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Abstract. Experiments in Alcator C-Mod tokamak plasmas ia BEnhanced D-alpha (EDA)

H-mode regime with ITER-like mid-radius plasma dgngeaking and lon Cyclotron

Resonant heating (ICRH), in which tungsten is idiiwed by the laser blow-off technique,
have demonstrated that accumulation of tungstehdarcentral region of the plasma does not
take place in these conditions. The measuremeritsnebl are consistent with anomalous
transport dominating tungsten transport excepthm ¢entral region of the plasma where
tungsten transport is neoclassical, as previoubsewed in other devices with dominant
neutral beam injection heating such as JET and ASDRgrade. In contrast to such results,
however, the measured scale lengths for plasmaetatyse and density in the central region
of these Alcator C-Mod plasmas, with density peditelatively flat in the core region due to
the lack of core fuelling, are favourable to prdvemer and intra sawtooth tungsten



accumulation in this region under dominance of tessical transport. Simulations of ITER
H-mode plasmas including both anomalous (modellgdth®e Gyro-Landau-Fluid code
GLF23) and neoclassical transport for main ions mmdjsten and with density profiles of
similar peaking to those obtained in Alcator C-Mstwbw that accumulation of tungsten in the
central plasma region is also unlikely to occustationary ITER H-mode plasmas due to the
low fuelling source by the neutral beam injectiongction energy ~ 1MeV), which is in good

agreement with findings in the Alcator C-Mod expegnts.



1. Introduction.

The next generation of fusion devices, such as ITERexpected to operate with
tungsten (W) plasma facing components (PFCs) anggimes with high energy confinement
in order to demonstrate high fusion power amplifaa[1]. Due to its high electronic charge,
W remains partially ionized in the plasma, eventha range of temperatures expected in the
central region of the plasma in ITER¢(¥ 10-30 keV), thus causing large radiative power
losses from the plasma by line emission of theigdrionized W atoms excited by electron
impact. As a consequence, the concentrations ofnWwhé confined plasmas which are
compatible with high energy confinement and higkidn power amplification in nuclear
fusion reactors are very low (typically few3J2]. The need to control the concentration of
W in the confined plasma is not restricted to re#&p fusion devices but it is already required
for present tokamak experiments. Lack of W conegiatin control causes the radiated losses
from the plasma to approach or exceed the plasméingepower, which triggers MHD
instabilities that usually end up in a disruptiGi [

Operation in the H-mode high energy confinemenimegis more challenging from
the W concentration control point of view due te flormation of a region with very low
anomalous transport at the plasma edge (edge tdrsgurier or ETB). In the ETB impurity
transport is found to be well described by neoatassransport for low-Z to mid-Z impurities
[4] which, for typical edge density and temperatprefiles in present experiments, has an
inward convective velocity component [5]. This lsedad peaked W profiles in the ETB region
with values of the W concentration in the innertdrthe ETB much larger than those near
the plasma separatrix. Production of W by sputterof the PFCs together with the
unfavourable transport in the ETB can lead to theoutrolled increase of the W
concentration in the edge of the confined plasmhenabsence of other processes. This edge
W concentration increase is arrested by the occoceredf edge MHD instabilities (ELMS)
which cause an expulsion of particles from the galgema or by enhanced edge turbulence
observed in H-mode regimes which either do not l&vds such as the EDA (Enhanced D-
alpha) H-mode confinement regime [6] or in whiciD3magnetic field perturbations are
applied to supress them [7]. Control of ELMs andh# divertor W erosion source between
the ELMs is expected to be appropriate to provite required level of W concentration
control in the region of the ETB in ITER [8].

The control of the W concentration to an acceptébiel in the edge plasma region in
H-modes is a necessary but not sufficient conditoensure that the concentration of W in

the central region of the plasma remains low endiogprevent excessive radiation, which



leads to the termination of the high confinementbde regime. Uncontrolled increases of
the core W concentration (for quasi-stationary galwf the edge W concentration) are
frequently observed for H-mode discharges in toke&maperating with W PFCs whose
plasma heating is dominated by neutral beam igedNBI) [9]. The physics picture recently
demonstrated to explain this phenomenology in Henpthsmas is that W transport is
dominated by anomalous transport for most of tlasmphk cross section inside the ETB except
the very central region close to the magnetic k@& 11, 12]. In this central region W
anomalous transport is negligible and W transpsrdominated by neoclassical effects,
similar to earlier ASDEX Upgrade observations usaxgrinsic seeding of noble gases [13].
Therefore, peaking of the W density in the cenplElsma region is determined by the
competition between the ion density radial grad{@ttich produces an inward W flux) and
the ion temperature radial gradient (which produaasoutwards W flux usually called
temperature screening). In experiments with dontifdBl heating the ion density and
temperature gradients are often such that theieffiett is to drive a significant inward flow
leading to strong peaking of the W density profil&]. An important factor in this behaviour
is the fact that NBI heating unavoidably providesoarrce of neutrals in the central plasma
region thus leading to a sizeable peaking of tmedensity profile there [14]. This relation
between the ion density and temperature gradiaritsel central region of the plasma for NBI
dominated plasmas can be modified by the applicatibcentral RF heating (ECRH and
ICRH) thus avoiding an uncontrolled increase of ¢tbee W density [9, 15]. This picture is
complicated by the role that these additional Ingagystems play in sustaining poloidal
variations in high-Z impurity density, which is st to have an important impact on the
flux-surface averaged neoclassical radial impurapsport [16]. Sustained MHD activity [10,
11] may also complicate this picture, but experita@md simulations discussed here focus on
plasmas that are MHD-free or have resolvable, eisdviHD events (i.e. sawteeth).

Despite the wide range of experimental results ndigg W density peaking in the
central plasma described above, their implicatimndTER remain uncertain. This is due to
differences between ITER and present experimentenuethose associated with the larger
device size and plasma parameters (which may teddféerent physics processes dominating
plasma transport), such as:

a) heating schemes, which are dominated by eletteating in ITER versus present
experiments most of which are ion heating dominated

b) central plasma fuelling, whose rate is typicallye order of magnitude or more

smaller in ITER than in present experiments duehw high energy of the NBI injected



particles (~1 MeV in ITER versus 50-100 keV in mmasexperiments). When the plasma
volume is taken into account, the fuelling rate peit volume in the central plasma of ITER
is typically two to three orders of magnitude smathan in present experiments

c) plasma toroidal rotation which is expected teeha low Mach number in ITER (in
the absence of large intrinsic rotation) due toltdveer momentum input by the NBI due to
their higher injection energy.

d) The interaction between toroidal rotation andpumity transport, as impurity
toroidal rotation is known to affect impurity trapwst [11, 12, 16].

