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ABSTRACT

A model is presented, based on the combined effects of m =n=1
magnetic island dynamics, localized heat sources, large heat diffusivity
along magnetic field lines and plasma rotation, which may explain the
multipeaked temperature profiles and transport barriers observed in
tokamak plasmas heated by electron cyclotron resonant waves.

Experiments in magnetically confined, high temperature plasmas heated
by intense electromagnetic waves at the electron cyclotron resonance
frequency, have revealed peculiar and hitherto unexplained plasma
behavior. The most striking results [1], come from the Rijnhuizen
Tokamak Project (RTP) where electron cyclotron heating (ECH) with
maximum power P = 360k W is applied to the toroidal plasma. In this
experiment, a double-pulse, multiposition Thomson scattering diagnostic
measures the electron temperature profile with a very high spatial
resolution. In the plasma central region, led the TRP group to suggest a
“filamentary” structure. In addition ECH experiments in TRP [2] have
revealed very sharp temperature gradients just outside the sawtooth
mixing radius. Other minor structures in the T, profiles are sometimes
observed near rational surfaces with ¢ > 1. The sharp gradients at the
sawtooth mixing radius, as well as the other minor structures, have been
interpreted as due to the presence of “transport barriers” on rational ¢
surfaces +[1]-[3].



_ The RTP results ha:ve Ialsed the questlon whethe:r thc obscrvcd pccuhar-:
: ~behav1or is spec1ﬁc to ECH oz whether it isin fact universal to all tokamak

- pla.sma.s ‘but can be’ Iecogmzed only Wlth a sophlstlca’ced temperature diag- | L
. nostics.: Cléarly, an answer to this’ ques’uon relies on our. undcrstandmg of ..

" the undeﬂymg magnetic stricture. It must be emphasized that this structure.
© -in the plasma central region is strongly affected by the so-called sawtooth -
‘ rela.xatlon oscillations {4], associated- Wlth the instability of @ resistive kink -

. mode 'Wl‘('h toroidal n=1 and. dominant. polo1dal m=1"mode numbers which’ .'

resul’cs ina pcmodicalljy growing n=m=1 magne'rlc island. .
. Péculiarities in plisma ‘behavior .in the. prescnce of ECII have been Te-
' ported in other tokamaks as well. In this ‘Letter, we shall concéentrate on re-

g © sults from the Texas, ‘Experimental Tokamak Upgradc (TEXT- ) [5]. These . -

- Tesults, togethex with nonst’md'u:d sa,wtooth traces. observed in other ECH . R
o tOkd‘mdk experimérts (see;e. -g:; Rel.[6 I and other referenceb therem) btrongly“

. l'suggest that the peculiar behav1or is the outcome of ‘an-interplay bctweenl
- sawteeth and ECH..The objective of this Letter is to clarify this interplay -

e from. a theoretlcal standpomi .We present a model for the evolution of the . .
‘ electron temperature proﬁles based on the fo]lowmg essential mgrechents R
.. (i) ‘aTeconstruction of magnetic surfaces baséd on the sawtooth reconnection

" . process;. (1) the presenceiof a loca.hzed electron heat source; (iii) the, effect "

of plasma rotation; (#)the’ eﬂ'ect of -anisdtropic heat diffusion, whereby: the
~parallel (along the. field Imes) heat dlﬂusmn coefﬁcmnt, X s taken as very -

© large, and the perpendicular. coeﬂiqent X1, as relatively small, on the sawW-.

. tooth period time s¢ale and. spatial extent. This model is able to Ieproduce' R
- qualitatively the observed features of the TEXT-U and RTP: tempcrature_'_,-~

E proﬁles in particular shaip gradmn’cs dt-the sawtooth numng radius and sev- -

B : eral peaks; even ‘when a strictly ‘constant: x. proﬁle is asswmed. What is"

. Jspec;tal with ECH in ‘contrast: Wlth other heatmg schemes, is that electron -

i cyclotron waves transfer théir energy directly to the electrons with no delayA "

- and in a very localized deposition region [7]. This’ heat is then transported - .
- very. rapidly along field lines to‘electrons in othe]: parts of the pla.slna. becanss -

- -of very lazge parallel heat conductmn ‘and plasma xotatlon These feature=' .

