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Post-processing of face-on radiographic images for quantitative analysis in ablative Rayleigh-Taylor instability experiments

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

e Rayleigh-Taylor instability (RTI) [START_REF] Rayleigh | Scienti c papers[END_REF][START_REF] Taylor | [END_REF] occurs at the interface of two uids and is one of the most ubiquitous hydrodynamic instabilities. It can be seen in astronomical formations such as supernovae explosions [4][5][6][7] and nebulae [8,9], in Bose-Einstein condensates [10] including granular material problems [11], and in inertial con nement fusion (ICF) [12]. Yet despite its prevalence and the great deal of research focused on understanding the RTI since Lord Rayleigh's seminal paper, its behavior is still not fully understood [13].

When one uid is accelerated against a heavier uid, or in other words, when the acceleration of the interface is opposed to its density gradient, the RTI causes any perturbations on the interface to grow exponentially according to the Be i-Takabe growth rate [14]:

= 1 + min - (1) 
where = 0.98 and = 1.7 for CH targets, = 2 / is the wavenumber of the perturbations, the perturbation wavelength, the acceleration of the interface, min the minimum scale length of the density pro le between the two uids, and the ablation velocity. us, its evolution is strongly dependent on the initial perturbations.

e source of these perturbations may come from initial target defects [15] or, in the case of laserdriven experiments, from non-uniformities in the incident laser beams [16]. Speckles in the beam's spatial intensity pro le are imprinted onto a target, resulting in mass-density perturbations [17][18][19].

ese then act as seeds for the RTI on what may have otherwise been a smooth target. ese seeds will grow exponentially until their amplitudes approach their transverse size. Once this occurs, nonlinearities such as the Kelvin-Helmholtz instability grow along the interface [20][21][22].

is causes the instability to cease growing exponentially and shi into a constant velocity state wherein light uid bubbles will push into the heavy uid while heavy spikes penetrate deeper into the lighter uid.

e amplitude at which this shi occurs is predicted by Haan's theory [23] and is proportional to the area of the bubble. us, smaller bubbles will saturate at lower amplitudes while larger bubbles will saturate much later.

is nonlinear regime is dominated by two processes: bubble competition and bubble merger [20,21]. Competition occurs when small-wavelength bubbles saturate and continue growing at a linear rate. ese are quickly overtaken by larger bubbles which continue their exponential growth well past these amplitudes. Merger, on the other hand, occurs when two similarly sized bubbles nonlinearly couple together to form a single larger bubble. If an interface consists primarily of similarly sized modulations, bubble merger will therefore be the dominant e ect. Similarly, if a range of wavelengths are present, competition may take over. Both of these processes result in a shi in the perturbation spectrum towards longer wavelengths, and both are predicted to yield a self-similarity wherein the bubble heights, ℎ , are proportional to the distance traveled by the interface,

ℎ = 2 where = ( 1 -2 )/( 1 + 2 )
is the Atwood number, is the mass density of uid , is the acceleration of the interface, and is time. However, the rates at which these two phenomena occur are predicted to vary [21]. As a result, di erent measurements may be obtained depending on how dominant bubble merger versus bubble competition is.

is implies that initial conditions could play a large role in the nonlinear behavior of such a system.

To this end, an experiment was performed at the National Ignition Facility (NIF) [24] using the recently FIG. 1: Schematic of experimental setup. Magenta beams are the main drive beams, blue the backlighter beams, and green the sidelighter beam. e target's initial position is ush with the bo om of the mounting apparatus. developed planar direct-drive platform [25][26][27] which builds upon previous work at smaller facilities [28].

is experiment was designed to create two di erent three-dimensional (3D) multimode initial surface proles through laser imprint on smooth planar CH targets. ese targets were then accelerated to unprecedentedly long travel distances with a drive laser and observed using face-on gated radiography and side-on streaked radiography. While other experiments in indirect drive have approached this regime in 2D [29], this design enabled the deeply nonlinear behavior of the ablative RTI to be directly observed for the rst time ever experimentally in direct drive.

e resulting density structures in such a system quickly become extremely complex, and the density prole even just within the heavy uid becomes highly inhomogeneous.

us, such an experiment requires a great deal of precision in its analysis. is paper details the post-processing of the data acquired in this experiment to obtain bubble amplitudes from the face-on radiography. A full analysis of the resulting images has already been submi ed for publication elsewhere [START_REF] Ceurvorst | Dependence on initial conditions for the ablative Rayleigh-Taylor Instability in the highly nonlinear regime[END_REF], the results of which show for the rst time experimentally that the nonlinear growth of the RTI does indeed strongly depend on the initial perturbation spectrum.

