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ABSTRACT

The calibration of the JET x-ray spectrometer is presented. The absolute throughput, diffractor focusing, and instrument function of the
spectrometer are presented, and the quality of the ion temperature measurement is re-assessed, particularly at the lower end. The addition
of a second diffractor enables the simultaneous measurements of the spectra from H- and He-like nickel, which widens the spatial coverage
of the core-ion temperature measurements for high-performance plasmas at a fixed Bragg angle range. A calculation of the absolute con-
tinua from the spectrum background from the second diffractor is analyzed for different JET plasmas. The spectrometer’s narrow bandwidth
makes it ideal as an “x-ray monochromator” that can sample a single energy channel (or two over the two crystal orders) within the free—free
and free-bound x-ray continua. The measurable effect for impurity-seeded plasmas is explored as a means to determine the plasma con-
centration of the seeding impurities, which has the potential to be a robust method for high performance DT operations in reactor-class
machines.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0274324
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INTRODUCTION

The JET facility’ is a tokamak plasma where the ion tem-
peratures have exceeded 10 keV over the core region during
deuterium-tritium operations in the DTE2 and DTE3 campaigns.””
Resonance line emission from H- and He-like ions of the intrinsic
impurity nickel occurs in the 1-2 A wavelength region, and these
spectra are rich in satellite lines on the long wavelength side of
the resonance lines.”” Doppler-broadened line profiles and absolute
intensities, along with high-resolution spectral measurements, are
an important way to evaluate local electron temperatures, impurity
ion temperatures, and their concentrations, as well as an ionization
equilibrium determination.®

The x-ray spectrometer deployed in JET since the inception’ is
in the Johann configuration® with a large Rowland circle diameter,
resulting in ~20 m long beam lines converging onto a crystal-
diffraction chamber box. The optical axis, at the center of the field
of view, is tangential to the inner vacuum-vessel wall as shown in
the general layout in Fig. 1. The principal advantages of a very large
diameter include negligible optical aberrations of the cylindrically
bent diffractor, good wavelength resolution, and the ability to sepa-
rate the detector from noise and damage by isolating the sensor from
the plasma both by distance and by locating it behind the biolog-
ical shield-wall. The Si/Ge diffractor damage over JET campaigns
is negligible due to its location and low neutron dose.” However,
for reactor-class machines, a planar pre-disperser that has a high
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FIG. 1. Layout of the high-resolution x-ray crystal spectrometer at the JET facility.
Neutral beam injection (NBI) systems are also shown.

threshold, e.g., for neutron damage, will be required to deflect the
required x-ray energies to crystal spectrometers.'’ Further details on
upgrades to the original spectrometer, including the introduction
of a second parallel, independent spectrometer system; large-area
three-stage gas electron multiplier sensors; new data acquisition
systems; a high-definition diffractor; and arm motion control, are
summarized in Ref. 11.

The profile of the emission from a spectral line of an ion is
determined by the electron temperature and density profiles and
by cross field impurity transport and plasma rotation. For emission
arising in the core region, i.e., r/a < 0.6, the latter effects are small,
and ionization equilibrium between ion stages may be assumed.
The ionization potentials of Ni25+, Ni26+, and Ni27+ (Li-, He-, and
H-like Ni) are 2.4, 10.3, and 10.7 keV, respectively, leading to a
wide He-like Ni profile for most JET discharges, which have cen-
tral electron temperatures in the 2-5 keV range. H-like ions are only
seen in higher performance and higher central electron temperature
plasmas. The JET x-ray spectrometer measures line-integrated and
background emissivity along the line of sight, so any localization
must be modeled.

ARTICLE pubs.aip.org/aip/rsi

This paper is organized into sections detailing the instrument,
its configuration, tolerances, and sensitivity, with a section on inter-
preting the line and continuum emission in hydrogenic, helium, and
impurity-seeded plasmas. Absolute continua analysis, as detailed
here, may complement other quantitative measurements in existing
and future reactor-class machines such as ITER,'” where diagnostics
are challenged with plasma-facing optics degradation from material
deposition and damage due to neutron irradiation'”'* and will have
to be limited or mitigated with design considerations.'”

