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At atmospheric pressures the atom is typically
considered immutable with known energy levels
for electrons; however, in the deep interiors of
stars where atoms exist at and beyond the atomic
unit of pressure, i.e. hundreds of millions to bil-
lions of atmospheres pressure,1 the atom is funda-
mentally changed. At such conditions, unbound
electrons are squeezed interior to core orbitals of
the atom, screening the nuclear charge and dra-
matically shifting the quantum energy levels for
electrons.2–5 The plasma becomes integral to the
structure and properties of the atom, a regime
that is challenging for today’s theoretical tools
and where benchmark data are needed.6,7 We
present the first such data, mapping the elec-
tron configuration of the inner most orbitals of
highly–ionized chromium to pressures of 10 billion
atmospheres (1 petapascal) and temperatures of
400 eV (4×106 K). Time-resolved x-ray absorption
measurements reveal a 20-eV shift in core electron
bound-bound transitions, due to electron screen-
ing from the plasma. This shift together with
a simple atomic physics model provides the first
constraints for electron screening on atomic or-
bitals at and beyond atomic pressures. This shift
is consistent with a charge of 0.17e (0.005e) pene-
trating the 2p (1s) orbit of Cr. These results also
reveal a shortcoming in ab-initio density func-
tional theory modeling of atomic structure and
radiative transitions at these extreme conditions.

At sufficiently high pressures and densities, unbound
electron correlations are integral to the nature of bound
atomic orbitals. Understanding this plasma-atom in-
terplay is central to accurate equations of state (EOS)
and transport models for stars and inertial fusion implo-
sions, yet out of reach for first principles theory. While
conventional wavefunction calculations consider screen-
ing of the nuclear charge by the bound electrons,8 un-
bound plasma electrons that are compressed interior to
the bound orbits produce additional screening and re-
duce binding energies.3 The reduction of the binding en-
ergy is known as ionization potential depression (IPD)
or continuum lowering (CL), which manifests in a shift
of the photoionization edge to lower photon energies9–11

and in enhanced ionization.12–16 A dense plasma envi-

ronment can also differentially perturb the bound elec-
tronic state eigenvalues, resulting in a spectral line shift
known as the plasma polarization shift (PPS).2 Model-
ing the integral effect of screening (IPD, CL, and PPS)
as well as Stark effects should include spatial, temporal,
and fluctuating distributions, which together are beyond
today’s ab initio capabilities for the multitude of atomic
states involved. Experimental line shift data exist for
electron densities <∼ 1024 cm−3,17–21, while recent CL
measurements have seemingly inconsistent results.9,10,16

Thus, benchmark data for plasma screening at atomic
pressures, its effect on atomic wavefunctions, and the re-
sulting perturbation of radiative transition energies, are
essential for guiding the theory of dense plasmas and un-
derstanding the deep interiors of stars22,23 and the late
stages of inertial confinement fusion implosions24 (Fig.
1).

To address this experimental gap and benchmark the
response of atomic wavefunctions to petapascal pres-
sures, spherical implosions of capsules hosting a buried
chromium (24Cr) layer were performed at the OMEGA-
60 facility.30 A laser pulse of 25.9 kJ delivered in 1
nanosecond uniformly illuminated the 30-µm–thick, 440-
µm–outer-radius CH shell containing 0.1-µm–thick Ni
and Cr layers recessed 8 µm from the inner surface (Fig.
2 (a)). The hollow shell was filled with 2 atm of deu-
terium (D2) gas at room temperature and doped with
1% (per atom) of Kr.

The dynamics of the implosion are illustrated by the
1-D radiation-hydrodynamic simulations in Fig. 2. The
shell is initially compressed then accelerated by the 1-ns
laser pulse (Fig. 2(e), solid grey) to a maximum velocity
of 230 km/s. The imploding shell then compresses and
heats the gaseous core to pressures exceeding 100 TPa
and temperatures exceeding 1 keV (Fig. 2 (b,f)) (2.0 ns).
This hot core produces a bright, multi-keV x-ray source
that penetrates and escapes the surrounding dense shell
with peak x-ray production coincident with the peak core
temperature (Fig. 2 (f,h)). The 100-TPa pressure within
the hot spot exceeds that of the shell and launches a
compression wave moving outward that steepens into a
shock (“shock formation,” Fig. 2 (b)), compressing and
heating the Cr layer (“shock impact,” Fig. 2 (c), (g)).

