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Abstract. The radial density profiles of Ne10+ and Ne8+ have been measured with

charge exchange recombination spectroscopy in an H-mode discharge in ASDEX

Upgrade. When trying to fit the data with an impurity transport code that only

takes electronic ionisation and recombination into account, the density of Ne8+ is too

low by more than an order of magnitude indicating that an additional recombination

mechanism must be at work. We ascribe the missing recombination channel to charge

exchange (CX) reactions between neutral deuterium and the impurity ions, which has

long been known to be a very efficient recombination reaction. Including the CX-

reactions yields a good fit of the ionisation balance and delivers the neutral density

profile in the pedestal, which is not known from other diagnostics. Here, the CX-

reactions lead to a change of the ionisation balance on the whole flux surface and

the measurement delivers a flux surface averaged neutral density with the exception

of the region very close to the X-point. Furthermore, it leads to an increase of the

pedestal radiation of neon since the partially ionised stages can emit line radiation.

This amounts to an increase of the radiated power of neon inside of the separatrix by

a factor of 5. A similar analysis was done for argon in an H-mode discharge dominated

by Ar radiation. Only the CX-recombination in the pedestal can explain the radiated

power inside the separatrix, which would be too low by a factor of 2.2 without CX.

In addition, the radiances of VUV lines from many charge stages are much better

fitted when including the CX-recombination. A simple projection of the impact of

CX-recombination to the much hotter ITER pedestals shows that for elements up to

Kr, a beneficial increase of edge radiated power per core radiated power and of radiated

power per central dilution is obtained, while for Xe and especially for W the effect is

weak.
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1. Introduction

The optimisation of radiation losses in the pedestal region of H-mode plasmas is an

important ingredient to tune the power flux across the separatrix in a fusion reactor.

The radiation critically depends on the ionisation balance of the radiating impurity in

this region. This ionisation equilibrium, i.e. the distribution of the abundances of each

ion stage, is determined by the rates for ionisation and recombination and the radial

fluxes and can be calculated with an impurity transport code. It has long been known,

that the charge exchange (CX) reaction of neutral hydrogen with an impurity ion

Az+ + H0 → A(z−1)+ + H+ (1)

is a very effective recombination process in addition to the electronic channels: radiative

and di-electronic recombination, and that even a low fraction of neutral hydrogen

(nH/ne around 10−5) leads to strong modifications of the ionisation balance [1, 2, 3].

However, even though CX into excited levels with high main quantum number n are

needed to account for the radiation due to transitions starting from such states [4, 5]

and are actually the basis for the widely used charge exchange spectroscopy (CXRS)

using fast neutral beams [6], CX-reactions are usually neglected when calculating the

ionisation balance. The main reason for this is that the neutral hydrogen density and

the temperature of the neutrals Tn are not as readily available as ne and Te, but are

needed to compute the respective CX rates.

In this study, the ionisation balance of neon has been assessed in an H-mode

discharge in ASDEX Upgrade by measuring the density of fully ionised and He-like neon

in the confined plasma with CXRS. The measurements and the determination of the

densities will be described in sec.2. In sec.3, an analysis with the 1.5D impurity transport

code STRAHL will show that the ionisation balance without CX yields much too low

densities of the He-like ion stage. Then, the cross sections for CX are introduced and it

is discussed whether CX-recombination in the confined plasma changes the ionisation

balance locally in the region with high neutral density or globally on the whole flux

surface. In the following, the calculation of flux surface averaged neutral density profiles

for the two populations from neutral beam injection and from recycling neutrals is

described and it is shown that the inclusion of CX leads to much better agreement with

the measured densities. This is shown for a case with low deuterium puffing and a case

with a five times higher puff level. In sec.4, the effect of CX on the radiation of neon in

the pedestal of this discharge is evaluated and compared with bolometric measurements.

CX increases the radiated power inside the separatrix by a factor of 5. In sec.5, we study

the effect of CX-reactions on the radiation of argon in an H-mode plasma, in which the

radiation is dominated by argon radiation due to strong Ar puffing. Also here, we see

a strong influence of CX on the ionisation balance which leads to an increase of the

radiated power by a factor of 2.2 and a much better fit of individual argon lines in the

vacuum ultraviolet. A simple projection to the pedestal radiation in ITER is described

in sec.6, where considerably stronger radiation in the pedestal region is found for the
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lighter elements up to krypton, while the radiation from xenon and tungsten is almost

unchanged. Sec.7 summarises the most important findings of this study.

2. Measurement of neon densities

A steady neon puff was applied during the flat top phase of a type-I ELMy H-

mode plasma with plasma current Ip=0.8 MA, toroidal field Bt=2.5 T, heating power

P=7.7 MW, and line averaged density of 7.5×1019 m−3. The radial density profiles of

Ne10+ and Ne8+ were measured from the centre up to the separatrix using the core and

edge systems of the charge exchange recombination spectroscopy (CXRS) at beam 3 of

the neutral beam injection (NBI), which was operated in D at an acceleration voltage

of 60 keV. For Ne10+, the n =11-10 transition of NeX at 524.9nm was used while Ne8+

was measured at the n =10-9 transition of NeVIII at 606.9nm, which is accompanied

by the n =13-11 transition of NeVIII at 606.4nm.

The spectra were taken with four spectrometers labelled CEZ, CAZ, CMZ, and CNZ

in Fig.1, two for each ion. For each ion, one spectrometer was covering the plasma core

with about 20 lines-of-sight and one observed the pedestal region with about 10 lines-

of-sight [7]. All lines-of-sight are oriented in the toroidal direction. During the whole

flat top phase, beam 3 was replaced every 250 ms for a duration of 50 ms by another

beam, which was injected at the opposite side of the torus. This enables a background

subtraction at constant heating power to obtain clean spectra containing only the active

CX-lines. The optical setup of all spectrometers is absolutely calibrated by illuminating

each line-of-sight in the vessel with a calibrated integrating sphere before the start of

the experimental campaign. The discharges were performed in the early phase of the

campaign where degradation of the in-vessel optics is not an issue.

It is difficult to distinguish with CXRS between the He-like Ne8+ ion and the fully

ionised oxygen O8+ since the emission of NeVIII and OVIII are at the same wavelength

and the line-width due to the Doppler broadening differs only by 10%. Therefore,

the discharges were performed directly after a fresh boronisation of the vessel walls in

order to have as low oxygen concentration as possible. Furthermore, the neon puff was

started about 0.6 s after the heating power and D gas puff reached their flat top to

allow for a measurement of the density profile of O8+. Since the data collection of one

of the spectrometers that measured NeX failed during the first discharge #37061, the

discharge had to be repeated. The oxygen measurement is taken from #37061 because

in #37062, there is already some recycling neon present in the plasma before the start

of the neon puff. All neon measurements are from #37062.

