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Abstract 
Time-resolved compression of a laser-driven solid deuterated plastic (CD) sphere with a cone 
was measured with flash Kα x-ray radiography. A spherically converging shockwave launched 
by nanosecond GEKKO XII beams was used for compression while a flash of 4.51 keV Ti Kα x-
ray backlighter was produced by a high-intensity, picosecond laser LFEX near peak compression 
for radiography. Areal densities of the compressed core were inferred from two-dimensional 
backlit x-ray images recorded with a narrow-band spherical crystal imager. The maximum areal 
density in the experiment was estimated to be 81 ± 26 mg/cm2. The temporal evolution of the 
experimental and simulated areal densities with a 2-D radiation-hydrodynamics code is in good 
agreement.  
 
 

 
X-ray radiography using nanosecond-laser-produced plasma sources is a widely used 

powerful diagnostic technique to image detailed structures of laser- or x-ray driven objects such 
as laser-driven implosion, radiative shocks and growths of hydrodynamic instability. [1,2] In 
particular, the 2-D projected radiographs can provide information of its density profile with 
knowledge of the backlighter x-ray spectrum and a symmetric assumption. Since quasi-
monochromatic, thermal x-ray emission lasts over nanoseconds, time-resolved measurements are 
achieved by detectors with a ~ 40 ps gating time [3,4]. Diagnosing faster plasma evolution such 
as stagnation processes of laser-driven implosion requires a few picoseconds temporal resolution.  

Generation of a flash, bright, monochromatic x-ray has been studied using high-intensity (I > 
1017 W/cm2), picosecond lasers irradiating on a metal foil target [5]. With femtosecond lasers, 
the pulse duration of femtosecond Kα sources has been systematically studied using analytical 
and numerical models. [6] Experimentally, the pulse of characteristic Cu Kα x-ray produced by a 
10 ps, kilojoule OMEGA EP laser has been measured with an ultrafast streak camera to be ~ 12 
ps, similar to the order of the laser pulse duration. [7] By combining such a short-pulse x-ray 
source with a spherically bent Bragg crystal, high spatiotemporal, narrow-band spherical crystal 
imagers have been developed [8 , 9] and applied for recording radiographs of spherical 
implosions by lasers [10,11,12] or x-rays [13] as well as studying the transport of fast electrons 
in a dense plasma [14]. In backlighting experiments, the backlighter brightness must be 
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substantially higher than the self-emission of the implosion because the ratio of those signals 
essentially sets the limit of the range of core densities to be inferred.  

In this Letter, we present time-resolved compression measurements of laser-driven solid 
deuterated plastic (CD) sphere with flash Ti Kα radiography using a newly completed high-
energy, Petawatt laser LFEX [15]. The main focus of this work is to benchmark a two-
dimensional radiation hydrodynamics code that will be used for designing fast ignition targets 
against experimentally inferred areal densities. This allows us to develop an experimental and 
computational platform for testing production of a high areal density fusion fuel with a solid 
sphere. The use of the solid sphere provides primarily three advantages over a shell implosion: 
negligible Rayleigh-Taylor (RT) instability growths [16] during the compression, no self 
emission due to the shell stagnation and a slow fuel assembly time. For fast ignition (FI) [17, 18], 
the formation of a high temperature hot spot is unnecessary unlike a conventional central hot 
spot ignition scheme where the stagnation of a fast imploding shell creates a high temperature 
spark surrounded by a dense fuel layer [19,20,21]. Instead, ignition is achieved by the injection 
of an additional intense laser into the dense fuel. The fuel assembly for FI, thus, can be designed 
with a thick shell capsule [22] or a solid sphere [23], insusceptible to the growths of the RT 
instability, as long as the core areal density is sufficiently high enough for deposition of charged 
particle beams (electrons, protons or ions). Our simulation predicts ~ 330 ps (in FWHM) fuel 
assembly time for a sphere compression compared to 80 ps for a shell compression. This slow 
compression relaxes the tolerance of the timing jitter error originated in the electrical signal 
synchronization between the compression and the backlighter lasers for radiography.  

