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ABSTRACT

Recent advances in x-ray detection technology and diagnostic design have dramatically improved the ability
of using x-ray imaging and spectroscopic diagnostics to accurately measure important parameters in magnet-
ically confined and laser produced fusion plasmas. With these advancements, the detailed characterization
of the diagnostic system properties has become ever more important. We present an overview of current
and future x-ray diagnostic requirements for fusion plasmas and describe, in particular, diagnostic systems
employing spherically bent crystals to resolving characteristic x-ray lines from trace impurities with energies
in the range 1-20keV. The requirements and challenges for the simulation of existing and planned diagnostic
installations and are discussed.
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1. INTRODUCTION

The use of x-ray emission from magnetic confinement and laser-produced fusion research plasmas has been
an essential non-perturbative diagnostic technique since the earliest experiments.[1, 2] Recent advances in
x-ray diagnostic design[3-5| and detection technology[6], in particular the development of 2D pixel detectors,
have dramatically improved the ability of x-ray imaging and spectroscopic diagnostics to accurately measure
plasma parameters (temperature and rotation velocity). Here we present in particular the current status
of diagnostics employing spherically bent crystals to study x-ray emission from trace impurities within the
plasma. These include imaging x-ray crystal spectrometers|3, 4, 7, 8] which employ a single crystal in a 1D
spectroscopic imaging configuration to measure profiles of the plasma ion and electron temperatures and
plasma rotation velocities. This type of diagnostic is considered essential for providing temperature and
rotation measurements on several existing fusion experiments and is planned to be installed on ITER, the
next generation tokamak experiment. A second diagnostic instrument is presented for recording 2D images
x-ray emission at a selected wavelength using matched pairs of spherically bent crystals.[5, 9, 10] Diagnostics
utilizing both the 1D and 2D configurations have been proposed for use with laser-produced fusion plasmas
at the National Ignition Facility (NIF).[11] These proposed diagnostics present unique design challenges due
to the high spatial and temporal resolutions required.

1.1 Fusion research

There are two very different approaches to fusion energy currently being pursued: magnetic confinement
fusion (MCF) and inertial confinement fusion (ICF). Both aim to generate energy though the fusing of
deuterium and tritium into helium. The first approach, MCF, involves confining a plasma through the use of
magnetic fields and is the basis of tokamak and stellarator devices. In these devices a plasma at relatively low
densities (n. ~ 10**m~—?) is brought to high temperatures (7, > 10keV) through the use of radio frequency or
neutral particle heating. The goal of MCF is to create a steady state plasma discharge with constant heating
and energy extraction. The flagship experiment aimed at achieving these goals is ITER, a new tokamak
currently under construction in Cadarache, France though an international research collaboration.[12] In
addition to being significantly larger than current devices ITER will operate at higher temperatures and
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densities (n. ~ 10**m=2 and T, ~ 30keV). This presents a number of diagnostic challenges for which x-ray
diagnostics are particularly well suited.|[13]

The second approach to fusion, ICF, is through quick compression and heating of a small fuel pellet.
Currently the most promising way to achieve this is though the use of powerful lasers. This results in
very rapid discharges at high densities and temperatures (n. ~ 10*>m~3 and 7T, ~ 10keV)[14]. For power
generation a series of these quick discharges would be used at a rate of 10-20Hz.[15] The current state of the
art experiment for ICF research is the National Ignition Facility (NIF) at the Lawrence Livermore National
Laboratory.

1.2 X-ray diagnostics

Both MCF and ICF fusion approaches required a detailed understanding of the plasma dynamics, and
therefore require advanced diagnostic capabilities. Given the high temperatures of fusion plasmas and the
high energies released in the fusion reaction, emission from x-rays is a natural diagnostic tool to use. In
addition, as fusion devices move toward reactor scales, many of the other diagnostics that are used on current
devices will become ineffective or impractical, increasing the reliance on x-ray diagnostics.

X-ray based fusion diagnostics can be broadly divided into two types: those that rely on direct x-ray
emission from the bulk plasma species and the fusion reaction, and those that rely on emission impurity
species. For fusion diagnostic purposes, where high temperatures cause the bulk plasma species to become
fully ionized, it is emission from highly charged high Z impurities that is of the most interest. This paper
will focus on a specific set of x-ray diagnostics which view high energy x-rays from impurities by employing
Bragg reflection from crystals as optical elements.

