time
B, the improved confinement recovers in the ELM-free H-mode phase. The L-mode
again starts from the time C. The value of tg = W/ (Pabs - dW/dt) in the L-mode
decreases by factor of two from that in the H-mode; 1 during B-C is about 400 ms
(H = 1.8}, and ¢ after C is about 200 ms (H = 1.1), where we assume Pabs = 0.8
PNB by considering the shine through loss and the prompt ripple loss. The
beginning of the decay of ECE signals over the region 0.1 < r/a < 0.8 and the jump
of Hg occur simulianeously (about 10 ms uncertainties). Moreover we see an
interesting and unusual feature of the transition C. The Tg decay for 0.2 <rfa< 0.4
is sharper and earlier than that around r/a = 0.8. This rules out the possibility of the
HPP from the periphery. Probably it is connected with complicated structure of
transition in this particular case; the jump of X for 0.2 < r/a < 0.4 occurs initially and
X increases slowly near r/fa = 0.8. The propagation speed is estimated to be of
order of 10 m/s.

Typical pictures for L-H and H-L transitions are seen in a so-called "steady-
state high pp ELMy H mode" pulse 21282 with 2.3 MA/4.2 T [16]. This plasma has
a small volume, V = 50 m3, compared with other plasmas, V = 70 m3, analyzed in
this paper. The waveforms of this discharge are shown in Fig. 4. The end of
"steady-state phase" is around 7.5 s. Two L modes {A-B and C-D in Fig. 5) with
transitions back to H-mode are clearly observed on the Hg and W signals. Values
of g after A and C are about 180 ms (H = 1.5) and g = 450 ms (H = 2.3) after B and
D. In Fig. 5, one can see that the time behaviours of Tg(p=0.66) and Te(p=0.5) are
similar to that of W within 10 ms uncertainty. For the central region, ria = 0.35 ard
0.21, however, the time delay of T response is clearly seen as was observed in
JET [1-4]. This result shows that HPP may play important role near the center or
that the improvement and degradation of transport may propagate from the mid
region to the center with the propagation speed of about 10 m/s. As for the outer
region r/a>0.7, since there was no ECE channel available, we cannot analyze in
detail the difference between plasmas of the 16130 pulse and the 21282 pulse.

It is natural for us to explain the sudden change in Tg at a transition caused
by sudden variation of the electron heat flux. As described in Refs. [1-4] we apply &
simple heat diffusion equation with the change in X across almost all plasma

volume after the transition. The value of Xg jump, 8Xe, can be estimated frem a

simple formula,
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v(r)
3 1 J d6Te

Kel) = 2 W VTeMAM Jo, © ot v, 4

where A(r} and V(r) are the surface area and the enclosed volume at the radius r,
respectively. Heat sources, such as neutral beam heating power, Joule heating
power, and energy transfer between electrons and ions, are considered here tc be
unchanged or to be changed only negligibly. The reliability of the formula (1) was
checked with both interpretative and predictive transport caiculations in Refs. [2-4].

In the 16130 pulse, the value of 8Xe after the H-L transition (C.in Fig. 2} is
about 0.75 m2/s at r/a =~ 0.35 and 0.6 m2/s at r/a = 0.64. After the L-H transition (D in
Fig. 5) in the puise 21282, the value of 8% is about -0.85 m2/s at r/a = 0.58.

2.2 lon heat diffusivity
Next we analyze jumps of ion heat diffusivity, §X;, as well as 8Xg. The

evolution of plasma parameters in a 3.5 MA/4.1 T hot ion H-mode pulse 17058 are
shown in Fig. 6. The growth of W is interrupted by a clear H-L transition at the time
A and the improved confinement does not recaver later. The value of 1g before Ais
about 380 ms (H = 1.5) and 1e = 190 ms (H = 1.0) after A. The evolution of the Te
profile is shown in Fig. 7. A sawtooth crash occurs about 50 ms after the transition.
The Te in the region 0.43 < r/a < 0.83 varies simultaneously after the transition A,
while in the central region, r/a < 0.36, the Te is changed slowly as the same as for
16130 pulse. Values of 5Xg are about 0.65 m2/s and 0.85 m2/s at r/a = 0.61 and
0.71, respectively.

