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ABSTRACT
In this work, we present the measurement of L-band emission from buried Sc/V targets in experiments performed at the OMEGA laser
facility. The goal of these experiments was to study non-local thermodynamic equilibrium plasmas and benchmark atomic physics codes.
The L-band emission was measured simultaneously by the time resolved DANTE power diagnostic and the recently fielded time integrated
Soreq-Transmission Grating Spectrometer (TGS) diagnostic. The TGS measurement was used to support the spectral reconstruction process
needed for the unfolding of the DANTE data. The Soreq-TGS diagnostic allows for broadband spectral measurement in the 120 eV–2000 eV
spectral band, covering L- and M-shell emission of mid- and high-Z elements, with spectral resolution λ/Δλ = 8–30 and accuracy better than
25%. The Soreq-TGS diagnostic is compatible with ten-inch-manipulator platforms and can be used for a wide variety of high energy density
physics, laboratory astrophysics, and inertial confinement fusion experiments.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0040574., s

I. INTRODUCTION

In many high energy density physics (HEDP) Inertial Confine-
ment Fusion (ICF) programs1,2 and laboratory astrophysics experi-
ments3,4 performed at laser and pulsed power facilities, the measure-
ment of soft x rays emitted from the target is needed for diagnosing
the plasma conditions and studying the relevant physics under con-
sideration. In most HEDP facilities, the broadband x-ray emission
is measured by using an array of x-ray diodes, such as the DANTE
power diagnostic, which is operational at the OMEGA laser,5 the
National Ignition Facility (NIF),6 and similar devices at other laser
facilities worldwide.7 This tool, designed primarily to measure near

Local Thermodynamic Equilibrium (LTE) hohlraum emission, pro-
vides an absolutely calibrated measurement of the time-resolved x-
ray emission at discrete spectral bands, and the “complete” spectral
shape can be obtained through a spectral unfolding and reconstruc-
tion process. The spectral unfolding process is usually based on
assumptions regarding the emitted spectrum of the source, such as
near Local Thermodynamic Equilibrium (LTE) or Planckian spec-
trum. In applications where these assumptions cannot be justified,
the accuracy of the spectral unfolding process and the reconstructed
spectrum is obviously limited.8

Another widely used x-ray diagnostics is the Transmission
Grating Spectrometer (TGS),9–11 a relatively simple apparatus that
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consists of only a transmission grating and a detector. The x-
ray radiation, emitted from the target, is dispersed by the grating
according to Bragg’s law,

sin(θ) = m λ
d

, (1)

where λ is the wavelength, d is the grating period, and m is the
order of diffraction. A detector, either time resolved or time inte-
grated, is positioned at some distance from the grating. When a
2D detector is used [e.g., CCD camera, Image Plate (IP), or fram-
ing camera], the pin-hole nature of the grating allows us to spatially
resolve the source along the axis perpendicular to the dispersion axis.
The device’s spectral bandwidth and spectral resolution depend on
the wavelength, grating’s parameters, grating to detector distance,
source size, and the detector’s spatial resolution. The resolution is
limited by the number of periods of the grating, λ/Δλ ≤ N, typically
on the order of a few tens, and by the geometrical projection of the
source size on the detector. Traditional TGS is known to cause over-
lapping of high dispersion orders, thus limiting the accuracy of the
wide spectral band measurement. Recently,12 a sinusoidal transmis-
sion grating (STG) was demonstrated, which efficiently diminishes
high diffraction orders, allowing higher accuracy measurements.

In recent years, an effort is underway to develop an experimen-
tal platform at the OMEGA laser to study non-LTE (NLTE) plasmas
of various materials.13–15 In this buried layer approach, a 250 μm–
350 μm diameter, 2000 Å thick dot of mid-Z target material is placed
at the center of 1000 μm diameter, 10 μm thick beryllium tamper.
Laser beams heat the target from both sides for several ns. Side-on
and face-on x-ray imagers are used to measure the size of the emit-
ting volume vs time from which the density is inferred. The electron
temperature is measured using the K-shell spectral lines ratio. The L-
shell spectrum is measured using x-ray spectrometers to benchmark
NLTE atomic codes.

