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ABSTRACT
A deviation from the IPB98(y,2) scaling was foumddedicated power scans in the JET-ILW tokamak
leading to a lower thermal energy degradatienP~%3, wherer is the energy confinement time aRds
the auxiliary heating power, lower than that expédrom the IPB98(y,2) scaling~P~°%%. In such
deviations, the average density remains nearly amgéd although there is a clear density peaking
increasing with auxiliary heating power. A modeliactivity has been started with the CRONOS code in
order to investigate the change of density peakygmeans of simulations with the quasi-linear miode
GLF23, a strong link between the density at the dbphe pedestal and the density peaking has been
found. This link can be partially explained by theell-known density peaking dependence on
collisionality. However, it is found that the ExiBof shear stabilization plays an important roleitas
changes the particle confinement and at the same iti has a significant impact on the particle hpinc

direction at the vicinity of the pedestal.

Keywords: CRONOS, Bohm-GyroBohm, GLF23, positive feed-bladp, ExB flow shear

1. INTRODUCTION

Achieving good thermal energy confinement is anisidfor the efficient production of fusion energy.
However instabilities produced by microturbulencé@agnetoHydroDynamics (MHD) severely enhance
perpendicular heat and particle transport leadingoinfinement degradation. A well-known mechanism
which significantly degrades the thermal energyfioement time is the injected power, as obtained in
dedicated experimental analysis, for instance ties aised for the creation of the IPB98(y,2) scdkng
which leadst~P~%¢° with P the input power. However, recent power scan erpants performed at
JET-ILW [1] with neutral beam injection (NBI) powashowed that the power degradation of thermal
energy confinement was weaker than that expectd tPB98(y,2) scaling [2], resulting in a weak
decrease of normalized thermal energy confinemgmigh power.

First principle modelling performed with JET C-wdikcharges of core and edge regions showed several

physical mechanisms that can play a role on suefatifen from expected scaling laws [3]. The NBI

*See the author list of X. Litaudon et al 2017 N&wsion 57 102001



power has stabilizing effects in the core and edggons by reducing core ion heat fluxes due to a
combination of fast ions and electromagnetic effeshich reduce turbulence driven by lon Tempeeatur
Gradient (ITG) modes, and increasing pedestal presdue to the increased Shafranov-shift with an
auxiliary heating power, which is enhanced with podue to the increase of fast ion content, whimésd
not contribute to turbulence when the injected poiuge increased. In JET-ILW, the impact of
electromagnetic effects and fast ions has been shigiay an important role as well [4].

Whereas the reduction of heat transport by ExB fitnear in the inner part of the plasma core seems t
be not dominant, the situation can be differentaimother plasma locations or transport channels.
Gyrokinetic simulations have shown that ExB couldypand important role gh=0.64, with p the
normalized toroidal flux [5]. Additionally, thergaindications that ExB could play a significankeron
particle confinement as shown both by modelingaitd experiments performed in DIII-D [7].

In this paper the role of ExB flow shear on paetitlansport and in particular on density peaking is
analyzed by means of integrated modeling simulatjperformed with the CRONOS suite of codes [8].
For that purpose, a power scan from JET-ILW, inclilthere is an increase of density peaking with NBI
power, is used as a way of testing the models egbplind for performing dedicated ExB studies.

This work is organized as follows: brief descripgoof relevant components of the CRONOS code,
together with the models applied are presente@dtian 2, simulation results and analyses are ibestr

in section 3; the effect &xB flow shear when using GLF23 model and its impacttiensity peaking are
described in section 4; the effect of pedestal itlemgen using GLF23 model and its impacts in dgnsi
peaking are described in section 5; and the coiotlus given in section 6.

