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ABSTRACT.

In the vast majority of plasmas produced in the JET tokamak the X-ray emission at energies
above about 1keV is dominated by Bremsstrahlung radiation from the background deuterium
ions, and both Bremsstrahlung and recombination radiation from one or two light impurity species
such as beryllium and carbon. Under these circumstances local values of impurity densities and
concentrations, or aternatively of the effective charge Z; of the ion mixture, are derived from
tomographic measurements of thelocal X-ray emissivity at energiesabove 1-3keV, in conjunction
with measurements of el ectron density and temperature profiles. These cal culations are performed
using the intrinsic emissivities due to the impurity ions. The emissivitiesinto the relevant energy
bands, determined by the detector and filter characteristics, were calculated assuming coronal
ionisation equilibrium, and tabulated as a function of electron temperature. This method offersa
good spatial and temporal resolution, and is succesfully applied to most plasma conditionswhere
the relative proportions of impurities are known. We also present a detailed sensitivity study to
assess the effects of errorsin theinput data, and acomparison with established methods based on
visible Bremsstrahlung measurements, and charge exchange spectroscopy.



Introduction

Plasma diagnostics based on broad-band emission of soft X-rays by the
plasma are used on most fusion resecarch devices, and applied to study
magnetohydrodynamic phenomena, heat pulse propagation and impurity tramsport.
Most devices are equipped with X-ray pinhole cameras having a fan of many
viewing lines. The system on JET uses 38 viewing lines in a vertically
oriented fan and 62 in a horizontal fan, providing a spatial resolution of
about 7 cm' and a time resolution of 5 us. The system is absolutely calibrated
to within 1%, and allows tomographic reconstruction of X-ray emissivity
profilesz. Many absorption filters are available to study the emission in
different energy bands.

The X-ray emissivity from any ion species consists of Bremstrahlung,
radiative recombination radiation and line radiation, and is proportional to
the product of the ion and electron densities. At the electron temperatures of
interest here (T, = 0.5 keV) light impurities are highly ionised. Central
‘electron temperatures obtained in JET are in the range 0.5-12 keV, depending
on fuelling and heating conditions. Line radiation from light impurities
emitted near the plasma edge is rejected by the beryllium absorption filters,
which have cutoff energies in the range 1-4 keV, depending on their thickmess.
The resulting X-ray emission profiles are peaked, and allow for accurate
determination of the local emissivity by tomographic inversion.

The dominant impurities are produced by sputtering at interface between
the plasma and the material limiting surfaces. Until recently all limiting
surfaces were made of graphite, resulting in carbon being the main
contaminant, with oxygen second in importance. In 1989 beryllium was
introduced, first only as thin (~0.1uym) coatings deposited by in-vessel
evaporation, and later also in the form of solid limiters, X-point target
plates and screens for the radio frequency heating antennae. Presently both
beryllium and carbon surfaces are in the vacuum vessel, and the dominant
impurity depends on which of those are in contact with the plasma. In some
discharges both types are used, resulting in a mixture of beryllium and carbon
impurities. In the near future all power handling surfaces in JET are expected
to be beryllium components. Helium is sometimes used as a minority species for
RF heating, or in *He-D fusion experiments, and needs to be considered for
such discharges. Helium as a fusion product (ash) will also be present in D-T
. fusion experiments. Established quantitative diagnostics for light impurity
and deuterium ions in JET include visible Bremsstrahlung measurements, active
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charge exchange spectroscopy, and neutron measurements .

In addition to the light impurities, a small amount of heavier impurities
like Ni and Cl can be present. These are measured using for example the X-ray
pulse height analyser(', VUV and X-ray crystal Spcctrometcrs7. In most
circumstances radiation from these accounts only for a few percent of the
total detected X-ray radiation.

I. Calculation of light impurity densities and effective charge

The X-ray camera system measures line integrated signals, which are
tomographically inverted to give local emissivity profiles. The local
emissivity E = E(r) is related to the local plasma parameters by

E=2Jnn ¢(T), 1)

where nz(r) and no(r) are the ion and electron densities, and Tc(r) the
electron temperature. az(Te) is the energy integrated spectral emissivity, for
a temperature T, normalised with respect to n and n, after transmission
through the filter, taking into account the spectral sensitivity of the
detector diodes. Fig. 1 shows the overall spectral semsitivity of the system
for three common thicknesses of the beryllium absorption filters. The decrease
at high energy is due to the silicon diode detectors, of 300 um thickness,
which become gradually more transparent at energies above about 10 keV. In
fig.2 we show the function ez(Te) over the range of interest (0.5-20 keV) for
two of the filters and the relevant ion species. For comparison emissivities
are also shown for nickel and chlorine.

