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Abstract Understanding of properties of internal transport barrier (ITB) is of importance for the fusion research
of toroidal magnetic confinement. In T-10, ITB has been recognized by means of analyses of heat pulse
propagation (HPP) induced by central ECRH-onset and cold pulse propagation (CPP) by off-axis ECRH cut-off
in a sawtooth-free plasma created by off-axis ECRH. The cold pulses propagate slowly and diffusively with
dynamic electron heat diffusivity c."* ~ 0.1 nf/s. It has been known for many years, that in L-mode, c " » 2-4
ce ? (so called “enhanced” HPP). At present, this relationship is usually explained by “critical gradient model”.
In the present report, we focus on the fully opposite cases with ¢ .* < ¢, For the first time, this case was
found at T-10 in 1990 and called “self-deceleration of heat wave”, or, in contrast with L-mode, “reduced” or
“dow” HPP. Non-local confinement bifurcations (jump of core transport at ~0.3-0.4r/aregion inside and around
ITB in ams timescale) were found in various JT-60U normal and RS plasmas and called I TB-events. Later, | TB-
events were found in T-10 plasmas. At the same time, HPP is diffusive between the non-local bifurcations of the
transport. Slow outward electron and ion HPP ((c,;"* ~ 0.1 nf/s << ¢c.; ) induced by I TB-event was observed in
JT-60U. The new method allows reconstructing a gradual reduction of c; (r,t) during slow electron and ion HPP
in the situations described above. The values of c.; remain higher compare with ¢, ; "* values. In T-10, the
dynamic of ITB formation is similar with ECRH at first harmonic (1990) ant the second one. In T10, the
reconstructed decay of c. fits well the value of c. at the end of CPP (obtained independently from the power
balance). level The of fluctuations measured by reflectometer falls below the Ohmic level in shots with slow CPP
in T-10. In J60U, the gradual decay of hi-e,i during HPP is accompanied by the rise of the radial electric field Er
shear calculated with neoclassical velocity of the poloidal rotation. In contrast to this, Er just begins to vary
slowly after ITB-event.

1. Introduction

The vaue measured by various andyticd and numerica methods of HPP andlysis is not the power
balance dectron hest diffusivity ¢ > value (obtained from eectron hest flux derived from transport
code caculations) but ¢ =dG/(ndNT,), where ¢ ¢ is dynamic dectron heat diffusvity, dG. is
electron therma flux perturbation and dNT, is NT, perturbation. With regards to the perturbations
of the heat sources and dengity (normalised variation of dendty is much lower compare with that of
for T in the experiments reported below), HPP/CPP is usudly analysed usng a smplified transport
equation for dTe, (seee.g. [1-4)):
1.5n 1dTe /Mt = div(n. ¢ NdTo) (1)

An important experimentally measured characteristic of the CPP is the index of the reative
sharpness of a heat wave (Sh) (see [4-6]):
Sh=|(dNT/d T/ (NTeo/ Teo)!. @)
The vdue of Sh charadterizes the sensitivity of the diffusive term (co"dNTy) to the terms
proportional to dT, such as convective and convective-like terms (electron-ion exchange sources
perturbations, dependence of c. on Te, convective heat flux due to eectron density flux, etc.) Inthe
experiments described below, the value of Sh exceeds 5, and the role of convective terms is
negligible.

For regimes with Ohmic or centra ECR hesting @& F10, the co™ vaues (with typica
values of order of a 13 nf/s) are usualy few times greater than c¢° vaues [1-3] (so-called
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“enhanced HPP"). This difference can be explained by dependence of c.on NT.[1,3]. The ¢
dependence on NT,, however, does not affect the diffusive picture of HPP sinceiit can be written as
ce™=ce® + (Tee P/NT9NT, (shown andyticaly and with transport code caculations in [1,3],
see a0 [4] for more references). Moreover, certain caculations were performed for HPP induced
by sawteeth oscillations in plasmas with c.”® dependent on NT and NT4/Te [1]. The “time-to-
peak” (time to reach maximum of dT,) dependence on radius was dmost smilar in both cases (with
the same initid ¢ ° and same (fice P/INT,) values). This result could be explained by the fact that
the value of sh=|(dNTJ/dTo)/(NTeo/ Teo)| Was well above 1 (T representing background) on the
hest wave front and, in this case, d(NTJ/Te) is dmost proportiona to dNT,.

