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Spherically expanding radiative shock waves have been observed from inertially confined implosion

experiments at the National Ignition Facility. In these experiments, a spherical fusion target, initially

2 mm in diameter, is compressed via the pressure induced from the ablation of the outer target

surface. At the peak compression of the capsule, x-ray and nuclear diagnostics indicate the

formation of a central core, with a radius and ion temperature of �20 lm and � 2 keV, respectively.

This central core is surrounded by a cooler compressed shell of deuterium-tritium fuel that has an

outer radius of �40 lm and a density of >500 g/cm3. Using inputs from multiple diagnostics, the

peak pressure of the compressed core has been inferred to be of order 100 Gbar for the implosions

discussed here. The shock front, initially located at the interface between the high pressure

compressed fuel shell and surrounding in-falling low pressure ablator plasma, begins to propagate

outwards after peak compression has been reached. Approximately 200 ps after peak compression,

a ring of x-ray emission created by the limb-brightening of a spherical shell of shock-heated matter

is observed to appear at a radius of �100 lm. Hydrodynamic simulations, which model the

experiment and include radiation transport, indicate that the sudden appearance of this emission

occurs as the post-shock material temperature increases and upstream density decreases, over a

scale length of �10 lm, as the shock propagates into the lower density (�1 g/cc), hot (�250 eV)

plasma that exists at the ablation front. The expansion of the shock-heated matter is temporally and

spatially resolved and indicates a shock expansion velocity of �300 km/s in the laboratory frame.

The magnitude and temporal evolution of the luminosity produced from the shock-heated matter

was measured at photon energies between 5.9 and 12.4 keV. The observed radial shock expansion,

as well as the magnitude and temporal evolution of the luminosity from the shock-heated matter, is

consistent with 1-D radiation hydrodynamic simulations. Analytic estimates indicate that the

radiation energy flux from the shock-heated matter is of the same order as the in-flowing material

energy flux, and suggests that this radiation energy flux modifies the shock front structure.

Simulations support these estimates and show the formation of a radiative shock, with a precursor

that raises the temperature ahead of the shock front, a sharp lm-scale thick spike in temperature at

the shock front, followed by a post-shock cooling layer. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4805081]

I. INTRODUCTION

In a variety of astrophysical phenomena, including super-

nova remnants, stellar jets, and cataclysmic variable systems,

high velocity radiative shock waves are created. X-ray radia-

tion created from these events offers important insight into

the composition and physical properties of such systems. In

the case of young supernova remnants, the observed spatial

variation of x-ray emission has been used to infer the type of

stellar progenitor and details of the ejecta distribution and

chemical mixing that occur within the remnant.1 Additionally,

the temporal evolution of x-ray emission can be used to infer

the interaction of the radiative shock wave with the surround-

ing circumstellar medium.2 Creating radiative shocks in the

laboratory, where the initial conditions are known and many

a)Paper KI3 1, Bull. Am. Phys. Soc. 57, 198 (2012).
b)Invited speaker.
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diagnostics can be used to interrogate the shock evolution and

x-ray emission over hydrodynamic time scales not obtainable

in a single stellar remnant system, can be used to test hypothe-

ses, hydrodynamic modeling and inform our understanding of

x-ray emission from young supernova remnants.

The National Ignition Facility3 (NIF) is a unique scien-

tific resource, as it has the capability to compress matter to

unprecedented densities (1000 g/cc), pressures (100 Gbar),

and temperatures (10 keV).4 Matter at such extreme states,

such as those created in an inertially confined fusion experi-

ment, is of interest for studying a variety of astrophysical

phenomena, including the radiative hydrodynamics of young

supernova.5,6 Laser driven radiative shocks have previously

been studied, in a one dimensional geometry in low density

(�mg/cc) xenon or argon filled gas tubes, where radiative

effects, such as the creation of a radiative precursor, sharp

rise in post-shock temperature, and a dense collapsed down-

stream cooling layer, have been observed.7–10 In a cylindri-

cal geometry, radiative blast waves have been created in the

momentum conserving snow plow regime, in a xenon plasma

at a density of 1018–1019 atoms/cc, where radaitive cooling

was observed to enhance the deceleration of the blast

wave.11–13 In spherical geometry, the hydrodynamic instabil-

ities of Sedov-Taylor blast waves driven into low density xe-

non and nitrogen gas filled chambers have been studied

using shadowgraphy to probe fluctuations in the index of

refraction at the shock front.14 In this work, we present

results detailing the creation of a spherically expanding radi-

ative shock wave, produced by an inertially confined fusion

experiment at the NIF. The temporal evolution of the expan-

sion of the shock and luminosity from the shock-heated mat-

ter are directly measured and found to be in good agreement

with radiation hydrodynamic simulations that have been per-

formed using similar amounts of laser energy and initialized

to match the inferred stagnation pressure.

The paper is organized as follows. Section II describes

the indirect drive inertially confined fusion experimental

setup and details the compression of the capsule, the diagnos-

tics, and the measurements that were made to determine the

structure, density, temperature, and pressure of the com-

pressed core. A brief physical picture describing the origin of

the radiative shock wave and the subsequent x-ray emission

is given. Section III presents results from three implosion

experiments that show the sudden appearance and subsequent

expansion of a spherical radiative shock wave. In Sec. IV,

radiative shock waves and the necessary conditions that must

exist for such shocks to be created are discussed. These con-

ditions, taken with the observations from Sec. III, are used to

show analytically that the shock wave generated in these im-

plosion experiments is indeed radiative. Section V contains

results from a radiation hydrodynamic simulation that indi-

cate the formation of a radiative shock wave in these experi-

ments. Simulation results also show the sudden rise in x-ray

radiance that is consistent with experimental observations,

which occurs as the shock wave expands outwards. Section

VI describes in detail the observed x-ray luminosity produced

from the radiative shock wave. The magnitude and the tem-

poral evolution of the x-ray luminosity in the simulation are

shown to be in general agreement with the observed

luminosity. Finally, a summary of the work presented in this

paper and a brief outlook towards future work is given in

Sec. VII.

II. EXPERIMENTAL SETUP

At the NIF, cryogenic thermonuclear implosion experi-

ments are being performed to create an inertially confined

fusion reaction using the indirect drive technique.15 Figure

1(a) shows the experimental setup of an indirect drive im-

plosion experiment. In this method, lasers are used to irradi-

ate the inside wall of a cylinder, known as a hohlraum. This

produces an x-ray flux with a peak radiation temperature of

300 eV that ablates the outer surface of the fusion capsule

target, producing the pressure which compresses the target

to sufficient densities and temperatures to initiate the fusion

reaction. The NIF uses 192 individual laser beams, each of

which is at a wavelength of 351 nm, to irradiate the hohl-

raum, delivering up to 1.9 MJ and 500 TW of total laser

energy and power, respectively. As shown in Fig. 1(a), half

of the beams are directed into the cylindrical hohlraum

through the upper laser entrance hole (LEH), and the other

half through the lower LEH.