All these factors together with differences in thderlying shape of the plasma density and
temperature profiles between present experimerdsIBBR, which influence W transport,
make impossible a straightforward extrapolatiothef present experimental results to ITER.

This paper describes the results of modelling stddf W transport for ITER
reference operational conditions and the results séries of experiments on the Alcator C-
Mod tokamak to characterize W transport in condgisimilar to those expected in ITER in
terms of: a) core electron density and ion andtelactemperature peaking, b) plasma
toroidal rotation, c) dominant electron heating djtébw/no source of neutrals injected by the
heating systems in the plasma central region.

The paper is organised as follows: section 2 sumzesithe results of the modelling
studies of W transport for the reference 15MA/5t8gh fusion gain @; =10 scenario in
ITER, section 3 describes plasma conditions andemxgntal techniques utilized to
characterize W transport in the Alcator C-Mod expents, section 4 describes the results
concerning W transport in Alcator C-Mod and its elegeencies on discharge parameters and
finally section 5 summarises the results in viewtloéir extrapolation to ITER, draws
conclusions and discusses future directions foaicC-Mod R&D in this area.

2. Modé€lling of W transport in ITER.

Modelling of W transport for the ITER core plasias been carried out with the
ASTRA modelling code, which includes a model foomralous main ion and W transport
based on the GLF23 transport model [17, 18]. Intamdto anomalous transport, neoclassical
transport is evaluated with transport coefficieoktained from the NCLASS code [19] for
main ions and W impurities. Impurity transport isaelled by the code ZIMPUR [20] which
is coupled to the main plasma ion transport in ABTR all the simulations performed for
ITER the value of the W density at the plasma adget as a boundary conditions with low
concentration values ( < TPso that the W radiative losses from the mainmkasre low and

do not affect the core plasma parameters. Thippsopriate for the purpose of these studies



as they focus on the determination of whether theansity profile will be strongly peaked
with respect to the main ion density profile in RBr not. The evaluation of the expected W
level in ITER requires more sophisticated modeliimgjuding the effect of controlled ELMs
on W expulsion and production of W by sputteringnirthe divertor and its transport in the
scrape-off layer (SOL), which is beyond the scopthis paper. The modelling assumptions
are thus:
- Plasma conditions in the ETB region are evaluatedrbdictions of the EPED model
[21] and used as boundary conditions for the studfeore plasma transport
- Energy and particle transport for main ions and sApiovided by the sum of the
contributions from anomalous transport (evaluateith whe GLF23 model) and
neoclassical transport evaluated with NCLASS st tha
" Xei= Xi-neo t Xe,i-GLF
* Diw = Diw-neo* Diw-cLF
* Viw = Viwneot Viw-GLF
" Xmomentum= Xi-neo + PI XXi-GLF
where subscripts with the neo suffix refers tovhkies evaluated on the basis of neoclassical
transport and the GLF suffix refers to those framraalous transpore andy; are the heat
diffusivities for electrons and main ions respeelyy Dw and \{w are the particle
diffusivities and particle velocity pinches for theain ions and W respectively, apfomentum
iIs the momentum diffusivity for the main ions andi® the Prandtl number. It should be
noted that this approach to model toroidal rotat®rather simplistic and leads to relatively
low toroidal Mach numbers being predicted for ITER Pr ~ 1, given the low momentum
source from the NBI and the fact that no intrin@tation is included in these simulations.
Similarly, including a sizeable momentum pinch cbwehange these results significantly
affecting, among other plasma parameters, imptnatysport as it will be discussed later. The
value of the ExB shear amplification factm¢ used in the GLF23 linear turbulence quench
rule is taken to beig = 1 in these simulations. For the electrons tHaevaf heat diffusivity
when anomalous transport is negligible is set & tf ion neoclassical transport; otherwise
the very low value of the electron neoclassicafrttad diffusivity (Xe-neo~ 1/60 XXi-neo) leads
to unphysical high electron temperatures in theukations. This reflects the fact that
reduction of electron and ion turbulent heat transpnder the level of ion neoclassical heat

transport predictions is not commonly observed xpeeiments (for instance, in the ETB



electron and ion heat transport are commonly oleskto reduce to levels of ion neoclassical
heat transport, which is a factor of ~ 60 highantlelectron neoclassical heat transport).

ITER simulations have been carried out for theRTIET plasmas in stationary phases
of the reference high fusion gain scenarigy{€10) with plasma current of 15 MA and
toroidal field of 5.3 T and for a lower currentibadal field plasma (7.5 MA/2.65 T),
representing typical low current plasmas in whigitial H-mode operation will be developed
in DT in ITER. For both cases additional heatingvpo of ~ 50-53 MW has been applied
with 33 MW of NBI heating and the remaining 17-20AMfrom radiofrequency heating
(ICRH or ECRH). It should be noted that in the ITE&erence high & scenario the
dominant plasma heating (~ 100 MW) is provided Ipha particles produced by the fusion
reactions which thermalize in the plasma. The tes@garding plasma W transport in both
ITER scenarios are qualitatively similar; thus weyowill describe in detail the studies for
the 15 MA/5.3 T plasma as this is more relevantaréipg the achievement of ITER
mission’s and for fusion tokamak reactors in gehera

The plasma parameters obtained for a range oflaiions for the ITER 15 MA/5.3 T
Qor ~10 plasma applying different heating schemes88 of NBI + 20 MW of off axis or
on axis ECRH and 33 MW of NBI + 20 MW of on axisRE with HE minority to provide
maximum ion heating) are shown in Fig. 1 a-d. Asvmusly identified, for the typical
conditions expected in ITER the plasma densityilered moderately peaked(0)/n.ped ~ 1.6
despite the low level of core NBI fuelling, whick in good agreement with expectations for
ITER on the basis of experimental data for lowis@hality H-modes [22]. This is due to the
existence of an anomalous inwards particle pinatr ovost of the cross section of the ITER
plasma in the GLF23 modelling. It should be notedttin these simulations the Prandtl
number has been varied (within the same rangellf@iraulations) in a range of Pr = 0.2 -
1.0, which leads to a ratio of momentury) to energy confinementg) times ofty/te = 0.3 -
1.0. For these values of the Prandtl number thesnmathermal energy agrees with
expectations from the ITER-98 energy confinementetiscaling law (i.e. & = 1) [23]
leading to a fusion performance opf~ 10 for the expected values of the pedestal press
in the ETB predicted by the EPED model [21]. In ooodelling the value of the Prandtl
number affects toroidal rotation shear, which inntwaffects the stiffness of the ion
temperature profile predicted by the GLF23 model tre predicted fusion performance. It is
well known that, without inclusion of rotationalesdr effects weakening the ion temperature

stiffness and with a pedestal pressure value ireeagent with the EPED model, the



anomalous transport from the GLF23 model predictsision performance for ITER 15
MA/5.3T plasmas of @ ~ 6-7 [24].