Dependence of ¢, vaue on NT4T. vaue when NT4T. exceeds some “critica” level
(“criticd gradient” model) was highlighted in 1986 for anomalous transport in JET discharges with
centra hesating [7]. This dependence aroused from the so-cdled “profile conastency” (or “profile
diffness’) which is expressed by a smal variation of NT4/T. local vaue with the power increase (or
some variaion of power profile) observed at many tokamaks (eg. see [7-9]). Nowadays, the
dependences of c¢° on the normaized inversed dectron temperature gradient length
RILt=RNTdT. and NTJ/Te is usudly discussed (see [9-10] and references therein). The Ohmic
vaue of R/L+. lies dready above the “critical” level because enhanced HPP (induced by sawteeth

4 Moo — or on-axis ECRH) is observed ar[- Ohmic background

P e steady.] M all tokamaks (e.g. see comparison of T-10 Ceon "

on-axis ECRH state » 0.6-1.2 nf/s a r/a~ 0.25-0.45 with ceon > at T-10

T r 1 [3]). It is possible to describe the experimentd data
OO‘D I afterdir:fopr — 1 reported in [3] within various modds (eg. see
~ 2 [ on-axis 7 moddling of experiments [3] with Dnesrovskii
o® [ ECRH-on f 1 canonicd profiles modd [11]). Moreover, Figure 1
oy M | shows the dependence of ce/Ceon ON (NTJ/T/NT,

onl/Teon) @ r/a=0.45 in 0.17 MA/3T T-10 shot with

central ECRH at the first harmonic [3]. We revisit the

| '
Op 05 1 1.5 2 resits of transport code modeling (with nonlinear
(grad Te/Te)/(grad TeOH/TeOH)  dependence of the hest flux on NT.) reported by us
Figure 1. Dependence of Ce/Ceor from (NTo/Te)/NTeon/Teon) at r/a=0.45in 0.17 MA/3T T-10
shot with central ECRH at the first harmonic. c.data is taken from our successful transport
code modelling of steady-states and “ enhanced HPP” simultaneoudly [ 3] .

in 1987 [3]. The moddling fits well OH and ECRH- heated regimes, sawteeth-induced HPP in OH
and ECRH-heated steady-state, and ECRH-induced HPP. An extremely clear strong dependence
of ceon NT4Teis observed during “enhanced HPP” created by on-axis ECRH switching-on and in
new steady-state.
In the present report, we focus on cases with ¢ ¢ < ¢ °. In T-10, ITB has been recognized by
dow and diffusive heat pulse propagation (HPP) induced by centrd ECRH-onset and dow cold
pulse propagation (CPP) by off-axis ECRH cut-off in a sawtooth-free plasma crested by off-axis
ECRH [2,4,6]. For the first time, this case was observed in T-10 many years ago [2] and caled
“sHf-deceleration of heat wave’, or, in a contrast to the L-mode, “reduced” HPP. The diffusve
HPP (induced by sawteeth oscillations) across ITB was reported at Alcator C-MOD [12]. Low
vaue of ¢ was observed a LHD in the case of CPP indde magnetic idand formed by an
externd perturbation of magnetic field [13].

The presence of interna transport barrier (ITB) means that the anomalous trangport amost
disappears at best (for example, co® »¢;™® »0.1 nmé/s under very high vauesof R/L+e; in JT-60U
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[14]). Non-loca confinement bifurcations (jump of core transport a ~0.3-0.4r/aregion indde and
around ITB in a ms timescae) were obsarved in various JT-60U norma and RS plasmas and
cdled the ITB-events [5,15]. Later,e thiTB-events were found in T-10 plasmas [6]. At the same
time, HPP is diffusve between the nonloca bifurcations of the transport [5]. Slow outward
electron and ion HPP ((ce, i " ~ 0.1 nf/s << c.; ) induced by I TB-event was observed in JT-60U
[5]. The process of ITB formation in JT-60U conggts from I TB-events and gradual decay of Ce;
during dow HPP recongtructed in present paper.

