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XUV Probing of Warm Dense Matter

D. Riley', T.W.J. Dzelzainis', S. White', J. Kohanoff', B. Kettle' and C.L.S. Lewis'

! School of Mathematics and Physics, Queen's University Belfast, BT7 INN, UK

Introduction.

The properties of warm dense matter (WDM) are of

interest to many scientists, especially those concerned 3 = oo
with the structure of giant planets, where WDM == Vinko: LFC
conditions (1-100eV and >0.1g/cc) are thought to be AN LAl
common. There are many aspects of WDM that can be

addressed experimentally, such as equation of state,
electrical and thermal conductivity, and microscopic
structure. In this proposed experiment we aim to
investigate the free-free opacity of Al in the WDM state
for the XUV regime. This has been a matter of some
controversy [1,2] and is theoretically challenging as the

mechanism by which energy from an XUV beam is 08 20 25 30 35 40 a5
absorbed changes from involving electron-phonon Photon Energy (eV}

collisions at low temperature to electron-ion collisions at Fig I: Predicted change in absorption coefficient, a, for
higher temperature when the matter has a plasma nature. A/ at leV compared to ‘cold’ Al, as a function of photon
The electron-phonon collision rate increases with energy. The models shown are described in ref(1.2]
temperature in the solid, increasing the absorption as a

foil is heated. On the other hand, for a plasma state, the electron-ion collision rate drops as temperature rises,
reducing absorption. Previous work on this topic [3] has indicated that an important regime is the solid
density case at about 1eV, where it is unclear how to treat free-free (or collisional) absorption. The
discrepancy between published theoretical models for Al at 1€V [1,2] is shown in figure 1, which presents a
graph of absorption coefficient as a function of photon energy, normalised to the cold absorption coefficient.
The proposed experiment can distinguish between these models and hence be beneficial to modelling of
WDM systems.

OQutline

A schematic of the expetiment is shown in fig 2. We use radiative heating to create a solid density WDM
sample. This is provided by L-shell radiation from two parallel x-ray generator targets, each irradiated by 3
TAW beams (20 at ~200ps). The sample is equidistant between them and backlit by a high harmonic (HHG)
beam, provided by CPA pulsc (~1ps) interaction with a gas jet. The HHG beam is set to overfill the sample
so that afier passing the sample, the HHG beam will have two distinct regions, consisting of the 'wings' of
the beam which have not passed through the sample, and the centre of the beam which has. The HHG beam
is then collected by a Flat-Field Spectrometer (FFS) and spectrally resolved onto a CCD. The wings of the
beam contain information on the unattenuated beam profile, which can be used to reconstruct the beam
profile in the region attenuated by the sample foil. Using this method, which has been proven in previous
work [4], we will measure the transmission of the sample. Direct emission from the generator foils will be
blocked from the FFS by a shield, with a narrow slit (~0.3mm wide) allowing only a thin 'slice’ of the HHG
beam to pass. To separate the HHG beam from its co-propagating drive beam, which might modify the target
conditions, a sacrificial thin filter can be employed in front of the target assembly. Alternatively, Takahashi
et al [5] showed that silicon flats used at the Brewster angle of the drive beam provide high throughput, high
damage threshold beam splitters for this purpose. The salient points of the experiment are discussed below.
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Details of Sample Heating :

Phillion and Hailey [6] showed that, for pulse durations of 120ps, 527nm laser light, irradiation of a Pd foil
at ~10'* Wem'? will result in ~2% of the laser energy being re-emitted as L-shell radiation (2.95-3.46 keV),
In an earlier experiment we have confirmed this efficiency for 200ps pulses (see fig. 3). With 100J at 527om
for 3 beams, we used focal spots of 250 pm onto the Pd. If the heating foils, shown in figure 1, are 2mm
apart and the 500 pm wide Al foil sample sits between them, then each heating foil provides a flux of 3x10'
photon/em®. A 0.8 mm thick foil angled at 45° will absorb roughly 20% of the incident photons in this
energy range resulting in a deposition of ~6-7eV per atom in the foil for double sided irradiation. Our earlier
experiment showed that the use of a 10-15 pm thick CH backing on the Pd foil will significantly reduce sub

keV heating whilst only marginally affecting the Pd L-shell emission. Th.e' pht?ton energy range has been
chosen to balance the efficiency of heating with uniformity of energy deposition in the Al foil.
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Fig. 3 Experimental Pd L-shell emission
from TAW (B kettle et al, in preparation).
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Fig 2 Schematic of the experiment

Hyades simulations were carried out, modelling the x-ray heating using a spatially uniform electron energy
deposition source with 2 temporal profile consisting of a 100ps rise, followed by 100ps flat-top and a 100ps
fall time. The results are shown in fig. 4. It can be seen from fig. 4a that the foil begins to e‘xpand _at -—1(_)0ps
from the onset of the heating pulse, however, at 125ps, about 75% of the foil remains a‘t solid density, witha
temperature of ~0.8 ¢V. Further simulations show that the bulk temperature can be increased to ~1e¢V by
decreasing the source-sample distance to 0.7mm. We expect uncertainties in our measurements due to
transmission through expanded surface layers and the presence of oxide layers and hydrocarbon
contaminants. The effect of these can be mitigated by the probing of different sample thickness. {\s the
contribution from surface expansion and contamination will remain the same between .samples, while the
measured transmission change can be wholly attributed to the change in the size of the uniform core.
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Figure 4: a) An image showing the evolution of ion temperature with time in the Jfoil when irradiatefi with x-
rays from a palladium source, the dashed line shows the point ~125 ps from the onset of t.he fteatmg Rulse
where 75% of the foil is still at solid density, a line out of density and temperature at this point is shown in b)

Figure 5 illustrates simulation of the uniformity of heating over the face of the target. We use a ray-tracing
model assuming the focal spot size and geometry discussed above. As can be seen a high degree of
uniformity can be achieved.