Figure 8 shows the evolution of Tj profile, Ti(p, 1), which behaves similarly to
the Te(p, t). We can see more clearly the correlation between Vi{p, t) and Te(p, ) in
Fig. 9. The toroidal rotation is in counter direction for the H-mode phase, and
decreases its speed after the H-L transition. Note that the time resolution of Tj and
V+ measurement was about 17 ms. Assuming that the decrease of Ti{p) starts
together with Te(p) after the transition, we obtain the value of 8% from Eq. (1) as dX;
= (.55 m2/s at r/a = 0.56.

In the similar discharges with similar transitions, almost the same values of
8% are observed. Figure 10 shows the waveforms of a 3.5 MA/4.2T pulse 17160,
where plasma parameters are similar to those in the pulse 17158. The Ti(p, t} is
also shown in the figure. Values of 8%j is about 0.58 m2/s at rfa ~ 0.63 and 8Xg =
0.77 m2/s atrfa = 0.73.

The L-H and H-L transitions in a low-Ip pulse 17038 (2 MA/4.2 T) are shown
in Figs. 11, 12 and 13. During short ELM-free H-mode phases (A-B and C-D in
Figs. 12 and 13) values of 1= are about 330 ms (H = 1.8), while during high-Tj L-

— 4 —
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mode phases (before A, B-C, and after D) tg = 190 ms (H = 1.3). The simultaneous
response of Te and Ti over the wide region, 0.3 < r/a < 0.8, is clearly seen in Figs.
12 and 13. The value of 8X4 is about -0.65 m2/s at r/a = 0.63, of which absoiute
value is almost the same as those at r/a = 0.6 for higher-lp pulses above analyzed.
On the other hand, values of 8Xj after an L-H transition are about -0.64 m2/s and
-0.93 m2/s at ria = 0.55 and 0.63, respectively. These values are aimost the same
as or a little higher than those for high-Ip pulses.

2.3 Transitions in a low field pulse

For the low field pulse in JT-60U, we found yet only one example with clear
L-H-L transitions in a1.5 MA/2.5T pulse 17298 [6]. The evolution of some plasma
parameters and the Tj(p, 1) is presented in Fig. 14. During the L-mode phase, A-B
in the figure, the value of tg is about 130 ms (H = 1.3), and 1e = 250 ms (H = 1.8)
during the H-mode phase, B-C. Similarly to JET result 3, 4], high values of 8X%j are
obtained compared with those in high field pulses; 8X; = -0.85, -1.3 and -2.0 m2/s at
rlfa = 0.44, 0.52 and 0.60, respectively. The polychromator data, Te(p, 1}, are not
available to use for low field pulses, By < 3.5 T, because the grating filter is
optimized for By~ 4 T.

3. Discussion

We have analyzed L-H-L transitions in JT-60U and evaluated values of 5%.
Plasma parameters and values of 8Xg and 8% are summarized in Tables 1 - 6.

We examine whether these values of 8X are consistent with the change of t¢
during transitions. Though the value of t¢ was calculated not from the thermal
stored energy but from the total stored energy including fast ion component, the
'following approximate relation is used for the comparison between |8X 1 and the
change of tg; e =82/4Xp~pp and 18X p~0.6l = (a2/4) {te(L)" - te(H)1}. Here
we consider cases of 8% = §Xj and the smooth radial variation of 6X. Typical values
of tg{L} and t=(H) in plasmas of a=1.05 m are about 0.2 s and 0.4 s, respectively,
and the value of 18X -0l is about 0.6 m2/s. These values roughly satisty the
above relation. This resuit supports the validity of the present model in which X
jumps simultaneously over the wide plasma region during a transition.

Next we discuss about the characteristics of 8X comparing our results and
JET data {1-4]. The simultaneous response of T over wide plasma region with the
Hq signal were observed in both JT-60U and JET. Values of 8Xe in JT-60U and
JET are similar; 0.5 m2/s < | 8Xe | < 1 m2/s in the plasma mid region, r/a ~ 0.5. The
expression of 8Xg ~ g2 V(neTe)/ (neBy) in JET [3, 4, 17] is applied to the JT-60U
data, but the poor agreement is found with the error of about factor 2.