X-rays emitted by the hot, stagnated core that trans-
port out through the cold, dense shell were recorded by a
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FIG. 1. Energy level perturbations in the atomic pres-

sure regime. (a) Density dependence of the n = 1 through
3 energy levels of H-like Cr embedded in a uniform elec-
tron gas. The insets show the radial electron distribution
4πr2Ne(r) for spatially averaged Ne = 1020 cm−3 and 1026

cm−3 with respect to the mean orbital radii of n = 1 through
3 bound states (solid lines). Binding energies are reduced
as, with increasing density, more free electrons penetrate
core orbitals and screen the nuclear charge. By Ne = 1026

cm−3, the n = 3 state becomes unbound (dashed line). (b)
Temperature–electron-density phase diagram with the solid
contours of the atomic pressure isobar (30 TPa) for Cr (black),

Coulomb energy EC = e2

4πϵ0
(4πNe/3)

1/3 = kT (light blue),

Fermi energy EF = h̄2

2me
(3π2Ne)

2/3 = kT and Debye num-

ber ND = Ni
4π
3
( ϵ0
kT

1
(Z∗)2Nie2

)3/2 = 1 with a representative

ion charge of Z∗ = Ne/Ni = 18 (grey); the dashed thermody-
namic profiles of the Sun25 (yellow), the red dwarf Proxima
Centauri26 (red), and Jupiter27 (black); conditions of ambient
Cr (grey square); and the states of an ignited NIF capsule24

(yellow star). Simulated (blue band) and inferred (blue cir-
cles) conditions of OMEGA implosions of this work. Prior
atomic spectroscopic measurements near Ne = 1023 − 1024

cm−3 (shaded)9,18,28,29 have revealed discrepancies with state-
of-the-art atomic models. The results of this letter help bridge
the gap between previous electron screening measurements
[PPS18,29 (green) and CL9 (orange)] and solar-core condi-
tions.

flat-crystal spectrometer coupled to an x-ray streak cam-
era configured to measure the Cr K-shell spectral band
(hν ≈ 5 keV). This core flash (1.7− 2.3 ns) encodes the
evolution of the Cr layer as the return shock propagates

outward (Fig. 2 (i)). Before the Cr is impacted and
heated by the return shock, the Cr ions are weakly to
moderately ionized (neutral to Ne-like Cr14+) with fully
occupied 2p orbitals. Vacancies in the Cr 1s orbital are
produced by high-energy x-rays emitted by the D2-Kr
hot-spot, enabling subsequent 2p− 1s fluorescence tran-
sitions (1.8−2.1 ns). These transitions of neutral through
Ne-like Cr14+ all lie in the photon energy range between
5410 and 5440 eV. Transitions from neighboring ioniza-
tion states are not spectrally resolved.

Once the return shock impacts the Cr (2.1 ns), the
temperature is sufficient to produce vacancies in the 2p
orbital, including the ground state and multiply-excited
states of open L-shell ions (F-like Cr15+ to Li-like Cr21+).
The 2p vacancies enable the distinct 1s − 2p absorption
features visible from 2.0 ns through the end of the core
flash. Each 1s − 2p absorption feature is composed of
unresolved transitions from a particular n = 1 and n = 2
configuration together with lower ionization states with
electrons populating n > 2 shells. Each blended feature
is labeled according to the n = 1 and n = 2 configura-
tion. For example, all 1s−2p absorption transitions from
two electrons in the n = 1 and one electron in the n = 2
shell, i.e. 1s2 2s, together with any allowed electron pop-
ulations in shells n > 2, contribute to what we call the
“Li-like” absorption feature. Since each absorption fea-
ture is resolved from its neighbors, they can be labeled
from F-like Cr15+, being the least ionized ground-state
configuration with a 2p vacancy and having the lowest
energy transition, through Li-like Cr21+.

The line absorption of Cr reveals significant energy
shifts relative to zero-density (“isolated atom”) values32

(Fig. 3 (a)) due to screening in the dense plasmas. By
solving the radiative transfer equation, a model of the
spectrum is parametrized in terms of the implosion ge-
ometry, thermodynamic conditions, and opacity. For-
ward modeling the measured spectra constrains the spec-
tral line shifts relative to zero-density values, the much
smaller Doppler shift due to shell motion, and the ap-
parent shift due to multiply excited satellites. A peak
temperature Te = 391 ± 18 eV and spatially-averaged
free electron density Ne = (1.06 ± 0.29) × 1025 cm−3

are inferred, where uncertainties correspond to the 68%
highest-density interval (HDI) of the respective posterior
distributions (see Supplemental Matierals). Inferred ve-
locities of the Cr are less than 150 km/s. The spectral
model thus constrains the sum of the Doppler and satel-
lite shift components to be less than a few eV (< 10% of
the observed shift), shown for the B-like ionization state
in Fig. 3 (b). The residual shift due to screening is of
order 20 eV for all ionization states (see Supplemental
Materials).

