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Introduction
The achievement of energy gain with a direct-drive inertial 
confinement fusion (ICF) ignition target requires an accurate 
prediction of the shock-heated and compressed conditions in the 
main fuel layer.1 A direct-drive ICF target for hot-spot ignition 
consists of a spherical cryogenic main fuel layer of deuterium 
and tritium surrounded by a thin plastic layer.1–3 Intense laser 
beams uniformly irradiate the target and launch a shock wave 
through the main fuel layer. The pressure in the shock-heated 
shell determines the implosion performance of the target. The 
laser pulse for a direct-drive implosion consists of a low-inten-
sity foot and high-intensity main drive. The low-intensity foot 
launches a relatively weak shock to isentropically compress 
the target, and the main drive sends a compression wave that 
implodes the target to form a central hot spot with sufficient fuel 
areal density and temperature to ignite the target. The entropy 
of the main fuel layer or shell adiabat a is defined as the ratio 
of the pressure in the main fuel layer to the Fermi-degenerate 
pressure. It is a critical parameter in ICF because it is related 
to the minimum laser drive energy needed for ignition and 
the growth rate of the Rayleigh–Taylor (RT) hydrodynamic 
instability.4,5 The RT instability distorts the uniformity of the 
implosion, reduces the target compression, and could prevent 
hot-spot formation.6 Therefore, the successful target design for 
a stable, high-performance ICF implosion creates an adiabat 
in the shell that strikes a balance between the target stability 
and the laser-energy requirements. 

The shock-heated shell in direct-drive ICF is predicted to 
have plasma conditions in the warm dense matter (WDM) 
regime.7 The coupling parameter8 C and ratio of Fermi tem-
perature to electron temperature H characterize plasmas in 
Te–ne space. The electron–electron coupling parameter Cee is 
the ratio of Coulomb potential between free electrons to the 
average kinetic energy of the free electrons:

	 ,
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where d = (3/4rne)
1/3 is the average interparticle spacing. When 

a plasma is strongly coupled (Cee >> 1), the Coulomb interac-
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tions between particles determine the physical properties of the 
plasma. When Cee << 1, plasma behaves as an ideal gas and the 
interparticle coupling is insignificant. Similar considerations 
can be made with regards to the electron–ion and ion–ion cou-
pling parameters.8 In an ICF implosion, the shock-heated shell 
becomes a partially or fully degenerate plasma. The degree of 
degeneracy is described as 

	 ,T TeFH = 	 (2)

where TF is the Fermi temperature [TF = &2(3r2ne)
2/3/2mekB, kB 

is the Boltzmann constant]. In degenerate plasmas, the electron 
energy depends only on ne, and the coupling constant is defined as 
the ratio between the potential and Fermi energy .e dEee

2
FC =a k  

Figure 111.53 shows Te–ne space characterized by the electron 
coupling parameter, Cee; the ratio of the Te and TF, ;T TeFH ` j  the 
average interparticle spacing d n3 4 e

1 3r= ;_ i9 C  and the Debye 
length mD. The plane is divided by the lines H = 1, Cee = 1, and 
d = mD into regions where Fermi-degenerate, strongly coupled, 
Fermi-degenerate and strongly coupled, weakly coupled, and 
ideal plasmas exist. As shown in Fig. 111.53, the predicted condi-
tions for the direct-drive experiments (see triangle symbols) lie 
in the WDM regime on the boundary between Fermi-degenerate, 
strongly coupled, and weakly coupled plasmas.

Diagnosing WDM is challenging because the temperature 
of the plasma is too low (~10 eV) for it to emit x rays and dense 
plasmas above the critical density cannot be probed with opti-
cal lasers for Thomson-scattering measurements.9 Two viable 
techniques exist to diagnose these plasmas: spectrally resolved 
x-ray scattering10 and time-resolved x-ray absorption spectros-
copy.11 X-ray absorption spectroscopy measurements provide 
time-resolved local measurements of the plasma conditions in 
the shock-heated foil; they require, however, a buried mid-Z 
tracer layer such as Al. The Al 1s–2p absorption spectroscopy 
was used to diagnose similar plasma conditions in a direct-
drive, shock-heated CH planar foil by using a point-source Sm 
backlighter.12 The spectrally resolved x-ray scattering does not 
require a tracer layer; it requires, however, a large volume of 
shock-heated matter to scatter a sufficient number of x rays, 
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Te–ne space characterized by the electron coupling parameter Cee; the ratio 
of the Fermi temperature TF and the electron temperature Te, ;T TeFH =` j  
the average interparticle spacing d n3 4 e