The experiment was carried out at Institute of Laser Engineering using the high-energy, 
petawatt LFEX laser [15] and the GEKKO XII (GXII) nano-second laser [24]. A 200 µm 
diameter solid CD sphere (ρ = 1.1 g/cm3) was attached on the tip of an Au cone having 45° full 
opening angle, 100 µm inner tip diameter, 17 µm cone tip thickness and 10 µm wall thickness. 
The cone was coated outside with 17 µm thick CH layer to prevent it from direct laser 
irradiation. The sphere was irradiated by 9 GXII beams with the total energy of ~ 2.7 kJ 
(~300J/beam). The drive laser pulse measured with an oscilloscope was characterized by fitting 
two Gaussian profiles (0.9 ns + 1.45 ns FWHM before and after the peak) and fed into 
simulations. 4.51 keV Kα x-ray was produced by the 1.6 ps, 1000 J LFEX beam irradiating on a 
Ti foil around the time of the peak compression. The x-ray transmitted through the compressed 
target was imaged with a spherically bent quartz crystal on to an imaging plate (IP) detector.[25] 
The crystal imager had a magnification of 11.5, 12.5 ± 2.5 µm spatial resolution and ~ 5 eV 
spectral resolution. No Kα pulse measurement was performed in this experiment, but according 
to the theoretical prediction [6], it is reasonable to assume that the duration of the x-ray pulse is 
of the order of the short-pulse laser of 1.6 ps, enabling to record an instantaneous image of the 
compressing sphere.  

The relative timing of the backlighter x-ray with respect to the compression lasers was 
recorded with a heavily shielded x-ray streak camera [26,27,28]. Figure 1 shows a measured 
streaked image and temporal lineouts. The streak camera was fielded to record side-on corona 
emission with the slit orientation along the cone axis. The recorded image shows both the corona 
emission from the CD sphere and x-ray emission from the Au cone as well as hard x-ray signals 
produced by the LEFX laser-target interaction. Note that the LFEX x-ray on the streak was 
produced by the direct incidence of the hard x-ray on the photocathode and it does not represent 
its duration. Figure 1 (c) shows the lineouts along the Au emission and the LFEX-induced 
signals. In this experiment, the peak of the Gaussian pulse was chosen to be 4.0 ns as the 
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reference timing. The streak timing was determined by matching the leading edge of the Au 
emission profile to the measured laser profile. The timing of the LFEX laser of 4.17 ± 0.043 ns 
on this shot was estimated from the delay between the laser peak and the peak of the hard x-ray 
emission that indicates the direct hit of the hard x-ray. The error was based on the camera 
temporal resolution and the uncertainty of the fit to the Au emission. Both streaked and 
radiograph images were recorded on every shots for systematically estimating the radiograph 
timing. 

 

 
 
Figure 2 (a) shows a raw radiograph image of a driven cone-sphere target. The formation of a 

dense core was observed in front of the cone tip only when it was driven. From the sharpness of 
the shadow of the Au cone edge, the spatial resolution was estimated to be 12.5 ± 2.5 µm 
corresponding to 6 pixels. The experimental optical depth profile was obtained in the following 
steps. After smoothing the image with a Gaussian filter to take the spatial resolution into 
account, bremsstrahlung background signal produced by LFEX, which was measured through 
the Au cone, was uniformly subtracted. The unattenuated intensity profile I0 is then obtained by 
using a surface fit outside the core and cone to the emission from the Ti foil. Optical depth is 
calculated using the relation, 𝜏 = −log  (𝐼 𝐼!), where I and I0 are the measured and extrapolated 
intensity profiles. Fig. 2(b-d) shows the 2-D optical depths at 4.11, 4.17 and 4.38 ns. The images 
clearly show assemblies of high density plasma well separated from the cone tip. Although the 
first two images are noisy, particularly high values in optical depth can be found near the plasma 
center. Fig. 2(e) shows the radial profiles of the vertical lineouts at the center of the optical depth 
contours. The sizes of the core plasma are within 50 µm in radius for all three shots while the 
profile at 4.17 ns is higher than others. The vertical lineouts were split in top and bottom half, 
and both radial profiles were independently inverted using Fourier-based Abel inversion [29] to 
reconstruct axisymmetric density profiles, ρ(r). The reconstructed optical depth profiles from the 
inverted images were compared to the measured for estimating the reconstruction error. By 
integrating the density distribution and averaging ρRs from two profiles obtained from each side, 
the experimental ρR was calculated and compared later with results of hydrodynamic 
simulations. 

