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ARTICLE INFO ABSTRACT

Keywords: Experiments to measure oxygen opacity at stellar interior conditions have been performed at the National
Stellar interior Ignition Facility in a Discovery Science campaign. These experiments utilize the Opacity-on-NIF platform with
Opacity a sample comprised of O, Mg, and Si. The spectral data from the Opacity Spectrometer cover the 1000-
Oxygen

2000 eV photon energy range showing bound-free continuum absorption from O and line absorption from
Mg and Si. DANTE and the Gated X-ray Detector are employed to measure the sample plasma’s temperature
and density, respectively. Initial data show lower transmission than expected by theoretical models, raising
questions of whether potential background or data uniformity concerns could produce systematic errors in the
inferred transmission. Here, we investigate three concerns thought to be important for the oxygen opacity data,
including instrumental scattered background, sample self-emission non-uniformity, and backlight continuum
non-uniformity. Additionally, we show the effect of a recently developed method to account for 2nd order
crystal reflection. The total effect of these concerns on one experiment is found to be small compared to the
observed difference between the inferred transmission and a model calculation at the inferred temperature and
density. Thus, we conclude that these potential sources of systematic error cannot account for the observed
difference, increasing the likelihood of a real effect due to the high temperature and density conditions.
However, because this is only a single experiment, we cannot make a firm conclusion. More experiments
measuring the opacity and necessary calibrations are needed to assess the reproducibility and uncertainty of
this result.

1. Introduction was that the opacity of matter in the vicinity of the solar CZB might be

higher than what opacity models predicted. Experiments performed at

Stars are a fundamental part of nearly all areas of astrophysics.
Our understanding of their structure and evolution is foundational for
understanding the systems in which they exist, from planetary systems
to galaxies. Opacity is an important quantity for modeling stars, and
over the past two decades, our ability to accurately calculate opacities

the Z Machine measured the opacity of iron at conditions approaching
the solar CZB conditions [2,4], and they found that as temperature and
density were increased, models began to underpredict the measured
opacity. This measurement has spurred much theoretical effort [5-17]

at stellar interior conditions has come into question [1,2].

In 2005, a revision to the measured abundances in the Sun [3]
led to the discovery that standard solar models no longer agreed with
helioseismic measurements in several key quantities, one of which is
the location of the solar convection zone boundary (CZB) [1]. One
hypothesis that was put forward to potentially resolve this discrepancy
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that has attempted to explain the observed differences between models
and measurement, but the reason for this discrepancy remains an open
question. A complementary experiment was soon developed at the
National Ignition Facility (NIF) to reproduce the measurements [18-
20].
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Fig. 1. Stellar interior tracks in the temperature-density plane for (a) a solar model
and (b) a DQ white dwarf model. Dashed lines indicate convective regions in each
model. The green square indicates the conditions of interest for the oxygen opacity
experiments, overlapping with the convection zone base in both models.

The above work began with measuring iron for two reasons: (1) it
is predicted to be the second largest contributor to the Rosseland mean
opacity near the solar CZB, and (2) at these conditions, it produces
a very complicated spectrum that is difficult to model, making it a
likely candidate for inaccuracies. However, the largest contributor to
the opacity at the CZB is predicted to be oxygen. At CZB conditions
(T, ~190 eV, n, ~1e23 e~/cm?), oxygen has 0 to 2 bound electrons,
and it produces a relatively simple spectrum. One of the difficulties in
calculating opacities at these conditions is how the model treats density
effects, e.g. line broadening, continuum lowering, etc. This will be more
important for a low-Z element like oxygen, in which the electrons
are less tightly bound than iron, thus they can be more strongly
perturbed at high densities. If the models are not handling density
effects properly, then it could affect line widths, opacity windows, and
the charge state distribution. Opacities have never been measured and
benchmarked for CZB conditions, so the opacities that are presently
used for modeling the Sun are only from a best-theory effort.