3r= ;18 ^ h B  and Debye length mD. The 
plane is divided by the lines H = 1, Cee = 1, and d = mD into regions where 
Fermi-degenerate, strongly coupled, Fermi-degenerate and strongly coupled, 
weakly coupled, and ideal plasmas exist. Predicted conditions of direct-drive, 
shock-heated experiments are shown as triangle symbols. Plasma conditions of 
radiatively heated targets inferred with noncollective and collective spectrally 
resolved x-ray scattering are shown as diamond symbols. 

limiting its spatial resolution. Noncollective spectrally resolved 
x-ray scattering experiments reported in the literature have 
characterized the plasma conditions of an isochorically heated 
Be cylinder, a carbon foam, and a CH gas bag.13 Recently, col-
lective scattering was observed from an isochorically heated 
Be cylinder and was used to infer the electron density.14 In 
principle, when collective scattering is used in conjunction 
with noncollective scattering, the spatially averaged quantities 
of electron density, electron temperature, and ionization can 
be diagnosed. The radiatively heated plasmas conditions are 
shown as the diamond symbols in Fig. 111.53. 

Diagnosing plasmas that have conditions comparable to 
those in the shock-heated main fuel layer of a direct-drive ICF 
ignition target is the central focus of this article. For the first 
time, noncollective, spectrally resolved x-ray scattering is used 
to probe the plasma conditions in direct-drive, shock-heated 
planar plastic foils. Compared to x-ray scattering measurements 
from isochorically heated targets, direct-drive targets present 
new experimental challenges associated with the smaller physi-
cal dimensions of the target and gradients in the plasma condi-
tions, as well as target compression and acceleration during the 

scattering measurements. The scattering volumes and hence the 
scattered x-ray signal level of direct-drive targets are at least an 
order of magnitude smaller compared to the radiatively heated 
targets. Some direct-drive scenarios shape the adiabat in the 
target, which would require a spatially resolved and spectrally 
resolved x-ray scattering diagnostic. The direct-drive coronal 
plasma is in close proximity to the scattering volume and cre-
ates a major source of unwanted background x-ray continuum, 
which must be shielded from the detector. However, the target 
trajectory moves the coronal plasma into the field of view of 
the detector during the scattering measurement. Plastic foils are 
surrogates for cryogenic fuel layers. These results, required for 
ICF ignition, provided an opportunity to study the shell condi-
tions of a direct-drive ICF imploded target without the cost and 
complexity of cryogenic hardware. The spectral line shapes 
of the elastic Rayleigh and the inelastic Compton components 
are fit to infer the electron temperature Te and ionization Z: 
the Doppler-broadened Compton feature is sensitive to Te for 
Te greater than the Fermi temperature TF, and the ratio of the 
Rayleigh and the Compton components is sensitive to Z.

The following sections of this article (1) describe spectrally 
resolved x-ray scattering; (2) present the experimental setup and 
simulations from the 1-D hydrodynamics code; (3) present the 
experimental results and compare them with the predicted plasma 
conditions; and (4) discuss the future use of spectrally resolved 
x-ray scattering to infer the plasma conditions in the main fuel 
layer of a direct-drive inertial confinement fusion target. 

Spectrally Resolved X-Ray Scattering 
Scattering processes are classified as collective or noncol-

lective based on the scattering parameter, defined as
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where i is the scattering angle, k is the wave number of scat-
tered x rays ,sink 4 20 $r m i= ^ h7 A  m0 is the probe wavelength, 
and mD is the Debye length calculated with the effective tem-
perature15 Teff, which is defined as ,T T Te q

2 2
eff = +  where 

. .T T r1 33 0 18q sF -= ^ h with rs = d/aB (aB is the Bohr radius).16 
The characteristic plasma length in the scattering parameter, mD, 
in Eq. (3) is replaced by the Thomas–Fermi screening length