The predicted W density profiles and anomalous ®#dport for these three ITER
simulations are shown in Fig. 2.a-b. As can be sedfg.2.a the W density profiles are flat
over most of the plasma cross section and in theaeart they can be somewhat peaked but
with similar ny(0)/Nw.ped to N(0)/Npeq Or lower and thus similar W concentration acrdss t
plasma cross section. Of the three cases consideeedne with the highest W peaking is that
with off-axis ECRH heating. The physics proces$es kead to this W density profile shapes
can be understood from Fig.2.b. For these plasmmditons W transport is found to be
dominated by anomalous transport over most of thenpa cross section (r > 0.25-0.4 m)
with a large diffusion coefficient (shown in Fig.b2 and very low anomalous pinch (not
shown). In the very central part of the plasma (0.25-0.4 m) anomalous transport is
negligible and neoclassical W transport dominakésis whether W is more or less peaked in
this region depends on the relative scale lengfthiseoion density and temperature profiles in
this region. Application of central heating (whethmure electron heating with ECRH or
mixed ion-electron heating with Bleninority ICRH heating) changes the relative scaifs
the ion density and temperature profile in thisioegand correspondingly decreases the
central values of the W density (see Fig. 3), as ititensity of temperature screening
increases with respect to the inward flux driverthgyion density gradient. It should be noted
that in the simulations the effect of central elecstheating and ion heating are different
although they produce a similar result regardingtMhsport. Central electron heating
increases the ion density scale length (at ~ cahsba temperature scale length) while ion
heating decreases the ion temperature scale l€agth constant electron and ion density
scale lengths). This is somewhat different fronultsson ASDEX-U which showed ECRH
and ICRH both reducing the W peaking, but the fartieough increasing W anomalous
diffusion and the later through reduced inward tessical convection [25].

The effectiveness of central RF heatingie(R 20 MW) to affect the main ion
temperature and density profiles despite the donc@af alpha heating &= 100 MW) can
be understood because of the much more peaked mepesition profiles of the heating
provided by RF than by alpha heating. Table 1 shtvescalculated power densities in
electron and ions for the two cases for ITER plasmwéh 15 MA/5.3T — @r = 10 with
central RF heating described above. From the vafudss table it is clear that the ITER RF
heating systems have the capabilities to incrdas@awer density in the central region which

is deposited in the electrons by a factor of 2-8vatthat of the value from alpha heating and



for the ions by up to a factor of 2, despite thegnal heating power from alpha heating being
five times higher than that of the RF one. If tamperatures profiles are non-stiff in the core
region this will lead to a decrease of the tempeeascale length (improved temperature
screening seen for central ICRH heating in Fig. I8).on the contrary, the temperature
profiles are very stiff in this central region thigll lead to no change in the temperature
profile but to an increase of anomalous transpuat flattens the density profile (reduced
inward W transport seen for central ECRH heatingigqn 3).

The results of these modelling studies for ITER iarexcellent qualitative agreement
with recent studies of W transport and W peakingki experiments [11, 12] and its control
by ICRH heating (electron heating) [15]. These ®sidalso find that large diffusive
anomalous W transport dominates inside the ETB pxime the very central region of the
plasma where W transport is neoclassical. In agee¢nwith these studies the ITER

simulations only find indications of central peakim the W density profile when
a a

———>>0 (1)
Lp; CLr,

where C ~ 2.5-2.8 for ITER and C ~ 2 for presemesinents, -i.e. for the case with off-axis
ECRH heating. It should be noted that, due to twet collisionality of W in the ITER
plasmas compared to present experiments, the lsotitm of banana-plateau transport in the
core of ITER plasmas to the W neoclassical trarigpaignificant (it accounts for 50% of the
value of the diffusion coefficient in the centrdagma region). This affects the strength of
temperature screening by decreasing the temperstueening factor from the usual H ~ 0.5
(leading to C ~ 2 in Eq. (1)) in present experirsditl, 12], where W transport is dominated
by Pfirsch-Schluter transport, to H =0.35-0.4 (legdo C ~ 2.5 — 2.8 in Eq. (1)) for ITER
[26].

Despite these qualitative similarities, there agaificant quantitative differences between the
predicted W transport in ITER and in these JET @rpents. Some of them are linked to the
low values of plasma rotation in these ITER simala (Mot < 0.1 for the simulations with
Pr = 0.2 and My < 0.03 for the simulations with Pr = 1.0) comparedhose of JET (Mr ~
0.4) [11], which can strongly increase the magratofithe neoclassical transport coefficients
for W due to centrifugal effects. To quantify thieet of toroidal rotation on W poloidal
asymmetries and on the ensuing neoclassical transpthese ITER plasma conditions, we
have performed modelling studies with the NEO cf@¥4. In these studies we have scanned
the toroidal rotation frequency so thaiyMcovers the range from the values in our ITER

simulations (Mr = 0.05) to the values measured in experimentsr@10.4), while keeping



the plasma density and temperature profiles conétaam case with off-axis ECRH heating in
Figs. 1 and 2 has been considered). The resuttso$tudy are shown in Fig. 4. In this figure
the results of NEO modelling (for %4, a typical ionization state of W in the plasmatoein
these ITER conditions) and NCLASS (including a &g W ionization stages evaluated by
the transport code ZIMPUR) are compared. For the Mbach numbers in our simulations
centrifugal effects on W neoclassical transport ey small and the agreement between
NEO and NCLASS is very good, consistent with prasistudies [11]. On the other hand, for
Mpt > 0.2 there are significant differences between NSBAand NEO predictions withyp
and My increasing as the Mach number increases, as peddiy neoclassical transport
effects for poloidally asymmetric impurity denspiyofiles [16], while keeping a similar ratio
Vw/Dyw (i.e. a similar peaking of the W profile in statayy conditions). It is interesting to
note that for the highest Mach numberpM= 0.4, the direction of the neoclassical pinch can
change sign due to toroidal rotation and the aasedti poloidally asymmetric impurity
density profiles, as already pointed out in [12h tBe basis of these results we conclude that,
for a large range of toroidal rotation velocitiesoidal rotation effects in ITER can strongly
affect the timescale on which the W profiles depedio stationary conditions (increaseg, D
with Mpt) but not strongly affect the stationary peakinghase profiles (similar W/Dy for a
range of My7). At the largest Mach numbers consideredofM: 0.4) the effects on W
neoclassical transport are more significant andstaéonary W profiles expected in ITER
would be less peaked (even hollow) in the plasmatreethan those obtained in our
simulations (with NCLASS) that do not include the$tects.
Other quantitative differences are linked to thegmitude of the central source provided in
ITER by the neutral beam injection compared to ithe heating power density and to its
implications for the ratio of the ion density amanperature scale lengths in the core plasma
region, which is given by:

Ln; _ Dyq;

L_Tl- = T 2)
Taking into account the central plasma conditianshie ITER @t =10 plasmas (g 0.35
MWm?, T ~ 3 13" m3s*, T ~ 20 keV) and those of the JET plasmas in [113mks (g~ 0.6

MWm™ T ~ 7 16° m®s™, T, ~ 5 keV) and assuming that in the central pIasasga'aonD"/Xi is

independent of device size (this is the case foclassical transport) leads to:
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JET _ITERITER
JET _ 4 Iy ™'Ty

ITER ~JET [ JET ~0.03 (3)
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ITER

showing a clear trend for the ion density profilede much more peaked relative to the ion
temperature profiles in the JET experiments in fhah those for typical ITER$ = 10. The
JET and ASDEX Upgrade NBI-dominated experimentstians in a situation more prone to
core W accumulation than ITERyQ= 10 plasmas.

