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This work presents and interprets, by means of detailed atomic calculations, observatlossesf (n
=3—n=2) transitions in highly ionized molybdenum, the main intrinsic heavy impurity in the Frascati
tokamak upgrade plasmas. These hot plasmas were obtained by additional electron cyclotron resonance heating
(ECRH), at the frequency of 140 Ghz, during the current ramp-up phase of the discharge. Injecting 400 kW on
axis and 800 kW slightly off axis, the peak central electron temperature reached 8.0 and 7.0 keV, respectively,
for a time much longer than the ionization equilibrium time of the molybdenum ions. X-ray emissions from
rarely observed high charge states, ¥foto Mo®®", have been studied with moderate spectral resolution
(NMAXN~150) and a time resolution of 5 ms. A sophisticated collisional-radiative model for the study of
molybdenum ions in plasmas with electron temperature in the range 4—20 keV is presented. The sensitivity of
the x-ray emission to the temperature and to impurity transport processes is discussed. This model has been
then used to investigate two different plasma scenarios. In the first regime the ECRH heating occurs on axis
during the current ramp up phase, when the magnetic shear is evolving from negative to zero up to the half
radius. The spectrum is well reproduced with the molybdenum ions in coronal equilibrium and with a central
impurity peaking. In the second regime, at the beginning of the current flat top when magnetic shear is
monotonic and sawtoothing activity is appearing, the lowest charge stateS'(koMo®*°"), populated off
axis, are affected by anomalous transport and the total molybdenum profile is found to be flat up to the half
radius. We conclude with the presentation of “synthetic spectra” computed for even higher temperature
plasmas that are expected in future experiments with higher ECRH power input.

PACS numbd(s): 52.55.Fa

I. INTRODUCTION off-axis minimum in theq profile. In the second case, with
slightly off axis heating and a peak temperature of 7 keV,
Progress in magnetic confinement fusion research hagpectra are analyzed when the current reaches the plateau
produced plasmas with continuously higher temperaturesind sawtooth activity occurémonotonicq profile). These
Moreover, interest in advanced tokamak scenarios is corfesults will be discussed and compared in the following sec-
tinuously growing, requiring more refined diagnostic tools totlons. _ _ o
investigate particle transport processes. All this has stimu- It must be pointed out that we observe higher ionization
lated the study of the atomic physics of highly ionized me-degree in molybdenum than prevpusly observed at_ Alcator
dium Z elements, like molybdenunz(=42). On one hand, C-Mod [2—-6] and FTU[7] (the Nei—like ion and satellites

the tokamak plasma provides a “laboratory” where atomic?é_'r_gng It".'_"kle Mo line ﬁmlsilor&cas been odbsgtr;]/edtm
calculations, relevant in many others fields, can be experi—n [su] uorlt?na r%r;%tzr"\r/]vave engtfvUV) range and withou
mentally validated gnd, on the other hand, these models aft %’hepigns o? the presgﬁt work (M&" to Mo®*) extend
low the understanding of many plasma processes. over a large part of the plasma’s minor radiegs=30 cm)

; In .ttr."S Cqma(éoi ctoll:alosr;ill _ra(:]@\t;]v? model tfor thelshell 0<r/a<0.7. The heating occurs for a time much longer than
ransitions in 0 Mo"=In high temperaturé plasmas .o ionjzation equilibrium timer for these ions in these

has been developed; details will be presented below. F“rthef)iasma conditiongthe shortest is 1 ms for M&" for T
these results have been used to understand the molybdenuy _ ¢ oy and the longest is 5 ms for B for T:

x-ray emission from the Frascati tokamak upgraé@U)  _g_gkeV). That is the reason why the study of these spec-
plasma in two different scenarios with electron cyclotrontra’ recorded with a time resolution of 5 ms, is a powerful
resonance heatingCRH), providing important information oo to assess the impurity distribution. Finally, the relevance
about the plasma impurity content. In the first case, with orof these ions as diagnostics will be discussed for higher tem-
axis heating and a central electron temperafiyef 8 keV,  perature plasmas that will be obtained in future experiments.
the analysis is performed during the current ramp up when