2. Moddling set-up

The CRONOS suite of codes is a 1D transport sowigh general 2D magnetic equilibrium, for
predictive simulation of a full tokamak dischargdhe CRONOS code combines various modules, in
which each module is responsible for computingetéht physical phenomena, such as transport, lgeatin
and fueling. In order to perform simulations witbquired physics for describing deviations from
IPB98(y,2) scaling as obtained in JET-ILW powerrscenodels for core heat and particle transport
together with pedestal top pressure must be combifigerefore, the CRONOS suite of codes has been
used for performing self-consistent simulationsudtg core temperatures and density and edge {ades
pressure. The predictive core simulations have hmmried out with two transport models, Bohm-
gyroBohm [9] and GLF23 [10]. Whereas a newer versid the GLF23 model is available, called
Trapped Gyro Landau Fluid (TGLF) [11], which hasha&mced treatment of Trapped Electron Modes
(TEM), we use here GLF23 as it has been showrthigaplasmas considered in this paper are in the ITG
domain [4] for which GLF23 still gives good resulith JET, reproducing both temperatures an dessiti



with acceptable accuracy [6]. The validity of GLF@3perform the analysis aimed in this paper wal b
tested by comparing the results with experimerds.d

The pedestal temperature is calculated by usingsthealled Cordey two-term scaling [12], which is
based on an empirical scaling of pedestal storedggn The particle transport in the pedestal reggon
assumed to follow ion thermal neoclassical trartspod the particle sources are adjusted to mateh th
density at the top of the pedestal for the JET-IHW&tharge at 13 MW in the power scan. Once this is

done, this set-up is used in all simulations is thork.

2.1 Bohm-gyroBohm core transport model
Bohm-gyroBohm is a semi-empirical anomalous trartspmdel. It consists of a combination of Bohm
and gyro-Bohm scaling. The Bohm model was firstivdel for electron transport [13]. Then, it was
modified with a Gyro-Bohm term by adding ion trand9]. The model can be expressed as follows
Xei = Xpe,i{LT,) ™" + XgBe,i (1)
whereypg, ; is the diffusivity of the Bohm-like model
Xpe = @b o Ly q e
whereaz = 8 X 1075 , T, is the electron temperatuigjs safety factore is electron chargdg, is toroidal

magnetic field, andy, is the normalized scale length of variation ot&len pressure, which defined as

* __ _ DPe
Lpe - alvpel (3)
XBi = 2XBe (4)

while x,p,; is a simple gyro-Bohm-like diffusivity which haset same form for electrons and ions:

_ cT, -1
XgB = Ugp e_BtL?e p* (5)
MY/2c/?
Pt =t ©)
ZieBt

where ayp = 3.5 X 1072 and L%, is the normalized scale length of variation ofcalen temperature,

which defined as

%\ _ Te(x=0.8)-T,(x=1)
(Ly,) = e ™

2.2 GLF23 coretransport model

The GLF23 transport model is a drift-wave based ehditi to linear gyrokinetic stability. It usesifir
wave linear eigenmodes to compute the quasilinedicte, thermal and toroidal and poloidal momentum
transport due to ITG and TEM, although the modelM&M has been improved with TGLF, the validity
of GLF23 for particle transport will be testes listpaper. It also includes the effects of ExB slileay



reduction is also included via the reduction of theaximum growth rate with the ExB shearing as
Ynet = Ymax — @expYExp Where

Ymax 1S the maximum growth rate of the drift-balloonimpdes in the absence of rotation sheay; =
(r/q)d(qVgxg/r)/dr is the ExB shearing rate, with a constant coeffice;, s chosen through fitting
to nonlinear gyrofluid simulations in the retunestsion of GLF23 [10].

2.3 Pedestal Simulation
The electron density at the top of pedestal issid{uto the experimental value. The pedestal tesrer
is calculated using Cordey two-term empirical basgaling [11], which can be expressed as

Wped — 0.00064311'58R1'08P0'42n_0'0830'06K(11'81€_2'13m0'2qu'og, (8)

wherel is the current (MA)R major radius (m)P thermal loss power (MW); density(10~1°m~3), B

toroidal field (T), kg elongation, & aspect ratio, m atomic mass and

. , 5kqa’B
F, (E A5 ith ey defined as ~at

= Py withaminorradius).The applicability of this scaling has
cy

been previously verified with JET and JT-60U disges [6].