While these modelling results and consideratiomsIT&R are very encouraging for
the situation concerning W transport in the coraspla of ITER, significant uncertainties
remain regarding the modelling results, such as:

a) the accuracy with which any model for anomald@nsport can predict the

gradients for density and temperature in the regitrere anomalous transport is

dominant.

b) the extent of the region in the plasma centrghith anomalous transport is low.

c) the level of residual electron transport in ttestral region.

d) the role of sawteeth in affecting W transporithdugh initial ITER simulations

including the effect of sawteeth do not show aedédht qualitative picture that when

they are not included for ITER, the model for W ebgmon by sawteeth as well as the
recovery of the plasma density and temperatureviatig the sawteeth are subject to
modelling uncertainties due to the large gradiémis can be transiently formed.

e) The level of toroidal plasma rotation in ITERJats effect on W transport.
Therefore, it is required to validate if the postitrends regarding W transport in the core
plasma identified in the ITER modelling are indéednd in the experiment. For this purpose
a series of experiments was carried out in the tAic&-Mod tokamak to characterize W
transport in conditions that match specific asp@&étshe ITER plasmas which have been
found by modelling to have significant effects ontNhsport in the core plasma.

3. Overview of experimentsin Alcator C-Mod.

Alcator C-Mod [28, 29] is a compact, high field &zkak with vertical plate divertor
geometry and RF-based heating and current-drivéesgs (LHCD and ICRH). The
experiments reported in this paper were carriedwotlt central ICRH heating of plasmas in
the EDA H-mode confinement regime [6]. The EDA Hdrads an ELM-less H-mode plasma

in which density transport is enhanced by the presef a quasi-coherent mode at the plasma
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edge which arrests the density rise typical of Eltbé& H-mode and prevents the uncontrolled
increase of impurities in the core that would otVise lead to excessive bulk plasma radiation
even in the absence of a large core impurity pegfn30, 31, 32]. Steady high performance
EDA H-modes have similar pedestal pressure profileshose obtained in ELM-free H-
modes [33], and only a slight reduction in maximnarmalised energy confinement results
from the EDA onset [6].

The quasi-coherent mode also prevents the plasora feaching unstable edge
pressure/current gradients and thus triggering éugabilities known as ELMs. Because of
the large erosion of ITER PFCs [34] and the detnitaleeffects on plasma performance of
impurity influxes produced by ELMs, the maximumdosf energy during ELMs must be
significantly reduced in ITER from its expected tunal” or “uncontrolled” values by large
factors (typically ~ 30 for @ =10 plasmas) by controlled triggering of ELMs [BJontrolled
ELMs are also required to provide appropriate Waedh from the confined plasma in ITER
even for conditions in which uncontrolled ELMs wdube acceptable from the divertor
erosion point of view [8]. In this respect, the EDé&gime in Alcator C-Mod represents a
good proxy for the controlled ELM regimes requinedTER.

The experiments described in this paper were choig with a plasma current of
0.44-0.6 MA and a toroidal field of 5.4 T, corresping to %5: 6 — 8, with the ion grad-B

direction favourable for H-mode access in a lowegls null diverted plasma configuration.
All discharges were heated by ICRH and the ICRHihggower into the plasma spanned
the range from 1.0 — 3.6 MW. The lower limit wastdted by access to the H-mode regime
while the upper limit was defined either by the maxm ICRH power that could be reliably
coupled to the plasma (for 0.6 MA) or by acceptaldads at the limiters from ions
accelerated by the ICRH (for plasma currents of @dd 0.52 MA). The plasma line average
density normalized to the Greenwald limit was tgtlic <ne>/ngw ~ 0.3-0.4 in these
experiments and the effective plasma collisionaliais 1.0 Verr< 4.0 [22]. These relatively
low current/high g (much larger than for § = 10 operation in ITER) and high ICRH
heating power plasmas were chosen to perform theqeeriments on W transport
characterization in Alcator C-Mod because the dgmmaking obtained in them is similar to
that expected in ITER for H-mode operation [35] dedause density peaking is a key factor
driving core W accumulation in present experimantd ITER. Other important features of
these experiments regarding their possible effact\btransport which are similar to ITER

are:
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- Dominant electron heating (typically/g ~ 2-3) provided by the ICRH H-minority
heating scheme, similar to typical ratios in ITE&d with peaked deposition profiles
(typically, the deposited ICRH power density prefit peaked at r/a = 0.1-0.15 and most
of the ICRH power is deposited within #20.3-0.4 in Alcator C-Mod) similar to those of
the alpha heating and ICRH/ECRH heating systenhBER;

- Lack of central source of neutral particles, ddigonal heating is RF-based without
neutral beam injection, similar to the situatiorthad MeV beams in ITER,;

- Low toroidal rotation (typically M < 0.05 in these experiments, which is in the low
range of toroidal rotation speeds in Alcator C-Maithilar to that expected in ITER
because of the low momentum input with the highrgndeams, leading to poloidally
symmetric high-Z impurity density.

Experiments were performed by injecting W by theelablow-off technique (LBO)
[36]. The key measurements of kinetic plasma pararseised for the studies presented in
this paper are: Thomson scattering for the electlensity and temperature, electron
cyclotron emission for the electron temperaturd,[X#ray imaging crystal spectrometry for
ion temperature and toroidal rotation profile meaments [38]. For the characterization of
W transport and plasma radiation evolution assediatith the W LBO injection the key
measurements are provided by: radially and velyisawing Soft X-ray tomography by two
38-channel arrays [37] (equipped with a |5t Be filter), a horizontally viewing midplane
AXUV (Absolute eXtreme Ultra-Violet) diode array@set of resistive bolometers [39] and a
pair of radially viewing, flat-field VUV spectrometts (1-7 nm, 10-30 nm) [40].