As for the ratio of 8Xj to 8Xe, it is almost unity for JTEOU with B:= 4 T, while it

_5_
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mode phases (before A, B-C, and after D) tg = 190 ms (H = 1.3). The simultaneous
response of Te and Tj over the wide region, 0.3 < r/a < 0.8, is clearly seen in Figs.
12 and 13. The value of §Xq is about -0.65 m2/s at r/fa = 0.63, of which absoiute

value is almost the same as those at r/a = 0.6 for higher-lp pulses above analyzed.
On the other hand, values of 8% after an L-H transition are about -0.64 m2/s and

-0.93 m2/s at r/fa = 0.55 and 0.63, respectively. These values are aimost the same
as cr a littie higher than those for high-lp pulses.

2.3 Transitions in a low field pulse

For the low field pulse in JT-60U, we found yet only one example with clear
L-H-L transitions in a1.5 MA/2.5T pulse 17298 [6]. The evolution of some plasma
parameters and the Ti(p, 1} is presented in Fig. 14. During the L-mode phase, A-B
in the figure, the value of tg is about 130 ms (H = 1.3), and 1g = 250 ms (H = 1.8)
during the H-mode phase, B-C. Similarly to JET resuilt [3, 4], high values of 8Xj are
obtained compared with those in high field pulses; 8X; ~ -0.85, -1.3 and -2.0 m2/s at
rla = 0.44, 0.52 and 0.60, respectively. The polychromator data, Te(p, t}, are not
available to use for low field puises, By < 3.5 T, because the grating filter is
optimized for By =4 T.

3. Discussion

We have analyzed L-H-L transitions in JT-60U and evaluated values of 3X.
Plasma parameters and values of 8Xg and 8Xj are summarized in Tables 1 - 6.

We examine whether these values of 8X are consistent with the change of ¢
during transitions. Though the value of g was calculated not from the thermal
stored energy but from the total stored energy including fast ion component, the
following approximate relation is used for the comparison between |8X1 and the
change of tg; e =a2/4Xp-ppand 18X p-06l = (a2/4) {te(L)" - te(H)1}. Here
we consider cases of 8Xe = 6Xj and the smooth radial variation of 8X. Typical values
of tg{l} and t=(H) in plasmas of a=1.05 m are about 0.2 s and 0.4 s, respectively,
and the value of 18X . 06! is about 0.6 m?/s. These values roughly satisfy the
above relation. This result supports the validity of the present model in which X
jumps simultaneously over the wide plasma region during a transition.

Next we discuss about the characteristics of 8X comparing our results and
JET data [1-4]. The simultaneous response of T¢ over wide plasma region with the
He signal were observed in both JT-60U and JET. Values of 8Xe in JT-60U and
JET are similar; 0.5 m2/s < 18X | < 1 m2/s in the plasma mid region, r/a ~ 0.5. The
expression of 8Xg ~ g2 V(ngTe)/ (neBy) in JET [3, 4, 17] is applied to the JT-60U
data, but the poor agreement is found with the error of about factor 2.

As for the ratio of 8% to 8Xg, it is almost unity for JT60U with B: = 4 T, while it
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was about 3 for a low field puise (3 MA/1.9 T} on JET [3,4]. For a low field pulse
(1.5 MA/2.5 T) on JT-60U, only 8Xj values were evaluated (see sub-section 2.3).
These values are about three times larger than those for high field pulses on JT-
80U, but similar to those of JET data. |f we combine JT-60U data and JET data
together, we suppose that the dependence of 8Xj is negative on By like 1/Bt, while
the dependence of 8Xg is weak on B:. Therefore the ratio 8Xj/8Xe may have a
negative dependence on Bt. The tendency of the negative dependence on Ip is
also seen for 8Xj. The increase of XiPB with decrease of I in JT-60U L-mode
plasmas was found from the power balance analysis [18]. The weak Ip
dependence of XePB was also reported in Ref. [18]. These dependencies on lp are
in qualitative agreement with each other.

