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A double-crystal monochromator has been brought into operation at JET to measure
absolute wavelengths and intensities of impurity spectral lines in the soft X-ray region
from about 0.1 nm to 2.3 nm. It is capable of operating also during the deuterium-
tritium (active) phase of JET because its detector is very effectively shielded against
neutrons and hard X-rays. The spectrometer has been swept over a wide wavelength

range, around characteristic line groups as well as monochromatic line scans.
INTRODUCTION

Soft X-ray spectroscopy of magnetically confined high-temperature plasmas provides a
range of diagnostic information relating to the concentration, transport and temperature
of impurity ions 174, Since high-Z impurities in DD (and DT} plasmas contribute
substantially to the plasma power losses and low-Z impurities lead to D {or T) dilution
and hence to fusion reaction rate reduction, detailed investigations of the impurity
behaviour are a necessary basis for power balance studies. To pérforrn such studies a

spectrometer must cover a wide spectral range.

The high temperature DT plasma anticipated in the JET active phase will produce high
fluxes of neutrons and y-rays. This requires good shielding of the detector (reducing
the background radiation by about 9 orders of magnitude} and of various components
of an active phase crystal spectrometer. Since a wide spectral range must be covered,
the need to retain shielding of the beam path over a wide range of Bragg angles places

severe constraints on the design of such an instrument.

The scheme of a double-crystal monochromator was chosen because it offers excellent
shielding against neutrons and +-rays due to a labyrinth radiation shield. Since the

detector is at fixed angle for all wavelengths™® the shield can be built around it and
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the X-ray beam path. Fast wide spectral scans can be performed, and with an appro-
© priate selection of crystals a wide spectral range (0.1 to 2.3 nm}) can be covered. The
relatively simple optical configuration facilitates absolute calibration for sensitivity and

wavelengtl.
I. THE ACTIVE PHASE DOUBLE-CRYSTAL MONOCHROMATOR
A. The device

The scheme of the shielded double-crystal monochromator is given in Fig. 1. The input
and output beams of the soft X-rays from the plasma are fixed for all wavelengths.
The plane crystals are positioned by high precision drive mechanisms to fulfil the Bragg

condition
4d?%§
n2 )\2) (1)

nA = 2d. sin® - (1+

where A is the wavelength, 2d the crystal lattice constant, © the Bragg angle, n the
order of interference and ¢ is the refractive index minus unity. For any given crystal
6/)\? is approximately constant. The positions are controlled by a fast digital servo
system®. The lattice planes of both crystals have to be parallel within an angular
margin much smaller than the double-crystal rocking curve width, in order to maintain
constant throughput of the monochromator. This is achieved by the control system to

about 6 arcsec in the full Bragg angle range from 26° to 60°.

The resolving power

AAX = (1/AO) - tan® (2)

of the instrument can be varied with the angular width A® (FWHM) defined mainly
by remotely interchangeable coarse (1/A©Q = 1200} and fine (1/A© = 10000) gridded
collimators. In order to keep the geometrical orientation of the collimators constant
relative to the linear displacement tables all the units of the monochromator are mounted
on the same massive epoxy resin concrete plateS. The guides for the longitudinal motion,
together with the linear (by linear motors) and rotary (by torque motors) drives, are
assembled in two rectangular vacuum chamber modules. Each guide rests on three
support points, and is adjusted from the outside (atmospheric side)} by means of spindles,

housed in bellows feedthroughs®.



At the entrance of the X-ray beam into the monochromator a remotely deployable cali-
bration source is installed which serves two main purposes, namely to align the crystals
for parallelism and to obtain an absolute wavelength calibration. The combination of
high resolution angle encoders and the fine collimator allows an absolute wavelength
calibration and wavelength resolution sufficient for Doppler broadening and line shift

measurements.