A 300 µm-thick plastic target was mounted on top of a Au washer as shown in Fig. 1. e rest of the mount-ing apparatus acted as line-of-sight shields for the xray diagnostics.

e initial 3D seeds of the ablative RTI were formed using a 351 nm-wavelength imprint beam (B427 or B428, belonging to the 23.5 • cone) focused onto the target at = -300 ps. Modeling [18] and experiments [30] predict that this delay will maximize the imprint e ciency. No smoothing-by-spectraldispersion (SSD) gratings were used so that the speckle pa erns were constant in time. To achieve di erent initial conditions, the imprint beam on one target directly impinged with no smoothing techniques and was defocused by 18 mm from the target surface.

e second target's beam was smoothed by a continuous phase plate (CPP) and directly focused onto the target. Equivalent target-plane images of these beams were acquired prior to the shots on the NIF target alignment sensor (TAS) and their spectra show the di erent pro les to be imprinted on each target. e one-dimensional (1D) Fourier spectra of these beams were calculated by azimuthally averaging the two-dimensional (2D) Fourier transform of the TAS images. e shot which used a CPP on the imprint beam, the "smoothed" shot (Fig. 2(a)), resulted in broadband features to high-frequencies beyond 100 mm -1 which correspond to features of ∼8 µm, close to the di raction limit of where = 351 nm is the laser wavelength and = 20.76 is the f-number for one NIF beam. On the other hand, the features of the defocused beam without CPP smoothing, the "unsmoothed" shot (Fig. 2(b)), were much more concentrated at low frequencies with the smallest features having spatial sizes of ∼16 µm.

e low-frequency structure of this speckling is evident. e Be i-Takabe growth rate, given by Eq. 1, is plo ed against the azimuthally binned Fourier spectra of these two speckle pa erns in Fig. 2

(c).

A er the imprint from these beams had reached its predicted optimum levels, the now-perturbed target was accelerated using ∼440 kJ of laser energy over 30 ns. is was achieved using 21 NIF quads of 351 nm laser light to irradiate the foil each as a 10 ns square pulse.

ese quads were split into groups of 7 and stacked in time to create the nal 30 ns pulse.

e grouping of beams went from the outer beams to the inner beams, refocusing deeper into the apparatus to track the target and maintain near constant acceleration. Speci cally, beams from the 50 • cone were focused on the target's initial position from = 0 -10 ns, followed by 44.5 • beams pointed 0.75 mm behind the initial target position from 10-20 ns, and nally the inner beams (23.5 • and 30 • ) defocused by 1.5 mm from 20-30 ns.

To observe the evolution of the system, a set of imaging diagnostics were elded to measure the acceleration of the foil and observe the growth of the 3D RTI modulations. To track the target's position, a vanadium sidelighter was irradiated using one NIF quad, delivering 18 kJ of energy over 10 ns.

e resulting x-rays had a peak intensity of 5 × 10 14 W cm -2 at 5.2 keV photon energy and probed the target transversely. ey were then collected by a DIM-Insertable Streak Camera (DISC) [31] with 12× magni cation to give the target's front-and rear-surface positions against time. Meanwhile, the RTI growth was captured using through-foil face-on x-ray radiography.

e x-rays for this diagnostic were produced using a silver backlighter irradiated by 9 quads with a 9 ns square pulse.