Additionally, oxygen opacity experiments can impact our under-
standing of white dwarf (WD) star physics. White dwarfs are stellar
remnants from stars below about 10 Mg, which accounts for around
97% of all stars. They have degenerate cores composed of a mixture
of C and O, and their thin atmospheres generally contain H, He, or C,
depending on their spectral type. Once a star becomes a WD, it is no
longer capable of generating energy in the core, therefore, it only cools
with time. This allows populations of WDs to be used as chronometers
for measuring the ages of different morphological components of the
Galaxy [21,22], revealing the age and assembly history of the Galaxy.
Opacities are an important part of modeling the structure of WDs and
how quickly they cool. Additionally, the DQ class of WDs, which has C
and sometimes O in its atmosphere, has a convection zone boundary
with very similar conditions to those of the Sun’s CZB, as shown
in Fig. 1. A discrepancy in the opacity of oxygen or carbon, which
would be similarly affected by treatments for density effects, could
affect predictions of when and where convection zones form in WDs,
which will in turn affect WD cooling models and by extension, the
inferred ages of their populations. In addition, some of the DQ WDs
are thought to be the result of mergers that failed to become Type Ia
supernovae [23]. Improving the accuracy of modeling these stars could
help our understanding of this important phenomenon.

Experiments to measure the opacity of oxygen are being performed
at both Z (starting in 2019) [24] and NIF (starting in 2021) using
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Fig. 2. (a) Laser target showing the hohlraum, capsule, and conical limiting aperture.
The sample is at the center of the hohlraum. Diagnostic viewports are visible at the
equator of the hohlraum. (b) Top down view of the sample in the hohlraum from
the direction of the spectrometer. (c) Cartoon diagram (not to scale) demonstrating
how the spectrometer setup produces three separate regions on each of the two image
plate (IP) detectors. The radiation from the backlight (bottom) propagates through the
heated sample plus tamper (red) and tamper-only (blue) toward the detectors (top).
The regions are sample absorption “A”, backlight continuum “C”, and self-emission
“E”.

similar methods to the experiments at each facility involving iron.
This article provides an overview of the oxygen opacity experiments
at NIF and then focuses on the investigation of three potential sources
of systematic error in the experiments. Some of the findings here
are also relevant to other experiments performed with the Opacity-
on-NIF platform. Section 2 presents an overview of the platform and
the specific differences necessary for fielding oxygen samples. This
section also describes the diagnostics used and spectral data collected.
Section 3 discusses the experimental results from tests to characterize
three potential sources of systematic error due to background or data
uniformity concerns. Finally, Section 4 concludes with a summary of
the findings and some final remarks.

2. Experiment

The experimental setup is based upon the Opacity-on-NIF plat-
form [19,20], which was originally developed for studying iron opacity
at NIF. The laser target [25] (Fig. 2a) consists of four primary com-
ponents: a hohlraum, a backlight capsule, a conical aperture, and the
sample foil (Fig. 2b). Much of the setup is identical to that used for the
iron experiments at NIF, but there are some important differences that
we will discuss here.

The hohlraum is the “Apollo” style hohlraum [26]. It consists of
two conical end caps connected in the middle by a tapered cylinder. At
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each end is a laser entrance hole (LEH) that allows the laser to drive
the hohlraum with 64 (up to 96) NIF beams. The hohlraum geometry
shields the sample from directly viewing the laser spots. At the equator
of the cylindrical section, there are two rectangular holes on opposite
sides, which are used as diagnostic viewing windows. The sample foil
is placed at the center of the hohlraum in the equatorial plane with its
long edge toward the viewing windows.

The opacity sample consists of a small 1 mm x 2 mm foil tamped
with either 6 pm or 15 pm of CH plastic on top and bottom. The
tamper thickness controls the speed of expansion, with a thicker tamper
producing a higher density plasma. The tamper material extends out to
the hohlraum wall on each side and is used to suspend the sample in the
center of the hohlraum. The sample materials for these oxygen opacity
experiments are either MgO, a bi-layer of MgO and SiO,, or, more
recently, SiO, co-sputtered with Mg. The first two sample types listed
produce two different oxygen areal densities that differ by roughly
a factor of two, i.e. ~ 7.5x10'8 and ~ 1.5x10'° O/cm?. The more
recent co-sputtered samples allow independent adjustment of the O
and Mg areal densities, which have been used to create even thicker
samples containing up to ~3 x 101° O/cm?. Large areal densities
of oxygen are required for a sufficient oxygen absorption signal at
the relevant conditions, making the samples relatively thick. Varying
the oxygen areal density allows for the use of Beer’s Law to check
the reproducibility in the measured opacity from samples of different
optical thickness. Aside from providing oxygen-containing compounds
with which to make samples, the magnesium and silicon can also be
used to diagnose the temperature and density of the sample plasma
spectroscopically. This can be used as a consistency check with the
primary temperature and density diagnostics from DANTE and GXD;
however, the spectroscopic method is not used in this article.