Figure 1: Proposed layout geometer for the ITER XICS system. Here both the core system (shown in green), which
is a US undertaking, and the edge system, which is an Indian contribution, are shown. Both a radial view and a
view with a tangential component are used to distinguish the toroidal(Vy) and poloidal(Vy) rotation velocities. In
addition, to obtain coverage across the full minor radius, two arrays are needed, leading to a total of four XICS
arrays for the core system. Image courtesy of R. Feder, PPPL.
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2. HIGH RESOLUTION X-RAY IMAGING CRYSTAL SPECTROMETER
FOR MAGNETIC CONFINEMENT FUSION EXPERIMENTS

There are a number of important plasma parameters that can be diagnosed through the use of x-ray emission
from magnetically confined plasmas.[1] XICS diagnostics are able to measure time resolved profiles of the
ion temperature (7;), electron temperature (7,) and plasma rotation (V). The rotation velocity profile is
important in understanding and controlling the plasma stability, while measurements of the ion and electron
temperature profile are important for plasma heating and the study of confinement modes and heat transport.

Recent developments in diagnostic design and detector technology have allowed tremendous advances
in x-ray diagnostics in general, but particularly for the XICS diagnostic. This type of diagnostic in now
installed at many of the major MCF fusion facilities including Alcator C-Mod[4, 16], NSTX][17], KSTAR|1§]
and EAST[19] and the Large Helical Device (LHD)[7, 8, 20], and is planed as the the primary core ion
temperature and rotation velocity diagnostic for ITER[21][22]. This diagnostic technique is of particular
importance for future devices, where other diagnostics, such as those based on charge exchange recombination
spectroscopy (CER), are expected to encounter difficulties in making temperature and rotation measurements
in the core due to poor penetration of the neutral beams that they rely on.[13] XICS based diagnostics have
an additional advantage in that they are relatively simple to design and construct and can be adapted to
many different plasma regimes.

vertical focus

horizontal focus

crystal

toroida
magnetic -~
field

P

Rowland circle

Figure 2: Conceptual diagram of the XICS diagnostic geometry. Shown is a representation of the light cone
corresponding to a single pixel on the detector, point P, which is placed on the Rowland circle. Because of the
astigmatism of a spherically bent reflector, one obtains two mutually perpendicular, meridional and sagittal, line
foci of the point P at Bm and Bs, respectively. Imaging is done in the vertical direction, allowing a full vertical
profile of the plasma to be recorded. Spectra are recorded in the horizontal direction on the camera based on
the requirement that the Bragg condition is satisfied for the incoming x rays. Each wavelength corresponds to a
range of toroidal angles due to the astigmatism (exaggerated in this diagram); this is the preferred experimental
arrangement on tokamaks where the x-ray emissivity is uniform along the field lines. The arrangement shown has
rotational symmetry about the line normal to the crystal center (which passes through the point O).

The XICS diagnostic utilizes a spherically bent crystal to provide a 1D image of line integrated spectra
from highly charged impurity species in the plasma. A conceptual diagnostic layout is shown in Fig.2.
Measurements of the plasma parameters are made by analyzing x-ray emission from highly charged, high Z
impurities in the plasma. Measurements of the ion-temperature (7;) are made from the Doppler broadening of
the spectral lines, while the electron-temperature (7, ) can be found from the relative intensities of dielectronic
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satellite lines to resonant emission lines. With the appropriate viewing geometry, the Doppler shift of the lines
can be used to measure the plasma rotation velocity. Local temperature and rotation values can be inferred
from these line integrated spectra through tomographic inversion, which relies on a plasma equilibrium
reconstruction. The XICS system can also play an important role for the monitoring of intrinsic impurities.

