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We present an experimental design for a radiation hydrodynamics experiment at the National Ignition Facility
that measures the electron temperature of a shocked region using the x-ray Thomson scattering technique.
Previous National Ignition Facility experiments indicate a reduction in Rayleigh-Taylor instability growth
due high energy fluxes, compared to the shocked energy flux, from radiation and electron heat conduction.
In order to better quantify the effects of these energy fluxes, we modified the previous experiment to allow
for non-collective x-ray Thomson scattering to measure the electron temperature. Photometric calculations
combined with synthetic scattering spectra demonstrate an estimated noise.

I. INTRODUCTION

High-energy-density (HED) hydrodynamics experi-
ments allow for the study of a wide range of physics, from
basic hydrodynamics1,2 to instability growth in young
supernova remnants3. At the National Ignition Facility
(NIF) at Lawrence Livermore National Laboratory 1.8
MJ of UV laser light in 192 beams irradiates a mm-scale
hohlraum to “drive” these hydrodynamic systems in the
HED regime4,5. Each NIF beam is an independent beam-
line and delivers about 2 TW of 3ω laser power to the
target4,5. Previous experiments used the x-ray radiogra-
phy technique to image the evolution of hydrodynamic
instabilities.1–3. The experiment of interest here3, re-
ferred to as Kuranz experiment from here on, used a
shock tube, which contains a plastic component and a
low-density foam, attached to a “half-hohlraum”, which
generates an x-ray bath when irradiated with the NIF
laser beams. The hot environment inside the hohlraum
ablates the plastic target material, increasing the pres-
sure and launching a shock into the shock tube. The
shock crosses the plastic-foam interface, which includes
precision-machined perturbations that will grow due to
the Rayleigh-Taylor (RT) instability.

Kuranz et al. found that the RT growth was re-
duced when energy fluxes were large compared to the
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shocked material energy flux, ρu3s where ρ is the un-
shocked material density and us is the shock velocity.
Energy fluxes, including fluxes from both radiation and
electron heat conduction, were varied by changing the
laser energy. The Kuranz experiments were performed
in either the high-energy-flux regime or, for comparison,
the low-energy-flux regime (further details can be found
in Kuranz et. al.). In order to better quantify the effects
of these energy fluxes we have designed experiments to
measure the electron temperature of the shocked region
using x-ray Thomson scattering (XRTS).

Previous experiments on the NIF fielded XRTS to
characterize the high-density plasma in indirectly driven,
spherical implosions6–8. This experiment deployed the
MACS spectrometer, which uses a cylindrically curved
highly oriented pyrolytic graphite (HOPG) crystal and
a four strip MCP detector with a 100 or 230 ps gate
duration9,10. Effective shielding is key to XRTS experi-
ments due to typically low scattered signal. We plan to
modify the shielding scheme used in previous XRTS NIF
experiments6.

II. X-RAY THOMSON SCATTERING

XRTS is a measurement technique that uses x-rays to
probe a scattering volume and interact with free elec-
trons, tightly bound electrons, and bound to free elec-
trons. X-rays that scatter off of the free electrons are
sensitive to electron temperature. These x-rays, based
on geometry, can interact with either individual electrons
bound to ions and free electrons in the non-collective
regime or the electron plasma waves and ion acoustic
waves excited in the plasma in the collective regime. The
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electron structure factor

See(k, ω) = |fI(k) + q(k)|2Sii(k, ω) + ZfS
0
ee(k, ω)

+ Zb

∫
dω′S̃ce(k, ω − ω′)SS(k, ω′), (1)

describes the interactions, where the first term describes
the scattering off of electrons bound to ions, the sec-
ond term describes free electron photon interactions, and
the third term describes bound-free interactions11,12. In
Eq. 1, Zf and Zb are the free and bound electrons per
nucleus, with Zf also containing the valence electrons.
In the first term, fI(k) represents the scattering off of
tightly bound electrons and g(k) scattering off of valence
electrons. The XRTS technique in the non-collective
regime is sensitive to electron temperature and effective
ionization11.