4. Conclusion

We have analyzed L-H-L transitions mainly for high field pulses in JT-60U.
The simultaneous T response (with uncertainty of 10 ms) has been clearly
observed during L-H-L transitions over 0.2 <r/a< 0.9 in JT-80U plasmas similarly in
JET [1-4]. Plasma parameters are Bi~4T,2MA<Ig<3.5MA, 3.2<Qeff<b5.9, V=
70 m3 (one pulse with V = 50 m3), 1.9 1019 m-3 < ne < 3.4x1019m"3 , 20 MW <
PNB < 30 MW, and 4 MJ<W <8 MJ during time intervals studied. This evolution of
Telp, 1) is difficult to be explained as the result of the heat pulse propagation (HPP)
from the periphery, but is reasonable to be described as the result of the fast g
jump (reduction at L-H transitions and increment at H-L transitions) over 0.2<rfa<
0.9. The fast variation of X (at least 20-40 times less than tg) inside almost all
ptasma volume is a new finding of the L-H-L transitions in JT-60U. The Tg
response in the central region (r/a ~ 0.3) often delays compared with that in the
outer region {(r/a ~ 0.5), and the role of HPP could be important similarly to JET
results [1-4]. Values of 6Xg were obtained for 0.5 <rfa< 0.7, 3.5 keV< Tg < 3.5 keV,
and B keV/m < VTe < 8 keV/m, whose absolute values were 0.6 m2/s < 3% 1< 0.9
m2/s. They usually increase with radius. |

We have also evaluated 8Xj during L-H-L transitions mainly for high field
pulses in JT-60U. The transitions in a jow field pulse (1.5 MA/2.5 T) was analyzed
for comparison. The simuitaneous Ti response {with uncertainty of 20 ms) were
also observed similarly to the Te response. Values of 5% were obtained for 0.4 <
rla < 0.7, 4 keV< Tj < 12 keV, and 10 keV/m < VTj< 17 keV/m. Their absolute
values usually increase with radius as the same as 8%e. In high Ip pulses {Ip > 3 MA
/Bt = 4.27T), vaiues of | 5%j1=0.5 m2/s are aimost the same as or a littie smaller than
those of | 8Xe |, while in a low g puise (2 MA/4.2 T), values of 0.6 m2/s < 18Xl < 1
m2/s are almost the same or a little larger than | 8%g . In a low field pulse (1.5 MA/
2.5 T), values of 18X | are rather large as 2 m2/s at rfa = 0.60.

— 6 —
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was about 3 for a low fieid pulse (3 MA/1.9 T) on JET [3,4]. For a low field pulse
(1.5 MA/2.5 T) on JT-60U, only 5% values were evaluated (see sub-section 2.3).
These values are about three times larger than those for high field pulses on JT-
60U, but simitar to those of JET data. If we combine JT-60U data and JET data
together, we suppose that the dependence of 3X| is negative on B: like 1/Bt, while
the dependence of 8Xg is weak on Bt. Therefore the ratio 8Xj/6Xe may have a
negative dependence on By. The tendency of the negative dependence on Ip is
aiso seen for 8Xj. The increase of XiPB with decrease of Ip in JT-60U L-mode
plasmas was found from the power balance analysis [18]. The weak Ip
dependence of XePB was also reported in Ref. [18]. These dependencies on I are
in qualitative agreement with each other.

4. Conclusion

We have analyzed L-H-L transitions mainly for high field puises in JT-60U.
The simultaneous Te response (with uncertainty of 10 ms) has been clearly
observed during L-H-L transitions over 0.2 <r/a < 0.9 in JT-60U plasmas simifarly in
JET [1-4]. Plasma parameters are By =4 T,2MA <, <3.5MA, 3.2 <Qeff < 59,V=
70 m3 (one pulse with V = 50 m3), 1.9x1079m=3 < ne < 3.4x1079m=3, 20 MW <
PnB < 30 MW, and 4 MJ < W < 8 MJ during time intervals studied. This evolution of
Telp, t) is difficult to be explained as the result of the heat pulse propagation (HPP)
from the periphery, but is reasonable to be described as the resuit of the fast X,
jump (reduction at L-H transitions and increment at H-L transitions) over 0.2 <rfa <
0.9. The fast variation of X (at least 20-40 times less than Tg) inside almost all
plasma volume is a new finding of the L-H-L transitions in JT-60U. The Te
response in the central region (r/a ~ 0.3) often delays compared with that in the
outer region (r/a ~ 0.5), and the role of HPP could be important similarly to JET
results [1-4]. Values of 8X¢ were obtained for 0.5 < rla< 0.7, 3.5 keV< Tg < 5.5 keV,
and 6 keV/m < VTg < 8 keV/m, whose absoiute values were 0.6 m2/s < 8%l <08
m2/s. They usually increase with radius. '