The detector is a multiwire gas proportional counter (MWPC) with thin polymer win-
dow for which the gas pressure, high voltage, and pulse height window can be controlled
automatically to suit the observed wavelength range. This gives a high quantum detec-

tion efficiency and allows background rejection and selection of the desired diffraction

order by pulse height analysis. In order to take advantage of multiple diffraction orders .

(and thus extend the wavelength coverage of the instrument) the detector signal is fed
in parallel to 8 separate single channel analysers which are set to a range of cnerg

windows, Thus the data is stored in 8 memory locations each representing a different
energy window, and this coarse multichannel analysis allows identification of the diffrac-
tion order of a particular spectral line. Alternatively, the 48 anodes can be connected
into 8 groups, each with its own signal processing chain, allowing signal-plus-background

count rates of ~ 107s™! ‘without serious pile-up’.

All instrument and vacuum systemn functions can be controlled automatically by the
JET control and data acquisition system (CODAS).

The double-crystal monochromator in its shielding house is located behind the torus
hall wall®. The X-rays from JET enter the instrument via a long evacuated beam line
through a small penetration in this wall, the JET biological shield, as schematically

drawn in Fig. 2.

The design of the double-crystal monochromator shielding is based on the assumption
that during deuterium-tritium operation of JET about 6 - 10'® neutrons of 14 MeV will
be emitted per second, resulting in fluxes of neutrons of about 2-10'%n/(m? . s} and of
gammas of about 7+ 102°~/(m? - 5) near the inside of the torus hall walls. About half

of the neutron flux will be isotropic, the other half will be highly directional.

The shielding concept hence consists of a concrete “collar” tightly fitting around the

vacuum tube, the narrow beam duct through the wall and two baryte concrete chambers
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behind the wall housing the vacuum vessels for the two crystals. This is schematically
shown in Fig. 2, where, however, the shielding wall between the two vessels is not drawn

{in contrast to Fig. 1).

The shielding outlay is optimized such that each of the possible paths for important
radiation transport contributes about the same fraction to the total flux at the detector®.
There are four main paths for the neutrons, the first by multiple reflections of neutrons
(entering through the beam duct) from the first crystal vessel through the connection
duct to the second vessel and then to the detector, the second the same, except that the
radiation passes through the concrete between the vacuum vessels for the two crystals,
the third by penetration of the neutrons through the sides of the duct and the torus
hall wall to the second vacuum vessel, and the fourth by neutron streaming from the

first vacuum vessel through the shielding to the detector.

Together with the flux of gamma quanta created by neutron interactions in the vicinity
of the detector the estimates® result in a total neutron plus gamma ray flux of as low
as about 107(n + v)/(m? - s). Hence the background radiation can be reduced by about

9 orders of magnitude.

B. Spectral properties and tests of the active phase double crystal monochro-

mator

For the impurity investigations in JET several X-ray spectral regions are of interest,
ranging from the wavelengths of the hydrogen- and helinm-like {ransitions of medium-7
impurities (like nickel) to those of low-Z impurities (like oxygen) or neon-like metal
lines. Due to the finite monochromator vacuum vessel length the accessible Bragg angle
range is limited to between about 26° and 60°. Fig. 3 demonstrates that for this angle
range several crystals are suitable to cover the wavelength ranges of most interest, and
the observable ionization stages of typical impurities. A similar spectral range is also

covered by a spatially scanning double crystal monochromator®, which is also installed
at JET.

It 1s a necessary condition that the crystal diffraction properties be uniform over the
whole crystal surface area. The diffraction properties of most of the crystals were

measured over the full crystal surface area®.
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The crystal property tests performed during the preparation phase of the monochromator®
can be repeated and partly extended with the monochromator itself by using the re-
motely deployable X-ray calibration source. Using an inconel anode - the same material
as for the JET vessel was chosen for simulation of the most prominent metal impurities

- the crystal rocking curve widths and the collimator transmission were determined.