is created a peak intensity of 8 × 10 14 W cm -2 at 3.6 keV. A er passing longitudinally through the target, these x-rays were imaged using a staggered array of 19 µm pinholes coupled with a four-strip gated x-ray detector (GXD) [32] and recorded using a charge-coupled device (CCD). e initial targetto-pinhole distance 110 mm and the pinhole-to-imageplane distance is 663 mm resulting in a magni cation of 6.02×. e strips of the GXD were timed so that images would be captured at = 14, 17, 20, and 23 ns. It is the post-processing of these images that is the subject of the remainder of this paper. Fig. 3(a) shows the raw output of the GXD diagnostic for the smoothed shot with the locations and timings of each strip superimposed. While several features are clearly visible, in order to get an accurate quantitative measurement, the backlighter pro le must rst be inferred and then removed from each image. is is done via back-projection of the images to the backlighter plane.

e longitudinal distances between the backlighter, target, pinholes, and image plane are all xed by the experimental geometry. All that is then re-quired to fully know the exact con guration is the 3D positioning of the pinholes. ese are calculated by correlating multiple sets of features from the images together as indicated in Fig. 3(a). Since the physical pixel size of the CCD is known and the average position of these features correlates to an approximately constant position in the target plane, the pinholes' positions can be calculated through simple geometric ray tracing.

ese positions may then be used to back-project each sub-image to the backlighter plane. Taking the average of these images in this plane forms a composite image of the backlighter as shown in 3(b). To remove the high-frequency features that result from the interaction of the x-rays with the target, a low-pass lter is applied and a 2D polynomial is ed to the outside points. e resulting backlighter pro le, shown in Fig. 3(c), is then forward-projected to the image plane.

e absorption of the probe is given as the reconstructed backlighter pro le divided by the original data. Note that the backlighter pro le is reconstructed for each shot. is process only provided the shape of the backlighter -its maximum intensity will be discussed shortly.

In addition to the backlighter pro le, the images collected by the CCD are blurred by the pinholes, the micro-channel plates (MCP) which form the strips of the GXD, and the CCD itself, and noise is added throughout. To remove these blurring e ects and obtain a be er representation of the true data, the images must be Wiener deconvolved using the process detailed in Ref. [33]. is rst requires noise and signal spectra. It should be noted that the time between adjacent images on a single MCP strip is on the scale of tens of picoseconds. As a result, the hydrodynamics of the system do not have signi cant time to develop between these images, and they may be ese images can then be correlated together, and overlapping regions can either be added or subtracted from one another to form approximate noise and signal images as shown in Fig. 4.

e modulated transfer function (MTF) of this system has been previously well-characterized. e procedure described in Ref. [33] may now be followed to remove the blurring e ects and reduce noise of these images.

ese deconvolved images may now be used to determine the optical depth (OD), given simply by the natural logarithm of the reconstructed backlighter divided by the deconvolved images. e amplitude of the backlighter for each image was chosen so that the resulting OD images are equal to zero in the unperturbed portions of the target such as those present in the bo om corners of Fig. 4(a). is implies that bubbles, where the target is thinner and less absorption occurs, will have negative OD values while spikes will be positive. e nal result of this is shown in Fig. 5. Note that due to the nature of the calculation, noise has been drastically suppressed and high-frequency structures have been enhanced due to the deconvolution.

As stated in the introduction, the goal of this experiment was to observe the growth of the RTI bubbles. is requires a conversion from OD to physical height. ese two are related through the equation = ∫ ℎ 0 ( ) where is the OD, ℎ the height, the mass a enuation coe cient, and ( ) the density as a function of longitudinal position, . When is approximately constant, ( ) ≈ 0 , this simpli es to ℎ = / 0 . However, this assumption does not hold in the nonlinear phase of the RTI [34]. Further, the temperature of the material is expected to reach several hundred eV, making cold measurements inapplicable. Instead, a new method must be developed to convert from OD to height. In the unsmoothed shot, the side-on streaked radiography showed two distinct regions within the target -one dark region and one which still transmi ed some signal (see Fig. 6(a)). To be er understand this result, a full-scale simulation was run in the arbitrary-Lagrangian-Eulerian radiation-hydrodynamics code, HYDRA [35,36].

is simulation included realistic unsmoothed imprint beam pro les with 200,000 rays per beam and matched the experimental conditions presented above. e 8 mm window had a 25 µm base resolution with an increased 6 µm resolution in the central 2 mm square where the imprint took place.

