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Abstract

Most auxiliary heating methods provide heating to more than one particle species (electrons,
ions, impurities) in a fusion plasma. This can lead to substantial temperature differences between
species, depending on conditions such as heating power to the different species and
collisionality, with temperature differences between species limited by inter-species thermal
equipartition and transport. The analysis of the steady-state electron-ion and impurity-ion power
balances presented in this paper are used for consistency-checking experimental ion and electron
temperature measurements and for inferring the main ion temperature from measured impurity
temperatures. As ion temperature measurements by charge exchange spectroscopy (CXS) based
on impurity ions have become more difficult and time-consuming since the installation of the
ITER-like wall (ILW) with Be and W PFC's, knowing the maximum sustainable temperature
difference between ions and electrons, |77 — Te| allows rejecting erroneous measurements. It also
obviates the need for an ion temperature measurement, if an electron temperature measurement is
available and |7i — Te| cannot be larger than the combined errors of the underlying
measurements. A power balance analysis is also required for estimating the errors of the ion and
electron heat fluxes prior to any species-resolved transport analysis. The ion-impurity

temperature differences are usually found to be small due to strong thermal equipartition



between ion species. However, they can approach 10% in JET-ILW low density, high power
discharges, such the ones under development for a future JET deuterium—tritium campaign
(Joffrin et al 2019 Nucl. Fusion). This has a generally small, but not always negligible effect on
the calculation of fusion reaction rates, which depend on main ion temperatures. An important
outcome of this analysis is that temperature differences between impurity species are always
much smaller than between the impurities and hydrogenic species and can usually be neglected.
The paper presents two methods for calculating the impurity-to-main ion temperature ratio.
Finally, this analysis leads to a method for the reconstruction ion temperature profiles from ion

temperature data available at only one or a small number of spatial locations.

1. Introduction

The work presented in this paper was motivated by the difficulties encountered with
experimental measurements of the plasma ion temperature following the replacement in 2010
and 2011 of the previous carbon Plasma Facing components by Tungsten divertor tiles and Be
main chamber limiters [2]. During the carbon phase, carbon was the dominant impurity and ion
temperatures from charge exchange spectroscopy (CXS) of the C°* n = 8 to n = 7 line at

529 nm were routinely obtained [3]. Following replacement of the carbon PFC's, carbon levels
and hence CXS line intensities dropped by an order of magnitude [2]. The difficulty of lower
carbon line intensities for the CXS diagnostics is compounded by the frequent appearance of
numerous tungsten lines ('nuisance lines') in the vicinity of the C>* 87 line at 529 nm affecting
part or all of the profile. Multi-Gaussian fits have to be used to retrieve the spectral width and
position and intensity of the charge exchange lines from the midst of this complex spectrum

featuring multiple nuisance lines, some of which can be hard to identify, often to the point of
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precluding any CXS ion temperature profile measurement. To alleviate this situation, neon is
now often introduced in trace amounts (ny./ne ~ 0.2%) for the purpose of improving the ion
temperature measurements by CXS of the Ne®* n = 11 to n = 10 line at 525 nm. This line is less
affected by nuisance lines than the carbon line. Another method to improve the measurements is
to briefly switch off ('notch') the two NBI beams ('PINI's, of which there are 16) viewed by the
CXS system for some 50 ms. This allows a better assessment of the passive background, which
must be subtracted from the raw spectrum. The data used at JET and presented in this paper are
based on the C or the Ne CXS lines or a combination of both, as the two lines are so close
spectrally that they can be conveniently measured simultaneously using the same high resolution
spectrometer. Unfortunately, for many JET-ILW pulses so far, no meaningful 7i measurements
from CXS could be obtained for the plasma core region. Even cases for which the core system
has good data often require a very time-consuming analysis and uncertainties on 7i are generally

higher than they were in JET-C.

Measures under development for the measurement of core ion temperatures include
improvements in the evaluation of CXS spectra [4], higher throughput [5], the usage of CXS
lines from other species when possible (e.g. He, N, C, Ne, Ar and hydrogen isotopes [6, 7]) and

high resolution crystal x-ray spectroscopy of intrinsic heavy impurities such

264 27+
as ™" and Vi [8]. This situation calls for increased scrutiny of the results. Examining the

main ion power balance, which is the subject of the first part of this paper, has become an
important tool for vetting experimental ion temperature data. The simultaneous usage of several

ion species to determine an underlying main ion temperature also raises the question of the
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relationship between the temperatures of different ion species, which is the subject of the second

part of the paper.

The data presented in this paper are evaluated from the multi-purpose database JETPEAK, which
combines a large range of JET processed pulse data (with over 1000 variables included) and
currently includes more than 1864 stationary-state samples from 1312 different JET-C pulses and
over 9000 samples from over 3000 JET-ILW pulses. The majority (95%) of these are in H-mode,
which is the main confinement regime in JET experiments. A brief presentation of JETPEAK
can be found in annex 1. The heat source deposition profiles used in this paper were calculated
using the PENCIL NBI heating code [9], the ICRH code PION [10], both of which are routinely
available for JET discharges and, for an increasing fraction of the JETPEAK samples, with the
Monte-Carlo heat deposition and orbit following code ASCOT [11], used so far only for NBI

heated discharges.

As for the vast majority of JET-ILW discharges the ion temperature profile is not available,

PENCIL calculations generally use Te as a surrogate for Ti and assume no plasma rotation.

Fortunately the ion temperature (unlike the electron temperature) and plasma rotation has very
little effect on the power deposition to ion and electrons. A comparison of power deposition to
the ions calculated by ASCOT for 400 samples [12], assuming 77 = Te with one using a

surrogate with 77 > Te by up to 40% and rotation profiles based on high resolution crystal

-

264
spectroscopy of a N line show that systematic differences are less than 2% and can be

ignored. The way surrogates are obtained are presented in section 2 and in appendix 2. The
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electron temperature for the calculations in the paper is obtained from the JET High Resolution
Thomson Scattering System HRTS [13], complemented very near the magnetic axis, where no
HRTS measurement is available, by data from the JET LIDAR Thomson Scattering System [14].
For the great majority of JET-ILW pulses both the HRTS and the LIDAR system data are
available. An example of electron (blue) and ion temperature profiles (black and magenta) is

shown in figure 1.
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Figure 1. Profiles from pulse 91372: electron temperature 7e (blue), carbon impurity
temperatures (black symbols for raw data with error bars, black continuous for fit (7n,), broken
grey for the inferred underlying main ion temperature (7iin). The two outermost measured data
points from the core CXS system were rejected by the fitting routine as outliers. The broken
green, orange and red lines are 'equipartition ion temperatures', Ti,, obtained by

assuming Qie = fiQis for fi = 0.2, 0.5, 1, respectively Qie = —feQes for fe = 0.2, 0.5, 1.
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2. Ion—electron power balance

In stationary conditions (zero time derivatives of temperatures, densities and heating powers), the
local net integrated power for main and impurity ions can be expressed as

Qi=0x—Qi—Qi; and Q.= Q. — Q. + Q;
(la)yand (1£)

where subscripts 7, z and e, designate main ions, impurities and electrons respectively,

O = [p,-‘d\’. Q. = fphdif’. Qu = fp”dlf' (2a, b) and (2¢)

pis and piz are the main ion and impurity heating source power densities (from PENCIL, PION
or ASCOT), pkl is the thermal equipartition power densities from species k to species 1. The
volume integrals run from the magnetic axis (¥ = 0) to any chosen flux coordinate p(V) inside
the plasma last closed flux surface. The net main and impurity powers Qis and Oz are
responsible for sustaining the ion and impurity temperature gradients and represent the power
carried by plasma transport, such as turbulence and neoclassical transport. The thermal
equipartition power density between any two species k and /, is given by

(AgAr) /2

227 oy - (T — T0) (3)
(T + TiA)Y 2

Pr = Ceql\t

where ceq = 3.26 x 10732 W eV!2 m? was derived from the heat exchange time as given in [15],
Akl is the Coulomb logarithm [15, 16] for Coulomb collisions between
species k and [, Ak and Zk are the atomic mass and charge of specie &, Tk and nk are temperature

and density, respectively.
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Ion species are much more strongly coupled to each other than they are to the electrons. It makes
sense therefore to consider the ion—electron power balance, taking the ion population as a whole
with a single temperature 7i. (Differences between the temperatures of different ion species are

discussed in section 3). For ion—electron equipartition, equation (3) simplifies to:

Zf m, /2 mn,
Pie = E 'ri'r;"“r'r ﬂ_‘{ a ) T_tl,.-:; {Tr' —Te). (4)

In the common case where Zi/4i = 1/2 for all ion species in the plasma (e.g. for a Deuterium
plasma with carbon impurities), Aie being very weakly dependent on the ion species, equation
(4) can be approximated as

34 A2 (T; = T,)

Pie 7= 3.8 = 1 7

(3)

Figure 2 shows an example of a power balance calculation from a recent neutral beam heated
JET discharge in hydrogen using PENCIL, performed as part of a study of the effect of the main
ion species on confinement and transport [17, 18]. The ion temperature for the case shown in
figure 1 is based solely on carbon C>* CXS of the C>* n = 8 to n = 7 line at 529nm and is shown
in figure 1. The continuous black line is a fit over the raw data of the core CXS system [3],
shown in black with error bars. The raw data from edge system are shown in magenta

(Ppot > 0.8). The meaning of the lines labelled /i and fe will be explained later in the text. The
error bars indicate only the statistical fitting errors of the multi-Gaussian fits used to retrieve the
spectral width of the charge exchange lines from a usually complex spectrum featuring multiple
lines, many of them 'nuisance lines' from tungsten emission, some of which can be hard to

identify.
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Figure 2. Terms of the ion power balance, Qis, Qie and Qi = Qis — Qie for JET pulse 91372,
averaged over the time interval 47.1-49.4 s, based the PENCIL NBI deposition code. The

electron heat source deposition profile Qes is also shown, as well as the estimated relative error

on Qi.

