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Abstract

We demonstrate the value of inner-shell x-ray absorption spectroscopy for dense-plasma atomic physics and explore
the coupling between constraint of the thermodynamic state and constraint of ionization-potential depression models.
Synthetic K-shell absorption spectra are generated along a radius from a point-like core and analyzed using different
ionization-potential depression models. Within this synthetic analysis framework, we identify plasma conditions
(Te = 400 eV, ρ = 40g/cm3) accessible by spherical implosions where K-shell absorption spectra discriminate between
models if the material temperature is measured to a precision of 20%. The analysis is extensible to a finite-sized core
and can be used to guide future studies of ionization-potential depression, informing material and radiative properties
of matter in fusion plasmas and stellar interiors.
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1. Introduction

Understanding how atoms emit and absorb radiation
in dense plasmas is a substantial challenge of modern
science [1]. At sufficiently high densities, plasma elec-
trons can screen the nuclear attraction of bound elec-
trons and reduce their binding energy [2]. Addition-
ally, atomic orbitals become substantially modified by
nearby ions [3, 4], even to such a degree that exotic in-
terspecies radiative transitions may occur [5]. Quanti-
tative measurements of these processes test our under-
standing of fundamental atomic physics and are criti-
cal for modeling the radiative energy transport of fu-
sion plasmas on Earth and the evolution and structure
of stars [6–9]. Many of the experiments probing atomic
physics in dense plasmas, however, are performed in
planar geometries, which are currently limited to condi-
tions within a few factors of solid density [10–12]. This
lack of data at high densities impedes the development
of accurate descriptions of dense plasmas.
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Spherical implosions contain a potential benefit to
the field of dense-plasma atomic physics that has yet
to be fully exploited. Leveraging pressure amplifica-
tion through convergence, implosions produce the high-
est densities achievable in the laboratory, with some
designs exceeding 1000 g/cm3 [13]. The benefits of
higher densities to atomic physics are manifold. Test-
ing theoretical models across a greater region of param-
eter space will provide the data needed for global de-
scriptions of dense plasmas. In this way, the extreme
densities accessed by implosions complement studies
of atomic physics at conditions nearer to solid den-
sity [10–12, 14–16]. Second, the discrepancy between
competing models can increase at high densities, of-
fering the experimentalist greater leverage when com-
paring models to data. Furthermore, implosions offer a
unique method for assembling and studying dense plas-
mas. The study of dense-plasma phenomena in an inde-
pendent platform can corroborate conclusions of other
studies, establish the scientific reproducibility of an ex-
perimental result, or identify systematic uncertainties
unique to a given method. Finally, novel emission and
absorption pathways enabled by interspecies radiative
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transitions have been predicted to emerge at densities at
and above 100 g/cm3 [5] — conditions not accessible in
planar geometries.

Implosions present an interesting though challenging
environment from a measurement perspective. The nec-
essarily high densities require penetrating diagnostics of
both the plasma conditions and the atomic physics of the
sample, excluding many traditional probes of tempera-
ture or density. The line-of-sight integration of a pen-
etrating diagnostic complicates its interpretation. The
exiting radiance depends on the radiative properties and
thermodynamic states along a chord through the as-
sumed spherically symmetric, radially varying plasma.
The ability to forward model the exiting radiance and
thus assess the accuracy of atomic models is influenced
by our knowledge of the hydrodynamic and thermody-
namic evolution.

Although the integrated nature of implosions couples
together uncertainties from hydrodynamic, thermody-
namic, and atomic physics models, this coupling allows
constraint of one of these seemingly disparate mod-
els by direct measurement of another. Advanced sta-
tistical techniques are required to exploit the coupling
between models. For instance, a Bayesian inference
framework has been used to infer the implosion hot-spot
pressure (a thermodynamic quantity) by measurement
of the explosion-phase trajectory of the shell (a hydro-
dynamic quantity) [17, 18]; knowledge of the hot-spot
pressure then constrains energy balance and implosion
models. Similarly, a synthetic study of the interplay be-
tween atomic physics and other models can identify the
experimental conditions and diagnostic suite needed to
constrain atomic physics models. Experiments can then
be designed that access the optimal conditions for in-
forming models, while optimizing the use of valuable
experimental time.