	
  
Figure 1 (a) A model view of the cone-sphere target from the x-ray streak camera and its slit 
orientation. (b) A measured x-ray streak image (s38989). (c) Space-averaged emission profiles from 
the Au cone and the LFEX hard x-ray. The open and filled bars at the bottom of the streak image 
indicate the width of the averaged spatial extents.  
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Compression of the laser-driven cone-sphere target was simulated with an axisymmetric two-

dimensional radiation hydrodynamics code RAICHO [30] using the experimental laser and target 
specification. The numerical scheme is based on the finite volume method with the Eulerian 
mesh. Laser absorption via inverse bremsstrahlung is handled with one-dimensional ray tracing 
over the radial direction. The equations for the radiation transfer and thermal conduction are 
parabolized using a flux limited model (f=0.06) and neglecting any non-local effects. The 
opacity of the target materials is included using tabulated data based on average-ion model 
assuming collisional radiative equilibrium. The equations of state for the high-density plasma 
were composed by the theory developed by More et al [31]. Figure 3 shows simulated 2-D mass 
density and temperature contours smoothed with the experimental resolution. The temperature 
and density variations in the azimuthally averaged radial profile within the core are used to 
estimate variations in calculated opacity. Simulated areal density was calculated by integrating 
the core density distribution in the direction perpendicular to the cone. The sphere compression 
was also modeled with 1-D rad-hydro code, Helios [32], assuming no cone attached to the target. 
The comparison between the 1-D and 2-D simulations provides a quantitative estimation of the 
effects of radiation from the Au cone and asymmetric laser irradiation on the compression.  

	
  
Figure 2 (a) Raw radiograph image (s38983). Experimental optical depth profiles (b) t= 4.11 ns 
(s38995), (c) t=4.17 ns (s38989) and (d) t=4.38 ns (s38995). (e) Azimuthal averaged radial profiles of 
the core shown in (b), (c) and (d). 
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Figure 4 compares the experimental areal densities with the 1-D and 2-D simulation results 

along with the laser pulse shape. The experimental data agree with the 2-D simulation well. The 
1-D simulation predicts faster decompression than the 2-D, which disagree with the data. The 
experimental uncertainties are attributed to the background subtraction and division by the 
extrapolated intensity distribution in obtaining optical depth (9%, 11% and 6%), the Abel 
inversion process (13%, 25% and 8%), and variations in the calculated mass absorption 
coefficient  (10%, 10% and 8%). The inferred ρRs with the overall errors are 72 ± 13 mg/cm2 
(±19%), 87 ± 26 mg/cm2 (±29%) and 51 ± 7 mg/cm2 (±13%) at t=4.11, 4.17 and 4.38 ns, 
respectively. The comparison shows that a 2-D simulation including radiation from the Au cone 
and asymmetric laser irradiation is required to model the full temporal evolution of the areal 
density.  

 

 
In conclusion, time-resolved compression of laser-driven solid CD sphere with a cone was 

measured with flash Kα x-ray radiography. The temporal evolution of the experimental ρRs 
deduced from the radiograph images agree with the 2-D simulation. The benchmarked numerical 
code will be used to improve a design of high areal density fuel assembly for fast ignition. 

	
  
Figure 3 Simulated mass density (ρ) and electron temperature (Te) contours for (a) t= 4.11 ns (s38995), 
(b) t=4.17 ns (s38989) and (c) t=4.38 ns (s38995).  
	
  

	
  
Figure 4 A comparison of the experimental and calculated areal densities. The simulations were 
performed in 2-D cylindrical geometry for the cone-sphere target and in 1-D for spherical symmetric 
compression.  
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