the magnetic shear is still negative or z¢td. In a toroidal Il. EXPERIMENTAL CONDITIONS

configuration with nested magnetic surfaces, the magnetic

shearsis a measure of the radial variation of the safety factor The two plasma scenarios contrasted in the present work
g, i.e., of the field lines winding index. The magnetic shear isare from discharges where the current reaches its steady state
defined bys=(1/r)dg/dr so that shear reverséle., nega- valuel,=0.7 MA att=0.130s. In Ref[9] the characteris-
tive shear in the plasma corémplies the presence of an tics and the performance of the FTU tokamak are discussed.
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FIG. 1. Time history, during the start-up phase, of the plasma cufrep)t electron densitymiddle), and central electron temperature
(bottom) for shots 12 658&a) and 15 505b). In the shadowed area the time interval of the ECRH heating is shown. Black boxes indicate the
times of the soft-x-ray spectra.

In the first casdFig. 1(a)], shot 12658, B,=5.4T) ECRH measured characteristics of the EC wave bdd@i. The
heating takes place on axis, and the spectrum is analyzed wave propagation is computed by means of a toroidal ray-
t=0.1s whenN,=0.4x 10?°°m2. In the second case, shot tracing code. The measured ECE spectrum shows a clear
15505, B,=5.7 T) ECRH heating is injected off axis, the Separation between the harmoni¢sg. 3), in good agree-
spectrum is studied at=0.135s whenN,=0.4x10?°°m~2  ment with the calculated spectrum, showing that even at
and sawtooth activity started &&0.070s. Electron cyclo- these low plasma densities and high temperatures the su-
tron waves at 140 GHz, corresponding to a resonant magrathermal effects are negligible.

netic field d 5 T in the first harmonic, are injected into the

plasma. The total ECRH power is 4Q€hot 12 658 and 800 ll. SOFT-X-RAY SPECTRA

kW (shot 15505[10]. The launch is perpendicular, from the
low field side, with ordinary polarization. The cutoff density,
at 140 GHz, is 2.4 10°°m™3, is well above the plasma den-
sity. The time history of the plasma current, density centra
electron temperature, and ECRH pulse are shown in Fig
1(a) (shot 12 658 and 1b) (shot 15 505.

For this paper, the plasma electron temperature has be
measured by electron cyclotron emissiECE) with a
Michelson interferometer, with 5 ms time resolution and
spectral range extending up to 1300 GHA]. The spatial
resolution is 2 cm in both radial and vertical directions. In . . !
Fig. 2 the radial profiles of the electron temperaturg) (are 2'._6 A) are theK,, transitions of ions of Ni, Fe, Mn, Cr, and
shown for both discharges, as measured by ECE. In order bl; the lower energy fea.t“re(s‘;&g*ﬁ ?§+are theL-shell
evaluate the suprathermal effects during the ECRH, the exfansitions 0:3_,n=2) in Mo to Mo™". The disconti-
pected ECE spectrum has been calculated by means of Wity at 3.89 Alis due to this absorbing edge of the g#ar)

three-dimensional (3D) bounce-averaged Fokker-Planck

The x-ray spectra in the present work were recorded with
a spectrometer that uses a simple Bragg configuration with a
fotating crystal and an extended Multiwire Proportional

hambers(MWPC) detector that allows discrimination of
the different orders of diffraction by exploiting the different
Setection efficiency in each chambgt3]. The resolving
power AN, ranging from 200 at 5.6 A to 20 at 0.5 A, is
approximately 150 in the region of the Mo emission.