The evaluation of the density profile from the radiances of the CX-lines has been

described in detail in a recent paper [8]. Here, we used a modification of the method,

which is called COLRAD in [8]. The first modification is that for oxygen and He-

like neon, the effective charge exchange emission rates are no longer taken from the

ADAS [9] adf12-files, but are treated like most other ions with data files that come from

many evaluations with the ADAS309 code and do not need to be extrapolated (see [8]).
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Figure 1. Measured and fitted radiances of the CX-lines on all lines-of-sights (lower

row) and corresponding density profiles (upper row) for the measurements of fully

ionised neon (left), He-like neon and fully ionised oxygen(middle), and fully ionised

oxygen alone (right).

The corresponding ADAS adf-01 files are qcx#h0 old#o8.dat for charge exchange from

hydrogen in the ground state while for CX from hydrogen in n =2 we interpolated the

existing qcx#h0 en2 kvi#xx.dat-files of the elements from B to Ne to obtain an adf01-

file for oxygen. The second modification is the treatment of the effect that the plasma

parameters including the impurity density vary along the intersection region of neutral

beam and line-of-sight, which is especially important in the strong gradient region in

the H-mode pedestal. Here, we calculated the beam attenuation for a number of pencils

within the beam, such that the local beam densities can be obtained at any point by

interpolation. The density profile of the considered impurity ion was parametrised using

the exponential of an interpolating spline on the normalised poloidal flux coordinate

ρpol. With this spline function, the line-of-sight integral of the local emissivity can

be calculated to obtain the radiance for each chord and allows for a fit of the spline

parameters to achieve best agreement with the measured radiances.

The radiances and the corresponding impurity ion density profiles are shown in

Fig.1 versus ρpol. The left column is for Ne10+, the middle for the sum of Ne8+ and

O8+, and the right column for O8+. The lower row displays the measured radiances

with black symbols for the core spectrometers (CEZ,CAZ) and with red symbols for

the edge spectrometers (CMZ,CNZ). In the plots showing the radiances, ρpol is the

emissivity weighted average flux label, i.e.
∫
ερpoldl/

∫
εdl, where the integrals are along

the line-of-sight in the intersection region with the neutral beam. The line-of-sight effects

are clearly visible in the overlap region between the core and edge systems, where the

edge lines-of-sight are more tangential to the flux surface and see on average a higher

impurity density from the top of the pedestal than the lines-of-sight of the core system

which also pass through regions with lower impurity density down from the pedestal
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top and consequently collect less light. The fitted radiances are shown with circles. The

uncertainty estimate for the radiances is difficult. When assuming a 10% uncertainty

for the radiances plus an offset value for such cases, where very low and very high signal

levels appear on the spectrometer camera as is the case for NeVIII, the normalised χ2-

values of the fit are between 0.4 and 0.9. Thus, there are no systematic deviations in

the absolute calibration of the two spectrometers which measure the same emission line.

The statistical error leads to a relative uncertainty of the impurity ion densities in the

range of 5%.
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Figure 2. The expected radiance of the CX-lines from a number of light ions for equal

impurity ion concentration of 1% for the core lines-of-sight.

Systematic errors due to the used emission rate coefficient might increase the

relative uncertainty when comparing different ions. However, the variation of these rates

is not so large as is demonstrated in Fig.2. Here, the expected radiance for an impurity

ion concentration of 1% is shown for a number of CX-lines of the light elements from B to

Ne using the plasma parameters as are shown below in Fig.7. The radiances differ by at

most 40% between the different ions and the systematic error when comparing two ions

is estimated to be at most 20%. The absolute ion density can have further systematic

errors due to the beam attenuation model, but comparison with the measured beam

emission spectra showed that this error is not more than 15% [8, 10].

In Fig.1, the density profile of the fully ionised oxygen is rather flat up to a certain

radius close to the separatrix and then decays with a strong radial gradient towards the

separatrix. The oxygen concentration is very low, about 2×10−4, as is expected just

after a fresh boronisation. The sum of the densities of Ne8+ and O8+ decreases towards

the core where it remains at a constant density of about 9×1015 m−3 for ρpol <0.4. This

base level cannot come from Ne8+, since Te, which is between 2.5 and 5 keV in this

range, is too high for He-like neon to exist. It must be caused by the fully ionised

oxygen and the densities are in rather good agreement with the oxygen measurement

from #37061, which are at a level of 1.3×1016 m−3 in this range. For the next analysis

step, the oxygen profile from #37061 is scaled such that the mean value for ρpol <0.4

agrees with the densities of the measurement of Ne8+ and O8+ and the difference with
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this scaled oxygen density is then taken as the Ne8+ density. Since the oxygen level is so

low, there are no large errors introduced by this method. In the outer radial region, the

profile of Ne10+ is not as flat as O8+ and significantly decays towards the pedestal top.

This is a consequence of the ionisation balance, since a considerable fraction of neon is

still in the He-like stage and quite possibly also in the not measured H-like stage. The

density of Ne8+ rises towards the edge and has about 2/3 of the density of Ne10+ at the

pedestal top where Te=600 eV and ne=6×1019 m−3.

3. Modelling of the ionisation balance of neon

The ionisation balance of neon has been modelled with the 1.5D-impurity transport code

STRAHL [11]. STRAHL uses the radius r =
√
V/2π2Raxis as its coordinate, where V

is the volume enclosed by the flux surface. STRAHL solves the transport equations of

all ion stages of an impurity where neighbouring ion stages are coupled via ionisation

and recombination reactions. Thus, it accounts for the influence of the radial transport

on the ionisation balance of an impurity. In addition to ionisation and recombination

due to collisions with electrons, charge exchange from neutral deuterium atoms onto

impurity ions will be shown to be another important recombination channel. The cross

sections for this reaction were taken from [12] and are depicted in Fig.3.
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Figure 3. The cross sections for CX from hydrogen in the ground state n=1 and

in the n=2-state with impurities with charge Z =8, 16, and 32 as a function of the

collision energy per atomic mass unit [12]. These cross sections are for CX into all

levels of the receiving ion.