Errors caused by unidentified spectral features are extremely difficult to assess and are not
reflected by the error bars. The edge system has vertical viewing lines and is far less affected by
nuisance lines. Two outliers of the core system at p > 0.8 have been omitted from the fit. The
outermost outlier deviates from innermost measurement of the edge system at the same position

by nearly 40%, showing how badly the core system can be affected by 'nuisance lines'.

The analysis shown on figure 2 provides a ready test to check if the temperature measurements

may be affected by errors large enough to violate power balance, i.e. such that Qie exceeds Qi at
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some point along the plasma radius, leaving no (or a negative) ion power for transport, which is
of course impossible. Of 338 ILW samples available in the database used for this study, 25
(7.5%) violate the ion power balance in this fashion in the radial range 0 < p,,; < 0.5 and 43
(13%) in the radial range 0 < p,o < 0.9. In the JET-C phase, 67 out for 1046 available samples
(6.5%) violate the ion power balance in the range 0 < p,,; < 0.5 and 78 (7.5%) in the range

0 < ppor < 0.9. This test, dubbed 'equipartition test' has since been introduced in a routine
("ProfileMaker') which is used at JET to fit plasma profiles from the 7e and 7i diagnostics prior
to further analysis such as transport calculations. Not failing the test is of course no guarantee of

the ion temperature being correct. This test can only flag the worst cases.

We note that the PENCIL code [9] does not model fast ion orbits, which can make a significant
change to the power depositions profiles in the plasma core. PENCIL assumes that the NBI ions
slow down on the flux surfaces at which they were born as ions. At the time of writing, more
than 500 of the samples had also been modelled using the orbit following code ASCOT [11],
which provides more accurate power deposition profiles than PENCIL. A comparison

of Qis from PENCIL and ASCOT shows that these agree within £10% for p,, > 0.2, but can
disagree by a factor ~2 near the magnetic axis (ppo < 0.2), with core Qis from ASCOT being on
average lower. This difference is due to the ions being able to drift significantly away from their
birth flux surfaces near the magnetic axis, where poloidal fields are low. Beyond p,,; = 0.2 the
differences rapidly decrease because of the narrower orbit widths and because local differences
in pis are smoothed out by integration in the calculation of Qis = [pisdV, the total deposited
power being the same. We therefore caution against results obtained for p,, < 0.2 using the

PENCIL code. Errors are also expected in the core due to inaccuracies of the reconstruction of
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the magnetic geometry using EFIT. In a previous study [19] the radial position of the magnetic
axis from EFIT [20] (with no internal constraints for the reconstruction) and the TEQ
equilibrium code [21] incorporated in the TRANSP transport code [22] and using both fast and
thermal particle pressures for the reconstruction, were seen to differ by 3—6 cm, which may be

significant in the presence of core localised ICRH.

A power balance analysis can also be used to determine if a species resolved power balance is
possible for given errors on the input parameters. In JET-ILW the dominant errors of Qi stem
from the errors on 7i. These errors tend to be systematic in JET-ILW, i.e. affect several channels
of the CXS diagnostics with the same sign. The resulting profile of the uncertainty

on Qi attributable to the uncertainty on (77 — Te) can be expressed as
ﬂQJ'{V}tTI_T'J = ﬁ{?ﬁ'{vj{ﬁ_r‘,]

.?3',-3 Vo mien,
=X 2 [ MSEAT - T
i (6)

where the parameter dependences on the volume coordinate v (or the radial coordinate p(v)) have
not been written out for simplicity. Please note that errors on ni, ne and Te can also be

substantial, but are neglected in the following.

We would like to dispel a common misconception, which is to believe that having ion and
electron temperatures within error bars of each other implies that they are 'strongly coupled',
precluding any species-resolved power balance. Strong thermal coupling will indeed lead to
reduced temperature differences, but small temperatures differences may also be obtained

independently of thermal coupling if the heating systems provide the right mixture of ion and
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electron heating for a particular transport state, e.g. Qis/Qes > 1 for turbulent transport by the

ion temperature gradient mode (ITG) [23-28].

As seen in equation (4), the collisional power exchange between electrons and ions of a given

species depends essentially on the electron collision rate (** ”-'71'_”1). AQi in equation (6) is
evaluated as the difference of Qi obtained with the profile of 77 as measured and the one
obtained with (1 + €T)Ti, where “Ti is the relative systematic error on 77, here conservatively
estimated to be 15%. To be of any use for an inter-species transport analysis AQi/Qi should not
exceed about 0.3. With this criterion, in the case shown in figure 2 (magenta dots), a reasonable
species-resolved power balance is possible up to p,o1 = 0.6. In the JET-ILW dataset, 41% of
samples are suitable for inter-species analysis for p,, < 0.5 and only 14% for p,, < 0.9. By
contrast, in the JET-C dataset, AQi/Qi is below 0.3 at p,,; < 0.5 for 60% of the samples and

at ppot < 0.9 for 41% of the samples, even assuming the same error on 77, 7 = 15%, as for JET-
ILW data. (Systematic errors on 77 in JET-C are probably no more than half of those in JET-
ILW). This is due to the changed operating conditions in the presence of tungsten PFC's in JET-
ILW, which make the plasmas prone to tungsten accumulation and radiative collapse in the
plasma core [2]. Impurity accumulation is frequently counter-acted by strong gas puffing,
leading in turn to lower pedestal and core temperatures. On average, the central electron
temperature measured in JET-ILW samples in JETPEAK is about 20% lower than in JET-C for a

given input power range from 15-21 MW.

With this estimate of the errors on the ion power balance at hand, we can investigate what

fraction of the deposited 1on power Qis is transferred to the electrons by equipartition. We show
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this for four different positions across the plasma minor radius in the superimposed histograms of
figure 3, selecting data with AQie/Qis < 0.3 (blue for all data and cyan for JET-C) and more

stringently by selecting AQie/Qis < 0.1 (red for all data and magenta for JET-C).

Negative Qie/Qis correspond to samples with 7e > 7; which occur with dominant electron
heating. We note that values of Qie/Qis > 0.5 are rare at all radial positions and only occur for
the broader selection which includes errors on AQie/Qis up to 0.3, suggesting that they may in
fact be erroneous. We also note that the half-width or spread of the distribution for

AQie/Qis < 0.3 is itself around 0.3, suggesting that the width is itself in part the result of errors.

Restricting the selection to AQie/Qis < 0.1 (red and magenta bars) confirms this, as for this
subset the spread is narrower and data with Qie/Qis > 0.3 are exceptional. These data show that
only a fraction of the power deposited to the ions is transmitted to the electrons by equipartition
in these discharges. However we should caution here that the selection for good power balance
data introduces a bias towards plasmas with high electron temperature and low density (as is
apparent from equation (6)), thereby excluding data for which a meaningful species-resolved

power balance is impossible, i.e. plasmas with high density and/or low electron temperature.
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Figure 3. Histograms of the ratio Qie/Qis in JET, selected for two different accuracies on the ion
power balance. Each subplot corresponds to a different radial position. All histograms are
relative to zero, the ones with lower occurrence numbers partly hiding the ones with highest

occurrence numbers.

Figure 4 shows histograms of the ratio Qi/(Qis + Qes) at the same radial positions as figure 3.

This parameter is of interest because Qis + Qes = Qi + Qe + Q..4, Where Q.4 represents the
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radiation losses by the electrons. The ion fraction of plasma heat transport Qi/(Qi + Qe) is an
important indicator for the type of processes governing plasma transport. Typically, turbulence
dominated by ITG's is characterised by Qi/(Qi + Qe) > 0.5 [23-28]. Spatially resolved radiation
losses are not yet available on a routine bases for JET pulses,

hence Qi/(Qis + Qes) < Qi/(Qi + Qe), i.e. histograms of Qi/(Qi + Qe) would be somewhat
shifted to the right compared to figure 4 if radiation losses were taken into account. The figure
shows that all cases have Qi/(Qi + Qe) > 0.5 within the errors on Qi. Remarkably, none of the
plasmas in JETPEAK for which AQie/Qis < 0.3 is dominated by electron transport. This power
balance analysis unsurprisingly confirms the results of gyrokinetic analyses, based on data such
as temperature and density gradients, which for the majority of JET pulses identify ITG's as the

dominant micro-instability.
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Figure 4. Superimposed histograms of Qi/(Qis + Qes) in JET, selected for two different

accuracies on the ion power balance. Each subplot corresponds to a different radial position.

One might expect cases with dominant electron heating (Qie < 0, 7i < Te) to increase the
contribution from electron modes such as trapped electron modes (TEM's) and electron
temperature gradient modes (ETG's) leading to lower Qi/(Qi + Qe) than those with Qie > 0
[23, 28, 29]. Interestingly, the data on figure 5 for pp,; = 0.5 show the opposite. While the
majority of samples with Qie > 0 have 0.5 < Qi/(Qi + Qe) < 0.7, most samples with Qie < 0
have 0.7 < Qi/(Qi + Qe) < 1, i.e. putting them into the ITG domain. A more detailed analysis

of the ion fraction of plasma heat transport is beyond the scope of this paper and would in most
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cases require a better knowledge of the local radiation losses than is currently available. We

conjecture that a thorough analysis of power balances of both the ions and the electrons, to yield

experimental values of both Qi and Qe, in combination with gyrokinetic instability calculations,

may shed more light on the nature of the plasma transport processes than gyrokinetic instability

calculations based solely on profile information from the diagnostics and should motivate an

effort to better characterise radiation losses in JET.
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Figure 5. Superimposed histograms of Qi/(Qis + Qes) at ppo = 0.5 in JET, selected for two

different accuracies on the ion power balance. Left for Qie > 0, right for Qie < 0.

The situation may be different from the one seen in figure 4 in plasmas dominated by electron

instabilities such as ETG's wich are maximized for strong electron heating and ion-scale modes
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close to marginal stability [29] or even by TEM's which can be destabilized in conditions of
strong density peaking. However, in the case of JET, with significant ion heating from the NBI,
ion scale ITG turbulence is dominant and TEMs are not reported to play an important role, even
in the presence of high density peaking and NBI fuelling [30]. The situations might be different
in plasmas with an internal transport barrier (ITB). Currently, due to their transient nature in JET,

ITB's are not represented in the JETPEAK database.