A spectrum recorded across the entire energy range of the
crystal is shown in Fig. 4. The high energy featufed.2—

code, using the experimental density, temperature and the 8 5’-."
S .
] 4t experiment
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= "
i) -
©
&
m 4T
Q
=L
2 -
ot 1
200 300 400 500 600 700
ECE frequency (GHz)

FIG. 3. Electron temperature spectrum measured from ECE
(dashed lingcompared with the calculated ofeontinuous lingin

FIG. 2. Electron temperature profile, measured from ECE, at thehe case of no suprathermal electron population. The ECE harmonic
time t=0.1s(shot 12 658 andt=0.135 s(No. 15 5035. numbers are shown.
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FIG. 4. Full range soft-x-ray spectrum acquired with a rotating  FIG. 6. lonization equilibrium distribution of Mo ions in the

crystal spectrometeishot 12 658 Mo emission falls in the range €lectron temperature range 2—15 keV.
3.9-5.4 A together with the second order of Mn andkGr lines.

each ion to all possible levels in the next ion have been
in the MWPC detector. The second order of diffraction of thecomputed using RELAC's level energies and a modified
Mn and CrKa features falls in the spectral region of the Lotz formula[17]. For Mc®* and Mcd®*, autoionization
molybdenum emissions for shot 12 658. Their two contribu-rates for all inner shell excited levels in the continuum have
tions have been assessed and subtracted from the molybdeeen computed using RELAQ8]. The molybdenum ioniza-
num spectrum. tion state distribution has been computed and the fractional

Two molybdenum spectra from shot 12 658, one duringabundance curves versus temperature between 2 and 15 keV

ECRH and one after, are compared in Fig(t#e recording —are shown in Fig. 6. As in our previous woK], the ground
times are marked in Fig.)1 Since the wavelengths are state ionization fractions at a given temperature are held
scanned in=5 ms, a time shorter than the time evolution of fixed, and the collisional-radiative populations in the excited
the density and temperature from the point of view of theirlevels of each ion are then found by solving the set of equa-
influence on the spectra under investigation, the plasma cafons
be assumed stationary on this time scale. It is seen that the
three features that we label 8, andy which are dominated %ZE nR_—nS R,
by transitions from M&", Mo*¢*, and M&'*, respectively, dt A= e Tl
decrease strongly when the temperature drops, while the re-
maining spectrun(dominated by M&" transitions[7]) is ~ wheren; is the population in leveil of a given ion, andR; _,;
less affected. The detailed modeling of these transitions it the rate at which population leaves leveand goes to

discussed below. some levelj, possibly belonging to a neighboring isos-
equence. The resulting intensity of a transition from lewel
IV. COLLISIONAL RADIATIVE MODEL levelj is
The methods used to construct the collisional-radiative lij(Te) =ni(T) A,

models of the present work are described in our previous ) o N

work [7]. In brief, ab initio energy levels and radiative tran- WhereA;; is the radiative transition rate.

sition probabilities have been generated for each ion using The calculated energies of the levels of the ground state
the relativistic parametric potential code RELAT4]. The  Cconfiguration, and some nearby levels, in each molybdenum
electron impact excitation rates between all levels in each ioiPh are listed in Table I. The accuracy of the predictions have
are calculated in the distorted wave approximation using th&€en confirmed by comparison of x-ray emission from
CROSS cod¢15]. For Mo®2*, the collisional excitation rates Nighern transitions (>3—n=2) in ions around Ne-like
have been augmented by the resonant excitation calculatiohd0>”" observed with high spectrak (A ~4000) resolution

from Chen[16]. Impact ionization from each energy level in in the AlcatorC-Mod tokamak plasm42]. The transitions
included in the(blended features markedy, B, and y (in

Fig. 5 are identified in Table Il. The collisional-radiative

= HoE '"_"aEf(t;eliECH 12638 intensity for the components of each feature is also listed for
§ 120 a temperature near which that feature is seen to be dominant.
g 100F High resolution synthetic spectra computed Ty=3.8,
< 80 - 5.5, and 8.0 keV are shown in Fig. 7; it should be noted that
g S0 even if Gaussian shapes with a full width at half maximum
3 40} (FWHM) of 1.0 mA are assumed, blending still persists. As
20 can be seen, the spectra are sensitive to the temperature, both
oE v":.,-"ul-:.,.-' . "-51 T F because of changing ionization state distributiBig. 6) and,

to a lesser extent, because of the temperature dependence of
the intensity of individual lines. Each ioffrom Mo*°* to
Mo®*") carries information from the radial layer where it
FIG. 5. Comparison of Mo spectrum, duringolid line, t  €Xists; studying these x-ray spectra we obtain spatial infor-
=0.100-0.105s) and aftédotted line,t=0.135-0.140s) ECRH mation over a large fraction of the minor radii@<r/a
heating(shot 12 658 <0.7 andT,(0)=1-8 keV]. In particular, the features la-