The blue lines in Fig.3 show σcx for CX from hydrogen in the ground state n=1 onto

impurities with charges Z=8, 16, and 32 versus the collision energy per atomic mass

unit. The cross sections scale linearly with the impurity charge and are very weakly

depending on the collision energy up to very high energies before they start to decay.
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The neutral beam heating at ASDEX Upgrade is operated up to an acceleration voltage

of 93 keV when using deuterium and thus, the collision energy is still in the flat region

of the cross sections for n=1 at Ecoll=46.5 keV/amu. The cross sections for hydrogen

in n=2 are only about a factor of 10 larger than the n=1 cross sections. For typical

fractions of excited hydrogen in n=2 of ≈0.5%, the total CX-rates are therefore not

much increased by the excited atoms. The reaction rate coefficients 〈σcx(vn − vimp)〉
scale with the neutral velocity vn since σcx depends so weakly on the collision energy

and vn is usually much larger than vimp. Thus, the rate coefficients are larger by roughly

a factor of
√
Ebeam/kBTn for beam neutrals with energy Ebeam than for thermal neutrals

with temperature Tn.
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Figure 4. The normalised ionisation frequency ν∗ion of neon as defined in eq.(2)

versus the poloidal flux label (see Fig.7 for the plasma parameters). It is below
√
ε

everywhere, indicating that the ionisation balance for trapped and non-trapped ions is

about constant on a flux surface even when the CX-reactions are not constant on the

flux surface.

The neutral deuterium density from the neutral beam injection but also from the

recycling thermal deuterium is certainly not constant on a flux surface in the confined

plasma and it might be that the influence of the CX-reactions on the ionisation balance

is either a local effect in the region of high neutral density or a global effect which

affects the whole flux surface. We define a normalised ionisation frequency ν∗ion by

multiplying the average ionisation rate νion with the characteristic transit time τt which

a non-trapped impurity ion needs to travel the parallel distance L = qR along the flux

surface.

ν∗ion = νionτt = νion
qR

vth
=

∑
z nzν

ion
z∑

z nz
qR

√
mimp

2kBTi
(2)

Here, we averaged the ionisation rates νionz of all ion stages of neon by weighting with

the density nz of the corresponding charge stage. When ν∗ion is much larger than 1, a

recombined ion will quickly re-ionise before travelling an appreciable stretch along the
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flux surface. Then, a local enhancement of the recombination rates only influences the

ionisation balance in the vicinity of the disturbance. However, when ν∗ion is much less

than 1, a local change of the recombination rates changes the ionisation balance on the

whole flux surface. This is the usual case in the presented discharges as can be seen in

Fig.4. The normalised ionisation frequency is not only below 1, but also smaller than the

square root of the inverse aspect ratio ε, which shows that even the ionisation balance

of trapped ions, whose parallel velocity is smaller by ≈
√
ε, does not change on the flux

surface. Thus, we assume for the following, that it is sufficient to take only the flux

surface averages of the neutral densities and the corresponding CX-rates into account

and that a 1.5D transport code is a good approximation for the confined region.

In the region around the X-point the field lines are almost purely toroidal and the

connection length Lcon to the outboard equator is especially long. When using a stricter

x-point version of the normalised ionisation frequency ν∗,xption = νionLcon/vth, it is found

that ν∗,xption of neon becomes larger than 1 for ρpol=0.994 for the equilibrium of Fig.4.

This flux surface has a radial distance ∆rsep=0.7 cm to the separatrix and a vertical

distance of ∆zxpt=10 cm above the lower X-point of this lower single null plasma. Thus,

a large neutral density extending up to a few cm above the X-point will lead to a local

change of the ionisation equilibrium. These neutrals will not be included in our flux

surface average and a calculation of the ionisation equilibrium in this area would require

a 2D model.
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Figure 5. Beam and halo densities for # 37062 at t=7.2-8.5 s from the two NBI sources

(see Fig.7 for the plasma parameters) and the corresponding CX-rates for Ne10+.

The CX-rates due to the neutral beams are prepared by calculating the beam

attenuation with the same code as used for the evaluation of the CXRS measurements

[8]. The resulting beam density profiles just have to be averaged over the corresponding
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flux surfaces and multiplied with the rate coefficients for CX-collisions to obtain the

required flux surface averages. Fig.5 shows the result of this calculation for t =7.2-8.5 s

from #37062. Here, the active beams #3 and #8 with 60 keV and 93 keV acceleration

voltage at an injection power of 2.5 MW each are depicted. The upper graph shows the

evolution of the neutral beam density in the centre of each beam versus ρpol. The red

curves (right y-axis) give the total flux surface averaged neutral density of the beams

and of the thermal halo neutrals. Both curves are peaked in the centre. Even though

the halo densities dominate, they only contribute about 50% to the charge exchange

rate. This is displayed in the bottom graph, where the total CX-rate of Ne10+ and the

part caused by the halo neutrals is shown.
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Figure 6. Radial profiles of the neutral density and the temperature of the recycling

deuterium from a 1D Monte Carlo code for # 37062 at t=7.2-8.5 s (see Fig.7 for the

plasma parameters).

It will be shown below, that the recycling deuterium is by far the main contributor

to the CX-reactions which are needed to explain the ionisation balance of neon in the

pedestal region and its neutral density will be determined by a fit procedure. However,

STRAHL needs the density and the temperature of the neutrals over the whole plasma

radius. The real neutral density is a complex three dimensional function. For our

purpose, just the flux surface averaged neutral density is important as has been discussed

above. We used a simple one dimensional Monte Carlo code to calculate a class of

possible radial profiles, which just depend on two parameters: the source rate of neutral

atoms Φ and the energy E0, with which a neutral starts at the wall. In the Monte Carlo

code the same cylindrical geometry as in STRAHL is used. A neutral D atom starts

at the radius of the main chamber limiters with purely radial velocity. It can either be

ionised due to electron impact or it can undergo a CX-collision with a deuterium ion.
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After a CX-collision the newly created neutral atom will have a random velocity out of

the Maxwell distribution corresponding to the ion temperature at this location. Now

the code follows this new atom and eventually all subsequent daughter atoms until they

are either finally ionised by electron impact or move out of the radial grid. A few million

markers are followed to obtain a radial profile. The neutral density nD is proportional

to the time the markers spend in a certain radial bin and a neutral temperature Tn is

obtained by multiplying the time with the kinetic energy of the marker to determine

the mean kinetic energy of all markers in the bin.

A number of profiles for the plasma parameters from #37062 at t=7.2-8.5 s are

shown in Fig.6. The same source rate of Φ=2×1022 s−1 is used for all density profiles

in the upper graph but the initial energy E0 of the atom varies between 10 and 160 eV.

