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ABSTRACT
Hot-spot shape and electron temperature (Te) are key performance metrics used to assess the efficiency of converting shell kinetic energy into
hot-spot thermal energy in inertial confinement fusion implosions. X-ray penumbral imaging offers a means to diagnose hot-spot shape and
Te, where the latter can be used as a surrogate measure of the ion temperature (Ti) in sufficiently equilibrated hot spots. We have implemented
a new x-ray penumbral imager on OMEGA. We demonstrate minimal line-of-sight variations in the inferred Te for a set of implosions.
Furthermore, we demonstrate spatially resolved Te measurements with an average uncertainty of 10% with 6 μm spatial resolution.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0041038

I. INTRODUCTION

One of the main challenges of inertial confinement fusion
(ICF) is symmetry control of the forming hot spot surrounded by
a converging cold shell.1–3 Understanding asymmetries in both the
hot spot and shell is essential as they impact the implosion per-
formance. Asymmetries also generate bulk flows that degrade the
conversion of shell kinetic energy into hot-spot thermal energy.4,5

Measurements of hot-spot shape and thermal temperature are there-
fore critical for understanding the performance of an ICF implo-
sion. Recently, penumbral imaging of hot-spot x-ray emission was
used at the National Ignition Facility (NIF) to simultaneously mea-
sure hot-spot shape and thermal temperature to assess asymme-
try in different implosion designs,6,7 as well as spatially resolved

electron temperature in order to quantify mix-induced radiative
cooling.8

Penumbral imaging is a coded imaging technique where an
emitting source of size S is imaged with an aperture of radius Rapp
such that 2Rapp > S. This imaging technique is used when signal
statistics prevent the use of conventional pinhole imaging (2Rapp
≪ S).6 Penumbral images consist of two regions: the umbra where
information about the total emission is encoded and the penumbra
where information about spatial distribution of the emitting source
is encoded. For x-ray imaging, the umbra of differentially filtered
images is used to reconstruct the bremsstrahlung spectrum from
which the electron temperature (Te) is inferred.7

We have developed and fielded a new penumbral imager at the
OMEGA Laser Facility, with 6 μm resolution, to image x rays in
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the energy range of 10–30 keV. This system is based on the same
hardware used for the existing charged particle penumbral imaging
system.9–11 Three imagers can be fielded in different 10-in. diagnos-
tic manipulators (TIMs) to study 3D asymmetries. We record images
in different x-ray energy bands using a filtered stack of FujiTM image
plates. In this contribution, we detail an error analysis for determin-
ing Te from penumbral images recorded. We demonstrate that the
measured Te is independent of line of sight. We also discuss in detail
the technique to measure Te(r).

This paper is organized as follows: Section. II describes the
design of the penumbral imager. Section III presents the analysis of
inferring spatially averaged Te. Section IV discusses a method used
to infer the spatial Te profile.

II. PENUMBRAL-IMAGER DESIGN
The x-ray penumbral imager used in this work is based on

hardware from the penumbral charged particle imaging systems.9–11

These imagers are TIM based diagnostics that hold an aperture of
4.2 cm from the target-chamber center. The system has a clear line
of sight to a detector plane fixed at 59 cm from the aperture, yielding
a magnification of ∼14 [Fig. 1(a)]. Currently, there are three types of
compatible apertures: 1 × 2000 μm2, 19 × 400 μm2, or 151 × 100 μm2

(number of pinholes × diameter) made from a substrate of 500 μm
thick tantalum, 125 μm thick tungsten, or 125 μm thick tungsten,
respectively. All apertures have an out of circularity <3 μm. The

detector is an array of FujiTM SR x-ray image plates. The spatial reso-
lution of the system at a magnification of 14 is 6 μm, calculated from
Eq. (1) of Ref. 6 assuming a detector resolution of 60 μm for SR-type
image plates. The spatial resolution is limited by the combination of
detector resolution and x-ray diffraction.

The three apertures cover a design space based on the x-ray
emission size. Capsules imploded at OMEGA have radii that vary
from 200 to 600 μm, which produce hot spots from 20 to 150 μm
in radius. In certain experiments, it is desirable to image the coro-
nal emission, which typically occurs at a radius comparable to the
initial radius of the capsule. Asymmetries in the hard x-ray coro-
nal emission (10–30 keV) are correlated with drive asymmetries,
which can result from laser miss-pointing, capsule defects, or the
stalk that holds the capsule. For this application, the 1 × 2000 μm2

diameter pinhole is typically used. In cases where the coronal emis-
sion is either not of interest or dim compared to the hot spot,
the 19 × 400 μm2 or 151 ×100 μm2 aperture is used for hot-spot
imaging. Using the multiple-pinhole designs enables differential fil-
tering on the detector plane to record images of the hot spot in
different energy bands, which are used to reconstruct Te(r). Typi-
cally, the 19 × 400 μm2 aperture design is used to image exploding-
pusher-type implosions because they can produce hot spots of
∼100 μm in radius, while the 151 × 100 μm2 aperture design is used
to image cryogenic implosions, which produce hot spots of 30 μm
in radius.