Figure 1(b) details the dimensions and composition of a

spherical fusion capsule target.16 The capsule has an initial

outer radius of �1 mm and is composed of several layers of

plastic (CH) ablator that surround a solid deuterium-tritium

(DT) ice layer and is filled with a equimolar 50:50 mixture

of DT gas.

As the capsule target is compressed by the ablation pres-

sure, the temperature and density of the central gas filled

region increase, forming a hot core in which deuterium and

tritium atoms fuse. The solid DT ice layer of the capsule is

also compressed and forms a cooler dense shell of DT fuel

that surrounds the hot core. In this scheme, a particles cre-

ated in the hot core deposit their energy in the dense shell,

increasing the temperature and igniting the DT fuel leading

to a net gain in energy. In current experiments, the neutron

yield indicates that not enough a particles are being gener-

ated in the compressed hot core to ignite the dense shell of

DT fuel. After peak compression has been reached, the hot

core and dense shell of DT fuel expand outwards as internal

energy is converted back into kinetic energy.

As discussed below, the size of the hot core is deter-

mined from the radius of x-ray bremsstrahlung emission. At

peak compression, the radius of the hot core is measured to

be �20–30 lm. In conjunction with the spatially and time

resolved x-ray measurements of the hot core emission, nu-

clear diagnostics are used to measure the pressure, tempera-

ture, and density within the hot core. These measurements

find that at peak compression, several DT implosion experi-

ments have reached core conditions of �50–150 Gbar,

�2–4 keV, and �100 g/cm�3.

Two hardened gated x-ray imager (hGXI) diagnostics17

temporally and spatially resolve the x-ray emission from the

compressed hot core over a �1 ns duration along the polar

and equatorial axes (Fig. 1(a)). Each hGXI uses a pinhole

array to image the x-ray emission from the hot core onto a

four strip gated micro-channel plate (MCP) detector. The

056315-2 Pak et al. Phys. Plasmas 20, 056315 (2013)
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gain along each strip of the MCP varies with time, creating a

total temporal length along each strip of �230 to �180 ps for

the polar and equatorial hGXI, respectively. Additionally, the

gain of each strip is typically delayed 200 ps from adjacent

strips. Thus, images created by the pinhole array at different

spatial locations are captured at different times, and a contin-

uous record of the x-ray emission is recorded. Each hGXI has

a magnification of 12�, a spatial resolution of �10 lm, and

is filtered with 2575 lm of Kapton (C22H10N2O5). The polar

and equatorial hGXI have a temporal gain width of 100 ps

and 40 ps, respectively. The quantum gain (electrons pro-

duced per incident photon) of the hGXI detector is expected

to decrease approximately linearly by �40% between 6 and

13 keV.

Figures 1(c) and 1(e) show the x-ray image of the hot

core at peak x-ray emission taken along the polar and equato-

rial axes for an implosion experiment that used 1.66 MJ of

total laser energy (shot N120412). The radius of emission is

defined as the average radius of a contour taken at 17% of the

maximum emission value. The red contour in Figs. 1(c) and

1(e) shows this 17% contour and indicates an average radius

of �21 lm along the polar and equatorial axes. The burn

width of the implosion is defined as the full width half maxi-

mum (FWHM) of the integrated signal within the 17% con-

tour of emission vs. time, and for this experiment was found

to be 149 6 50 ps. Surrounding the hot spot is the dense com-

pressed shell of DT fuel and unablated plastic. Radiation

hydrodynamic simulations indicate that the dense shell is at a

much lower temperature than the hot spot. Consequently, the

hGXI diagnostics only observe emission from the lower

density hot core while emission from the colder dense shell is

not detected. Simulations indicate that the 17% contour of the

hot spot emission provides information on the inner radial

shape of the cold dense DT fuel shell.

The diameter and density of the dense shell surrounding

the hot spot are diagnosed by multiple neutron detectors that

can discriminate between primary and down-scattered neu-

trons. At peak compression, deuterium and tritium ions fuse

within the hot core, creating a so-called primary neutron, at

an energy of 14.1 MeV, and a a particle at an energy of

3.5 MeV. Neutrons, which lose energy through inelastic col-

lisions with atoms while propagating outwards through the

dense shell of compressed DT fuel and unablated plastic, are

referred to as down-scattered neutrons. The primary and

down-scattered neturons are detected by the neutron imager

(NI) diagnostic and neutron time of flight detectors (NTOF).

Figure 1(d) is an image of the down-scattered neutrons with

energies between 6 and 10 MeV, and shows the shape of the

dense shell that surrounds the hot spot. The 17% contour of

the down-scattered image has an average radius of 41 lm

and is indicative of the outer radius of the dense shell. The

density within this shell is found from ratio of the number of

down-scattered neutrons to the number primary neutrons

detected on the magnetic recoil spectrometer detector; for

the experiment shown in Fig. 1, the density was found to be

�900 g/cc. The ion temperature of the hot core at stagnation

is measured from the width in energy of the primary neutron

spectrum and was found to be 1.84 keV for this experiment.

Using the neutron yield, ion temperature, volume of the hot

core, and the burn duration, the core pressure is inferred.4

FIG. 1. Shot N120412 experimental setup, capsule composition, core x-ray, and neutron images. (a) Experimental setup, a 10 mm long, 5.75 mm diameter

hohlraum, is irradiated using 192 laser beams with a combined energy of 1.66 MJ. The resulting hohlraum x-ray flux implodes a cryogenic capsule target,

located in the center of the hohlraum. The x-ray self emission from the imploding capsule is imaged along the polar and equatorial axis using two harden hGXI

diagnostics. Primary neutrons (14 MeV) created in the hot central core are down-scattered in the surrounding dense DT shell. The NI diagnostic images both

the primary and down-scattered (6–10 MeV) neutrons along the equatorial axis. (b) A pie diagram representing the composition and initial dimensions, given

in microns, of the spherical fusion capsule target. (c) An image of the x-ray self emission at peak compression as seen from the polar hGXI diagnostic. The red

contour indicates an average radius of 21.32 lm at a value of 17% of peak emission. (d) The image of the down-scattered neutrons. The average radius, taken

at the 17% contour of peak emission, was found to be 41 lm, and is indicative of the radius of the dense shell of DT ice that surrounds the core of the implo-

sion. (e) An image of the x-ray emission at peak compression as seen from the equatorial hGXI diagnostic. The red contour indicates an average radius of

21.67 lm at a value of 17% of peak emission.
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For this experiment, the pressure of the compressed core at

stagnation was found to be �150 Gbar.