The degree to and manner in which transition ener-
gies (and thus the wavefunctions) are perturbed depends
critically on how the free electrons are distributed in
space. Any model of the dense plasma environment must
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FIG. 2. Experimental overview and streaked spectra. (a) Initial fabricated capsule. Density (top, g/cm3) and temper-
ature (bottom, keV) of the capsule from a hydrodynamic simulation (b) as the return shock forms, (c) as the shock impacts
the Cr, and (d) as the shock breaks out. (e) Trajectory of the dense plastic shell (dashed red) and Cr and Ni layers (dashed
black), with laser pulse (solid grey). The false colormap of |d lnP

dr
| visualizes the return shock from formation through impact

until eventual breakout. Average temperature T (red) and density ρ (blue) of (f) the core and (g) the Cr layer; impact of the
Cr by the return shock produces a discontinuous increase in T and ρ. (h) Simulated (dashed grey) and measured (solid black)
x-ray source emission near 5 keV. The simulated x-ray source emission was calculated by solving the equation of radiative
transfer along parallel rays through a spherically symmetric, 3D representation of the 1D LILAC simulations at each time
and integrating the result over area. The D2/Kr core and CH layers used tabulated non–local-thermodynamic-equilibrium
(non-LTE) opacities, while PrismSPECT31 was used to construct an opacity table of Cr that includes 1s− 2p transitions. (i)
Streaked spectrum with Cr 2p − 1s fluorescence (hν ≈ 5420 eV) observable prior to 2.1 ns and 1s − 2p absorption at higher
photon energies after 2.1 ns. Onset of absorption coincides with shock compression of the Cr layer.

make an ansatz regarding this plasma distribution. The electron density distribution derived from first principles
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(a) (b)

FIG. 3. Measured absorption spectra and extracted

line shifts. (a) Source emission at different times given
by the legend. Error bars denote the standard deviation of
the expected signal assuming Poisson noise amplified by the
streak camera gain. Dashed grey lines denote the line cen-
troids of the F-like (Cr15+) through Li-like (Cr21+) ioniza-
tion states calculated from zero-density isolated atom calcu-
lations and indicate a red-shift of absorption lines. The gap
in the data at 5800 eV is due to a defect on the photocathode.
The DFT-based opacity (black) at representative conditions
50 g/cm3 and 400 eV approximates the observed centroid of
the C-like ionization state but fails to capture the breadth
of the charge state distribution. (b) Observed shift relative
to ground-state isolated-atom FAC calculations for the B-like
state (orange) with Doppler and satellite components con-
strained by the inference. Error bars indicate the quadrature
sum of the 68% HDI of the total inferred shift, the Doppler
shift, and the satellite shift.

within density functional theory (DFT), has been used
to explain previous spectroscopic observations in dense
plasmas.14,33 The plasma polarization shift has even been
predicted by DFT simulations [see Fig. 8(c) of Karasiev
et al.34] However, our use of a localized Cr layer to miti-
gate plasma gradients reveals limitations of current DFT
methods to provide a complete description of the ioniza-
tion states of atoms in such dense plasmas. As indicated
by the black curve in Fig. 3(a), opacity calculations us-
ing band energies from DFT-based molecular-dynamics14

produce transitions from only the mean ionization state
and do not describe the charge state distribution ob-
served in these experiments. We surmise that the DFT
calculations converge on the mean ionization state be-
cause DFT calculations give only the static, thermally
averaged ground-state electron distribution. The ioniza-
tion and recombination processes which give rise to the
ionization state distribution, however, involve dynamic
electron excitations which occur on the femtosecond time
scale. Ionization state distributions are not accessible
from such static DFT calculations. These experimental
observations indicate the need for further development
of first-principles tools to describe the nature of dense
plasmas.

To understand the mechanisms driving the observed
line shifts, Fig. 4(a) compares the residual line shifts to
those predicted by different plasma models as a function

(a)

High-T
, lo

w-N
e lim

it

High-T, high-N
e lim

it

This work

FAC UEG

Debye

(b)

FAC

FIG. 4. Comparison of line shifts to theory. (a) Line
shift for this work in Cr (grey circles) compared to those pre-
dicted by Debye (orange), uniform electron gas (blue), and
self-consistent potential (red) models for Cr at the observed
temperature of 400 eV. Previous work on Al Heα and Lyα

are shown by the green18 and pink17 markers. (b) Fraction
of the self-consistent free electron wave function penetrating
the 1s (dash-dotted) and 2p (solid) orbitals. At the inferred
conditions of Ne = 1025 cm−3 (grey), screening of the nuclear
charge by 17% of an electron produces the observed line shift.

of Ne. The data presented here are intermediate to the
predictions in the limiting cases of a high-temperature,
high-density uniform electron gas (UEG) and a high-
temperature, low-density Debye-screened plasma. This
is consistent with the inferred conditions (c.f. Fig. 1),
which violate the validity conditions of both models.
With less than 0.001 ions lying within a Debye screen-

ing length λD =
[

ϵ0
e2

kBTi

(Z∗)2Ni

]1/2
, the Debye model over-

predicts the magnitude of screening and thus the mag-
nitude of the line shift. Moreover, the plasma is only
near-degenerate (kT ≈ 2EF ), having insufficient degen-
eracy pressure for free electrons to distribute uniformly;
thus the UEG model underpredicts the magnitude of the
line shift.