In this work, we demonstrate the value of inner-shell
x-ray absorption spectroscopy for dense-plasma atomic
physics and explore the coupling between constraint of
the thermodynamic state and constraint of ionization
potential depression (IPD) models. We also develop an
analysis framework that quantifies the precision of ther-
modynamic state measurements required to discrimi-
nate between IPD models. In Sec. 2, we provide a brief
summary of IPD models and motivate the use of 1s−2p
absorption spectroscopy of L-shell ions as a means to
discriminate between IPD models. In Sec. 3, synthetic
K-shell absorption spectra are generated along a radius
from a point-like core and analyzed assuming different
IPD models. We identify plasma conditions accessi-
ble in spherical implosions where measurement of the
plasma temperature within 20% fractional uncertainty

discriminates between models. This example can help
guide future studies of IPD in dense matter.

2. Constraint of IPD by K-shell absorption spec-
troscopy

As a tractable example of implosion-relevant atomic
physics, we consider the impact of ionization potential
depression (IPD) models on ionization and its manifes-
tation in the observed K-shell absorption spectrum. This
will define the model explored in Sec. 3. Furthermore,
to enable discrimination between competing IPD mod-
els, we identify conditions that produce a measurable
difference in the observed spectrum between models.

The Stewart–Pyatt (SP) [19] and Ecker–Kröll (EK)
[20] models of IPD describe the electrostatic interac-
tion between an ion and the plasma environment. The
ground-state free-energy contribution of the plasma in-
creases the ionization state of material at high densities.
These models have been used for over half a century
and are incorporated into the equations of state used
in radiation-hydrodynamic codes commonly used by
the high-energy-density-physics community [21, 22].
However, recent experiments have revealed inconsis-
tencies in these models [11, 12], renewing interest in
their study and the pursuit of self-consistent models
[14, 15, 23, 24]. Density-functional-theory–based mod-
els [25, 26] of dense plasmas offer a more-complete de-
scription of the plasma environment, but still introduce
model uncertainty through the approximations inherent
in the choice of the exchange-correlation potential [27].
Due to the lack of well-constrained experimental data,
tests of such models have predominantly been limited to
within a few factors of solid density of the material un-
der study [10–12, 14–16]. Data at higher densities are
critically needed to discriminate between these compet-
ing descriptions of dense matter.

The IPD ∆Ec is an effective reduction in the ion-
ization potential χ j, emerging due to the electrostatic
interaction between an ion and the circumfluent dense
plasma in a chemical-equilibrium picture of ionization
[20]. Under the assumption of local thermodynamic
equilibrium (LTE), the ratio of ion densities N j and N j+1
of neighboring ionization states j and j + 1 is

N j+1Ne

N j
= 2

(2πmekTe

h2

)3/2 Z j+1

Z j
exp

(
−
χ j − ∆Ec

kTe

)
, (1)

with free electron number density Ne, electron mass me,
Planck constant h, Boltzmann constant k, plasma tem-
perature Te, and internal partition function Z j of ion j.
At the high densities where IPD manifests, the high col-
lision frequency between free and bound electrons tends
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Figure 1: (a) Mean ionization Z̄ of Cr (Z = 24) predicted by the
screened hydrogenic model with a Stewart–Pyatt IPD model. (b) Dif-
ference in Z̄ between Ecker–Kroll and Stewart–Pyatt IPD models. Nu-
merical noise due to convergence is visible in regions of low ioniza-
tion. Dashed contours indicate the He- and Ne-like states that bound
L-shell ionization states using the Stewart–Pyatt IPD model. As de-
noted by the grey line, implosions can be designed to drive a Cr wit-
ness layer into L-shell average ionization states during stagnation; see
Sec. 3 for further details. Open circles in (b) denote the conditions
referenced in Fig. 6.
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to establish LTE among level populations. To estimate
where LTE is valid, we use the approximate validity cri-
terion of Griem [28]