An example of the typical evolution of the plasnagmeters in these experiments is
shown in Fig. 5 for two ICRH heating power leveédthough the intensity of the laser for W
LBO was adjusted to keep the W injection to theimum required for diagnostic purposes,
the associated radiation increase and changee tedipe plasma following the W LBO were
sufficient to trigger a back transition into L-moihethe low power (black in Fig. 4) case. This
limited the lower range of ICRH power for which \Wahsport could be characterized in H-
mode by this technique for some of the conditioxsiared. At higher powers, as shown in
Fig. 5, the effect of the W LBO was much less pbihg and the plasma remained in H-
mode without major modifications of its parametéefee electron and ion temperature and
electron density from the diagnostics above for tiwe example discharges in Fig. 5 are
shown in Fig. 6. As can be seen in Fig. 6 and dfieehin Table 2, the overall peaking of the

core density and temperature profiles, charactgrigethe ratio of its values at normalized
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radius p =r/a)p = 0 and 0.7 are similar for ITERpQ=10 plasmas and for Alcator C-Mod.
If anything, the Alcator C-Mod profiles for highdBy levels are less favourable for W
transport (more likely core W peaking) than thogelTER in terms of the relative ion
temperature to density peaking. This is somewhatpemsated by the fact that, due to the
lower collisionality of W in ITER compared to Alaat C-Mod, the effective temperature
screening factor for W is 0.35-0.4 in ITER instedd.5 Alcator C-Mod, where W is in the
Pfirsch-Schliter collisionality regime. This relaly low ion temperature profile peaking is
due to the lower level of equipartition in Alcat@-Mod at these densities and to the
dominant electron heating which leads to a largeeimse of the JT; ratio (from 1.4-1.8) as
the ICRH power is increased. This is unlike ITERenehequipartition is dominant and/T; ~

1 despite the dominant electron heating. In gentlrelation between the ion temperature
gradient and the density gradient in Alcator C-M®dound to be favourable for W transport
in the central region of the plasn@a< 0.35) if W were dominated by neoclassical transpor
in this region; while further out the situationapposite, as shown in Fig. 7. Increasing the
central ICRH heating power reduces the scale lenfjtine ion temperature with respect to
the density (thus making W neoclassical transpoliet outwards in the central region) while
further out the effect is opposite.

Regarding other impurity-related transport aspetisse discharges are indeed very
comparable to ITER. The toroidal rotation veloditythe core plasma is typically low with
Mp < 0.1 and, correspondingly, poloidally symmetric umpy profiles are measured for these
discharges.

4. Observations on W dynamics and transport in I TER-like H-mode plasmas in Alcator
C-Mod.

An example of the typical evolution of the AXUV arisgpectroscopic line emission
following the W LBO in these experiments is shownFig. 8. As shown in this figure the
propagation of the radiation increase associatél tive propagation of W into the plasma in
these experiments is very fast uppto- 0.3 (within 3 ms); from there inwards transpiert
much slower and the rise of the W associated eomdsikes place in timescales of 15 ms.
This is confirmed by a similar prompt rise of W esolved transition array (UTA) emission
characteristic of W***and a much slower evolution of line emission frov****. This
temporal evolution of the W emission in the plasmithin p < 0.8 for can be modelled with
the STRAHL code [41] by assuming a radially var@adlffusion coefficient for W transport

(without any convective velocity) with a very lovalue within thep < 0.3 region ([y ~ 4 10
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2 m?’s?, which is similar to the expected value of the Wbciassical diffusion coefficient in
this region). Forp > 0.3 the value of ) required to model the fast propagation of W is
typically one to two orders of magnitude large3(8.nfs?). These findings are in excellent
agreement with expectations for ITER shown in Ri@p. Indeed modelling of Alcator C-Mod
plasmas with ASTRA, on the basis of the experinlgmaver deposition profiles determined
by TRANSP analysis and with the same assumptioas ttiose utilized to model ITER,
reproduces qualitatively the same main plasma petemprofiles and W transport behaviour
seen in the experiment, as shown in Fig. 9. Thenpa density and electron and ion
temperature profiles predicted for Alcator C-Modvéasimilar magnitude and gradients to
those measured, as shown in Fig. 9.a. Also W tahs$p indeed found to be neoclassical in
the plasma centre with "%y ~ 10 m?s*
panomalous, — 0.2-2.0 s, as shown in Fig. 9.b. Bothybvalues are similar to those deduced

by STRAHL from the time evolution of the W emissifmtiowing the LBO mentioned above.

, While it is anomalous further out with typical

Quantitatively there are differences between expent and the ASTRA modelling regarding
the extent of the region with negligible anomaldistransport, which i < 0.15 in the
ASTRA simulations while it ip < 0.3 in experiment. This discrepancy and thosehe t
predicted density and temperature profiles comptordde experimental profiles in Fig. 9 can
be resolved by tuning input parameters in the GLF2@lel, which will be the subject of a
future publication.

In agreement with the ITER expectations and wité telation of the density and
temperature scale lengths measured in these Al€alMod plasmas (see Fig. 7.a), there is no
evidence for strong, steady-state W peaking incietral region of the plasmas in these
discharges, as shown in Fig. 10. In this figureWhéensity profile after penetration of the W
injected by LBO to the plasma core is derived fritva@ radiated power profiles from resistive
bolometers and from soft X-ray tomography, averggover multiple sawteeth. For both
ways to evaluate the W profile, this is found torhther flat in the plasma core and in all
cases less peaked that the corresponding electositg profile in the same region. It is
important to remark that there is no sign of W dgngeaking in the outer regions of the
plasma (0.3% p < 0.55) even for conditions in which neoclassicahsiport would predict it
on the basis of the local plasma density and iop&Fature scale lengths in Fig. 7.a. This is
consistent with the fact that in that region W aatous transport is dominant and that D
anomalous_(10-100) R,"®° so that the resulting W peaking is one to two mrde magnitude
lower than evaluations made on the basis of nesicistransport alone. Therefore, the

15



peaking of the main ion density caused by anomaloaissport in these plasmas (and
expected in ITER, which could increase its fusienfgrmance for given edge MHD pressure
limits) for 0.3 <p < 0.8 does not bring associated with it any drakly@garding W density
peaking in this region, consistent with the ITERd®king results in Fig.1.a and 2.a.