For practical impurity density calculations we have tabulated these
normalised emissivities (sz) as a function of Te for 0.5 keV = T = 20 keV.
The calculations are described in detail in ref.8, and include continuum and
line radiation from all ionisation stages, and were dome assuming coronal
equilibrium. This assumption is of little consequence as shown by comparisons
of ionmisation equilibrium calculations with and without tramsport effects®.
Only line radiation from light impurities near the edge is significantly
affected by transport effects. Line radiation from light impurities does not
contribute to the measured emissivities since it is cut off by the Be filters.
Line radiation was - calculated with excitation rate coefficients in the
g-approximation’ and Gaunt factors according to Mewe'®, Calculations of the
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continuum radiation were performed according to ref. 11. The spectral
transmittance of the beryllium filters and silicon detector diodes was
evaluated using the cross-sections tabulated in ref. 12.

In order to treat the case of more than one light impurity, it is
convenient to define impurity proportions P, by n = PA, where
0o zé R is the overall density of impurity particles, excluding the
background ion density n . Impurity proportions can be obtained from VUV
spectroscopy and active charge exchange spectroscopy (CXS). From eq.(1), with
the above definitions, the overall impurity concentration relative to the
electrons, Comp = nimp/ne, can be expressed as

bE/n? - £,(T )
c. = e ° : )
" X p,Ibe(T) - z£ (T )]

The effective ion charge (ion charge of a single ion species plasma with
the same Bremsstrahlung emissivity) is obtained as

Z,=b+c [ Z @bm). 3)

II. Error propagation

Uncertainties arise from errors in the measured emissivity (E), electron
densities and temperatures, and the measured or assumed impurity proportions.
Because of the novelty of the approach described here, we presemt a detailed
sensitivity study to errors in the input data. We find that both the
sensitivities to errors in the electron temperature, and im the impurity
proportions, are strongly dependent on the electron temperature. The large
sensitivity at temperatures below about lkeV may make the method unsuitable
for small devices. At electron temperatures of a few keV or more, which are
obtained in the larger of the present devices, however, the relative
sensitivities to errors in the electron temperature and impurity proportions
are no larger than to those on the X-ray emissivity and the electron density.

Neglect of the contributions of high-Z species can be considered as
resulting in an uncertainty on the measured emissivity if these are attributed
to light impurities. When only one light ion species is to be considered, the
linear error Ac_on its concentration ¢ = nz/ne is obtained as
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where ATe, Ano, and AE are the errors on Tﬁ,n‘= and E, and
yz(Te) = dlnszldInTc. Y, plays the role of an exponent in a power law
dependence and is strongly dependent on T, (fig. 3). The high values of y at
low temperatures result from the high pass characteristics of the beryllium
filters. A  thicker filter has the advantage of rejecting more line
radiation from medium and high-Z impurities. This advantage, however, comes at
the price of a stronger dependence on To at low temperatures. This can be seen
by comparing the filters with thickness of 50 and 530 gm in figures 2 and 3.
As an increasing part of the continuous spectrum is transmitted at higher
temperatures, ¥, is reduced. A limiting value for }'zof 1/2 would be expected
from the T, dependence of the total Bremsstrahlung emission. In fact at high
Te, Y, is reduced further due to the decrease of detector efficiency at photon
energies above 10 keV (fig. 1).
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Fig. 3) Temperature sensitivity of emissivities expressed as Y, = dlnaz/dInTe.
a) 50 um Be filter, b) 250 um Be filter, ¢} 530 um Be filter.



Expression (4) contains terms that are independent of c and terms
proportional to c. At low impurity concentrations (cz < eb/bsz) the former
effectively ~constitute a sensitivity limit given (with be » ze a3 is
generally the case) by

| dc, | = g/(be) X [y, | AT /T, | +2 | An /o | + | 4E/E | ]. (5)
At high impurity concentrations the relative uncertainty can be expressed as
ldcic | =y |AT/T | +21A4n/n | + | AE/E f. (6)

If, as a numerical example, obtained for a Be filter thickness of 250 um, we
assume a 10% uncertainty on Te, and 5% on n and E, the sensitivity limit is
1.6 x 102 for beryllium and 5x10° for carbon at T = 4 keV. The relative error
for large impurity concentrations is then about 25% and depends little on the
species considered.