We see that the residual shift is consistent with the
PPS predicted by the the Flexible Atomic Code (FAC),32

in which the free electron distribution is solved self-
consistently with the bound-electron structure,35 and the
ionization is consistent with the IPD of the Ecker-Kröll
model.12 Consistency with the FAC calculation allows a
more quantitative inference of how free electrons are dis-
tributed about the nucleus and interior to the 1s and
2p orbitals. Fig. 4 (b) shows the fractional charge
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N⟨r⟩ =
∫ ⟨r⟩

0
dr 4πr2Ne(r) interior to the average 1s

and 2p orbital radii. At the experimental conditions of
T = 400 eV and Ne = 1025 cm−3, a charge of 0.17 e
is compressed interior to the 2p orbital. Measurement
of the line shift at known density constrains the time-
averaged, spatial distribution of the free electrons about
the nucleus.

These data provide the first constraints of screening
in billion-atmosphere (100 TPa) plasmas with many co-
existing ionization states. Furthermore, the thermody-
namic conditions are inferred through experimental mea-
surements. The simple models shown here provide a de-
scription of how the atomic wavefunctions evolve with
increasing density and pressure. The isolated line shifts
complement measurements of ionization and line broad-
ening to inform screening in dense plasmas. Together
these measurements help constrain a holistic screening
model at stellar core and inertial confinement fusion con-
ditions.

Spherical implosions are uniquely capable of reaching
stellar-core conditions.36,37 We have leveraged the ex-
treme densities achieved in an implosion shell to inter-
rogate the influence of screening on atomic wavefunc-
tions, providing an avenue to benchmark atomic struc-
ture at and beyond the atomic unit of pressure. Data
of this type are required to challenge and improve tra-
ditional equation of state and opacity models in the
dense plasma regime, and in turn the stellar structure
and implosion radiation-hydrodynamic codes that rely on
them. With the progress in achieving thermonuclear fu-
sion ignition38,39 and the goal to better understand and
harness such fusion implosions, it is important to un-
derstand the energy balance, which is mediated in part
by the radiation transport through matter at billions of
atmospheres (100 TPa). Deployment of these measure-
ments on larger, higher compression implosions accessible
at the National Ignition Facility will further extend the
densities achievable; even a twofold increase in density
would enable study of screening processes in a degener-
ate plasma, perhaps approaching the uniform-electron-
gas limit of the screening models.
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Supplemental Material

Spectrometer Calibration

X-ray emission escaping the capsule was measured
by one time-integrated and one time-resolved flat crys-
tal x-ray spectrometer. The time-integrated spectrom-
eter (XRS)1 used an ammonium dihydrogen phosphate
(ADP) Bragg crystal cleaved on the [101] plane with re-
solving power E/∆E ≈ 480 at 5.4 keV, with image plate
(IP) as the recording medium.

The time-resolved spectrometer (SXS)2 used a pen-
taerythritol (PET) Bragg crystal cleaved on the [002]
plane with a 2d-spacing of 8.754 Å and resolving power
E/∆E ≈ 230 at 5.5 keV. SXS was coupled to an x-
ray–sensitive streak camera (PJX)3 with a 5-ns sweep
duration and an 80-ps temporal resolution.4 The time
base was measured on a dedicated shot by illuminating
a Cr-alloy foil with a comb pulse of optical laser pulses
and recording the resulting comb of x-ray pulses. Uncer-
tainty in the time base accumulates as time elapses from
an event of known timing; for an elapsed time of 2 ns,
the systematic uncertainty is 10 ps.

The streaked dataset was corrected for a 0.15-radian
skew in the temporal (horizontal) direction by assum-
ing no spectral dependence in the start and end times
of both the coronal emission and the stagnation contin-
uum emission. A skew of 0.01 radians in the spectral
(vertical) direction was necessary to ensure that the pho-
tocathode defect around 5800 eV remained at constant
photon energy throughout the data record. The defect
in the photocathode occurs at a fixed spectral location
coordinate in the spectrum and encodes aberrations from
the streak camera electron optics.

The dispersion and sensitivity of each spectrometer is
determined independently from ray traces of the respec-
tive spectrometer geometry. The signal of XRS is con-
verted to source emission analogous to the formalism of
Marrs et al :5

Sν

[

ph

sr eV

]

=
D

kIP TfiltG(E)Apixel
, (1)

where D is the data (in photostimulated luminescence,
or PSL), kIP is the conversion factor from PSL to inci-
dent photons,6 Tfilt is the filter transmission, and Apixel

is the area of a pixel. The spectrometer sensitivity
G(E) = R(E) dE

dθB
dΩ
dA is composed of the photon-energy–

dependent crystal reflectivity R(E), the derivative of
Bragg’s law dE/dθB , and the solid angle of the source
projected onto a unit area of the detector dΩ/dA.