These impurity species that is used for these measurements can either be intrinsic to the experimental
device, providing a truly non-perturbative measurement, or specifically introduced for diagnostic purposes.
Noble gasses are generally preferred as injected impurities due to their low reactivity, however in principal
any element can be used. At the temperatures routinely seen in current devices, T =1-5keV, the typical
impurities used are helium-like Ar!%* and hydrogen-like Ar'7*. At the higher temperatures, such as those
expected in ITER, helium-like Fe and neon-like W have been identified as favorable intrinsic impurities and
helium-like Kr as an injected impurity. Other elements that have been previously used for x-ray crystal spec-
trometer (XCS) measurements are Ca[23|, Ti[24], Cr [24], Fe|25][24] and Mo[26]. For plasma temperatures
above 3keV, it is not generally possible to make measurements across the full plasma profile though the use
of a single impurity species and charge state. In these cases the use of multiple systems, or multiple crystals
within a single system are required for full coverage.

In order to produce hardware configurations for all of these various emission sources, a variety of crystal
materials and lattice plains must be employed as the reflective element. Current systems use the following
crystals with the given Miller indices: 110 quartz (LHD, KSTAR, EAST) or 102 Quartz (Alcator C-Mod),
422 germanium (NSTX) and 400 germanium (planned for ITER). To obtain a spherical shape, a thin crystal
slice is placed onto a glass substrate and held in place though electrostatic forces. Typical sizes of the crystal
that are used in these diagnostics are around 4cm x 10cm with a thickness of 150um.

The XICS diagnostic technique has benefited greatly by the development of x-ray detectors based on
modern CMOS hybrid-pixel technology, in particular the PILATUS II detector developed by the Paul Scherrer
Institute and is commercially produced by Dectris.[6][27] Each of these detectors comprises of ~100,000 pixels,
and has a pixel pitch of 172x172um?. Each pixel has a high single-photon count rate capability of 2MHz
and low neutron response. These detector modules are radiation hardened and have been tested to a fluence
of 10 1MeV neutrons/cm~2.
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(a) Raw Spectra (b) Toroidal Velocity (V) (no inversion)
Figure 3: Data from the XICS system on Alcator C-Mod. (a) raw data for the spatially resolved spectral data for
a single frame. (b) apparent velocity along the toroidal axis of the tokamak, obtained from the Doppler shifts of
the emission lines.

2.1 Analysis techniques

The x-ray spectra recorded by the XICS diagnostic can be quite complicated due to multiple overlapping
satellite lines (see Fig.3a). To accurately determine the intensity, width and location of the individual
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emission lines, spectral fitting using an atomic physics based spectral model is necessary. Currently the
most accurate calculations for the line locations and for the relative intensities of the satellite lines can be
obtained from the MZ code[28]. In order to compute the electron temperature, additional atomic physics
is required, namely accurate excitation rate coefficients for both the resonance and satellite lines. Current
analysis procedures use excitation rate coefficients calculated using the AUTOSTRUCTURE code.[29]

To accurately determine T; from the spectral fits it is necessary to separate the line broadening due to
the Doppler effect from other line broadening effects. In these systems there are three primary sources of
line broadening: Doppler broadening, natural line broadening and instrumental broadening. For a truly
accurate fit the instrumental response must be characterized and convolved with the natural (Lorentzian)
and Doppler (Gaussian) line shapes.

In order to find local values of the plasma parameters from the line integrated spectrum, an inversion of the
data is required. This is possible with a reconstruction of the plasma equilibrium and a few assumptions: that
the plasma emissivity and temperature are constant on flux surfaces and that the ion temperature distribution
is Maxwellian. Typically this inversion process is done by approximating that a recorded spectrum can be
treated as containing emission along a single line through the plasma. Analysis can be improved however by
instead using the viewing volume associated with each detector element.

3. X-RAY DIAGNOSTICS FOR INTERNAL CONFINEMENT FUSION
EXPERIMENTS

X ray diagnostics are one of the essential tools for ICF produced plasmas. There are several types of x-ray
diagnostic schemes currently in use. These are either based on imaging x rays produced in the plasma or by
using an external x ray source and measuring the absorption through the plasma.

