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The extrapolability of present plasma s
enarios to ITER partly depends on whether the same
shape of the density pro�le will be realized also in burning plasmas. The shape of the density
pro�le has important 
onsequen
es on both the plasma 
on�nement and the plasma stability.
In a burning plasma, with the same temperature pro�les and the same volume averaged density,
a peaked density pro�le produ
es larger amount of fusion power and bootstrap 
urrent with
respe
t to a 
at pro�le. On the other hand, a too peaked density pro�le might have negative

onsequen
es on both the MHD stability and 
entral a

umulation of heavy impurities. Re
ent
experimental results in AUG and JET H{mode plasmas indi
ate that the density peaking is

orrelated with the plasma 
ollisionality [1,2℄. This observation might lead to the predi
tion
that density pro�les in the ITER standard s
enario will not be 
at, as usually assumed [3℄, but
peaked, sin
e ITER 
ollisionality is expe
ted to be as low as the lowest 
ollisionalities a
hieved
in present devi
es. However, as long as results from a single devi
e are 
onsidered, 
ollisionality
is 
orrelated with other plasma parameters, in parti
ular the Greenwald fra
tion, the normal-
ized ion Larmor radius �

�
and the fuelling provided by the beams. For the �rst time, here we

present an empiri
al s
aling for the density peaking taking into a

ount observations from more
than one devi
e. We show that by 
ombining observations from di�erent devi
es, while some

orrelations are indeed redu
ed, also additional un
ertainties are introdu
ed. The way we have
adopted to over
ome the limitations en
ountered is dis
ussed. Multiple regression analyses are
performed whi
h 
on�rm that in the 
ombined database of AUG and JET observations, 
ol-
lisionality is the most relevant parameter in the regressions. S
alings for density peaking are
proposed and ITER proje
tions are dis
ussed.

De�nition of the regression variables

Our purpose is to express the density peaking in the form of a multivariable regression in terms
of dimensionless plasma parameters. The physi
s plasma parameters �

�
, � and �, are 
onsidered

with the following de�nitions,

�
�
= 0:3225 (me� hT i)0:5 =BT =a ; �e� = 0:1Ze� hneiRgeo=hT i)2 ; � = 8�hnT i=B2

T :

Geometri
al plasma parameters like q95, the edge triangularity Æ are also 
onsidered. Given
the small variation of aspe
t ratio and elongation in AUG and JET, these two parameters are
not in
luded. Note that in AUG and JET these parameters are very 
lose to those of ITER.
Moreover, the plasma size (the major radius R), despite dimensional, is also in
luded in part
of the analysis as devi
e label, in order to 
he
k its signi�
an
e in the regressions. The analysis
takes into a

ount the Greenwald fra
tion as well, and 
ompares its e�e
t with respe
t to that of

ollisionality. Finally dimensionless variables to des
ribe the parti
le sour
e are 
onsidered. We
made the assumption that the parti
le sour
e provided by wall neutrals 
an be negle
ted for 
ore
density peaking, and 
onsidered only parametrizations of the beam fuelling. The neutral beam
heating and parti
le sour
e pro�les are 
omputed for all the observations by the PENCIL 
ode
for JET data and the Monte Carlo FAFNER 
ode for AUG data. Two di�erent parameters are

onsidered to des
ribe the beam parti
le sour
e. The �rst is dire
tly the peaking of the beam
parti
le sour
e pro�le. The se
ond provides more pre
isely a quanti�
ation of the 
ontribution
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Fig. 1. Univariable s
atter plots among various plasma parameters. The numbers in the plots provide

the related 
orrelation 
oeÆ
ients, in bla
k for the 
ombined dataset, in red for the AUG data subset, in

blue for the JET data subset. Smaller fonts used in plots involving the beam sour
e parameter indi
ate

the 
orrelation 
oeÆ
ients over the subset of observations with PNBI =PTOT > 0:7

to the density peaking provided by the beam parti
le sour
e. Namely, by re
asting the general
di�usive law for the parti
le 
ux in the form