The signal in PJX is converted to source emission rate
similarly:

dSν

dt

[

ph

s sr eV

]

=
D

kpc TfiltG(E)Aeff tdwell
, (2)



7

Crystal PET ADP
System Tetragonal Tetragonal
C11 0.3898 0.62
C12 0.3039 -0.050
C13 0.0694 0.1400
C16 -0.008 0.0
C33 0.1343 -0.300
C44 0.0432 0.0910
C66 0.0977 0.0610

Reference 10 11

TABLE I. Elements of elasticity tensors, in 1011 Pa. For
tetragonal crystals, C11 = C22, C13 = C23, C44 = C55, and
C16 = −C26.

12

where D is in units analog-digital units (ADU), kpc is
in ADU-per-photon, and tdwell is the dwell time. The
conversion factor kpc = (1 − Tpc) × QE × Gain, where
Tpc is the transmission through the 3000-Å–thick KBr
photocathode. The net quantum efficiency QE of the
photocathode accounts for production of secondary elec-
trons by the KBr photocathode and their release into
the streak tube7 and monotonically increases from 11.3
to 12.4 photoelectrons per absorbed photon in the dis-
played spectral range of SXS. The average gain is 704
ADU per photoelectron and is the product of two fac-
tors: the mean of the streak camera pulse-height distri-
bution (CCD electrons per photoelectron) and the CCD
gain (ADU per CCD electron), both of which have been
measured previously.4 Tfilt is the transmission of the
152.4-µm Be and 50.8-µm Al filters. The streak cam-
era focuses the 200-µm width of the photocathode slit
into a line-focus, while imaging the height of the slit at
0.4x magnification. Accounting for the 4x-binning ap-
plied to the data, the projected pixel area Aeff is then
(200 µm)×(13.5 µm)×4/0.4 = 2.7×10−8 m2. The dwell
time varies monotonically from 4 to 6 ps/pixel through-
out the experiment. Crystal reflectivities R(E) were cal-
culated using the PyTTE python package8 with crystal
structure from The Materials Project9 and elasticity ten-
sors as given in Table I.10,11 Finally, the signal magnitude
was cross-calibrated to the XRS spectrometer, multiply-
ing the PJX signal by a factor of 0.74.

The spectral axis of SXS is calibrated in situ by mod-
eling the spectral centroid of Cr 2p− 1s line emission.13

This transition is photopumped by the core emission be-
fore the return shock ionizes the Cr, and thus originates
from near-solid, weakly ionized Cr. The temperature at
the beginning of the core flash is estimated to be 30 eV
from the one-dimensional radiation-hydrodynamic code
LILAC,14 and a 10-eV uncertainty is assumed. At these
temperatures, Cr is ionized into the M-shell, and the
2p − 1s lines from neighboring ionization states blend
into a composite line that is blue-shifted relative to Cr
Kα. The average ionization of the Cr is estimated from a
screened-hydrogenic average-ion model15,16 to be 6± 1.5

at these conditions. The shift of the composite line rel-
ative to Kα was calculated using FAC for an ensemble
average over the set of lower states, giving a 2.8 ± 3.0
eV shift of the composite line relative to Kα. Analogous
non-LTE calculations with PrismSPECT produce shifts
of 6.3 ± 3.0 eV for the Stewart-Pyatt IPD model and 5.9
eV ± 2.5 eV for the Hummer-Mihalas IPD model, sug-
gesting a +3.5 eV systematic uncertainty on the energy
calibration and no change in the statistical uncertainty.
The systematic uncertainty due to choice of atomic model
is insufficient to change our conclusions.
The measured energy of this composite line will also be

Doppler shifted by an amount that is less than the peak
implosion velocity of 230 km/s. If the 2p−1s emission is
optically thin, the front and rear hemispheres symmet-
rically broaden the Doppler profile with no shift. If the
2p−1s emission is optically thick, only emission from the
front hemisphere is measured, and the line centroid shifts
by 2

3
v
chν0. As a maximal estimate of uncertainty, we take

the average of the two limiting cases to be the expecta-
tion value of the Doppler shift. Under these assumptions,
the Doppler shift is −1.5± 0.5 eV.
The ionization shift and the Doppler shift together give

a net shift of 1.3± 3.3 eV relative to Kα, where the un-
certainties have been summed in quadrature. With this
spectral calibrant, the remainder of the spectral axis is set
using the dispersion calculated from the nominal disper-
sion of the spectrometer. The time-integrated XRS data
reveals the same emission line plus seven absorption lines
aligned between 5415 and 5640 eV (Fig. 5), giving con-
fidence in the reality of these features and their relative
photon energies.
The absorption features are robust to shot-to-shot vari-

ability. Fig. 5 shows the 1s−2p absorption band as mea-
sured by XRS across three separate experiments which
changed only the core dopant. Shot 101967, which is pre-
sented in the main text, used 1% per atom of Kr dopant,
while 101966 and 101968 used 1% per atom of Ar dopant.
While the Ar dopant evidently photopumps the Cr flu-
orescence transition more than the Kr dopant, there is
little change to the relative depth of the absorption fea-
tures (indicative of ionization balance) and the relative
position of the absorption features.