The backlight [27] is an empty spherical CH capsule placed ~30 mm
below the sample. The capsule is driven by 96 NIF beams to create
a short (~300 ps), bright, broadband source of X-rays to backlight
the opacity sample. The conical aperture placed between the capsule
and the hohlraum acts to limit the viewable size of the backlight
source to ~400 pm. In the oxygen opacity platform, a detached cone is
used in order to avoid the use of oxygen-containing glues. Typically,
an attached-cone backlight has been used on other Opacity-on-NIF
experiments.

2.1. Diagnostics

Multiple diagnostics are fielded during each experiment to char-
acterize the sample and experiment performance. The primary diag-
nostics include an X-ray spectrometer, two DANTE instruments, and a
time-gated pinhole imager.

The Opacity Spectrometer (OpSpec) [28] is the primary diagnos-
tic for measuring the opacity. It employs two elliptically-bent X-ray
crystals, typically potassium acid phthalate (KAP), to measure the
photon energy resolved transmission through the opacity sample. This
is accomplished by utilizing the point-projection geometry of the back-
light radiation propagating through the sample and tamper toward
the detector area (Fig. 2c). The angled sides of the hohlraum cylinder
and asymmetric LEHs prevent the OpSpec from viewing any part of
the hohlraum itself. The configuration produces three distinct regions
on each of the two image plate (IP) detectors. The inner-most region
“A” records the attenuated backlight signal resulting from absorp-
tion through the opacity sample plus tamper (red region inside the
hohlraum). Moving outward, the next region “C” records the backlight
continuum signal passing through the tamper-only areas (blue region
inside the hohlraum) to each side of the sample material. Finally, the
regions labeled “E” are blocked from seeing the backlight and only
receive the signal from the sample and tamper self-emission. Fig. 3
shows each of these regions in image plate data from bottom to top,
respectively. This data is discussed further in Section 2.2.
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Fig. 3. Spectral image from shot N210615-1 with a MgO+SiO, sample. The regions
are labeled sample absorption “A”, backlight continuum “C”, and self-emission “E”.
Photon energy increases toward the right.

Two DANTE [29,30] instruments are used in the experiment.
DANTE-1 views the lower LEH and backlight capsule, which allows
precise determination of the capsule flash time and, thus, when the
sample probe time occurs. A dedicated capsule-only shot is required
to characterize the temporal evolution, radiation temperature, and dis-
tribution of the backlight capsule emission alone [27]. DANTE-2 looks
through a side window in the hohlraum and monitors the emission from
the hohlraum’s inner wall at a location near the opacity sample [31].
This measurement provides a method to infer the temperature in
the sample. Simulations with LASNEX [32] are used to connect the
hohlraum wall temperature with that of the sample. These simulations
indicate that the sample temperature is ~4 €V higher than the DANTE-2
wall temperature measurements [31].

Lastly, the gated X-ray detector (GXD) [33,34] is a time-gated X-
ray pinhole camera used to observe the sample edge-on through a
second side window in the hohlraum as the sample expands [35]. The
sample areal density is measured by General Atomic’s Autoedge instru-
ment [36] when the samples are manufactured. This is combined with
the sample expansion thickness at probe time to give a measurement
of the plasma ion density. To estimate the electron density, an estimate
for the average ionization of the plasma is necessary. A rough estimate
is obtained by assuming ionizations of 7 for O, 10 for Mg, and 12 for
Si. Better estimates can be obtained from spectral synthesis codes, such
as PrismSPECT [37], ATOMIC [38,39], or SCRAM [40,41].

2.2. Spectral data

Fig. 3 shows the spectral image data from shot N210615-1' with
a bi-layer sample of MgO and SiO,. The different spatial regions of
the spectrum are labeled A, C, and E from bottom to top for sample
absorption, backlight continuum, and self-emission, respectively. The
vertical direction will be referred to as the spatial axis. Photon energy
increases toward the right. In the absorption region, the He-like series
of Mg and its Li-like satellites are visible near the center of the range.
Toward the right end is the He-a line of Si and its satellite lines.
Throughout the whole range, the bound-free absorption continuum
from oxygen is present, and there is additional bound-free continuum
absorption from Mg to the right of its He series. Spanning the whole
spatial axis, at the left side and just right of center, are absorption edges
of Na and Al from filters in the spectrometer. The edge-like feature
toward the right side is a reflectivity feature seen in 2nd order from
the KAP crystal.