In order to enhance the diagnostic suite for the buried-layer
experiments and specifically to have better support for the NLTE
broadband spectral measurement, a Ten-Inch-Manipulator (TIM)-
based TGS has been fielded at the OMEGA laser facility and was
recently tested at shots with Ti buried layer targets.15 The Soreq-
TGS was partially calibrated and provides another broadband spec-
tral measurement in addition to the DANTE. Unlike the DANTE,
the Soreq-TGS is not limited by any source assumptions and has
a higher spectral resolution over a large bandwidth: λ/Δλ of 8–30
throughout the relevant spectral range of 120 eV–2000 eV, which
covers L- and M-shell emission of mid Z materials. As recently
demonstrated,8,12 a combined measurement by an x-ray diode array
such as the DANTE, and a TGS diagnostics, can provide a high-
accuracy, broadband, and time resolved spectral measurement. In
this paper, we demonstrate the use of these two diagnostics for com-
bined measurements of L-band emission from Sc/V buried layer
targets at the OMEGA laser facility and compare the results to 1D
and 2D radiation hydrodynamic simulations.

In Sec. II, the TGS system is described, the design considera-
tions are explained, and the partial calibration process is detailed. In
Sec. III, results of recent buried layer experiments at the OMEGA
laser are presented and discussed. These include L-shell Sc/V emis-
sion spectral measurements, which were acquired using the DANTE
and the TGS diagnostics simultaneously. The results show good
agreement with simulations performed using 1D and 2D radiation

hydrodynamic codes, where both use tabulated NLTE opacities cal-
culated using the atomic code SEMILLAC.16 Section IV summarizes
this work.

II. SOREQ-TGS DIAGNOSTIC
A. General description and accuracy

In its most basic version, a TGS is composed of the transmis-
sion grating and an x-ray sensitive detector. The grating is made
by “writing” a periodic transmission function onto a substrate of
high-Z material (usually gold), which efficiently absorbs soft x rays.
According to Bragg’s law (1), for a typical d = 1 μm period grat-
ing, the first order dispersion of λ = 10 nm wavelength radiation
will be deflected by an angle of α = 0.6○. The deflection angle is a
primary parameter for the design of the grating-to-source distance,
which for a given detector determines the spectral bandwidth and
resolution. A basic grating is made of free standing high-Z bars and
has a square binary transmission function. Such a grating is known
to produce high diffraction orders and, for a wide bandwidth spec-
trum, causes overlapping of different orders at the same location on
the detector, thus limiting the measurement accuracy. In this work
we have used a sinusoidal transmission grating (STG),12 which effi-
ciently diminishes higher diffraction orders, allowing a highly accu-
rate measurement. The grating’s fabrication technique was described
elsewhere.10 As will be shown in Sec. II B, the grating’s transmis-
sion function, which is needed for the diagnostic’s calibration, was
measured with an accuracy better than ±10%. The detector was a
back-illuminated time-integrated x-ray CCD (XRCCD) camera. We
have used a Spectral Instruments 800 series x-ray CCD (XRCCD)
camera housed in an OMEGA TIM. The camera sensitivity was not
directly measured, and therefore, quantum efficiency measurements
of similar CCD detectors17 and manufacturer data of amplifier’s gain
for the specific camera were used to transform from the gray level
image to physical unit data (see Fig. 1). Based on the experience
with similar detectors, we can assume an accuracy of ±20% on the
detector sensitivity when using gain data. Additional uncertainties
may originate from impurities evaporated on the detector through-
out its usage, which usually affect only the soft part of the spectral
range and are not expected to degrade the CCD sensitivity by more
than 10%.18 The other uncertainties (mostly geometric) in the sys-
tem are much smaller. The uncertainties in the grating and detector
response functions are added in quadrature to obtain the Soreq-TGS

FIG. 1. CCD response function used for conversion from digital levels to physical
units. Also included are the calculated22 transmission functions of the filters used,
as explained in Sec. III.
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soft x-ray measurement accuracy. The accuracy is found to be bet-
ter than 25%, which is acceptable for most spectroscopic and atomic
physics applications. In Sec. III, the Soreq-TGS measurement will be
compared against the DANTE results, and good agreement between
absolute measurements will support the TGS calibration accuracy.