The penumbral data from shot 95512 are shown in Fig. 1(c),
with the target and laser drive described in the caption. Four image

FIG. 1. (a) Diagram of the x-ray penumbral imager as fielded on shot 95512. The capsule had a 541 μm radius with a 4.3 μm thick glass shell filled with 10 atm of equimolar
DT and was compressed by 28 kJ of laser energy in a 1-ns square pulse. A 2000 μm diameter aperture was used at 14× magnification. Four image plates were fielded in
a filter stack with various thicknesses of aluminum. (b) Calculated detector response (arbitrary units) of each image plate to incident x rays. The detector response is given
by IPsen(E) × Tk(E) × j(E)/E, where j(E) is the thermal bremsstrahlung spectrum with Te = 4.0 keV. (c) Measured x-ray penumbral images for the second, third, and
fourth image plates. The first image plate is saturated due to high x-ray flux and is not shown.
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plates were fielded in a filter stack arrangement detailed in panel (a).
Figure 1(b) shows the detector spectral sensitivity calculated for a Te
= 4.0 keV thermal bremsstrahlung spectrum, which best describes
the source spectrum (as discussed in Sec. III). The four images are
most sensitive to 14, 19, 22, and 26 keV x rays. The image plates
were scanned with 25 μm resolution at a latitude of 5 with 537 V bias
on the photo-multiplier of the scanning system.

III. BURN AVERAGED ELECTRON TEMPERATURE
A burn averaged Te is extracted from the inferred x-ray spec-

trum that is derived from the energy deposited in the umbra of
each penumbral image (filtered differently). The image plate scanner
measures the photo-stimulated luminescence (PSL), which is related
to the energy deposited in the phosphor layer. The PSL recorded in
the umbra of the kth image plate is calculated as

PSLk = ∫
∞

0

IPsen(E)
Fk(t)

j(E)
E

Tk(E)dE, (1)

where E is the x-ray energy, IPsen(E) is the image plate sensitiv-
ity in PSL/photon, FK(t) represents the fading of the image plate
when it is scanned t minutes after exposure, j(E)/E is the photon
emission in photons/keV, and Tk(E) is the transmission function
of all filters in front of the kth image plate. In this work, the spec-
trum is modeled using a single temperature bremsstrahlung emis-
sion model j(E) = A exp(−E/Te), where A and Te are the fit vari-
ables. For the implosion reported in this paper, opacity effects are
negligible.

The set of penumbral images displayed in Fig. 1 was analyzed
to extract a burn averaged Te. The error analysis was done with a
Monte–Carlo method, which conducted one thousand trials to infer
Te. Four sources of error were considered in the analysis, and below
is a brief description of each error source. First, the measured PSL in
the umbra of the three image plates was 74.1± 1.5, 15.9 ± 0.3, and 5.7
± 0.2 PSL. The error in these numbers represents the 1 − σ standard
deviation from the variation in PSL recorded in the umbra. The PSL
variation in the umbra is representative of the photon statistics in the
measurement. Second, the image-plate sensitivity is known to vary
between different image plates. Rosenberg et al.12 measured sensitiv-
ity variations of the SR-type image plate. The measured variations in
IPsen(E) for SR image plates were found to be well modeled by fitting
Eq. (2) from Ref. 12 to measurements (for more information on this
model see Ref. 12 and references within). Third, each image plate
has variations in its fade curve. Maddox et al.13 measured the vari-
ation of SR-type image plate fade curves. The SR-type image plate
fade curve is well described by a series of two decaying exponentials
with coefficients given in Table II in Ref. 13. Finally, the transmis-
sion curves for each filter material were calculated using the NIST
database using the measured filter thickness. The uncertainty in the
measured filter thickness was 2%. These four sources were consid-
ered to be independent of each other and randomly distributed,
given the measured uncertainties in each when quantifying the error
in the inferred Te. Figure 2 displays the results of the Monte–Carlo
error calculation with the histogram of the inferred Te values. Over-
laid in black is a Gaussian fit to the histogram, indicating that the
burn averaged electron temperature is Te = 4.0 ± 0.2 keV. In addi-
tion, each error source is overlaid with its relative contribution to
the total error. From this analysis, it is clear that the main sources of

FIG. 2. Histogram reflecting the error in the inferred Te from the penumbral data
in Fig. 1(c). The relative contribution to the uncertainty in the measured Te due
to photon statistics, filter transmission, image plate sensitivity, and fade curve is
labeled.

error in the inferred Te are from photon statistics and uncertainty in
the fade curve of each image plate.

Shot 95512 was one of the series of implosions where two
penumbral imagers were fielded in TIM3 and TIM5 with similar
setups as displayed in Fig. 1(a). The burn averaged Te for both
imagers is shown in Fig. 3. As shown, both detectors are in agree-
ment with each other spanning a wide Te-range. The Te-range was

FIG. 3. Burn averaged Te measured on the TIM5 and TIM3 line of sight for a
series of shots 95495 through 95514. The range of Te resulted from a variation of
the laser energy and capsule fill pressures in this shot series.