Instrument detail

The two spectrometers are parallel and stacked vertically,
inclined such that the respective optical axes from the sensor and
crystal meet at a small angle at the center of the primary vacuum
barrier (see Fig. 1). This consists of a beryllium foil supported by
a grid structure—at the Rowland circle—which is capable of with-
standing a pressure differential of up to an atmosphere and separates
the torus vacuum from the spectrometer vacuum, which is normally
maintained at ~10~* mbar.

Table I details the wavelength ranges and diffractor integrated
reflectivities, R, for the Ge and Si crystal-based spectrometers. Using
the He-like spectral feature, comprising the “w” resonance line at
1.5884 A and satellite lines, to measure ion temperatures is the
primary purpose of the instrument, and data are available for the
majority of JET discharges. The H-like Ni-Ly, (1.5303 A) is mea-
sured by the new Si diffractor. The measured emission will at most
be 20% of the He-like “w” resonance line from the Ge crystal assum-
ing similar spatial emission profiles—here, the 41% drop in the Si
diffractor reflectivity is compounded with the fact that light from
only a single plasma-pass is made due to vignetting; hence, the sig-
nal to noise levels will be poorer for the H-like stage (see the sections
titled Absolute Throughput and Vignetting). However, fitting the
line shape, including accounting for the satellite lines’ contribu-
tion, gives a good measure of the ion temperature averaged over the
spatial profile of the respective ion stages. These effectively indepen-
dent spectrometer systems, which extend the ion temperature range
but also have some overlap, are the motivation for adding the Si
diffractor.

Pulse-height (energy-resolved) sensor data for both spectrom-
eters are shown in Fig. 2. Spectra that contain the H- and He-like
Ni emissions are isolated at the second order; He-like signals are

TABLE I. Sensor wavelength ranges covered with the installed Si and Ge diffractors
at a Bragg angle of ~52.67° at 1.5884 A. H- and He-like Ni Ly‘,‘1 and “w” lines are of
primary interest for ion-temperature. R; is the diffractor integrated reflectivity.

2d /lmin Amax Rc
Crystal Order (A) (&) (A (urad) R./(R. Ged40)
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1 3.840312 3.042 3.066 56 2.6
Si 2 1.521 1.533 89 0.41
3 1.014 1.022 1.8 0.08
1 3.9954 3.170 3.194 134 6.3
Ge 2 1.585 1597 214 =1
3 1.057 1.065 4.37 0.20
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FIG. 2. Typical pulse-height distributions from the two spectrometers (JET No.
99 360)—both Ni emissions are selected from the second order spectra. Si diffrac-
tor data are shown in red. Mylar attenuators are used to reduce the first orders
such that the overall count rates are comfortably within sensor saturation limits.
The n = 3 signals are negligible.

especially strong, which leads to good ion temperature estimates
from line-fitting as well as being well time-resolved. This short
wavelength part of the spectra with the highest signal levels is the
“main-stay” of the system. The Ge diffractor, a spectral bandpass,
encompasses the He-like Ni spectra in the 1.585-1.597 A wavelength
region.

The remainder of this section will outline the methods for
the laboratory focusing of both diffractors prior to the DTE2 and
DTE3 campaigns, vignetting at the center of the field of view, and
instrument throughput.

Diffractor bend quality

The large focal length places the diffractors and sensors outside
the torus hall. The radius of curvature of the crystal laminae is ~25 m,
which places strict requirements on the quality of the material and
on the accuracy when preparing the diffractor.'® The crystal dimen-
sions are 230 x 35 x 5 mm®, and they are cut parallel to the 220
plane for both the Ge and Si plates. As discussed in Ref. 16, focusing
the crystal in visible light is transferable to the x-ray domain, so no
other procedure is required to quantify the contribution of diffractor
curvature defects to the total instrumental resolution.

The double crystal bending jig, developed specifically on site for
JET, consists of two vertically separated four pillar systems utilizing
multiple micrometers to cylindrically bend the crystals with relative
tilt and rotation control. This assembly, with kinematic positioning,
is mounted magnetically within the vacuum box. The whole assem-
bly can be moved to the laboratory for the bending process, which is
now described.