Fig. 4 gives an example of the double-crystal rocking curves of Topaz(303) taken at
the Kay lines of Ni, Fe and Cr, indicating the increase of the rocking curve width with
wavelength. These widths are slightly larger than those found previously?, because the
angular width in non-dispersive direction for these calibration tests was not negligible
and since-a relatively large crystal area was illuaminated contributions from regions of
the crvstals with slightly different orientation broadened the rocking curves. These
measured rocking curve widths are small enough for high resolution spectroscopy if
combined with a low acceptance angle collimator. The rocking curve widths of TIAP
are wider as can be seen from the example in Fig. 5, taken at NiLey o (1.4595 nm), in

good agreement with M. Lewis’ datal?.

In addition to the previous collimator tests!!:!2, the collimator angular transmission
was also measured in situ with the monochromator and the X-ray calibration source
by parallel rotation of the two crystals. -An example is given in Fig. 06, showing the
CrKa spectrum taken with Topaz(303) crystals and the fine collimator. The compo-
nents CrKoy and CrKag are well separated, their intensity ratio is in the range of 2,
and the line widths appear by 20 to 30 % wider than the natural line width due to the
folding with the 41 arcsec (21 arcsec FWHM) wide collimator acceptance angle and the
rocking curve width. This result is consistent with the instrumental resolving power
AAXN = {1/AOQ) - tan© of about 9000 at these wavelengths around 0.23 nm, drop-
ping monotonically to about 5000 at 0.16 nm. These values are sufficient to perform
line profile measurements, for instance to determine ion temperatures from Doppler

broadening.

The tests of the position control of the crystals were carefully performed since the paral-
lelism of both crystals at every instant during the measurements is the most important
condition to be fulfilled for the double-crystal monochromator. The angles are read

by rotary encoders and the incremental signals from the encoders are fed into a fast
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digital feedback system, which controls the angular motions with a time cycle of 3 ms.
‘The rotation angles are determined by incremental encoders which have electroopti-
cal transducers and use amplitude and phase resolution to achieve an accuracy of 2.25

arcsec.

The incremental encoder signals are stored in memory together with the detector sig-
nals, allowing the crystal positions to be correlated with the count-rate throughout the
discharge. This gives an absolute wavelength scale from within the stored data and

allows a check to be made on the parallelism between the two crystals.

An example of the angle difference of both crystals from these encoder readings taken
from a typical wavelength scan during a JET discharge is given in Fig. 7. The top trace
shows the parallelism of the two crystals during the discharge measured using the two
encoders (which are also separately displayed). The result shows that the two crystals
stay parallel within 6 arcsec which means that crystals with such narrow rocking curve

could be used inn the instrument.

Absolute intensity measurements can be performed with the double crystal monochro-
mator after its calibration with the large-area X-ray source!® developed specifically
for absolute calibrations and tests of this instrument and the spatially scanning double-
crystal monochromator®. - The calibration was done by scanning through the wavelength
region of the I, lines of the large-area X-ray source, which was installed in front of the
monochromator, in an identical procedure as scanning through the wavelength region
of the spectral lines from the JET plasma, both crystals always being kept parallel to
each other. If the crystals are rotated at an angular velocity w[rads™!] the solid an-

2. s7] results in a detector count

gle integrated spectral line intensity I,[photons - m™
-number N. Hence the calibration factor C relating I, and w to N by N = CI,/w can
be determined. Values of C from calibrations at Nila and CrKKa applying nickel and

chromium anode plates, respectively, are plotted in Fig. 8 as open circles.