	 E n e2 3 e0
2

TF Fm f=a k

for Fermi-degenerate plasma, and by the interparticle spacing 
d for strongly coupled plasma. With the use of the effective 
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temperature, the scattering parameter between ideal, strongly 
coupled, and Fermi-degenerate regimes is smoothly interpolated. 
For noncollective scattering (ascatter < 1), x rays are scattered by 
individual electrons. As a result, the red wing of the Compton 
component in the scattered spectrum reflects the free electron 
velocity distribution function,17 and the Doppler-broadened 
spectrum is sensitive to Te for Te > TF. When Te < TF, the electron 
distribution becomes a Fermi distribution and its spectral shape 
is only weakly sensitive to the electron density. All of the scat-
tering investigated in this article is noncollective. In the case of 
ascatter > 1, the incident x-ray photons interact with a collective 
electron cloud; in particular, collective scattering is of interest 
for electron-density measurements.14,18

Detailed calculations of the modeled x-ray scattering spectra 
presented here can be found in Refs. 13, 19, 20, and 21. A brief 
description of the model is given in this section. Spectrally 
resolved x-ray scattering can be modeled with the total dynamic 
structure factor in the differential scattering cross section. As 
derived by Chihara,22,23 the total dynamic structure factor and 
the free-electron correlation function are written as
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Although Eq. (4) is valid only for a single-ion component 
plasma, the model for the experiment under consideration 
includes the scattering contribution from all ion species as well 
as their mutual correlations as described by Gregori et al.13 The 
first term on the right-hand side of Eq. (4) corresponds to the 
elastic Rayleigh-scattering component. fI(k) is the ionic form 
factor for bound electrons and q(k) is the Fourier transform 
of the free-electron cloud surrounding the ion. Sii(k,~) is the 
ion–ion dynamic structure factor, which describes the degree 
of ion–ion correlations.

In Eq. (4) Zf and Zb are the number of free (or valence) elec-
trons and bound electrons, respectively. The number of elec-
trons associated with each atom, ZA, is the sum of Zf and Zb. Zf 
represents electrons that are not bound to any single atom or ion 
including valence, delocalized, or conduction electrons. These 
electrons are all described in terms of plane-wave or Bloch 
wave functions. From a hydrodynamic perspective the useful 

quantity to compare with numerical modeling is the number 
of free electrons or the average ionization Z, not Zf. From the 
discussion above, Zf differs from Z because it includes valence 
states together with kinematically free electrons. For the case 
of cold (undriven) plastic foil targets, Zf is just the number of 
valence electrons and has no relation to Z. On the other hand, as 
soon as the temperature in the plastic foil is raised by the laser 
interaction, atomic bonds are broken and the underlying lattice 
responsible for the formation of the valence band is destroyed. 
In this case Zf can be identified with Z and direct comparison 
with simulations is possible. The second term in Eq. (4) thus 
represents scatterings from either free or valence electrons that 
move independently from the ions. As shown in Eq. (5), their 
corresponding electron–electron correlation function ,S kee

0 ~^ h

can be obtained through the fluctuation-dissipation theorem24 
in terms of the electron dielectric response function derived 
using the random phase approximation (RPA).25,26 The RPA 
is accurate without any local field corrections in our noncollec-
tive scattering experiment. While the RPA is rigorously valid 
for kinematically free electrons, valence electrons can also be 
described in a similar way.27 Extension to a finite band gap is 
also possible, but its effect is small for the conditions of this 
experiment.19 The last term of Eq. (4) contributes to inelastic 
scattering from core electrons. Differently from valence and 
free electrons, electrons bound to localized levels in the L or 
K shells are treated as hydrogenic states in terms of a modified 
impulse approximation,28 which was shown to reproduce well 
experimental x-ray scattering data from shock-compressed Al 
plasmas;29 these are the bound electrons included in Zb. This 
term becomes important when L-shell bound electrons are 
involved in the scattering process, which is the case for a car-
bon-hydrogen plasma, created by the laser-induced ionization 
of a CH (C8H8) planar target. The average number of free (or 
valence) electrons for CH is given by