The initial energies in ASDEX Upgrade with tungsten as plasma facing material are

high since about 70% of the D ions impinging on W surfaces are reflected as neutral

atoms with an energy of about 70% of the energy of the impinging ion [13]. Thus, when

using a simple estimate for the energy Einc of the impinging ion after acceleration in

the sheath, i.e. Einc = 5kBT for T = Te = Ti, the E0-grid used in Fig.6 corresponds to

a grid of temperatures at the wall of 2.8-46 eV.

The density profiles become a bit wider with increasing E0. We use the radius at

which the density decays to 20% of the density at the separatrix to quantify this and

the difference of this radius to the radius of the separatrix ∆r20 rises from 3.6 cm to

9.4 cm. It scales as ∆r20 = 3.6 cm(E0/10 eV)0.34. When the electron density at the

pedestal is slightly higher as in #37062 at t=5.2-6.4 s (see Fig.9) the scaling with E0

becomes even weaker ∆r20 = 3.4 cm(E0/10 eV)0.30. The mean dwell time τn of a neutral

in the plasma is a few microseconds and decreases with increasing energy since a higher

fraction of the atoms reside in regions with higher electron density and temperature. It

scales as τn = 3.6µs(E0/10 eV)−0.28. The edge losses contribute 40% to the total loss

of the neutrals at 10 eV and 32% at the highest energy. The temperature profiles of

the neutrals in the lower graph of Fig.6 are almost identical for all starting energies

and always a bit shifted to the inside with respect to the ion temperature. This reflects

that most of the neutrals at a certain radius stem from a CX-reaction at a larger radius

where Ti is lower.

A first STRAHL modelling of the neon balance was done without using CX-

reactions. Here, only the electron density ne and the electron temperature Te are needed

to compute the ionisation and recombination rates. The temporally averaged profiles

for #37062 at t=7.2-8.5 s are shown in the upper left and lower left box of Fig.7. We

just use temporally averaged transport coefficients, i.e. without resolving the transport

invoked by ELMs, to model the average density profiles of neon and each simulation is

run until a temporal equilibrium is achieved. The diffusion coefficient D is displayed

in the lower right box. In the radial range from ρpol=0.2-0.95 it is proportional to the

effective heat diffusivity χeff . It will be shown below that the proportionality factor can

be determined from the Ne8+ profile when CX-reactions are included in the model. Here,

the result does not strongly depend on its value, but is set to the same value to achieve
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Figure 7. Radial profiles of the plasma parameters and the fit of the measured neon

density profiles with and without the inclusion of CX-reactions for #37062 at t=7.2-

8.5 s. The large He-like neon density can only be explained when including the CX-

reactions with neutral deuterium using the profiles of the neutral deuterium density as

shown in the middle left box.

a consistent comparison. In the region of the H-mode edge transport barrier (ETB),

D is set to drop to a value of 0.5 m2/s and rises again to a higher value in the SOL.

In the centre, it has a constant value of 1 m2/s. The fit procedure has the parameters,

which describe the profile of the drift velocity v, as free parameters. The ratio v/D

determines the normalised gradient of the total neon density: (1/ntot)(dntot/dr) = v/D.

The parametrisation of v/D uses the sum of a spline function with knots at ρpol=0.2, 0.4,

0.6, 0.8, and 0.9 and a Gaussian function in the ETB with peak value, peak position,

and width as parameters. The neon density of all charge stages and at all radii is

proportional to the source rate. It is adjusted such as to fit the sum of the densities of

the He-like and fully ionised ion at ρpol=0.9. The best fitting profile of v/D is displayed

in the lower right box of Fig.7 and the comparison of modelled (blue lines with label cx

off) and experimental neon densities (black lines with label exp) is shown in the upper

right box for Z = 10 and in the middle box for Z = 8. The fully ionised species can

be fitted rather well, where the large inward drift in the transport barrier is needed to

describe the strong gradient in this region. However, the density of the He-like stage is

much lower in the model than in the experiment. It is too low by a factor of between
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15 and 28 in the range from ρpol=0.9-0.98.

This large discrepancy can only be diminished when allowing for higher

recombination rates, which can be provided by the CX-reactions. The CX-reactions

induced by beam neutrals and recycling neutrals are now included. Here, we also need

the ion temperature Ti and the neutral temperature Tn (see lower left box) for calculation

of the CX-rates with the recycling neutrals, which depend on the reduced temperature

Tred = (TimD+TnmNe)/(mD+mNe). The fit procedure has three additional parameters:

the source rate and starting energy E0 of the recycling neutrals and the proportionality

factor fχ which determines the diffusion coefficient D = fχχeff . Here, E0 is bound to

only vary within the limits shown in Fig.6 such that the neutral profile can not become

arbitrarily wide. The fitted model profiles of the densities and v/D are shown with

red lines in the right boxes, while the corresponding diffusion coefficient D is shown

with a black line. The neutral density is shown in the left middle box. The density

of the He-like neon can now be much better explained, even though there is no perfect

agreement between model and experiment within the error band of the measurement.
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Figure 8. Radial profiles of nD and the fit of the measured neon density profiles with

two settings for the diffusion coefficient for #37062 at t=5.2-6.4 s. The long decay

length of the He-like neon density can only be explained with the higher diffusion

coefficient.

The fit yields for the neutral density at the separatrix nD,sep=1.9×1016 m−3 and

nD=4.1×1015 m−3 at the maximum position of the He-like neon density, which is further

inward by ∆rsep = rsep−r =3.6 cm. The shape of the nD profile corresponds to an initial

deuterium energy of E0=10 eV (∆r20=3.6 cm). These densities lead to a strong increase
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of the recombination rates. This can be quantified by forming the averages of the

recombination rates over the charge stages of neon, which were already introduced for

the ionisation rates in eq.(2) and by dividing the rate for charge exchange recombination

with the rate for electronic recombination. These ratios are depicted in the middle left

box of Fig.7 with a dashed red line for the beam neutrals and a solid red line for the

recycling neutrals. The effect of the beam neutrals can not be judged by comparing

to the measurements since the He-like ion does not exist in the central part of the

plasma. The recycling neutrals cause more recombinations than the electrons, i.e. the

ratio is larger than 1, for ρpol >0.85, where nD=1.7×1014 m−3 and nD/ne=2.8×10−6.

The ratio reaches a value of 25 at ρpol =0.98 (∆rsep =2.3 cm) with nD=8.5×1015 m−3 and

nD/ne=2.7×10−4 and a bit further out it has a maximum value of 50 at ∆rsep =1.1 cm

with nD/ne=7.2×10−4.

