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Introduction

Diagnostics of hot and dense matter are important for the
experimental characterization of plasmas found in inertial
confinement fusion (ICF) experiments!! and laboratory
astrophysics . In recent years, x-ray scattering™ has been
proposed as a powerful method to investigate the equation
of state of such systems in order to extract both
microscopic (i.e., temperatures and densities) as well as
structural properties. While spectrally resolved scattering
can be implemented for accurate measurements of the
electron density and temperature, angularly resolved
scatter % allows the detection of the long range order as in
x-ray diffraction experiments.

In our previous work with angularly resolved x-ray scatter
from plasmas, we have used the direct detection of
scattered photons with a CCD chip . This was achievable
because the CCD is sensitive enough to detect a single x-ray
photon with better than 200 eV energy resolution e "8
and a histogram of the signal in the individual pixels can be
utilised as a spectrum, allowing separation of the quasi-
monochromatic scatter signal from the continuum x-ray
background from the sample plasma. By placing the chip
close to the experiment and making histograms of sub-
areas of the chip, an angular variation in scatter was
investigated. Such experiments may play a useful role in
investigating the properties of warm and hot dense
matter”. However, this method depends on filtering the
signal into the CCD to the point that the chances of an
individual pixel receiving more than one x-ray photon are
small. This places restrictions on the experiments,
particularly on the plasma conditions of the sample plasma
and creates a need to eliminate all possible sources of stray
photons, whatever their physical location within the target
chamber. While this technique has proven successful, due to
limited size of CCD chips, measurements over a large range
of scattering angles requires multiple shots with the
detector being moved after each shot. In addition the
spectral resolution achieved in a single photon counting
detector is not sufficient to distinguish between elastically
and inelastically scattered x-rays.

Instrument description

In this work, we have deployed an alternative instrument
that allows simultaneous detection of scattered x-rays over
a wide range of angles with good spectral resolution, thus
avoiding the problem of changing the position of the CCD
after each shot. This also has the advantage over direct
CCD detection that there is spectral dispersion that helps
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to separate the quasi-monochromatic scatter signal from
the continuum background. This improvement in signal-
to-noise ratio will allow the extension of the techniques to
more extreme plasma conditions, as well as use of higher
driving laser intensities to create the sample.
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Figure 1. (a) Front view of spectrometer on articulated
mount. (b) rear view showing the detail for the mounting for
the IP. (c) cut-away section of the spectrometer showing the
path of the x-rays, distances and removable pin used for
alignment purposes.

Figure 1 shows a diagram of our wide-angle spectrometer
(WASP). The instrument consists of a highly oriented
pyrolytic graphite (HOPG) crystal*s'* ' with a width of
100 mm in the sagittal (non spectral) direction and mosaic
spread of nominally 3.5° £ 1.5° (ZYH grade). The crystal
is placed symmetrically between the source and an image
plate™" which is a required condition in order to achieve
mosaic focussing. In experiments conducted at the Vulcan
laser facility at the Rutherford Appleton Laboratory (UK)
we were able to show that with this instrument we can
collect simultaneously the angular variation in scatter as
well as spectral information, to distinguish between elastic
scatter from the inelastic components that relate to bound-
free Compton scatter features and free electron scatter
features.