We have also evaluated 8Xj during L-H-L transitions mainly for high field
pulses in JT-80U. The transitions in a low field pulse (1.5 MA/2.5 T) was analyzed
for comparison. The simultaneous Tj response (with uncertainty of 20 ms) were
also observed similarly to the Te response. Values of &X; were obtained for 0.4 <
rfa < 0.7, 4 keV< Tj < 12 keV, and 10 keV/m < VTi< 17 keV/m. Their absolute
values usually increase with radius as the same as 8%e. In high Ip pulses (lp >3 MA
/By = 4.2T), values of 18Xl =0.5m2/s are aimost the same as or a little smaller than
those of | §Xe |, while in a low I pulse {2 MA/4.2 T), values of 0.6 m2/s < 18%jl <1
m2/s are almost the same or a little larger than 18X 1. In a low field pulse (1.5 MA/
2.5 T), values of | 3% | are rather large as 2 m2/s at r/a = 0.60.

— 6 —
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Values of 8X are consistent with the change of tg during transitions. The
dependence of 38X is negative on Bt or Iy like 1/Bt or 1/lp, while the Bt.or Ip
dependence of 8Xe is weak. These |p dependencies agree qualitatively with the
result of power balance analysis for JT-60U L-mode plasmas {18].

We have no Bt scan data nor other parameter scan data to study
dependencies of 3X on By, Ip, ne, T, VT etc: It is necessary to investigate &X further
with the ECE measurement at low field and the high time resolution Ti

measurement in new JT-60U experiments.
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Values of §X are consistent with the change of tg during transitions. The
dependence of 8Xj is negative on By or I, like 1/Bt or 1/lp, while the Bt.or Ip
dependence of 8X¢ is weak. These I, dependencies agree qualitatively with the
result of power balance analysis for JT-60U L-mode plasmas {18].

We have no Bi scan data nor other parameter scan data to study
dependencies of X on By, Ip, ne, T, VT etc: It is necessary to investigate 8X further
with the ECE measurement at low field and the high time resolution T;
measurement in new JT-60U experiments.
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Table 1 Plasma parameters and 8% values for 16130 pulse

shot No lp (MA) Bt (M Oeif vV (md) W (MJ)
16130 3.0 4.2 3.78 68 5.9
t (s) type o | 8% (m2/s) | T(keV) |VT (keV/m) [ne (4 019m-3)
717 H-L 064 |8Xe=+0.60 | Tg=5.4 Vieg=7.5 Ne(U2) = 3.4
Table 2 Plasma parameters and X values for 21282 pulse
shot No lo (MA) Bt (M Qeff V_(m3) W (MJ)
21282 2.3 4.2 4.08 51 5.7
t (s) type o | 8% (m2/s) | T(keV) |VT (keV/m) {ne (1 019m-3)
7.92 L-H 058 |[8Xe=-0.85 | Te=54 VTe=7.5 ne(U2)=25 |

Table 3 Plasma parameters and 8X values for 17058 pulse

shot No Ip (MA) B (T) Qaff V (m3) W (MJ)
17058 3.5 4.2 3.37 70 6.8
t (s) type p | 8% (m2/s) | T(kev) |VT (keV/m) ine (1 0'9m-3)
8.38 H-L 056 |8Xj=+0.55 | Tj=11.5 | VT| =16.5 ne(U2) = 3.3
0.61 |8Xe=+0.65 | Te=50 | VTg=6.5
071 |8Xe=+0.85 | Te=45 VTe=6.0
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Table 4 Plasma parameters and 53X values for 17060 pulse

shot No Ip (MA) B (T) Qeff vV (m3) W (MJ)
17060 3.5 4.2 3.25 68 7.6
t (s) type D §X (m2/s) | T(keV) |VT (keV/im) [ne (10'9m3)
8.49 H-L 0.63 |8X;j=+0.58 | Tj=9.0 VTi=16.0 | ng(U2)=3.3
073 |8%e=+077 | Te=45 | VIe=65

Table 5 Plasma parameters and 8X values for 17038 pulse

shot No b (MA) By (T) Qe v (md) W (MJ)
17038 2.0 4.2 5.85 68 4.5
t(s) type p §X (m2/s) | T(keV) |VT (keVim) |neg (101°m3)
745 | LH | 055 |51 =-064 [|Ti=70 | VTi=12.0 | ne(u2)=19
0.63 |8Xj=-0.93 | T;=6.0 VTi=13.0
0.63 |6%e=-0.65 | Te=35 | VTe=6.0