.. iare fully exploited in our model. . ' ‘ R
L S Let us, fizst summarize the relevant result:, from TEXT- U, 15 ] 'The'ma.in
'.tokamak parameters are R=1. 05311, a=0.27m, B ~37T,I, ~v 230kA and cen: .

- tral electron density ng A 3.0 x 1019 ~%.The experiment is equipped with ,
T ,‘an ECH system Whlch dehvers a maonmum power P - 270kW ’I‘he electron R



temperature is measured by an Electron Cyclotron Emission (ECE) diagnos-
tic. The typical spatial resolution of the ECE signal is O(lcm), which is not
as good as the Thompson scattering system on RTP. On the other hand, the
ECE diagnostic on TEXT-U has a very high temporal zesolution, O(20u),
over an extended time interval. In this sense, the temperature measurements
on TEXT-U can be considered as complementary to those on RTP.
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Figure 1: Electron temperature in TEXT-U. (a): central T, evolution; (b):
an example of 7, profiles; (¢) and (d): 3-D reconstructions.

Figure 1 shows an example of the central eleciron temperature evolution
in TEXT-U. Shown in figure 1(a) are nearly three sawtooth ramps, with a
period Tig A~ 2ms, and with fast oscillations superimposed. The period of
the fast oscillations matches the plasma toroidal rotation period, 7o = 1604
in this case. If these oscillations are indeed due to the presence of an m=1,
n=1 magnetic island, then this island is formed early on during each saw-
tooth ramp and maintains a nearly saturated amplitude for most of the ramp.
These ramps look different from Ohmic sawtooth ramps in TEXT-U, which
exhibit detectable MHD fuctuations only near the tops. This suggests that
the auwxliary heating influences m=n=1 mode stability, perhaps indirectly
through the production of peaked pressure profiles. Fig. 1(b) presents an
example of an FCOE T, profile; a sequence of these profiles can be found in
Fig. 10 of Ref. [5]. The profiles at time intervals £s —£1 & 70t nearly coincide,
which confirms that we are indeed observing a toroidal n=1 structure. These
profiles exhibit four to five peaks and are similar to the filament-like temper-
ature structures previously reported in RTP. However, the RTP observations
lack time history. With the temporal and spatial resolution avajlable on
TEXT-U, we find that the structures are cyclic and consistent with a fixed
structure in the rotating plasma frame. The main poloidal m=1 structure
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- -. can be deduced f.rom ’3 D recoastructlons of the type shown n Flgs l(c) (d) ,
.- where'the. time varzable has been: transformed mnto the polmdal a.ngle Varlable' .. o
o under the assumphon of Ilgld fotation, . S : S
- Let us now. present our ‘theoretical model VVe afsume, for snnphcﬂ:y, a .

. trectified” tokamak, i.€. ‘A cylindrical plasma column W1th periodic bound.

~a.ry conditions’ at thc cyhnder bases” (z=0- and z= 1), In, the absence.of an = .

- m=1island, -magnetic surface cross sectlonb dre-comncentiic circles of comstant
B normalmed hehcal flux; 'z,[)km(r) fn [¢in(2)™* — 1}da, where the subscmpt'

© “in”.stands for “initial”, i.e. before the island iormatlon Tor a. typical (ie. .
'At-"monotomc) qm(r) profile, gb*,n(r) has'.a fraximusm -at’ the qm =1 radivs, - .
R . 'The growth of ap m=1- 1sland is ; brought about by a rlgld shift
e of suxfa.ccs within' the" ong‘mal @in = 1-surface.” The hehcal ﬂux, bu(r, azt),

T where o '= 8 — 27z / L, remajins nea,rly constant on movmg fluid clenients, At A': L

. each stage of the reconnectlon ‘process, thc island separatrix is formed: by two . ‘

“eirclés: of radii 7‘1,}, <'r, and Tasp > T ,where ..m(rhp) = Yein(rrep), With - .