An alternative way for considering the power balance is illustrated in figures 2 and 6. We

note fi = Qie/Qis the fraction of the deposited ion power that is transferred to the electrons by
thermal heat exchange. The red dotted lines labelled /i = 1 represents hypothetical ion
temperatures assuming that all of the source heat flux is lost by equipartition throughout the
profile and hence they are estimates of the maximum possible Ti(p). Profiles are also shown

for fi = 0.2 and 0.5. We dub these hypothetical ion temperatures 'equipartition ion temperatures',

noted Tieq(f7, p).
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Figure 6. Profiles from pulse 90609: electron temperature 7e (blue), raw carbon impurity
temperatures from CXS (black) and equipartition ion temperatures (broken lines) calculated
assuming a fraction fi = Qie/Qis of the power deposited to the ion is transferred to the electrons
by equipartition. This example shows an inconsistency between impurity and electron

temperatures in the plasma core.

The same principle can be applied assuming Qei = feQes in the case Te > Ti. Note that the
calculations for Ticq(fe, p) neglect the radiation losses. The observation (figure 3)

that fi = Qie/Qis < 0.5, provides a stronger constraint on the possible ion temperature than just
requiring /i < 1. In the case shown in figure 2, this still only constrains 77 to be less than about
1.5Te, which is not useful. However there are also many cases in the JET database where this
constraint is useful, as in the example of figure 6. In this case, the equipartition temperatures

defined by fe = 1 and fi = 1 bracket the electron temperature by +11% at mid-radius (fe = 0.5
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and fi = 0.5 bracket Te by less than 6%), which is well below the combined uncertainties

for 7i and Te. In the case of figure 6, the raw data of the outermost four data points (p > 0.75)
fall within the range defined by fe = 0.5 and fi = 0.5, however the measured data further inside
all fall short of Tieq(fe = 1) and therefore must be rejected. In cases like this, the

assumption 77 = Te is both well justified and by far preferable to using measured 7i data. In JET
this power balance analysis is now often used prior to an often time-consuming analysis of the
CXS spectra to determine whether such an analysis is warranted in the first place.

We note that in figure 2, Tiq(f7, p) provides a good fit for the experimental temperature

for fi = 0.2. It appears even that, at least in some cases, an approximate knowledge of /i can
provide an acceptable approximation of the ion temperature, likely better than just

assuming 7i = Te or Ti = cTe where c is an arbitrary multiplier. This was found to be
satisfactory for all the pulses with 7i measurements in the deuterium and hydrogen dataset used
for investigation the isotope dependence of heat, momentum and particle transport in JET-ILW
[17, 18]. Ti measurements were available for about half of that dataset and

assuming 7i(p) = Tiq(0.2, p) provided a ready extension to the entire dataset, allowing the whole
dataset to be used for global confinement investigations. This ion temperature surrogate

(with fi = 0.2) was also compared to one assuming 7i = Te (i.e. fi = 0) to assess the sensitivity

of the neutron rate on ion temperature in [12].

We should not assume that fi = 0.2 will provide a good fit in all circumstances, however a small
number of reliable local ion temperature measurements in the profile may be able to provide an
experimental value for fi, which in turn could be used to provide an acceptable

complete 7i profile. One such possibility is to use the core ion temperature inferred from intrinsic
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heavy impurities such as N and Vi by means of high resolution x-ray spectroscopy [8],
which have recently become available. We provide a detailed presentation on the production of

26
N;

surrogate ion temperature profiles based on line emission spectroscopy in conjunction with

the 1on power balance analysis in appendix 2.

For usage in time-dependent transport analyses we need to keep in mind that the time derivatives
of the ion energy density owi/Ot was set to zero in equations (1), (2) and hence should only be
used if Owi/Ot < gie, or equivalently, if the time scale for ion—electron

equipartition tie = wi/ | qie | is well below wi/ | (owi/ot) | , Wwhere wi = 1.5eniTi (Ti in eV). In
JET, tie ranges from about 0.05s to 0.6 s, depending on Te, Ti, ne and the ion species

involved. wi/ | (owi/ot) | can be obtained from time resolved kinetic measurements and can
exceed tie during transients such as the time immediately following the application or removal of
auxiliary heating. In such phases, the ion stored energy evolves at time scales comparable to the
global energy confinement time 7. In JET tie/tg, with zie evaluated for plasma core parameters,
spans a wide range from around 0.05 to 5, with only 25% of cases having zie/zg < 0.2. Hence the
above time-independent analysis should not in general be applied to transients evolving at

confinement time scales. Such cases are also not part of the JETPEAK database.

3. Ion inter-species power balance

In JET and many other devices energy transfer to the thermal ion population is collisional by
energetic ions such as produced by NBI and ICRH and by equipartition with the thermal electron
population (net ion heating by electrons if 7e > Ti). Being collisional, just like equipartition, the
power transferred to a thermal species scales as Z?/4 and can be described by the ion term in

Stix's fast particle slowing down theory [31]:
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Here the subscript frefers to the energetic particle, Ef to its energy, and j to the thermal ion
species. The ratio of collisional ion heating for two thermal species species z and i is hence.

P _ -F;',I' _ H':Zfﬂj."‘nf:

Pir a FJ - m (8)

Heavier ions are proportionately more strongly heated than lighter ions, i.e. fully

ionised 2°Ne ions are heated 10 times more strongly than D ions. (The ratios of Coulomb
logarithms are close to unity). This difference is however strongly counteracted by
equipartitional thermal exchange between the two species, as seen in equation (3). Additionally,
both ion species are subject to transport in the plasma. The problem of calculating the
relationship between ion species temperatures becomes tractable if we make a few assumptions.
We assume that the heat fluxes are proportional to the respective temperature gradients and

densities, as would result e.g. from diffusive transport, leading to:

0: = agr—0r (9)

For purely diffusive transport, o = yz/yi is the ratio of the heat diffusivities. We may attempt to
estimate 7z by radial integration from the plasma boundary at position « to an arbitrary radial

position 7:

T.(r) = f VI.dl = f f |V Tl (10)

S Uy

If the larger per particle heating of the impurity, Qzf/nz translates, as we expect from equation

(8), into larger per particle net heating Qz/nz than for the main ions and e.g. a = 1, the resulting
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impurity temperature 7z will exceed 7i. The above integral cannot be evaluated as such

since Oz and Qi depend on 77z, Ti and nz because of the thermal equipartition. It could in
principle be solved recursively, provided nz/ni is known. While nz/ni is sometimes known from
charge exchange measurements for some of the impurities, this is by no means generally the

case.

The integration can be obviated if we assume that niQz/(anzQi) is constant over the radius,
which is equivalent to assuming that VT./VTiis constant. With that assumption, the larger
temperature gradients for the higher z species simply integrate to correspondingly higher
temperatures, i.e. 0 =TT =VT./VT, throughout the plasma cross section. We adopt this
assumption as the working hypothesis throughout the remainder of the paper, while keeping in
mind that niQz/(anzQi) may not be constant, particularly in cases where the confinement regime

changes over the radius, e.g. in plasmas with internal transport barriers. Equation (9) becomes:

-
| ﬂ—"
Q- =a " Qi (11)

Assuming, in addition, that nz/ni = const in equation (8) leads to

n;Z_l A,:.'"L]r‘.
Q:‘A = Q :

—i 12
" .F!;ZI-"A:."!L_;,: { )

We note that equation (12), with the appropriate Coulomb logarithms, the ratio of which is very
close to unity, also applies to situations when the two ion species considered are heated by

collisional thermal equipartition, be it by a third ion species or by electrons.
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3.1. Analytical solution

The aim of the analytical solution we now seek is to obtain explicit dependences of the

temperature ratio 6 on the ion species. Equation 1(b) can now be written as

nzﬁlﬁf_

z AA; = Qi — Q. (13)

M-
f1— .
0 " 0 = 0

We note that charge exchange losses following collisions with neutrals are not included in
equation (13), but are expected to be significant in the vicinity of the plasma boundary. As we
expect only minor temperature differences between ion species, | Tz-Ti | < Ti, Qzi is further

approximated as

n; - n.

7 (T, = T;)dV, (14)

Q-r et f.,kq..-'}!..{ l{_ f 'l‘!.u
H = —H'A"]I:.i

where (AitA:)

Equation (13) can now be solved for §. However, in order to bring out all ion species

dependencies explicitly, we introduce a normalisation for Qz; :

A A?‘?" n-
~ (f — I}K_W =Qio. (15)
1
where
. n?
Quo = 'i‘.-qa"‘-1|2_3’_f Iuﬁd"’ (16)

Q110 can be seen as a fictional equipartition power calculated for hydrogen—hydrogen
equipartition at temperature 77 and assuming a temperature difference also equal to 7i. Its sole
purpose is to serve as a reference for comparing equipartition across species. We this

normalisation we obtain from equation (13):
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We note that in the derivation of equation (17), the impurity to main ion ratio nz/ni has dropped
out and hence the analysis presented here is not restricted to so-called trace impurities. However
in the presence of significant impurity fractions, calculating Qi requires the knowledge

of Oz; and hence nz. In equation (17) we can neglect all but one of the ratios of Coulomb
logarithms, Aiz/A;, which differs by more than ~1% from unity. In the limit where Q. < Qi)
which we consider to be the trace impurity limit, we obtain from equation

(1a), @i = Qis — Qie — Qi: = Qi — Qi leading to a compact approximation for 0=T./Ti

A
1+f3|1l 23/ ,f'
ft = R — 1u' (18)

{-"lm 23/ '?'.-:"1 Ay

We note that this expression remains valid even when Qi is partly or fully the result of
equipartitional thermal heating by electrons. The range of experimental values of Qi/Q;,o in JET
are shown as histograms in figure 7. In the core region, in JET-C, the majority of the data

have Qi/Q119 < 0.15, Qi/Q110 < 0.1 mostly in JET-ILW. These values drop by a factor 2 or more
as the LCEFS is approached. The lower Qi/Q,; in JET-ILW are due to the typically higher
collisionalities and hence higher O, in JET-ILW. The highest values of Qi/Q, are obtained in
high power, low density, high temperature plasmas such as hybrid scenarios and 'advanced

tokamak' scenarios [32, 33].
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Figure 7. Histograms of ion heating power Qi normalised to reference equipartition
power Qo for JET-C and JET-ILW (blue) and JET-ILW only (red), limited to AQi/Qi < 0.3 in

the plasma core (left) and near the LCFS (right).