An interesting issue that has been possible to esddin the Alcator C-Mod
experiments, and which is difficult to address bydelling for ITER (as discussed in Sect. 2),
is whether there is a significant W density pealiegwween sawteeth in these plasmas with
ITER-like sawtooth-averaged peaked plasma densitjilgs. This has been assessed by
analysing the increase of the soft X-ray emissietwben sawteeth compared to that expected
from the change of radiation emission efficiency; dkr (Te), caused by the change of the
electron temperature inside the sawtooth inversagdiius between sawteeth. As shown in Fig.
11, the increased soft X-ray emissivity due to siag:

8esxr = NeMwLw sxr(Te) (4)
in the plasma central region inside the sawtootkrgion radius can increase by a factor of ~
1.8 when the electron temperature increases by %38om 3 to 4 keV. This increased
peaking of the soft X-ray emission between sawteetlid in principle be due to an increase
of the W density itself (i.e. there would be W amedation between sawteeth and W
expulsion from the core by sawteeth) or due toitleeeased peaking of the temperature.
Analysis of the change to the W soft X-ray radiatidue to the change of temperature has
been carried out by using two sets of W emissiordefimg for Ly sxgr, following the
procedures in [11] but accounting for the thinner fter. This reveals that most of the
experimentally observed increase between sawtesmthbe attributed to an increase by a
factor of 1.4-1.5 of the soft X-ray radiation efincy when the temperature increases from 3
to 4 keV. The residual increase up to the measin@aould be compatible with an increase
of the electron density by ~ 10% between sawteetbrastant W concentration.

In order to confirm in detail the conclusions egteal from the sawtooth-averaged W
density profile in Fig. 10 and of its possible charbetween sawteeth in Fig. 11, detailed
analysis of the radial scale length of the softa}{-emission in the core regiop € 0.15) has
been carried out in order to determine what theaisdy scale length compatible with these
measurements is and what could be its variatiomgailoe sawtooth cycle. Expanding Eq. 4:

a a Te dLy a
e T L L (5)
Le Lp, Ln,, Lw dTe Lt,

shows that the emissivity scale length, €an be used as a proxy for the tungsten density

scale length, lw. From the experimental data for the measured relectensity and
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temperature scale lengths (see e.g. Fig. 7.b);, #agiations between sawteeth (@/bhearly
constant and afls increasing from O to its stiff, sawtooth-averagetlie), the deduced values
for a/Le assuming that a/ly= 0 are shown in Table 3.

Calculation of the inverse scale length of the ¥afay emission ap = 0.15 shown in
Figure 11 indicates little variation between sawigafter the initial phase immediately after
the flattening of the temperature by the sawtoatig that a quasi-stationary level is reached
during each sawtooth prior to the destabilizatiérihe m/n=1/1 precursor mode. Fig. 12.a
shows the trajectories of @lversus T within the sawtooth cycle for an ICRF power scan
demonstrating that within the experimental variagiof the electron density and temperature
scale lengths and of the normalized radiation iefficy with temperature, there is no need to
invoke strong W density peaking (i.e. a large @/lm Eqg. 5) to explain the variation of &/L
in the sawtooth cycle. The range of the inversdestengths of the soft X-ray radiation
emission in Fig. 12.a is similar to that from exja¢ions in Table 3, which are evaluated on
the basis of the assumption of flat W profiles watthny = 0. From the upper values of the
inverse scale lengths of the soft X-ray radiationssion in Fig. 12.a, a value of afr+ 1-2
could be compatible with these experimental measengs. It should be noted that this value
of the W density scale length is in good agreemsattt that from neoclassical transport of W
in Alcator C-Mod evaluated with the measured plasiaasity and ion temperature profiles;
i.e. a/LRyneo= aViy"°IDW"°=1 - 2.

Deviations from this picture have been identifiedcases where there is off-normal
MHD activity (not discussed in this paper) and whée H minority density has been
increased from the usual the 3-4% to a much hitgvel of 10%. This is shown in Fig. 12.b,
where strong peaking of the soft X-ray radiationssimon is found between sawteeth which is
well above the range of values in Table 3 and méichat strong W peaking takes place in
these conditions. When the hydrogen level is irggday main-chamber,Hpuffing at fixed
power, a/le increases by a factor of 3, while increasing G&F power at H/(H+D) ~ 0.1
reduces the emissivity peaking. This is believeddalue to the influence of friction between
the high energy minority ions and the W ions, whishwell described by neoclassical
transport along the initial modelling studies i2]1This will be the subject of further
modelling and experimental studies in Alcator C-Mod
5. Summary, Conclusions and further R&D.

The results obtained in the Alcator C-Mod experitaegtescribed in this paper have
provided for the first time an experimental chagaegtion of the behaviour of W in H-mode
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plasmas with several ITER-like characteristics udahg: plasma density peaking, low/no
central source of neutral, electron dominant hgawith TJ/T; < 2) and low core plasma
toroidal rotation (M < 0.1).

The major result obtained in these experimentBaswnder such conditions no strong
core W peaking is typically obtained. Exceptions eaises with strong MHD activity or when
very high H minority concentrations are used foRKCheating. This experimental result can
be explained by W transport being dominated by alous W transport with a large
diffusive component across the plasma cross sectitme range 0.3 9 < pers (Where ETB
Is the inner point of the edge transport barriafjle insidep < 0.3 W transport is better
described by neoclassical transport, which is imdgagreement with finding in other
experiments [11]. On the other hand and contratiiése other experiments, the scale lengths
for the plasma temperature and density inpide0.3 are such that core neoclassical transport
of W does not have a strong inward pinch and, tiMsjoes not accumulate in the plasma
core. Here the fact that these plasmas are ITER#Hikterms of the core source of neutrals
(i.e. no/very low source of neutrals provided by tNBI+RF heating systems) is key to
prevent the excessive core density peaking foundBh dominated experiments that show
strong W accumulation [11].

In addition, the timescales for W diffusion inwarftem the anomalous transport
dominated zone into the central plasma regign<(®.3 a) where anomalous transport is
negligible are well described by neoclassical tpansexpectations for the Alcator C-Mod
plasmas with very low plasma rotation. This prosidesolid basis for the extrapolation of
this timescale to ITER. The W transport timescalesnd in Alcator C-Mod can be
extrapolated to ITER by taking into account that:

"R p-mmer DI 6
TC—Mod - a2 pneoc. ( )
w p—C—Mod ITER

which corresponds toy'"=" = 3.5 s forry,“™°? = 15 ms, assuming that the ratjgeas similar

in Alcator C-Mod and ITER, which is well justifiedn the basis of the ITER modelling
results in Fig. 2 and Alcator C-Mod experimentas@tvations in Fig. 8. From this large ratio
between ITER and Alcator C-Mod a factor of ~ 80 esnirom the device size and the
remaining factor of 3 from the difference in neaslaal transport diffusion coefficients
between the two devices (note that the magnetid frethese Alcator C-Mod discharges is
virtually the same of ITER £ = 10 plasmas). This shows that W accumulation BRTIf it
were to occur, can be detected well in advanceh®wit may cause excessive W radiation

and affect plasma performance. A timescale of &losvs core heating to be applied to arrest
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such possible W peaking well in advance of the tpaihen it has a detrimental effect on
plasma performance, as shown in the ITER model@sults of Sect. 2. Last but not least,
these Alcator C-Mod experiments results show th#itjough sawtooth modulate the W
density in the central plasma region, this effectnot required to explain the lack of W
peaking in the experiments. This implies that thekl of sawtooth-averaged W density
peaking in these ITER-like H-mode plasmas in Alc&eMod is not driven by the repetitive
flattening of the W density profile by the sawteétlt by the fact that inter-sawtooth central
W transport does not lead to strong central W denseaking, in agreement with similar
recent observations at JET [15, 42], which is ardesylt for ITER.