Additionally, the calibration factor C can be estimated from the crystal properties (as
partly determined separately®), the geometrical conditions and the detector efficiency.
If both crystals are always kept parallel to each other and if we assume that vertical
divergence, misalignment, and tilts are all negligible, the number of counts N measured

with the detector for a wavelength scan across the line is proportional to the total
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line intensity Iz, = [ IndA[photons - m~2s71sr™1], to the projected crystal area Fy, the
acceptance angle y perpendicular to the plane of dispersion, the collimator acceptance
angle A©, the wavelength dependent transmission 7y (e.g. window absorption, detector
efficiency), the structural transmission 7, (e.g. from grids and meshes) and to the
integral over the sum of the squares of the polarization components of the single crystal
response function * 1/2 f Zp( C2(v))%dv, where n is the reflecting order and p denotes
the polarization. Note that N is again inversely proportional to the angular velocity w

of the rotating crystals.

N = Ip - Ie- \A@ UA’?s/Z(CP U) (3)

As a result the calibration factor

 Nw  Nw  x-AO s
C = = = F, . UAU&/ZP:(CN(U)) dv

Is 47TIL

can be calculated from the separately determined quantities. In separate measurements
it was found for Topaz(303), that 1/2 [~ (Ch(v))*dv can be approximated by the
product of the previously determined double crystal integrated and peak reflectivity®.
Hence for Topaz(303) crystals the values for C are additionally plotted versus the wave-

length XA as solid line in Fig. 8.

II. FIRST RESULTS OF X-RAY LINE EMISSION FROM JET MEA-
SURED WITH THE ACTIVE PHASE DOUBLE-CRYSTAL MONOCHRO-
MATOR

The double-crystal monochromator can be operated in different modes (scanning or
non-scanning) that give significantly different information on the plasma source. The
operational modes are described as:

Covering the Bragg angle range from about 26° to 60° broad band spectra can be taken
in a time of down to about one second. By using crystals such as Topaz(303), LiF(220),
Gypsumn, TIAP and AP the wavelength range from about 0.12 nm to about 2.3 nm

can be covered.

Repetitive scans of a smaller wavelength interval can be taken to study the time evolu-

tion of a certain group of spectral lines.



A line scan mode records the profile of a certain spectral line many times throughout
the discharge in order to follow the time behaviour of the line width and its intensity.

In this mode the translation stages are held by brakes.

The fourth operational {monochromatic) mode is the time behaviour of a spectral line

meastred with high time resolution.
A. Broad band spectra

Spectra over a wide spectral range are normally taken during a time interval in which
the plasma parameters might change. Hence these changes have to be taken into account
for the spectral evaluation. An example of a broad-band spectrum taken with TIAP
crystals is given in Fig. 9, showing some Ne-like Ni lines and some members of the oxygen
Lyman series. The data shown is not corrected for instrument sensitivity calibration.
These spectra immediately give an overview of the presence of impurity ions in the JET

plasma as well as on their relative abundance.

Broad band spectra in the short wavelength range taken with Topaz(303) or with
LiF(?QO) crystals mainly showed the He-like transitions of Ni and Cr, while those
recorded with Gypsum crystals predominantly gave Li-, Be-, B- and Ne-like lines of Ni.
However, the Gypsum crystals, although protected by a thin Al coating and vacuum-
sealed to avoid evaporation, showed strong reflectivity degradation in vacuum even after

a few hours.

These broad band spectra allow absolute wavelength calibration and absolute line in-

tensity measurements after calibration with the large-area X-ray source.
B. Repetitive scans of spectral line groups

The time evolution of characteristic line groups of the He-like transitions of Ni, Cr and
Cl can easily be investigated by repetitive scans. An example of the time behaviour of
Ni XXVIIis given in Fig. 10, taken with the coarse collimator and hence, with relatively
low spectral resolution. In Fig. 11 these He-like spectra are plotted versus wavelength A
for Cl, Cr and Ni. The chlorine spectrum was obtained with fifth order reflection from
KAP crystals, while the Cr and Ni spectra were taken with Topaz(303) crystals in first
order. The intensity ratios of the different lines and the line profile allow electron and

ion temperature determination, respectively''*~18 For example, for spectra of He-like

8



nickel recorded with the fine collimator the Doppler width was measured, allowing ion

temperatures typical of JET (3 to 12 keV) to be derived within an error of 15 %.