As can be seen in Figure 1, the HOPG crystal is enclosed
in a Al box of dimensions 156 mm X 240 mm X 191 mm
covered with a layer of lead ~1 mm thick to shield high
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energy x-ray and gamma rays generated in the laser-
plasma interaction. This sits on an articulated pedestal to
allow positioning in-situ. The aperture at the front is
provided with a holder allowing the fixing of appropriate
filtering. There is also a fitting for a pointer to allow
accurate placement of the spectrometer relative to the
source, as seen in the cut-away diagram. A holder in the
back of the spectrometer allows the attachment of the
detector. The original design was intended for use with an
image plate as a detector, placed on a holder attached to
the back of the spectrometer to have an exposed area of
dimensions 42 mm X 195 mm. The image plate used in this
work was Fuji BAS-TR ™. An adaptor for a CCD camera
was built, though reducing the angle detection due to the
camera chip size- this was not deployed in the current
experiment. A mobile Al block inside the box allowed
positioning of the crystal to match the required Bragg
angle; in this case 23° (for Ti He-o radiation). The
distance from source to crystal was set at ~167 mm. Due to
the large dimension of the crystal along the sagittal axis
(100 mm), this allowed the collection of all the x-rays
incoming to the spectrometer within a fan of angles
covering ~30°. The image plate was placed the same
distance from the crystal so as to take advantage of the
mosaic focussing, in the spectral direction of HOPG"",
The articulated mount, as seen in Figure 1 allowed
deployment to capture x-rays scattered in the horizontal
plane of the experiment.
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Figure 2. Schematic diagram for the experimental
arrangement, showing beam distribution, target position and
spectrometer positions (up). Schematic diagram of the target
(down).

Figure 2 shows schematically how the spectrometer was
used in a scatter experiment and the arrangement of the
beams as viewed from above. The six main cluster beams
from the Vulcan laser were used to drive a back-lighter foil
of 6 um Ti in order to generate an intense burst of x-rays.
In our experiment the laser beams were frequency doubled
to 0.527 um, with a ~1 ns long flat topped pulse delivering
~100 J per beam with intensity I = 2x10!* Wem 2, Two
additional beams, again at 0.527 pm with ~1.2 ns pulse
duration (with intensity I = 7x10!2 Wem 2 on target), were
used to generate the plasma state of interest by driving a
shock into the sample foil, a CH/Al/CH sandwich of

5/8/5 um thicknesses. Analysis of the data collected will be
published in a later paper. By interaction with the laser
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beam, the titanium foils produces a hot plasma which
emits at the Ti He-ot line group. This creates a quasi-
monochromatic source, which is collimated by placing a
pinhole in between the Ti source and the sample foil (as
shown schematically in Figure 2). The distance between
the pinhole and the Ti plasma is set such as the spray of
x-rays photons impinging the sample cover ~9.5° of total
divergence. This is determines the minimum angular
resolution achievable in our scattering experiment.
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Figure 3. Calibration shot image with a vertical profile
taken along the angular direction with dotted lines excluding
edge detection due to geometrical configuration (left) and
two horizontal profiles (right) along the spectral direction
taken from the drawn boxes.

Instrument calibration

For the proper analysis of the measured data, accurate
calibration of the detector is required. The response of the
spectrometer as a function of angular position along the
image plate is not necessarily uniform. This is partly
because the crystal is flat and not shaped to form an arc,
so that x-rays impinge at different angles to the plane of
the surface. It is also because, the nature of HOPG is that
there are sometimes non-uniformities in internal

structure "', We have tested the response with calibration
shots at the wavelength used in the experiment (2.61 A).

Figure 3 shows a calibration shot taken with a ~1 ns long
beam focused onto a Ti foil at the sample position. The
crystal was set with a Bragg angle of 23° to detect to He-0t
line group (I1s-2p 'P line and associated satellites) at about
2.61A (4.75 keV). We can see from the measured line outs
that spectral resolution of E/AE>200 was achieved,
allowing the !P resonance line and the 3P ‘inter-
combination’ lines, which are separated by ~12 mA, to be
resolved. The line-outs of the integrated He-ot along the
angular direction show a broad peak in the centre when
integrated across the spectrum. Positioning the
spectrometer to sample emission at different angles relative
to the plane of the laser-plasma target gave similar results,
indicating absence of opacity effects in the calibration
signal. In order to verify that indeed opacity effects are
playing no role, we have taken line outs using just the peak
intensity of the inter-combination line and found very
similar behaviour.
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Figure 4. Ratio of the inter-combination and the resonance
peaks along the angular range of the detector.