In the absence of any contrary information from e.g. gyrokinetic transport theory, we

assume o = yz/y; = 1. We note that the 2nd terms in both the denominator and the numerator in
equation (18) are of order Qi/(Q;,¢ and are of the same magnitude for low Z impurity species.
For aQi/Q119 = 1 and Az,Zz = Ai,Zi, the trace impurity limit, equation (18), can be further

approximated as

f~14+ A’UI
3""'12.-] Qo 7}

]

0 1 A.
—_— e f— 19
[ ”F_’f) =

showing that for increasing Zz, the influence of a, i.e. transport, wanes as Az/ £ . 2/7z.
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In figure 8 we show, using equation (18), for deuterium as the main ion, the ratio 7z/7i as
function of Qi/Qo for a range of species from the hydrogenic species (labelled 'H,”H and3H)

to ¥Ni, as defined in the legend of the figure. All species are assumed fully ionised, except °Ni,
which is assumed to be helium-like, as this ionisation stage provides a frequently used transition
for ion temperature measurements by x-ray crystal spectroscopy [8]. Significant deviations

of 7z/Ti from unity, up ~10% for the highest values of Qi/Q;,9, can occur for all elements,

however the differences between impurities heavier than 7Li are small.
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Figure 8. Impurity-to-main ion temperature ratios for Deuterium as a main ion, using equation
(18) (trace impurity limit) and assuming a = 1 for heating by energetic ions as a function of

normalised net power to the main species.

As Tz/Ti depends nearly linearly on Qi/Q;1o we can show 7z/Ti as function of Az in
figure 9 for Qi/Q1o = 0.1 for all 4 main ion species ("H,”H,*H and “He) that can be used in JET.

For protium ('H) and tritium as main species, temperature differences between impurities
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beyond "Li are below 2% and below 1% for deuterium and “He as main species

for Qi/Q110 < 0.1. This is good news, as the impurity temperatures in JET are generally
determined from combinations of spectral line measurements of ions with Az > 7. This results
shows, that for Az > 7 the assumption of equal impurity temperature holds to well below the
measurement errors. For carbon, neon, argon and nickel in particular, the temperature ratio is
well approximated by 7z/Ti = 1 + 0.5.0i/Q\10. This allows multi-line spectral fits for more than
one simultaneously measured lines, e.g. the 2°C>* n = 8 — 7 charge exchange line at 529 nm
and *°Ne®" n = 11 — 10 charge exchange line at 525 nm. Furthermore, composite impurity
temperature profiles can be produced with local measurements using these elements, as shown in
figure 1 (solid black line). The underlying main ion temperature can then be calculated using
equation (18) (broken grey line). For practical calculations using the analytical solution, we
iterate a few times, applying equation (17) (rather than equation (18)) to the

resulting 7i (7z being measured) from the previous iteration, i.e. taking into account the changes
in Oz; and Qie at each step. This process converges in a few iterations for typical impurity
concentrations (~1%) and can take ~40 steps for large impurity concentrations (figure 10) for
deuterium main ions and fixed (Qi + Qz)/Q110 = 0.1, where Q1 is calculated for the total

main + impurity ion density and neglecting Qie and Qz..
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Figure 9. Impurity-to-main ion temperature ratios from equation (18) (trace impurity limit),
assuming a = 1 for Qi/Q;;o = 0.1 for main species protium (top left), deuterium (top right),

tritium (bottom left) and *He (bottom right) for the same impurity species as in figure 8.
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Figure 10. Sensitivity of 7z/Tp, to the impurity concentration at fixed ion heating power and
(Oi + Q2)/Q110 = 0.1.

We note from figure 10 that the trace impurity approximation is a good approximation for the
impurity concentrations typical for JET-ILW, which generally satisty Znz/ne < 0.1.

Generally, as the main ion temperature is only a few % below the measured impurity
temperature, correcting for the difference has only a small effect on the calculated fusion rates. A
more significant, albeit still modest correction can be necessary in high power discharges, like
those under development for future D-T experiments in JET [1]. Sadly, as in JET 7z only
exceptionally exceeds 77 by 10% or so in the plasma core, the predictions here are impossible to
verify experimentally, given the uncertainties of ion temperature measurements (>10% for each
species in the plasma core). Differences exceeding 20% can occur in tritium plasmas between
trittum and and hydrogen minority ions, as seen in figure 9, however even this would be
challenging to measure and would require not using H minority ICRH. Larger and potentially
measurable relative differences between 77 and 7z may be expected in small devices like TCV
[34] at low density (~2 . 10”m3) which may achieve Qi/Q;;o ~ 0.3. Conversely, in the ITER

baseline scenario [35], the heating power density is relatively modest. As a result, we
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expect Qi/Q1,0 and consequently (7z — Ti)/Ti to be no larger than a few %. We conclude this
paragraph by noting that a similar algorithm, albeit not providing explicit species dependencies,

has been developed for TRANSP [36, 37].

3.2. Iterative solution

An alternative to the analytical solution is provided by a direct iterative procedure, evaluating the
full power balance for Oz (equation (15)) over the radial profiles at each step without the
approximations made in section 3.1.

T7(p) = OTi(p) is obtained analytically for the first step or as the result of the previous step. At

each step n, the following equations are evaluated:

"Q: = al"0"Q; equation (10(n))

"Qii = Q:i("0, ...) equation (2¢(n)) from equipartition

"Qi = Qi) + Qul"0,..) = Qiel..) equation (1a(n));

A second evaluation for Qz; is obtained from power balance:

"0 = Qu() — Q:("0,.) — Qe(", ) equation (1b(n)

The aim for the iterative procedure is to provide a match of Q. and @i, This is achieved by

adjusting @ for the next step until ‘_ Quirt Q;;‘ <0,

. (:JQ:E _HQ.'E}

ir+]H — ] +‘
( FIQ:‘.

_:I"H1 {En}

where ¢ is a small number; ¢ ~ 0.02 is found to be suitable. This process converges in about 50
steps. The same procedure is used when 7% is given and 77 is to be evaluated.

Figure 11 shows an example from a low density deuterium H-mode pulse with {ne)

=2.5.10"Ym>3 and Pxg = 15 MW. This is one of the cases where the value
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of 6 = T,(0)/Ti(0) > 1.05 was obtained for a JET-ILW plasma. Figure 12 shows the terms of the
impurity power balance for carbon, which was the impurity used for CXS analysis, based on heat
source deposition calculated using ASCOT [11] directly from temperature and density profiles in
JETPEAK. beryllium and carbon were the two main light impurities, however their densities
from CXS were not available. For the case in figures 11 and 12 we have therefore assumed that
carbon was the only impurity present, with a concentration cz = nz/ne = 1.7% inferred

from Zyg = 1 + Z(Z — 1) cz = 1.5, as measured using visible bremstrahlung. (As noted in

section 3.1, the inferred temperature ratio is insensitive to the impurity density).
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Figure 11. Profiles from pulse 87343: electron temperature 7e (blue), carbon impurity
temperatures (black symbols for raw data with error bars, black continuous for fit (7iy,), broken

grey for the inferred underlying main ion temperature (7p,;,) using the iterative procedure. Also
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shown (green broken line) is the 'equipartition ion temperature' 7i.q assuming that 7% of the ion

source power calculated using ASCOT is transferred to the electrons by thermal equipartition.
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Figure 12. Iterative impurity power balance calculation for the case in figure 11. Heat source to
the impurities Oz, (black), impurity-main ion thermal equipartitional power nQz; (continuous
green line), net impurity conducted power nQz and impurity-electron thermal equipartional

power nQz.. The initial states are left superscripted with 1. Oz, (blue) varies little during the

iteration.

Figure 12 shows the intial and final stages of the iteration for Oz and Qz; labelled with left
superscripts 1 and n respectively. The initial value of Oz is zero. By the last iteration, Qz/Qz is

in the range 0.14 (core)-0.22 (near the LCFS), i.e. only a small fraction of the source power to
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the impurities remains for heat conduction through the impurity channel. This is typical for the
whole database and is in stark contrast with the electron-ion power balance, where the ion—
electron thermal exchange is generally a small fraction of the ion source power. In the example

of figure 11, Qie/Qis 1s only ~7%, as Ti(p) = Tiq(0.07, p) over most of the cross section.

Figure 13 shows that the iterative and analytical solutions for & = 7,(0)/7i(0) are within 0.005 of
each other. The analytical solution was iterated 5 times as stated in section 3.1. The calculations
are based on heat deposition calculated using ASCOT [11] using profiles from JETPEAK. The
near-equality of the iterative and the analytical solutions also hold for PENCIL/PION [9, 10]
based power deposition calculations. The iterative solution was developed first and the analytical
one was devised as a cross-check. With hindsight and given the uncertainties on

the 7i measurements and those of the underlying assumptions (equations (10) and (11)) we can

can state that the simpler and more robust analytical solution is satisfactory for routine use.
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Figure 13. Comparison for four different positions (p = 0.1,0.3,0.5 and 0.8) of the ratio of

impurity to main ion temperature from the analytical and the iterative method.
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As in the case of ion—electron equipartition, for usage in time-dependent transport analyses, we
need to keep in mind that the time derivatives of the impurity ion energy density owz/0t was set
to zero in equations (1) and (2) and hence should only be used if | owz/ot | < gz;, or
equivalently, if the time scale for impurity-main ion equipartition 7z; = | wz/qz; | is well

below wi/ | Owi/0t) | . Due the strong ion-impurity coupling zz; << zie. In JET, 7z; ranges from
about 1073 to 1072 s, depending on Ti, ni and the ion species involved, which is significantly
shorter than JET confinement time zg. In JET 7z/7g, with 7z; evaluated for plasma core parameters
and z = 6, is always well below 0.02. Hence the above time-independent analysis for ion-

impurity equipartition can also be applied to transients evolving at confinement time scales.