Radiative transfer model

The streaked spectrometer data is interpreted using a
forward model of the spatially integrated emission escap-
ing the target. The model conceives a blackbody core of
radius Rc and temperature Tr concentric with and illumi-
nating a hemispherical Cr shell of radius R and thickness
∆ at temperature T and mass density ρ. The assump-
tion of spherical symmetry is corroborated by time-gated
x-ray pinhole images recorded simultaneously with the x-
ray absorption spectra (Fig. 6).
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FIG. 5. Time-integrated spectra measured by XRS across
three shots. Shot 101967 is described in the main text. Shots
101966 and 101968 used 1% per atom of Ar dopant instead of
Kr, but were otherwise identical to Shot 101967. The lineouts
are presented as raw signal (PSL) to highlight the repeatabil-
ity of the absorption regions. A 3 PSL offset in the signal of
101967 was applied to account for shot-to-shot variation in
the continuum emission.
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FIG. 6. X-ray pinhole images recorded before (1.9 ns), during
(2.2 ns), and after (2.5 ns) the x-ray absorption data was
collected.

Due to the high densities achieved at stagnation,
the Cr is assumed to be in local thermodynamic
equilibrium,15 such that its source function is a Planck-
ian spectrum Bν at temperature T . The validity of
local thermodynamic equilibrium (LTE) is further ver-
ified by comparing LTE and non-LTE calculations of
PrismSPECT.17 Parallel rays are propagated through
this geometry by solving the equation of radiative trans-
fer. The emerging spectral radiance is then integrated
over area to obtain the source emission rate Ṡν ≡ dSν

dt ,
the same quantity recorded by the time-resolved, spa-
tially integrating spectrometer. Assuming a thin shell
(∆ << R) the following analytic solution is obtained:

Ṡν = πR2Bν(Tr)

[

(1− τν)e
−τν − (1− b)

(

1− τν√
1− b

)

exp

( −τν√
1− b

)

+ τ2ν [Ei

( −τν√
1− b

)

− Ei(−τν)]

]

+ πR2Bν(T )

[

1− (1− τν)e
−τν + τ2νEi(−τν) + (a− 1)− 2

(ανR)2

(

1− (1 + ανR
√
a− 1 ) exp

(

−ανR
√
a− 1

)

)]

,

(3)

where a = (1 + ∆/R)2, b = (Rc/R)2, τν = κνρ∆, and
Ei(x) = −

∫∞

−x
dt t−1e−t is the exponential integral. The

solution is the sum of core emission transmitted by the
shell and self-emission from the shell, thus encoding the
geometry, thermodynamic state, and radiative proper-
ties of the core and Cr shell. Rapid calculation of the
exponential integral necessary for the many thousands of
Monte Carlo samples was enabled by the approximation
found in Ref.18.

The spectral opacity κν of the Cr shell is modeled
as the sum of seven Gaussian lineshapes, one for each
composite line denoted by the index i. Each compos-
ite line uses a parametrized frequency-integrated opacity

κ(i) =
∫

dν κ
(i)
ν (T, ρ) that encodes the ionization balance.

Anticipating shifted and broadened lines, line centroids
hνi and line widths σi are free parameters to be inferred
from the measurements.

Opacity model

The multicomplex screened hydrogenic model calcu-
lates the opacity contribution of different states with
prescribed shell populations. The screened hydrogenic
formalism19–21 is used to determine the energy of each
included state. Excited states of L-shell ions with a max-
imum principal quantum number nmax = 3 are included,
as well as He- and Ne-like states. L-shell complexes
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with higher shells occupied and all M-shell complexes
are predicted to be pressure ionized at the relevant con-
ditions, justifying their exclusion from the model. At
the high densities of the compressed Cr, LTE is ex-
pected to hold,15 and the population density Ni of each
complex i adheres to Saha-Boltzmann statistics modified
by an Ecker-Kröll ionization-potential-depression (IPD)
model.22 PrismSPECT 17 calculations indicate negligible
difference between the ionization balance, opacity mag-
nitude, and line centroids of LTE versus non-LTE at
the relevant conditions. The average ionization Z̄ is cal-
culated in a screened-hydrogenic average-ion model15,16

and used as input for the IPD model.
The opacity model uses population densities defined

for initial (final) complexes i (j) and oscillator strengths
defined for angular-momentum–resolved configurations µ
(η). The multielectron configuration oscillator strengths
are defined in terms of the hydrogenic oscillator strengths
fH
ηµ summed over j and mj of final states and averaged
over j and mj of initial states:23

fηµ = wµ
4ℓη + 2− wη

4ℓη + 2
fH
ηµ, (4)

where wµ is the initial occupation of the source orbital
(1s) and the second term is the probability that the des-
tination orbital with angular momentum ℓη and occu-
pation wη is initially occupied. For 1s − 2p absorption,
fH
ηµ = 0.4162. The opacity for bound-bound transitions
is then