40 42 44 46 48 50 52 54
Wavelength (A)
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TABLE I. Electron configurations of low-lying energy levels in Neto Li 1—like Mo ions. Each level is
indicated by the occupancy ¢f-coupling orbitals, where 4+ indicates | +s coupling andl +s coupling
and “—" indicates| — s coupling and the total angular momentuJrfor the level. The calculated level energy
(in eV) is referred to the ground statedex 1). The ionization potential is also given.

Index Orbital occupancies Total Energy
Ne like, Vio,=4256.0 eV
1 (29)2(2p—)2(2p+)* 0 0.0
F like, Vio,=4426.9 eV
1 (29)%(2p—)*(2p+)*® 32 0.0
2 (29)%(2p—)*(2p+)* 1/2 109.76
3 (28)(2p—)2(2p+)* 1/2 331.11
O like, V,,,=4602.2 eV
1 (29)%(2p—)*(2p+)? 2 0.0
2 (29)%(2p—)*(2p+)? 0 27.48
3 (29)%(2p—)*(2p+)? 1 105.78
4 (29)%(2p—)*(2p+)? 2 121.30
5 (29)?(2p+)* 0 241.14
N like, Vio,=4779.1 eV
1 (29)%(2p—)*(2p+)* 32 0.0
2 (29)%(2p—)*(2p+)? 312 96.28
3 (2s)%(2p—)*(2p+)? 5/2 113.91
4 (29)%(2p—)*(2p+)? 12 136.61
5 (29)?(2p+)3 312 236.23
C like, Viy,=5081.8 eV
1 (25)%(2p—)? 0 0.0
2 (29)%(2p—)*(2p+)* 1 101.02
3 (29)%(2p—)*(2p+)* 2 114.97
4 (29)1(2p—)*(2p+)* 2 226.51
5 (29)?(2p+)? 2 228.09
6 (25)2(2p+)>2 0 260.29
B like, V,,,=5266.3 eV
1 (25)%(2p—)* 1/2 0.0
2 (29)*(2p—)? 1/2 107.03
3 (25)%(2p+)* 312 121.20
4 (29)*(2p—)*(2p+)* 32 193.75
5 (29)*(2p—)*(2p+)* 712 219.11
6 (29)'(2p—)*(2p+)* 32 257.94
7 (29)Y(2p—)*(2p+)* 1/2 262.64
Be like, Vy,=5550.4 eV
1 (2s)° 0 0.0
2 (29)'(2p—)* 0 74.89
3 (29)'(2p—)* 1 90.57
4 (29)*(2p+)* 2 198.17
5 (2p—)? 0 218.00
6 (25)*(2p+)* 1 249.77
Li like, Vipy=5713.2 eV
1 (29)* 1/2 0.0
2 (2p—)* 1/2 86.520
3 (2p+)* 312 212.32

beled @, B, and vy are typical of the higher temperature re- can be seen, for example, in Fig. 9 where their brightnesses
gime (T.>3 keV) and drop in intensity when the ECRH is are calculated for a range of plasmas with a single tempera-
switched off(Fig. 5); y is dominated by B-like M&* which  ture.

exists in appreciable amounts only in plasmas with

=5 keV (see Fig. 8 while «, 8 are dominated by lines from V. SIMULATIONS OF THE SPECTRA AND RESULTS

N-like Mo®** and C-like M&®", respectively. The features  The collisional-radiative model described above is used to
a, B, andy depend strongly on the electron temperature, aseconstruct the measured molybdenum spectra knowing the
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TABLE II. Calculated transitions that comprise the featusie$, y. The upper level of each transition is
indicated by the occupancy ¢f-coupling orbitals where *+" indicates | +s coupling and “~" indicates
I —s coupling. Numbers in braces indicate powers of ten, M+ Y]=Xx10 . The line intensity is
calculated, in units of photor(s/cn® nn;oy), Using a collisional radiative model for a plasma at temperature
T.=4 keV for the featurea, 6 keV for B, and 8 keV forvy. Lines that will make up features at higher
temperatures are also listed.