B. Grating’s transmission function calibration
The grating’s transmission function is determined by the exact

substrate material composition and the relative area of the opened
structures. The transmission is a superposition of the radiation,
which goes through the openings, and the energy-dependent trans-
mission through the substrate. The traditional transmission grating
efficiency was summarized by Eidmann et al.19 based on the Fraun-
hofer theory of diffraction.20 A sinusoidal grating has only three
diffraction orders: zero order and both positive and negative first
orders.21 A detailed simulation code based on the Huygens–Fresnel
principle12 shows that the transmission efficiency ηm for the mth
diffraction order is

η0 = a2(1 + T + 2φ
√
T),

η1 = (
a2

4
)(1 + T − 2φ

√
T), (2)

ηm>1 = 0,

where T is the transmission through the grating substrate, a is the
relative area occupied by the openings (a = 1/2 for a perfect symmet-
ric sinusoidal grating), and φ = cos((2π∑i(n1i−1)zi)/λ) represents
the interference of the radiation, which goes through the openings
with the radiation transmitted through the substrate. The substrate
is composed of several layers with thickness zi and the real part of
refraction index n1i. We implement the sinusoidal grating as a series
of openings in the substrate, each with sinusoidal shape whose con-
tours follows ±A(1 + sin(2πkx)) lines, as shown in Fig. 2. The grating

FIG. 2. Scanning Electron Microscope (SEM) image showing part of the sinusoidal
transmission grating. The diffraction direction is horizontal. Additional periodic
structures on directions other than the horizontal cause more diffraction patterns
on the detector, but these usually do not disturb the main diffraction pattern.

TABLE I. Filter combinations, targets, and laser intensities used to create the narrow
band spectral windows for the grating calibration. The photon energy column specified
the spectral bands weighted center.

Filter combination Laser intensity
Photon energy (eV) (thicknesses in μm) Target (W/cm2)

250 Lexan 2 Ti 5× 1012

400 Ti 0.4 Ti 1× 1013

1200 Mg 5 Cu 2× 1014

1320 Al 5 + Ti 0.4 Au 2× 1014

1390 Si 8 Au 2× 1014

2500 Mylar 25 + Mo 1 Au 2× 1014

period d = 1/k should be determined by the experimental require-
ments (spectral resolution and detector size), and A determines
the opening’s height and therefore the grating’s transmission effi-
ciency. In our grating, the substrate is made of a 200 nm thick Si3N4
base layer, a 10 nm Ti adhesion layer, and the main 400 nm thick
Au layer. The grating’s efficiency model, calculated using refraction
index data from the Henke database22 and structure-dependent fac-
tor from the Scanning Electron Microscope (SEM) image, should be
benchmarked against calibration experiments to reduce uncertain-
ties in all inputs, the most important of which are the manufacturing
tolerances of the layers thicknesses.

The calibration experiments have been performed at the Soreq
plasma physics laboratory. The grating was positioned alongside a
pinhole of known diameter at an equal distance to a gold disk tar-
get. A 1 ns duration laser pulse of 5 J–10 J was focused onto the
target to intensities up to 2 × 1014 W/cm2 and created a broadband
x-ray source for the calibration. Several targets, filter combinations,
and laser intensities were chosen to select narrow band spectral win-
dows, as listed in Table I. The source radiation that passed through
the filters was either dispersed by the grating or passed through the
pinhole, thus forming two signals on the same CCD detector. The
ratio of the first order diffraction signal to the pin-hole signal (nor-
malized to the pinhole’s area) is the grating transmission efficiency

FIG. 3. Measured transmission into the first order of diffraction of the TG used in the
experiments. Shown are data points with error bars. The transmission model with
a gold layer thickness of 390 nm best fits the data. Models with other thicknesses
are shown for comparison.
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TABLE II. Grating parameters and working distances for the Soreq-TGS diagnostics
and the resulting spectral coverage and resolution.