κν =
πr0c

AmpN

∑

i

[

Lji(ν)
Ni

gi

∑

µ∈i

gµfηµ

]

(5)

gµ =

nmax
∏

n=1

n−1
∏

ℓ=0

(

2ℓ+ 2

wnℓ

)

(6)

gi =

nmax
∏

n=1

(

2n2

Pn

)

(7)

where Lji(ν) is the normalized line-shape function, N =
∑

i Ni is the total ion density, Pn is the occupation of
shell n, and gµ and gi are the statistical weights of initial
configurations and initial complexes, respectively. For
this analysis, a Gaussian lineshape of each composite line
i has been assumed.

Inference

The forward model is applied within a Bayesian infer-
ence framework to simultaneously constrain the posterior
probability distributions of the twenty model parameters.
A No U-Turn Sampler (NUTS)24,25 is used to efficiently
sample the posterior space using 5000 samples in each
of four chains. Each prior is a Gaussian distribution,
with physically imposed lower or upper limits. The con-
ditional limits R > Rc and T < Tr are also imposed (see

Data

Fit (68% HDI)

FIG. 7. Measured source emission rate Ṡν (black) averaged
between 2.20 and 2.28 ns of the streak record. The red band
shows the 68% highest density interval (HDI) of the inference.
Data between 5650 and 5800 eV is obscured by a camera
defect and is omitted.

Variable Distribution µ σ Lower Upper Units
R TruncatedNormal 80.0 50 0 µm
Rc TruncatedNormal 50.0 25 0 µm
ρ TruncatedNormal 40 20 1.0 100.0 g/cm3

Tr Normal 600 100 eV
T Normal 400 50 50.0 1000.0 eV

log10(ℓ) Normal 0 1 log10(µm)
hν0 Normal 5420 10 eV
hν1 Normal 5450 10 eV
hν2 Normal 5485 10 eV
hν3 Normal 5522 10 eV
hν4 Normal 5556 10 eV
hν5 Normal 5598 10 eV
hν6 Normal 5630 10 eV
σ0 TruncatedNormal 10 2 2 eV
σ1 TruncatedNormal 10 2 2 eV
σ2 TruncatedNormal 10 2 2 eV
σ3 TruncatedNormal 10 2 2 eV
σ4 TruncatedNormal 10 2 2 eV
σ5 TruncatedNormal 10 2 2 eV
σ6 TruncatedNormal 10 2 2 eV

TABLE II. Gaussian prior distributions with mean µ, stan-
dard deviation σ, and lower and upper limits (where present).
All lengths are in µm; temperatures, photon energies, and line
widths are in eV; and density is in g/cm3.

Table II). The resulting fit to the lineout at 2.24 ns is
shown in Fig. 7, where a higher-energy range around
5900 eV is included in the fit to constrain the continuum
components.

The ionization, inferred from the presence of differ-
ent absorption features, is observed to increase in time
(Fig. 8). Though conditional on the chosen atomic
model, the temperature and density inferred from the
Cr ionization balance indicate significant heating of the
Cr during stagnation (Fig. 9 (a)). The inferred density,
with notably broader highest-density intervals (HDI) in-
herited from the weak dependence of the opacity and
ionization balance on ρ, suggest that the Cr shell is tem-
porarily confined by the outer-lying plastic. This behav-
ior is caused by the outer shell impacting the Cr layer
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FIG. 8. Ionization balance inferred from each absorption spec-
trum, denoted by the central time of the measurement. Error
bars denote the 68% HDI.
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FIG. 9. (a) Posterior probability distributions of T and Ne

from fits to the Cr absorption spectra assuming the Ecker-
Kröll IPD model. The 30%, 60%, and 90% HDIs are shown
at 2.08 ns (blue), 2.16 ns (red), and 2.24 ns (green). LILAC-
simulated conditions of the Cr layer are shown by the black
line, and simulated conditions co-timed with the measure-
ments are indicated by the colored points. (b) Posterior prob-
ability distributions of pressure assuming the sesame equa-
tion of state 3070.

before the return shock breaks out and the shell disas-
sembles. One-dimentional radiation-hydrodynamic simu-
lations with the LILAC 14 code, adjusting the input laser
energy and heat transport model of the ablation to match
the observed x-ray bang-time (i.e. time of peak x-ray
emission at photon energies between 5 and 6 keV), pro-
vide a comparative picture for this complex implosion
(Fig. 2). Temperatures inferred from our data are com-
parable to peak simulation temperatures, while inferred
densities are larger than and occur earlier in time than
peak densities in simulations (Fig. 9).