However we note that in JET, unfortunately, ion and impurity temperature measurements with a

time resolution comparable to 7z; are not generally available.

3.3. Mixed main ion plasmas

This paper would be incomplete without addressing the question of impurity to main ion
temperatures in the case of mixed main species plasmas, as those expected for the planned DT
campaign in JET. We treat the problem analytically, essentially retracing the steps that lead to

equation (17) with two impurity-main ion heat exchange terms instead of just one:
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Here m and n are subscripts for the two main species and = = (A"

The terms in equation (21) can be regrouped to yield
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where Q1 is defined in equation (16) and calculated for the total main ion

density ni = nm + nn and

(Azn i + Az "n}ﬂu _ (A My + Azy 11y)
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(23a) and (235)

A=

The impurity power balance equation can now be written as

T. n. mEl A, A

S vy L W : e 9{2,4}
Solving for 7z/Tm yields
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when Om, can be neglected (Om. < Om generally), the difference of the power balance
equations for ions m and n and equation (11) for ions n and m, provides a solution for Om, which

is used to evaluate equation (25):
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The ratio 7z/Tp is shown in figure 14 for a deuterium—tritium mixture with

0 < np/(np + nr) < 1 and Qi/Q110 = 0.1, with both Qi and Q¢ evaluated for the total ion
density. Unsurprisingly, 7z/Tm in mixed isotope plasmas assumes values intermediate between
those of single isotope plasmas. Qi/Q119 = 0.1 is representative for the core of scenario plasmas

under preparation for the planned JET D-T campaign [1]. We do not expect a significant effect
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of the difference between the deuterium and tritium temperatures on the fusion reactivity, as for a
given ion heating power and in the absence of isotope effects on confinement, the average main

ion temperature is likely to be virtually the same as the main ion temperature in a single species

plasma.
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Figure 14. 7z/Tp in deuterium—tritium mixtures for Qi/Q;1o = 0.1 (trace impurity approximation

for all species except 7"and D).

4. Conclusions

The difficulties in measuring the ion temperature profile in JET-ILW have spurred several
remedial actions, one of which is based on a thorough analysis of the ion and impurity power
balances. We have shown how a thorough electron-ion power balance can help identifying
erroneous plasma temperature measurements, such that the thermal equipartition power would
exceed the available power. In many cases at high collisionality, where the source powers do not
allow sustaining significant temperature differences, this is sufficient to obviate the need of an

ion temperature measurement if an electron temperature measurement is available. Moreover



potentially erroneous measurements in which ion—electron equipartition exceeds about 40% can
be flagged for deeper scrutiny, as such cases are rare in the database. We observe that the
measured ion temperatures are often close to a ficticious ion temperature profile such that ratio
of equipartition to ion heat source Qie/Qis is constant over the plasma cross section. This
observation could be used to complete ion temperature profiles which are measured on too few

radial locations for interpolation.

We find, not unexpectedly, that the ion-impurity temperatures differences are usually small due
to strong thermal equipartition between ion species. However, they can approach 10% in low
density, high power discharges in JET, including some of the high fusion yield scenarios under
development for the planned JET deuterium—tritium campaign DTE2 [1]. In those cases the
corrections to the fusion yield stemming from a slightly lower main ion temperature, while
modest, are no longer negligible. An important outcome of our analysis is that temperature
differences between impurity species are always much smaller than between the impurities and
hydrogenic species and can generally be neglected, allowing a single composite impurity
temperature profile to be defined based on the temperature measurements from more than one
impurity species. From this impurity temperature the underlying main ion temperature can be
inferred using one of the procedures described in section 3.1. For this purpose the analytical

approach (section 3.1) is found to be adequate and simpler than the iterative one (section 3.2).
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Annex 1. The JETPEAK analysis and modelling environment

JETPEAK, which underpins the analysis presented in this paper, is a flexible multi-purpose
collaborative analysis and modelling environment for JET data built around a stationary state
database (the JETPEAK database). It is available in both Matlab and Python and is suitable for a
large variety of investigations, such as confinement and transport studies e.g. density peaking
surveys [44]. It obtained its name from the fact that the first investigations performed were on

density peaking in JET [38-41].

From 2013 the number available variables was considerably expanded in the course of a study of
the neutron deficit' [19] and thereafter. The variables were organised in thematic structures
('dictionaries' in Python) such as 'EFIT', containing the results of the EFIT equilibrium code,
'EL', containing electron temperature and density profiles (both measured and fitted onto a
standard grid) from the available diagnostics, TON' containing ion temperature, rotation and
density profiles, etc for other diagnostics. Results from power deposition codes (PENCIL, PION,
ASCOT) have their own structures, as do the results of the power balance modelling presented in
this paper. 'SAMPLE' is a special structure containing, for each sample the JET pulse number
(SAMPLE.SHOT), the time window (SAMPLE.TWIN) over which sample data are averaged as
well as experiment identifiers (e.g. SAMPLE.SERIAL) and indices of subsets of interests, e.g.
subsets used for particular investigations and publications. At the time of writing JETPEAK has

more than 9000 samples, of which 1864 are from JET-C post 1999 and over 1000 variables in
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approximately 20 structures. These numbers are growing, as for every discharge of current and
upcoming JET campaigns, samples (at least one for each discharge of interest) are added to the

database. Inclusion of a set of pre-2000 JET data is also planned.

Some structures are available only for a small fraction of JETPEAK samples. Instead of being
padded with NaN's ('Not a Number') when no data are available, these have a number of samples
equal to those for which data are available, but each of these has an index linking it to the main
database. Such structures are only loaded into the JETPEAK workspace when required and are

dubbed 'JETPEAK satelites'.

Sample time windows have so far been visually selected as stationary phases using more than a
dozen signals from the JET pulse file system. An automatic system intended for data mining of
stationary state vintage data has also been developed. Following definition of the data in
'SAMPLE' a sequence of routines loads those data which originate directly from the JET pulse
files into the structures. It is followed by processing steps which include mapping and fitting the
raw profiles onto a standard grid, as shown in figures 1, 6 and 11 and the power balance
calculations described in the present paper using PENCIL or PION. This is followed by
launching ASCOT Monte-Carlo simulations for power deposition [12, 43]. Because only single
samples are calculated (rather than entire discharges with many time points), these ASCOT runs
can be executed between consecutive JET pulses during the experimental sessions. The results

are subsequently written back into JETPEAK under the structure 'ASCOT".

The future development of JETPEAK will have to include core radiation losses in order to be

able to complement the ion power balance treated here with an electron power balance, as well a
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further spectroscopy data to better identify the impurity ions in the plasma. An integration of of
edge and divertor data is highly desirable and may help in understanding the relationships

between the plasma core behaviour and edge conditions.

JETPEAK, as a collaborative project [45], is available to JET contributors (Coordinators:

henri.weisen@alumni.epfl.ch and paula.siren@vtt.f1).

Annex 2. Application example for ion temperature profile reconstruction

One of the difficulties of plasma modelling in JET-ILW up to now has been the paucity of ion
temperature profile data. This is especially painful for modelling codes that have to be used in
the control room between subsequent discharges, as for these there is no satisfactory alternative
to assuming 7Ti(p) = Te(p) or Ti(p) = ciTe(p), where ci is an arbitrary constant. However, two
diagnostics are generally available, namely the edge charge exchange diagnostic introduced in

264
the main text and a line averaged ion temperature from a Ni

line measured using a high
resolution crystal spectrometer [8]. The latter provides a core-weighted measurement with a
maximum of emission calculated using the coronal equilibrium model [46] and radially constant

Ni density to be in the region of 0.25 < px < 0.4 and an emission half-width 0.15 < Apx < 0.3,

depending on the electron temperature profile. This diagnostic provides reliable data

1]

for Te(px) > 3 keV typically, when the N charge state is sufficiently prevalent.

For Te(px) > 4 keV, the statistical spectral line fitting errors on {7yi.) are generally lower

27+
than 6%. (For Te(px) > 6 keV N will also be used following a recent upgrade).


https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#nfab6307bib045
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#nfab6307bib008
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#nfab6307bib046

Unfortunately, for those samples for which reliable 7z profiles are available from the core charge

exchange system, {Tnis:? , overshoots TZ(px) by a margin exceeding the error bars on both

systems as seen in figure B1.
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the Vi spectral line. The symbols refer to different ranges for the relative error A {7Tyizs+) / €

Tnize:? -

The reasons for this discrepancy are likely to include at least three effects, namely a departure of
the Ni density profile from radially constant due to a neoclassical inward drift and centrifugal

effects [47, 48], as these plasmas are rotating as a result of momentum injection by the NBI and
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the effect of rotational shear, which causes a broadening of spectral line profile due to the
superposition of lines with different Doppler shifts. These effects may be amenable to modelling,
however such modelling is likely to be cumbersome and unlikely to be of use when data need to

be rapidly available.

Instead we note that 7Z(px) from charge exchange, which is localised, largely unaffected by
rotation and by the ionisation equilibrium (low to medium Z species are always very close to

fully ionised in the JET core plasma) can be successfully regressed using only data from

-

the Vi line measurement, which also includes a line averaged measure of plasma rotation
frequency {wnine+? and Te(px). This regression, based on the best available CXS and x-ray

spectroscopy data is shown on figure B2 together with the fit coefficients (b), their errors (0b),

their statistical significance (STS) and normalised relevance (STR) [49].
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Figure B2. Linear regression of charge exchange impurity temperature using the
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measured Vi temperature, rotation and 7e. The symbols refer to classes of relative statistical

error of the Ni™2° line fit.

The standard deviation of this regression is near 500 eV, which is comparable to the errors
expected for the core CXS system. The regression coefficients are used to provide a corrected
impurity temperature at px, from which fi is inferred. Assuming that /7 is radially constant, the
whole 7%z profile can be calculated using the power balance analysis presented in section 2. An
example profile is shown in figure B3. In this case it was not possible to get 7z from CXS

for p < 0.4 and data quality is dubious as 7z/Te appears to rise from near 1 for the innermost
measurement point to 1.4 at p = 0.85. The regressed 7Z(px) in this case is seen to correspond
to fi = 0.135. In order to determine 7,,;, (magenta), the deuterium temperature, the correction
for the main ion temperature was applied following the procedure described in section 3. This
correction only results in a ~3% reduction with respect to the inferred impurity temperature in

the core.
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Figure B3. Main ion temperature profile (magenta) determined from the
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measured Vi temperature and the power balance method, assuming fi = const.