For measuring emission from the plasma, there are a number of diagnostic possibilities that involve the
use of crystal elements for x ray focusing. Two of these diagnostic possibilities have been recently been
proposed for installation on the National Ignition Facility (NIF).[11]

3.1 X-Ray line shape diagnostic

It is possible to use a very similar diagnostic arrangement as described in Section 2 for x-ray line shape
measurements from an ICF discharge. This type of diagnostic could potentially provide measurements of
both the plasma temperature and density through fitting of the recorded x-ray spectra.[30] At the high
densities achieved in ICF discharges, the effect on the x-ray line widths from Stark broadening will equal to
or greater than that of Doppler broadening. To obtain a measurement of the temperature and density, these
two effects must be distinguished, which requires high resolution spectroscopic measurements. In addition to
line-shape measurements, it should also be possible to determine the electron temperature from line intensity
ratios using this proposed diagnostic.

The configuration for this diagnostic is to place the plasma at the center of the sagittal focal line for the
central wavelength. The location of the sagittal focus will vary over the wavelength range recorded, however
if the diagnostic parameters are correctly chosen, the plasma will be within the focal line across the entire
spectrum (see Ref. 11).

Similar to the XICS system, this configuration can in principle provide a 1D profile of the plasma. In this
case though very high spatial resolution is required due to the small fusion targets. For NIF experiments
the size of the plasma is approximately 100pum. Simple estimations indicate that a resolution of ~ 5um may
be possible, however detailed ray tracing of potential diagnostic layouts, with realistic values for the crystal
diffraction profile, will be necessary to realistically evaluate the feasibility of spatially resolved measurements.
however, even as a spatially averaged measurement this diagnostic could be very valuable diagnostic addition
to the NIF experimental program.
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Figure 4: Stigmatic imaging schemes employing spherically bent crystals. To achieve point to point imaging the
radii of curvature and angles of incidence (or Bragg angles) are chosen so that the sagittal and meridional foci from
each crystal are coincident. In diagrams above the sagittal focus is real for one crystal and virtual for the other.
Arrangements are also possible where the sagittal focus is real for both crystals. For imaging of x rays the Bragg
condition must also be matched. This requires the additional constraint that the primary spherical aberration,
known as the Johann error[31], is also matched between the two crystals.

3.2 Stigmatic imaging X-ray diagnostics

By using two matched spherical crystals it is possible to devise a stigmatic imaging scheme for x rays. The
details of the matching conditions needed for this type of scheme has been described by Bitter et al. in Ref. 5.
This type of imaging arrangement provides a nearly monochromatic image of the plasma, the wavelength
of which is determined by the choice of crystals and Bragg angles. This scheme has an advantage over a

simple pinhole camera in that the crystals and detector can be placed further from the ICF target while still
providing a much greater photon throughput.[11]
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(a) Raw Spectra (b) Source pattern (c¢) Image of the source pattern.
Figure 5: Ray tracing and experimental results using in visible light using the imaging scheme shown in Fig.4b.
(a) Experimental results in visible light using a printed with a line thickness of 50um. 50mm diameter lenses were
used. Features smaller than 50um can clearly be seen. (b & c) Results from preliminary ray tracing simulations
were performed using the suapow code[32]. (b) A flat emitter of 2 x 2mm? patterned with a mesh (40m period,
50um thick), was placed at the focal point. The source fully illuminates the first mirror of 50 mm diameter. (c)
The optical image at the detector location demonstrates that the patterned source is fully resolved, with slightly

better resolution in the sagittal direction. The imaging fidelity is better in the central portion of the figure, in
agreement with the observed experimental image.
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Experimental verification of these imaging schemes have been done using visible light with promising
results (see Fig.5a). Ray tracing simulations for the visible light case have also been completed using the
sHADOW[32] code showing agreement with experiment, as can be seen in Fig.bb & 5c. Efforts to better
characterize this diagnostic scheme are continuing and experiments to explore the performance of these
schemes using x rays are currently underway at Princeton Plasma Physics Laboratory (PPPL) along with
continuing efforts at the European Synchrotron Radiation Facility (ESRF) to incorporate the effect of the
crystal diffraction profile on the imaging performance.