Oscillator

lon Transition CR intensify strength A (A)

Featurea at T,=4 keV
B 6—(29)! (2p—)}(3d+)tJ=5/2 2.40—-12] 1.81§-+00] 4.2476
B 6—(2s)' (2p—)*(38d+)*J=3/2 3.58—13] 2.476—01] 4.2488
N 1—(2s)2(2p—)*(2p+)* (3d—)tI=1/2 2.73-12] 8.723-01] 4.2502
N 1—(2s)2(2p—)* (2p+)*(38d—)1J=3/2 3.99-12] 1.525-00] 4.2541
B 7—(29)' (2p—)t(3d+)tJ=3/2 1.66—12] 1.151+00] 4.2556
N 1—(2s)? (2p—)*(2p+)*(3d—)1J=5/2 2.86—12] 1.442+00] 4.2557
N 1—(2s)? (2p—)*(2p+)*(3d+)1J=5/2 1.97-12] 1.027+00] 4.2699
Ne° 1—(2s) (2p—)%(2p+)*(3d+)tJ=2 2.21-12] 4.2729
N 1—(2s)?(2p—)* (2p+)*(8d—)tJ=5/2 9.70-13] 2.881-01] 4.2892
N 1—(2s)?(2p—)*(2p+)* (3d—)*JI=3/2 6.82—13] 2.688—01] 4.2921
C 2—(2s)?(2p—)*(3d—)*J=1 1.51-12] 1.677-0%] 4.2927
F 1—(2s)1 (2p7)2(2p*)3 (3p+)tI=3/2 3.3§-13] 1.125-01] 4.2933
F 1—(2s) (2p—)2(2p+)% (3p+)tI=5/2 9.83—13] 3.163-01] 4.2957

Featureg at T,=6 keV
Li 3—(3s+)rI=1/2 1.33-12] 7.701-02] 4.1402
Be 6—(2s)! (3d+)tJ=2 6.2§—12] 1.931-+00] 4.1420
C 1—(2s)? (2p—)*(B8d—)tJ=1 1.64—11] 1.405-+00] 4.1476
C 3—(2s)2(2p+)*(3d—)*J=3 9.29-13] 2.556+00] 4.1482

Featurey at T,=8 keV
Li 3—(38d+)tJ=5/2 2.57-12] 2.443+00] 4.0308
B 1—(2s)?(3d—)*J=23/2 1.07-11] 1.539+00] 4.0350
B 1—(2s)* (2p—)* (3p—)tI=1/2 3.92-13] 6.223-02] 4.0385
Be 3—(2s)'(3s+)*J=0 4.94-13] 6.293-03] 4.0560
C 1—(2s) (2p—)2(3p+)tJi=1 3.6§—12] 4.185-01] 4.0585

Even shorten at T,=8 keV

Be 1—(2s)* (3p—)ti=1 2.20-12] 1.99§-01] 3.9141
Be 3—(29)1(3d—)tJ=2 6.74—-13] 1.474+00] 3.9580
B 1—(2s)* (2p—)* (3p+)tI=3/2 2.48-12] 4.468—01] 3.9609
B 1—(29)t (2p—)t (3p+)tI=1/2 1.67—12] 2.987—-01] 3.9629
Li 1—(3p+)tJ=3/2 2.63-12] 4.724-01] 3.7936
Li 1—(3p—)ti=1/2 1.53-12] 2.61Q—-01] 3.8375
Be 1—(2s)' (3p+)tI=1 5.3§—12] 4.919-01] 3.8673
Li 2—(3d—)tJ=3/2 1.47-12] 1.295+00] 3.8866

3CR intensity in units of photons /s cnmgn;g, .
bWeighted oscillator strength (Rwt L) fiow—up-
°E2 (electric quadrupoletransition.