For fχ, the fit obtains a value of 2.5. It is mainly determined by the decay of the

He-like density, while inside of ρpol=0.4, where the density of He-like neon is zero, the

fits are insensitive to the setting of D in this region. Fig. 8 compares the best fit with

CX-reactions with the case where the diffusion coefficient was set to D = χeff . The

decay length of the He-like density is too low with the low diffusion coefficient. The fit

procedure increases the inward pinch v/D and produces a local maximum of the density

of Z =10 around 0.85 outside the error bar (grey region), but still the He-like density

is too low in this region.

The same fitting with and without CX-reactions has also been performed for the

time range t=5.2-6.4 s of #37062. Here, the deuterium puff level was increased from

5.0×1021 s−1 by about a factor of 5 to 2.6×1022 s−1. An increase of nD inside the

separatrix and consequently a larger impact of CX-reactions might be expected. At the

pedestal top, the higher puff level leads to a modest increase of ne from 5.8×1019 m−3

to 6.8×1019 m−3 and a decrease of Te from 600 eV to 500 eV. However, the densities of

both neon stages are a factor of 2.1 lower when increasing the D puff level, which is

partly due to an increase of the effective pumping speed with higher divertor density

[14] and partly due to an increase of the ELM frequency from 150 Hz to 310 Hz, which

reduces the time averaged inward pinch in the ETB [15, 16]. Actually, the fits (including

the CX-reactions) deliver for the inward pinch in the pedestal a reduction of the peak

from v/D=-67ṁ−1 to v/D=-46ṁ−1. Again, the model without CX-reactions fails to

describe the He-like neon densities, which are too low by a factor between 8 and 12

for ρpol >0.9, i.e. not as large as in the low puff case. These lower factors are caused

by the lower electron temperature, which already shifts the ionisation balance a bit

towards lower ion stages, but by far not strong enough to fit the measurement. The

model with CX-reactions leads to a good fit of the He-like neon densities. The fitted

deuterium density profile at the separatrix is similar to the previous case with a lower

separatrix value of nD,sep=1.3×1016 m−3 , but a higher initial deuterium energy of

E0=23 eV (∆r20=4.4 cm). The needed increase of the electronic recombination rates

is not as high as in the time range with the low D-puff and almost the same deuterium

density delivers this lower increase. At ρpol=0.95, nD is 1.1×1015 m−3 in the low puff
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Figure 9. Radial profiles of the plasma parameters and the fit of the measured neon

density profiles with and without the inclusion of CX-reactions for #37062 at t=5.2-

6.4 s. The large He-like neon density can only be explained when including the CX-

reactions with neutral deuterium using the profiles of the neutral deuterium density as

shown in the middle left box.

case and 1.0×1015 m−3 in the high puff case. The increase of the puff level certainly

leads to a higher recycling flux, however, the neutrals do not seem to penetrate so well

into the confined region.

The diffusion coefficient is more or less constant for ρpol >0.75 up to the edge

transport barrier and does not show this decrease as in the low puff case. This change

is due to the lower radiated power density at the plasma edge in the high puff case

since the neon density is lower. The lower radiated power keeps the conducted power

at larger radii at a higher level, which is then reflected in a larger χeff at these radii.

The fit yields for fχ a value of 1.7.

4. Influence on the main chamber neon radiation

The much higher density of partially ionised neon inside of the pedestal top leads to an

increase of the total neon radiation, which is much larger than expected without CX-

reactions, since line radiation from the measured He-like stage, but also from H-like and

Li-like ions can radiate much more compared to the bremsstrahlung and recombination

radiation invoked by the fully ionised stage. This is certainly the most relevant effect of
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the changed ionisation balance. For the two fits with and without CX-reactions shown

in Fig.7, the corresponding radial emissivity profiles are shown in the left box of Fig.10.
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Figure 10. Left box: radial profiles of the neon emissivity due to line radiation of

H-like, He-like, all charges stages ≤ Li-like, and the total neon emissivity including

bremsstrahlung and continuum radiation for the fit from Fig.7 with (red) and without

(blue) CX-reactions. Right box: measured changes of the radiances of a main chamber

bolometer camera from t =7.2-8.5 s to before the neon puff and modelled radiances

of the two neon-fits and with inclusion of W radiation due to a change of the W-

concentration by ∆cW =9.5×10−6.

In the left plot of Fig.10, the emissivity profiles of the line radiation of Ne9+ (H-

like), Ne8+ (He-like) and of all stages with charges Z ≤ 7 (≤ Li-like) are plotted together

with the total radiation of neon including the bremsstrahlung and the recombination

radiation. Red lines are for the case with CX and blue lines for the case without CX. The

line radiation from Ne9+ extends up to the centre of the plasma and the total radiated

power within the separatrix Prad,sep from this contribution increases by a factor of 9.6

when considering the CX-recombination. Prad,sep from line radiation of the He-like stage

is stronger by a factor of 16 and for the charge stages below Ne8+, the factor is 4.8. These

lower charge stages contribute about 45% to the total Prad,sep of neon in both cases and

since the continuum radiation does not change so strongly, the effect of CX is to cause

an increase of Prad,sep(Ne) by a factor of 5 from 220 kW to 1.1 MW.

Unfortunately, there are no measured profiles of the radiances emitted by He-like

and H-like resonance lines, which would yield a more straight forward comparison with

the model. However, the total radiation in the main chamber was also about a factor

of 2 higher in the time range t =7.2-8.5 s than just before the neon puff. Thus, the

difference of the radiances with a phase just before the neon injection will be compared

with the fit-results. The comparison is made for #37061, since in #37062, there is

already some recycling neon present before the start of the neon puff. The electron

density before the puff and in the phase around t =8 s is almost the same. A set of
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lines-of-sight that is the least influenced by divertor radiation is chosen. The changes

of the radiances ∆L of the upper lines-of-sight of a main chamber bolometer camera

are shown in the right box of Fig.10 and next to the box the geometry of the lines-of-

sight. The lines with the label Ne yield the radiances from the neon radiation of the

two fits with (red) and without (blue) CX-reactions. The model with CX is much closer

to the measurement. The tungsten concentration, as measured by VUV-spectroscopy,

is also higher in the time range with neon by ∆cW=9.5×10−6 and the lines with the

label Ne+W include this change of the W-radiation when using a flat radial profile

for cW . The fit is not perfect and other impurities, which have not been monitored,

might also have changed somewhat. However, the main conclusion is unaffected: The

large change of the radiation from the confined plasma can only be explained with an

ionisation balance that is shifted away from the fully ionised species towards lower ion

stages, which can emit line radiation.