Ne ≳ 3.9 × 1017z7
( kT
z2EH

)1/2( 4E2

3z2EH

)3
[cm−3], (2)

with temperature kT in eV, EH = 13.6 eV, E2 the exci-
tation energy of the resonant transition, and ion charge
z. For kT = 400 eV and z = 21 (Li-like Cr), E2 corre-
sponds to an n = 3 to n = 2 transition of roughly 900 eV
(see Fig. 2), and Ne ≳ 1.5× 1024 cm3, or ρ ≳ 6 g/cm−3.
As will be shown, the relevant conditions are a factor of
two more dense.
∆Ec and its impact on the mean ionization state Z̄

can be calculated with a screened-hydrogenic average-
ion model [6, 29, 30]. This simplified atomic model
treats electron correlations through screening coeffi-
cients. Shell populations, mean ionization Z̄, and IPD

are calculated self-consistently at a given plasma tem-
perature and mass density.1 Hydrogenic equations mod-
ified by the screening can be employed to calculate level
energies, oscillator strengths, excitation rates, and other
atomic data. As such, the model is approximate yet
computationally inexpensive, and a wide range of pa-
rameter space can be quickly surveyed to identify where
more-accurate, computationally expensive codes should
be deployed. In terms of discriminating between IPD
models, the model is of high utility, since it allows in-
terrogating the difference caused by IPD within a well-
defined (although approximate) model. Additional de-
tails are provided in the appendix.

Within the average-ion model, the magnitude of IPD
for the Ecker–Kröll and Stewart–Pyatt models is evalu-
ated according to [16]

∆EEK
c =

(Z̄ + 1)4/3

RIS/a0
× 27.2 eV (3)

∆ESP
c =

3
2

Z̄ + 1
RIS/a0

× 27.2 eV, (4)

where RIS =
( 4πNi

3
)−1/3 is the ion-sphere radius com-

puted at total ion density Ni, and a0 is the Bohr ra-
dius. The ion-sphere limit used for Stewart–Pyatt is
valid for

(RIS
λD

)3
>> 1, with Debye length λD =

[ 4πe2

kTe
(Z̄+

1) ne
]−1/2. To provide numerical values, we consider

chromium (Cr, Z = 24) as a representative mid-Z ele-
ment. The resulting Z̄ assuming ∆ESP

c is shown in Fig.
1(a). Ionization occurs with both increasing tempera-
ture (thermal ionization) and increasing density due to
increasing IPD (pressure ionization). The dashed con-
tours bound the region where Cr exists in an L-shell av-
erage ionization state. Figure 1(b) shows the difference
in Z̄ between EK and SP. Density and temperature states
in the vicinity of 40 g/cm3 and 400 eV tend to produce
differences in Z̄ exceeding one ionization state.

To discriminate between IPD models, an experimen-
tal constraint of Z̄ is required. The ionization balance is
encoded in the ionization-state–dependent energy hν of
the 1s − np transitions. Additionally, the high photon
energies near 6 keV and long inverse-Bremsstrahlung
attenuation lengths of these inner-shell transitions are
beneficial properties for diagnostics of dense plasmas,
since the associated spectrum can transmit through the
dense plasma environment to reach an external detector.

The screened-hydrogenic average-ion model can be
used to estimate the transition energy hν between shells

1The average ion model is fundamentally a plasma physics model.
The Z̄ that it predicts will not recover the electron carrier density of
ambient metals.

3



Figure 2: Energies of n = 1−2 (orange) and n = 1−3 (blue) transitions
in Cr as a function of ionization state from the screened-hydrogenic
average-ion model with a Stewart–Pyatt IPD. Vertical dashed lines
denote the closed-shell configurations of Ar-like, Ne-like, and He-
like. Horizontal dashed lines denote the Kα and Kβ energies. Transi-
tion energies increase substantially when ionizing through the L shell.
Trends are unaffected by choice of IPD model. For most charge states
the difference in transition energy lies within one standard deviation;
only Ne- and F-like differ by two standard deviations.
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of different principal quantum numbers n as a function
of Te and ρ. The model conceives a fictitious ion with
non-integer ionization state Z̄ to represent the average
ionization state of an ensemble of ions in thermody-
namic equilibrium. To estimate hν as a function of a
realistic integer ionization state Z j, we construct a his-
togram of all transitions having ionization Z̄ between
Z j − 1/2 and Z j + 1/2, and assign this distribution of
hν to the ionization state Z j. We repeat this for each
transition (n = 1 − 2 and n = 1 − 3) and each ionization
state Z j from the neutral atom (Z j = 0) to the hydrogenic
state (Z j = Z−1). Because of the simplified treatment of
electron correlations and the lack of angular-momentum
splitting, the absolute hν are approximate, but the model
captures the change of hν with increasing ionization.