Remarkably, the temperature profile so obtained provides an excellent fit for the impurity
temperature from the edge CXS system. While somewhat perplexing, this is no coincidence, as
seen in figure B4 for all available samples for which A {Txize+? / {Tnie+? < 0.15and A {TZ
> / {TZ) < 0.15 from edge CXS. CXS data are plotted in red for p,, = 0.6 (core CXS)

and pyo1 = 0.9 (edge CXS) with their statistical error bars for Tz. Also shown in figure B4 is the
local electron temperature Te in blue. The errors on 7z derived from {Tyi:) are for the most
part a combination of those on  {7Tyix:? (<15% by selection) and the regression errors (~10%,

see figure B2). Errors on Qi resulting from uncertainties in the magnetic geometry and


https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#nfab6307fFB4
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#nfab6307fFB4
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#nfab6307fFB2

deposition model (here PENCIL/PION [9, 10]) or total power mostly affect the vicinity of the
magnetic axis and are relatively unimportant at the positions shown. To lowest order an error
in Qi does not lead into an error on 7z from power balance, but instead leads to an

inconsequential error on fi.
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Figure B4. Comparison (red symbols with error bars) of the measured impurity

temperature 7z from the core CXS system at p = 0.6 (a) and the edge CXS system at p = 0.9 (b)

-

with 7z obtained from a spectral line fit of the Ni™" line using a high resolution crystal
spectrometer combined with a power balance analysis. The electron temperature at the same

positions is shown as blue crosses.
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These results shows that, provided a single quality measurement point in the plasma core region
is available, the entire ion temperature profile can be reconstructed for largely all JET conditions
represented in the JETPEAK database, as fi(p) appears to be radially close to constant. This may
be due to JET plasma transport being dominated by ITG modes and may not be the case in other
turbulence regimes (as are encountered in other devices), such as TEM's and ETG's. In particular
we would expect fi to be spatially dependent in plasmas where different types of transport
coexist in different parts of the plasma, e.g. in plasmas with internal transport barriers (ITB's), as
e.g. modelled in [30]. These are not represented in the JETPEAK database, as ITB's in JET are
usually too short-lived and too non-stationary to be included into JETPEAK. The analysis could
accommodate a radial dependence of fi, provided that more than a single local measurement is
available. The ion temperature profiles reconstructed using the crystal spectrometer
measurements and power balance analysis are currently used a surrogates for unavailable CXS
profiles for intershot modelling using the ASCOT and AFSI Monte-Carlo codes [12, 43]. For
high power discharges with 7i > Te, this is far more satisfactory than simply

assuming 7i = Te or using arbitrary multipliers for 7e.


https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#nfab6307bib030
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#nfab6307bib012
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#nfab6307bib043

References

[1]

Joffrin E. et al 2019 Nucl. Fusion 59 112021

10PscienceGoogle Scholar

[2]

Matthews G.F. et al 2013 J. Nucl. Mater. S2—10

Google Scholar

[3]

Giroud C. et al 2008 Rev. Sci. Instrum. 79 525

CrossrefGoogle Scholar

[4]
Carr M. et al 2017 Proc. of the 44th EPS Conf. (Belfast, UK, 26-30 June 2017) p O5.130

(http://ocs.ciemat.es/EPS2017PAP/pdf/O5.130.pdf)

Google Scholar

[3]

Hawkes N.C. et al 2018 Rev. Sci. Instrum. 89 10D529

CrossrefGoogle Scholar

[6]

Grierson B.A. et al 2012 Rev. Sci. Instrum. 83 10D529


https://iopscience.iop.org/article/10.1088/1741-4326/ab6307
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib001
https://iopscience.iop.org/0029-5515/59/11/112021
https://scholar.google.com/scholar?q=Joffrin+E.+et+al+2019+Nucl.+Fusion+59+112021
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib002
https://scholar.google.com/scholar?q=Matthews+G.F.+et+al+2013+J.+Nucl.+Mater.+S2%E2%80%9310
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib003
http://dx.doi.org/10.1063/1.2974806
https://scholar.google.com/scholar?q=Giroud+C.+et+al+2008+Rev.+Sci.+Instrum.+79+525
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib004
http://ocs.ciemat.es/EPS2017PAP/pdf/O5.130.pdf
https://scholar.google.com/scholar?q=Carr+M.+et+al+2017+Proc.+of+the+44th+EPS+Conf.+(Belfast,+UK,+26%E2%80%9330+June+2017)+p+O5.130+(http://ocs.ciemat.es/EPS2017PAP/pdf/O5.130.pdf)
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib005
http://dx.doi.org/10.1063/1.5037639
https://scholar.google.com/scholar?q=Hawkes+N.C.+et+al+2018+Rev.+Sci.+Instrum.+89+10D529
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib006
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2019&aulast=Joffrin&aufirst=E.+et+al&issn=0029-5515&volume=59&issue=11&artnum=112021&stitle=Nucl.+Fusion
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2013&aulast=Matthews&aufirst=G.F.+et+al&issn=0022-3115&spage=S2&stitle=J.+Nucl.+Mater.
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&id=doi:10.1063/1.2974806&genre=bookitem&date=2008&aulast=Giroud&aufirst=C.+et+al&volume=79&spage=525&title=Rev.+Sci.+Instrum.
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=bookitem&date=2017&aulast=Carr&aufirst=M.+et+al&spage=O5.130&title=Proc.+of+the+44th+EPS+Conf.
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&id=doi:10.1063/1.5037639&genre=article&date=2018&aulast=Hawkes&aufirst=N.C.+et+al&volume=89&artnum=10D529&stitle=Rev.+Sci.+Instrum.

CrossrefGoogle Scholar

[7]
Delabie E. et al 2017 Proc. of the 44th EPS Conf. (Belfast, UK, 26—30 June 2017) P5.140

(http.://ocs.ciemat.es/EPS2017PAP/pdf/P4.159.pdf)

Google Scholar

[8]

Shumack A.E. 2014 Rev. Sci. Instrum. 85 11E425

CrossrefGoogle Scholar

[9]

Challis C.C. et al 1989 Nucl. Fusion 29 563

10PscienceGoogle Scholar

[10]

Mantsinen M.J. et al 1999 Plasma Phys. Control. Fusion 41 843

10PscienceGoogle Scholar

[11]

Hirvijoki E. et al 2014 Comput. Phys. Commun. 185 131021

CrossrefGoogle Scholar

[12]

Sirén P. et al 2019 Fusion Eng. Des. 147 1587


http://dx.doi.org/10.1063/1.4739239
https://scholar.google.com/scholar?q=Grierson+B.A.+et+al+2012+Rev.+Sci.+Instrum.+83+10D529
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib007
http://ocs.ciemat.es/EPS2017PAP/pdf/P4.159.pdf
https://scholar.google.com/scholar?q=Delabie+E.+et+al+2017+Proc.+of+the+44th+EPS+Conf.+(Belfast,+UK,+26%E2%80%9330+June+2017)+P5.140+(http://ocs.ciemat.es/EPS2017PAP/pdf/P4.159.pdf)
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib008
http://dx.doi.org/10.1063/1.4891182
https://scholar.google.com/scholar?q=Shumack+A.E.+2014+Rev.+Sci.+Instrum.+85+11E425
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib009
https://iopscience.iop.org/0029-5515/29/4/002
https://scholar.google.com/scholar?q=Challis+C.C.+et+al+1989+Nucl.+Fusion+29+563
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib010
https://iopscience.iop.org/0741-3335/41/7/301
https://scholar.google.com/scholar?q=Mantsinen+M.J.+et+al+1999+Plasma+Phys.+Control.+Fusion+41+843
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib011
http://dx.doi.org/10.1016/j.cpc.2014.01.014
https://scholar.google.com/scholar?q=Hirvijoki+E.+et+al+2014+Comput.+Phys.+Commun.+185+1310%E2%80%9321
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib012
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&id=doi:10.1063/1.4739239&genre=article&date=2012&aulast=Grierson&aufirst=B.A.+et+al&volume=83&artnum=10D529&stitle=Rev.+Sci.+Instrum.
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=bookitem&date=2017&aulast=Delabie&aufirst=E.+et+al&spage=P5.140&title=Proc.+of+the+44th+EPS+Conf.
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&id=doi:10.1063/1.4891182&genre=article&date=2014&aulast=Shumack&aufirst=A.E.&volume=85&artnum=11E425&stitle=Rev.+Sci.+Instrum.
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=1989&aulast=Challis&aufirst=C.C.+et+al&issn=0029-5515&volume=29&issue=4&spage=563&artnum=002&stitle=Nucl.+Fusion
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=1999&aulast=Mantsinen&aufirst=M.J.+et+al&issn=0741-3335&volume=41&issue=7&spage=843&artnum=301&stitle=Plasma+Phys.+Control.+Fusion
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&id=doi:10.1016/j.cpc.2014.01.014&genre=article&date=2014&aulast=Hirvijoki&aufirst=E.+et+al&issn=0010-4655&volume=185&spage=1310&stitle=Comput.+Phys.+Commun.