�
1

n

dn

dr
=

�

nD
�

V

D
; (1)

the lo
al slope of the density pro�le in the LHS is expressed as the sum of the parti
le sour
e

ontribution and the parti
le pin
h 
ontribution. The sour
e 
ontribution to the density peaking
due to the beams 
an therefore be parametrized as follows,

��

NBI
:
=

R�NBI
nD

= 2T
�NBI
QNBI

QNBI

QTOT

����
R

T

dT

dr

����
�

D
:

Assuming that �=D is a rather 
onstant quantity (this is the strongest assumption of this
pro
edure), all the other terms 
an be evaluated using the parameters available in the databases,
like beam deposition pro�les (or beam energy), total and beam heating powers (it has been
assumed that all 
oupled RF power is absorbed inside r=a = 0:5), and the temperature pro�le
peaking.

De�nition of the response variable

The main diÆ
ulty en
ountered in 
ombining observations from AUG and JET is related to a

oherent de�nition and measurement of the regressed quantity, namely the density peaking (as
well as for the regression variables). Di�erent diagnosti
s for the density pro�les might have
small systemati
 errors whi
h do not involve large un
ertainties in the ITER predi
tion when

onsidered alone, but whi
h might 
ause extremely large un
ertainties in the ITER predi
tions
when 
ombined with other diagnosti
s whi
h might have systemati
 errors in di�erent dire
tions.
This is re
e
ted in parti
ular in the �

�
dependen
e. To make a 
lear example on this point,

let assume that systemati
ally JET density pro�les are measured slightly more peaked than
they a
tually are, and AUG density pro�les slightly less peaked than they a
tually are. Of

ourse as long as observations of a single devi
e are 
onsidered these small systemati
 errors are
re
e
ted in a small overestimate or underestimate of the ITER peaking. If the measurements
from the two devi
es are 
onsidered together in this form, they would arti�
ially in
rease the
�
�
dependen
e of the peaking, with proje
tions for ITER mu
h more peaked than what should

a
tually be.
To over
ome this problem, we have applied a method to obtain values of density peaking

from both AUG and JET derived with exa
tly the same pro
edure. First, we have observed that
density pro�le measurements in JET show a better agreement between the Thomson s
attering
diagnosti
s and the interferometer line integrals than in AUG. On this basis we have assumed
that JET pro�le re
onstru
tions by SVD using both Thomson s
attering and the interferom-
eter measurements were more reliable than AUG measurements based on simple inversion of
the interferometer. Se
ond, we have 
omputed the line integrals along the 
hords of the AUG
interferometer of all the JET pro�les of the database for a 
hosen AUG equilibrium. Third,
again 
onsidering the same equilibrium, we have inverted the line integrals of the JET pro�les
by expressing the pro�les as a linear 
ombination of base fun
tions for the pro�le shape. Finally,
by the same method also all the AUG interferometry measured line integrals are inverted. In
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this way a set of density pro�les, for both AUG and JET, re
onstru
ted from the AUG inter-
ferometer line integrals by the same inversion method is obtained. Among the various possible
de�nitions of density peaking, the de�nition ne(�pol = 0:2) = hneiV ol is rather independent of
the 
hoi
e of the basis fun
tions for the inversion, and strongly determined on
e all the line
integrals are mat
hed. For this reason we have adopted this de�nition of density peaking in our
analysis. For example, we �nd that the RMSE between the original JET density peaking and
the re
al
ulated peaking is as small as 0.018.