Rev. Sci. Instrum. 92, 043548 (2021); doi: 10.1063/5.0041038 92, 043548-3

Published under license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

obtained by varying the laser intensity on capsules from 5 × 1014

to 1.20 × 1015 W/cm2, as well as changing the fill density of the
capsules.

IV. MEASUREMENTS OF ELECTRON-TEMPERATURE
PROFILE

The source profile must be reconstructed from the measured
penumbral image. Currently, there exists a bevy of reconstruc-
tion algorithms to determine the source image from a penumbral
image.14–18 In this work, we used a deconvolution approach based on
the Lucy–Richardson (LR) algorithm.19 This approach is an iterative
maximum likelihood algorithm, which projects the aperture func-
tion onto the detector plane and deconvolves it from the recorded
penumbral image. At every iteration, the source image is convolved
with the aperture function and compared against the measured
penumbral image using a chi-squared metric. The iterations stop
once the reduced chi-square metric is of the order of unity or lower.
One weakness of the LR algorithm is noise amplification. However,
for x-ray penumbral imaging, we have found that signal statistics
is excellent for x rays in the energy range of 10–30 keV for most
implosions of interest.

Figure 4 shows an example of image reconstructions from
two penumbral images collected on a thin-glass capsule implo-
sion. Details about the capsule dimensions, gas fill, laser drive,
penumbral aperture, and filters are given in the figure caption. Two
measured x-ray penumbral images are shown in Figs. 4(a) and
4(b). The LR algorithm was used to reconstruct the source. Both
images converged to the solution shown in Figs. 4(c) and 4(d) in

100 iterations. The images in (c) and (d) both show a ring-like
structure. This structure results from the unablated glass shell that
remains surrounding the hot spot. The oxygen and silicon dominate
the x-ray signal due to both higher density and Z2 when compared
to that of the hot spot, which is comprised of DT3He.

From these measurements, the radial profile of Te is also deter-
mined. We assume the spherical symmetry of the source, which
allows the reconstructed x-ray images to be azimuthally averaged
to get the brightness profile. Figure 4(e) shows the radial bright-
ness profiles from (c) and (d). The radial brightness profiles were
obtained using a radial grid spacing twice the predicted spatial reso-
lution, or 12 μm. The errors in the brightness profiles are determined
from the azimuthal variation in each radial bin. It is important to
emphasize that the brightness profile is a chord-integrated quantity.
To extract Te(r), we calculate the radial emission from the bright-
ness profiles by an inverse Abel transform. We use a discrete version
of the Abel transform proposed by Yoshikawa and Suto20 to calculate
the radial x-ray emission profiles shown in (f) from the brightness
profiles displayed in (e) of Fig. 4.

The relative amplitude of the radial emission profiles of the two
images is used to infer Te in each radial bin by using Eq. (1) and
the known filtering of the two images. Figure 5 shows the inferred
Te(r) for shot 98963. A post-shot simulation of this implosion was
performed using the HYADES 1D radiation hydrodynamics code,21

and the emission-averaged Te(r) is shown by the blue solid line
in Fig. 5 for comparison. As shown, the measured Te(r) agrees
with the simulation. Generally, the uncertainty in Te(r) on aver-
age is 10%. The best inference of the temperature is where the
most x-ray emission occurs. However, there are large uncertainties

FIG. 4. Data from shot 98963 that had a capsule with 422 μm radius with a glass shell thickness of 2.4 μm filled with 10 atm D2, 15 atm 3He, and ∼0.04 atm T2 imploded
with 15.6 kJ of laser energy in a 0.6 ns square pulse. The x-ray penumbral imager used a 1000 μm radius aperture at 14× magnification and fielded two image plates in
a single stack. (a) Recorded x-ray penumbral image closest to TCC. The filter in the front contains 15 μm tantalum + 3000 μm CR-39 (C12H18O7) + 100 μm aluminum.
(b) X-ray penumbral image for the image plate furthest from TCC. This image had an additional 150 μm aluminum in the front. (c) and (d) Reconstructed x-ray emission
obtained from (a) and (b), respectively. (e) Azimuthally averaged brightness profiles (chord integrated) from (c) and (d) in black and red, respectively. (f) Radial emission
profiles calculated from the surface brightness profiles in (e) via Abel inversion.
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FIG. 5. Measured Te(r) for shot 98963 (blue data points). Te(r) is inferred from
the x-ray emission histories shown in Fig. 4(f). A post-shot HYADES simulation is
shown (blue dashed line). The simulated Te is an x-ray emission averaged over
the entire implosion time.

at small radii, which is due to low levels of emission occurring at
small radii.

V. CONCLUSIONS AND OUTLOOK
In conclusion, we have implemented a new x-ray penumbral

imaging diagnostic at OMEGA with 6 μm spatial resolution capable
of spatially resolved Te measurements with an average error of 10%.
The system probes x rays between 10 and 30 keV. This measure-
ment technique has applications such as charged-particle-stopping-
power measurement22,23 and diagnosis of the performance of several
types of ICF implosions.7 Future work on this diagnostic will be to
develop techniques that utilize three lines of sight simultaneously to
reconstruct 3D maps of electron temperature.
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