The scanned IP data are first converted to units of photostimulated
luminescence (PSL). A rotation is applied to make the backlight spatial

1 The NIF shot notation begins with an “N”, followed by two digits each
for the year, month, and day. Finally, a daily sequence number is appended
with a dash to indicate the shot’s number within that day.
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Fig. 4. Schematic diagrams of three experimental configurations to investigate poten-
tial sources of systematic error. In each case, each component is labeled “Normal” or
“Driven” if it is the same as it would be in a standard shot. Other labels indicate
some difference from the standard shot configuration. (a) shows a configuration that
measures extra background signal due to scattered X-rays and fluorescence within the
OpSpec. (b) shows a configuration that provides a measurement of the uniformity
of the self-emission component across the spatial extent of the detector. (c) shows a
configuration used to measure the uniformity of the backlight signal over the continuum
and absorption regions.

peak horizontal. The filter and crystal edge features are then used
to skew the image horizontally in order to align the photon energy
axis along the spatial dimension. Finally, the wavelength calibration
is performed with a dispersion model for OpSpec, again using the edge
features as wavelength fiducials. A simple transmission spectrum can be
extracted by taking horizontal lineouts from each of the three regions,
subtracting out the emission contribution from both the continuum and
absorption, and dividing these results as summarized by T = (A —
E)/(C—E).

In the process of computing the transmission, one can determine
the relative contribution of 2nd and higher crystal orders to remove
from the numerator and denominator by following the procedure out-
lined in Hobbs et al. [42]. Additionally, depending on the location of
the lineouts relative to the boundaries between regions, a penumbral
correction may need to be applied, as discussed in Dutra et al. [43].
For this study, the 2nd and higher order corrections are applied where
relevant, but the penumbral correction is not because, for the data that
are used, it was determined to be unnecessary.

The above process does not account for some potentially important
sources of background and data uniformity concerns. First, it assumes
that the emission component of the spectrum, as given by region E, cap-
tures all background sources that contribute to the measured signal and
that these are uniform over the spatial axis. Second, it assumes that the
isolated emission signal from region E is uniform over the spatial axis
and is representative of the emission signals in both regions C and A.
Third, it assumes that the backlight signal, as measured by region C, is
uniform over the spatial axis and is representative of the unattenuated
backlight intensity within the absorption region A. For each of these
assumptions, dedicated experiments must be performed that isolate and
measure each situation to verify whether or not the assumptions are
valid. In the next section, we elaborate on our investigation into each
of these issues and what has been found.

3. Background and data uniformity

There are multiple possible concerns regarding background or data
uniformity that, unless properly accounted for, could render the trans-
mission measurement inaccurate and produce systematic errors in the
inferred opacity. Here, we discuss three of these possible concerns:
scattered background, self-emission non-uniformity, and backlight non-
uniformity.
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In order to measure the effects of each of these concerns, we design
“null” shots that isolate one potential concern and measure its spec-
trum. Fig. 4 shows schematics for three different types of experiments
to provide information on each of these possible sources of systematic
error.

The first of these, Fig. 4a, shows an experimental configuration that
isolates one possible source for extra background signal in the data.
There may be others. In this case, the primary difference from the
normal experimental setup is that the diffracting element within the
spectrometer is removed. The rest of the hardware, e.g. crystal mounts,
detector boxes, filters, etc., are still included in the instrument. This
configuration provides a measurement of any radiation reaching the
detector that was either scattered within the instrument or the result
of fluorescence of the instrument hardware.

In the second panel, Fig. 4b, the experiment is set up just like a
standard experiment, except there is no backlight source. This allows
for a measurement of the sample self-emission only, which can show
how uniform this signal is over the spatial axis of the detector. This
configuration would also capture any extra background signal that
arises from this section of the platform when the hohlraum is driven.

