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Steady-State Hollow Electron Temperature Profiles in the Rijnhuizen Tokamak Project
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In the Rijnhuizen Tokamak Project steady-state hollow electron temperdigrerofiles have been
sustained with strong off-axis electron cyclotron heating, creating a region of reversed magnetic shear.
In this region the effective electron thermal diffusivityf(’) is close to neoclassical in high density
plasmas. For medium densit,yg”b is lower than neoclassical and may even be negative, indicating that
off-diagonal elements in the transport matrix drive an electron heat flux up,tigeadient.

PACS numbers: 52.55.Fa, 52.25.Fi, 52.50.Gj

The transport of energy and particles across the magedge safety factog, = 3.3-5.5, central electron density
netic field in a magnetized plasma is a largely unexplained,.(0) = (2 — 8) X 10! m™3, and effective ion charge
phenomenon. In atokamak, the leading candidate for a fuZ.;s = 1.5-2.5]. The power was deposited either on the
sion reactor based on magnetic confinement, the transpdrES or on the high field side (HFS), ati., = 0.3-0.6.
problemis in first order one dimensional, due to its toroidalProfiles ofT, andn, were taken 80 ms after the switch-on
geometry of nested flux surfaces. All physical parametersf ECH, i.e., when a steady state has been reached, taking
are one-dimensional functions (often called profiles) of thecurrent diffusion into account.
normalized minor radiug. In low plasma current plasmas/,(= 80 kA, i.e.,

A common observation in tokamak plasmas is that the;, = 4.0-5.5), the following observations were made.
electron and ion temperature profil@s(p) and T;(p) At low density off-axis ECH creates flaf, pro-
always have roughly the same shape, regardless of tHges inside ps.p,. Above a threshold central density
method and localization of the heating [1—5]. This phe-n,(0)iwesn = 3.5 X 101 m™3, off-axis ECH creates
nomenon is usually called profile resilience; various thesteady-state hollowrl’, profiles. The central hole in
oretical models have been developed to explain it [6—9]7.(p) is attributed to the heat transfer from electrons to
The most pronounced example of profile resilience is théons (p.—;), which increases with increasing. These
peaking of theT', profile which was found in medium den- observations were made for both HFS and LFS absorption.
sity DIII-D plasmas even when strong electron cyclotronFigure 1 shows the different effects of on- and off-axis
heating (ECH) was applied with off-axis absorption [10]. heating. Figure 2 shows the transition from flat to hollow

This Letter presents recent experimental results, showf, with increasing density. Figure 3 showWs profiles
ing that profile resilience can be broken by strong off-axisfor different pg.,. Then, profile modifies slightly during
ECH in a medium to high density plasma. Steady-stat®ff-axis heating. The electron pressure. ) profile
hollow T, profiles have been obtained for a wide range of
the electron density, and power deposition radiysie .

In these cases a region of negative magnetic shear exists
inside pgep after full current adaptation.

The experiments were carried out at the Rijnhuizen
Tokamak Project (RTP). This machine (major radius
Ro = 0.72 m, minor radiusa = 0.164 m, toroidal mag-
netic field By = 2.4 T, plasma current/, = 150 KA,
pulse duration=600 ms) is equipped with an ECH sys-
tem [11], comprising of, amongst others, a 110 GHz, 500
kW, 200 ms gyrotron, injecting from the low field side
(LFS) in second harmoniX mode. Crucial for the exper-
iments reported here is the Thomson scattering (TS) sys- 0.0L. L . : L
tem, measuring’. andn, along a vertical chord through
the center of the plasma at110 radial positions simulta- z [em]

neously, with a spatial resolution of 2.5 mm [12,13]. IG. 1. 7, profiles of a centrally heateds] and an off-

In a series of off-axis heating (_ex_perimgnts With,the 110,55 heated X) RTP discharge. For comparison the profile
GHz gyrotron, 350—-400 kW was injected into ohmic targetof a similar Ohmic discharge is plotted (full line). For these

plasmas [hydrogen], = 80-120 kKA, By = 1.7-2.4 T, discharged,, = 80 kA andn,(0) = 4.0 X 10" m™3.
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FIG. 2. T, profiles with off-axis ECH, forn.(0) = 3.0 X