In Figure 4, we show the ratio of the resonance to inter-
combination line along the angular direction of the
spectrometer. We can see that there is a small variation that
indicates some opacity effects, but only weakly. It is
perhaps unsurprising that there is little variation with angle
since the expected expansion of the plasma (>100 pm), in
this case, is similar to the focal spot size and so the
expansion is not planar but more spherical in nature.

In addition to the mosaic focusing in the spectral direction
that allows quite good resolution, as seen above, there is
expected to be a mosaic defocusing effect in the plane
perpendicular to the diffraction plane (the sagittal plane),
which leads to a spread in the angular direction of the
spectrometer. This should be given by ~2TsinO; where 7T is
the mosaic spread and Oy is the Bragg angle!"". In our case
we expect a full-width-half-maximum (FWHM) spread of
~2.6° which is significantly less than the angular resolution
limit determined by the experimental geometry (i.c., the
pinhole position between Ti plasma and sample foil) as
discussed above. We have investigated the angular spread
with a series of tests carried out at the RAL Lab SA
calibration facility, with a 15 mJ, 15 ps laser by integrating
several thousand tight focus shots (~5x1013 Wem 2 at

532 nm) on a moving Ti foil. Figure 5 shows the projected
intensity onto the image plate after a 1 mm wide slit was
attached to the entrance of the spectrometer. By
comparing the width of the image to the expected
projection in the absence of mosaic spread we estimate the
mosaic spread as T =2.7 * 0.3°, which is within the
expected nominal value of the mosaic spread as supplied
by the manufacturer. Measurements with a sharp edge
instead of the slit mentioned above were also done,
achieving similar results.
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Figure 5. Projected image of a Imm slit placed between the
source and crystal with upper scale showing the size in mm.
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In Figure 6 we have plotted the measured data for a
scattering experiment as outlined in Figure 2. The probe
x-rays are generated from the bright source of the He-ot
photons, with ~3x10'2 Photons/J"*!”, The number of
scattered photons in this experiment is estimated at

~10? photons/sr. With an integrated reflectivity of

~2x1073 radians of the HOPG crystal we expect to gather
~3%103 photons in a resolution element subtending 9.5° on
the image plate. This translates into an expected peak flux
of ~30 photons/50 um? for the resonance line. This is easily
enough to create a detectable signal®'? and the linearity
has been checked for this regime. The detective quantum
efficiency for this type of image plate has not been
measured at 4.75 keV but it has been measured to be
3-10% at low fluency for ~1.5 keV photons" as well as at
higher energies for 5.9 keV photons®.

In Figure 6 we have plotted the scatter line-outs, at
different time delays between the back-lighter beam on the
Ti foil and the beams on the CH/AI/CH foil, ranging from
1-5ns after the shock drive pulse. The response of the
instrument as determined from the inter-combination line
in the calibration spectrum has been deconvolved from the
line-outs. We can see that there is a significant change in
the scatter cross-section with beams delay as the plasma
moves from higher to lower density; illustrating one
important application of the spectrometer. A fuller
analysis of this data including modelling of the plasma
conditions and expected scatter profiles will follow in a
later paper.
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Figure 6. Raw scatter data from the experiment at 2ns and
3ns delay. The angular range of detection was from 30 to 60
degrees from the backlighter beams direction in the
horizontal plane (upper image). Processed data showing the
evolution of the scattered signal along the angular range
(lower image).

Conclusion

In summary, we have demonstrated an instrument that is
capable of delivering, simultaneously, spectral and angular
resolution in scattered x-rays from dense plasma. Even
with the use of a sub-KJ laser to generate the scatter
source, we have achieved a high level of counts on the
image plates, typically, 400 with the scatter shots. This
indicates that with a shorter back-lighter pulse and the
consequent drop in photon numbers, we should still be
able to take scatter profiles, with better temporal
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resolution. A more compact design for placement closer to
the target is planned and should also help to enhance the
sensitivity. The data in Figure 4, comparing signal from
the resonance and inter-combination lines, indicates that
another possible use is in the evaluation of opacity effects
in laser-plasmas experiments.
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