In the case when more than one impurity is present, significant errors on
the deduced concentrations also result from errors or misestimates of their
proportions. In the case of a mixture of two light impurities of charges z and
W, the relative error on the concentration is given by
Acz/cz=Apzlpz+Ac o/’ where

imy

-be +z¢ + bg -weg
z b w b

dc._ e, = X Ap
o pz(bsz ) Zab) + pw(baw-wab) )
1 1
=-———— X dp =~ X Ap.
pZ + pZW pZ + awlsz
be - we,

with p = b(e_-¢) + & (w-2)
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The auxiliary function p_(T) is shown in fig.4 for three impurity pairs,
carbon plus beryllium, beryllium plus helium, and oxygen plus carbon. Clearly
errors on p can be enhanced by a factor of up to ezlsw.
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Fig. 4) Auwxiliary function pm(Te) Jrom eqs. (7) & (8), to evaluate effect of
misestimate of impurity proportions on the measurement of Comp and Z'= o The
curves shown are normalised to K which are the values of p_ Jor pure
Bremsstrahlung. Note p, = -p_-1.

The expression of the impurity content in terms of the effective charge
is less dependent, fortunately, on the impurity mixture. This is because at
high temperatures the proportion of recombination radiation is reduced and the
Z-dependence of the continuum radiation approaches that of ideal
Bremsstrahlung. The largest departures occur at temperatures corresponding to
energies mear the ’recombination edge’ of the light impurities. We may take



the quantity { = Z ff—b as a conventional measure of impurity concentration.
e

An error Apz in the assumed proportions of the two impurities will then result

in an error on { given by

Ap
1 + —~*—
{ + AL = pz +sz . (8)
¢ 1 + —Ap‘
pz +pzw

where Kk = (z-bgv:zv-l-))‘?w-b)w is the equivalent of p  (eq. 7) for ideal

Bremsstrahlung. Equation (8) hoids for finite Apz. For small Apz equation (8)
can be simplified to

p - K
AL = =% x dp . ©)
(p,tp )P, +x )

As can be seen from equation (9) the resulting errors are depemdent on the
impurity  proportions. Generally errors are smallest (largest) if the
contribution of the lower charge impurity is misestimated in a plasma where
the higher (lower) charge species dominates, This is also seem in fig. §,
showing ({+A4¢)/{ from equation (8) for different impurity pairs, for |4p |=0.2
and in the case when the impurities are entirely mistaken for each other
(|Apz[ =1, fig.5a). At temperatures above 2 keV, in the worst case, a
misestimate of |[4p | = 0.2 results in an error of 20% or less on {. At
thermonuclear temperatures (T, - 10 keV) this error is reduced to 10% or less,
even if the two light impurities are eatirely mistaken for each other.

III. Results

We have applied the method described to a large variety of discharge
conditions. For the purpose of illustration we have selected two examples,
representing extremes of electron temperature, electron density and plasma
purity or contamination. The evolution of the tomographically inverted soft
X-ray emissivity profile is shown in fig.6 for the first example. This
reconstruction is based on Cormack’s analytical solution'’ and includes the
m=0 and m=1 poloidal harmonics, and the cos 2¢# component of m=2 2 The
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b) Apz = —pr = -(0.2 assumed in a plasma with P, = 1, for z < w.

c) Apz = -pr = -0.2 assumed in a plasma with p, = 1, for z > w.

d)p = 0.7, for z=6, assumed for a plasma with equal proportions of C and Be.

e) p, = 0.3, for z=6, assumed for a plasma with equal proportions of C and Be.
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radial dependence is described using Zernike polynomials. In this discharge
the application of 10 MW of radio frequency power led to a 3.5 s long
sawtooth-free period ('Monster-sawtooth’), with central electron temperatures
of up to 8 keV, as shown in fig 7. The figure also shows the central X-ray
emissivities, and the derived values for Zeff in the plasma center (R = 3.1
m), and at mid-radius (R = 3.6 m). This discharge was run on beryllium belt
limiters, and beryllium was the dominant impurity. A beryllium to carbon
density ratio of 5 to 1 was assumed in the calculation. Also shown is the line
averaged value of Z _ from visible Bremstrahlung (VB). The latter was
obtained from the line integrated measurement of visible Bremstrahlung in a
narrow wavelength band near 523 nm, using the measured electron density and
temperature profiles, and assuming a constant Ze ﬁ' throughout the radius.
(When the profile of Z  is not flat, a line average with a spatial weigthing
proportional to n:'I‘e'”2 is obtained). Not surprisingly the agreement is best
with the soft X-ray derived measurement when the profile of Z is flat. In
the early phase of the discharge when the Z, profile has a central peak, the
line average value from VB is an underestimate of the central Z,.
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Fig. 6) Time evolution of emissivity profile.
250 um Be filter, pulse no 20087