CrossrefGoogle Scholar

[13]

Pasqualotto R. 2004 Rev. Sci. Instrum. 75 3891

CrossrefGoogle Scholar

[14]

Maslov M. et al 2013 JINST 8 C11009

10PscienceGoogle Scholar

[15]

Wesson J. 2004 Tokamaks (Oxford: Clarendon) ch 2

Google Scholar

[16]
Huba J.D. 2013 NRL Plasma Formulary

(http://library.psfc.mit.edu/catalog/online_pubs/NRL FORMULARY 13.pdf)

Google Scholar

[17]

Maggi C.F. et al 2018 Plasma Phys. Control. Fusion 60 014045

10PscienceGoogle Scholar

[18]


http://dx.doi.org/10.1016/j.fusengdes.2019.02.134
https://scholar.google.com/scholar?q=Sir%C3%A9n+P.+et+al+2019+Fusion+Eng.+Des.+147+1587
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib013
http://dx.doi.org/10.1063/1.1787922
https://scholar.google.com/scholar?q=Pasqualotto+R.+2004+Rev.+Sci.+Instrum.+75+3891
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib014
https://iopscience.iop.org/1748-0221/8/11/C11009
https://scholar.google.com/scholar?q=Maslov+M.+et+al+2013+JINST+8+C11009
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib015
https://scholar.google.com/scholar?q=Wesson+J.+2004+Tokamaks+(Oxford:+Clarendon)+ch+2
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib016
http://library.psfc.mit.edu/catalog/online_pubs/NRL_FORMULARY_13.pdf
https://scholar.google.com/scholar?q=Huba+J.D.+2013+NRL+Plasma+Formulary+(http://library.psfc.mit.edu/catalog/online_pubs/NRL_FORMULARY_13.pdf)
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib017
https://iopscience.iop.org/0741-3335/60/1/014045
https://scholar.google.com/scholar?q=Maggi+C.F.+et+al+2018+Plasma+Phys.+Control.+Fusion+60+014045
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib018
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&id=doi:10.1016/j.fusengdes.2019.02.134&genre=article&date=2019&aulast=Sir&#233;n&aufirst=P.+et+al&issn=0920-3796&volume=147&spage=1587&stitle=Fusion+Eng.+Des.
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&id=doi:10.1063/1.1787922&genre=bookitem&date=2004&aulast=Pasqualotto&aufirst=R.&volume=75&spage=3891&title=Rev.+Sci.+Instrum.
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2013&aulast=Maslov&aufirst=M.+et+al&issn=1748-0221&volume=8&issue=11&artnum=C11009&stitle=JINST
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=bookitem&date=2004&aulast=Wesson&aufirst=J.&title=Tokamaks
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=bookitem&date=2013&aulast=Huba&aufirst=J.D.&title=NRL+Plasma+Formulary
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2018&aulast=Maggi&aufirst=C.F.+et+al&issn=0741-3335&volume=60&issue=1&artnum=014045&stitle=Plasma+Phys.+Control.+Fusion

Weisen H. et al 2018 Isotope dependence of confinement in JET-ILW deuterium and hydrogen
plasmas Preprint: 2018 IAEA Fusion Energy Conf. (Gandhinagar, India, 22—27 October
2018) EX/P1-4

(https://nucleus.iaea.org/sites/fusionportal/Shared%20Documents/FEC%202018/fec201 8-

material/material(0370.pdf)

Google Scholar

[19]

Weisen H. et al 2017 Nucl. Fusion 57 076029

10PscienceGoogle Scholar

[20]

Meneghini O. et al OMFIT Equilibrium Fittings (https://omfit.io/modules/mod EFIT.html)

Google Scholar

[21]

TEQ code (https://w3.pppl.gov/~pshare/help/body transp_hip.html#outfile8S8.html)

Google Scholar

[22]
Breslau J., Gorelenkova M., Poli F., Sachdev J. and Yuan X. 2018 TRANSP. Computer Software.
USDOE Office of Science (SC), Fusion Energy Sciences (FES) (SC-24)

(https://doi.org/10.11578/dc.20180627.4)

Google Scholar



https://nucleus.iaea.org/sites/fusionportal/Shared%20Documents/FEC%202018/fec2018-material/material0370.pdf
https://nucleus.iaea.org/sites/fusionportal/Shared%20Documents/FEC%202018/fec2018-material/material0370.pdf
https://scholar.google.com/scholar?q=Weisen+H.+et+al+2018+Isotope+dependence+of+confinement+in+JET-ILW+deuterium+and+hydrogen+plasmas+Preprint:+2018+IAEA+Fusion+Energy+Conf.+(Gandhinagar,+India,+22%E2%80%9327+October+2018)+EX/P1-4+(https://nucleus.iaea.org/sites/fusionportal/Shared%2520Documents/FEC%25202018/fec2018-material/material0370.pdf)
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib019
https://iopscience.iop.org/0029-5515/57/7/076029
https://scholar.google.com/scholar?q=Weisen+H.+et+al+2017+Nucl.+Fusion+57+076029
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib020
https://omfit.io/modules/mod_EFIT.html
https://scholar.google.com/scholar?q=Meneghini+O.+et+al+OMFIT+Equilibrium+Fittings+(https://omfit.io/modules/mod_EFIT.html)
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib021
https://w3.pppl.gov/~pshare/help/body_transp_hlp.html#outfile88.html
https://scholar.google.com/scholar?q=TEQ+code+(https://w3.pppl.gov/~pshare/help/body_transp_hlp.html#outfile88.html)
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib022
https://doi.org/10.11578/dc.20180627.4
https://scholar.google.com/scholar?q=Breslau+J.,+Gorelenkova+M.,+Poli+F.,+Sachdev+J.+and+Yuan+X.+2018+TRANSP.+Computer+Software.+USDOE+Office+of+Science+(SC),+Fusion+Energy+Sciences+(FES)+(SC-24)+(https://doi.org/10.11578/dc.20180627.4)
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=bookitem&date=2018&aulast=Weisen&aufirst=H.+et+al&spage=EX/P1-4&title=Isotope+dependence+of+confinement+in+JET-ILW+deuterium+and+hydrogen+plasmas
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2017&aulast=Weisen&aufirst=H.+et+al&issn=0029-5515&volume=57&issue=7&artnum=076029&stitle=Nucl.+Fusion
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=bookitem&aulast=Meneghini&aufirst=O.+et+al&title=OMFIT+Equilibrium+Fittings
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=bookitem&date=2018&aulast=Breslau&aufirst=J.&title=TRANSP.+Computer+Software.+USDOE+Office+of+Science+(SC),+Fusion+Energy+Sciences+(FES)+(SC-24)

[23]
Horton W. 2012 Turbulent Transport In Magnetized Plasmas 2nd edn (Singapore: World

Scientific)

CrossrefGoogle Scholar

[24]

Casati A. 2008 Phys. Plasmas 15 042310

CrossrefGoogle Scholar

[25]

Sommer F. 2012 Nucl. Fusion 52 114018

10PscienceGoogle Scholar

[26]

Barion Navarro A. 2015 Phys. Plasmas 22 042513

CrossrefGoogle Scholar

[27]

Ho A. et al 2019 Fusion 59 056007

10PscienceGoogle Scholar

[28]

Bonanomi N. et al 2018 Nucl. Fusion 58 124003

10PscienceGoogle Scholar



https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib023
http://dx.doi.org/10.1142/8362
https://scholar.google.com/scholar?q=Horton+W.+2012+Turbulent+Transport+In+Magnetized+Plasmas+2nd+edn+(Singapore:+World+Scientific)
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib024
http://dx.doi.org/10.1063/1.2906223
https://scholar.google.com/scholar?q=Casati+A.+2008+Phys.+Plasmas+15+042310
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib025
https://iopscience.iop.org/0029-5515/52/11/114018
https://scholar.google.com/scholar?q=Sommer+F.+2012+Nucl.+Fusion+52+114018
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib027
http://dx.doi.org/10.1063/1.4919022
https://scholar.google.com/scholar?q=Ba%C3%B1%C3%B3n+Navarro+A.+2015+Phys.+Plasmas+22+042513
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib028
https://iopscience.iop.org/0029-5515/59/5/056007
https://scholar.google.com/scholar?q=Ho+A.+et+al+2019+Fusion+59+056007
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib029
https://iopscience.iop.org/0029-5515/58/12/124003
https://scholar.google.com/scholar?q=Bonanomi+N.+et+al+2018+Nucl.+Fusion+58+124003
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&id=doi:10.1142/8362&genre=bookitem&date=2012&aulast=Horton&aufirst=W.&title=Turbulent+Transport+In+Magnetized+Plasmas
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&id=doi:10.1063/1.2906223&genre=article&date=2008&aulast=Casati&aufirst=A.&volume=15&artnum=042310&stitle=Phys.+Plasmas
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2012&aulast=Sommer&aufirst=F.&issn=0029-5515&volume=52&issue=11&artnum=114018&stitle=Nucl.+Fusion
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&id=doi:10.1063/1.4919022&genre=article&date=2015&aulast=Ba&#241;&#243;n&aufirst=Navarro+A.&volume=22&artnum=042513&stitle=Phys.+Plasmas
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2019&aulast=Ho&aufirst=A.+et+al&issn=0029-5515&volume=59&issue=5&artnum=056007&stitle=Fusion
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2018&aulast=Bonanomi&aufirst=N.+et+al&issn=0029-5515&volume=58&issue=12&artnum=124003&stitle=Nucl.+Fusion

[29]

Garcia J. et al 2014 Nucl. Fusion 54 093010

10OPscienceGoogle Scholar

[30]

Stix T.H. 1972 Plasma Phys. 14 367

10OPscienceGoogle Scholar

[31]

Hobirk J. et al 2012 Plasma Phys. Control. Fusion 54 095001

10PscienceGoogle Scholar

[32]

Dumont R.J. et al 2018 Nucl. Fusion 58 082005

10PscienceGoogle Scholar

[33]

Coda S. et al 2017 Nucl. Fusion 57 102011

10PscienceGoogle Scholar

[34]