3. Power degradation simulation

In order to test whether the previous set-up maodels adequate for analyzing JET, a validationsgha
has been performed. Since plasmas obtained fromwerpscan with a significant deviation from
IPB98(y,2) scaling will be used, an immediate gioesis whether that deviation can be reproducedeHe
the JET-ILW low triangularity scan is chosen aseattcase. For these plasmas, the NBI heating
deposition and fast ion pressure has been caldutdth the Monte Carlo codes NEMO-SPOT [14].

Only the heat channel is simulated as the densityributes very little to the low power degradatiin
high power as it remains nearly unchanged with gustrriation on the density peaking. Therefore, the
density profile of the highest power dischargessdifor the whole power scan.

The simulations are carried out using the CRONQ&ghated predictive modeling code and conduct a
power scan with the range used in the experimsstraing two boundary conditions in order to evauat
the different contributions from the core or thelggtal regions to the deviation from IPB98(y,2)lisca

In one case, the temperature at the top of thespads calculated using Eq. [8]; whereas for thigep
one, the pedestal is fixed with the value of thedppower used.

In this paper, we do not then solve momentum eguabiut we rather use the experimental rotation
(which is measured by Charge-Exchange) and makes sma the ExB. This is done because there are
strong uncertainties on the momentum diffusivitpdeéPrandtl number) as well as on the NBI torque

(which is not measure) and it was preferred taisothe role of ExB alone.



The main characteristics of the low triangularigTIILW discharge 84792 and high triangularity JET-
ILW discharge 84798 are shown in Tablel

Shot Ip (MA) Bt(T) dos /3 Bn/Buih  Hog(y,2) P MW)
84792 1.4 1.7 4.4 1.63/0.27 2.85/2.45 1.20 13

84798 1.4 1.7 3.9 1.63/0.25 1.43/1.30 0.93 6.4

Table 1. Main characteristics of the dischargedyaed in this paper. Ip is the total current, Be¢ tioroidal magnetic fieldgs

elongation,s triangularity, By-pfaB/Ip normalized beta (with a the plasma minor radigig), normalized thermal betilgg(y,2)
thermal confinement factorPinjected power.

In figure 1, the power scan performed with BGB &1d-23 (withag,z = 1.35) models are shown. The
total thermal energy is adjusted with the Idy, — P**1 for each case. When the pedestal follows
expression 8 it is found that= —0.40 with BGB model whereas for GLF28= —0.31. An additional
scan has been performed by removing the contribudfothe ExB flow shear turbulence reduction in
GLF23, obtainingr = —0.48. All these results depart from IPB98(y,2) andrie first two cases are close
to the experimental result,= —0.30. When the contribution of the pedestal is removed the positive
feed-back loop between core and edge regions resgeda = —0.51 with BGB anda = —0.42 and

a = —0.65 for GLF23 with and without ExB flow shear, respeety. Interestingly, with GLF23 and no
ExB effects and fixed pedestal the exponent obthisequite close to that expected from IPB98(y,2),
a =—0.69.

The results obtained are in line with first prideipnodelling of C-wall dsicharges [3] which showtbdt

departure from IPB98(y,2) scaling required cordtlgnce stabilization and pedestal improvement both
collinear with power.
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Figurel. Plasma thermal stored energy as a function of absddneating power with difference core and
edge transport model setting. The solid and dashdre fits to the data assuming a scaling of die f
Wi, — P**1 for fixed and evolving pedestal temperature wheres the exponent for the scaling for
energy confinement time with power (left). Elect@enter) and ion (right) temperature profiles aged



for 5.2-5.5s at two power levels for each of the mbwer scans by using Bohm-GyroBohm (red) and
GLF23 without ExB (green) and GLF23 with ExB (blw®ye transport model. The average experimental
values for 5.2-5.5s obtained from High Resolutidroison Scattering (HRTS) and Charge Exchange
(CX) are plotted with dots.