Corresponding posterior distributions of the pressure
from the sesame equation of state 307026 are shown in
Fig. 9 (b). The ranges of the distributions mostly lie be-
tween 1 and 10 Gbar (100 and 1000 TPa) with uncertain-
ties in log10(P/(1 Gbar))-space ranging from less than 0.1
at 2.16 ns to 0.5 at 2.08 ns. This should be compared to
the time-resolved self-emission image analysis of Ruby et

al.27 which inferred a peak hot-spot pressure from syn-
thetic implosions as log10(P/(1 Gbar)) = 1.08 ± 0.18.
Though there is value in extending such a mechanical
model to provide an independent measurement of the
shell pressure, doing so does not seem to substantially
reduce the uncertainties in pressure.
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FIG. 10. All measured residual line shifts labeled by isoelec-
tronic sequence, calculated as the observed line energy minus
the isolated atom theoretical line energy, the inferred Doppler
shift, and the inferred contribution from excited states. Error
bars denote the quadrature sum of the 68% HDI of each shift
component.

The residual line shift that is not accounted for by the
Doppler shift or excited states is significantly different
from zero for all measured ionization states at each time
(Fig. 10). While there does appear to be a systematic Z-
dependence to the shift, our uncertainty makes it difficult
to provide a strong statement on this dependence. The
posterior distribution of the Doppler shift is calculated as
∆hνDoppler =

v
chν0, where v is the velocity of the Cr shell

calculated from the inferred Cr radius, c is the speed of
light, and hν0 is the transition energy without Doppler
shift. The posterior distributions of the satellite shifts
are calculated from the screened hydrogenic model as

∆hνsatellite = hν(T = 0)−
∫

dT f(T ) hν(T ), (8)

where hν(T = 0) is the transition energy involving only
the ground state (i.e. at temperature T = 0), f(T )
is the posterior distribution of T , and hν(T ) is the
temperature-dependent line centroid. Both hν(T = 0)
and hν(T ) are calculated with the screened hydrogenic
model.
For comparison, the spectra were also fit assuming

a Stewart-Pyatt IPD model. As seen in Fig. 11,
the inferred temperature is roughly constant in time
while the density catastrophically decompresses, which
runs contrary to the expected behavior of the dense-
plastic–tamped Cr shell at stagnation.

Line shift models

The Debye (D) and uniform electron gas (UEG) mod-
els shown in Fig. 4 are derived assuming a first-order
perturbation of hydrogenic wavefuctions. The perturb-
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FIG. 11. Same as Fig. 9 but a Stewart-Pyatt IPD model was
assumed, inferring rapid decompression.

ing potentials V ,28,29 energy level shifts ∆E,30 and tran-
sition energy shifts ∆hν29 are:

VD =
1

4πϵ0

Ze2

r

[

r

λD
− 1

2

(

r

λD

)2]

(9)

∆ED =
1

4πϵ0

Ze2

λD

(

1− ⟨r⟩nℓ
2λD

)

(10)

∆hνD = − 1

4πϵ0

Ze2

λD

( ⟨r⟩2 − ⟨r⟩1
2λD

)

(11)

VUEG =
3

8πϵ0

Ze2

R0

(

1− 1

3

r2

R2
0

)

(12)

∆EUEG =
3

8πϵ0

Ze2

R0

(

1− 1

3

⟨r2⟩nℓ
R2

0

)

(13)

∆hνUEG = − 1

4πϵ0
· 2
3
πNee

2
(

⟨r2⟩2 − ⟨r2⟩1
)

(14)

(15)

with ion charge Z, radial moments ⟨ri⟩nℓ ≡
∫∞

0
ri|Pnℓ(r)|2 dr of hydrogenic orbitals nℓ, Debye

length λD =

(

ϵ0
e2

kT
Ne

)1/2

, and ion sphere radius R0 =

(

4π
3 Ni

)−1/3
. The screened nuclear charge Qn calculated

from a screened-hydrogenic average-atom model is used
in place of the nuclear charge Z to better model non-
hydrogenic atoms within this hydrogenic picture.
The DFT-based opacity of Fig. 3 (a) is based on a

previously published method,31,32 in which a density-
functional-theory–molecular-dynamics (DFT-MD) simu-
lation of Cr atoms is performed and the Kohn-Sham or-
bitals from each time step are retained. A vacancy in the
1s orbital of each atom simulates photoionization and
enables a Kubo-Greenwood calculation33,34 of the pho-
ton energy and relative oscillator strength of the 2p− 1s
emission. The opacity is derived by assuming detailed
balance.
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