Grating period 367 nm
Spectral coverage 150 eV–2000 eV
Grating size 31 × 23 (μm)2

Grating efficiency (effective cross section) 8.5 (μm)2 @ 200 eV
13 (μm)2 @ 1300 eV

Source to grating distance 1770 mm
Grating to detector distance 740 mm
Magnification 0.4
Distance on detector from zero-order to 1.2 mm2000 eV emission
Spectral resolution (limited by source size λ/Δλ = 13 @ 1300 eV
projection on the detector, inc. diffraction) λ/Δλ = 8.4 @ 2000 eV

Spatial resolution 400 μm @ 250 eV
120 μm @ 1000 eV

for the specific energy band in terms of effective area. The grating’s
calibration results are shown in Fig. 3. The accuracy is ±3%–7% in
the horizontal axis, mainly due to the finite spectral bands of the filter
combination, and ±5% in the vertical axis, mainly due to signal-to-
noise ratio and pin-hole size uncertainty. Thicknesses of the grat-
ing’s substrate layers were used as free parameters of the model,
most sensitive of which was the gold layer’s thickness. As shown
in Fig. 3, the model with 390 nm thick gold layer best matches the
data and was chosen as the grating’s efficiency function. The other
plots with different gold layer thicknesses are shown for compari-
son. The overall grating calibration accuracy is estimated to be better
than ±10%.

C. Soreq-TGS design and evaluation experiment
The grating’s parameters and working distances that were cho-

sen for the Soreq-TGS design are presented in Table II. Also shown
in the table are the expected spectral coverage on the CCD detec-
tor and spectral resolution. The grating and working distances were
chosen so that the expected emission intensity, as calculated by a
radiation-hydrodynamic code,15 will be well inside the detector’s
dynamic range. It should be emphasized that the grating can easily

be changed between campaigns, so other requirements can be met if
needed.

The Soreq-TGS was fielded for a Ti buried layer target cam-
paign at OMEGA and performed as expected. A Ti spectrum
acquired during the evaluation experiments and the comparison to
radiation-hydrodynamic simulation were recently published.15

III. MEASUREMNTS OF BURIED LAYER TARGET
EMISSION USING DANTE AND TGS DIAGNOSTICS

Buried layer experiments with Sc/V targets were performed at
OMEGA in which both DANTE and Soreq-TGS diagnostics were
positioned at relatively close polar angles to the target: DANTE at
60○ and TGS at 44○ to target normal. The buried layer target con-
tained a Sc/V dot (2000 Å thick and 250 μm or 350 μm in diame-
ter) inside a Be tamper. Each target had a Ti timing fiducial target
attached to the target stalk (see Fig. 4 for target design). The TGS
had a viewing angle of 35○ to the target stalk. In order to spatially
resolve the different targets, the TGS was rotated so that the disper-
sion axis was almost perpendicular, and the spatial resolution axis
was almost parallel to the stalk. 18 OMEGA laser beams illuminated
the target from each side for 3 ns at an intensity of 3.5 × 1014 W/cm2.
Two additional beams heated the fiducial target 5 ns after the main
beams.

Raw data of DANTE measurement of shot 94 846 are presented
in Fig. 5. The buried target emission can be seen in the first 3 ns–4 ns
alongside the laser temporal pulse shape, whereas the fiducial target
emission follows and is used to synchronize the voltage signals. Each
waveform represents a different spectral channel centered at ener-
gies that are listed in the legend. The low energy emission recorded
by the first two channels is the thermal emission from the Be tamper,
which rises immediately, while the Sc/V emission is delayed by the
time it takes for the heat front to reach the buried layer.