	￼ ,Z
Z Z Z Z

2 2

6 1
f

b bC H - -
=

+
=

+C H_ _i i
	 (6)

where ZC and ZH are the number of delocalized electrons 
in carbon and hydrogen, respectively. Figure 111.54 shows 
the modeled scattered spectra for CH foils using Eq. (4). 
Figure 111.54(a) shows the calculated total spectra including 
free electrons, weakly bound electrons, and tightly bound 
electrons. Figure 111.54(b) shows the contributions of inelastic 
scatterings from free electrons and weakly bound electrons to 
the Compton component. All spectra are calculated with an 
x-ray probe of 9.0-keV Zn Hea, a 130° scattering angle, and a 
Compton downshifted energy of 260 eV. The Compton down-
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Figure 111.54
(a) Calculated total scattered spectra including ion, free-electron, and bound-
free components for ZC = 0.75, ZC = 4, and ZC = 4.5. All spectra are normal-
ized to the larger of either the Rayleigh or Compton peak. (b) Contributions 
of inelastic scatterings from free electrons and weakly bound electrons to 
the Compton component for ZC = 0.75 and ZC = 4.5. The Te and t are fixed 
to be 10 eV and 4.96 g/cm3.

shifted energy is consistent with a 130° scattering angle, which 
is within the experimental tolerance of the 120° design. The 
calculated spectra, including all three terms in Eq. (4) for ZC 
= 0.75, ZC = 4.0, and ZC = 4.5, are shown in Fig. 111.54(a). In 
all cases discussed here ZH = 1 is set. The ratio of the Compton 
and Rayleigh peaks are comparable for ZC = 0.75 and ZC = 
4.0. This is because of the contribution of the scatterings from 
weakly bound electrons to the Compton component at low ZC. 
Figure 111.54(b) shows that the contributions from the free and 
weakly bound electrons to the Compton component for ZC = 

0.75 and ZC = 4.5, with Te = 10 eV and t = 4.96 g/cm3. For ZC 
= 0.75, the contribution of the scattering from weakly bound 
electrons is slightly higher than that from the free electrons 
and the total intensity of the Compton peak is comparable to 
the Rayleigh, as shown in Fig. 111.54(a). As ZC is increased, 
the Compton component is dominated by the scattering from 
free electrons while the ratio of the two peaks is comparable 
for ZC = 4. Therefore, low ionizations of shocked CH foils (i.e., 
Z < 2) cannot be accurately diagnosed with this technique. 
Once a carbon K-shell electron is ionized (ZC > 4), the ratio of 
the Compton and Rayleigh peak significantly changes for CH, 
as shown in Fig. 111.54(a).

Experiment 
Spectrally resolved x-ray scattering experiments were 

performed with 90° and 120° scattering angles. The error in 
the exact determination of the scattering angle is estimated as 
!10°. The experimental configuration for the 120° scattering 
geometry is shown in Fig. 111.55(a), with a photograph of the 
target shown in Fig. 111.55(b). The target consists of a large 
Au/Fe light shield, a Zn backlighter foil, a CH drive foil, and 
a Ta pinhole substrate. Up to six overlapped beams smoothed 
with phase plates (SG8)30 were used to drive a 125-nm-thick 
planar CH target with a uniform intensity in an ~0.5-mm laser 
spot of 1 # 1014 W/cm2. Eighteen additional tightly focused 
beams (~100-nm spot) irradiated the Zn foil with an overlapped 
intensity of ~1016 W/cm2 and generated a point-source back-
lighter of Zn Hea emission at 9.0 keV. The 0.5-mm-thick CH 
foil positioned between the Zn foil and the Ta pinhole substrate 
blocked x rays with photon energies less than ~4 keV with 
minimal attenuation to the Zn K-shell emission. This prevented 
the Zn backlighter from radiatively heating the target. The Ta 
pinhole substrate with a 400-nm-diam aperture restricted the 
backlighter illumination of the CH drive foil to the portion 
of the target that was uniformly shock heated. The scattering 
angle was reduced to 90° by adjusting the locations of the 
aperture and the focal position of the backlighter beams. 