The last panel, Fig. 4c, shows an experimental configuration for
which the goal is to measure the uniformity of the backlight source
spectrum over the detector plane. There are multiple options for what
to do with the hohlraum and sample in this scenario. The version that
we will focus on is one in which the hohlraum is empty and not driven
by lasers. In this case, the hohlraum primarily acts as an aperture in
the same way as it does in a standard experiment. Additionally, since
the oxygen platform uses a cone collimator that is detached from the
capsule, that will be the type used here.

The following subsections examine data from experiments with each
of these configurations to assess the effect they have on an oxygen
dataset. We proceed in step-wise fashion, beginning with the simplest
version of the inferred transmission as a baseline, then applying each
correction to the previous result in four steps: (1) 2nd order correc-
tion, (2) scattered background subtraction, (3) self-emission uniformity
correction, and (4) backlight uniformity correction.

3.1. Baseline spectrum

In order to assess the effect of each of these background/uniformity
concerns, we work with the spectral data from oxygen shot N220316-1,
hereafter referred to as “S04”. This is a shot with a bi-layer sample
of SiO, and MgO with 15 pm of tamper on both sides. DANTE and
GXD infer electron temperature and density conditions of T, =142 + 7
eV and n, = (2.1 + 0.3) x10?? electrons/cm?, referred to as Anchor
1+ (i.e. lower temperature, higher density) following the system estab-
lished in Bailey et al. 2015 [2]. In this particular shot data, information
from both OpSpec IPs is combined to make the best inference of the
transmission. The absorption lineout came from IP2, since that area
of IP1 was severely cut off, making it the only option. The emission
lineout came from IP1 because there was filter breakage evident in IP2,
altering the signal there. In locations where there was no breakage,
the emission signals from both IPs agreed well. Finally, the backlight
continuum lineout also came from IP1, which had a higher signal than
IP2. The lineout from IP1 was chosen because the distance between the
A-C and C-E boundaries was found to be larger in IP1, meaning that the
backlight signal was less likely to be artificially reduced in this IP due to
blending from the neighboring A and E regions. Each of these lineouts
is shown in Fig. 5a and were taken from locations where the spatial
profiles became relatively flat, indicating that there was no significant
blending from neighboring regions. Derivatives of the spatial profiles
were used to confirm this result, as well as to find the aforementioned
region boundaries. Consequently, a penumbral correction [43] is not
necessary for these data.

Computing the transmission from these lineouts gives the black
trace in Fig. 5b, which we take as our baseline transmission prior to ap-
plying any corrections that we find in the following investigation. Also
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Fig. 5. (a) Lineouts from the backlight continuum (red), absorption (blue), and
emission (green) taken from the N220316-1 shot data. (b) The resulting baseline
transmission from the above lineouts before applying any corrections (black) and the
transmission with the 2nd order correction [42] applied (red). In blue is a PrismSPECT
10.0.0 [37] model calculation at the inferred conditions with the shaded region showing
the model variation, given the T, and n, uncertainties. (c) Breakdown of the model
spectrum into elemental contributions showing that the continuum regions below 1500
eV are dominated by oxygen bound-free absorption.

shown in this panel is the transmission (red) resulting from applying
the 2nd order correction according to Hobbs et al. 2024 [42]. In each
of the following sections, the 2nd order correction must be applied to
the corresponding corrected (A-E) and (C-E) spectra, which may alter
its effect slightly, but this gives a sense of the level of effect the 2nd
order correction has in general. This effect will be included in the final
assessment of the total effect of the set of corrections as compared with
the baseline transmission (black). Finally, also shown in panel b of this
figure is a calculated transmission (blue) from PrismSPECT 10.0.0 [37]
at the inferred conditions. The shaded region surrounding the line
shows the extent of the variation due to the T, and n, uncertainties. The
calculated spectrum is broken down into its elemental contributions
in Fig. 5c, showing that the continuum regions below 1500 eV are
expected to be dominated by oxygen bound-free absorption.

3.2. Scattered background

The goal of a scattered background null shot (Fig. 4a) is to measure
the spatial distribution of this signal on the detector plane and to be
able to subtract it from other shot data as a correction. Image data
from oxygen shot S04 is shown in Fig. 6a, and the data from scattered
background null shot N210922-3 is shown in Fig. 6b. In order to
accomplish this goal, the null data image must be aligned and often
scaled to match with the background present in the standard data
image. Once this procedure is complete, the scattered background can
be subtracted [44]. Then one can continue with the steps that are
necessary to obtain the transmission.