The resulting hν for n = 1−2 and n = 1−3 transitions
are shown in Fig. 2. Error bars represent the standard
deviation of each hν distribution and convey the range
of hν that a given transition can assume. A large shift in
both the n = 1−2 and n = 1−3 transition energies is ob-
served with increasing ionization for L-shell ionization
states. These shifts are large enough to be resolved by
a moderate-resolution spectrometer E/∆E ≈ 200. Re-
quiring an L-shell ionization state (c.f. contours in Fig.
1) excludes the region of largest ionization difference
for Cr at densities above 10 g/cm3 and temperatures be-
low 50 eV, but still admits a region of a few hundred eV

and tens of g/cm3 where Z̄EK − Z̄SP ≈ 3. Given that con-
tributions of individual ionization states are observable
in the 1s − 2p spectrum, a difference of three ionization
states is easy to discern.

The 1s− 2p transitions of L-shell ions typically man-
ifest as line absorption when observed in a backlight-
ing geometry. The lack of 1s vacancies in the ground
state of L-shell configurations results in weak 1s − 2p
emission because such emission can only occur after
nonequilibrium pumping (e.g., photoionization) of a 1s
vacancy. However, the 2p vacancies present in ground-
state L-shell ions will admit 1s − np absorption transi-
tions for n ≥ 2. The 1s − 2p line absorption spectrum
from L-shell ions constitutes a measurement of the ion-
ization distribution and a constraint of IPD models in
dense plasmas.

We note that there exists a region of large difference
in Z̄ for ρ ≈ 10 g/cm3 and T < 10 eV. However, for
this region of Z̄ < 14, the 1−2 and 1−3 transition ener-
gies change little with ionization. Inferring Z̄ from these
transitions involves interpreting merged lines, introduc-
ing model uncertainty because a greater-than-expected
transition energy for a given ionization state is indistin-
guishable from greater ionization. Though there have
been efforts to accurately model the 1s − 2p transitions
of weakly ionized species [31], we avoid this uncer-
tainty by considering the more readily-interpretable K-
shell absorption of L-shell ionization states.

3. Discriminating between IPD models

3.1. Hydrodynamic simulations of implosions

Implosions can be designed to access conditions
where 1s − 2p absorption in L-shell Cr is sensitive to
the choice of IPD model. Previous experiments have
demonstrated the ability to produce 1s − 2p absorption
spectra in a variety of mid-Z layers in implosion shells
[32–35].

In a direct-drive implosion, laser ablation of the ex-
terior layers of the implosion shell establishes a pres-
sure of a few TPa [36] that accelerates the remaining
shell mass toward the capsule center. After accelerat-
ing to hundreds of kilometers per second, the remaining
shell mass performs compressive work on the gas-filled
core, rapidly heating and compressing the gas. At this
time, the gas not only emits a bright, broadband x-ray
spectrum, but also performs compressive work on the
plastic shell, launching a return shock outward through
the shell that heats and compresses the shell material as
it propagates. The x-ray radiation from the stagnated
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core is thus naturally co-timed to the shell compres-
sion, eliminating the need for an external x-ray source
to probe the atomic state of the shock-compressed shell.