Casper T. et al 2014 Nucl. Fusion 54 013005

10PscienceGoogle Scholar

[35]


https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib030
https://iopscience.iop.org/0029-5515/54/9/093010
https://scholar.google.com/scholar?q=Garcia+J.+et+al+2014+Nucl.+Fusion+54+093010
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib031
https://iopscience.iop.org/0032-1028/14/4/002
https://scholar.google.com/scholar?q=Stix+T.H.+1972+Plasma+Phys.+14+367
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib032
https://iopscience.iop.org/0741-3335/54/9/095001
https://scholar.google.com/scholar?q=Hobirk+J.+et+al+2012+Plasma+Phys.+Control.+Fusion+54+095001
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib033
https://iopscience.iop.org/0029-5515/58/8/082005
https://scholar.google.com/scholar?q=Dumont+R.J.+et+al+2018+Nucl.+Fusion+58+082005
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib034
https://iopscience.iop.org/0029-5515/57/10/102011
https://scholar.google.com/scholar?q=Coda+S.+et+al+2017+Nucl.+Fusion+57+102011
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib035
https://iopscience.iop.org/0029-5515/54/1/013005
https://scholar.google.com/scholar?q=Casper+T.+et+al+2014+Nucl.+Fusion+54+013005
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib036
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2014&aulast=Garcia&aufirst=J.+et+al&issn=0029-5515&volume=54&issue=9&artnum=093010&stitle=Nucl.+Fusion
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=1972&aulast=Stix&aufirst=T.H.&issn=0032-1028&volume=14&issue=4&spage=367&artnum=002&stitle=Plasma+Phys.
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2012&aulast=Hobirk&aufirst=J.+et+al&issn=0741-3335&volume=54&issue=9&artnum=095001&stitle=Plasma+Phys.+Control.+Fusion
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2018&aulast=Dumont&aufirst=R.J.+et+al&issn=0029-5515&volume=58&issue=8&artnum=082005&stitle=Nucl.+Fusion
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2017&aulast=Coda&aufirst=S.+et+al&issn=0029-5515&volume=57&issue=10&artnum=102011&stitle=Nucl.+Fusion
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2014&aulast=Casper&aufirst=T.+et+al&issn=0029-5515&volume=54&issue=1&artnum=013005&stitle=Nucl.+Fusion

Budny R.V. et al 1992 Nucl. Fusion 32 429-47

10OPscienceGoogle Scholar

[36]
McCune D. 1996 SLVTX

(https.//w3.pppl.gov/~pshare/help/body transp _hlp.html#outfile142.html)

Google Scholar

[37]

Weisen H. et al 2004 Plasma Phys. Control. Fusion 46 751

10PscienceGoogle Scholar

[38]

Weisen H. et al 2005 Nucl. Fusion 45 L1

10PscienceGoogle Scholar

[39]

Angioni C. et al 2007 Phys. Plasmas 14 055905

CrossrefGoogle Scholar

[40]

Maslov M. et al 2009 Nucl. Fusion 49 075037

10PscienceGoogle Scholar

[41]


https://iopscience.iop.org/0029-5515/32/3/I07
https://scholar.google.com/scholar?q=Budny+R.V.+et+al+1992+Nucl.+Fusion+32+429%E2%80%9347
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib037
https://w3.pppl.gov/~pshare/help/body_transp_hlp.html#outfile142.html
https://scholar.google.com/scholar?q=McCune+D.+1996+SLVTX+(https://w3.pppl.gov/~pshare/help/body_transp_hlp.html#outfile142.html)
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib038
https://iopscience.iop.org/0741-3335/46/5/003
https://scholar.google.com/scholar?q=Weisen+H.+et+al+2004+Plasma+Phys.+Control.+Fusion+46+751
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib039
https://iopscience.iop.org/0029-5515/45/1/001
https://scholar.google.com/scholar?q=Weisen+H.+et+al+2005+Nucl.+Fusion+45+L1
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib040
http://dx.doi.org/10.1063/1.2515300
https://scholar.google.com/scholar?q=Angioni+C.+et+al+2007+Phys.+Plasmas+14+055905
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib041
https://iopscience.iop.org/0029-5515/49/7/075037
https://scholar.google.com/scholar?q=Maslov+M.+et+al+2009+Nucl.+Fusion+49+075037
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib042
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=1992&aulast=Budny&aufirst=R.V.+et+al&issn=0029-5515&volume=32&issue=3&spage=429&artnum=I07&stitle=Nucl.+Fusion
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=bookitem&date=1996&aulast=McCune&aufirst=D.&title=SLVTX
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2004&aulast=Weisen&aufirst=H.+et+al&issn=0741-3335&volume=46&issue=5&spage=751&artnum=003&stitle=Plasma+Phys.+Control.+Fusion
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2005&aulast=Weisen&aufirst=H.+et+al&issn=0029-5515&volume=45&issue=1&spage=L1&artnum=001&stitle=Nucl.+Fusion
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&id=doi:10.1063/1.2515300&genre=article&date=2007&aulast=Angioni&aufirst=C.+et+al&volume=14&artnum=055905&stitle=Phys.+Plasmas
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2009&aulast=Maslov&aufirst=M.+et+al&issn=0029-5515&volume=49&issue=7&artnum=075037&stitle=Nucl.+Fusion

Weisen H. et al 2012 Nucl. Fusion 52 042001

10OPscienceGoogle Scholar

[42]

Sirén P. et al 2019 JINST 14 C11013

10PscienceGoogle Scholar

[43]
Nunes I. et al 2016 First results from recent JET experiments in Hydrogen and Hydrogen-

Deuterium plasmas Preprint: 2016 IAEA Fusion Energy Conf. (Kyoto, Japan, 17—22 October

2016) (hitps://infoscience.epfl.ch/record/226118/files/Nunes Weisen IAEA_ postdeadline V4.pdf

)

Google Scholar

[44]

JETPEAK Wiki (http://users.eurofusion.org/openwiki/index.php/JETPEAK _DATABASE)

Google Scholar

[45]

Breton C. et al 1978 J. Quantum Spectrosc. Radiat. Transfer 19 367—79

CrossrefGoogle Scholar

[46]

Angioni C. et al 2017 Nucl. Fusion 57 022009

10OPscienceGoogle Scholar



https://iopscience.iop.org/0029-5515/52/4/042001
https://scholar.google.com/scholar?q=Weisen+H.+et+al+2012+Nucl.+Fusion+52+042001
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib043
https://iopscience.iop.org/1748-0221/14/11/C11013
https://scholar.google.com/scholar?q=Sir%C3%A9n+P.+et+al+2019+JINST+14+C11013
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib044
https://infoscience.epfl.ch/record/226118/files/Nunes_Weisen_IAEA_postdeadline_V4.pdf
https://scholar.google.com/scholar?q=Nunes+I.+et+al+2016+First+results+from+recent+JET+experiments+in+Hydrogen+and+Hydrogen-Deuterium+plasmas+Preprint:+2016+IAEA+Fusion+Energy+Conf.+(Kyoto,+Japan,+17%E2%80%9322+October+2016)+(https://infoscience.epfl.ch/record/226118/files/Nunes_Weisen_IAEA_postdeadline_V4.pdf)
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib045
http://users.eurofusion.org/openwiki/index.php/JETPEAK_DATABASE
https://scholar.google.com/scholar?q=JETPEAK+Wiki+(http://users.eurofusion.org/openwiki/index.php/JETPEAK_DATABASE)
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib046
http://dx.doi.org/10.1016/0022-4073(78)90070-5
https://scholar.google.com/scholar?q=Breton+C.+et+al+1978+J.+Quantum+Spectrosc.+Radiat.+Transfer+19+367%E2%80%9379
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib047
https://iopscience.iop.org/0029-5515/57/2/022009
https://scholar.google.com/scholar?q=Angioni+C.+et+al+2017+Nucl.+Fusion+57+022009
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2012&aulast=Weisen&aufirst=H.+et+al&issn=0029-5515&volume=52&issue=4&artnum=042001&stitle=Nucl.+Fusion
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2019&aulast=Sir&#233;n&aufirst=P.+et+al&issn=1748-0221&volume=14&issue=11&artnum=C11013&stitle=JINST
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=bookitem&date=2016&aulast=Nunes&aufirst=I.+et+al&title=First+results+from+recent+JET+experiments+in+Hydrogen+and+Hydrogen-Deuterium+plasmas
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&id=doi:10.1016/0022-4073(78)90070-5&genre=article&date=1978&aulast=Breton&aufirst=C.+et+al&issn=0022-4073&volume=19&spage=367&stitle=J.+Quantum+Spectrosc.+Radiat.+Transfer
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=article&date=2017&aulast=Angioni&aufirst=C.+et+al&issn=0029-5515&volume=57&issue=2&artnum=022009&stitle=Nucl.+Fusion

o [47]
Casson F. et al 2018 Predictive multi-channel flux-driven modelling to optimise ICRH tungsten
control in JET Preprint: 2018 IAEA Fusion Energy Conf. (Gandhinagar, India, 22—27 October
2018) p 0369

(https://nucleus.iaea.org/sites/fusionportal/Shared%20Documents/FEC%202018/fec201 8-

preprints/preprint0369.pdf)

Google Scholar

o [48]
Kardaun O.J.W.F. 2005 Classical Methods of Statistics (Berlin: Springer)

Google Scholar



https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib048
https://nucleus.iaea.org/sites/fusionportal/Shared%20Documents/FEC%202018/fec2018-preprints/preprint0369.pdf
https://nucleus.iaea.org/sites/fusionportal/Shared%20Documents/FEC%202018/fec2018-preprints/preprint0369.pdf
https://scholar.google.com/scholar?q=Casson+F.+et+al+2018+Predictive+multi-channel+flux-driven+modelling+to+optimise+ICRH+tungsten+control+in+JET+Preprint:+2018+IAEA+Fusion+Energy+Conf.+(Gandhinagar,+India,+22%E2%80%9327+October+2018)+p+0369+(https://nucleus.iaea.org/sites/fusionportal/Shared%2520Documents/FEC%25202018/fec2018-preprints/preprint0369.pdf)
https://iopscience.iop.org/article/10.1088/1741-4326/ab6307#fnref-nfab6307bib049
https://scholar.google.com/scholar?q=Kardaun+O.J.W.F.+2005+Classical+Methods+of+Statistics+(Berlin:+Springer)
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=bookitem&date=2005&aulast=Kardaun&aufirst=O.J.W.F.&title=Classical+Methods+of+Statistics
https://iopscience.iop.org/article/10.1088/1741-4326/sfx.ornl.gov/ornl/?sid=IOPP:jnl_ref&genre=bookitem&date=2018&aulast=Casson&aufirst=F.+et+al&spage=0369&title=Predictive+multi-channel+flux-driven+modelling+to+optimise+ICRH+tungsten+control+in+JET