The efficiency of sawteeth to expel W from the cpl@sma is determined by the ratio
of the time that it takes W to diffuse/convect ih@ core plasmarg®™ to the sawtooth
repetition period Tsawtooty)- IN the Alcator C-Mod discharges studied, theidgp value of

core ;
Tw |

s ~ 10 ms, as discussed above, while the tygmatooth period i$santooth~10 Ms (see
Fig. 11 for an example). In these circumstance®tfextiveness of sawteeth to expel W from
the core is potentially very high, a§"* 7Tsawtootic-mod ~ 1. This means that, even if W would
strongly peak in the core plasma between sawteefticator C-Mod, the sawtooth averaged
W density peaking would be much lower (typicallyz-of the peaking before sawteeth). On
the contrary, for ITER the expected sawtooth pefadQor =10 plasmas is expected to be
very long Tsawooth ~30-40 s [43], due to stabilizing effects of fasirticles (produced by the
additional heating systems and the alpha partitlesiselves) on the MHD sawtooth trigger.
This should be compared with the typicaf®®~ 3.5 s leading tow " 7Tsawtoothiter ~ 0.1. In
ITER, therefore, the effectiveness of sawteeth xpek W from the core is expected to
negligible and intra-sawtooth transport dominatesdore peaking of W. In this respect, it is
an important experimental finding that for thes&RFlike H-mode plasmas in Alcator C-
Mod it is the intra-sawtooth transport which leaddlat core W profiles and that these flat
profiles are not the consequence of sawtooth &gtias the latter would be very ineffective in
ITER.

Overall, the Alcator C-Mod experiments show ttegt key modelling assumptions and
modelling results obtained for ITER in Sect. 2wl based on the experimental results from
ITER-like H-mode plasmas in Alcator C-Mod. Thus fhasitive picture regarding the lack of
strong W peaking in ITER referencepf210 plasmas is well justified on present
understanding. In this respect, the fact that TR NBI heating system provides a source of

particles in the core plasma with a density rate twthree orders of magnitude lower than in
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present NBl-dominated experiments is key for tlasitive picture regarding core W transport
in ITER; which is well justified by the RF heatedcAtor C-Mod experimental results
presented here. In addition, ITER modelling and Ateator C-Mod experiments show that
the expected density peaking from anomalous trahspdhe region 0.3 9 < pets, Which
can be beneficial to improve fusion performancdTiBER, does not have a negative impact
regarding W peaking in the 0.3 X< pgrg region because W transport in that region is
dominated by diffusive anomalous transport witlargé diffusion coefficient in the modelled
ITER plasmas. This is in excellent agreement wille bbservations of W penetration
(following W LBOs) into the core plasma of the Aloa C-Mod ITER-like H-modes with
ITER-like density peaking and thus a robust preaiicfor ITER.

While the results obtained in these Alcator C-Mogberiments are very encouraging
regarding the expected features of core W trandpofTER, there remain open questions
regarding the latter and also on the extrapolgbibt the results of the Alcator C-Mod
experiments to ITER. One such question concernsolleeof fast particles on neoclassical W
transport in Alcator C-Mod and expectations for RIEFast particle species and energy
distributions will be very different in ITER (alphzarticles with ~3.5 MeV energies, 1 MeV
fast D ions from NBI, fast T, H or Hdrom ICRH heating,...) from those in Alcator C-Mod
(H-minority accelerated ions). Present understapdimows that fast ions can influence W
density peaking in the central plasma due to bitthetween high energy ICRH minority ions
and W ions [12]. This could change the W densityfif@s in the central plasma region in
ITER with respect to the modelling based on thentia plasma parameters alone shown in
Sect. 2. Initial results from Alcator C-Mod ITER« H-mode experiments indicate that W
peaking could be higher than what is expected frlmenthermal plasma parameters for some
fast particle distributions, such as those obtawwi#l high percentage of hydrogen minority.
Another open question concerns the lower equipamtiand higher JT; ratio found in
Alcator C-Mod with respect to ITER, given the difat degrees of stiffness of the electron
and ion temperature profiles and the different @ffeof pushing these two temperature
profiles against their stiff limits on the denspyofiles seen in Alcator C-Mod experiments
and in ITER modelling. Further experiments and ntlode of the existing experimental
results presented here are required to make pognethese two areas. This could include
additional experiments in Alcator C-Mod by varyitige minority concentration level, ICRH
resonance location, electron to ion heating ragizising H& minority as foreseen for ITER,

etc.
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Finally, another area where more analysis, experisneand modelling are required is
the one regarding the characterization of the m®e® leading to the expulsion of W outside
the ETB in ITER-like H-mode plasmas, which has been discussed in this paper. In
conditions in which no strong W peaking takes pldus is regulated by the exhaust of W
through the ETB, which for the Alcator C-Mod plasr&tudies here is related to the edge
turbulent transport associated with the EDA regifaed with the effective transport by
controlled ELMs in ITER) and with the underlyingawdassical transport in the ETB region.
The results obtained in these Alcator C-Mod expents show that the typical W
confinement time in the plasma (i.e. the typicaldéscale for the central W emission to decay
after the LBO) can vary from ~ 50 to 200 ms whea ttBO does not trigger an H-L
transition, as shown in Fig. 13. It remains to hderstood whether changes of edge turbulent
transport or of the neoclassical transport in th® Evith the variation of plasma parameters
explored dominate the observed changes on the Wheoment time and how these physics
processes extrapolate to ITER.
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Figure 1. Results of ASTRA simulations for ITER MA/5.3 T Q=10 plasma with
different heating schemes (33 MW of NBI + 20 MWadf axis or on axis ECRH and 33 MW
of NBI + 20 MW of on axis ICRH with Heminority to provide maximum ion heating): a)
ion density profile versus minor radius, b) NBI tralisource versus minor radius, c) ion
temperature profiles versus minor radius and dfteda temperature profile versus minor

radius.
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Figure 2. Results of ASTRA simulations for ITER MA/5.3 T Q=10 plasma with

different heating schemes (33 MW of NBI + 20 MWadf axis or on axis ECRH and 33 MW
of NBI + 20 MW of on axis ICRH with Heminority to provide maximum ion heating): a)
normalized W density profile versus minor radiusahomalous diffusion coefficient for W