11



Pu_lse No. 20087

N ) BN e)]
x10¥m3

w

/ . SXR-

o OO
kW/m3

IS 4 3.6m
1.00—

JG90.423/2

Fig. 7) Evolution of radio frequency heated discharge (pulse no 20087)

a) Radio frequency (va) and neutral beam (P NB l) power.
b) Central electron density from far infrared interferometry.
¢) Central electron temperature from electron cyclotron emission (ECE),
d) Central X-ray emissivity, using a Be filter of 250 um thickness.
¢) Inferred values of Z.  in the plasma centre (solid) and at mid-radius
(broken-dotted). Broken line is line averaged Zeff from visible Bremstrahlung.
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Fig. 8) Radial profiles (pulse no 20087)

a) Soft X-ray emissivity, b) Electron temperature from electron cyclotron
emission, ¢) electron density from far infrared interferometry,

d) qorresponding impurity density profile (nimp as defined in section I),
e) corresponding profile of effective ion charge.
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Fig.8 shows the radial profiles of emissivity, electron temperature and
density near the end of the sawtooth-free phase, and the resulting ion density
and Z profiles. Also shown are profiles at the beginning of the
sawtooth-free phase and during the ohmic phase after the heating pulse.
Initially, during the current ramp (ending at 4 s), a peaked Zeff profile was
produced, which later relaxed to a remarkably flat profile. Such a relaxation,
which may take several seconds, is also seen in purely ohmic discharges. The
sharp increase -of Z, and o, a 38 m is not real. This region is
characterised by strong relative gradients of emissivity and temperature and
even a small mismatch of the profiles can produce large errors. Also the
emissivity at R=3.8 m is only a few percent of the central emissivity. At this
level the tomographic inversion can be affected by aliasing from higher radial
and poloidal harmonics, present in the real emissivity profile.

The second example, shown in figs.9 and 10, is that of an ohmic plasma
into which a sequence of frozen deuterium pellets had been imjected. As can be
seen in fig.10a) the second pellet, which was injected at t = 5.5 s and
penetrated to the plasma core, created a peaked electron density profile. The
resulting emissivity profiles were extremely peaked, with a full width at half
maximum of only 30 cm. The pellet brought the electron temperature well below
1 keV and flattened the impurity profiles at values of Z, barely above
unity, as seen in fig.10b) and c¢). After the injection an impurity influx was
seen ( fig.9c and d), which lead to a profile of impurity density which was
even more strongly peaked than the electron density profile (fig.10, t = 7.5
s). This central accumulation process is believed to be driven by the steep
deuteron density gradients, as predicted by neoclassical theory. As the
electron density relaxed back to a flat profile (t > 9 s), so did the profile
of Z . Electron temperature and denmsity profiles from the JET Lidar Thomson
scattering system’ were used to calculate the profiles in fig.10. The apparent
lobes at R=2.6 and 3.6m are artefacts of the reconstruction, as discussed
above, and correspond to oscillations in the emissivity profiles of only 1% of
the central emissivity. The impurity proportions (C:O:CI:Ni ~
0.75:0.25:10°:3x 10”) used were obtained from VUV spectroscopy and from the
pulse height analyser.
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Fig. 9) Ohmic plasma with pellet .injection (pulse no 13572).

a} Central electron temperature from ECE. b) Electron density from
interferometry in the plasma cenire and at 3.35 m. c) Impurity density, at
R=3.05 and 3.35 m inferred from soft X-ray emissivity. d) Effective ion charge
from soft X-ray emissivity. A Be filter thickness of 250 um was used.
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Fig. 10) Profiles in discharge with pellet injection (pulse no 13572).

a) Electron density from LIDAR Thomson scattering, b) Impurity
profile inferred from SXR and LIDAR. c¢) Profile of effective charge.
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A general comparison of Z , measurements from X-rays with visible
Bremsstrahlung (VB, fig.11) and with charge exchange spectroscopy (CXS,
fig.12) shows good agreement between the three methods. The line average
Z. from VB is representative of core conditions only in the case of flat
Z . profiles. We therefore restricted the comparison shown in fig.11 to cases
with Z profiles (from SXR) which were flat to within 15% over the central
half of the plasma. The different symbols refer to the two dominating
impurities and correspond to different operational phases as explained in the
introduction. The value of Z, from CXS (fig.12) was obtained by adding the
contributions of the two dominating impurities according to eq.(3). In most of
the data obtained after the introduction of Be into the JET vessel, both the
carbon and beryllium concentrations were simultaneously measured in the plasma
centre.