4. THE EFFECT OF E x B FLOW SHEAR AND ITSIMPACT ON DENSITY PEAKING

An important point obtained in the experimental powcan is that the line average density did not
change but the density peaking changed with poWas can be shown by comparing the values of the
normalized electron density gradieht,= —RVn,./n. , being R the major radius, for the high power
case (#84792) with P=13.0 MW and low power casd{88) with P=6.0 MW. For the discharge 84792,
L,(p =0.33) =1.22 and L,(p = 0.85) = 7.53 whereas for the discharge 84788(p = 0.33) = 0.89
andL,(p = 0.85) = 4.12,

Several physical mechanisms can have an impaai@nggeaking, as the different collisonallity, whish
known to have an impact on density peaking [15] @uhe change in turbulent mode structure, or ELM
frequency which can change the particle sink orNiBe fueling. In this paper, however, a systematic
analysis of the impact of the ExB flow shear sfahflon on particle confinement is going to be
performed.

For that purpose, several scans will be performezkif-consistent simulations including heat andigle
transport and the resulting density peaking will dmalyzed and compared to that expected from the
scaling proposed in Ref. [15], which is regularbed to perform predictions of density peaking.

As a first step, a simulation (with GLF23) includiie, T; and n. (with fitted experimental rotation
profiles shown in figure 2) at injected powers PMY8 and P=5MW is performed and the density
profiles obtained are compared to experimental datained from HRTS. The electron density at the to
of the pedestal has been matched by assuminghiaiatrticle transport is reduced to ion neoclaksica
thermal transport in the pedestal region and byirngrthe amount of cold neutrals (which follow a
Gaussian profile). Regarding the impact of ExB flghear stabilization, the valug,; = 1.35 has been
chosen in this initial simulation. In figure 2, tleéectron density obtained is compared to experiaten
data. The increasing in density peaking with poigewell reproduced by the modelling whereas the
absolute density peaking of the high power disob@glightly overestimated as it was found as Vel
hybrid discharges, which showed an overestimatifotih@ thermal confinement mainly when ExB flow
shear was included [16].

An important difference from both discharges i tha difference in density peaking already staetst

to the pedestal region precisely where signifiadifferences have been found in the particle pirash,

shown as well in figure 2. Whereas in both simolagithe pinch is positive (i.e. inward), it is témes



higher for the high power casemt= 0.8 that for the low power one. Another important featis that the
pinch is much higher next to the pedestal regiam ih the inner core, where it is almost negligible
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Figure2. The average electron density profiles (left) ,rage experimental rotation profile (center) and
average pinch velocity profile (right) from 5.2-%®btained in the full self-consistent simulation.

In order to have a deeper insight on the role d@ Br particle confinement and density peaking,ansc
on ExB flow shear has been performed by changiegviifiue ofag,5. In figure 3, the ion and electron
temperatures profiles obtained are shown wherefigure 4 the electron density profiles also shdan
each value ofag,z. There is a clear degradation of confinement wheoreasing ExB flow shear
accompanied as well with a decreasing of the depsiaking. Actually, the impact of ExB is strongrer
the particle channel than in the heat channel.chagmge in the density peaking starts next to tidestal,
where a local change of peaking is very eviderhoalgh the absolute value of the density does not
significantly change. In order to analyze this aspm figure 4 the particle pinch is plotted fdt the
cases considered. Surprisingly, there is a revefdhle particle pinch in the edge region from ingvéor
agyg = 1.35 to outward forag,; = 0.2. Whereas there is still a density peaking at ra@ius for all the
cases considered, the impact of the local changkdity peaking in the pedestal region propagates
the core reducing the global peaking.

In order to analyse these results, they are cordparevell-known scaling laws for the density peagkin
from [14].

The scaling used in this paper for comparison is:

Nepeaking = % = 1.345 + 0.014 — (0.115 + 0.005)log(vesr) + (1.168 + 0.010)Ty 5, —
(4.262 + 0.810)8 (9)

1
Jy medv _ 0.2(ne)Rgeo

Where(”e,vol) = fol av Verr = (Te)?

, B = 4.02x1073(p)/B2.

In these formulae, densities are ift*h®®, temperatures are in keV, magnetic fields aredsld; the total
plasma pressungis in keVx13°m?, the symbol ) denotes as a volume average, Bjy} is the source
contribution due to the beams.