Most of the Zn Hea emission propagates through the drive 
foil; however, a small fraction of the x rays are scattered. X rays 
scattered at 90° or 120° were dispersed with a Bragg crystal 
spectrometer and recorded with an x-ray framing camera31 
outfitted with a charge-coupled-device (CCD) camera. A highly 
oriented pyrolytic graphite (HOPG)32 crystal with a 2d spacing 
of 6.7 Å was used in the mosaic focusing mode33 to provide 
high reflectivity of the scattered x-ray spectrum.34 The Au/Fe 
shields reduced the measured background x-ray continuum 
levels by blocking the direct lines of sight to the Zn and CH 
coronal plasmas. 
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Figure 111.55
(a) Target design of the noncollective spectrally resolved x-ray scattering experiment on OMEGA using a 120° scattering geometry; (b) a photograph of an 
x-ray scattering target compared in size to a penny. 

The strategy of the experiment was to drive a shock wave 
through the CH foil and to scatter the Zn Hea x rays from the 
uniformly compressed portion of the shock-heated CH around 
the time that the shock breaks out of the rear side of the target 
(i.e., the side opposite the laser-irradiated side). Two drive 
conditions were examined: undriven (i.e., cold, uncompressed 
CH foil) and an a = 3 drive. The measured time history of 
the laser power for the a = 3 drive is presented in Fig. 111.56. 
The plasma conditions of directly driven CH foils were simu-
lated with the 1-D hydrodynamics code LILAC. A detailed 
description of LILAC can be found elsewhere35 with the main 
features of the code described in this section. Laser absorption 
is calculated using a ray-trace algorithm that models inverse 
bremsstrahlung. Transport of radiation is modeled through 
multigroup diffusion with the Los Alamos National Labora-
tory Astrophysical Tables36 or an average ion model provid-
ing the opacities. The SESAME tables are used to model the 
equation of state. LILAC uses a flux-limited37 Spitzer–Härm38 
electron thermal-conduction model. This drive is predicted to 
create a 15-Mbar shock-wave pressure. Figure 111.57 shows 
the spatial profile of the predicted plasma conditions created 
with an a = 3 drive around the time the shock breaks out the 
rear side of the target. A single shock is launched by the a = 
3 drive and breaks out the rear side of the target at 2.7 ns. The 
measurement was made around the shock-breakout time. The 
plasma conditions in the CH at the time of shock breakout are 
predicted to be fairly uniform. For the a = 3 drive, the foil is 
predicted to be heated to Te = 12 eV with an average ionization 

Z = 0.95. As shown in Fig. 111.58, there is little difference in 
the predicted x-ray scattered spectra from the CH foil targets 
for undriven and a = 3 drive cases. The plasma condition for an 
undriven case is Te = 0.1 eV and ZC = 0.1. The ion temperature 
is predicted to be equal to the electron temperature for all of 
the drive cases under consideration. The spatially integrated, 
time-resolved spectra were collected over a 500-ps integration 
time, which is short compared to the hydrodynamic time scales 
of the experiment. 
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The measured laser pulse for the a = 3 drive (shot 41290).
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Predictions from the 1-D hydrodynamics code LILAC of the spatial profiles 
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mass density (t) for laser-irradiated CH foil targets with a = 3 drive.
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Predicted x-ray scattered spectra for undriven and a = 3 driven CH foils. 

The total number of the detected photons per nanosecond, 
Ndet, was estimated for the x-ray scattering experiment. It is 
given by 
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where EL is the laser energy, xL is the laser pulse duration, 
hL is the conversion efficiency from the laser energy into the 
9.0-keV x rays, hCH is the attenuation due to 500 nm of CH, 
ne is the electron density, x is the thickness of the compressed 
target, Xpinhole and Xdetector are the solid angles limited by 
the pinhole diameter and crystal size, Rcrystal is the integrated 
reflectivity of the crystal, and hCH is the efficiency inside the 
detector, including the MCP efficiency and filter transmission. 
Using EL = 280 J # 18 beams in the 3-ns pulse, ho = 9.0 keV, hL 
is assumed to be ~0.1%, . ,0 044pinhole rX =  hCH = 85%, ne = 
1.5 # 1023 cm–3, x = 40 nm for a shock-compressed target with 
the a = 3 drive, ascatter = 0.2 for the 120° scattering geometry, 

. ,5 7 104detector #rX = 3-  Rcrystal = 2 # 10–3, and hd = 1%. 
Using Eq. (7), Ndet is estimated to be ~1500 photons/ns. Since 
the integration time was 500 ps and the spectrum was dispersed 
over the ~90 spectrally resolved bins (~10 eV/bin), the estimated 
ratio of the signal due to photon statistics is 8.2, which is con-
sistent with the measured signal-to-noise ratio of 8.

