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X-ray radiographic imaging of hydrodynamic
phenomena in radiation driven materials - shock
propagation and shear flow.

. B.A. Hammel, J. D. Kilkenny, D. Munro, B. A. Remington and R. J. Wallace.

• Lawrence Livermore National Laboratory, Livermore, CA 94550

OST I
One and two dimensiona|, time resolved x-ray radiographic imaging at high photon

energy (5-7 keV) are used to study shock propagation and the effects of shear flow in

solid density samples which are driven by x-ray ablation with the Nova laser. By

backlighting the samples with x-rays and ob:,erving the increase in sample areal

density due to shock compression, we directly measure the trajectory of strong

shocks (-40 Mbar) in flight, in solid density plastic samples. Doping a section of the

planar samples with high-Z material (Br) provides radiographic contrast, allowing a

measurement of the shock induced motion of the doped material. Instability growth

due to shear flow at an interface is investigated by imbedding a metal wire in a

plastic sample parallel to the direction of material motion. Time resolved

radiographic measurements are made with either a slit-imager coupled to an x-ray

streak camera or a pinhole camera coupled to a gated microchannel plate detector,

providing - 10 llm spatial and N 100 ps temporal resolution.

This work was performed under the auspices of the U.S. Department of Energy by the Lawrence

Livermore National Laboratory under Contract No. W-7405-ENG-48.

PACS numbers: 52.50.Jm, 47.40.-x, 62.50.+p, 52.70.-La
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I. Introduction

An understanding of ultra high pressure hydrodynamic phenomena is

• crucial in many areas of physics. In inertial confinement fusion, the propagation

and coalescence of shocks, and material mix at interfaces, under conditions of

acceleration, shock transition and shear flow, are critical areas of study. However,

experimental observations of these phenomena at high material densities

(p > 1 g/cm 3) are extremely difficult. X-ray techniques, such as point projection

spectroscopy, 1 and radiography, 2 provide a means of probing dense samples with

high temporal and spatial resolution, but require high photon energies to penetrate

the sample.

We are developing time resolved, one- and two-dimensional (1- and 2-D) x-

ray radiographic imaging techniques to investigate high pressure hydrodynamic

phenomena in high areal density samples. In this paper we describe our 2-D

imaging technique and demonstrate its application in an experiment designed to

study turbulent mix in the presence of shear flow. Before describing the work on

shear flow, we first review 1-D measurements of shock propagation, material

motion and compression in CH samples, driven by x-ray ablation, presented in a

previous publication. 3

II, Experimental Technique

• In these experiments, samples are radiatively driven by x-rays from a

, cylindrical gold hohlraum which is heated with eight beams (353-nm-wavelength)

of the Nova laser (Fig. 1). The x-ray radiation from the hohlraum ablates material

from the sample, producing a strong shock which propagates into the sample

material. In general, the duration, shape and total energy of the laser pulse can be

varied, allowing the radiation drive to be optimized for a particular experiment. In



the data presented here, the laser drive has ceased and the shock is decaying, by

rarefaction, as it propagates into the material. Two more beams of the laser (0.53 _m

wavelength, 2 ns "flat-top" pulse) are focused onto a backlighter disk (Ti or Fe), with

an intensity of ~ 6x1014 W/cm 2, forming a ~0.8-ram-diameter spot size. This

produces K-shell emission at ~ 4.7 keV (Ti) or 6.7 keV(Fe), which backlights the

plastic sample.

In these experiments, the radiation drive was incident at one end of a plastic

(CH) cylindrical sample (0.5 - 0.7 rnm diameter and 1.5 mm in length). These

samples were mounted from the wall of the hohlraum as shewn in Fig 1. The

sample was viewed from a direction perpendicular to its length, and therefore

transverse to the direction of shock propagation. Gold grids (62 _tm period) were

mounted on the sample, in the line of sight of the backlighting x-rays as viewed

from the instrument, so that magnification and spatial resolution can be measured

simultaneously.

For the 1-D imaging measurements, the sample was viewed by a 20 x

magnification slit imager coupled to an x-ray streak camera. The details of this

technique are described in reference 3. In the case of the 2-D imaging measurements,

the sample was imaged with an 8x magnification pinhole camera coupled to a gated

microchannel plate detector, providing 16 time resolved "snapshot" x-ray .

radiographs of the sample. 4 This instrument was filtered with 375 _tm Be to

discriminate against low energy photons. In addition, a 16-_tm-thick Ti filter was

included at the detector to preferentially transmit the He-(_ line from the Ti

• backlighter. 3 The pinholes were 10 _tm diameter. Measurements of a backlit

resolution grid have indicated that this instrument provides --10 _tm full width at

half maximum (FWHM) spatial resolution in the object plane. 3 .The gated pinhole

camera provided 100 ps temporal resolution, which is sufficient to prevent motion

blurring in these experiments.