Also shown in Fig. 5 is a raw data image of the TGS measure-
ment for the same shot as acquired by the CCD detector. The main
dispersion line is marked by the red dashed line. All other dispersion
lines are the result of secondary periodic structures in the grating and
should be disregarded (see the explanation in the caption of Fig. 2).
The zero order was blocked, and the higher energy part of the spec-
trum was filtered by thin (metalized polypropylene) light-tight foil to
attenuate visible light diffracted by the grating. Due to low SNR, data
for the 200 eV–500 eV region were taken from shot 94 842 (identical
to 94 846) using thinner (metalized Lexan) light-blocking filter. The

FIG. 4. (a) Face-on and side-on buried
layer target design. (b) Soreq-TGS view
of the target showing both the buried
layer and the fiducial targets.
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FIG. 5. Raw data of DANTE (top) and TGS (bottom) measurement of the Sc/V
buried layer experiment at OMEGA. Both results are then combined to create a
temporal/spectral map of the target emission.

filter compositions and calculated transmission functions are pre-
sented in Fig. 1. The double dispersion line structure is due to the
spatial separation of the buried layer and fiducial target, which are
resolved thanks to the pin-hole nature of the grating. The spatial res-
olution (specified in Table I) is sufficient to differentiate between the
contributions of each target but is not intended to spatially resolve
the buried target emission itself.

In Fig. 6, the time integrated buried layer emission spectrum
is shown, as inferred from the TGS image in Fig. 5. The intensities
are corrected to the grating’s and detector’s response functions, fil-
ter transmission, and working distances. The spectrum shows the

FIG. 6. Time integrated Sc/V buried layer target emission inferred from the TGS
raw data shown in Fig. 5 (blue, accompanied with data uncertainties). Also shown
are the results of 1D (red) and 2D (green) simulations.

FIG. 7. Spectrum at several time points (top) and power at several spectral bands
(bottom) inferred from the temporal/spectral map created by unfolding the DANTE
results using the TGS time integrated spectrum. The emission at energies below
400 eV is mainly contributed by the Be tamper layer, while the higher energies are
the Sc/V L-band emission.

Sc/V L-shell transitions at 400 eV–1500 eV as well as lower energy Be
emission. As discussed above, the uncertainty in the spectrum inten-
sity is 25%. Also shown in the figure are 1D and 2D simulations of
the target emission, both in good agreement with the data. Compar-
ison of the TGS data to the calibrated DANTE measurements shows
agreement of better than 20% over most of the spectral band, with
differences of up to 30% for few low-energy DANTE channels, which
can be explained by the DANTE5 and TGS (see Sec. II A) calibration
accuracy.

As mentioned above, once DANTE voltage signals are
acquired, spectral unfolding and reconstruction process is needed
to provide the complete time resolved spectral shape. Here, we apply
the previously proposed8,12 method of DANTE spectral unfolding
using the TGS time integrated result. The basic principle of this
method is that the spectrum temporal evolution is derived from the
DANTE channel results, while the more detailed spectral features are
taken from the time integrated TGS measurement. A reconstructed
temporal/spectral map is calculated, from which lineouts such as
spectra at different time points or power at specific spectral bands
can be inferred, the examples of which are shown in Fig. 7. Thanks
to the rich spectral data acquired by the TGS, the spectra at vari-
ous time points have much more detailed information than available
when using just the DANTE results.

IV. CONCLUSION
The measurement of L-band emission from buried Sc/V targets

in experiments at the OMEGA laser facility has been shown. The
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goal of these experiments was to study NLTE plasmas and bench-
mark atomic physics codes. The L-band emission was measured
simultaneously by the time resolved DANTE power diagnostic and
the time integrated Soreq-TGS diagnostic. The TGS measurement
provided an additional quantitative spectral measurement and was
used during the spectral reconstruction process needed for unfold-
ing the DANTE data. The Soreq-TGS diagnostic allows for the mea-
surement of spectra in the 120 eV–2000 eV spectral band, covering
L- and M-shell emission of mid- and high-Z elements. The measure-
ment accuracy is better than 25% and can be further improved by a
CCD detector calibration effort. Extension of the previous IP cali-
bration work23 is also possible, thus allowing for the use of IP for the
absolutely calibrated spectrum measurement.

Although the Soreq-TGS was designed primarily for the non-
LTE buried layer campaigns, due to its simple design and broad-
band coverage, it can be used for other applications with minor
or no adaptations. With the proper choice of grating and working
distance, a wide range of spectroscopic measurements can be sup-
ported. Time resolved measurements are also possible by adapting
to the proper detector.
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