A physical picture of the origin and dynamics of the

shock that is observed after the implosion has reached stag-

nation is developed using results from 1-D hydrodynamic

simulations, which include radiation transport. The pressure

within the hot core reaches a maximum as the inward mate-

rial velocity of the core and the surrounding dense shell

decelerates and approaches zero. At this time, the pressure

within the central region of the hot core is approximately

constant and the pressure begins to decrease rapidly begin-

ning at a radius close to the inner edge of the dense shell.

Surrounding the stagnated hot core and dense shell is a

plasma comprised of ablator material. This surrounding

plasma is at a much lower pressure than the peak stagnation

pressure and has a material velocity that is still converging

inwards at �200 km/s. Simulations show a large, �10� step

in pressure, density, and material velocity, over a few

microns in radius, at the interface between the outer edge of

the dense shell and the surrounding plasma and indicates the

shock front location at stagnation. After stagnation, this

shock front location begins to propagate outwards in the lab-

oratory frame, ahead of the expanding compressed core and

shell material. As the shock moves outwards, the pressure of

the core and shell material decreases and develops a para-

bolic profile with radius. As this occurs, the material velocity

develops a linear dependence with radius, increasing from

zero to a maximum value at the contact front located at the

interface of the expanding material and shocked material.

Across the contact front, the velocity of the expanding mate-

rial is equal to the post-shock material velocity. Simulations

indicate that these profiles develop as the shock front reaches

a radius of �150 lm approximately 200 ps after stagnation.

In the laboratory frame, the velocity of the outward propa-

gating shock can be related to the average energy density, or

average pressure of the hot core and surrounding dense shell

reached at stagnation.

The velocity of the shock can be related to the down-

stream material velocity via the Rankine-Hugoniot (RH)

relations as

D ¼
u2 �

q1

q2

u1

� �

1� q1

q2

� � ; (1)

where, q, u1;2, and D are the material density, material veloc-

ities, and shock velocity in the laboratory frame, respec-

tively. Subscripts 1 and 2 denote the properties upstream and

downstream of the shock front. For u2 � q1u1=q2, Eq. (1)

indicates that D / u2, where u2 is equal to velocity of the

expanding material. To estimate the velocity of the expand-

ing material, a self-similar solution that describes the expan-

sion of a ball of gas into vacuum, with similar pressure and

velocity profiles as those that develop during the expansion

of the compressed core and dense shell, can be used.18 This

solution indicates that the velocity of the expanding material,

u2, will approach a value proportional to
ffiffiffiffiffiffiffiffiffiffiffiffi
2E=M

p
as the

radius of expansion becomes much larger than the initial

radius. Here, E represents the energy contained within the

implosion, including both that of the hot core and shell mate-

rial and M is the mass of this material. This simplified physi-

cal picture is used to show that expansion velocity of the

contact front, and thus the shock velocity is proportional to

the amount of energy contained within the implosion. The

deposited energy can be related to the average of the pres-

sure of the hot core and dense shell at stagnation.

As the shock expands, it sweeps up, compresses, and

heats the surrounding material. Bremsstrahlung radiation is

emitted from the shocked material. This radiation has been

spatially and temporally resolved by the hGXI diagnostics,

and is used to determine the shock front location and shock

velocity. The shock velocity is related to the post-shock mate-

rial temperature via the RH relations. It can be shown that

T2 / ðD� u1Þ2, where T2 is the downstream post-shock ma-

terial temperature. As the shock velocity increases, the post-

shock temperature, and thus radiative energy flux, F, that

scales as F / T4
2 , increases rapidly. If the magnitude of the

radiative energy flux is such that it modifies the shock dy-

namics as described by the RH relations, then the shock can

be called a radiative shock. The observed laboratory frame

shock velocity, taken together with mass density and temper-

ature of the in-falling ablator plasma (inferred from analytic

estimates), as well as the observed post-shock structure, indi-

cates that the shock produced in these experiments can be

described as a radiative shock.

III. RESULTS

A. Cryogenic implosion results

Figure 2 shows the temporal evolution of the x-ray emis-

sion detected by the polar hGXI diagnostic for shot

N120412. Peak x-ray emission from the central core occurs

on the first strip of the detector at t¼ 0. On the second strip

of the detector, a ring of x-ray emission suddenly appears at

t� 200 ps and at an initial radius of 105 lm. The outgoing

FIG. 2. Image from the polar hGXI diagnostic showing the spatial and tem-

poral evolution of the x-ray emission along three strips for shot N120412.

Time t¼ 0 denotes peak x-ray emission. Approximately 200 ps after peak

x-ray emission, a limb-brightened shell of x-ray emission, created by a

spherically expanding shock wave, suddenly appears at a radius of �100 lm.

This emission is observed to expand outwards until �500 ps after peak x-ray

emission, at which time the signal drops below the detectable level. The color

scale has been changed between strip 1 and strips 2 and 3 to enhance the visi-

bility of the shocked material.
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spherical shock wave compresses and heats a shell of mate-

rial. Radiation from this shock shell is limb-brightened and

is detected as a ring of emission. This emission is then

observed to expand outwards at a velocity of �300 km/s, in

the laboratory frame, over the next 300 ps before the lumi-

nosity drops below the detectable level of the instrument.

Insight into the cause of the sudden increase in the inten-

sity of emitted radiation can be gained by considering the

emission from the shocked material at a frequency � and ra-

dial location ro. This can be described by IðrÞ ¼ Ioe�j�qor,

where I(r) is the intensity of the emission, Io and qo are the

intensity of emission and density at a location ro within the

plasma, j� is the opacity at frequency �, and r is the distance

at which the light travels through the plasma at these condi-

tions. The relatively sudden appearance of this ring of emis-

sion at a radius of �100 lm, over a duration of �50 ps,

suggests a rapid increase in Io, or a decrease in qo; j� , or a

combination of all of these effects. All of these effects can

occur for a shock wave that experiences a sudden decrease in

upstream material density in conjunction with a sudden

increase in upstream material temperature. Physically, this

can occur at the location of the so-called ablation front,

defined as the radius at which the ablator plasma becomes

opaque to the x-ray flux of the hohlraum. Simulations, which

will be discussed in more detail in Sec. V, show a rapid

increase in spectral intensity at a radius of �100 lm, as the

shock front propagates into the ablation front, approximately

200 ps after the peak compression of the implosion has been

reached.