In table 2, the values of the density peaking olgidiin the simulations are compared to the refulis



Eq. [9]. Additionally, the values of.sf, B and I'yg, are also shown. Whereas the density peaking from
the simulations increases from 1.42 dgr.; = 0 up to 1.65 fowy,z = 1.35 the results from the scaling
remain unchanged, with a value 1f ,.qx =~ 1.50, for any ExB indicating that no variation of degsi
peaking would be expected. In this case, the ExiB/iges an additional physical mechanism to the
density peaking which is not covered by the scalifigs also means that there is a general coujiting

the core and edge plasma regions regarding pattasport as core density is partially determibgd
edge ExB characteristics.

Figure3. The average electron (left) and average ion (ritgrhperature profiles from 5.2-5.5 s obtained
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ExB flow shea Agxp =0 Apxp = 0.2 Agxp = 0.6 apxp = 1.35
Densiy peaking 1.4z 1.47 1.57 1.65
Peakin¢ from scaling 150 1.49 1.4¢ 1.4¢
Verf 0.7z 0.87 0.7¢ 0.64
B[%] 0.7S 0.91 1.1 1t
Tar 0.15] 0.151 0.151 0.151]
folnedV

Table2. Electron density peaking definedfé%';%z), where(ng o) =

ExB flow shear used.

- , obtained for the different
Jo av

The effect of NBI fueling, which is known to playrale as well on the density peaking [6,17,18], has
been analyzed too by artificially rescaling the Niling obtained in the integrated modelling siatign
and assuming experimental toroidal rotation apds = 1.35. In figure 5, the density profiles and the
pinch obtained are shown for three cases with mifferescaling factor. The resulting density pegh
shown in table 3. In this case, whereas theresigrificant decreasing in the total density, th@act on
peaking is weak and there is no impact at all anghrticle pinch. Unlike previous scans on ExB, the

scaling follows the same trend with a weak decrepdinsity peaking.
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Figure5. The average electron density profiles and avepagsh velocity profile from 5.2-5.5 s at
different NBI fueling for agys = 1.35

NBI fueling particle sourc particle source particle source/
Densty peaking 1.65 1.62 1.61
Peakin¢ from scaling 1.4z 1.31 1.2¢
Vers 0.64 0.44 0.4C
B[%] 2.95 2.91 2.9C
Tgr 0.15] 0.0377" 0.015:




Table3. Electron density peaking obtained for the déferNBI fueling used.

5. THE EFFECT OF PEDESTAL DENSITY AND ITSIMPACT ON DENSITY PEAKING

Two main different mechanisms have identified haleging a role on particle confinement and density
peaking, i.e. collisisonality and edge ExB flow ahstabilization. In particular, edge conditionayph
significant role. Therefore, a strong link betwexeme density and pedestal density could be expexted
pedestal density highly determines global collisidg and at least at JET, the pedestal density als
highly impacts on the Neutral Beam Injection ioti@a and therefore torque (which is one of the main
sources of ExB flow shear).

In order to explore the link between pedestal igrmd density peaking a scan on the pedestal top
density has been performed by artificially chanding pedestal particle transport. This scan is done
different values ofay, 5 in order to get a trend between the interplay betwcollisionality and ExB.

In figures 6, 7 and 8, the scans are showndpgz = 0.2, agyxg = 0.6 and ag«z = 1.35, respectively;
whereas the results are detailed shown in tablddre is a clear trend on decreasing the densikipg
with increasing pedestal top density. This tren@dsociated with a significant change on the partic
pinch from positive to negative which is associdted change on collisionality as shown in tabl&His
general trend is well recovered using the scaliomfequation 9.