We now consider the thermodynamic states accessed
by a Cr witness layer embedded in an implosion shell.
Figure 3(a) shows a laser pulse shape and target geom-
etry with a submicron Cr layer embedded in a plastic
(CH) shell. The Cr layer is kept thin to reduce gradi-
ents across the Cr during measurement while limiting its
optical depth [32]. An Ar dopant in the core increases
the brightness of the stagnation continuum flash without
producing line emission in the spectral range near the Cr
1s−2p absorption. Use of a thick, low-Z CH shell dras-
tically reduces hydrodynamic instability growth com-
pared to high neutron-yield inertial-confinement-fusion
implosions, while lowering the optical depth of the cap-
sule in the spectral range of interest.

Figures 3(b) and 3(c) show the conditions accessed
by the Cr layer and gas core of this capsule near
peak compression, as simulated by the 1-D radiation-
hydrodynamics code LILAC [21]. The Cr layer is ex-
pected to exceed temperatures of 200 eV, where IPD-
dependent Z̄ predictions diverge (see grey line in Fig.
1). Simultaneously, the hot Ar-doped core produces a
bright x-ray continuum in the spectral range around the
Cr 1s − 2p transition energy, acting as a backlighter for
an absorption spectrum of the compressed Cr. Figure
3(d) shows the evolution of the radiance exiting the core
and inner CH layer, calculated from the LILAC simu-
lations and integrated over the spectral range of 5 to
7 keV. Tabulated emissivities and opacities were used
[37]. This x-ray emission backlights the shell and makes
possible 1s − 2p absorption spectroscopy of the com-
pressed Cr at temperatures above 100 eV and densities
around 40 g/cm3.

3.2. Radiative transport model
To quantitatively determine how IPD models influ-

ence an observable spectrum, we simplify the implosion
into a backlit slab geometry. We consider only a back-
lit slab because the effects of the implosion geometry on
the transmitted spectra has been explored previously, in-
cluding line-of-sight effects [38], mix [39, 40], and gra-
dients [40]. The model system consists of a Planckian
spectrum Bν of temperature Tr incident on a homoge-
neous slab of material with temperature Te, mass den-
sity ρ, and thickness ℓ. This is akin to having an opti-
cally thick point-like core, optically thin CH layers, and
negligible limb-brightening of the shell at the photon
energies of interest. The collisional-radiative spectral
modeling code PrismSPECT [41] is used to calculate
the emission and linear attenuation coefficients jν(Te, ρ)

Figure 3: (a) Geometry and laser pulse shape used in 1-D LILAC
radiation-hydrodynamic simulations. Simulated temperature (red)
and density (blue) averaged over (b) the Cr layer and (c) the D2–Ar
core plotted as a function of time during stagnation. Colored bands
indicate the ranges of temperature and density across the given layer.
(d) Radiance emitted by the core and inner CH layer in the spectral
range of 5 to 7 keV, calculated by post-processing LILAC radial pro-
files. Emission persists after the Cr is heated by the return shock,
backlighting the ionized Cr and enabling absorption spectroscopy.

and αν(Te, ρ) of Cr in the spectral range of the 1s−2p ab-
sorption feature (5300 eV < hν < 5800 eV). jν and αν
are functions of the ionization states present at a given
temperature and density, and therefore depend on the
IPD model used. The transmitted spectral radiance (or
specific intensity) Iν is given by the solution to the equa-
tion of radiative transfer in one dimension,

Iν = Bν(Tr)e−ανℓ +
jν
αν

(
1 − e−ανℓ

)
, (5)

where the explicit dependence of jν and αν on ρ and Te
has been suppressed.

To determine the sensitivity of the inferred thermody-
namic state to the choice of the atomic physics model,
we analyze a single synthetic spectrum with different
IPD models. We use Eq. 5 as our model, plus an addi-
tive constant to simulate background and a multiplica-
tive constant to simulate unknown detector gain:

Iν = G ×

[
Bν(Tr)e−ανℓ +

jν
αν

(
1 − e−ανℓ

)]
+C. (6)

The model contains six free parameters: core radiation
temperature Tr, slab temperature Te, slab density ρ, slab
thickness ℓ, background signal C, and gain G.