We will use high harmonic generation (HHG) in a gas jet as the XUV source qf ~2Q-50eV.ph9tt.ms
(H7-H21). The source will be optimised to balance a suitable energy output per harmonic whilst maintaining
good spatial beam quality. We have undertaken experiments at QUB using the TARANIS laser to .perfo_rm a
comprehensive exploration of parameter space to determine the optimum parameters. ’I:he harn-mmcs will be
generated by one of the CPA beams; in order to maximise the energy output, we will require a large F#
focussing beam. To achicve this we plan to use B7 apertured down to a suitable diameter (’~50 m) and usle6
a ~8m spherical mizror to give F/160 conditions. The beam will be focused down to an intensity of <10
Wem?. Based on work by Ditmire et al [7], we expect ~80nJ per harmonic for the shortest wa\/'elgngth
harmonics at intensities below the onset of beam profile degradation. The cold sample h'as a minimum
transmission of 0.06 in our region of interest, assuming a beam divergence of Smrad with a source to
detector distance of ~4m, and taking into account the solid angle collected; the presence of the sacrificial
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filter and appropriate filtering on the FFS itself; grating efficiency and CCD Q.E.; and binning each
harmonic along the spectral direction, we estimate >2500 counts per pixel will be detected in the harmonics
beam passing through an unheated sample foil. For the range of temperatures we will study, the maximum
drop in transmission predicted by the published theoretical models we will be investigating [1,2] is
approximately a factor of 2.5, leaving in excess of 1000 counts per pixel for measurements of the absorption
coefficient of heated material. This is an easily detectable signal. It should be noted that, since the source-
detector distance is determined by the distance required for the HHG beam to overfill the detector and by the
desired sample shadow size at the detector plane, that this photon flux can be maintained even if the
divergence of the HHG beam is greater than assumed here.
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Fig. 5 a) Surface flux uniformity from a single source, b) surface flux uniformity from double sided
irradiation c) longitudinal energy deposition as a function of foil depth (45° incidence) for a foil irradiated
symmetrically from the left and right (red line) and for a foil irradiated with a flux from the left which is 3
times higher than that from the right (blue line), the white dashed lines in a) and b) indicate the extent of the
probed area of the foil

Diagnostics

The physical conditions of WDM are difficult to measure so we will be heavily reliant on simulation to
predict the parameters of the probed plasma. To this end, in addition to the diagnostics of the HHG beam, we
will field diagnostics aimed at characterising the x-ray heating source to give accurate input to modelling.
This will require several calibrated time integrated spectrometers to cover a wide range of photon energies.
We will make temporally and spectrally resolved measurements of the main heating band using an x-ray
streak camera. Calibration of the time integrated spectrometers will be carried out at QUB using our single-
hit-spectrometer system. Some direct measurements of foil dynamics will be useful for corroboration of
model outputs. The temporal resolution and window required to observe the foil dynamics (~5-10ps and
200ps respectively) are accessible by current streak cameras. Therefore, we propose streaked-optical-
pyrometry (SOP) to measure the surface temperature. Hydrodynamic simulations show the expansion
velocity of the surface layers to be ~5 km/s. Careful target design will leave one of the surface normals of the
sample foil accessible by a probe-beam, therefore allowing the use of a VISAR system to measure the foil
expansion rate in order to verify the accuracy of our hydrodynamic simulations. Probing at a wavelength
different from the drive-beam will allow the effective filtering of scattered drive-beam light. QUB will
provide our own VISAR and SOP systems.

Relation to earlier experiment

We attempted this experiment in April 2014. Work on optimising the Pd heating was completed. However,
there was a problem with HHG even though the parameters were nominally the same as at QUB. The
problem was mostiy due to the incomplete re-optimisation of the CPA pulse afier stretching to attempt
XANES of the Al foil. A second attempt would have the advantage of having preliminary Pd heating work
completed already. The experiment if successful would lead to a high profile publication as well as providing
excellent training for PhD students due to the wide number of physics issues involved, ie X-ray and XUV
spectroscopy, HHG, WDM and radiative heating.
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Figure 5.2: Target setup: (a) Top view, looking down on the horizontal plane.
Two heater foils surround the Al sample to bathe it in hard x-rays, while still
allowing the HHG probe to propagate through. (b) Side view, looking along
the HHG probe axis. The footprint of the harmonic beam is highlighted by the
shaded circle. It passes though the aluminium sample strip supported by the
steel frame. The copper shield is also visible in the background.
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numbers taken from manual for QUB/02
in theory

absolute
delay

2014 using minilite 2015 using Vulcan
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