The result from applying this correction to the S04 shot data is
shown in Fig. 6¢ as the red trace. The overall effect is relatively small
and primarily affects the lower photon energy region. However, the
effect on the inferred opacity in this area is up to 10%-15% in this
case.
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Fig. 7. (a) and (b) show spatial profiles from OpSpec IPs 1 and 2 from shot N230801-
3. The red, green, and blue sample profiles correspond to lower, middle, and higher
photon energy areas of the spectral image. Vertical black lines indicate the positions
of the E (solid), C (dashed), and A (dotted) lineout boundaries. (¢) shows the result
(red) of scaling the E region lineout prior to subtracting it from the C and A lineouts.
This is compared with the previous result (black) from Fig. 6.

3.3. Self-emission uniformity

There are two objectives of measuring the self-emission spectrum
alone (Fig. 4b): (1) Assess whether the signal is uniform (i.e. flat)
over the spatial dimension or measure how it varies. (2) If it is not
uniform, this measurement gives a quantitative way to correct for the
non-uniformity by scaling the emission region according to how it is
found to vary as a function of position.

To assess this, we examined spatial profiles from emission-only null
shot N230801-3 (S09). A sample of these profiles are shown in Fig. 7
panels a and b. The emission signal is strongest at low photon energies
(red) and weakens toward higher photon energies (green then blue).
These show that there is non-uniformity along the spatial direction
in the emission data, with a depression toward the central axis of
the instrument. Similar profile shapes have been seen in other self-
emission shots with different sample types but with the same laser drive
type. This may suggest the existence of attenuating material on axis
in the hohlraum, but this hypothesis has not been verified. To assess
the level of effect this non-uniformity may have on the transmission,
the relative locations of the spectral lineouts from S04 were overlaid
onto to these profiles, and since there are no reference points in this
direction these were centered between the edges. The values within
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Fig. 8. (a) Spatial profiles from two different positions in the image data from
detached-cone backlight null shot N230906-1. Vertical dotted lines indicate the loca-
tions of E, C, and A lineout regions (left to right) based on those from S04 positioned
relative to the E-C boundary location (i.e. center of slope). (b) and (c) show the results
(red) of scaling the backlight continuum spectrum by the minimum and maximum seen
in the null shot’s “transmission”. The black trace in each is the previous result from
Fig. 7.

the backlight (dashed lines) and absorption (dotted lines) regions were
compared with the emission region (solid lines). The backlight area
was found to be an average of 1.04 times higher and the absorption
region was on average 0.94 lower than the emission region. To see
the effect on the transmission, we scaled the emission spectrum from
S04 by these average values to estimate the emission level to subtract
from the backlight and absorption spectra. The result of this is shown
in Fig. 7c as the red trace compared with the result of the previous
section in black. The effect is stronger at lower photon energies where
the emission signal is strongest, but the effect becomes small above
1400 eV. The effect on the inferred opacity near the edge of the plot
surpasses 20% and becomes less than 5% above 1400 eV.

3.4. Backlighter uniformity

The goals of measuring the backlight uniformity are similar to those
of the self-emission uniformity. (1) Assess whether the signal is uniform
(i.e. flat) over the spatial dimension in the C and A regions or measure
how it varies. (2) If it is not uniform, this measurement could give
a quantitative way to correct for the non-uniformity by scaling the
backlight region according to how it is found to vary as a function of
position in the absorption region.

Data from null shot N230906-1, which had a backlight capsule
and an empty, undriven hohlraum was used to assess the backlight
uniformity. Fig. 8a shows a sample of spatial profiles from this shot.
The vertical dashed lines show the locations of lineouts for the E (left),
C (middle), and A (right) regions based on the relative locations of the
lineouts in S04. These were located in this data relative to the midpoint
of the slope between the E and C regions. From these lineouts, the
“transmission” was calculated in the same way as for regular data. This
showed variations ranging from 0.95 to 1.02. Given that this is a single
shot and there is no clear reason for the photon energy dependence
of this transmission curve, these values were taken to represent the
extent of the effect this backlight non-uniformity could have. For each
of these values, the emission-subtracted backlight spectrum from S04
is scaled by that value to give an estimate for the backlight level in the