We restrict our analysis to the coupling of uncertainty
between the thermodynamic state of the plasma and the
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choice of atomic model, and therefore do not model any
systematic or random uncertainties associated with the
spectrometer or detector beyond a multiplicative con-
stant. Noise on Iν is not generated but could be done for
each photon energy bin by sampling Iν from a proba-
bility distribution representative of the diagnostic noise
characteristics.

The atomic physics model yielding αν(Te, ρ) and
jν(Te, ρ) requires the choice of an IPD model, either EK
or SP. The spectrum being analyzed, which we will re-
fer to as the “synthetic data,” is generated from Eq. 6
with known true values of each of the parameters, in-
cluding the choice of IPD model to determine jν and
αν. EK is used to generate the synthetic data and is the
true IPD model in all cases considered. To systemat-
ically track correlations among all parameters and ex-
plicitly incorporate prior knowledge into parameter es-
timates, Bayesian inference [42] with a Gaussian like-
lihood function is performed on the synthetic data us-
ing the model of Eq. 6. Uniform prior distributions
for each of the six free parameters were chosen to be
wide enough to not truncate the posterior distributions.
A Pyro-based sampler was used to explore the Gaussian
likelihood [43, 44]. The inference was performed once
for each IPD model, resulting in one set of posterior dis-
tributions for each of EK and SP.

This analysis leverages the relationship between IPD
and the ionization balance encoded in the jν and αν. Pre-
vious IPD studies have focused on other consequences
of IPD, including the reduction in the photoionization
energy of core electrons [12] and the delocalization of
upper-state orbitals [11]. Other studies have provided
indirect evidence for particular IPD models by match-
ing experimental observables to IPD-dependent results
of radiation-hydrodynamic simulations [14, 35]. This
latter class of study assumes that plasma conditions are
known and determines how well different models re-
produce some observable. We instead take a forward-
modeling approach, identifying the conditions that dif-
ferent models require to reproduce the observed absorp-
tion spectrum. This approach decouples our analysis
from computationally expensive hydrodynamic simula-
tions.

3.3. Inference and model comparison
Synthetic data were generated using the parameters

in Table 1. Uncertainty of the measurements was as-
sumed to be 5% of the maximum Iν value in the range
of the spectrum considered. This corresponds to an ideal
case in which the spectrometer and detector do not con-
tribute to the signal variance [35]. Figure 4 shows the
90% highest-density intervals (HDIs) of the EK and SP

posterior predictive distributions. Both models are ca-
pable of producing reasonable fits to the synthetic data.
This is because PrismSPECT’s implementation of IPD
only modifies the state populations and ionization po-
tentials in the atomic kinetics calculation, and does not
affect the atomic structure, transition energies, or oscil-
lator strengths. In general, the ability of a model to re-
produce observed spectra is insufficient evidence for the
model’s validity.

Figure 5 shows contours of the posterior distributions
of the model parameters for EK and SP correspond-
ing to the posterior predictives of Fig. 4. First, the
EK model accurately captures the true parameter values
used to generate the synthetic data. This is expected,
since EK was the true model for the synthetic data, yet
it is still an important demonstration in establishing an
accurate analysis method. Second, the two IPD models
yield posterior distributions of Te which are mutually
exclusive. To discriminate between the models, the pre-
cision of an experimental measurement of temperature
must be good enough such that its probability density
distribution coincides with only one of the model pos-
teriors. The more exclusive the model posteriors at the
given conditions, the less precise an experimental mea-
surement needs to be in order to discriminate between
the models. For this idealized geometry, the 90% HDI
of an accurate temperature measurement must lie within
roughly 20% of the true value to exclude a majority of
the SP posterior and favor the true EK posterior. In-
ferred values of the plasma parameters of ρ, Tr, and ℓ are
only modestly influenced by the choice of IPD model,
and their measurement in an experiment would not sub-
stantially improve our ability to discriminate between
the two models.

The inference’s ability to discriminate between IPD
models is directly related to the difference in predicted
Z̄. To demonstrate this, we have repeated the synthetic

Table 1: True parameter values used to generate synthetic data of Figs.
4 and 5.