Figure 3 shows data from two implosion experiments

detailing the temporal evolution of the radius of x-ray emis-

sion produced by the expansion of the spherical shock wave

after stagnation. The shock velocity in the laboratory frame

is found to be �300 km/s and is consistent with the velocity

observed in a 1-D radiation hydrodynamic simulation. In

Fig. 3, the square data points represent the radius of x-ray

emission from the previously described implosion experi-

ment, shot N120412. The triangular data points are the

measured radii of the ring of x-ray emission vs. time

observed on shot N110620. This shot used 1.42 MJ of laser

energy to create the x-ray flux that compressed a fusion cap-

sule target that was of similar dimensions and composition

as shown in Fig. 1(b). The velocity of the shock is found by

measuring the temporal rate of change of the limb radius,

measured at the outward edge of the emission. This is done

in order to minimize the uncertainties in the radial location

due to the finite temporal resolution of the framing camera

and from the limb-brightening of the shell of emission. The

dashed lines in Fig. 3 represent the best linear fit to the

expansion of the shock and indicate a shock velocity of

305 6 47 km/s and 280 6 69 km/s for the 1.66 and 1.42 MJ

implosion experiment, respectively. The solid line is the ra-

dius of emission predicted by the radiation hydrodynamic

code HYDRA.19 Here, the simulated results are from a 1-D

calculation of an implosion conducted with 1.6 MJ of laser

energy and which reached a core stagnation pressure of

�150 Gbar. The simulated emission expands outwards at a

velocity of 350 km/s, which is within the 1 r error bar of the

measured expansion velocity in the 1.66 MJ implosion

experiment. The emission produced by the outgoing shock

is observed up until �500 ps after peak x-ray emission. At

this time, the emission from the shock drops below the de-

tectable level of the instrument. As no appreciable decrease

in shock velocity is seen, the observed decrease in luminos-

ity from the shock-heated matter is not due to the dissipa-

tion of the shock. As will be discussed in Sec. VI,

simulations indicate that the reduction in luminosity in time

results from a decline in the post-shock temperature and

density that follows from changes in the upstream material

properties.

Figure 2 shows that the spatial width of the ring x-ray

emission remains approximately constant with time and

indicates emission from a shell shock-heated matter that has

a width of �10 lm. This is consistent with the emission pro-

duced from the narrow cooling layer that exists in radiative

shocks.20 The width (FWHM) across the limb of x-ray emis-

sion is �30–35 lm and has been spatially broadened by the

finite temporal response of the detector. The measurements

were made using the polar hGXI diagnostic, which has a

temporal gain width of �100 ps. For a shock velocity of

�300 km/s and a temporal resolution of 100 ps, the

�30–35 lm limb width indicates a thin region of emitting

matter that is equal to or less than the resolution of the diag-

nostic of �10 lm. As discussed in more detail in Secs. V

and VI, in these experiments, radiation from a thin cooling

layer which immediately follows the shock front is expected

to be the largest contributor to the detected signal.

B. Convergent ablation results

X-ray emission created from the outgoing shock was

also observed in the convergent ablation (ConA) experi-

ment21,22 N120409, which used the same laser pulse shape

and nearly the same laser energy as the previously discussed

1.66 MJ DT capsule implosion. The expansion velocity of the

FIG. 3. The radius of x-ray emission produced by the outward going spheri-

cal shock wave vs. time. Data produced from a DT capsule implosion con-

ducted with 1.66 MJ (squares) and 1.42 MJ (triangles) of laser energy is

shown. The two dashed lines represent the results from a linear fit to the

expansion data. The solid line represents the predicted radius of x-ray emis-

sion vs. time from a 1-D HYDRA simulation that used 1.6 MJ of laser

energy to irradiate the hohlraum.
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x-ray emission was measured to be 346 6 7 km/s, consistent

with the measured expansion velocity in the DT capsule im-

plosion. Figure 4 shows the ConA experimental setup, the

measured time resolved radiograph of the capsule implosion

and subsequent x-ray emission imaged in one dimension, and

a comparison of the measured and simulated radial location

for the peak intensity of the expanding x-ray emission. In this

ConA experiment, the x-ray flux was produced by 1.62 MJ of

laser energy, which is similar to the 1.66 MJ of laser energy

used to conduct the DT implosion N120412. In addition, the

ConA experiment used 48.6 kJ of laser energy to create a Zn

He-a x-ray probe to radiograph the capsule during the implo-

sion. The dimensions and composition of the symmetry cap-

sule target (Symcap) that were used are also shown in Fig.

4(a). The Symcap target is nominally the same as the DT lay-

ered target, except the DT ice layer has been replaced with an

equivalent amount of CH mass and the DT gas fill is replaced

with a higher pressure D3
2He fill that reduces the convergence

and neutron yield of the implosion. The capsule radiograph

was imaged in one dimension by a 17 lm wide slit onto the

DISC streak camera.23 The resulting temporal resolution for

this slit width was �50 ps. An image of the measured radio-

graph that has been spatially and temporally averaged over

5 lm and 22.5 ps, respectively, is shown in Fig. 4(b). The

DISC detector has been filtered with 375 lm of Kapton and

15 lm of zinc. The compressed CH shell creates the two dark

limbs that converge inwards with time. Along the center of

the spatial axis, a wire fiducial attenuates the x-ray probe and

partially obscures the x-ray self emission from the com-

pressed core at times 6500 ps from peak x-ray emission. At

t� 150 ps, two limbs of x-ray emission, created from the out-

ward going shock, are observed to emerge and propagate out-

wards. The observation of two distinct limbs of x-ray

emission is consistent with the 1-D imaging of a shell of

expanding x-ray emission.

Figure 4(c) shows the measured average radius of the

emission vs. time and shows that the shock expands at a nearly

constant velocity over the duration of observation. The average

radius of the x-ray emission was measured dividing the dis-

tance between the maximum intensity of the two limbs by

two. Each data point is the average radius over the 22.5 ps

time interval, with the error bars corresponding to the root

mean squared deviation from the average radius over the time

interval. Additionally, hydrodynamic simulations, in which

forward Abel transformations are performed and convolved

with the instrument response functions to generate simulated

DISC radiographs, also predict the x-ray emission generated

by the outward going shock after stagnation.24 The simulated

peak x-ray emission radius vs. time is also shown in Fig. 4(c)

as the solid line, and is in good agreement with the measure-

ment. The width and intensity of the limb of x-ray emission

are determined by the limb-brightening of the shell of x-ray

emission and by the finite temporal response of the detector.

To determine the velocity of the shock, the average temporal

rate of change of the radial location at the outward edge

(FWHM) of the x-ray limb was measured and found to be

346 6 7 km/s, which is consistent with the measured expansion

velocity of 305 6 47 km/s from the companion DT implosion.