IV. Discussion

It is clear from the sensitivity study in section II that the accuracy of
impurity densities and effective jon charges derived from soft X-ray
emissivity measurements depends critically ‘on the accuracy of electron
temperatute and density measurements. The obtainable accuracies (typically
25%) are however comparable to those of the other two main diagnostics for
impurity densities used on JET, visible Bremsstrahlung (VB) and active charge
exchange spectroscopy (CXS). Both of these depend on the accuracy of notably
the electron density, and on the knowledge of the window transmission, which
can become partially coated from exposure to the plasma during am operational
period. Visible Bremsstrahlung measurements can occasionally be affected by
speciral lines or by blackbody radiation from overheated limiting surfaces. A
summary of the main advantages and disadvantages of the three methods is
presented in table I.

The strong temperature dependence of X-ray emissivities at temperatures
below 2 keV may explain why absolute measurements of impurity densities or
Z, using this technique have not beem reported from smaller devices with
lower temperatures than JET. At low electron temperature, measurements based
on Bremstrahlung emission in a narrow band in the visible or near infraredla,
with emissivities proportional to Tc'm, may be preferable. In principle the
temperature sensitivity of soft X-ray measurements could also be reduced by
narrowing the bandwidth of the detected radiation, e.g. by using thinner

17
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detector diodes or low pass absorption filters to reject high energy photons
in combination with Be high pass filters. Z . profile measurements from
visible (or near infrared) Bremsstrahlung and soft X-rays have different
characteristics. Narrow-band visible Bremstrahlung emissivity profiles are
hollow in the case of flat or hollow density profiles, as frequently observed
in H-mode plasmas, resulting in large uncertainties for the central values
obtained from profile inversion procedures. The required inversions are also
labour intensive, and normally only produced for discharges of particular
interest. Omnly line averaged estimates for Z from visible Bremsstrahlung
are routinely available at JET. On the other hand X-ray emissivities for the
Be filters wused are peaked, allowing accurate central measurements.
Uncertainties however increase towards the periphery as a result of the lower
edge temperatures. Another drawback is that the low peripheral X-ray
emissivities are susceptible to aliasing errors introduced by the tomographic
reconstruction. These may result from higher poloidal harmonics not included
in the inversion, due to plasma triangularity, or to higher radial harmonics
when steep gradients are present. Steep gradients are observed in H-mode
plasmas and with pellet - peaked profiles, and lead to small-scale
oscillations on the reconstructed emissivity profiles. Such difficulties are
however not intrisic to the method we describe and can be avoided by more
suitable inversion technmiques, some of which are presented in -refs.[2] and
[16].

Charge exchange measurements® of local impurity densities depend on
calculations of the local neutral beam intensity. These require knowledge of
the stopping cross sections for background and impurity ions, and the electron
density profile. Large uncertainties can result at high densities, where the
beams are strongly attenuated before they reach anm observation volume in the
plasma centre. In JET uncertainties on impurity densities resulting from beam
attenuation can be estimated to exceed 30% in the plasma centre for line
average electron densities above about 4X 10®m™ It should be noted however
that a sensitivity limit in the sense of eq.(5) does not, in practice, exist
for CXS measurements. Also, direct measurements of impurity concentrations can
be expected when simultanecus CXS measurements of impurity and background ions
will become available at JET. One particular problem, due to the weak CXS
signais resulting from excessive beam attenuation at high density, is likely
to subsist. Im such conditions the observed signals can contain a significant
contribution of radiation from ’plumes’ of hydrogen-like ions produced by
charge exchange reactions outside the observation volume which subsequently
drift into the line of sight. Unless takem into account, the plume
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contribution can lead to an overestimate of the impurity density. Another
drawback of CXS is that the analysis of the spectra can be very labour
intensive when the parameters of the charge exchange line have to be extracted
from a complex spectrum of lines.