Table 6 Plasma parameters and 8X values for 17298 pulse

shot No l, (MA) B (1) Qeft v (md) | w M)
17298 1.5 25 4.46 70 2.8
t (s) type p | 8% (m2/s) | T(keV) |VT (keVim) [ne (10'9m3)
5.71 L-H 0.44 |8Xj=-0.85 | Tj=5.7 VTi=10.0 | ne{U2) =13
0.52 |8Xj=-1.3 Ti=4.8 VTi =10.0
0.60 |8Xj =-2.0 T;=3.9 VT =8.0
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E16130

6.0 6.5 7.0 7.5 8.0
time (s)

Fig. 1 Waveforms of a hot ion'H mode pulse 16130 (3 MA/4.2 T}. Plasma current
lp (MA), line integrated electron density nelL (1020m-2), stored energy
measured by diamagnetic loop W (MJ), injected neutral beam power PNB
(MW), and Hg, intensity from the divertor region Hadiv (arbitrary unit) are
shown. H-L transitions of interest are pointed by arrows A and C.
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E16130
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Fig. 2 Time evolution of electron temperature profile, Ta(p, t), for 16130 pulse.
Channel number of ECE grating polychromatar and radial position (p = r/a)
in the low field side are shown. Time of interest is pointed by an arrow.
Simultaneous response of Te during transitions is seen over the wide

plasma regian.
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Fig. 3 Time evolution of Te(p, t) in the high field side for 16130 pulse. Evolutions
of Te in both sides are basically the same with each other.
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Fig. 4 Waveforms of a "steady-state high Bp ELMy H mode" pulse 21282 (2.3 MA/
4.2 T and V = 50 m3). End of the "steady-state phase" is around 7.5 s.
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Fig. 5 Evolutions of W, PnB, Hadiv, and Telp, 1), for 21282 pulse. Two L modes (A-
B and C-D) with transitions back to H-mode are clearly observed on Hg and
W signals. Time behaviours of Te(p=0.66) and Ta(p=0.5) are similar to that
of W. For the central region, p = 0.35 and 0.21, however, the time delay of
Te response is clearly seen.
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E17058
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Fig. 6 Waveforms of a hot ion H mode pulse 17058 (3.5 MA/4.2T). The
growth of W is interrupted by a clear H-L transition at the time A and the
improved confinement does not recover later.
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Fig. 7 Time evolution of Te(p, t) for 17058 pulse. Sawtooth crash occurs about
50 ms after the transition A. In the region, 0.43 < p < 0.83, Te varies simul-
taneously after the transition, while in the central region, p < 0.36, Teis

changed slowly.



JAERI—Research 95—060

E17058
20]1[!{51Ti|ll|[|lleilllITII

Sawtooth

-
9)

ANNSN >«

T; (keV)
o

5

_ Ll ﬁ

0 t|||ll111\{J!ll[[lllmllltlii

8.1 8.2 8.3 8.4 85 8.6 8.7
time (s)

Fig. 8 Time evolution of ion temperature profile, Ti(p, 1), for 17058 pulse. Tj(p, )
behaves similarly to Te{p, 1).
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Fig. 9 Time evolution of toroidal rotation velocity, Vi(p, 1), for 17058 pulse. Clear
correlation between Vi(p, ) and Telp. 1) is seen.
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Fig. 10 Evolutions of W, PNB, Hadiv, and Ti{p, 1), for a hot ion H-mode pulse 17060

(3.5 MA/4.2 T). Clear H-L transition is seen at the time A.



JAERI—Research 95—060

E17038
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Fig. 11 Waveforms of a hot ion H mode puise 17038 with low Ip (2 MA/4.2 T). Two
short H-mode phases are seen around 7 s.
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Fig. 12 Evolutions of W, PnB, Hadiv, and Te(p, 1}, for 17038 pulse. Simultaneous
response of T aver the wide region, 0.3 < p < 0.8, with W and Hadiv is
clearly seen
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Fig. 13 Evolutions of W, Png, Hadiv, and Ti(p, t), for 17038 pulse. Simultaneous
response of T over the wide region, 0.3 <p < 0.8, is clearly seen as the
same as Te(p, t).
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Fig. 14 Evolutions of W, PNB, Hadiv, and Ti(p, 1), for a low field H-mode pulse 17298
(1.5 MA/2.5 T). Clear H-L-H-L transitions (A, B and C) are observed.
Simuitaneous response of Tj over the wide region, 0.3 < p < 0.8, is seen.
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