III. TARGET GEOMETRY

The target package is the same as the one used in the
Kuranz experiments3, but without a perturbed interface.
This will act as a simple case to test the platform be-
fore increasing the complexity with instability growth.
The tube will be 1.39 mm in inner diameter driven by
a hohlraum with an open end, sometimes called a “hal-
fraum”. The x-ray bath generated in the halfraum irra-
diates a 150 µm thick, 1.4 g cm−3 plastic ablator followed
by a 11 µm Au thermal shield. A gold tamper provides
structural support around the side of the shock tube clos-
est to the halfraum. Fig. 1a shows this target structure.

Eight NIF beams irradiate a Zn foil, mounted 2 mm
from the tube wall to generate the x-ray probe. When
the NIF beams irradiate the Zn foil a plasma is formed
and heated, which produces 9 keV Zn He-α emission that
passes through a collimator to limit the divergence of
probe x-rays. The Au collimator is 1 mm long and 280
µm in inner diameter. The foil standoff distance is 1
mm from the collimator entrance, making the beam di-
vergence θ

2 = 19.4o and the beam diameter about 800
µm at the center of the tube. Increasing the collimator
inner diameter or decreasing the length can improve the
scattering signal strength at the expense of additional
measurement error.

The intersection of the probe beam and the field of
view of the crystal, inside the target, defines the scatter-
ing volume. The MACS geometry sets the crystal field-
of-view, with the diagnostic axis aligned to polar angle
90o and azimuth 78o, where polar angle 0o and azimuth
00 is the top of the chamber. A window in the tube, di-
rected to account for the 10o crystal offset in the MACS9,
is 110o from the probe beam to define the scattering vol-
ume and the scattering angle, as shown in Fig. 2. The
window is 215 µm in the crystal dispersion direction per-
pendicular to the shock propagation and 200 µm parallel
to the shock propagation. Lengthening the window in the

1.39 mm

FIG. 1. a) The XRTS target design, from the MACS axis
view, showing the shock tube, probe source and collimator
with labels indicating the target structure. The collimator,
halfraum, and tamper are made of gold. The shock tube and
ablator are plastic. The backlighter foil is Zn. b) The XRTS
target from the MACS axis view showing that the shielding
completely obscures the diagnostic from the non-scattering
target emission. All three labeled shielding components are
made of high-Z material.

crystal dispersion direction will allow for more scattering
signal to be collected at the expense of a well-defined
scattering angle.

Due to the generally low signal produced in XRTS,
shielding, shown in Fig. 1 b, is necessary to block the
non-scattered emission from reaching the detector during
the measurement gate time. A “skirt” at an angle of 45o

with a length of 5.5 mm and an offset of 3 mm from
the edge of the halfraum shields the detector from the
halfraum emission. A cone that is 2.5 mm tall with a
cone angle of 11o shields the detector from the Zn probe
foil emission. An angled shield that extends the length
and width of the shock tube shields the detector from the
self emission of the shock heated material.
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FIG. 2. The scattering geometry of the target. The scattering
window is centered 110o from the probe beam but due to the
geometry of MACS crystal within the diagnostic it is pointed
at polar angle 90o azimuth 68o, 10o from the diagnostic axis.

IV. RADIATION HYDRODYNAMICS SIMULATIONS

Radiation hydrodynamics simulations were performed
using the CRASH code, a multidimensional Eule-
rian code with dynamic adaptive mesh refinement,
multigroup-diffusion radiation transport, flux-limited
electron heat conduction and tabular equations of
state13. The experiment was simulated using a hohlraum
radiation temperature profile calibrated using the exper-
imental conditions to match the data from Kuranz et. al.
Simulations of the experiment using the CRASH code ex-
plored materials that could provide the desired physics
while also allowing for simple interpretation of the XRTS
data.