The crystal is clamped near each edge by stainless steel pillars
(top photo in Fig. 3: “Active area”); the front ones are fixed, with
the outer rear pair being pushed against the back of the crystal sur-
face by means of a series of micrometers for each diffractor. Special
attention had to be paid to ensure the stability of the curvature over
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FIG. 3. Diffractor bending jig (top photo)—front pillars can be seen with the x-ray
active area clearly shown. The next two figures show the cylindrically bent focus
quality model with a distortion introduced due to asymmetrical pillar movement
leading to off-axis structure(s). Actual measurements of Ge and Si spectrometers
before (a) and (c) and after (b) and (d) the move to the vacuum box are measured
in-lab. The Si crystal mechanism is consistently more stable over the move/pump-
down procedure.

time. Shifts of ~0.1 m of the focal position usually occur within 12 h
after the bend exercise. Small excursions also occur during transport
to the vacuum chamber, pump-down, and the re-measuring proce-
dure of the focus quality (instrument function) and position—most

Rev. Sci. Instrum. 96, 093503 (2025); doi: 10.1063/5.0274324
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FIG. 4. Layout diagram illustrating how the laser, pinhole, mirrors, bending jig,
and a 2D area sensor are arranged during the diffractor-bending procedure. The
distance between the pinhole/diffractor-surface/sensor and mirror surfaces is half
the Rowland circle diameter. The mask width defines the active diffractor area that
is illuminated by the x rays at the Bragg angle under consideration—taking into
account the shadows cast by the pillars.

probably due to thermal excursions and vibrations during kinematic
clamping of the jig.

For these exercises, a red solid-state laser with small divergence
is used behind a 100 ym pinhole to ensure that the active area of
the crystal is painted (see Fig. 4), i.e., is uniformly illuminated by
the central region of the Airy disk. A large-area 2D CCD sensor is
placed at the focus of the crystal, giving a real-time image measure-
ment. The diffractors are locally masked such that only the areas
illuminated by x rays during operation are exposed (top photo in
Fig. 3: “Active area”). The resulting image for the Si crystal assem-
bly is stable when comparing measurements from before and after
the jig was transported to/from the kinematic mount in the crystal
box and the laboratory. The mechanism was left alone after the best
focus was achieved. The measurement of the diffraction pattern is
in qualitative agreement with ray-tracing calculations, also shown
in Fig. 3, where the point spread function is calculated using a ray-
tracing program from an ideal cylinder (quadratic) with different
levels of (cubic) distortions introduced, e.g., from non-symmetrical

ARTICLE pubs.aip.org/aip/rsi

small movement of the pillar(s). The blue curve in Fig. 3 repre-
sents the distorted crystal shape (e.g., if one of the four pillars
did not press on the crystal at all), here represented with a cubic
polynomial term, a percentage of which is added to the ideal (red
curve) shape. Different levels of cubic distortions added to the ideal
focus change the point-spread function, as illustrated in the third
panel.

Low ion temperature assessment

Measurements show that the new Si diffractor has better bend
stability than the mainstay Ge one. However, this can be used advan-
tageously to determine an upper limit of the Ge instrument function
by using emission from the JET plasma itself. Lowest density, radio
frequency (RF) heated plasmas have high electron temperatures
but low ion temperatures due to the electron-ion equipartition
timescales. In such plasmas, there is strong emission from both H-
and He-like ions of nickel, but the Doppler width compared with the
instrument function width will be the smallest.

In Figs. 5(a) and 5(b), we show the He-like and H-like Ni spec-
tra from the two spectrometers. Also shown are the partial fits to
the main “w” and the Ly, lines and satellites and the instrument
functions used in the fit.

As usual, the ion temperatures are deduced from the Gaus-
sian component of the fit. Figure 5(c) illustrates how the He-like Ni
ion temperatures so calculated could vary as the instrument func-
tion component width is varied over the fits to the data. In this
plasma pulse, as He-like ion temperatures cannot exceed the H-like,
an effective upper-limit to the Ge220 instrument function width is
obtained.

The instrument function will be of less significance for standard
plasmas, where ion temperatures are substantially higher and where
the Doppler component dominates.