Results and Discussion
X-ray spectra detected at 90° and 120° scattering angles 

were recorded for an undriven CH foil. Figure 111.59(a) shows 
the measured spectra from undriven CH foils in 90° and 120° 
scattering geometries, as well as the signal from a control tar-
get whose drive foil has a 1-mm-diam thru-hole in the center 
of the foil. Figure 111.59(b) shows a microscope image of the 
control target. The purpose of the control shot was to experi-
mentally confirm that the measured x rays were scattered from 
the intended target. The lack of signal measured for this shot 
indicates that x rays are scattering from the intended portion 
of the nominal drive foil (i.e., without a thru-hole), and scatter-
ing from other unintended sources is negligible. The Compton 
peaks of measured spectra with 90° and 120° scattering angles 
are consistent with the calculated Compton downshifted ener-
gies of E k m2 e

2 2
C =&  = 158 eV and 238 eV, respectively. In 

this article, all of the x-ray scattering measurements from the 
driven foils were taken with the 120° scattering angle; however, 
measurements from two different scattering angles would be 
beneficial to determine the accuracy of the experimentally 
determined values of Te and Zf.

The spectra of x rays detected at a 120° scattering angle 
are presented in Fig. 111.60(a) for the CH targets and in 
Fig. 111.60(b) for the Br-doped CH targets for the two drive 
conditions under consideration (i.e., undriven and a = 3 drive). 
The Br-dopant concentration level in the CH foil was 2% atomic 
in the bulk of the target, but no Br was in the ablator portion of 
the target. All of the spectra in Fig. 111.60 are normalized to the 
larger peak of the Rayleigh or Compton feature. The location 
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Figure 111.59
(a) Measured x-ray spectra scattered from undriven CH targets with 90° and 120° scattering geometries are compared with the noise level. The dotted and 
dashed vertical lines show the Compton downshifted energy of 158 eV/238 eV for the 90°/120° scattering angles. (b) A microscope  image of the control target 
with a 1-mm-diam thru-hole in the center of the CH foil.

of line emissions of Zn Hea at 9.0 keV and Zn Lya at 9.3 keV is 
indicated with vertical dotted lines in the figure. A comparison 
of the spectra scattered from the CH targets shows little dif-
ference between the driven and undriven targets. A detailed 
analysis of the measured spectra with models is presented in 
Figs. 111.61(a) and 111.61(b). A similar comparison for the x‑ray 
spectra from the Br-doped CH shows significant changes in the 
heights of the Compton feature. Zn Lya line emission contrib-
utes to the blue wings of the measured Rayleigh features. For 
the quantitative analysis, the measured spectra were fit with 
models to infer Te and Zb for each ion in the plasma as described 
in Eq. (6). The modeled spectra were calculated as described 
in Spectrally Resolved X-Ray Scattering (p. 192), and a best 
fit to the measured spectra was obtained using a least-squares-
fitting routine that varied Te and the Zb’s.

The experimental scattered spectrum from the cold, 
undriven target is compared with three modeled spectra in 
Fig. 111.61(a). All of the modeled spectra have solid densities 
(t = 1.24 g/cm3) and low electron temperatures (Te = 0.1 eV) 
to indicate that no ionization in CH has occurred, but the ZC 
is varied from 0.1 to 4. The lowest ZC agrees with the experi-
mental result as expected in cold CH; however, the models are 
not very sensitive to ZC for ZC < 2, suggesting that valence 
electrons in cold CH could scatter x rays like free electrons. In 
order to investigate the Te sensitivity in the case of driven CH, 