" " the-center of the inner- circle: (i.e. ‘the ongzna.l magnetlc ams) displaced from

~ its initial position by a dlsta,nce E(t) =  Poup * Tisp. In.addition, tormdal flux

L consc:vatmn is assumed; ‘with B, ~ const thls is. eqmva,lcnt to area conset- |

.- . vation, i.e.. when the 1sla.31d sepa.ratrlx later evolves into.the crowsant sha,ped' “

L surface the azea encucled in.-the poloidal: plzme by the. surface is constart. -

and equal to 4 = = (5, — 7131,) ‘The contout of the croissant is also a sur-

restored; the island’ O-point havmg evolved into the new magnetic axis, while

- “the 1sland X-point and the original axis annihilate éach other; (%) the 1,1me_"'

. €luub

“'7 . face of constant hehcal ﬂux, specifically 2,/)*(1' ;€)' = Piin(Pisp). This modell S
- for-the m-*n-*l island . evolutlon is based .on_the specific convectlon pa,ttern' ,
' associated with the m=n=1 Tesistive’ internal kink mode- [8] and on the 1dea1' S
-7 MHD assumption of frozen: magnetic flix through’ moving fluid elemnents, ap-
o prommately valid. everywhcra exrept ixt the 1mmed1ate nelghborhood of the :

;sland X-point and current sheet. - . s :
-« The well known Kadomtsev. model [9]+ for the sawtooth Iela.xahon cor»m«: S
- . "tesponds' to the. two basm reconnectlon rules’ descmbed above aid to- the

- following : assertions: .(3) the rcconnectlon ‘process proceeds until full recom- -
" npectiom, i.e. until: £(t): attams its mammum value, P, called mlxmg ‘radiis -
Cand deﬁned by . Yo (Priz) = Dain(0); “when” f = Tmiz,. poloidal symmetry is .. °

oz ¢ to evolve from £=0tof = Tiier' 18 TR & (TRTA)I/z with 74 a typxcal.f .

L 3 _..Alfven time and 7r.the global fesistive: diffusion time. In our model, we as: I
e f sume tha.f the 1sla,11d growth mltla.]ly fo]_lows the two bas1c :rlﬂes of the hehcal o



Hux and area comservation, but does not necessarily evolve to full reconnec-
tion. In addition, we do not attempt to describe the dynamical evolution;
rather, the function (%) is inferred from the experiments. We observe, how-
ever, that 7x = O(1ms) for TEXT-U parameters, in fair agreement with the
experimental sawtooth period.

Figure 2: Magnetic island topology; § is the heat source.

Our problem, now, is to specify a function .(», o; t) whose contour levels
correspond to croissant-shaped surfaces of the type shown in region III of
Fig. 2, satisfying the basic recomnection rules. These rules do not define a
unique solufion for the functional 7., although they represent a rather strong
mathematical congtraint. We find it convenient to introduce a Hamiltonian
for the magnetic field lines inside the island separatrix (region JII of), H =
H(4.) = H(r, o; ¢), such that

(0 + €2 — 2¢rcosa — 71,,) (T2 — 7°) .
- P2 L £2 — 2frcosa (1)

H

with .n(r) and () prescribed functions. The island separatrix for a given
£ corresponds to the comtour level H = 0, while H reaches a maximum
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© . process. - R I S .
. Let us.now discuss how.the plasmia density and’ pressure.evolve during.
" the growth of the mz==pn=] island.. Let s distegard, for'a moment, the hieat .
- source and perpendicular diffusion’ process. In additfion, we neglect magrietic "
' t0 thermal energy transfér; we have checked that this._-éc_cfou}ii"té for only about - -

"f'vvalug,“. Hmw'@ ),on the .i';él’a.ﬁd':‘o-‘-'pbin.’c..5"”Cf§1'.ois‘sant}'s£a,pé‘&. In_agiie.tic.' sﬁrfacés S