IV. RADIATIVE SHOCKS

A radiative shock can be defined as a shock in which ei-

ther the radiative pressure or radiative energy flux alters the

shock dynamics.25–27 In these experiments, it can be shown

that the shock is expected to become radiative as it transi-

tions into the lower density ablated plasma that has been

heated to �300 eV by the hohlraum x-ray flux. Here, the

observed shock is determined to exist in a regime in which

the radiative pressure is negligible compared to the material

pressure, but where the radiative energy flux is comparable

FIG. 4. (a) Details of the convergent ablation experimental setup and results from shot N120409. Here, a probe laser irradiates a zinc foil, creating a burst of

x-rays that radiographs the capsule implosion over a duration of �2 ns. A slit images the capsule radiograph in one direction onto the DISC streak camera,

which temporally resolves the implosion. The dimensions in microns and composition of the capsule target are also shown. Here, a symmetry capsule target is

used, which replaces the DT fuel layer and gas fill by an equivalent mass of CH and a D3
2He gas fill, respectively. (b) The measured 1-D radiograph vs. time of

a capsule implosion. The dense shell absorbs the x-ray probe creating two dark limbs, which converge inwards with time as the shell is compressed by the

hohlraum x-ray flux. The dark absorption band located approximately at the center of the capsule is created by a wire fiducial and partially obscures the bright

self emission from the core. Time t¼ 0 denotes the time of maximum self emission from the capsule core. Emission created by the outward going radiative

shock is seen to appear at t ¼� 150 ps. (c) Radial location of the peak of emission from the outward going shock vs. time. Data shown in blue are in good

agreement with the simulated emission location calculated with HYDRA shown in red.
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to the in-flowing material energy flux. The structure of a

radiative shock in this so-called radiative flux regime can be

analytically described using a three-layer model.20,25 The

three different layers of the system are the region upstream

of the shock front, the cooling layer, which exists immedi-

ately after the shock front, and the final downstream region,

where the density, temperature, and pressure reach their final

post-shock values. In the cooling layer of a radiative shock,

the temperature initially rises sharply as the shock com-

presses and heats the in-flowing material; the layer then rap-

idly cools via radiation until it reaches the final down stream

temperature. For systems in which the upstream material is

optically thin to thermal radiation, the material density con-

tinues to rise from the initial shocked value through the cool-

ing layer and reaches the final post-shock density at the back

of the cooling layer. The radiative energy flux of such shocks

can modify the shock front structure and create a final down-

stream state that can be quite different compared to shocks

in which the radiative energy flux is negligible.

Qualitatively, the magnitude of the radiative flux

required to impact the shock structure can be estimated by

examining the Rankine-Hugoniot relationship for energy

conservation including the radiative energy flux. In the frame

of the shock, this is given by

q2U2 e2þ
1

2
U2

2 þ
P2

q2

� �
þF2 ¼ q1U1 e1þ

1

2
U2

1 þ
P1

q1

� �
�F1:

(2)

Here, q, P, e, and F are the material density, pressure, inter-

nal energy, and radiative energy flux, respectively, where c
is the adiabatic index and the subscripts 1 and 2 denote the

initial upstream and final downstream quantities, respec-

tively. In the shock frame, material flows into and out of the

shock front at a velocity U1 ¼ D� u1 and U2 ¼ D� u2,

where D, u1, and u2 are the shock velocity, upstream and

downstream material velocities in the laboratory frame,

respectively. Following the description for systems that are

optically thick downstream and optically thin upstream, Eq.

(2) can be rewritten as

q2U2 e2 þ
1

2
U2

2 þ
P2

q2

� �
¼ q1U3

1

2
� F1; (3)

where radiative flux in the downstream region F2 ¼ 0, and

P2 � P1 has been assumed. The right hand side of Eq. (3)

depends only on the in-flowing material energy flux, given

by q1U3
1=2 and the radiative energy flux that propagates out

from the edge of the cooling layer upstream. For systems

with an upstream region in which the optical depth for the

thermal radiation is small, as is expected for the upstream

plasma in this experiment, the radiative flux that leaves the

leading edge of the cooling layer and enters into the

upstream region can be approximated20 as F1 � 2rT4
2 . Here,

r is the Stefan-Boltzmann constant. For such systems, when

q1U3
1=4rT4

2 �1, the effect of the radiative energy flux on the

dynamics of the shock structure and final post-shock state

must be considered. An important caveat to this description

is that it only strictly describes shocks that have reached a

steady profile.

To qualitatively show that the shock created in these

experiments is expected to produce a radiative flux large

enough to impact the shock structure, the ratio of material

to radiative energy flux will be approximated using infor-

mation from observations and from basic physical argu-

ments that are used to estimate the material conditions

upstream and downstream of the shock front. As previously

discussed in Sec. II, observations indicate that emission

from shock-heated matter appears suddenly and is consist-

ent with a shock that experiences a sudden decrease/

increase in upstream material density/temperature. This rel-

atively sudden change in density and temperature can occur

at the so-called ablation front, defined here as the radius at

which the ablator material becomes opaque to the x-ray flux

of the hohlraum. Upstream of the ablation front (towards

larger radii), the ablator material is heated to �250 eV and

is in thermal equilibrium with the hohlraum radiation flux.

Downstream from the ablation front (towards smaller radii),

the material has been compressed, but remains cooler as it

does not directly absorb x-ray radiation from the hohlraum.

To estimate the material energy flux at the shock front as

the shock propagates past the ablation front, the in-flowing

material velocity in the frame of the shock, U1, and density

at the ablation front need to be estimated. The radiative

energy flux at the ablation front can also be approximated

by estimating the post-shock material temperature, which

like the material energy flux, is also strongly dependent on

U1. It is found that U1 at this location is significantly larger

than the shock velocity D observed in the laboratory frame,

due to the comparable upstream in-flowing material veloc-

ity u1.

The in-flowing material velocity at the ablation front is

estimated using the following physical picture. As the capsule

implodes, the x-ray flux continuously ablates material from

the CH shell. The ablated material is removed with an

outward velocity equal to the isothermal ion sound speed in a

partial ionized CH plasma, cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðZavg þ 1ÞKTrad=Mavg

p
� 115 km=s, for Zavg¼2:5;KTrad¼250eV, and Mavg�6:5mp,

where mp is the proton mass. In the laboratory frame, the in-

flowing material velocity is given by, u1¼cs�vimp, where

vimp is the implosion velocity of the CH shell. The previously

discussed ConA experiment, which used nearly the same

laser conditions, measured the peak implosion velocity of the

fuel to be 300km/s, setting the upper limit of u1¼�185km=s

in this experiment. With an observed shock velocity of

�300km/s, an upper limit of U1¼485km=s can be used

when calculating the in-flowing material energy flux and

when estimating the post-shock temperature. The in-flowing

material energy flux also depends on the upstream density,

q1. At the ablation front, the upstream density can be esti-

mated to be �1g/cc using the relation rT4
rad¼4q1c3

s , which

describes the balance of energy flux from an ablative heat

wave.28 With U1¼485km=s and q1¼1g=cc, the in-flowing

material energy flux is found to be 5.7 x 1019 W/m2.

The radiative flux, F1, can be estimated by solving for

the post-shock temperature, T2. The immediate post-shock

temperature, Tds and the final material temperature after the
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cooling layer, T2, both increase due to the upstream material

velocity, u1, being comparable to the shock velocity D, and

due to the fact that the upstream material temperature has

been heated to �250 eV. Qualitatively, this effect can be

seen by estimating the immediate downstream temperature,

Tds, using the RH relations in the limit of P2 � P1, and

neglecting the radiative flux,

Tds � 2
A

kbðZ þ 1Þ
c2 � 1

ðc2 þ 1Þ2
ðD� u1Þ2 þ T1: (4)

Here, kb is the Boltzmann constant, A is average atomic

weight, and Z is the average ionization state. As previously

discussed, in this experiment, the hohlraum x-ray flux heats

the ablated upstream in-flowing material to a T1 � 250 eV.