10" (X) and4.0 X 10" m™3 (e), showing the transition from
flat to hollow T, with increasing density (RTP discharges
r19950620.008 and r19950620.019, respectively). The arrow
marks pgep. FOr comparison the profile of a similar ohmic
discharge is plotted (full line).

flattens strongly, and can be completely flat outptg,
under these conditions. Figure 4 shofis n., and p,

profiles for differentpge,. The TS profiles are confirmed FIG. 4. T., n., and p. profiles during off-axis ECH with
LFS absorption [RTP discharges r19950620.024) (and

by eI_ectron gyclqtron emission (ECE) mea§urementsf19950620 026 The arrows mar For comparison
showing C(_)Ol'ng in the center gfter the S_W'tCh'on Ofthe profiles of a.(s),%milar Ohmic dischakrogdépare shown Fé)full line).
ECH at a time scale 0&=20 ms (Fig. 5), consistent with
the calculated current diffusion time. First polarimetry
measurements confirmed that the current density profil
(j) adapts on this time scale [14].

At higherI,, off-axis ECH causes a flattening Bf out
to paep, but no hollowT, profiles have been observed.
This is attributed to the stronger residual central Ohmi
heating at high',,, which compensates, ;.

When equilibrium has been reached, the profil¢ oén
be deduced from th&, profile. The hollowT, profiles
result in hollow; profiles, with reversed magnetic shear

out to pgp, and a central safety factoy{) of 2.5-7.

z [em]

%his is corroborated by polarimetry measurements, which
show an increase af, by a factor of~4 compared to
the Ohmically heated plasma. Further confirmation comes
from the sawtooth instability, which disappears within a
Gew ms after the heating starts. The off-axis minimum of
q (gmin) varies between 1.5 and 3.5. Bo#ly and gmin
increase with increasingq.,. See Fig. 6 for a typical
example.
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-10 -6 0 ] 10 15 FIG. 5. Radiation temperature T, for discharge
z [em] r19950620.021 (see Fig. 4), measured by ECE at three
different positions in the plasma: in the center (full line),
FIG. 3. T, profiles during off-axis ECH, all with nearpq, (dashed line), and outsides, (dotted line). ECH

n.(0) ~ 4.0 X 10" m~3, with different HFS absorption posi- was applied from 120 to 220 ms, as indicated by the shaded
tions pqep,, marked by arrows [RTP discharges r19950622.053area. Note the cooling in the center after the switch-on of the
(*), r19950622.057+), and r19950622.065x)].

heating.
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0.8 0.8 (measured directly and calculated with ray tracing). In the
analysis, 100% single pass absorption was assumed and
all power is assumed to be deposited in a zone of 3 cm,
which was omitted from the LPB analysis. Both assump-

tions give an upper estimate of the inward electron heat
flux inside p4.p, hence an upper estimatepfb.

Spitzer resistivity has been assumed in the analysis, and
the bootstrap current densityyf,) has been neglected.
The off-axis heated discharges are only marginally in the
banana regime in the region from= pg., to p = 0.8,

0.6
04

T, ., T, [keV]

o ke @ and in the plateau regime elsewhere. The combined effect
] e 1° of the neoclassical correction to the resistivity anggf;
""" - is small, and leads to a slight enhancement of the central
10.00F -1 current densityjo.
— — Figure 6 shows\/é’b for a high density discharge with
2 1.00F PP (x=3x,"%°) pdep = 0.48. The calculated)(f b is close to or below
g : /( ......... - neoclassical fop < pg.p. Outside the power deposition
T 00F T T X zoney!” = 4 m?/s, the usual anomalous value for RTP.
> S Sx PP OG=x"°) For discharges just above the threshold density, the
0.01 . - LPB analysis yields puzzling results. For such discharges,
0.0 0.2 0.4 0.6 0.8 1.0 both assumptions ofi; causep,—; to be smaller than the
P residual ohmic power densityp() inside pg.p, leading