4. SIMULATION OPPORTUNITIES FOR X-RAY IMAGING AND
SPECTROSCOPIC DIAGNOSTICS

In the past the measurement accuracy achievable by XICS diagnostics was primarily limited by the detector
technology and the accuracy of atomic physics calculations. Recent advances in detector technology, diag-
nostic design, analysis techniques and atomic physics codes have dramatically improved these diagnostics
systems. Accurate system characterization, spectral analysis and tomographic inversion are increasingly
important for further improvements to the diagnostic performance. Computer simulation may now play a
determinant role in the design and optimization of these systems, and can play an important role in calibra-
tion procedures. This is of particular interest for diagnostic systems on the next generation of fusion devices,
such as ITER, which need to obtain high quality measurement with much more severe design constraints.
The ability to fully model potential optical configurations using ray tracing is important for optimization of
these systems. In addition, new fast and performant data analysis applications will be necessary to perform
spectral analysis and tomographic inversion of a high amount of experimental data.

A number of topics have been identified where computer modeling of optical systems combined with data
analysis and data prediction can play an important role in future development of these diagnostics:

e Accurate determination of the instrumental response of the system. In order to accurately fit
the recorded spectrum, it is necessary to know how emission from the plasma at a specific wavelength
will be distributed on the detector. This includes the effects of optical aberrations from the crystal
element, the effect of the width of the crystal diffraction profile, and geometrical effects such as the
crystal dimensions and detector position. While the instrumental response can be approximated fairly
accurately through either analytical calculations[33] or simple ray-tracing, there are subtleties that
require a more detailed analysis to quantify, such as the effects of polarization of the plasma emission.
The use of multiple optical elements, such as the two crystal imaging system described here, makes
analytical calculations cumbersome and the use of powerful simulation tools becomes a necessity. An
example of some preliminary simulations of the XICS configuration is shown in Fig.6.

Characterization of the instrumental response must also be extended to include emission from any
calibration sources. For accurate measurement of absolute plasma flow velocities, an extremely accurate
wavelength calibration is needed. The most promising method for achieving this is through the in-situ
use of an x-ray florescence source. Modeling of the emission and expected response from such a source
on the detector will improve the accuracy of this kind of calibration technique.

e Variations of the crystal temperature. Changes to the crystal temperature will affect the crystal
spacing and therefore the properties of the Bragg reflection. Even small temperature changes to
the crystal temperature, on the order of 1°C, can lead to significant errors in the measured plasma
properties, especially the plasma rotation velocity.[34] Heating of the crystal is possible both through
the energy incident on the crystal from plasma emission and through the surrounding environment.
Active cooling may used to stabilize the crystal temperature, but complications, such rapid heating due
to incident radiation from transient plasma events, should be taken into consideration. Finite Element
Calculations (FEM) could be used to help in the study of thermal deformations and to optimize a
cooling system. A dedicated system to predict the crystal d-spacing based on a measured surface
temperature history, including any hysteresis effects, may be essential for accurate data analysis.
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Figure 6: Ray tracing simulation of the XICS configuration shown in Fig.2 using the sHapow code[32]. Shown is
the image produced on the detector plane produced by a point source with three lines, at wavelengths of 3.949415,
3.9624A and 3.9944A. The source is placed 329mm from a 101 quartz-like crystal, with radius 555mm. Note the
different horizontal and vertical scales. Units are mm.

e Radiation damage by neutron and gamma fluence on the crystal. In future reactors the
crystal will be subject to a large flux of high energy particles. High energy neutrons will be produced
by the fusion reaction (3D + 3T — He (3.5MeV) +n (14.1MeV)), and these will in turn also produce
additional neutron and gamma radiation through interactions with the surrounding materials. This
high energy radiation may irreversibly degrade the structure of the crystal, affecting the reflectivity
and diffraction profile, and thus introducing a mosaicity. It is very difficult to perform experiments
to characterize this neutron damage since neutron sources with similar energy spectra and fluence do
not exist. While it may be possible to use in-situ calibration techniques to determine the extent of the
crystal damage, predictive capability is needed before the installation of such a diagnostic to determine
the expected diagnostic lifetime. For that purposes Monte Carlo simulations of the neutron interaction
with the crystal material, and the release and transport of secondary particles may be used to estimate
the energy deposition in the crystal and therefore infer the type of degradation that could be expected.

So far the diagnostics systems described have used spherically bent mirrors. Spherical mirrors have
been chosen both for their simplicity and for their ease of manufacturing. Another area that needs further
investigation is the use of optimized aspheric shapes for the improvement of diagnostic performance. The
use of aspheric elements may be of particular importance for 2D stigmatic imaging schemes presented.
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