Bivariate 
orrelations

Fig. 1 shows a sele
tion of s
atter plots. The 
orresponding 
orrelation 
oeÆ
ients are quoted
in the �gure, in bla
k for the 
ombined database, in red for only AUG data, in blue for
only JET data (those in smaller fonts indi
ate the 
orrelation 
oeÆ
ients for the subset with
PNBI =PTOT > 0:7). The 
ombined database is 
omposed of 277 JET observations and 343
AUG observations. We observe that while 
orrelations with �

�
are strongly redu
ed by 
ombin-

ing observations from the two devi
es, the 
orrelation between �eff and the Greenwald fra
tion
remains rather large. Collisionality turns out to be the parameter whi
h has the largest bivari-
ate 
orrelation with density peaking in the 
ombined dataset. However, both the Greenwald
fra
tion and the beam parti
le sour
e parameter ��

NBI show very large 
orrelations with density
peaking. Finally, a very strong 
orrelation 
oeÆ
ient (-0.91) between 
ollisionality and the beam
parti
le sour
e parameter in AUG plasmas heated with NBI only is found. This 
orrelation is
redu
ed by 
onsidering plasmas from the two devi
es. At the same value of 
ollisionality, JET
plasmas have a parti
le sour
e parameter ��

NBI whi
h is on average smaller than AUG plasmas.

Multivariable statisti
al analysis

Let us 
onsider the ve
tor of observations of the regressed variable Y and N ve
tors of regression
variables Xj . A linear or logarithmi
 multivariable regression expresses Y in the forms

Y = 
+
X

j

ajXj or Y = C �jX
aj
j :

A

ording to [4℄, we de�ne the following parameter to des
ribe the statisti
al relevan
e
StRj of the parameter Xj in the linear regression for Y , StRj = aj � STD(Xj), where
with STD we indi
ate the usual standard deviation. Analogously for a logarithmi
 regres-
sion, StRj = aj � STD(log(Xj)). In this way StRj estimates the variation of the (logarithm of
the) regressed variable for one standard deviation variation of the (logarithm of the) regression
variable Xj . The larger StRj is, the higher is the relevan
e of the variable Xj in the regression
for Y . Besides this parameter, we have also 
onsidered an estimate of the statisti
al signi�
an
e
of ea
h regression variable, StSj = aj=�aj , where with �aj we 
onsider the 90% 
on�den
e
interval of the regression 
oeÆ
ient aj . Table 1 shows the statisti
al relevan
e normalized to the
maximum value obtained in ea
h regression for a set of plasma parameters. Di�erent regression
models are 
onsidered. Regressions whi
h in
lude the 
ollisionality and ex
lude the Green-
wald fra
tion NGR, and whi
h in
lude the Greenwald fra
tion and ex
lude the 
ollisionality, as
well as regressions whi
h in
lude both these plasma parameters, are 
onsidered. Moreover, for

omparison, models whi
h, besides the dimensionless variables, in
lude as well a devi
e label
(namely the geometri
al major radius) are analysed. A set of 
onsiderations and 
on
lusions

an be drawn. In all the regression models whi
h in
lude 
ollisionality, 
ollisionality is found to
be the parameter with the largest statisti
al signi�
an
e and the largest statisti
al relevan
e.
Comparable RMSE is found when the devi
e label is in
luded or ex
luded. In regression models
whi
h in
lude 
ollisionality and ex
lude the major radius, rhostar is found to have a negligible
statisti
al signi�
an
e and statisti
al relevan
e. In regression models whi
h in
lude the Green-
wald fra
tion and ex
lude 
ollisionality, the devi
e size is found to play a more important role,
through a larger statisti
al relevan
e of �

�
and/or the major radius. The signs of the regres-

sion 
oeÆ
ients indi
ate that at the same Greenwald fra
tion, the density peaking is larger in
JET than in AUG. In regression models whi
h ex
lude 
ollisionality and in
lude the Greenwald
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fra
tion, the beam parti
le sour
e parameter is found to have a larger statisti
al relevan
e. Fi-
nally, in regression models whi
h in
lude both 
ollisionality and the Greenwald fra
tion, density
peaking is found to in
rease with in
reasing Greenwald fra
tion, namely at �xed 
ollisionality.
Finally, if the weight of ICRH points is in
reased in the regression, the RMSE of regressions
whi
h ex
lude 
ollisionality in
rease more than those of regressions whi
h in
lude 
ollisionality.

