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Abstract

SPECT3D is a multi-dimensional collisional-radiative code used to post-process the output from
radiation-hydrodynamics (RH) and particle-in-cell (PIC) codes to generate diagnostic signatures (e.g.,
images, spectra) that can be compared directly with experimental measurements. This ability to post-
process simulation code output plays a pivotal role in assessing the reliability of RH and PIC simulation
codes and their physics models. SPECT3D has the capability to operate on plasmasin 1-D, 2-D, and 3-D
geometries. It computes a variety of diagnostic signatures that can be compared with experimental
measurements, including: time-resolved and time-integrated spectra, space-resolved spectra and streaked
spectra; filtered and monochromatic images; and x-ray diode signals. Simulated images and spectra can
include the effects of backlighters, as well as the effects of instrumental broadening and time-gating.
SPECT3D aso includes adrilldown capability that shows where frequency-dependent radiation is emitted
and absorbed as it propagates through the plasma towards the detector, thereby providing insights on
where the radiation seen by a detector originates within the plasma.

SPECT3D has the capahility to model a variety of complex atomic and radiative processes that
affect the radiation seen by imaging and spectral detectors in high energy density physics (HEDP)
experiments. LTE (local thermodynamic equilibrium) or non-LTE atomic level populations can be
computed for plasmas. Photoabsorption rates can be computed using either escape probability models or,
for selected 1-D and 2-D geometries, multi-angle radiative transfer models. The effects of non-thermal
(i.e., non-Maxwellian) electron distributions can also be included. To study the influence of energetic
particles on spectra and images recorded in intense short-pulse laser experiments, the effects of both
relativistic electrons and energetic proton beams can be simulated.

SPECT3D is a user-friendly software package that runs on Windows, Linux, and Mac platforms.
A paradld version of SPECT3D is supported for Linux clusters for large-scale calculations. We will
discuss the major features of SPECT3D, and present example results from simulations and comparisons

with experimental data.
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INTRODUCTION

Radiation-hydrodynamics (RH) and particle-in-cell (PIC) codes are commonly used to simulate
the heating and evolution of plasmas in a wide variety of high energy density physics (HEDP)
experiments, including laser-driven inertial fusion [1], z-pinch [2,3], short-pulse laser [4,5], and
commercially-driven plasmaradiation source [6] experiments. A critical aspect of assessing the reliability
of such simulation codes is the ability to compare simulation results directly with experimental
measurements, such as high-resolution spectra, images, or x-ray diode (XRD) signals. To generate
diagnostic signatures based on simulation code output, a “post-processing” code is typically employed to
compute the spectral intensity at virtual detectors placed at the location of diagnostic instruments. The
radiative properties of HEDP plasmas are often complicated by the fact that they deviate from local
thermodynamic equilibrium (LTE). In particular, atomic level populations can be affected by the non-
local nature of radiation fields (through photoionization and photoexcitation), and by the effects of non-
thermal energetic electrons and protons (as in the case of short-pulse laser experiments). Because of this,
it is important that the post-processing code be able to model the complex atomic and radiative processes
that affect the radiation seen by imaging and spectral detectorsin HEDP experiments.

SPECT3D is a multi-dimensional collisional-radiative code used to post-process the output from
radiation-hydrodynamics and particle-in-cell codes. By computing diagnostic signatures that can be
compared with experimental measurements, it plays an essential role in assessing the reliability of RH and
PIC simulation code results. It computes a variety of results at virtual detectors placed at user-specified
locations. Simulated diagnostic signals include: time-resolved and time-integrated spectra, 1-D space-
resolved spectra, and streaked spectra; filtered and monochromatic images; filtered XRD signals, and
absolutely calibrated fluxes at a detector. Simulated images and spectra can include the effects of
continuum or narrow-band backlighters. Instrumental effects such as the spectral resolution of
spectrometers, spatial smoothing of images, and time-gating can be included. Signals can be computed
using several viewing geometries, including orthographic and point projection, as well as that for a

spherical crystal-backlighter imaging system. SPECT3D aso includes a “drilldown” capability (i.e., the



display of depth-dependent properties along a particular line-of-sight through the plasma) that shows
where frequency-dependent radiation is emitted and absorbed as it propagates through the plasma towards
the detector. This feature is particularly useful in providing insights as to where the radiation seen by a
detector originates within the plasma.

SPECT3D is currently being used to post-process output from avariety of 1-D, 2-D, and 3-D RH
codes, including ALEGRA [7], DRACO [8], CTH [9], and HELIOS-CR [10]. In addition, SPECT3D has
recently been upgraded to post-process LSP [11,12] PIC simulation results. To study the influence of
energetic particles on spectra and images recorded in short-pulse laser experiments, SPECT3D has been
updated to include the effects of both relativistic electrons and energetic proton beams. Energetic particle
distributions are obtained from L SP PIC code output, and their effects are included in computing non-LTE
atomic level populations, emergent spectra, and images, thereby alowing the study of diagnostic
signatures arising from energetic particles.

In this paper, we describe the major features of SPECT3D, and present some sample results. A

description of the atomic physics database used by SPECT3D is provided in an appendix at the end of this

paper.