High Energy Density Physics 55 (2025) 101177

[
g 0.10 j
o
ua:a 0.05 |
= : UL
8 0.00 M;'Muu
=
§ -0.05
E 0.10 - gEg (S)‘iger Corr
— Em Unif C
E -0.15 [ Bl scaled 0,95 | -
a 1200 1400 1600 1800
Photon Energy [eV]
1.0 p
(b) —— Baseline Transmission ]
mmm Maximum Combined Offset | _|
—— PS10 Model

=

o

wn

o

€

w

=

o

e

He-a

1200 1400 1600 1800
Photon Energy [eV]

Fig. 9. (a) Plot with each difference in transmission resulting from the four concerns
discussed: 2nd order correction (red), scattered background subtraction (blue), emission
uniformity correction (green), and backlight uniformity correction (magenta). (b) Plot
showing the maximum combined effect of the “corrections” investigated here. The
black line is the original baseline spectrum from S04. The gray shaded region shows
the combined offset upward and downward from the baseline spectrum obtained when
taking each of the four concerns into account. The blue trace with shaded region is
the same PrismSPECT model as in Fig. 5b.

absorption region. This results in scaling the transmission slightly up
or down, respectively as seen in Fig. 8 panels b and c. Here, the red
traces are each result and these are compared with the result from the
previous section in black. The effect on the inferred opacity in the area
dominated by oxygen bound-free absorption ranges from 3% to 8%.

4. Discussion

As described in the introduction, one of the main motivations
for these experiments was the hypothesis that higher than predicted
opacities of iron and oxygen at conditions in the solar interior could
resolve the discrepancy between the predicted and observed location of
the solar convection zone boundary. Indeed, the measurements of the
opacity of iron on Z show higher opacities than predicted, and now the
measurements of oxygen on NIF seem to show higher opacities as well.
However, in both cases the reason for higher opacities is still an open
question, and the experimental results must be rigorously validated.

The primary goal of this investigation was to determine whether any
of the above-described potential sources of background and data non-
uniformity could account for the large discrepancy initially observed
between the oxygen data recorded for Anchor 1+ conditions and model
calculations at the measured conditions. Fig. 9a shows the differences
from the previous transmission as we went sequentially through each
concern. Fig. 9b shows the maximum combined effect that we obtained
when taking these concerns into account. The gray shaded region
surrounding the black baseline transmission combines all upward and
downward offsets found during the course of this exercise. This is not an
uncertainty, rather it is intended to show the maximum combined offset
to the original transmission in either direction due to these concerns.
The result is that none of these concerns alone or combined seem to be
enough to account for the observed difference between the model and
data.

Converting the transmission curves of Fig. 9b to opacities shows
that in the area dominated by the oxygen bound-free absorption the
measured opacity is about a factor of 1.5 to 2 higher than the predicted
opacity. One possible explanation for this is that the predicted ion
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balance is wrong. According to the PrismSPECT model, the oxygen
ions at these conditions are dominated by hydrogen-like (i.e. bare
ions 32%, H-like 54%, and He-like 13%). If the oxygen ion balance
were shifted more toward helium-like, the predicted opacity could be
increased to remove the discrepancy. Some of the theoretical efforts
mentioned earlier [5-17] predict that as electron density increases,
there is a shift to lower ionization states than is predicted by models
like PrismSPECT. However, it is unclear whether or not the magnitude
of shift predicted would be enough to match the experimental results.
Efforts are underway to extend the spectral range of the spectrometer
so that the ion balance of the plasma can be measured more directly.

The findings of this investigation strengthens the viewpoint that
these data might be indicative of problems with opacity models as
one enters into this regime of conditions; however, there is more work
to be done to evaluate the accuracy of these measurements before
making such a bold claim. This investigation only included a single
shot for the oxygen transmission measurement, as well as for each
calibration measurement. This small number of measurements does not
allow an assessment of reproducibility for the inferred transmission or
any of these potential systematic concerns. Thus, the true uncertainties
for these measurements are still unknown. Additional repeated shots
of these types, especially the oxygen transmission measurement, are
necessary for such an assessment. Additionally, there may be other
potential sources of systematic error than what has been covered here.
Lastly, we have not addressed what is causing the non-uniformity of
the emission and backlight signals. Understanding the cause of this
behavior was outside the scope of this investigation, since the goal was
to simply assess the level of the effect on the transmission that these
concerns might have from an ideal situation. However, understanding
the cause could lead to a different interpretation of how these issues
should be addressed.
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