. . correspond to contour levels H = Hy € [0, Hma,] Note that the curves -
o rH(r, o5 €) = Hg become ‘circles ia both limits £ =0 and’ &' = 7y, (in the _
- latter limit, 7y,, ='0). The function H ="H(A) can be evaliated numerjcally

‘after computing the area, 4, pertaining to each H = Hy surface; from.this,

L ) _%h'gs"a'rea._conégrva’qioﬁr’ule,"t‘hé functidﬂ:ﬂ :H (¢*)"ca,:n be lea';éﬂyvconstniiétéa;v -
Outside the island separatrix (regions T and TI of Fig. 2) the magnetic surface o

e ‘¢ross-sections are circular. N R S
" - Also represented in-Fig. 2'is an &lectron heat source; S, localized on the- ' _
= poloidal midplane between radii rp;, rh; and angles Bhy,05s.  Since patallel .
. hcat .conduction is very latge, the ‘défpo'sit'e;'_d heat-spreads rapidly and . uni- -
o -formly ‘over all "ﬂq:{' tubes .inteisecting 'thé"héa’c depositiori region. : Then, -

taking into account plasma totation .(assimed to-be rigid for the sake of - = -

¢ simplicity), ‘the hélatedgre'gi‘oﬁ"a'sl séex in the plasma rest frame rotates with . :
... angular frequency wr‘ot;,,'-":[fl_iixé;- in’the’ plasma. frame for § = 5(r,0,t) we [ - . C
‘ “have § = p{H(r — Ty Wraz — 7)) [ H wrort — 851)(Brz ~ wrpet)] where H is the S '
R Heavyside function, p = P/V} and V15 the deposition volume: Now, if we: .- .

- denote by dA the cross-sectional area. at a gereric flux tube 'and by: dI its

N iiﬁtérscct’ian with the heated region. (Fig,. 2)7 we 'c‘a.n'_wfitg the ECH power

" .density averaged over flux surfaces as (SY(A) = pdT/A. Note.that the heat R
“-.+is transported radially by parallel heat. diffizsion in a complex magnetic struc- -

g U/

" turé such as that of Fig: 2; resultingin aniappafr}anﬂy‘ndhlogal heat transport .. | et

1'% 2% of the transferred ‘Heat." Then'the area conservation rule implies

_the following conservation law for the. plasma pressiize, ir f:f:: p(r2) dr?: =
e [y p(A') dA, which in 'aiffcfenti;a'l'lfqrrh.B‘e.cornés ST

(p(A) = 'W‘{p(ri&:)ﬁ + P(ffsp)ﬁ"ff]’ = p(b.

o

smce A= A(g[),) througth(l) Theplasma 'ﬂensﬁy,ébéyé completely SRR

" similar ‘relations. ‘We riake the smphfymg (and experimentally verified.[1], -
ty. Thep, since p =nl’, By (2) can | .-

-[5)) assumption ‘of a Bat electron ‘densi

: be written for the temperature as well. . -



If we now consider the presence of the heat source and the effect of per-
pendicular heat diffusion, then the pressure and the temperature will depend
explicitly on time: T = T'(A,t). In this Letter, we assume x, = const. It
is convenient o specify the heat tramsport equation in a Lagrangian frame
of reference. We also have to take into account the different topology of the
three regions LILIILE Thus, in region III, we obtain the diffusion equation

30T oT N

s = (van g+ gg) + £ )
Similar equations apply to regions I and II, with A = nr? and r indicating
the distance from. the displaced axis in regin I. The time evolution of the
three regions is specified by the displacement function £(t) and by .n(r),
together with Bq. (1). The solution of Eq.(3) requires an initial condition,
T(r,t = 0) = Tin(r), where at £ = 0, £(0) = 0, and the following boundary
conditions: a condition at the edge of the integration domain, 7 =~ 1.57,:,
located in region II, specifically T'(7,%) = Tin(); the geometrical conditions
(8T7/071)my=0 = (8T171/8A)s4=0 = 0 on the two magnetic axes of regioms I
and I{I, respectively. Finally, a condition on the separatrix is required. Note
that, with x, = 0, a discontinuity of the temperature across the separa-
trix is in general allowed by (2). With finite x,, a common temperature is
achieved approaching the separatrix from any of the three regions I,I1,III,
which 1s determined by the continuity of the heat flux. Equations (1-3), with
the appropriate initial conditzons as described above, completely specify our
simulation model.