Equation (4) indicates that both the large upstream material

velocity, u1, and temperature, T1, will significantly increase

the post-shock temperature compared to a system in which

both u1 and T1 are negligible. The radiative flux, assuming

that the cooling layer is optically thin, can be approximated

as, F1 � 2rT4
2 . Using the analytic relationships given by

McClarren et al., the final downstream temperature, T2, was

estimated using an normalized upstream initial pressure

pon ¼ ðZavg þ 1ÞkbT1=ðMavgU2
1Þ. Here, T1 was taken to be

250 eV, equal to the effective hohlraum radiation temperature

after stagnation. Using a post-shock Zavg ¼ 3:5; c2 ¼ 4=3, a

shock velocity D¼ 300 km/s, and u1 ¼ �185 km=s, a post-

shock temperature T2 ¼ 374 eV and subsequent radiative flux

F1 ¼ 4�1019 W=m2 are estimated. The ratio of material to

radiative energy flux in this experiment is then expected to be

q1U3
1=2F1 � 1, which indicates that the radiative flux created

by the shock produced in these experiments is expected to

modify the shock dynamics. This estimate does not take into

account the effect of the upstream radiative precursor, which

will raise the upstream material temperature and pressure.

Additionally, this estimate assumes that radiative flux from

the downstream region can be modeled as a Planckian source.

To more accurately model the properties of the shock in these

experiments, hydrodynamic simulations, that include radia-

tion transport, were performed.

V. SIMULATION

A finely zoned radiation hydrodynamic simulation of a

capsule implosion in 1-D details the shock evolution and

shows a rapid rise in the radiance of the shock-heated matter

that is consistent with experimental observations. The radia-

tive hydrodynamic simulations are done in one-dimensional

(spherical) geometry using the HYDRA code in Lagrangian

mode. A frequency-dependent radiation source, derived from

a fully integrated 2-D hohlraum simulation, is imposed as a

boundary condition at the exterior of a helium channel sur-

rounding the plastic shell of the capsule. Three temperatures

(electron, ion, and radiative) are evolved under the assump-

tion of local thermodynamic equilibrium. The equations for

the multi-group radiation transport (using a total of 60

groups: 25 below 1 keV, 25 between 1 and 5 keV, and 10 up

to 100 keV) are solved in the diffusive limit, as is the thermal

electron conduction, where a flux limiter of 0.05 is used. The

equations of state are similar to QEOS, with a Thomas-

Fermi model for ionization and opacities. The capsule is

more finely meshed than is usual for implosion calculation in

order to conserve a resolution better than 0.25 lm in the

cooling layer of the expanding shock under inquiry. To

check that the diffusive radiation treatment was not flux-

limited, the one-dimensional problem was also solved using

a discrete ordinate (S_N) method. The outgoing shock char-

acteristics (temperature, velocity, precursor, and cooling

layer) were found to be very similar in both simulations. The

simulated x-ray radiance at the detector was calculated by

integrating the radiation transport equation, dI=ds ¼ J � jI
along ray paths from each mesh location to the detector

plane. Here, I is the specific intensity, s is the distance along

the ray, J is the specific emissivity, and j is the opacity. The

rays pass through a pinhole 10 lm in diameter placed

100 mm from the implosion, creating an image at the detec-

tor plane. The radiance of the image is found by using the

local emissivity from each mesh location and then by calcu-

lating the opacity through the plasma along the path of the

ray to the detector for multiple groups of radiation energies.

The emissivity and opacity are held constant, equal to the

zone centered value, across each zone of the mesh. The cal-

culated radiance includes the attenuation of the radiation by

the diagnostic filtering.

Figure 5 presents results from a simulation in which

1.6 MJ of laser energy is used to irradiate the hohlraum wall,

and a core stagnation pressure of 150 Gbar was reached.

These parameters are similar to the laser energy and the

inferred stagnation pressure for the experiment discussed

above. Figures 5(a)–5(c) show the evolution of the electron

temperature, material density, and velocity at times Dt ¼ 0,

100, and 200 ps from stagnation, respectively. Figure 5(d)

shows the predicted radiance, taking into account the detec-

tor filtering, at these time intervals. From these simulations,

it is observed that the outward going shock is located at the

outer edge of the dense shell of DT fuel and unablated CH at

Dt ¼ 0. Figure 5(a) shows this initial state. Here, the density

profile shows a shell with a peak density of 359 g/cc at a ra-

dius of 60 lm. This shell surrounds the lower density central

core which at this time has a peak electron temperature of

1.75 keV. The dashed line is the material velocity and indi-

cates that the implosion has reached stagnation as the veloc-

ity of the core and dense shell is nearly zero. At radii larger

than the radius of the dense shell, a decreasing gradient in

the density profile has developed. This unablated material is

still flowing inwards at a velocity of �200–250 km/s. At this

time, the electron temperature at r¼ 150 lm is equal to the

hohlraum radiation temperature of 260 eV, and the tempera-

ture profile indicates the ablation front is at a radius of

�120 lm. The temperature within the low pressure unab-

lated density gradient is �50 eV.

Figure 5(b), at Dt ¼ 100 ps from stagnation, shows the

shock now propagating outwards into the surrounding CH

ablator. The sharp discontinuity in the electron temperature,

density, and material velocity at r¼�80 lm, with a positive

post-shock velocity, indicates the shock front location. At

Dt ¼ 100 ps from stagnation, Fig. 5(d) shows that the radi-

ance has decreased at all radii from the radiance that was
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emitted at stagnation. This is qualitatively consistent with

the decrease in radiance 100 to 200 ps after peak x-ray emis-

sion that was observed in the experiment and can be seen in

Fig. 2. The location at which the in-flowing plasma becomes

opaque to the hohlraum x-ray flux, the so-called ablation

front, is located at r � 100 lm in Fig. 5(b) and can be found

by observing the relatively rapid change in the material

temperature.

In Fig. 5(c), the shock has propagated past the so-called

ablation front and into a lower density region of CH plasma,

where the material has been heated to 250 eV by the x-ray

flux from the hohlraum. Both the decrease in upstream den-

sity and the increase in the immediate post-shock tempera-

ture result in a sudden increase in the radiance that is

observed at a radius corresponding to the shock front loca-

tion at r¼ 108 lm. This sudden increase in radiance, approx-

imately 200 ps after stagnation, can clearly be seen in Fig.

5(d) and leads to a limb-brightened ring of detected emis-

sion, consistent with observations from multiple implosion

experiments.