The ion temperature is thus extracted from the line of sight
measurement by fitting the spectrum to an emission model and the
measured instrument function. A local equilibrium balance between
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FIG. 5. [(a) and (b)] Ge220 and Si220 spectra (JET No. 105613, 11.4-17.4 s), respectively, and partial fits (in magenta) to the main resonant emission and satellites—using

the upper-limit of the instrument function (green) for the Ge220 spectrometer. (c) Calculated Ni%* T; from the Doppler component as the Ge220 instrument width is varied—an
upper limit of ~7 mm is set by the Ni Ly, Ti, which has a robust instrument function, and (d) for most JET plasmas the Doppler-width dominates: here, we compare ion

temperatures from the spectrometers with other measurements (JET No. 105781, 12.5 s). T, is from Thomson scattering (TS) and electron cyclotron emission (ECE, KK3);

the other T; are from charge-exchange (CX) systems.
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the H- and He-like nickel ions is assumed, using measured elec-
tron temperature and density profiles. The atomic data for ionization
and recombination rates are from ADAS,'” and relative satellite-line
intensities follow those of Ref. 18. In Fig. 5(d), the ion temperatures
for H- and He-like Ni are shown with their spatial ordinate being the
centroid and a single standard deviation calculated from the fit. The
figure highlights the fact that the H- and He-like Ni ion temperatures
are in good agreement with other measurement techniques and, for
this plasma, with measured electron temperatures.

Vignetting

Asnoted here and in Refs. 11 and 16, the He-like Ni26+ emission
is firmly at the center of the Ge220 spectrometer double-pass view
range and does not suffer from any vignetting. However, the field
of view for the Ni-Ly_line does partly span the inner wall bound-
ary area (see Fig. 1). From suitable plasma temperature and density
conditions, it is possible to select data frames that exclude any line
emission across the field of view. An effective vignetting function
may then be estimated by analyzing continua over many pulses and
applied to higher performance plasmas when the line emission is
present. The experimentally generated vignetting curve is shown in
Fig. 6(a), where the Impact Parameter, IP, is the distance between
the tangent of the sensor/pixel line-of-sight to the machine axis,

(a) j

1 t'uu
-E ]
Fown oo 4
LA g |
) ]
¥k ]
PR ]
[29 5 J
r S ]
[ a \ Data ]
= g WMMWW\
0 [ ‘ Impact param (m) ‘
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300 _gg 1.53024A - ~
[0l R
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[ & .
_H +
s
T T,
[ Waveleng{:h (A) H
0 1 1 [

. y L
1.522 1.524 1.528 1.532

FIG. 6. (a) Vignetting over the center of the field of view from continua with data
frames that are carefully selected to exclude line radiation—namely, lower core
temperature plasmas where Ni-Ly, intensities are negligible. (b) Example appli-
cation to the H-like Ni-Ly,s and associated satellites for JET pulse No. 105775,
over the time period 7.7-7.9 s. The emissivity peak and standard deviation at r/a
=03+0.09,T;~6.74 + 0.6 keV, and Te = 7.96 + 2.94 keV (T, from TS ~8 keV
for this r/a region). The impact parameter (IP) axis shown in (a) is mapped to the
wavelength scale in (b).
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IP = Rosin(6p — 6) ~ C — nA/2d, (1)

where n, 2d, 05,1, Ry, 0y, and C are the diffraction order, lattice-
spacing, Bragg angle (subtended by sensor/pixel to the diffractor sur-
face), wavelength, and various constants from the JET-spectrometer
geometry, respectively. The rollover at the edges of the crystal is
due to the line of sight obstructions. The fit to a spectrum with a
prominent Ni—Lyal and satellites, from a high performance, high
electron temperature plasma, is shown in Fig. 6(b). The main emis-
sion and satellite lines fitted show the importance of accounting for
the vignetting.

Spectrometer sensitivity

The sensitivity for a Johann x-ray spectrometer geometry may
be expressed as S = LT#, where T is the system transmission, # is
the detector efficiency, and the luminosity is given by L = R:Ah,/2R,
which is a function of the diffractor reflectivity (R.), crystal area (A),
sensor height (h,;), and the Rowland circle radius (R).

A schematic layout of the spectrometer is given in Fig. 7,
showing all the components from the barrier at the JET plasma
to the sensor. The optical throughput is the same for both spec-
trometers apart from the diffractors, an air gap difference due to
the relative sensor positions, and the Mylar attenuators. These are
used to attenuate the brighter first order emission to a level similar
to that of the second order so that the sensor may operate opti-
mally below its saturation limit. The alignment of the centers of the
sensors, diffractors, and barriers is achieved using low-divergence
visible lasers, and the alignment of the spectrometer, both in air
and under vacuum, has been historically robust. One of the more
difficult measurements to make is the transmission fraction of the
Mylar attenuators. This is naturally low, and because of insufficiently
accurate tolerances in the manufacturing process, it is necessary
to measure this value on a continuous basis by monitoring an in
situ >>Fe source over the active areas of the sensors. Attenuation
at the principal 5.9 keV energy is measured, and the lower energy