However, the general trend is modified by each eadfie;.5, as it changes the pinch from mostly
positive values regardless the pedestal densityrfr; = 1.35 to significant negative ones fatgz =
0.2. The different trend for different;, 5 is summarized in figure 9 where the dependencheofiensity

peakingn, peaking, @and line average density, ; on the pedestal density is adjusted to a powefaive
typen’e’_ped. Forne peaking, —0.226 <y < —0.158 is obtained whenrg, g is changed fromag, s = 0.2

up to agyp = 1.35 whereas fom,;,0.526 <y < 0.654 for the same range afg.z. This shows that

significant deviations from a general trend oniswhality are expected depending the ExB flow shea
levels at the edge region. This is particularly damant for ITER extrapolations, as from a pure
collisionality dependence, the density peaking etqu should be very high, however, due to the modes
ExB flow shear level expected as well the denségking might lower than general expectations. This

possibility will be analyzed in the future.
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Figure6. Pedestal density scan for 13 MW averaged in 5.55& a5,z = 0.2 (left) and the
corresponding (with the same color as for the dgnaveraged pinch velocity (right).
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Figure7. Pedestal density scan for 13 MW averaged in 5.&5& 13 MW witha .z = 0.6 (left) and
the corresponding (with the same color as for #nesily) averaged pinch velocity (right)
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Figure8. Pedestal density scan for 13 MW averaged in 5.Z5& 13 MW forag,z = 1.35 (left) and
the corresponding (with the same color as for #nesily) averaged pinch velocity (right)
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Figure9. Density peaking (left) and line average (righttotion density dependence on the pedestal
density foragyz = 0.2,0.6 and 1.35

Apxp = 0.2 Density Peakin¢ from Veff B %] Tnai
peaking scaling

1.42 1.48 1.02 0.9 0.151]

1.48 1.4¢ 0.87 0.91 0.15]

1.5€ 1.51 0.6 0.91 0.15]

1.9 1.£2 0.4¢ 0.89 0.151]

agxp = 0.6 Density Peakin¢ from Veff B[%] Tver
peaking scaling

1.37 1.4¢ 1.37 1.19 0.15]

1.52 1.4¢ 0.9: 1.14 0.15]

1.57 1.4¢ 0.7¢ 1.12 0.15]

1.€4 1.54 0.2¢ 1.03 0.151]

agxp = 1.35 Density Peakin¢ from Veff B %] Tysi
peaking scaling

1.42 1.44 1.1C 1.76 0.151]

1.55 1.4F 0.9/ 1.66 0.151]

1.65 1.4¢ 0.64 1.31 0.15]

1.72 1.54 0.2¢ 1.26 0.151]

Tabled. Electron density peaking for different valuesoft B flow shear and pedestal density.

6. SUMMARY AND CONCLUSIONS

A modelling activity has been carried out in ortleinvestigate the different mechanisms by whiah th
density is peaked in JET-ILW experiments. For thatpose, integrated modelling has been used for
performing predictive heat and particle predictiavtsich have been compared with profiles obtained

from JET power scans showing a significant deviafiom IPB98(y,2) scaling.
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In general, the models considered in this papeableto reproduce deviations from IPB98(y,2) shmawi
that improved core confinement (collinear with thput power) and pedestal increasing with power are
necessary ingredients for this deviation. The iaseel density peaking obtained with power is also
recovered.

It has been shown that a significant contributionduch density peaking comes from the dependeince o
particle transport on the ExB flow shear stabilmat By mean of ExB flow shear scan, it has beawsh
that there is a direct correlation between theigarpinch within the pedestal region and the globa
particle confinement and the density peaking. Tt@sd cannot be recovered by using the typicalrsgal
on colisionality as there is no dependence on Exich mechanism is primarily an edge effect that
propagates to the core. On the other hand, thecingd&ExB on particle transport in the inner pdrtre
core is less important.

In general, density peaking increasing with lowetlisionality has been recovered by performing
pedestal density scan, however, the ExB flow ske&bilization introduces deviations from the saalin
This is particular important for ITER extrapolat®rA high density peaking would be expected fragn it
low collisionality. However, the low torque (anédly ExB) and the low NBI fueling can lead to some
significant deviation, decreasing the expected ipgak

Finally, the modelling shown in this paper does giee the physical mechanisms by which the pinch
significantly changes its sign with ExB. Whereamesdndications of pinch reversal have been obtained
in gyrokinetic simulations, the impact of ExB hast been analyzed [19]. This will be done in thaifat

by extending the present analysis to non-lineaplggietic simulations.
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