Zf was set to 2.5 (corresponding to ZC = 4 and ZH = 1 delocal-
ized electrons) shown in Fig. 111.61(b). As mentioned before, 
in this case all of the carbon bonds are destroyed and Zf does 
indeed represent the average ionization state in the plasma. In 
addition to scattering from valence electrons, scattering from 
the remaining bound electrons into L and K shells must be 
included, with the respective ionization levels corrected for 
continuum lowering.39 In Fig. 111.61(b), the measured spec-
trum of the CH foil for the a = 3 drive is compared with the 
modeled spectra for three electron temperatures: Te = 1, 10, 
and 20 eV with ZC = 4. The mass density used in the models 
is four times solid density (t = 4.96 g/cm3), as suggested by 
LILAC simulations. Since the measured spectrum from the 
driven CH is bounded by the models with Te = 1 eV and Te = 
20 eV, an upper limit of Te = 20 eV is inferred for the a = 3 
drive. As described in Fig. 111.54(b), the ratios of the Compton 
and Rayleigh peaks are comparable when ZC < 4 in a driven 
CH. Therefore, the inferred Z in this experiment is an upper 
limit of Z ~ 2. The predicted spectra show that the width of the 
Compton peak is not very sensitive to the electron temperature 
because Te is comparable to the Fermi temperature TF = 16 eV 
from the hydro calculation (ne ~ 3 # 1023 cm–3 and Z ~ 1). It is 
also noted that for the compressed case with a = 3, the electron 
density is ne ~ 3 # 1023 cm–3, which lowers the continuum by 
~20 eV (Ref. 20); thus a fraction of the L-shell electrons should 
be indeed delocalized. 
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Figure 111.60
(a) Measured x-ray spectra scattered from (a) CH and (b) CHBr targets with the following drive conditions: undriven and a = 3 drive. Spectra are normalized 
at the Rayleigh peak. The spectral location of Zn Hea at 9.0 keV and Zn Lya at 9.3 keV is indicated with vertical dotted lines.
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Figure 111.61
(a) Measured spectrum from the undriven CH target compared with modeled spectra for ZC = 0.1, ZC = 2, and ZC = 4 with Te = 0.1 eV. (b) Measured spectrum 
for the a = 3 drive compared with modeled spectra of Te = 1, 10, and 20 eV, and ZC = 4. 

Trace amounts of Br in the CH foil (i.e., 2% atomic concen-
tration) increase the sensitivity of the spectrally resolved x-ray 
spectra to changes in the electron temperature. The experi-
mental spectra scattered from CHBr targets are presented in 
Fig. 111.62 for the two drives under consideration, along with the 
fitted spectra. A comparison of the scattered x-ray spectra from 

the undriven CHBr target [see Fig. 111.62(a)] with the undriven 
CH target [see Fig. 111.61(a)] reveals that the Br dopant enhances 
the ratio of the Rayleigh peak to the Compton peak. This is a 
consequence of the increased number of tightly bound electrons 
in the CHBr foil. The models for scattered spectra of CHBr foils 
include the scattering contributions from all ionic species as 
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well as their mutual correlations. In addition, the attenuation 
of the scattered x rays due to the path length in the CHBr foil 
is included in the modeled scattered spectra. The electron tem-
peratures inferred from the spectral fitting for the undriven and 
a = 3 drive are Te = 0.1 eV and Te = 10 eV, respectively, which 
are similar to the observations for the pure CH foils. Adding 
the Br dopant increases the sensitivity of the x-ray scattering 
to changes in Z. As shown in Fig. 111.60(b), the height of the 
Compton feature is increased for the driven target, in contrast 
to the results with the CH target shown in Fig. 111.60(a). The 
density is assumed to be solid density for undriven and four 

times solid density for a = 3 drive. The undriven case has ZBr 
= 10, ZC = 4, and ZH = 1; the a = 3 drive has ZBr = 25, ZC = 
4, and ZH = 1. The ratio of the Rayleigh peak to the Compton 
peak is primarily dependent on ZBr. It is observed that ZBr 
increases for the driven CHBr foil, while ZC is not very sensi-
tive to the a = 3 drive. For the undriven case, little differences 
are seen between ZBr = 0.1 and ZBr = 10, while ZBr needs to 
be increased close to ZBr = 25 to match the model to data for 
the driven case. Since the binding energy of 257 eV for a 3-s 
M-shell electron of a neutral bromine atom is comparable to 
the Compton downshifted energy of ~240 eV, electrons of a 
bromine ion in the M and N shell (25 electrons) can be ionized 
with the Zn Hea x rays. Due to the high electron densities in 
the compressed plasma, continuum lowering is likely to be 
responsible for the large number of delocalized electrons in 
bromine. Those electrons belong to extended M and N shells 
for which electron bonding to the ion core may be heavily 
screened in the dense plasma. The values of Zf inferred from 
the spectral fitting are Zf = 2.6 and Zf = 2.9 for the undriven 
and a = 3 drive, respectively. 