ρ
* β  q

95
δ  T e2

/<T  >
e   R

geo
RMSEN

GRνeff   lnΓ *
NBI

0.78          − 0.43 0.151 − − −0.19 0.11 0.1130.05 0.44

0.55           − 0.06 0.24 0.03 0.02− − − −1 − 0.13 0.114

0.64          − 0.49 0.21− − −0.27 1 0.110.29 0.05 0.42 0.112

0.49           − 0.01 −0.27 − −0.06 − 0.1140.131 − 0.13 0.02

  1                           − 0.17 0.09− − −0.56 0.21 0.060.31 0.89 0.121
0.80                          0.50 0.126−− 1 − 0.13 0.170.00 0.24

Table 1. Table of values of the Statisti
al Rel-

evan
e, as de�ned by Eq. for various plasma

parameters used as regression variables for the

density peaking.
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Fig 2. Density peaking versus the s
aling for

the two regressions proposed, (A) ex
luding the

Greenwald fra
tion, (B) ex
luding 
ollisionality.

Proposed s
alings and ITER predi
tions

Di�erent regression models are 
onsidered, in both the logarithmi
 and the linear forms. Here
we propose two linear regressions, one whi
h in
ludes 
ollisionality and ex
ludes the Greenwald
fra
tion, and one whi
h ex
ludes the 
ollisionality and in
ludes the Greenwald fra
tion (Fig. 2).
For density peaking, the linear regression is prefered to the logarithmi
 one sin
e it is deemed
to be more appropriate to the physi
al nature of this regressed quantity, as shown by Eq. 1.

Of 
ourse, in these proposed s
alings, only the statisti
ally signi�
ant regression variables
are used. The regression without using the Greenwald fra
tion reads

ne2=hneiV ol = 1:350 � 0:023 � 0:115 � 0:008 log(�e� ) + 1:171 � 0:162��NBI � 4:410 � 1:311�;

with RMSE = 0.115 (90% 
on�den
e intervals for the regression 
oeÆ
ients are quoted). The
regression without using the 
ollisionality reads

ne2=hneiV ol = 1:778 � 0:077 � 0:624 � 0:060NGR + 1:682 � 0:218��NBI +

� 22:61 � 6:64 �
�
� 0:055 � 0:025Te2=hTeiV ol + 0:308 � 0:120 Æ;

with RMSE = 0.125.
These regressions, as well as analogous regressions in the logarithmi
 form, are applied for

ITER predi
tions. For the ITER standard s
enario, with the plasma parameters des
ribed in
[3℄, and in parti
ular hTeiV ol = 8 keV and hneiV ol = 1020 m�3, and taking the beam parti
le
sour
e equal to zero, the �rst regression predi
ts the peaking ne2=hneiV ol = 1:45 � 0:04. This

orresponds to a value of R=Ln, namely the normalized logarithmi
 gradient at mid{radius,
between 3 and 4. More in general, all linear or logarithmi
 regressions whi
h in
lude 
ollisionality
in the regression variables predi
t a peaked density pro�le for ITER, more pre
isely values of
the peaking above 1.35. The proposed s
aling whi
h ex
ludes 
ollisionality in the regression
variables, predi
ts the ITER peaking ne2=hneiV ol = 1:18 � 0:24, namely a rather 
at pro�le.
More in general, s
alings whi
h ex
lude 
ollisionality from the regression variables, predi
t 
at
density pro�les for ITER, namely values of peaking below 1.2. In 
on
lusion, we emphasize
that the option of ex
luding 
ollisionality from the regression variables 
annot be motivated by
any physi
al argument. A predi
ted value of density peaking for the ITER standard s
enario
between 1.4 and 1.5 is the �nal out
ome of the present work.
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