As seen in Fig. 5(c), the existence of a radiative precur-

sor, as well as the narrow spike in temperature at the shock

front, followed by a rapid cooling in material temperature,

indicates that radiation transport from the shock-heated mat-

ter is significantly modifying the shock front structure. The

sharp, so-called Zel’dovich spike in temperature located just

behind the shock front, as well as observation that the

upstream and downstream electron temperatures are nearly

equal, indicates the formation of a so-called super critical

shock. In such systems, the radiation temperature is out of

equilibrium with the material temperature in the cooling

layer just behind the shock front.18 As will be discussed in

Sec. VI, in these experiments, the diagnostic is filtered such

that the measurement detects emission at x-ray energies that

are several times the predicted immediate post-shock tem-

perature. Therefore, the spectral intensity that is detected is

expected to be highly sensitive the temperature of the

radiating material. Due to this, radiation from the narrow

shell of material that immediately follows the shock front

and which simulations suggest has been heated to a tempera-

ture that exceeds the upstream and downstream material by

300 eV is expected to dominate the x-ray emission at a radius

of �100 lm, 200–300 ps after peak compression. This is

consistent with the observed narrow source size of the

observed x-ray emission.

VI. LUMINOSITY

The amplitude and temporal evolution of the x-ray lumi-

nosity emitted from the shock-heated matter have been meas-

ured and found to be in good agreement with results from

radiation hydrodynamic simulations. The temporal evolution

of the x-ray luminosity from a stellar supernova is often used

to infer information about age and type of progenitor.

Observations of such light curves show variations in luminos-

ity with time, which have been attributed to variations in the

density of the circumstellar medium.29 The ability to create,

diagnose, and simulate such x-ray light curves offers an op-

portunity to study x-ray emission from a system directly rele-

vant to astrophysical radiative shocks. Additionally, the

spatial variance in limb-brightened emission intensity can be

used to study hydrodynamic instabilities that can develop

during and after the implosion.

The solid squares and triangles in Fig. 6 show the tem-

poral evolution of the luminosity that was measured for the

two cryogenic DT implosion experiments previously dis-

cussed conducted with 1.66 and 1.42 MJ of laser energy,

respectively. The solid curves represent the luminosity pre-

dicted from HYDRA simulations in which the radiated lumi-

nosity was convolved with the temporal instrument response

and material filtering to generate predicted x-ray light

curves. The upper and lower solid curves are the simulated

luminosity expected that result from using 1.6 and 1.4 MJ of

energy to irradiate the hohlraum, respectively. The range of

FIG. 5. Results from a 1-D radiation

hydrodynamic simulation showing the

evolution of the electron temperature

(red), material density (blue), and material

velocity (dashed black) profiles at Dt ¼ 0,

100, and 200 ps from stagnation, in (a),

(b), and (c), respectively. A strong shock

is located at the interface between the

dense shell of DT fuel and unablated CH

plasma. After stagnation, the shock propa-

gates outwards into the lower density sur-

rounding CH plasma. (d) The simulated

radiance of the material, including the de-

tector filter transmission, at Dt ¼ 0, 100,

and 200 ps from stagnation. Simulations

are in agreement with experimental obser-

vations that show the sudden appearance

of a ring of x-ray emission at a radius of

�100 lm hundreds of picoseconds after

peak x-ray emission.
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x-ray energies detected is estimated by multiplying the ther-

mal spectrum from the expected peak shock temperature of

800 eV with the spectral response of the 2.5 mm of Kapton

filtering. It is found that the peak of the spectral transmission

occurs at 8.2 keV and that the measurement is sensitive over

a spectral range from 5.9 to 12.4 keV, where the spectral

range has been defined to be the energy at which 10% of the

peak transmission is reached. Due to the diagnostic filtering,

the power radiated from the material located at the sharp

spike in temperature immediately following the shock front

dominates the signal that is detected. Simulations show that

the emission from the material immediately following the

shock front is non-Planckian. The observed and simulated

maximum luminosity is within 50% of each other and the

amplitude of both the measured data and the simulated

results shows a similar temporal evolution. The temperature

of the shock-heated matter is expected to be on the order of

�1 keV, and therefore the observed luminosity between 5.9

to 12.4 keV represents a small fraction of the total luminosity

of the shock-heated matter. In the simulations, the peak lumi-

nosity above an x-ray energy of 1 keV was found to be 2.25

TW.

The luminosity of x-rays observed in these experiments

is strongly dependent on the post-shock temperature. Here,

bremsstrahlung or free-free emission generated from the for-

ward going shock, is the primary source of x-rays. The lumi-

nosity over the observed spectral range scales as

L / Z2neniT
1=2
ds V �e

� E
kbTds

h i���Emax

Emin

: (5)

Here, Z is the ionization state, ne is the electron density, ni

is the ion density, Tds is the immediate post-shock electron

temperature, V is the volume of narrow shell of shocked

material that immediately follows the shock front, and Emin

and Emax are the lower and upper spectral energy range of

the measurement, respectively. The luminosity from Eq. (5)

can be used to estimate the power of the non-Planckian

shell of emission that immediately follows the shock front.

However, unlike the detailed simulations, this estimate does

not include the effect of the attenuation of the radiation by

the surrounding plasma. Simulations indicate that the mean

free path of radiation at this location, calculated using the

Rosseland mean opacity, is �250 lm. This mean free path

is much larger than the thickness of the thin shell of radiat-

ing shock-heated matter that dominates the measurement.

As seen in Fig. 6, simulations indicate that the luminosity

from the shock-heated matter increases as the amount of

laser energy used to irradiate the hohlraum is increased. For

implosions with equivalent amounts of compressed mass,

an increase in the amount of laser energy will increase the

amount of energy deposited into the implosion and in turn

increase the outward going shock velocity. This leads to an

increase in the post-shock temperature, Tds. Since our obser-

vation is centered at 8.2 keV, which is several times the

expected shock temperature, a small change in the post-

shock temperature will result in a relatively large change in

the observed luminosity. For example, with 2500 lm of

Kapton filtering, and at a fixed charge state, density, and

volume, the peak spectral intensity is found to change by

�50% as the Tds is changed by 10% from 1000 to 900 eV.

In both the measured and simulated x-ray light curves,

the luminosity initially increases over the first �100 ps of

observation reaches a maximum value at �350 ps from peak

x-ray emission, and then rapidly decreases by �5–7X over

the next 150 ps. Post-processing the luminosity data from the

simulations, it was found that the rapid increase in luminos-

ity over the first 100 ps of observation is due to the 100 ps

temporal gain width of the detector.