MAJOR FEATURES OF SPECT3D

The primary function of SPECT3D is to generate simulated images and spectra, based on RH and
PIC code simulation code output, which can be directly compared with experimental measurements. This
serves to test the reliability of the physics modeling in the RH or PIC simulation codes. Alternatively,
SPECT3D can be applied to plasma grids generated with a supporting application, PLASMAGEN, which
generates 1-D and 2-D multi-material plasma grids with user-specified temperature and density
distributions. This approach is often useful in trying to gain insights into the sensitivity of spectra and
images to changes in plasma conditions. While SPECT3D can be set up to run calculations for simple

single-cell plasmas with a specified uniform temperature and density, its primary purpose is to calculate



the radiative properties of spatialy distributed plasmas. The separate code, PrismSPECT [13], has been
developed to more conveniently study the radiative properties of single-cell plasmas.

In a SPECT3D simulation, the radiation incident at a detector is computed by solving the radiative
transfer equation along a series of lines-of-sight (LOSs) through the plasma grid. At each plasma volume
element along the L OS, the frequency-dependent absorption and emissivity of the plasmais computed. In
determining the emission and absorption of materias, SPECT3D models materials in two ways. The
more common approach is to use detailed configuration (or energy level) accounting (DCA), in which a
material is composed of one or more atomic elements, with the atomic levels of each element being
explicitly modeled in the calculation. For DCA materials, LTE or non-LTE atomic level populations are
computed, and the plasma absorption and emissivity are determined from the atomic level populations.
The second approach for modeling the frequency-dependent radiative properties of materialsisto perform
table look-up of opacities and emissivities from pre-computed multi-frequency tables (such as those used
by RH codes). Pre-computed tables can be generated for plasmas under the assumption of LTE, in which
case their radiative properties are a function of only the local temperature and density. SPECT3D
supports the use of PROPACEOS [14] multi-frequency opacity tables.

For DCA materids, steady-state atomic level populations, and the corresponding images and
spectra resulting from them, can be computed at multiple (independent) simulation times corresponding to
the output from the RH codes. Alternatively, atomic level populations can be computed from the solution
of time-dependent atomic rate equations, in which case the time-dependent plasma conditions from the
RH and PIC codes are utilized.

SPECT3D has been designed to be both easy to use and flexible. It utilizes cross-platform user-
interface and graphics software. Results from SPECT3D simulations are conveniently displayed using the
SPECT3D VISUALIZER graphics application. Atomic models — i.e., a selected set of atomic energy
levels and a specification of how the levels are split (e.g., configuration averaged, L-S term split, or fine
structure split) — can be chosen from a collection of preconfigured models, or users can generate their own

customized aomic models. To fecilitate the generation of custom atomic models, the



AtomicModelBuilder application was developed to conveniently select energy levels from the atomic

physics database and specify the degree of level splitting.

Plasma and Detector Geometries

SPECT3D supports a variety of plasma geometries, including: 1-D planar, cylindrical, and
spherical; 2-D Cartesian and cylindrical r-z; and 3-D Cartesian. For plasmas that have one or more
dimensions of infinite extent (e.g., the z dimension for a 2-D Cartesian x-y grid), the plasma in the
SPECT3D simulation is clipped to a specified length to give the plasma volume a finite size. In cases
where RH simulations are performed using periodic boundary conditions, such as pie dlices in 2-D
Cartesian x-y geometry which are repeated about the z-axis, SPECT3D computes images and spectra for
the entire (replicated) plasma.

For a given plasma distribution and detector setup (i.e., detector location, size, and shape), the
radiation at the detector plane can be computed using orthographic projection or point projection viewing
geometries. Figure 1 shows a schematic illustration of orthographic and point projection viewing models.
The detector is divided into a grid of pixels in the horizontal and vertical directions for a rectangular
detector, and in the radial and azimuthal directions for a disk detector. For orthographic projection, the
rays shooting through the plasma from each detector pixel are parallel. For point projection, the rays from
each detector pixel are directed at the backlighter position. Point projection viewing is typically used in
cases where small backlighter sources are utilized. In the case of orthographic projection, the backlighter
has an extended size that is equa to the size of the detector. Regardless of viewing geometry, the
coordinate system of the target-plasma-backlighter system is defined to be that of the plasma coordinate
system, which is defined by the RH or PIC code.

A spherical crystal viewing geometry is a special case for simulating backlit images using a
monochromatic backlighter (see Figure 2). In this case, the backlighter sits on the Rowland circle.
Photons from the backlighter pass through the plasma and reflect off a spherical crystal. The reflected
rays areimaged on the virtual detector plane. Fig. 2 shows how lines of sight that originate from different

parts of the detector reflect off the spherical crystal and move through the plasma to the backlighter.
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Figurel. Schematic illustration adrthographic projections anaimt projectionviewing modes for a
rectangular virtual detector BPECT3D Thesolid lines indicate solid angle to the plasarad
backlighteras viewedat a detector pixel.

Figure2. Schemdc illustration of sphericalriystal viewing model. The backlighter resides on the
Roland circle. Photons from the backlighter propagate through the plasma, reflect off the spherical
crystal, and are recorded at theedtor. Linesof-sight originating from different points on the detector
plane(center, sides, and corneesk showras lines of different shades.