electron temperature and density profiles. This is possible 1

since the typical times- required for these ions to reach B= ﬁf

ionization equilibrium in this temperature and density range

are a few milliseconds. Since the central electron tempera-

ture reaches nearly its peak value 20 nag)( before the wherer is the radial coordinate of the circular cross section,

spectrum in Fig. 5 is recordedt=£0.1s), the ions have “a" is the plasma minor radiusf, is the fractional abun-

enough time At>7) to reach the equilibrium. dance of ion ZN, is the electron, andl,, is the total mo-
The brightnessB (photons/s criist) of features in the lybdenum radial density profile. The emissivity

wavelength ranga;—\, can be calculated by means of the & (photons/s ciiNN;) per unit electron and ion density of

following integral: ion “Z" (Table Il) at temperaturd, is calculated from the

a o
drNe<r)NMo<r>J S £ 0 To(1)Fo(r),
0 N, 2
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200 ' ' Flike| . 10— T, = 2 keV \
Te(0)=3.8keV Mo33+ 2 2 60 A
z Ne-like \N| Mo”™* E 50
g 150 o | Odlike [Mo32* . o 40
. 34 =
5 P Nedike MG | | Moike 2 30
z Clike |Mo32+ \ Mo35+ £20
Z 100 7 |Mo36+  [N-like f S 10
: L ;
5 \l qob—l 1 a4
50— M 38 40 42 44 46 48 50 52 54
Wavelength A)
0 A FIG. 8. Calculated spectra, at low resolution, for a homogeneous
plasma at electron temperature of 2.0, 4.0, and 8.0 keV.
3.9 4 4.1 4.2 43 44 4.5 4.6
Wavelength (A) energy range The resulting intensity is integrated in wave-
length to produce a final, blended spectrum.
280 | T,(0)=5.5 keV Nuo(r) andf,(r) are free parameters and the best fit of
¢ the experimental spectrum will provide an assessment of
240 | Mo36+ . . . .
| these unknown functions. The first step is to simulate the
- 200 Mo36+ ] threg featuresy, B, andvy. Sincea, B, andy are emitted in _
E N Mod6+ Mot agy the first 4 cm from the center, the total molybdenum profile
s 160 [=Mo IM" ” T Nuo(r) can be assumed flat in this very central region and
< . . .
= 20 [ Mo38+ Mo35+ Mo33+ we can perform the fit consideriniy the only free param-
g / Mod6r | Mo¥T+ o2 eter. The result is that the experimental spectrumdfop,
g 80 / I and vy [Fig. 10] is well simulated taking the central ions,
x40 H o Mo%%* to Mo®%*, in coronal equilibriunfFig. 11(a)] with the
© | l . | electron temperature profile as measured from ECE. These
0 central ions do not show anomalous transport. The feature at
: i + 31+ 0+
30 20 a1 a2 a3 24 a5 a6 4.75-4.9 A, emitted by MBT, Mo, andMo” is also
well simulated using the coronal equilibrium charge state
distribution for these ions. A verification of this result was
200 obtained using an impurity transport code, developed by one
Te(0)=8.0 keV of the authorgMattioli) [19]. Simulations of molybdenum in
] Mo?%+ flow in this plasma ramp up phase have been done with the
2 1s0 o anomalous transport coefficients commonly used to model
& _ Mo37+ Mo the flat top phase of other FTU dischard@§]. The diffu-
z ¢ sion coefficientD is 0.8 nf/s and the convective velocity
§ 100 oy is 10 m/s, with a peaking paramet&=1.8. With these
= Mo MO Mo¥* Mo+ ase 36+ anomalous transport parameters, the ionization equilibrium
3 Mo39+ | Mo+ Mo35+| time is longer than in the coronal equilibrium case, and the
50 changes in the density and temperature profiles in time have
I l to be taken into account. To simulate this dynamic phase
o Hukil h.Lu .j.. Wi l 20
39 4 4.1 4.2 4.3 4.4 4.5 4.6 _
FIG. 7. Calculated spectra, at high resolution, of the Mo highly § 15
ionized charge states for a homogeneous plasma with dendfty 10 o ¢
m~23 and temperature, respectively, of 3.8, 5.5, and 8.0 keV. 7:’
5oL B
collisional-radiative model. Theoretical spectra, calculated @1.0
using these emissivitie§;, are shown, for three different ."5
electron temperatures in Figs. 7 and 8 with high and low g Y
spectral resolution, respectively. E; 051~
In order to simulate the line of sight of the spectrometer S
the radial coordinate is divided into 18 values, and at each 0 L | | |