Another example for repetitive scans of line groups is that of the oxygen Lyman series
given in Fig. 12. This scan was taken with TIAP crystals and using the coarse collima-
tor. (The coarse collimator was used to achieve a high signal-to-noise ratio.) It covers
the spectral range from 1.37 nm to 1.65 nmn and thus contains up to six oxygen Lyman
lines {except Lya), fluorine Lya (at 1.4984 nm) and some contributions from metal
lines below the oxygen Lyman series limit at 1.4223 nm. The limited number of oxygen
Lyman lines to be observed is given by the finite resolving power of R = A/AM =~ 540
due to the TIAP rocking curve width of 220 arcsec (see Fig. . 5) and the collimator
acceptance angle of about 165 arcsec (FWHM). The maximum quantum number npq,
observed here is 8. This can be roughly confirmed by calculation using the equality of
the apparatus profile width AX 4pp = A/ R and the wavelength difference AN = 2X\/n3,,,
of the two neighbouring lines (Doppler and Stark profile contributions are negligible for

these plasma parameters) resulting in nmqe, >~ (2R)1/3 =~ 10.

Since generally hydrogen-like spectra are theoretically well understood, the intensities
of the Lyman lines (applying eq. (3)) versus the quantum number n normalized to the
Lyman-« intensity are shown plotted in Fig. 13. The intensity distribution is compatible
with the dependence as to be expected from collisional excitation!®. One potential of
this data analysis would be to identify influence of charge exchange excitation, since this
would increase the intensity ratio for certain quantum numbers,??. Since the calculations
do not take the level population by charge exchange processes into account it is suspected

that these might be responsible for the higher intensities in the higher n members.
C. Line scans

A scan of the profile of a certain spectral line can be performed many times throughout
the discharge in order to follow the time behaviour of the line width and the line
intensity. Fig. 14 gives an example of such a line scan for Ni XIX and O VIII for
two similar plasma discharges at JET. The variations of line intensities, measured with
high temporal resolution, e.g. 10 profiles per second in Fig. 14, show clearly that the
sensitivity of the monochromator is high enough to reveal the different behaviour of

oxygen and nickel during x-point operation and neutral beam injection?!,
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For detailed line profile measurements with the aim to measure ion temperature and
toroidal rotation the high resolution collimator is used (A/AX = 10 000). Using a pair
of Ge(111) crystals the total instrumental contribution to the line width is typically
50 arcsec while the line broadening due to thermal motion of the ions at the lowest
ion temperatures of interest, say 2 keV is about 80 arcsec. Thus, ion temperatures
have been deduced from line profile analysis of the resonance lines of e.g., Ar XVIII
and Cl XVII with about 10 % accuracy and compared to measurements from other ion
temperature diagnostics at JET. An example of ion temperatures and angular rotation
velocities deduced from these measurements is given in Fig. 15 compared with similar

5
measurements from the curved crystal spectrometer at JET?2,
D. Monochromatic mode

The fourth operational mode of the double-crystal monochromator is the determination
of the time behaviour of the intensity at a fixed wavelength throughout the discharge.
Since some crystals (like ICAP and TIAP) show relatively intense higher order reflec-
tivity it is possible in some cases to observe lines of two different elements in different
reflection order simultaneously, simply by different discriminator setting. For instance
the simultaneous oxygen and chlorine recording by observation of the lines of oxygen
Lyman o (O VIII 1s - 2p at 1.8967 nm) in first order and helium-like chlorine (Cl XVI
157 — 1s3p at 0.3794 nm) in fifth order.