Figure 3 shows simulation results of mass density and
electron temperature of the high-energy flux (Fig. 3a)
and low-energy flux (Fig. 3b) conditions at the distance
of the diagnostic window. In both Figure 3a and 3b there
is an increase in mass density indicating a shock in the
foam material. The plastic-foam interface trails the shock
front. In Figure 3a, there is an increase in heating up-
stream of the shock and at the material interface due to
the high-energy fluxes in the system.

These simulation results used a 30 mg/cc CRF foam,
however, the Kuranz et. al. experiments used 20 mg/cc
SiO2 foam. CRF foam is preferable due to its sim-
ple chemical composition (dominantly C) so that multi-
species effects will be relatively unimportant in the XRTS
measurement, compared to SiO2. In addition, C is lower
Z than Si or O, which also reduces the complexity of
the analysis. Scattering spectra depend on the ioniza-
tion, electron temperature, and ion temperature. Every
additional species increases the number of correlations
between various scatterers in the data, complicating the
analysis. A density of 30 mg/cc is the current limit of
production capabilities for CRF foam. Switching materi-

FIG. 3. a) CRASH simulation showing the high drive shock
having propagated to the center of the scattering window.
There is a clear precursor and Zel’Dovich spike indicating
that it is a radiative shock. b) CRASH simulation showing
the low drive shock having propagated to the center of the
scattering window.

als will result in a simplified interpretation of the XRTS
data, while the key dynamics of the experiment remain
the same.

V. XRTS PHOTOMETRICS

To test if the measurement is possible, the number of
photons reaching the detector is estimated for the high-
energy flux and low-energy flux cases. Since the scatter-
ing will be in the non-collective regime, the number of
the photons in the inelastic peak can be estimated11 by,

Nγ =

(
El
Ep

ηx

)(
neσThl

(1 + α)
2

)(
Ωc
4π
τcηa

)(
Ωd
4π
QE

)
ηf ,

(2)
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Parameter Value Parameter Value

Ep 9000 eV El 4050 J

ηx 0.01 α 0.31

σth 6.55 ∗ 10−25 cm2 l 215 µm

Ωc 0.0679 τc 0.131

ηa 0.92 Ωd 0.00028 str

QE 0.05 Rint 3 mrad

ηf 0.69

TABLE I. The parameters used in the photometric calcula-
tion, where El is the laser energy during the 230 ps MCP gate
time, Ep is the Zn He-α photon energy, ηx is the x-ray conver-
sion efficiency14, ne is the electron density, σTh the Thomson
scattering cross section, l is the plasma scale length, α is the
scattering parameter, τc is the collimator throughput, ηa is
the attenuation through the target, Ωd is the detector solid
angle, QE is the detector quantum efficiency11, and ηf is the
attenuation through the MACS blast shield

The collimator throughput is the fraction of emitted in-
tensity from the Zn foil that propagates through the col-
limator modeled as a collection of point sources of equal
intensity. The values used to evaluate this equation are
given in Table I, where Rint is the integrated reflectivity
of the MACS HOPG crystal used to calculate Ωd. Ωd is
the integrated reflectivity times the acceptance angle in
the non-dispersive direction, Ωd = 24

250 ∗ Rint, where 24
mm is the effective width of the crystal and 250 mm
is the distance from the target to the crystal. Using
ne = 2.2 ∗ 1022 cm−3 for the low-energy flux case and
ne = 3.5 ∗ 1022 cm−3 for the high-energy flux case, the
calculated number of photons in the inelastic peak are
8000 and 5000 for the high-energy flux and low-energy
flux cases respectively.

VI. SYNTHETIC SCATTERING SPECTRA AND
ESTIMATED NOISE

Synthetic spectra were calculated for the high-energy
flux and low-energy flux cases, using the simulation out-
put in Fig. 3, with the X-Ray Scattering (XRS) code12.
The XRS code calculates the electron structure factor
for a particular scattering angle and probe energy for a
set of plasma parameters: number density, mass density,
ionization, electron temperature, and ion temperature.
It has the ability to use several models for the bound-
free and the bound-bound scattering with the option of
convolving the calculated spectrum with a probe spec-
trum to account for structure in the source. For the
low-energy flux case, the calculation parameters were:
electron temperature of 20 eV, ionization of 2.3, electron
density of 2.2×1022 cm−3, mass density of 0.21 g cm−3,
and for the high-energy flux case: electron temperature
of 70 eV, ionization of 3.2, electron density of 3.5×1022