2. Interpretation of dow heat (cold) pulse propagation in T-10

Regarding the perturbations of the heat sources, dendty and convective heet flux, the
trangport of dTe. (r,t) is described by the following full equation :
1.5nJdTSNt=div(dG), dG= n(CeNdTe+dc(NdTe+NTe)) (3),
where ¢ is background power balance electron heat diffusvity, NTe is T. gradient before HPP,
and dc. is the variation of power baance dectron heat diffusivity during HPP. Comparison of
equations (3) and (1) givesfollows:

NCe "NATe» Ne (Ceo NdTe +dce (NdTe+NTe)) ().
since caculatons with the amplified equation (1) describe experiments a T-10, LHD and JET
rather well [1-6,15]).The evolution of c.© dce + Cg iS described by the following expresson
derived from eqg. (4):
Ce» (Ca™ NdTe/ NTep +Ceo) / (1+Nd T/ NTep) (5).
Fig. (1) shows the dependence of c.in eg. (5) which describes diffusive HPP with ¢ < Ceo.

For the firstime, dow HPP was found in T-10 nearly 20 years ago [2] in the shots with
1,=0.38MA, B;=3T, line averaged density = 4 10"*/n. Slow outward HPP with ¢ =0.14 n/s
at r/a=0.45 was created by on-axis ECRH-on (0.36 MW at the first harmonic) imposed on the
background sawteeh-free plasmas with 0.9 MW off-axis ECRH gtarted 100ms earlier. The density
profile was congtant within 15ms after centrd ECRH-on. Thetime interva of HPP study was
limited to 10ms since the mixture of SXR and ECE data was used in the HPP analysis. Figure 1(c)
shows the reconstructed decay of ¢ during HPP a r/a=0.45 (Ce =0.35 nt/s).

C LA L T 1 0.4 T T 0 | T T 7
° time ofb I Ceo (\@ Figures 1 (a-b) )
— CPP/HPP . —~ | ¢ : (@) Dependence of c. on NdTe
S o ] o r € 1 INTy (see eg 5). (b) T-10:
a “e 1 Dependence of c.on NdTe /NTg
S [ cp T"™"]  ~— [mmssmmmmss==s={  during outward HPP at r/a=0.45
~ [ C ] R HP 1 induced by central ECRH-on at
o’ L © 1 - © 1 the background created by off-
et A oL axis ECRH [2](first harmonic
0 25 5 0 0.25 0.5 heating)
(ddTe/dr)/(dTeoldr) (ddTe/dr)/(dTeO/dl’) :
3.5————7+——0.3 40  Figures 2 (a-b) T-10: (a) Te profiles
~, Off-axis+ teee. X 2 at off-axis ECRH (solid line), 16ms
2.8 \Non-axis o o= 1 after start of on-axis ECRH in shot
N 16ms", N < 32914 (dashed-dotted ling), 16 ms
> 2.1 \ N 3__ > ! .
2 HPPyr %, e 20 after the end of off-axis ECRH in
= 4 offaxis ‘. O Ak o shot 32913 (dashed line) and
|°_" ______ AT N © —  Ohmic profile (dotted line) (second
0.7:0H T =me€ shot32914 [ =1 harmonic ECRH).(b) Evolution of ce
16 ms CPP X during outward HPP induced by

. —— : central ECRH-on at the
0 o025r/a05 90 ttn) ms)209
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background created by off-axis ECRH at r/a= 0.24 (curve 1), r/a=0.33 (curve 2). Curves 3
and 4 represents R/Lt. measured at same r/a=0.24 and 0.33 (see HPP detail in [4]).

In T-10 experiments described in figures 23, sawteeth ostillations were suppressed by
high-fidd-sde (HFS) off-axis ECRH with 140 GHz (second harmonic) in amilar 0.18 MA/ 2.3T
shots 32914 and 32913 (see detail of HPP/CPP in [4]). In figure 2(a), the sawteeth-free
background is indicated by a solid line. 130 GHz on-axis ECRH imposed on sawteeth-free
background creates outward HPP in shot 32914. Dashed-dotted linein Fig. 2(a) shows Te profile
after 16ms of HPP. Figure 2(b) represents the decay of c. (see eg. 5) at a= 0.24 (curve 1),
r/a=0.33 (curve 2). Curves 3 and 4 represents R/Lt. measured at same r/a=0.24 and 0.33. The
vauesof R/L+ rises well above OH levd (8 and 10) and ITB formation is obvious. ¢ behavesin
smilar manner in the smilar experiments with firs harmonic and second harmonic ECRH (year
1989 and 2002).