5. Application to an H-mode plasma with strong argon radiation

In the type-I ELMy H-mode discharge #36448 with Ip=0.8 MA, toroidal field Bt=2.5 T,

heating power P=12.4 MW, and line averaged density of 9.2×1019 m−3 a strong argon

puff was applied to drive the power crossing the separatrix down towards the H-L-limit

with the ultimate goal of ELM stabilisation [17, 14]. Even though reduced-size ELMs

remained in this discharge, the detected radiances by bolometers, soft X-ray cameras

and by the SPRED spectrometer measuring in the vacuum ultraviolet (VUV) range are

strongly dominated by argon radiation, such that this plasma is a good test case to

study the effect of CX-recombination on the pedestal radiation of argon.

In Fig.11, average profiles for the time range 4.2-4.4 s are shown. At this time,

the highest heating and radiated powers are achieved just before the appearance of

neoclassical tearing modes due to the high plasma pressure (see [14] for details). The

two uppermost plots on the left display ne, Te and Ti.

The density of argon was inferred from the soft X-ray radiation. In the upper right

box, the soft X-ray (SXR) emissivity profile from tomographic inversion of the measured

radiances [18] is shown as a grey band which reflects the assumed relative uncertainty of

10%. The soft X-ray cameras have a 75µm thick Be-filter in front of the silicon diodes.

The quantum efficiency of the setup is calculated with the transmission and absorption

data from [19] and a model for the diode response from [20]. It is larger than 1% for

photon energies above 1.25 keV. Thus, line radiation from H-like and He-like argon is

detected. The modelled soft X-ray radiation adds up all lines from an ion multiplied

with the corresponding quantum efficiency of the camera. Bremsstrahlung and free-

bound transitions from radiative recombination are added using energies of hydrogen-like

states with the appropriate Gaunt factors [21], which also depend on the photon energy.

The line radiation emitted by the radiatively recombined ion is also included. For di-

electronic recombination, the prescription of [22] is applied using excitation energies

and oscillator strengths of two effective excited states. Here, the radiative decay of
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Figure 11. Radial profiles of the plasma parameters and the fitted argon density

profiles from the soft X-ray emission. Comparison of the calculated total emission,

Prad and the radiance of the n =15-14-transition of ArXVI measured with CXRS with

(red) and without (blue) the inclusion of CX-reactions for #36448 at t=4.2-4.4 s. The

total radiation in the pedestal region strongly increases when including CX-reactions

with neutral deuterium using the profiles of the neutral deuterium density as shown in

the upper left box.

the excited electron is included, while the radiation from the recombined electron is

approximated to have a photon energy equal to the ionisation energy of the recombined

ion.

The tungsten concentration cW in the confined plasma has been deduced from

W-spectra in the VUV region measured with a grazing incidence spectrometer. The

quasi-continuum at 5 nm emitted by ions around W30+ yields cW =2×10−5 at a

radial location with Te ≈1.5 keV, while line emission from W40+-W45+ gives a central

concentration of cW =1×10−4 [23]. This rather large central W-concentration causes

central radiation which needs to be taken into account for the analysis of bolometric

and SXR measurements. W was therefore included in the analysis with STRAHL.

The drift parameter and the influx for W were adjusted such that that the measured

concentrations are matched, i.e. the edge value for the radial region outside of ρpol=0.3,

while inside there is a rise of cW to the central value. The chosen radial shape of

the W-concentration is reflected in the SXR and total emission of W which is shown

in the upper right plots of Fig.11. Here, the label W+D indicates, that also the small

contribution of bremsstrahlung from Coulomb collisions with the main ion was added to

the W radiation. For W, the CX-recombination rates are too small to cause significant
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changes of the ionisation balance.

There is also information on the density profile of Ar16+ from CXRS, which

measured the n =15-14-transition of ArXVI at 541.2nm, however, calculated emission

rate coefficients for this line are not in agreement with the experiment by a factor on

the order of 3 (see [24] for details). Thus, we scaled the coefficients to fit to the soft

X-ray data and have just an information on the shape of the Ar16+ profile from this

measurement.

The fitting method is very similar as was used for neon. Here, we first fit the case

with inclusion of the CX reactions. Again, we use a spline plus a Gaussian peak in

the ETB region to parametrise v/D. The profile of v/D in the bulk of the plasma

inside of the ETB is determined by the profile of the SXR emissivity. The lowest box

in the left column of Fig.11 shows the v/D-profile and in the second lowest box the

density profile of argon is displayed, which is rather flat in the bulk of the plasma. The

radiances of the VUV-lines (see discussion of Fig.14) are sensitive to the peak of v/D

in the ETB. The neutral density profile has a constant shape with ∆r20=4.3 cm and

its height is determined by the total radiation emitted in the pedestal region to obtain

agreement with the bolometric data from the main plasma (see Fig.13). A good fit

was obtained with nD,sep =2×1016 m−3 . The diffusion coefficient influences a bit the

modelled profile of ArXVI but the dependence is rather weak and fχ=1 was used. The

STRAHL model was then invoked with the same transport coefficients without using

the CX recombination.
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Figure 12. The radial profiles of the fractional abundance of the ion stages of argon

without (blue) and with (red) CX recombination for #36448 t =4.2-4.4 s.

The modelling results with CX are shown with red lines and squares in the right

column, and with blue colour for the case without CX. The SXR emissivity is of course

fitted by the model and defines the Ar density. When switching off CX recombination,

the central SXR emission drops slightly since the ionisation balance is shifted towards
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the fully ionised argon and reduces the line emission of Ar in the centre. Here, we see

the effect of the NBI neutrals on the ionisation balance. At ρpol=0.9 on the other hand,

the SXR emission without CX is slightly increased due to a stronger abundance of He-

like Ar. The difference between the two cases is much larger for the total emissivity

and the total radiation emitted within a certain radius (second and third plot on the

right). The CX recombination causes a wider and higher radiation peak in the pedestal.

The total radiation inside the separatrix increases from Prad,sep=4.0 MW without CX

to Prad,sep=7.9 MW with CX. Since W and D cause Prad,sep=0.66 MW, the radiation of

only argon is increased by a factor of 2.2. Finally, we also see a small effect on the CXRS

radiances measured on the outer lines-of-sight, where the CX-off points are above the

measurement.

The change of the ionisation balance invoked by the CX-recombination is shown in

Fig.12. The fractional abundance fz = nz/nAr without CX is shown in the upper graph

and with CX in the lower graph. The ion stages with charges Z ≤ 5 are combined in

one line. The horizontal axis is non-linear to have increased resolution in the pedestal

region. There is a small shift from fully ionised to partially ionised stages in the centre

of the plasma due to the CX recombination with NBI neutrals, which explains the lower

soft X-ray radiation in the centre without CX (see Fig.11) because less line radiation

from the H-like stage is emitted. In the pedestal and in the near SOL, the He-like stage

has highest fractional abundance without CX. This is strongly changed when CX is on.