cm−3, mass density of 0.21 g cm−3. The ions and elec-
trons were assumed to be in equilibrium and the scat-

tering was calculated using the random phase approxi-
mation for the free-free scattering, which states that the
electron motion is mostly random and interparticle in-
teractions average to zero15. Figs. 4 a and b show the
plotted spectra as convolutions of the calculated spectra
and a Gaussian with a width selected to match published
MACS data7. This convolution accounts for broadening
due to the measurement geometry, detector electronics,
and plasma conditions. However, this is likely an overes-
timate of the broadening for our geometry due to their

a)

b)

FIG. 4. a) Low drive synthetic spectra with estimated de-
tector noise and center spectra at the simulated value of 20
eV including two additional spectra at ± 10 eV to show tem-
perature sensitivity. b) High drive synthetic spectra with es-
timated detector noise and center spectra at the simulated
value of 70 eV including two additional spectra at ± 20 eV to
show temperature sensitivity.
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exit aperture being an order of magnitude larger in the
crystal dispersion direction.

To understand the feasibility of making a significant
measurement with the data collected during an experi-
ment, the calculated spectra shown in Figs. 4 a and 4 b
include estimated counting noise. Separating the syn-
thetic spectra into the bound-bound, bound-free, and
free-free terms, then using the photometric calculation
to convert the free-free component from arbitrary inten-
sity to photon count produces an estimate of the photon
count spectrum. The noise in the signal is then ±

√
N

since the photons follow a Poisson distribution and the
detector noise is dominated by Shot noise16. However,
MCPs are non-ideal amplifiers so there is a multiplicative
noise factor used to account for this16. When consider-
ing the noise factor as the input power signal to noise
ratio(SNR) to the output power SNR, this value is about
2.5-316–18. Here the noise factor is taken to be 2.5, re-
sulting in a reduction of 1

2.5 = 0.4 to the SNR16. A more
detailed calculation of the detector noise will be included
in a future publication after the experiments. Figs. 4 a
and 4 b show the synthetic spectra with a gray shaded
region that represents estimated symmetric error bars,
described above, at each point on the spectrum.

There are additional sources of measurement error,
which have not been accounted for in the synthetic spec-
tra. The simulations described above predict that the
shock velocity is about 70 µm ns−1 for low-energy flux
and about 120 µm ns−1 for the high-energy flux case.
The gate time of the MACS MCP strips is either 100 or
230 ps, which means that the shock front travels around
20 µm during that time. The window is 200 µm in the
direction of the shock propagation and the shocked re-
gion is about 300 µm in width, this suggests that motion
blurring will not contribute significantly to the measure-
ment uncertainty. However, depending on laser timing
error, the window width may need to be increased to ac-
commodate uncertainty in the probe lasers delay from
the halfraum drive lasers. The synthetic spectra shown
above are for a single scattering angle, but due to the fi-
nite window size and diverging probe beam multiple scat-
tering angles reach the crystal, which are not currently
accounted for. Figs. 3a and 3b show that gradients in
the electron temperature and density are relevant on the
scale of the scattering volume, which will affect the mea-
surement. This means that the XRTS measurement is
probing over many different states and that the electron
temperature extracted will be the first moment in energy
of the Maxwellian distribution instead of the temperature
behind the front.

VII. CONCLUSION

The experimental design presented allows for the elec-
tron temperature to be extracted from radiation hydro-

dynamics experiments on the NIF using XRTS. Simu-
lations demonstrated that 30 mg cm−3 CRF foam is
a strong candidate for the target material that is able
to generate high energy fluxes under these experimen-
tal conditions and is within current production capabil-
ities. Scattering calculations show that the spectra are
reasonably sensitive to temperature, and a noise estima-
tion demonstrates that the counting noise should allow
for a measurement.
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