Off-axis ECRH turn-off creates an inward dow CPP in shot 32913. Dashed linein Fg.
2(a) shows Te profile after 16ms of CPP. Figure 3(a) represents the evolution of Te(r.t) during off-
axis ECRH. Dotted curves shows calculated timetraces with ¢ =0.08 nv/s (see detail in [4]).
Figure 3(b) shows the evolution of ¢, at r/a=0.25 during inward CPP with ¢ =0.08 /s
obtained with eg. (5). The vaues of ¢, obtained from power baance caculations before and at the
end of CPP are shown with circles. The reconstructed decay of c. (t) fitswdl thevdue of c. at the
end of CPP (obtained independently from the power balance). Figure 3(c) shows the timetraces of
Ceat r/a=0.25 and r/a=0.16. At r/a=0.25, the value of c. falsquickly and RNT¢/T. =R/L+. reaches
critica vaue (OH levd) in two ms (R/L+e reaches 17 in the end of CPP). At r/a=0.16, the value of
cfdlsdowly and RNT4/T. =R/L+. reaches critical vaue only in the middle of CPP. The ITB
formation gradualy propagates toward the centrd part of the plasma column and is absent at
r/a<0.1.

shot 32913
r/a=0.03

r/a=0.29
//\’MWMJ\MW\\M
. r/a=0.38
AN
0.“1“.2”'3

f off-axis ECRH 140 GHz
-\JJWJ high-field-side 620 630 640
054 ' 06 time(s) 0 66 d(gradTe)/gradTeO Hime ms
Fig.3 (a-c) T-10: (a) TLr,t) evolution during inward CPP from off-axis ECRH cut-off
shot 32913. (b) Dependence of c.on NdTe /NTe (obtained from equation (5) at r/a=0.25 with

ce” =0.08 nfls)), circless power balance values [4].(c) Approximate evolution of ce at
r/a=0.25 (R/Lt. reaches 17,0H level is 7) and r/a=0.16. I TB formation gradually propagates
toward the centre.
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r/a=0.16 |R/LTe=6

N
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3. Interpretation of dow eectron and ion heat pulse propagation in JT-60U

In JT-60U reverse shear experiments [5-6], ITB-events A and C reduces transport and form
stronger ITB. Figures 4(a-b) shows the timetraces of T; . ITB-event C creates diffusve outward
ion and eectron HPP with 8. ~ 0.1 /s, 8™ ~ 0.14 mé/s [5]. Figure 4(c) displaysthe evolution
of toroidal rotation velocity ;. Figure 5 (@) represents the evolution of c. (with two vaues of C)
a r/a=0.63 taken from eg. (5). The Power balance calculations were performed using the 1.5
dimensiond transport code TOPICS [17]. It is not easy to separate precisely the eectron and ion
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heat fluxes in the case of NBI hegting. The solid curve in Figure 5 represents the evolution of ce
with the vaue of ¢ taken from power balance caculations. The dotted line shows the evolution of
Ce With probable lowest limit of C min before the events. In any case, c.fdlsto rather low leve of
~ 0.2-0.3 nf/s. In any case, the ¢ value exceeds 8, ~ 0.1 nt/s vaue significantly. The value of
R/L+e at r/a=0.63 rises up to 27. Figure 6 showsthe evolution of ¢; (r/a=0.7) with the value of cio
taken from power balance cdculations. The vaue of R/L+;, at r/a=0.7 rises up to 28. The value of
c; fdls sgnificantly to low enough levd ~ 0.6 ni/s. Neverthdless, c; vaue remans high in
comparison to the value of ;" ~ 0.14 n¥/s. The gradua decay of c; during HPP is accompanied
by theriseof NP, and NV, .

4.2_IIIIIflll\llllllllllllFIIIIG
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'S} 1l e bl ML comparison to the value of " ~ 0.14 nf/s.
0
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Now we discuss the behaviour of eg. (5) in extreme cases. ¢ decreasesdmost linearly a smdll
vauesof NdTe/NTeg SNCeCe» Cep -(Cen - Ce ™) NATS/NTe @t NdTe /NTe <<1. We used this
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quditative explanation of dow HPP during ITB formation earlier [2,4-5]. The opposite case isthe
interpretation of HPP/CPP experiments with strongly rising Te gradients (Nd T/ NTe >>1) on the
heat (cold) wave front. In these cases equation (5) may be rewritten as lim gare /iiteo @y Ce= Ce -
(seean obviouslimit ce = ¢ in figure (1)). In this case s ow HPP/CPP indeed represents low
trangport with ce» ¢ in the end of HPP.