The monochromatic time behaviour measurements are especially interesting to observe
rapidly changing line intensities caused by fast plasma processes, such as internal in-
stabilities or following injection of elements into the plasma by laser ablation. Fig. 16
 gives examples of the time behaviour of the helium-like lines (1s? 1S, — 1s2p 'P,) of
Fe (above) and of Co (below) from laser ablated Fe and Co, respectively. These metal
impurities were injected into plasmas which had quite different properties. While the
Fe was introduced into a plasma of low particle confinement such that the line intensity
decayed in about 0.3 s, the cobalt was injected into the plasma after the start of the
good confinement (H-mode). The observed time behaviour together with that from
lower jonization stages suggests the plasma behaved as a slightly "leaky” integrator of
impurities with a confinement time of about 4 s (which is much higher than the energy

confinement time), as was found from transport modelling calculations?®. Hence the
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measurements of the time behaviour of spectral line intensities at fixed wavelengths can

‘give important information on the plasma particle confinement.
11I. CONCLUSIONS

A double-crystal monochromator system with excellent shielding against neutrons and
~-rays for active-phase soft X-ray spectroscopy was built and brought into operation
at JET. The first results demonstrate that the high mechanical accuracy necessary for
fast spectral scans and precise wavelength measurements was achieved. They also show
that the sensitivity of the instrument is good enough to obtain interesting new results
for four different operational modes of the monochromator, the broad-band spectral
scan, the repetitive spectral scan of characteristic groups of lines, the line scan, and
the monochromatic time behaviour of spectral lines. The first measurements gave in-
formation on the impurity composition, the time behaviour during the discharge, the
impurity confinement and the processes populating excited atomic levels. With the
absolute calibration of the instrument performed using a specially developed large-area

X-ray source absolute line intensity measurements are now possible.
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Fig. 10

Scheme of the radiation-shielded double-crystal X-ray monochromator

Lay-out of the double-crystal monochromator and the beam line to the JET

torus

Accessible spectral ranges in photon energy ¢ (upper scale) or in wavelength
A (lower scale) covered by the active phase double-crystal monochromator for

different crystal lattice spacings 2d.

Double-crystal rocking curves of Topaz{303) measured using the double-crystal

monochromator for the Koy lines of Ni, Fe and Cr.
Double-crystal rocking curve of TIAP at NiLaj 3

The CrKa spectrum measured with Topaz(303) crystals using the fine (high

resolution) collimator

Example of the angle difference of both crystals in the monochromator recorded
for a wavelength scan during a JET discharge. There are two traces for each
crystal (b and ¢ resp. d and e) showing the encoder readings for every 20
ms; b and ¢ are the encoders for both rotational directions of crystal 1, and d
and e are those for the second crystal. The top trace (a) shows the resulting
parallelism error deduced from the encoder readings. The hottom trace (f)
shows the measured line intensity for each scan during the discharge (12 scans

in 6 seconds).

Calibration factor for the double-crystal monochromator versus wavelength for
Topaz(303) crystals, the large error bars reflect the cumulative effects of the
calibration source error, the uncertainties in the solid angle relation estimates

and others.

Broad band spectrum obtained using TIAP crystals covering the wavelength
range from 1.13 nm to 1.95 nm with Ne-like Ni lines and the Lyman series of

oxygen during a time interval of relatively constant plasma parameters

Repetitive scan of a narrow wavelength region reflecting the time behaviour of

Ni XXVII
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He-like spectra of Cl, Cr and Ni
Repetitive scan of the oxygen Lyman series versus time

Oxvgen Lyman line intensities versus quantum number n normalized to the

calculated values!?

Line scans for neon-like nickel (above) and oxygen Lyman o (below} through-

out two consecutive discharges at JET

Temporal behaviour of lon temperature (a) and angular rotation velocity (b)
obtained from the double-crystal monochromator (solid points} compared to
similar results from the curved crystal spectrometer (solid line). (¢) indicates

the neutral beam power.

Time behaviour of He-like Fe (above) and Co (below) line intensities during a

JET discharge with laser ablation of Fe at 11 s and Co at 13 s, respectively.
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