Given the difficulties associated with impurity measurements, the
introduction of a new method based on soft X-ray emission is in itself
valuable addition. Moreover, it presently the only method at JET that can
provide measurements of impurity contamination of the core in virtwaily all
plasma conditions. This method also has an intrinsically high time resolution,
suitable for the study of transient events. (In the results presented in the
previous section the time resolution was limited by the fairly poor time
resolution of the electron density data.) With the planned introduction of
real time tomography at JET™, Zeff profiles wili be available to
experimenters immediately after a discharge, or even in real time.
Combinations with existing methods may also prove fruitful. Since CXS
measurements of impurity proportions are independent of the density of
injected neutrals, it can be combined with CXS to supply species-resolved
impurity densities at electron densities beyond the reach of CXS alone. Where
degradation of window transmittance is a concern, soft X-ray measurements can
provide a cross check for absolute calibration, and even a recalibration.

The method also has potential for a device of the size of a fusion
reactor if the senmsitive detectors can be shielded against the high levels of
gamma rays and neutrons. At thermonuclear temperatures this method has
negligible sensitivity to uncertainties in the electron temperature and
impurity mixture.

Conclusions

We have shown that the tomographically reconstructed X-ray emissivity can
be used to provide impurity density or of the effective ion charge profiles.
The method also requires accurate measurements of the electron density and
temperature profiles, and a fair knowledge of the impurity mixture, all of
which are available on the JET tokamak. It has a good intrinsic temporal and
spatial resolution, and is applicable to virtvally all plasma conditions with
electron temperatures above a few hundred eV. The sensitivity of the inferred
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Z  to errors in the electron temperature and the impurity proportions is
largest at low temperatures, but decrease rapidly at high temperatures. We
obtain good agreement with measurements of impurity contamination wusing
visible Bremsstrahlung and charge exchange spectroscopy. Over visible
Bremstrahlung based methods this approach has the advantage of peaked
emissivity profiles, allowing for accurate measurements in the central region
of the plasma. Over charge exchange spectroscopy it has the advantage of not
depending on the presence of a neutral beam, and of being applicable to
densities where the neutrals are excessively attenuated before they reach the
plasma centre. The method is suitable for automated analysis, which makes it

an attractive diagnostic for large scale fusion research devices.
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Table I. Comparison of advantages (A) and disadvantages (D) of three different

methods to measure the profile of Zcff or impurity concentrations.

Soft X-ray
tomography

Visible
Bremstrahlung

Charge exchange

spectroscopy

(A) Good central accu-
racy in most conditions
due to peaked emission,
even with hollow n
profiles. ©

(D) Unsuitable for
measurements in plasma
periphery.

(D) Requires knowledge
of impurity mixture at
low Te.

(D) Unsuitable for
plasmas with strong
contamination by
high-Z impurities.

(A) Independent of
window transmission.

(D) Tedious
calibration.

(A) Imnsensitive to
radiation from hot
material surfaces.

(D) Strong sensitivity
to errors on T at low
© T

e

(A) Good time
resolution ( < 0.1 ms).

(D) Sensitive to
errors on n .
[

(D) Fairly expensive
(multi-purpose diag-
nostic).

{D) Poor central accu-
racy with hollow

profiles of VB emission.

(A) Does not require
knowledge of impurity
mixture.

(A) Insensitive to
impurity charge.

(D) Window transmission
is major uncertainty on
absolute calibration.

(A) Easy calibration.

{D) Can be affected
by blackbody radiation
from hot surfaces.

(A) Weak sensitivity
to errors on Te.

Moderate time
resolution.

{D) Sensitive to
errors on n_.

(A) Inexpensive.

(D) Density range for
central measurements
restricted by NBI
attenuation (%).
Dependent on
availability of NEI.

{A) Good measurements in
plasma periphery in most
conditions.

(A) Does not require
knowledge of impurity
mixture.

(A) Measurement of low-Z
impurities not affected
by high-Z impurities.

(D) Window transmission
is major uncertainty on
absolute calibration.

(A) Easy calibration.

(A) Insensitive to
blackbody radiation.

(A) Weak sensitivity to
errors on Te.

{D) Limited time
resolution (z 10 ms).

(D) Sensitive to errors
on n .

e
(A) Fairly inexpensive
if NBI available (multi-
purpose diagnostic).

* May not. apply to

lons.

simultaneous CXS

measurements
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