FIG. 6. (a) Luminosity of the limb-brightened ring of x-ray emission vs. time, at x-ray energies between 5.9 and 12.4 keV. The solid squares and triangles are

the observed luminosity produced from an implosion conducted with 1.66 and 1.42 MJ of laser energy, respectively. The solid lines are the predicted luminos-

ity profiles from 1-D hydrodynamic simulations. The upper curve is from a simulation that used 1.6 MJ of laser energy and the lower curve is from a simulation

that used 1.4 MJ of laser energy, to irradiate the hohlraum, respectively. (b) Results from the 1.6 MJ simulation showing the temporal evolution of the shock

front (black), the peak post-shock electron temperature (red), and a simple analytic prediction given by Eq. (4) of the immediate post-shock temperature

(dashed). (c) The temporal evolution of the in-flowing material velocity, U1 (solid), and upstream temperature, T1 (dashed), taken from the simulation con-

ducted with 1.6 MJ of laser energy.
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The rapid decline in luminosity within the observed

spectral range is determined to be caused by a decrease in

the shocked material density and post-shock temperature. As

the measurement is made over a spectral range that is several

times the temperature of the shocked material, the sharp

decline in luminosity is mostly due to the decrease of the

post-shock material temperature. One can estimate the

decline in luminosity due solely to the decrease in material

density by taking the ratio of Eq. (5) for two different radial

locations and assuming a fixed charge state and temperature.

This ratio of initial to final luminosity can then be written as

R ¼ ðneo=nef Þ2Vi=Vf , where the i and f subscripts denote the

inital and final quantities, respectively. The simulated den-

sity profile is found to obey a q / r�1:8 dependence. Data

from the 1.66 MJ implosion experiment, shot N120412, indi-

cate a luminosity ratio R � 5� 7, as the radius of the shock

expands 130 lm to 180 lm. The simulations indicate that the

width of the shock changes only slightly with time; thus, tak-

ing the width as approximately constant, Vi=Vf � r2
i =r2

f ,

where r is the radius of the shock. With these conditions, the

expected ratio of luminosity between 130 to 180 lm for a

fixed post-shock temperature is �1:7, much less than the

observed or simulated ratio. This estimate isolates the effect

of decreasing density on the luminosity by assuming a fixed

post-shock temperature. However, as shown in Fig. 6(b), the

post-shock electron temperature is not constant, but rather is

observed to decline with time.

Observations and simulations of the temporal evolution

of the shock front radius, shown in Figs. 3 and 6(b), respec-

tively, show that the shock velocity is approximately con-

stant, indicating that the decline in post-shock temperature is

not due to the deceleration of the shock. Examining Eq. (4), it

is found that the post-shock temperature can decrease for a

constant shock velocity D, if either the upstream material

velocity, u1, or upstream temperature, T1, decrease. Figure

6(c) shows that the simulated in-flowing material velocity

U1 ¼ D� u1, and T1 are both decreasing with time. As the

shock propagates outwards in time to larger radii, the material

density and optical depth both decrease. As the upstream ma-

terial becomes optically thin to the radiation from the post-

shock material, the temperature of the upstream precursor

drops and approaches the radiation temperature of the hohl-

raum. Additionally, the decrease in U1 with time is a result of

the smaller u1 at larger radii. At later times and larger radii,

the ablated material which with the shock interacts was gen-

erated at earlier times in the capsule implosion, where the rel-

ative difference between jcs � Vimpj is smaller. Using the

simulated values for U1, and T1, the post-shock temperature

Tds was estimated using Eq. (4) and is shown as the dashed

curve in Fig. 6(b). The analytic estimate of Tds slightly over-

estimates the simulated value, but has a very similar temporal

dependence, indicating the important role played by the

upstream temperature and in-flowing material velocity on the

post-shock temperature and subsequently on the luminosity

from the shock-heated matter. In simulations, the post-shock

temperature is found to decrease from an initial temperature

Ti ¼ 820 eV at a radius of 130 lm to a final temperature

Tf ¼ 695 eV at a radius of 180 lm. To estimate the effect of

the decline in temperature on the luminosity, the ratio of

initial to final luminosity ðT1=2
i =T

1=2
f Þðe�5:9=Ti � e�12:4=TiÞ=

ðe�5:9=Tf � e�12:4=Tf Þ is taken and is found equal to �4, indi-

cating a 4� decline in luminosity due to the decreasing tem-

perature. This decline, taken together with the expected fall

in luminosity of 1.6� from the decrease in density, predicts

an overall reduction of 6.6� in luminosity from 130 to

180 lm, similar to the decrease observed in both the measure-

ment and simulation.

VII. CONCLUSIONS

In conclusion, indirect drive inertially confined fusion

implosion experiments at the National Ignition Facility have

produced a spherically expanding radiative shock wave in the

laboratory. One dimensional radiation hydrodynamic simula-

tions show that a shock propagates outwards, ahead of the

expansion of the dense shell of assembled fuel and ablator

material after stagnation. Radiation from shock-heated matter

is observed to appear suddenly at a radius of �100 lm,

approximately�200 ps after peak x-ray emission. The expan-

sion of the shock-heated matter indicates a shock velocity of

�300 km/s in the laboratory frame. Simulations also show a

rapid rise in the detected radiance at a radius of �100 lm,

which coincides with the shock propagating down a density

gradient past the so-called ablation front location into a

plasma with a density of �1 g/cc, which is flowing inward at

a velocity of �150 km/s and that has been heated to 250 eV

by the x-ray flux of the hohlraum. Analytic estimates indicate

that the velocity of the observed shock, taken together with

the expected in-flowing material density, temperature, and ve-

locity, creates a shell of shock-heated matter with a radiative

energy flux that is of order of the in-flowing material energy

flux, and therefore expected to modify the shock dynamics in

these experiments. The simulation supports this estimate and

predicts the formation of a radiative shock wave, with a radia-

tive precursor upstream of the shock front, a sharp so-called

Zel’dovich spike in temperature at the shock front, followed

by a cooling layer where the temperature rapidly declines to a

post-shock temperature that is approximately equal to the

temperature of the upstream precursor. Additionally, the tem-

poral evolution of the absolute x-ray luminosity between 5.9

and 12.4 keV from the shock-heated matter was measured

and found to be in agreement with the luminosity predicted

from radiation hydrodynamic simulations. Simulations

indicate that the decline in luminosity follows a decrease in

the post-shock temperature and density that occurs as the

upstream material density, temperature, and in-flowing veloc-

ity all decrease as the shock propagates outwards in the labo-

ratory frame. The magnitude of the decline was estimated by

calculating the power radiated via bremsstrahlung emission

using the simulated values for the temperature and density.

This estimate was found to be consistent with observed and

simulated luminosity decline.

In the future, by modifying the capsule composition and

dimensions, as well as by changing the laser drive condi-

tions, the shock velocity and radiative properties could be

tailored to study various regimes related to supernova rem-

nants. In these experiments, the absolute luminosity of x-ray

emission from the forward and reserve shock waves can be
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measured and used to test hypotheses to better understand

the observed x-ray emission from supernovae.
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