Here, the stages with Z = 8 − 15 have higher abundances than the He-like stage and

can contribute more efficiently to the total emission of Ar in this part of the plasma.
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Figure 13. The radiances from two bolometer cameras observing the main plasma

and the corresponding model values without (blue) and with (red) CX recombination

for #36448 t =4.2-4.4 s.

Fig.13 compares measured and modelled total radiances for the lines-of-sight of

two bolometer cameras observing the main plasma. The red lines show the model with

CX-reactions, where the height of the neutral density profile (the shape was fixed) was
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adapted to fit the measurement. Without CX-reactions the model delivers about a

factor of 2 lower radiances for the same argon density profile.
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Figure 14. The radiances of 17 multiplets emitted by argon ions with charge

Z = 6 − 15 in the VUV range along a radial line-of-sight at the plasma equator

and the corresponding model values without (blue) and with (red) CX recombination

for #36448 t =4.2-4.4 s. The upper graph shows the mean position of the emission

and the boxes on the left display the density profiles for a number of argon ions which

emit these VUV lines. The main difference between the models with and without CX

is for lines emitted in the confined plasma close to the separatrix.

The SPRED spectrometer, which has a radial line-of-sight at the plasma equator,

measures in the VUV region from 12 to 90 nm. The spectrometer has been relatively

calibrated by comparing VUV-lines and visible lines measured with a calibrated visible

spectrometer on a similar line-of-sight for cases where both spectrometers could detect

line emission from the same ion using He+, B2+, C2+, C3+, and N3+. In #36448, many

VUV-multiplets emitted by argon from charge stages between Z = 6 (Mg-like) and

Z = 15 (Li-like) could be identified. The radiances of the multiplets which could be well

fitted are shown in Fig.14. They are sorted by the charge of the emitting ion and for

each ion by the central wavelength of the multiplet. For completeness, the spectroscopic

notations of the lines are given in Tab.1.

Fortunately, there exist new atomic data sets from Bluteau [25] to perform

generalised collisional-radiative modelling within the ADAS framework of codes [9].

Here, we used the type of photon emissivity coefficients, which assume statistical

equilibrium between the fine-structure levels (in ADAS called LS-data) and an

equilibration of the populations of the different spin systems (in ADAS called unresolved

data). The total emitted photon rate of the multiplets has a contribution due to

excitation and a small contribution due to recombination for the considered plasma



Influence of CX-reactions on the radiation in the pedestal region at ASDEX Upgrade21

ion multiplet λ[nm]

ArVII 2p6 3s 3p 1P → 2p6 3s2 1S 58.5

ArVIII 2p6 3p 2P → 2p6 3s 2S 70.5

ArX 2s2p6 2S → 2s22p5 2P 16.8

ArXII 2s2p4(3P) 2P → 2s22p3 2D 15.3

ArXII 2s2p4(1D) 2D → 2s22p3 2D 19.3

ArXII 2s2p4(3P) 4P → 2s22p3 4S 21.9

ArXIII 2s2p3 3S → 2s22p2 3P 16.2

ArXIII 2s2p3 1P → 2s22p2 1D 16.3

ArXIII 2s2p3 1D → 2s22p2 1D 18.5

ArXIII 2s2p3 3P → 2s22p2 3P 20.7

ArXIII 2s2p3 3D → 2s22p2 3P 24.4

ArXIV 2s2p2 2P → 2s22p 2P 18.6

ArXIV 2s2p2 2S → 2s22p 2P 19.9

ArXIV 2s2p2 2D → 2s22p 2P 25.3

ArXV 2s2p 1P → 2s2 1S 22.1

ArXV 2p2 3P → 2s2p 3P 26.5

ArXVI 2p 2P → 2s 2S 37.1

Table 1. Spectroscopic Notation of the used VUV-lines from argon and central

wavelength of the multiplet.

region. For a multiplet emitted by an ion with charge z, the line radiance can

be calculated with the help of the respective emissivity coefficient pexc and prec by

integration over the line-of-sight through the plasma.

L =
∫
LOS

εdl =
1

4π

∫
LOS

ne[nzpexc(ne, Te) + nz+1prec(ne, Te)]dl (3)

Here, the recombination contributed less than a percent to the line emission. There are

no atomic data, which would give the CX recombination into each of the excited levels

of argon and allow for the calculation of photon emissivity coefficients from CX. Thus,

CX is only considered via its effect on the ionisation balance, however, this is certainly

by far the leading effect since the recombination contribution is so small.

The STRAHL model shows that the total radiation of the measured multiplets

accounts for about half of the total line radiation emitted by these ion stages. Thus, an

absolute intensity calibration of the VUV spectrometer can be obtained when comparing

with the bolometric measuremnts. Since we know that the STRAHL calculation

with CX explains the total radiation in the main plasma well, it also has to fit the

individual lines measured by the SPRED that make up for a large fraction of the total

radiation. Using this assumption, a single scaling factor was applied to the known

relative sensitivity curve of the VUV spectrometer. The comparison between modelled

and measured radiances is shown in Fig.14 using red squares for the case with CX and

blue for the case without CX. Besides one outlier (ArXV at λ=26.5 nm), which is a
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factor of 7.4 too small, there is rather good agreement with the measurement when

CX is on. Here, the mean deviation between model and measurement is 24% and the

maximum deviation is -44%. When CX is off, the emission from Z = 5 and 6 and from

Z =15 are not much lower, but especially the lines from Z = 11 and 12, which come from

the outer pedestal close to the separatrix, are much too low. The upper graph shows

the average emission position of the lines for both cases, i.e. 〈ρpol〉 =
∫
ερpoldl/

∫
εdl.

They are a bit shifted towards the core when CX is on, however, the higher radiances

with CX are not due to this shift of the emitting shell into a region with higher ne
and thus higher excitation and emission rates according to eq.(3) but due to a higher

fractional abundance of the emitting ion. The densities of 4 stages with and without

CX are displayed on the left side of Fig.14 and the largest difference is for Z = 12,

where the strongest deviation of the model without CX was found. For the Mg-like ion

stage, which has its maximum in the SOL, the densities are almost equal. Even though

the CX recombination is much larger than the electronic recombination for this stage,

it does not influence the density distribution much. Rather it is governed by a balance

of the ionisation rate and the radial transport, i.e. ions which are transported inward

get ionised to higher stages, while most ions which move outwards do not recombine to

lower ion stages during their travel time towards the plasma facing components. The

ArXV line at λ=26.5 nm, which is not well represented by the model, is actually a 3P-
3P multiplet consisting of 6 lines between 25.48 nm and 27.59 nm. The whole multiplet

could be well fitted with prescribed line ratios assuming LS-coupling and we are sure

that there is no wrong assignment of this multiplet.