The electron temperatures predicted with LILAC for the 
shocked CH and CHBr targets (Te = 12 eV) are comparable 
with the measured results (Te = 10 to 20 eV) for a drive intensity 
of 1 # 1014 W/cm2; however, an experimental accuracy for Te 
of 10% to 20% is needed to validate the simulations from the 
hydrodynamics codes. Attempts were made to increase the 
electron temperature in the direct-drive target by increasing 
the laser drive intensity to ~1015 W/cm2. However, the x-ray 
background levels measured for higher drive intensities were 
found to overwhelm the scattered x-ray spectrum. 

Future Application 
The main objective of this research is to develop techniques 

to probe the plasma conditions in the DT shell of a direct-drive 
implosion target during the laser irradiation to diagnose the 
shell adiabat. X-ray scattering is an attractive option for this 
application since it is noninvasive. The experimental results 
presented here demonstrate that it is possible to infer the spa-
tially averaged electron temperature of a nearly Fermi-degener-
ate, direct-drive, shock-heated, and compressed CH foil. The 
complications arising from the L-shell electrons of carbon 
associated to a structural phase transition from the solid state to 
plasma will not be present in the fully ionized hydrogen isotope 
plasma comprising the shell of the ICF target. Consequently, a 
straightforward interpretation of the spatially averaged quanti-
ties of electron temperature and average ionization in the shell 
of a DT ICF implosion target is expected from the noncollec-
tive x-ray scattering. Predicted x-ray-scattering spectra from 

Figure 111.62
Measured x-ray spectra scattered from CHBr targets for (a) undriven and 
(b) a = 3 drive are compared with modeled spectra varying ZBr. The inferred 
parameters are Te = 0.1 eV and Zf = 2.6 for undriven and Te = 10 eV and Zf = 
2.9 for the a = 3 drive. ZC = 4 was set for both undriven and driven cases.
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an imploding cryogenic capsule in hohlraum are discussed in 
Ref. 40. The recent observations of plasmons in warm dense 
matter14 show that it is possible to infer the electron density 
from the collective, forward x-ray scattering. Therefore, a com-
bination of collective and noncollective x-ray scattering should 
provide the capability to diagnose the spatially averaged quanti-
ties of electron density, electron temperature, and the average 
ionization of a direct-drive DT cryogenic implosion target. 

Conclusion
The electron temperature (Te) and average ionization (Z) 

of nearly Fermi-degenerate, direct-drive, shock-heated, and 
compressed CH planar foils were investigated for the first time 
using noncollective spectrally resolved x-ray scattering on 
the OMEGA Laser System. CH and Br-doped CH foils were 
driven with six beams, having an overlapped intensity of 1 # 
1014 W/cm2 and generating 15-Mbar pressure in the foil. An 
examination of the scattered x-ray spectra reveals an upper limit 
of Z ~ 2, and Te = 20 eV is inferred from the spectral line shapes 
of the elastic Rayleigh and inelastic Compton components. 
The electron temperatures predicted with LILAC (Te = 12 eV) 
were found to be comparable with the measured results (Te = 
10 to 20 eV). Low average ionizations (i.e., Z < 2) cannot be 
accurately diagnosed in this experiment due to the difficulties 
in distinguishing delocalized valence or free electrons. Trace 
amounts of Br in the CH foil (i.e., 2% atomic concentration) 
were shown to increase the sensitivity of the noncollective, 
spectrally resolved x-ray scattering to changes in the average 
ionization. A combination of noncollective and collective 
spectrally resolved x-ray scattering looks like a promising 
diagnostic technique to probe the spatially averaged plasma 
conditions in the DT shell of a direct-drive implosion target 
during the laser irradiation to diagnose the shell adiabat. 
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