FIG. 6. LPB results for discharge r19950620.021. The uppeForagie?:t g%tlwe,:Lde LeJL(eth;ﬁgtichzzgufmxiiﬁlle: ou\?vot%
box shows the smoothed TS profiles Bf(p) (full line) and gl - Only puon= | i
n.(p) (dashed line), and th@, profiles used in the analysis Yi€ld a net inward electron heat flux (see Fig. 7). This

(see text, dotted lines). In the middle bax(full line) and is a strong indication that off-diagonal elements in the
shear parameter(dotted line) are plotted, assuming full current transport matrix (the matrix relating the fluxes to the

penetration. The lower box shows ", under the two different thermodynamical forces) are responsible for a significant
assumptions foff; (full and dotted line), plus the neoclassical
prediction of y, (dashed line). The shaded area indicates the

ECH power deposition zone. 20F
. 15}

The global electron energy confinement timez (), § 10:
which in Ohmically heated medium to high density — [
discharges in RTP is 3—5 ms, degrades to 1-3 ms with & 5:
off-axis heating, and decreases with increagiqg .

The effective electron thermal diffusivitys b= qe/ 02
n.VT, (wheregq, is the electron heat flux) was determined 0'2
from a local electron power balance (LPB) analysis. Since - T
no 7; measurements were available, two assumptions for 3~ 0.0f
the effective ion heat diffusivityy””) were considered: (i) £ -0.2} P(y=3 0)
¥ =y and (i) y/* = 3y, respectively £ is J8 —04f Xe X=X
the neoclassical ion thermal diffusivity). In the first case —06F
T;(0) = 500 eV in Ohmically heated plasmas, in agree- -0.8 , ) )
ment with earlier observations. Case (ii) gives an unreal- 0.00 0.10 0.20 0.30 0.40

istically low T;(0) = 300 eV in Ohmic plasmas, resulting

in an upper estimate qﬂ’h in the area with a hollovT, _ P _
profile. Radiation losses are low=(0-20 kW, measured FIG. 7. LPB reEuIts for discharge r19950622.053 (see Fig. 3)
with bolometry) and are neglected in the present analysido" the areap = 0-0.4. The upper box shows’q (the

. .. 7 yolume integrategh inside p, dashed line) an@®,—; (volume
EuII current adapt_atlon has been assumed, Whlch_ls JUStiptegrated p,_; inside p) under two assumptions foF; (see
fied since the profiles were taken about 4 current diffusionay: i1 and dotted lines). The lower box shows” (full
times after the switch-on of ECH. For the densities conand dotted lines), together with the neoclassical prediction
sidered,~95% of the ECH power is absorbed in the first of y. (dashed line). Only the unrealistic assumptiBn= 0

pass. The power deposition zone has a FWHM of 3 cneverywhere yield?,_; larger thanP, i.e., a positive)(é’b.
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electron heat flux. First results of an experiment inresilience. Extremely low net electron thermal transport
which short heating pulses were applied in the center ois found in the region with inverted, gradient, in which
the hollow T, profile corroborate this view. The time also the magnetic shear is negative. The steady-state
constants associated with the induced rise and decay b@bllow T, profile is a unique observation, achieved in
T.(0) suggest that it is noj. itself that has changed, RTP because of the very good localization of the 110
but that other, i.e., off-diagonal, terms are crucial inGHz 2nd harmonicX mode ECH, and the large ratio
the electron heat flux. At this moment it is an openPgcy/Pq = 5.

question which gradient drives this flux. Interestingly, The authors are indebted to the technical staff of RTP
during the evolution of the profilesyT, and the shear for the excellent machine operation and to F.C. Schiller
s go from negative to positive and back with different for helpful discussions. This work was performed under
time constants, so that all possible combinations occur. Ahe Euratom-FOM association agreement, with financial
detailed, time dependent analysis may reveal the role afupport from NWO and Euratom.

the current density distribution in driving a heat flux.
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