Quantity Parameter Value
Radiation temperature Tr 600 eV

Cr temperature Te 400 eV
Cr density ρ 40 g/cm3

Cr thickness ℓ 10−6 cm
Background C 0.03 J/s/m2/sr/Hz

Gain G 1
IPD model None Ecker–Kröll
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Figure 4: (a) Backlit slab geometry used to generate and analyze synthetic spectra. Posterior predictive distributions of the (b) Ecker–Kröll and
(c) Stewart–Pyatt IPD models plotted over synthetic spectra (black points) using the parameters listed in Table 1. The 90% HDI is shown by the
colored bands. Stewart–Pyatt can accurately represent the Ecker–Kröll–simulated spectrum, but gives statistically different temperature-density
conditions (see Fig. 5).
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Figure 5: (a) Single-parameter and (b) joint posterior probability dis-
tributions of a subset of the model parameters, corresponding to the
posterior predictive distributions of Ecker–Kröll (red) and Stewart–
Pyatt (blue) in Fig. 4. Values used to generate the spectra are indicated
in (a) by vertical dashed lines and in (b) by open black circles. The
two models require statistically different temperature-density condi-
tions to match the synthetic spectra.

analysis at other Te and ρ conditions. The other model
parameters listed in Table 1 were not changed. Cases
were chosen to cover a range of predicted differences in
Z̄ [see open circles in Fig. 1(b)]. The difference in Z̄
between the IPD models tends to increase with increas-
ing temperature and density. The mean and 90% HDIs
of the inferred posterior distributions of temperature are
shown in Fig. 6. As was the case in the previous ex-
ample, only temperature offers leverage to discriminate
between models. The cases which possess greater dif-
ferences in Z̄ between the IPD models (here, higher Te
and ρ) also yield greater divergence in inferred temper-
atures. These cases would have a correspondingly more
lenient requirement on the uncertainty of an experimen-
tal temperature measurement.

Addition of a spectroscopic thermometer that does
not rely on the ionization balance would enable discrim-
ination between models. While the ionization balance
is affected by IPD (see Eq. 1), excitation balances are
not affected by IPD and could constitute an independent
measure of temperature. By doping the witness with
a lower-Z species, which ionizes to a K-shell charge
state at the achieved conditions, one could simultane-
ously measure higher-series 1s−np emission lines from
a single ionization state of the dopant and extract a tem-
perature from the corresponding line ratios (e.g. of He-
like 1s−2p and He-like 1s−3p). Care must be taken to
ensure that the lower-energy line emission of the lower-
Z species is still penetrating enough to escape the dense
plasma environment to be useful for measurement. Ad-
ditionally, there is value in doping with a species similar
in Z to constrain the Z-scaling of the IPD [15].
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Figure 6: Mean and 90% HDIs of temperatures inferred by EK (red)
and SP (blue). Synthetic data were generated at (a) varying temper-
atures and 40 g/cm3 and (b) varying densities and 400 eV. Posterior
distributions become increasingly exclusive with higher temperature
and density, corresponding to conditions where EK and SP predict in-
creasingly different Z̄.
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4. Conclusion

Extreme drivers are required to access the extreme
conditions relevant to stellar interiors and fusion plas-
mas. Spherical implosions are an attractive option for
their ability to assemble dense matter and simultane-
ously probe its material properties. To guide future IPD
studies in implosions, we have demonstrated that 1s−2p
absorption spectra of L-shell ions can discriminate be-
tween the Ecker–Kröll and Stewart–Pyatt IPD models
by experimentally constraining the ionization distribu-
tion. In the cases considered, higher compression leads
to a greater ability to discriminate between IPD mod-
els, further motivating the pursuit of measurements at
higher densities.

The framework we have presented can be extended
to quantitatively study the interplay between diagnos-
tic performance and physics inference. Spectral resolu-
tion, detector noise characteristics, and thermodynamic
gradients can degrade the inference by either increas-
ing measurement uncertainty or increasing the number
of parameters required to represent the thermodynamic
states. Future work includes determining the impact of
these experimental realities on the ability to discrimi-
nate between models. Additionally, other atomic mod-
els such as density-functional theory can be compared to
identify the set of models consistent with a given mea-
surement.