1.53038 3.0607A

Torus vacuum

Beryllium barrier * * * % * 0.8222 0.6374
Support structure/ Vacuun
$1220(Ge220)diffractor I I I I I I I I I 8.9urad 56urad
138.9w x 35h (mm)
Fe source ‘
Mylar window 1‘““”"‘. 0.9895 0.9148
Support structure —

0.9057  0.4460
Mylar attenuators 368 (736)um 0.7235 0.0650
Detector cts/ph 0.1880 0.7110

FIG. 7. Schematic of all spectrometer attenuation components. Fractional atten-
uation at the two energies over the first and the second diffraction orders for the
Si crystal is also printed. Values in brackets are for the Ge220 spectrometer. The
55Fe source is located in the vacuum and paints all components from that position
to the sensors. Diffractor integrated reflectivities (in urad) are listed at each energy.
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value is derived from the properties of Mylar given in the CXRO
database (URL: https://henke.lbl.gov/optical _constants/). The sen-
sor efficiency components, for 5 and 12 ym Mylar with 0.2 ym Al
and a 15 mm conversion gap operating with a detector gas mixture
of 70:30% ArCO,, have been characterized in detail'” at the opera-
tion energies in question, values of which are also shown in Fig. 7 for
the Si diffractor spectrometer.

ABSOLUTE THROUGHPUT

For most JET plasmas, the He-like lines of nickel cover the
Ge spectrometer sensor’s width in both the first and second orders.
In contrast, the H-like Ly, line observed by the Si spectrometer is
only significant during high-temperature plasmas (>5 keV). Fur-
thermore, only one Arl6" line (~3.056 A, 1s*-1s8p”’) is present
in the spectrum during argon-seeded plasmas. Therefore, the Si
spectrometer is mostly line-free and is ideal for the study of
continua.

Continuum emission from the hydrogen (and its isotopes) fuel
and impurities is due to bremsstrahlung (free-free) and radiative
recombination (free-bound) processes. The absolute levels of the
continuum, over the small wavelength bandpass of the instrument
(Table T), may be calculated using the measured instrument sensi-
tivity outlined in the previous section. Atomic data for the model
are from ADAS? with modeled continuum emission following the
methods of Ref. 21. The calculations use the measured profiles of the
electron temperature and density from the high resolution Thomson
scattering diagnostic, and the mapping from flux-surfaces to chordal
line of sight (EFIT?) is needed to evaluate the integrated line of sight
predictions.

A strong check on the viability of this method is to consider
the special cases where the plasma effective charge Z, = 1, for
helium plasmas where Z.s = 2, and in seeded argon plasmas where
argon emission is significant. In these plasmas, the continuum emis-
sion can be calculated. Zy calculated from the Si spectrometer in
first order and second order, namely, over 3.042-3.066 A (~4 keV)
and 1.521-1.533 A (~8 keV) with a shorthand nomenclature of
4/8 keV, may be compared to the independent measurement based
on emission in the visible part of the spectrum, here termed VB (Z
measurements from VB are detailed in Ref. 23).

“Clean” plasmas

The time evolution of the VB (Z,5) measurement compared to
that measured and modeled (based on measured density, temper-
ature, and line-of-sight flux structure) at the 4 and 8 keV energies
for a JET pulse is shown in Fig. 8. The error bar in the time
dimension is due to sufficient counting statistics, and that of the
intensity is a single standard deviation from the fit over that time
interval.

Over the steady-state divertor phase of the pulse (10-18.5 s),
Zy from the VB measurement agrees with the Z4 and Zg ratios
(which is effectively Zy in this minor radius region) derived from
the two continua measurements [Fig. 8(b)]. Emission from the 4 and
8keV, being dependent on electron temperature, arises from slightly
different locations in the plasma cross section [Fig. 8(c)]. It should be
noted that the VB emission also covers a much larger plasma cross
section than the two x-ray emissions.
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FIG. 8. (a) Si diffractor intensity measurements at the 4/8 keV (photon energy)
background for JET pulse No. 96 897 and the calculated Zs = 1 bremsstrahlung
for the same LOS. (b) Z4 and Zg are the ratios of the measured and calculated
4/8 keV intensities, respectively, and here can be effectively considered as equiv-
alent to Zgs. Also shown in (b) is Zes from VB. (c) The extent of VB, 4 and
8 keV bremsstrahlung emissivities over r/a: mean with a single standard deviation
error bar.