III. Shock and Interface Measurements

Our first measurements were aimed at measuring the shock and shocked

particle ("piston") velocities in cylindrical CH targets. 3 These measurements were

made using the slit imager coupled to an x-ray streak camera, providing continuous

data in time of the shock trajectory. The target was backlit with x-rays from an Fe

disk. Shock compression of the sample increases the line density through the

package in the viewing direction, resulting in a decrease in the transmitted x-ray

intensity. The 0.7 mm diameter CH samples resulted in -60% transmission of the

6.7 keV Fe backlighter x-rays through the solid density (p ~ 1.05 g/cm 3) material. To

observe the shocked particle velocity, the first 300 _tm of the package was doped with

Br (CHBrx with x=0.02 - 0.03) for radiographic contrast, resulting in -10%

transmission of the backlighter x-rays through the solid density (p -- 1.3 g/cm 3)

material. This technique underestimates the shocked particle velocity in the

undoped CH, since the density of the Br doped material is -25% higher.

A streaked 1-D image of such a target is shown in Fig. 2. The positions of the

shock and interface between the doped and undoped material, as measured from

this data, are shown as a function of time in Fig. 3. Fits to the data, along with the

velocity of the shock, Us, and interface, v obtained by differentiating the fits, are also

shown. Earlier in time, 2 ns after the start of the drive pulse, the shock speed, us, is

much higher (-75 Bm/ns) but by 9 ns it has decayed to ~20 _m/ns. 3 The pressure in

• the shock compressed CH corresponding to this shock velocity is given by the

equation of state (EOS) of the material, and is shown in Fig. 4. These measurements

correspond to a pressure of 40 Mbar at early time. The shock continues to decay with

time and by 9 ns after the drive, the pressure has dropped to 12 Mbar. In these
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experiments, a measurement of the transmission of the backlighter through the

shocked material has been used to infer a lower limit on the compression of 2.5. 3

The shock and propagating interface in these experiments is not planar, as

shown below. This leads to degradation in the resolution of the shock front and

interface, as well as uncertainties in the compression inferred from the transmission

measurements. 3 Note also that since this shock is decaying by rarefaction, the piston

velocity is not constant throughout the shock compressed region, but decreases

behind the shock front. The measured interface velocity, after the shock has passed,

therefore represents an underestimate of the maximum shockedparticle velocity.

IV. Shear Flow Experiment

To study material mixing due to shear flow at the interface between two solid

density plasmas, a 150-_tm-diameter A1 wire was imbedded in a plastic target similar

to the one described above (0.5-mm-diameter and 1.5 mm in length), so that its axis

was parallel to the direction of shock propagation (Fig. 5). The target was backlit

with x-rays from a Ti disk. The transmitted x-rays were recorded using the gated

pinhole camera. In the data shown here the A1 wire was either smooth, or "rippled"

with a machined axially symmetric sinusoidal perturbation of 50 lxm wavelength

and 10 lxm peak-valley amplitude. A cylindrical geometry is used in these

experiments to mitigate the effects of alignment uncertainty and shock curvature.

Since the shock speed in a material is inversely proportional to the square

root of the density, the shock launched into the A1 will propagate slower, by a factor

of -- 0.6, than an equivalent pressure shock in the CH. The shock speed as a function

of pressure for room temperature A1 and CH, taken from the SESAME equation of

state (EOS) tables, is shown in Fig. 5. This difference in shock speeds will produce a

shear flow at the A1/CH interface. In particular, in the region just behind the shock



in the CH but ahead of the shock, in the AI, the CH "piston" is moving but the A1 is

not. Since the drive has turned off in these measurements, the axial shocks in both

materials are decaying as they propagate, so the shock and "piston" velocity in both

materials is decreasing with increasing distance down the target.

A typical "snap-shot" 2-D radiograph of a "rippled" target, 9 ns after the start

of the drive pulse, is shown in Fig. 6. The compressed material behind the shock

front in the CH appears as a region of decreased transmission. The shock front is

curved with a radius of ~ 700 _tm. This "piston" of compressed material is moving

coaxially down the A1 wire. The transmission then rises again as the density drops

due to effects of rarefaction and ablation, where material that has been heated by x-

rays is traveling toward the drive. A lower limit of the shocked particle velocity, or

"piston" velocity is known from the above measurements of Br doped samples (Fig.

3), taken at this same time (20 _tm/ns at 9 ns). The shock in the A1 is not visible due

to the AI wire's high optical depth to the probing radiation, however, the A1

ablation front is clearly visible, as is the expanding ablated A1 material (Fig. 6). The

ablation front in the A1 lags behind that in the CH, as expected from the scaling of

heat front propagation with material density, s

In the absence of shear flow effects, the AI wire should compress as the high

pressure shock in the surrounding plastic propagates down the axis of the target.