If the HPP is absent, i.e. a co ™ »0 [18], the heat wave does not propagate at al, the eq.
(5) appears to be an obvious and expected limit:

Co= Ce/(1+NdT,/NTy) at co°=0 (6)

Sawtooth-like crash creates outward HPP in RS shot. Profiles of Te before and after the crash
are shown in Fig. 7(8) by solid and dashed curves, respectively. Figure 7(b) shows shifted
timetraces of T (ch. 9-12). Bold solid and dashed solid lines show caculations of HPP from ch.9
to ch. 11-12 with ¢ =0.1 nrf/s (faster as compared with experiment) and with ¢ =0.04 n¥/s.
Heat wave does not propagate at ch. 11 and one cannot obtain ¢ value but can only estimate its
upper limit c&™ < 0.03 nf/s. The absence of HPP just represents light decay of ¢, between ch.10
and 11 during ~ 5 mstimeinterva.

8 | T R T T B I | 52 ——— — Flg 7(a.‘b) (a.) Te pI’OfI|eS
before ‘M\,W-E'kev{" before and after crashin
— B ™ RSJT-60U shot with NBI
% 6 =l 1 and ECRH. (b) Extremely
ch.9
X | after o1 slow HPP (absence of
O 4| sawteeth-like > m HPP) from ch. 10 to ch.
= crash S S et 0.1 m2/s 2kev 11,12 (b0|d solid and
i s>\ 2 , 1 key, dashed lines — calculations
A T ot I L e e with ¢ = 0.1 nf/sand
AZ Achgnnilslo 12 6.18 6.21 time (s) 6.24 0.04 nf/s) See equation 6.
0.3 r 0.62

4. Discussion and Conclusions

The hest flux is described by the following expression derived from equation (5):

CNT.® o (NT+NdT) » o "NT. + (Cep -Ce )N T 7
or CNTo» CaPNT,+ (Coo-Ce T )NT (TdTey) @ dTJ Ty << NdTJNT, (8).
It is dmost impossible to choose between equations (7) and (8) since the first term at RHS of
equation (8) varies much stronger in comparison with the second term (e.g. at the end of CPP/HPP
analysed above, dT/T= 0.03NdT/NT,, at JT-60U and dTJ/T4= 0.07NdTJNT,, at T-10). The
second term is convective term and its presence can be explained by the transport caused by globa
modes or fluctuations with large radia scae (above 0.2r/ain T-10 and Olr/ain JT-60U).

The new method alows us to reconstruct approximate behaviour of c; (r,t) during dow
electron and ion HPP. In T-10, the reconstructed decay of c. (t) fitswell the vdue of c. at the end
of CPP (obtained independently from the power balance). The fluctuations level measured by
reflectometer [21] fals beow the ohmic levd in some shotswith dow CPPin T-10. In T-10, the
dynamic of ITB formation during dow HPP is smilar with double frequency ECRH (on-axis ECRH
imposed at off-axis ECRH-heated backgound) at first harmonic (1990 [2]) ant the second one [4].
The process of ITB formation in JT-60U consists of the | TB-events and gradua decay of Cq;
during dow HPP reconstructed in present paper. The values of c; fdl sgnificantly during dow
HPP but remain afew times grester in comparison with ¢ values (e.g. approximately 0.3 and
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0.1 /s for electrons, 0.6 and 0.15 n¥/s for ions). In 360U, the gradua decay of c.; during HPP
is accompanied by theriseof NP, and NV, (and therise of the radia dectric field E shear
caculated with neoclassica velocity of the poloida rotation). In a contrast, calculated E just begins
to vary dowly after the ITB-event [18]. Nevertheless, the role of E isunclear snce poloida
rotation measurements are absent.

The authors thank Drs N. Hayashi , Y. Sakamoto, T. Takizukaand many other members
of the JT-60U team for fruitful discussions and fine collaboration.
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