The effective peak and standard deviation of the measurements
shown in Fig. 8(c) are calculated following the approach outlined in
Ref. 24 for the case of line emission. Here, the continua emissivities
analogously are calculated for free-free and free-bound radiation
for each impurity and ion state, using flux-surface localized electron
density and temperature, as a function of effective minor radius, (p),
and standard deviation o(p),

(p)=pi/po and a(p) =\/p2/po = (p)’ )

for n € {0,1,2}, and p,, are defined as

B L/Rwau nf(Z,';R)ng(R)E(Zme;R)RdR (3)
Pn = 27 Jn, ’—RZ = R% s

where n, is the density, €(Zicon; R) is the emissivity of the free—free
and free-bound continua for ion species Z at an ion charge state i
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integrated for all impurities and the background ion across the major
radius, R. The fractional abundance, f(Z;; R), is calculated assuming
coronal equilibrium. The integral limits are from the magnetic axis,
Ry, to the last closed flux-surface, Ry, 4.

Due to spatial considerations, the lower end of the line-of-
sight coverage is above r/a ~0.2 because the magnetic axis of a JET
plasma is above the geometric machine axis since the installation
of the divertor,” and the x-ray spectrometer remains at its original
position viewing the geometric center.

The agreement between the calculated “synthetic”
bremsstrahlung from the two diffraction orders and the VB
emission for plasmas essentially free of impurities confirms the
method for evaluating the diagnostic component throughput.

Helium plasmas

For JET plasmas with helium as the majority species, the effec-
tive charge is very close to 2,° which can be used as another
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FIG. 9. (a) Si diffractor intensity levels at the 4/8 keV energies and the Zz = 1
calculated intensities (JET No. 97275), (b) VB Z compared with the 4/8 keV
intensity ratios, and (c) radial mean and standard deviation of the VB and 4/8 keV
energies for a helium plasma.
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self-calibration method. Figure 9 is the same as Fig. 8 for a
Z5 = 2 plasma. Again, good agreement between the two Z4/Zs and
the VB measurements provides further confirmation of the calibra-
tion of the x-ray based diagnostic, where the temporal evolution of
the plasma shape, density, and temperature are different. Note that
the emission from helium is dominated by free-free bremsstrahlung
with little free-bound emission contribution at either the 4 keV or
8 keV x-ray energies. Here, VB, Z4, and Zg are equivalent to Zeff,
although they represent a different spatial extent of the respective
emissivities.

Argon seeded plasmas

In large tokamaks such as JET, non-intrinsic impurities are
used to seed plasmas in order to reduce the power load on the
divertor and plasma facing components.”’ Generally speaking, in
plasmas, there will also be intrinsic impurities such as beryllium,
nickel (from Inconel in the JET vessel), and tungsten contingent
upon the interaction of the plasma and vessel components. All of
these will contribute to the continuum spectrum via free-free and
free-bound channels. Figure 10 shows these emissivities over the
0.5-10 keV photon energy range at an electron temperature of 2 keV
for a set of impurities with the quoted concentrations.

The fractional abundance of the ions of each element is that
of equilibrium balance with the atomic data, bremsstrahlung, and
free-bound recombination taken from ADAS.

The concentration of argon in seeded plasmas is significant, and
the continuum emission at 4 keV from it will contribute to the total
emission in these plasmas. It is reasonable to assume that the princi-
pal contributors, nickel, argon, and hydrogen ions, contribute to the
4 keV continuum. Other intrinsic impurity concentrations are not
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FIG. 10. Free-bound + free—free (upper curves) and free—free emissivities at
2 keV electron temperature for principal intrinsic (5%He, 0.03%Ni, 0.015%W) and
extrinsic (0.2%Ne, 0.05%Ar) JET impurities.
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important, judging from the spectral information available, and will
not be taken into account here.

The nickel concentrations are measured and are used to cal-
culate their component contribution to the continuum at 4 keV,
assuming a constant spatial concentration profile. For each impu-
rity, the coronal equilibrium model calculates component ion states
along flux surfaces and uses local temperature and density.