point of the grid all the quantities in the integral in E§)
are calculated. The integration is then done numerically. To
simulate the low resolution of the spectrometer, each feature
is given a Gaussian shape with a FWHM of 0.04dbrre-

T, (keV)

FIG. 9. Calculated brightnesses of the featu#g8,y for a ho-

sponding to the resolving power of the spectrometer in thisnogeneous plasma at different values of electron temperature.
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...... N, peaked a) weeree N, flat i b) FIG. 10. Comparison between

N measuredshot 12 658 soft-x-ray
Mo spectrum (continuous ling
and the simulated ond&dashed
line) for two cases. (a) Best fit
of the experimental spectrum us-
ing a central peaked total molyb-
LYY T y Ty W, o i a denum radial profile. (b) The
40 42 44 46 48 50 52 40 42 44 46 48 50 52 same with a flat total molybdenum

Wavelength (&) Wavelength (A) radial profile.

80

8

40 |

Counts (arb. units)

(0-100 my, a few time-dependent simulations were per-(Mo3** to Mo®*), over the whole radial range <Or/a
formed for partial time intervals. The ion profiles calculated < (0.7 and not just on the “high temperature” features. The
in the coronal model and those with anomalous transport arga|culated featurgd is narrower and higher with respect to
compared in Fig. 1111(a) and 11b), respectively. In the  the measured one, but the integral is the same; this is due to
case with anomalous transport, the ionization degree is muckpurious blending of several of the weak lines making up this
lower in the plasma core and all the lines emitted by*¥o  feature.

to Mo®®" are suppressed, clearly in contrast with what ob-  These two results, an impurity transport level much lower
served. with respect to that one usually measured at FTU in the

The second step is to simulate the full spectrum, and isteady state and a central impurity peaking, are compatible
particular the relative ratio of these features B, y) with  with a neoclassical transport regime. The central densities of
respect to the resonant lines at 4.8-4.9 A from3¥o  Ni, Fe, Mn, Cr, and Ti have been assessed usingkthe
Mo®*, and MJ®". (These features are better understoodemissions measured with the same spectrometer and shown
than those at 4.5-4.6 A from M&" and M&®".) This ratio  in Fig. 4 and the total centrl is found to be around 9. An
depends strongly on the total impurity profiN,(r). The  independent assessment, based on the Spitzer resistivity re-
synthetic and experimental spectra are shown in Figa)10 producing the loop voltage, gived.;=6.7. These values,
for a peaked impurity profile and Fig. @) for a flat one  exceptionally high for FTU plasmas, are due to the low elec-
(continuous line represents the experimental spedtrliime  tron density and the central impurity peaking. The result con-
peaked impurity profileNy,(r), normalized at its value at cerning the impurity behavior should be related to the good
r=15cm, is shown in Fig. 12 together with the electronenergy confinement property of the bulk observed in a pre-
density profile normalized at its central value. The peakediious work[1] studying the energy balance and the thermal
profile gives the best fit of the experimental spectrum. Thisconduction for the same sh(2 659. The electron thermal
assessment of the impurity radial density profile is robustiffusivity profile is found to be below 0.4 ffs within one-
because relies on agreement from all the emitting ionshird of the plasma radius, with a minimum of 0.Z/m It is
remarkable that these values close to the lowest ones found
in Ohmic discharges have been obtained in the presence of
almost an order of magnitude larger fluxes and gradients.