We present a typical solution obtained for the following input parame-
ters [5]: (7) initial helical function $un(2) = (Agq/q)ri.2*(1 — 2°), where
Ag =1—go = 1/16, and 2 = 7/rmiz; (33) a specified displacement func-
tion, £(t), inferred from experimental data and shown in Fig.3(a); (i) a
power source P = 180kW, @y = 0.3 and zp2 = 0.4; (W) a sawlooth period
Teaw = 2ms; (v) a value x1 = 0.05m?/s, (vi) a normalized rotation period,
Trot/Toaw = 1/18; (viit) an initial temperature profile, Tin(r) = To(1 — r?/a?),
with Tp = 0.8keV. Tridimensional reconstructions of the simulated electron
temperatnre at various phases during the growth of the m=n=1 magnetic
island are shown in Figs. fig3(b),(c). Shown in Figs. 3(d)-(f) are examples of
the simulated temperature profiles. These figures should be compared with
the TEXT-U measurements in Fig.l (see also Figs 10,11 of Ref [5]), as well
as the RTP temperature profiles in Figs. 3-4 of [1|. The similarities are quitc
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evident. In particular, our model is able to reproduce temperature profiles
with four to five peaks, fairly indipendently of the precise size and local-
ization of the heat absorption region. In principle, more peaks are possible
with more structured displacement function, £(). In addiction, our model
predicts the formation of sharp temperature gradients just outside the mix-
ing radius. This is clear from the 3-D plots in Figs. 3(c,d), where the outer,
circular, rim structure corresponds to a region centered on the plot of the
island separatrix bordering region II. The rim structure is also guite evident
from the TEXT-U experiment reconstructions shown in Figs. 1(c,d).

We stress that the multi-peaked structure and the sharp gradients are
obtained in the simulation even with a constant x.. Indeed, the sharp gradi-
ents are a result of heat convection, rather than diffusion. They are formed
as the specific m=n=1 resistive internal kink convection pattern advects the
heat deposited inside the g = 1 radius to the sepaxa.trix region at a rate faster
than the heat diffusion rate.

We can think of two possible directions for the reﬁnement of the present
model. First, one may consider a temperature-dependent diffusion coeffi-
cient. If x. were lower where the temperature is higher, the peaks in the
electron temperature profile would become even sharper. Secondly, one may
relax the single helicity assumption for the island evolution. For instance, the
m=2, n=1 satellite harmonic for the helical flux perturbation would create
a band of stochasticity in the field structure ceniered around the separatrix
[10]. Clearly, a fully stochastic magnetic field would not support temperature
gradients. All we can say, at the moment, is that judging from the exper-
imental data, this band of stochastic field lines should be relatively narrow
during most of the sawtooth ramp.

In conclusion, we have presented a theoretical model that is able to ex-
plain the observed multi-peaked temperature profiles, previously referred to
as texmperaturs filamentation {1}, in ECH experiments. In addition, the modsl
predicts the formation of sharp gradients near the sawtooth mixing radius.
The model is based on the combined effects of m=n=1 island dynamics, lo-
calized heat source, very large heat diffusivity along magnetic field lines and
plasma rotation. The “transport barrier” just ontside the sawtooth mixing
radius is in fact a consequence of m=n=1 heat convection, rather than re-
duced perpendicular heat diffusion near the ¢ = 1 rational surface. We may
expect that the sometimes observed minor structures in the electron temper-
ature profile at rational g values can be explained along similar lines, ile. as
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