transport as evaluated by the GLF23 transport meelslus minor radius.
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Figure 3. Results of ASTRA simulations for ITER MA/5.3 T Q=10 plasma with
different heating schemes (33 MW of NBI + 20 MWadf axis or on axis ECRH and 33 MW
of NBI + 20 MW of on axis ICRH with Heminority to provide maximum ion heating): Left
axis) central W density peaking, Right axis) ineersiormalized (to the minor radius) scale

lengths for the ion density and ion and electronperatures at r ~ 0.3 m.
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Figure 4. a) and b) Neoclassical transport coeffits (Qy and ww/Dw) modelled with
ZIMPUR+NCLASS (including all ionization stages of)\&nd with the NEO code for %4/,

for ITER plasma conditions with off-axis ECRH heatiin Figs. 1 and 2 and a range of
toroidal rotation velocities, showing the strongoeedency of B and the weak dependency
of vw/Dw on the velocity of rotation except for its larggatues. c) Rotation profiles used in
the calculations in a) and b) obtained from reiagalhe ASTRA results to Mach numbers at
r/a = 0 in the range of 0.05 0.4.
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Figure 5. Measurements of plasma parameters anchidsien in two typical Alcator C-Mod
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average density measured by the interferometetrateglectron temperature measured by
ECE, central extreme ultraviolet emission, and-litegrated emission from #/, a near-

core charge state.
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Figure 7. Measurements of the ion (a) and eledieamperature (b) normalized inverse scale
lengths versus electron density inverse scale sniglr a set of C-Mod discharges at various
radial locations across the plasma core within &35< 0.55. The line for which afie =
a/(2L,¢) determining (when ion parameters are considethd) direction of neoclassical

transport for W according to Eq. 1 is shown foerehce.
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Figure 8. Measured time evolution of the AXUV dioglmission (top) and spectroscopic line
emission (bottom) following W injection by LBO (t&ms is the LBO time) in an ITER-like
Alcator C-Mod H-mode plasma. A fast inward propagabf the W emission up tp = 0.3
takes place within few ms; further penetratiorpte 0.0 requires typically 10 ms or more.

The modulation of the W emission signal after t02s forp < 0.4 is due to sawteeth.
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Figure 9. a) Alcator C-Mod experimental and ASTRAdmslled density and electron and ion

temperature profiles versus normalized minor rgdiith the same modelling assumptions as

for ITER and with power deposition profiles evakefrom experimental measurements with
TRANSP. b) Anomalous W diffusion coefficient pred by GLF23 versus normalized
minor radius for the simulations in a) with a ragiof suppressed anomalous transport near
the plasma centre (up o= 0.15) and with values in the range of 0.2 torg*(s forp > 0.15,

which are similar to those required the experimevitaemission temporal behaviour versus
radius with STRAHL in Fig. 8.
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Figure 10. Top) Measurements of the increased tatliand soft X-ray power densities
(through a 50um Be filter) following W LBO in an ITER-like AlcatoC-Mod H-mode

plasma. Bottom) Estimated W density from the raatladnd soft X-ray power densities from
the measured plasma density and temperature [wrafild the expected radiation efficiency of
W in these conditions. Full lines and dashed-licesrespond to estimates based on the
different sets of atomic modelling data for the SetRission.
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Figure 11. (Top) Measurements of the electron teatpee evolution between sawteeth up to
the inversion radiusp(~ 0.25) for an ITER-like H-mode plasma in Alca@Mod following

W LBO injection. (Middle) Measurements of the sifray power density (through a %0n

Be filter) in an ITER-like Alcator C-Mod H-mode @ma following W LBO injection.
(Bottom) Calculated emissivity gradient scale Iénafp = 0.15.

35



N B B N S S
14 + 4 14+ a
I I H/(H+D)=0.09 |
I 1 I PRF=2.7 [MW] 1
12 + 14 12 B
10 1 10+ B
no | 1] ]
& 8t 1 8f .
® I ]
E 6f 1% 6fF H/(H+D)=0.06 |
= PRF=2.5 [MW] 18 R
© 17 PRF=2.8 [MW]
PRF=2.0 (MW] | _ o
4 17 4 13
2+ PRF=3.0 [MW] aé 2r ”%
I prE=27MW] T [ I
0 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 | 0 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1
2.5 3.0 3.5 2.5 3.0 3.5
Te @ r/a=0.15 Te @ r/a=0.15

Figure 12. Measured scale length of the soft X+adiation atp = 0.15 evolving over the
sawtooth cycle for a set of 0.52 MA ITER-like AloatC-Mod H-mode plasmas: (a) ICRF
power scan with no extrinsic hbuffing indicating a weak change in W peaking @mdiICRF

and H scan showing a strong change in W peaking.
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Case gt (MWm™®) | g (MWm?) | g (MWm?®) | g™ (Mwm?)
33 MW + 20 MW
central ECRH 0.53 0.37 1.0 0
33 MW + 20 MW
ICRH with Hé 0.57 0.37 0.6 0.6
minority

Table 1. Power densities deposited in the elearahions by alpha heating @t= 0 for two
ITER simulations with @ =10 and central RF heating (ECRH or ICRH Ifenority).
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Case

Te(p=0)/Te(p=0.7)

Ti(p=0)/Ti(p=0.7)

Ng(p=0)/ny(p=0.7)

ni(p=0)/n(p=0.7)

33 MW + 20 MW

central ECRH 3.0 2.7 1.4 1.3
33 MW + 20 MW
ICRH with He 2.5 2.4 1.5 1.4
minority

Alcator C-Mod

Picru = 3.0 MW 3.3 21 15

Alcator C-Mod

Pery = 1.5 MW 3.6 2.8 1.3

Table 2. Ratios of electron and ion temperaturesed@ctron and ion densities@t 0 andp

= 0.7 for two ITER simulations with £ =10 and 20 MW of central RF heating (ECRH or
ICRH He® minority) and two Alcator C-Mod ITER-like H-modésgharges (those of Fig. 6)
with two levels of ICRH power heating (1.5 and MW).
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Te (p = 0.15) T, dLy
a/l—ne a/l—Te E dTe a/Le
2.5 keV 0.5 0-1.0 2.5-6.5 3.0-8.0
3.0 keV 0.5 0-1.0 2.2-2.7 2.7-4.2
3.5 keV 0.5 0-1.0 0.6-1.0 1.1-2.5
4.0 keV 0.5 0-1.0 0.0-0.7 0.5-2.2

Table 3. Inverse scale lengths for the electrorsifigntemperature and normalized radiation
efficiency atp =0.15 for a range of electron temperatures indgdheir variation along the
sawtooth cycle in Alcator C-Mod plasmas. The ineessale length of the soft X-ray emission

(a/Ly) is evaluated from the values in this table andFgssuming that a/lyn= 0.
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