6. Projection to the pedestal radiation in ITER

A simple projection of the CX effect to the much hotter pedestals in ITER was done.

The test case was taken from a previous study on the tungsten transport in the ITER

pedestal [26] with Tsep=200 eV, Tped=4.5 keV, ne,sep=3×1019 m−3 and ne,ped=8×1019 m−3

representing typical parameters for a DT-plasma at Ip=15 MA and BT=5.3 T. We simply

use Te = Ti and assume purely diffusive impurity transport to have a flat impurity

density in the confined plasma. In Fig.15, the corresponding profiles are shown on the

left side. Here, we have argon as impurity with a concentration of 0.1%. The ionisation

balance and the argon radiation is then calculated without and with CX recombination

using the neutral deuterium density profile shown in the upper left box, which has

nD,sep =2×1016 m−3 , i.e. a typical value from the investigated ASDEX Upgrade plasmas.

Whether these values are a good assumption and sufficient to give enough fuelling

in accordance with the density increase in the pedestal is outside the scope of this

investigation.

On the right side of Fig.15, the upper box displays the profile of the mean argon

charge (red with CX, blue without) which is shifted to lower ion stages with CX. This

causes more radiation outside of ρpol=0.9 and the radiated power of argon inside the

separatrix increases from 11 MW to 21 MW when switching on CX recombination.
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Figure 15. The radial profiles of ne, nD, Te = Ti and nAr for test calculations,

whether CX recombination influences the Ar radiation in a hot ITER pedestal. With

CX (red lines) the ionisation balance is shifted towards lower ion stages, which can

better radiate and increase Prad,sep of Ar by about a factor of 2.

The normalised ionisation rate from eq.(2) becomes larger than 1 for ρpol ≥0.99

(∆rsep ≤3.8 cm, T ≤1.6 keV) as can be seen in the lowest box on the right and the

one dimensional treatment with a flux surface averaged neutral density is rather well

justified for this estimate of the CX effect on pedestal radiation.
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Figure 16. For the light elements up to Kr, the ratio of the volume averaged edge

and core radiation and the total radiated power inside the separatrix per fuel dilution

in the core are benefiting from the CX-recombination in the pedestal region of ITER.

For high-Z elements, the effect is small.
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This calculation has been performed for Ne, Ar, Kr, Xe, and W, and volume

averages of the impurity radiation in the core region and the edge region were computed.

For the core, we used the radial range 0-1.2 m where T is larger than 12 keV and 2.1-

2.53 m for the edge where T ≤6 keV. The ratio of the averages, i.e. edge divided by core

radiation, is shown in the upper graph of Fig.16 for each impurity with (red) and without

(blue) CX. A high value is beneficial, since then a radiation loss can be obtained from

edge radiation without invoking too much radiation loss in the core. Without CX, the

values are around 2 for all impurities and 1.4 for Ne. With CX, the values substantially

increase for the low-Z elements up to Kr by factors 5.6 (Ne), 3.9 (Ar), and 2.3 (Kr). The

effect is small for Xe and almost zero for W. For light elements, mainly the dilution of the

fuel ions is important since it reduces the fusion power. Thus, the lower box shows the

ratio of the total radiated power within the separatrix dived by the volume average of∑
z Znz/ne in the core region. The radiated power per dilution strongly increases with

impurity charge and is highest for W. Again, the CX recombination in the pedestal

does not change this value for high-Z elements, but allows for higher radiation for the

elements up to Kr. The values increase for Ne, Ar, and Kr by a factor of 2.9, 2.5, and

1.7, respectively. However, the increase is not so strong that a higher-Z element like Xe

could be replaced by Kr. The low influence on the radiation of the high-Z elements is

caused by a lower increase of the recombination rates and the fact that neighbouring

ion stages in the pedestal region can radiate about equally well.

7. Conclusions

The major finding of the study described in this paper is that charge exchange from

neutral hydrogen onto impurity ions leads to strong modifications of the ionisation

equilibrium of neon and argon in the pedestal region of H-mode plasmas in ASDEX

Upgrade. CX causes a higher abundance of lower ionised stages and a concomitant

increase of the pedestal radiation from neon and argon. In the investigated cases, the

total radiated power inside the separatrix increases by a factor of 5 for neon and 2.2 for

argon due to the shifted ionisation balance. A simple projection of these results to the

much hotter pedestals in ITER revealed that the neutral density can also substantially

increase the pedestal radiation in ITER but only for the lighter elements Ne, Ar, and Kr,

while CX has a low influence on the radiation from Xe and W. A better understanding

or even control of the neutral D distribution inside the separatrix appears mandatory

for regimes where tailoring of the pedestal pressure profile is important.
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[18] Odstrčil T et al. 2016 Review of Scientific Instruments 87 123505 URL

http://dx.doi.org/10.1063/1.4971367

[19] Henke B et al. 1993 Atomic Data and Nuclear Data Tables 54 181 – 342 ISSN 0092-640X URL

http://www.sciencedirect.com/science/article/pii/S0092640X83710132

[20] Anton M et al. 1995 Review of Scientific Instruments 66 3762–3769 URL

https://doi.org/10.1063/1.1145434

[21] Karzas W J and Latter R 1961 The Astrophysical Journal Supplement Series 6 167–212

[22] Post D et al. 1977 Atomic Data and Nuclear Data Tables 20 397 – 439 ISSN 0092-640X URL

http://www.sciencedirect.com/science/article/pii/0092640X77900262

[23] Pütterich T et al. 2008 Plasma Physics and Controlled Fusion 50 085016 URL

http://stacks.iop.org/0741-3335/50/085016

[24] McDermott R M et al. 2020 Development of Ar+16 charge exchange recombination spectroscopy

measurements at ASDEX Upgrade, submitted to Nuclear Fusion

[25] Bluteau M M 2019 Fundamental atomic data and prototype techniques for a generalised collisional-

radiative model of medium-weight elements in fusion and astrophysical plasmas, PhD thesis Uni-



Influence of CX-reactions on the radiation in the pedestal region at ASDEX Upgrade26

versity of Strathclyde Glasgow URL http://www.adas.ac.uk/theses/bluteau thesis.pdf

[26] Dux R et al. 2014 Plasma Physics and Controlled Fusion 56 124003 URL

https://doi.org/10.1088/0741-3335/56/12/124003