Using the Hyades 1-D hydro code 6 we have modeled the response of the AI wire to a

transient 12 Mbar pressure pulse, acting radially inward, to emulate the pressure at

one point along the A1 wire due to the passing shock. In this simple 1-D case, where

we ignore the axially propagating shock in the A1, the wire initially compresses

~ 50 _tm in diameter but then expands due to the release of the imposed pressure

and the reflected shock from the axis of the wire. The radial shock reaches the axis

2.5 ns after the shock passes a point on the wire and the expansion occurs ~ 5 ns after

the shock passes. _ After 5 ns, however, the shock should have traveled another
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~ 200 _tm further down the wire, since the measured shock velocity in the CH at this

time is --40/.tm/ns. Therefore, the wire sl_ould appear compressed over a ~ 200 _tm

region along the wire.

In marked contrast, what we observe is an abrupt expansion of the A1/plastic

interface which is clearly correlated with the passage of the shock front in the plastic.

The expansion angle is 10 - 15°. Some of the "ripples" appear to have grown into

"spikes", although there is no obvious development of "roll-up". At distances

greater than ~200 lzm behind the shock in the plastic, the pressure in the CH has

dropped and the pressure of the A1 is high due to the shock, so material in this

region will expand.

Since the A1 wire is opaque to the probing x-rays we do not have a direct

measure of the position of the shock in the A1, however, a rough estimate can be

made based on the distance that the shock in the CH has traveled. The shock speed

in the A1, based on that in the CH, is - 0.6 x 40/am/ns or ~ 24 _tm/ns (Fig. 4). At 9 ns

the shock in the CH, on this shot, has traveled 420 _m. By this reasoning, the shock

in the AI should have therefore traveled - 250 _tm, leaving a region of -- 170 _m,

between the shock in the plastic and that in the AI.

However, these simple arguments neglect the effect of the cylindrically

converging shock in the A1 wire. In reality, the converging shock is connected with

the axial, ablatively driven shock. The radially propagating shock reaches the axis

2.5 ns after the shock passes a given point on the wire, by which time the shock in

the CH has moved only -- 100 btm further down the wire. The separation between

the shock in the CH and the shock in the A1 is therefore limited to be less than

100 _tm. This coupling of the two shocks will presumably effect the degree to which

the A1 compresses and the time at which it begins to expand. We emphasize,

however, the fact that the experimentally observed expansion is clearly correlated



with the passage of the shock in the CH, which strongly suggests that there is a

causal relationship between the two phenomena.

The abrupt expansion of the A1 after the passage of the shock in the CH may

be a result of turbulent mixing at the interface of the two materials, due to the

presence of the shear flow. To determine the importance of the shear flow in this

problem we can estimate the linear Kelvin-Helmholtz growth rate. For the case of

two uniform density fluids which are in relative motion, the growth rate is given by

PIP2 ,7 where pland are the mass densities of the two materials, U isy = kU (Pl + P2
[92

the relative velocity (-20 _tm/ns), and k is the wave number of the imposed mode

(1.3 x 103 cm-1). Taking p_ _- P2," the maximum growth rate for these conditions is

y- 1.3 ns -1. The time over which this mode can grow before the wire will began to

expand due to the reflected shock from the axis and release of the applied pressure

is, at most, 5 ns. Therefore, the maximum growth of this mode is 7 e-foldings. In

reality, since the initial amplitude of this mode is comparable to its wavelengt'_, the

actual growth rate will be less than the linear growth rate due to saturation effects.

Furthermore, the gradient in velocity across the material interface is not

discontinuous, as assumed in the above estimate, hence the growth rate will be

lower than this estimate. Clearly, modes other than the one imposed will also grow.

In the absence of viscosity, modes at short wavelength, which are seeded by the

surface finish of the machined wire, will grow more quickly, saturate and couple to

other modes, leading to turbulent flow. The high Reynolds number in this

experiment (~ 10 5) is consistent with the development of turbulence. We have also

studied targets where the AI wire had no machined perturbation on its surface (Fig.

7). In this case the wire also appears to expand, but not as abruptly.