eir output was post-processed to form both face-on and side-on gated x-ray radiographic images. target, the large unperturbed region which is not subject to signi cant RTI growth absorbs virtually all x-rays passing through it, creating the darkest strip of this radiograph.

e thinner bubble region beyond this rear surface contains far less mass, and as a result, some portion of the incident photons are still able to penetrate through this region.

is matches what is seen in the experimental side-on streaked radiography. us the edge traced in red in Fig. 6(a) represents the maximum bubble height. Simulations show that the spikes remain near the unperturbed material's front surface. However, this is impossible to verify from the experimental data. Instead, the deepest spike position is taken to be in the middle of the unperturbed region, shown in cyan in Fig. 6(a), with an uncertainty equal to half of this region's width.

Finally, to determine the average conversion factor from OD to physical height, the distance between these maximum bubble and spike positions is compared to the di erence between the maximum and minimum OD in the processed face-on images at = 17 ns and 20 ns. e streaked radiograph didn't begin until approximately = 17 ns, and various measurements suggested that the target had perforated by 23 ns as demonstrated in Ref. [START_REF] Ceurvorst | Dependence on initial conditions for the ablative Rayleigh-Taylor Instability in the highly nonlinear regime[END_REF]. As a result, these two timesteps were excluded from the analysis. However, the central two times produced extremely consistent conversion factors as shown in Fig. 7. ese result in a nal average conversion factor from OD to physical height of 320 ± 90 µm/OD.

In conclusion, an experiment was performed at the NIF to investigate the highly nonlinear stages of the RTI. In order to obtain a quantitative analysis of the results, several post-processing steps had to rst be carried out. Face-on gated radiographs were obtained and post-processed by reconstructing the backlighter prole, Wiener deconvolved and converted to OD. A comparison to the side-on streaked target trajectories was used to gain a rough approximation of the conversion factor from OD to physical height which was consistent between measurements.

e results of this postprocessing fed into the full quantitative analysis of the experiment and informed the physical interpretation of the results.
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 2 FIG. 2: e TAS images of the imprint beam for (a) the smoothed and (b) the unsmoothed shots. (c) e 2D fourier spectra of the center of these TAS images are azimuthally binned and plo ed against the Be i-Takabe growth rate.

FIG. 3 :

 3 FIG. 3: e backlighter reconstruction process. (a) e raw data for the smooth shot is presented. Superimposed dashed red rectangles show the location of the GXD strips with their corresponding times. e magenta reticles show an example set of correlated features used to determine the pinhole positions. (b) e average of all twelve back-projected images in the backlighter's plane. (c) e nal backlighter pro le used for the smooth shots a er applying a low-pass lter and ing a polynomial to the edges of the average back-projected image.
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 4 FIG. 4: (a) Signal and (b) noise images created by taking the average sum and di erence respectively of two correlated regions from the = 17 ns strip of the unsmoothed shot.

FIG. 5 :

 5 FIG. 5: Fully post-processed OD images for (a) the smoothed and (b) unsmoothed shots 17 ns a er the start of the main drive.

Fig. 6 (

 6 FIG. 6: (a) e streaked sidelighter image for the unsmoothed shot showing the target's trajectory. e three edges in brightness have been t with parabolas, shown with dashed lines. e solid cyan line is the average of the yellow and green dashed lines and indicates the unperturbed target's mean position. (b) Arti cial side-on radiography of the HYDRA-simulated unsmoothed target at = 17.4 ns. e superimposed lines correlate the features shown in this image to the DISC image in (a). e laser drive is incident from the bo om of both windows.

FIG. 7 :

 7 FIG. 7: (a) e maximum bubble-to-spike height in microns extracted from the sidelighter's ed curves is shown in blue. e light-blue shaded region indicates the error due to the uncertain spike position within the unperturbed region. e red plot shows the maximum bubble-to-spike height from the face-on radiography in OD. (b) e ratio of these two gives the nal conversion factor. Note that e plateauing of the OD bubble-to-spike height in (a) and the subsequent increased conversion factor in (b) at = 23 ns is due to perforation of the target.
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