In contradistinction to the case above, a second discharge
was studied in a different transport regime. In this shot
(15509 ECRH heating off axis was used with double power
(800 kW) on the same plasma target. The Mo emissions were
analyzed at a later tima £ 0.135 s) after the current flat top
had been reached and after the onset of the sawtooth insta-
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FIG. 11. Fractional abundance curves versus radius for core Mo rem)
ions in two cases. (@) No impurity transport(coronal equilibri- FIG. 12. Central peaked total molybdenum radial profile used in
um). (b) Anomalous transport with diffusion coefficiefit=0.8 the best fit of Fig. 1) together with the electron density profile at
m?/s and convective velocity =10 m/s. t=0.1s(shot 12 658
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o FIG. 14. Simulated spectrum at high resolutioal £\ =4000)
FIG. 13. Best fitthin line) of the measured soft-x-ray Mo spec- 54 convolution at low resolutio\(AX =200) (bold ling) for the
trum (thick line) for shot 15505 {=0.135-0.140 s most ionized Mo ions in a plasma at 11 keV.

bility (t=0.070s). The off axis heatingresonance at tions. In the first case, a spectrum in the current ramp up
—7'cm) and the presence of the sawtooth crashes producePfase shows that the molybdenum ions are in coronal equi-
plateau in the central electron temperat(Fég. 2 and a I|br|ur;]1 over moslt of thehmlnor radlusheor/a<0.7) and A
much broader region emitting at high temperature. We havﬁ:at they accumulate at the center. In the second case, when

; ; : e current flat top is approached, the anomalous transport
applied the same method to simulate the experimental spe . LS 4
trum (thick line in Fig. 13. The featuresy, 8, andy are well affects the ion distribution and the total molybdenum profile

. . A . 3011 ~is flattened. The ionization balance is in general sensitive to
f}g?:lglﬁ?b:?{m trl]:ir?k?élttl?r?el?é]l;t(isiératt?oI\c/l)?the)s:anhCigLOtem the distorsion of the distribution function of the electrons. It
’ L . ) “will be therefore very interesting, in the future, to st th
perature features with the line of Nfd at 4.8 A is well be therefore very interesting, € future, to study the

. x-ray spectra at lower density, where important distorsions of
reproduced with a total molybdenum profitg,(r) almost the electron distribution function due to ECRH heating are

flat. However, the features between 4.6 and 4.9 A are noéxpected
well simulated with the assumption of coronal equilibrium, We reﬁark that molybdenum is an excellent diagnostic

n part_|cular the Illne.s e'”f"“ed by.Mb and Mé aré un- 140l because it has several ions that emit strongly and have
derestimated. This implies that in the radial region where

th wo i str(a>0.3 | ‘ i appropriate ionization timesr(-ms) in the temperature
ese two ions existr(a>0.3) anomalous transport is now.range up to 20 keV. In particular the resonant lines of the

present, reducing the degree of ionization. Unlike the Previg, = Beo— Lil—like ions are bright and can be used as

ous case, in this phase of the discharge the shear has becomggnostics of very high temperature plasmas in the same
positive and the anomalous transport appeared, particularb(lay as the N—. Ci—. and Bi—like ions have been used in
in the half radius region. This observation is in agreement ’ ' 40+

. ) he present work. A synthetic spectrum for #bto Mo
with the results founds in a recent woikl], where molyb-  5th at high and low spectral resolution is shows in Fig. 14

&dr an electron temperature of 11 keV. The present experi-
) C ments at FTU were performed with one and two gyrotrons;
phase. In this case the transport of the majority speides- the installation of four tubes with a total power of 1.6 MW at

fﬁ:;:zr;é StyVF;:tCﬁ'ﬂ?; ‘Sgiq‘e?“(';fr?érﬂa;gp dgt‘é‘fé t';‘eoe*l‘e”;'t‘;othe plasma is now in progress. Consequently, in future ex-
S . ’ eriments temperatures greatly in excess of 8 keV are ex-
thermal diffusivity is found to be, at half radius, in the rangea P 9 y

from 0.4 to 0.8 rAls [23]. Moreover, global analysis shows pected and other plasma scenarios will be accessible; these

! : X . ons will provide an excellent diagnostic tool to study these
that the energy confinement time scales with the total mput P 9 y

. lasmas.
power as expected for tHemode scaling law.

by electrostatic turbulencg22] during the current flat top
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