These measurements are sensitive to a small amount of A1 mixing into the

surrounding plastic. The plastic sample material alone, prior to the passage of the



shock Cunshocked '' region), transmits ~ 35 % of the Ti backlighter x-rays. However,

the unshocked A1 wire is completely opaque, as it alone represents 8.5 optical depths

along its diameter to the probing x-rays. Even the limb of the wire is opaque, since

the cord length through the wire, at a radius corresponding to the difference

between the actual wire radius and the instrumental resolution (10 _tm), is ~ 4

optical depths. A factor of twelve decrease in the peak areal density of the A1 would

still result in 50% absorption (not including the surrounding CH), hence mixing of

only a small amount of A1 with the surrounding plastic will lead to an apparent

expansion of the A1/plastic interface. Turbulent growth at a shear-layer and the

resulting intrainment of one fluid into another is a well known phenomena in

high Reynolds number fluid experiments. 8 The typical expansion angle of

turbulent layers is -- 10 °. The intrainment ratio for equal density materials is ~ 50 %.8

The physics in this problem is quite complex and our understanding is far

from complete. We have ignored, in this discussion, the effects of both shock

induced (Richtmyer-Meshkov) and Rayleigh-Taylor growth. Y Both of these

instabilities, however, should grow as a fraction of the distance that the interface

moves inward, implying that, in the worst case, some material will remain at its

original radial position. This could not explain our result where the interface

appears to move outward. A detailed understanding of this experiment will require,

at a minimum, accurate 2-D calculations of the complex hydrodynamics. Modeling

of this experiment, however, is difficult. Shear flow in Lagragian fluid codes leads to

mesh tangling. Eulerian codes are intrinsically limited in modeling more than one

fluid, and sophisticated front tracking techniques are required to follow the interface

between the two materials. 9 Codes with adaptive mesh refinement are under

development, and may be the best approach. 10

A simultaneous measurement of the positions of the shocks in the AI and

CH would be very helpful in our understanding of these results. Further



experiments, where the Al wire is replaced by another similar densit7 material

which is less opaque to the bacldighter x-rays, such as B4C(p = 2.54 g/cm3), would

potentially allow such a measurement, although the interface between the two

materials, after the passage of the shock in the CH, would be difficult to distinguish

since the density of the compressed CH would be nearly identical to the density of

the uncompressed inner wire. This could possibly be solved by coating a thin layer

of opaque material of matched density (perhaps Al) over the inner wire to serve as a

nonperturb_g "tag" for the interface position.

Summary
The development of 1- and 2-D x-ray radiographic imaging at high photon

energy has opened up a new realm of hydrodynamic phenomena for study, where

high areal density materials under high pressure conditions can be measured

directly. We have applied these techniques to studies of shock propagation, material

motion and compression. Studies of more complex hydrodynamic phenomena,

such as shear flow between two materials, are in progress.
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Figure 1. Schematic of theshock propagation experiment. The target as seen

from the streaked imager is shown in Fig. l(a). To measure the shocked particle

velocity, a region of the target is doped with Br for radiographic contrast. The

backlighter disk is behind the sample (into the plane of the paper) in this view. Fig.

l(b) shows the sample viewed from the side. The transmission of the backlighter

intensity I_ through the shocked undoped CH is given by ls / I0 = e -%°s_, where K_) is

the absorption coefficient of the material (which can be taken as the cold opacity), Ps

is the density in the shock compressed region and t is the path length through the

sample. 3

Figure 2. Streaked radiograph of 0.7-mm-diameter, 1.5 -mm-long CH sample,

where the first 0.30 mm was doped with 3 atomic % Br to provide radiographic

between the two materials. The shock has passed through the interface of the two

materials and both are visible. The streak covers from --8 - 11 ns after the start of the

laser pulse. The "straight-through" feature is an artifact which arises from x-rays

which pass through the photocathode of the streak camera and then interact directly

with the phosphor screen.

w

Figure 3. Measured shock and interface position as a function of time (cr_sses),

fit with a polynomial, for the data shown in Fig. 7. The shock and interface

velocities as a function of time, obtained by differentiating the fit, are also shown.

Figure 4. Shock velocity vs. pressure for room temperature Al and CH from the

SESAME equation of state tables.

Figure 5. Schematic of the shear flow experiment. A 150 _m diameter Al wire

was imbedded in a plastic target 0.5 mm diameter and 1.5 mm in length, so that its

11



axis was parallel to the direction of shock propagation. The shocks launched into

the CH and A1 will propagate at different speeds_ due to their different densities,

leading to a shear flow at the CH/AI interface. The A1 wire was either smooth, or

"rippled" With a machined axially symmetfiLc sinusoidal perturbation of 50 _m

wavelength and 10 _m peak-valley amplitude.

Figure 6. Time resolved 2-D radiograph of "rippled" target. The drive is incident

from above, and the positions of the shock and ablation fronts in the CH are shown.

The position of the ablation front in the Al is also shown. The central Al wire does

not compress as the shock passes in the CH but rather, it expands abruptly.

Figure 7. Time resolved 2-D radiograph of "smooth" target. The drive is incident

from above, and the positions of the shock and ablation fronts in the CH are shown.

The position of the ablation front in the Al is also shown. The central Al wire

expands as the shock passes in the CH but less abruptly than in the "rippled" target

case.
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