Implosions are an underutilized resource for studying
atomic physics of dense plasmas, since they produce the
highest density conditions achievable in the laboratory.
Methods are emerging for constraining thermodynamic

states during the implosion, mitigating previous issues
of characterization. By revealing regions of parameter
space that best constrain atomic models, this framework
can extract the elusive microphysics that dictates the na-
ture of matter at extreme pressures.
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Appendix A. Screened Hydrogenic model

The screened hydrogenic model is a computationally
inexpensive atomic model for estimating material and
radiative properties of any ionization state of any ele-
ment [6, 29, 30]. Correlations between bound electrons
are treated through a screening matrix. The screening
matrix σi j describes how the ith electron reduces the ef-
fective nuclear charge acting on the jth electron. Hy-
drogenic equations modified by the screening are em-
ployed to calculate level energies, oscillator strengths,
excitation rates, and other atomic data. The model is
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approximate yet computationally inexpensive. Due to
its simplicity, the model can be modified and applied to
a range of problems.

The screened-hydrogenic average-ion model con-
ceives a fictitious ion of fractional charge and frac-
tional shell populations, representing the average quan-
tum state of all ions in the plasma. Plasma effects are
introduced by allowing shell populations Pn to fluctuate
in response to a prescribed temperature T and density ρ.
Dense plasma effects can be included through ionization
potential depression.

To initiate the model, mass density ρ, temperature T ,
and a trial mean ionization state Z̄ are given. These
are used to calculate the chemical potential µ of the
plasma, the ionization potential depression ∆Ec (IPD),
and a pressure-induced occupation factor gn. Next, gn

is solved self-consistently with Fermi-distributed shell
populations Pn, the screened nuclear charges Qn, and or-
bital radii Rn. The energy levels En are determined self-
consistently with Pn, Qn, and Wn. The mean ionization
state Z̄ can then be calculated by summing over the Pn of
bound levels, defined as the levels having En+∆Ec > 0.
This entire loop must be iterated to achieve convergence
between the trial Z̄ and the calculated Z̄. Definitions and
equations are shown in Table A.2, and a graph of the
workflow is shown in Fig. A.7.

𝜌

Δ𝐸!

𝜇 𝑃"
𝑊" 𝐸"

𝑄"𝑔"
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Figure A.7: Average ion workflow. Black arrows indicate dependen-
cies. Red arrows indicate recursive loops requiring a self-consistent
solution. The red arrow begins and ends on the quantity requiring
iteration. The order in which the self-consistent loops should be per-
formed is noted by the red numbers. See Table A.2 for equations.

A consequence of coupling the atom to the plasma
environment is that Z̄ has no closed form solution. A
self-consistent solution must be found by iterating over
circularly dependent equations until the calculated value
equals the input value to within some tolerance. There
are three quantities that require such solution: (1) gn by
iterating over gn − Pn −Qn −Rn, (2) Pn by iterating over
Pn − Qn − Wn − En, and (3) Z̄ by iterating over the en-

tire calculation. If the difference in calculated and input
values of some quantity f exceeds the user-specified tol-
erance for any of these loops, the new input value f new

input
is taken as a linear mixing of the previous input value
f old
input and the calculated value f old

calc:

f new
input = (1 − c) × f old

input + c × f old
calc. (A.1)

Values of the mixing coefficient c ∈ (0, 1) are chosen
to aid convergence. Values near 0.5 tend to be optimal.
Through inclusion of µ, ∆Ec, and gn, this model approx-
imates the impact of the dense plasma environment on
Pn and Z̄. The screened hydrogenic model used for all
relevant calculations in this paper has been made avail-
able [45].
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[8] J. Daszyńska-Daszkiewicz, P. Walczak, A. Pamyatnykh,
W. Szewczuk, Testing stellar opacities using asteroseismol-
ogy, arXiv 10 (2019) 136–141. arXiv:1912.00409, doi:

10.48550/arXiv.1912.00409.
[9] M. Le Pennec, S. Turck-Chièze, S. Salmon, C. Blancard,
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