Measured chord-integrated intensity I4 at the 4 keV continua
may be separated into principal ion continua as

Iy = IarCar + INiCni + In(1 = ZNiCni — ZarCar), (4)

where the chord-integrated argon, nickel, and hydrogenic intensi-
ties (at 4 keV energy), concentrations, and mean charge are {Iar, Ini,
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FIG. 11. Details of the argon-seeded plasma pulse (JET No. 102 598). (a) Mea-
sured and calculated intensities at 4/8 keV energies. (b) Ar gas injection waveform
(brown, normalized); %Ar concentration derived from Eq. (5); Zes (red) from %Ar
and hydrogenic ions; and Zes (purple) from nickel, argon, and hydrogenic ions. Ni
concentrations reach ~0.02% and are measured by the Ge220 spectrometer. (c)
Spatial emissivities assuming coronal equilibrium.
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Iu}b, {Car, Cni> Cu}, and {Zar, Zxi, 1}, respectively. These quantities
are calculated along the spectrometer’s line of sight from emissivities
evaluated at flux-surfaces. Solving for Cay,

I — INiCnil (ZniCni — 1)

Car =
' Lir — InZar

©)

Chord-integrated argon concentration, Ca,, can thus be cal-
culated. Again, we emphasize this is a maximum figure, as we are
assuming that the only contributors to the measured continua are
from argon, nickel, and hydrogen ions.

Furthermore, a coronal balance, neglecting the effect of impu-
rity transport, is appropriate since the peak of the x-ray emission
originates closer to the core than the edge [see Figs. 8(c) and 9(¢)],
where transport effects are lower.”

An argon seeded pulse is shown in Fig. 11. Here, we show the
measured chord-integrated continua [Fig. 11(a)] along with the cal-
culated hydrogenic continua (Z.s = 1) at both 4 and 8 keV energies.
The 8 keV component will not be analyzed further here.

In Fig. 11(b), we show measured nickel concentrations and VB-
Z5 along with the argon-injection valve voltage profile. The argon
concentration is from measurements in Eq. (5). Zgs(D + Ar) is cal-
culated assuming this argon concentration and hydrogen only—this
is for illustrative purposes, as these values should not be less than
unity and should follow the argon injection profile.

As mentioned, the argon and nickel ions are principal con-
tributors to Z,y for the pulse shown here. It tracks the VB value
closely, and the Ar concentration temporal profile lags the injec-
tion waveform from the piezo-valve, as expected, due to the gas-feed
pipe-length, conductance, etc.

From the X-point formation at 6.3 s, the plasma-Z, calculated
from D/Ar/Ni continua tracks Z,y from VB rather well. Small dif-
ferences in the Zeﬁ from VB and that due to nickel, argon, and the
main ion may be due to (i) other impurities such as Be and W and/or
(ii) due to the spatial coverage difference of the radiation indicated
in Fig. 11(c) and, of course, assumptions such as constant spatial
impurity profiles.

Summary

The spectrometer throughput of the JET x-ray spectrometer has
been characterized at two narrow spectral bandpasses at 4 and 8 keV
photon energies. Here, the plasma emission consists of free-free and
free-bound continuum emission from fuel and impurity compo-
nents of the plasma. Plasma-Z is derived from these continua for
a “clean” and from a He-ion majority plasma and has been derived
and agrees with chord-integrated Z,; based on VB measurements at
the JET geometric equator.

Furthermore, we propose that the intensity for 4/8 keV photons
can be used to diagnose concentrations of an externally introduced
single impurity. The case highlighted here, an argon-seeded plasma,
estimates of the upper-limits to the concentration, and contribution
to Zgy show good, although delayed, correlation with the introduced
gas volume and with plasma-Z.

Further work is envisaged to improve the analysis method
for other impurity species introduced once or multiple impurities
multiple times in a sequential manner into JET plasmas.

To conclude, an x-ray spectrometer that is sufficiently well
aligned using visible lasers and with measured response and
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throughput of all spectrometer components is key to quantitatively
interpreting the whole of the collected data across the spectrum. Be it
Doppler-broadened line emission or, as demonstrated here, the con-
tinuum. In reactor-class tokamaks, x-ray diagnostic-access will be
limited as diffractors can be damaged, e.g., by intense neutron bom-
bardment. This can be mitigated by the use of neutron-hardened
pre-dispersers that deflect x-ray wavelengths of interest to spec-
trometers: the continuum component of the spectrum may be an
invaluable source of information, as shown here.
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