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Abstract 

Radiation-hydrodynamic and spectroscopic modeling are an important aspect of high energy density 

experimental design. In this paper, we describe an improvement on a previous methodology used for 

simulating x-ray emission spectra from buried layer targets heated by short pulse lasers. The 

improvement incorporates post-processing HYDRA radiation-hydrodynamic output with a non-local 

thermodynamic equilibrium atomic-kinetics radiation transport code, Cretin. Each code uses an 

independent radiation field which allows decoupling HYDRA’s radiation group structure from Cretin’s 

spectral output to improve the speed and flexibility of the design methodology. The execution time 

decreases from 2-3 days to a few hours while the flexibility of the improved methodology allows for 

performing sensitivity studies including a comparison of steady-state and time-dependent atomic 

kinetics and differences in the radiation group structure. 

1. Introduction 

 Radiation-hydrodynamic (rad-hydro) simulations and spectroscopic modeling are an important 

aspect of both experimental design and analysis [1-13]. Rad-hydro codes help explain plasma parameter 

sensitivities caused by various physics models and design parameters (e.g., local versus non-local heat 

conduction, pulse shape and duration for laser driven experiments, and the shape and size of a target) 

[7, 14-16], while spectroscopic modeling aids experimental design by checking which dopants are 

sensitive to the expected electron temperature and density range of the experiment [17, 18]. 

Additionally, spectroscopic modeling is an important analysis tool because it can extract a plasma’s 

electron temperature, density, and opacity non-intrusively [2-4, 19-23]. 

Such an approach [7] was used to design iron opacity experiments at a short pulse laser facility, 

such as the Orion laser facility [24], using buried layer targets. The design methodology used the 

Lawrence Livermore National Laboratory’s HYDRA [25] code to investigate the effects that modifying the 

laser irradiance and target dimensions have on the plasma conditions, x-ray emission, and inferred 

opacity of iron and iron-magnesium buried layer targets. The opacity, emissivity, density, and thickness 

calculated by HYDRA were analyzed and compared using a ray-tracing capability included in Yorick 

[26]—an interpreted language for scientific simulations and calculations—to investigate the x-ray 

emission sensitivities for the experiment.  

In this paper, we improve the performance and capabilities of the iron buried layer 

methodology previously developed [7] by post-processing the HYDRA simulations with the Cretin [27] 

non-local thermodynamics equilibrium (NLTE) atomic-kinetics radiation transport code. The improved 

methodology is described in Sec. 2 and compared to the previous methodology in Sec. 3 by studying 

various sensitivities to the resulting synthetic spectrum. The results are summarized in Sec. 4.  

2. Methodology 

 In the previous methodology, the emissivities and opacities calculated by HYDRA were used to 

calculate spectral intensities using a ray-tracing method included with Yorick.  In the improved 
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methodology, HYDRA simulations are post-processed with Cretin, both to enable the use of more 

detailed opacities and emissivities and to improve computational efficiency.  Cretin can be used to post-

process rad-hydro simulations using plasma parameters such as electron temperature, mass density, 

and fluid velocity to calculate atomic populations with a time-dependent atomic kinetics model coupled 

to a discrete ordinates radiation transfer solver.  Iterative methods used in Cretin ensure self-

consistency of the populations and the radiation fields, allowing the use of much larger timesteps than 

in a rad-hydro simulation.  In addition, Cretin includes algorithms for efficiently calculating optically thick 

line radiation during the iterative process.  The final synthetic spectra are then calculated with a ray-

tracing method like the one used in Yorick.  Cretin has been used extensively within the LLNL ICF 

program to produce spectra from post-processed rad-hydro simulations [33, 34]. 

There are two main motivations for this change. First, HYDRA and Cretin use independent 

radiation group structures whereas the Yorick approach must use the emissivity and opacity output 

from HYDRA to produce the spectra. A large number of radiation groups in HYDRA is therefore required 

if detailed synthetic spectra are needed, causing HYDRA to take longer to execute since the time to 

perform atomic kinetics calculations increase linearly with the number of radiation groups (see Sec. 

3.2.1). Having long execution times limits the ability to study sensitivities on plasma conditions and x-ray 

emission spectra in an ensemble-based approach like that in Ref. 16. It may also limit the ability to 

extend the methodology to include more advanced treatments of the energy deposition (e.g., 2D 

variation) or radiation transport methods (e.g., Monte Carlo or discrete ordinates). The second 

motivational point is that there is an increase in flexibility for evaluating atomic kinetics, line shapes, and 

line transfer effects because these can be controlled in Cretin without having to re-run the HYDRA 

calculation, e.g., when comparing the effects steady-state and time-dependent atomic kinetics have on 

the plasma’s spectra (see Sect. 3.2.3). 

The HYDRA simulations discussed in this paper assume a 1-D slab geometry and include 

Lagrangian hydrodynamics, a local electron conduction model with Lee and More conductivities [28], 

and a flux limiter of 0.05. The simulations employed multi-group diffusion for radiation transport and 

the HYDRA-DCA package [29] for material properties.  This package uses atomic kinetics identical to that 

in Cretin to evolve NLTE atomic populations in time to produce opacities, emissivities, and equation-of-

state (EOS) information for use in the radiation transport and hydrodynamics calculations.  The atomic 

model used for these simulations included fine-structure data calculated with the Flexible Atomic Code 

(FAC) [30] for charge states with fewer than 5 bound electrons combined with screened-hydrogenic data 

[31] for all other charge states. The HYDRA simulations assume a time-dependent energy deposition 

that is constant per unit mass, as detailed in Ref. 7. The verification [7] and validation [32] of this 

approach was addressed previously. This paper will focus on the post-processing of HYDRA simulations 

using Cretin to study synthetic spectra. 

3. Analysis and results 

3.1 Constant plasma parameters 

A baseline comparison between the previous and current methodologies is established with 

calculations for a slab of constant temperature and density. The atomic level populations are simulated 

with time-dependent equations that relax to steady state (typically within 0.3 ps).  We do this to test the 

same methods that will be used for the time-evolving plasmas discussed in sections 3.2 and 3.3. 
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Additionally, the radiation field calculated using multi-group diffusion in HYDRA is used as input for 

Cretin for this comparison.  

The target complexity is incrementally increased by adding more material in the problem: from 

an iron-only layer to the nominal iron buried-layer target design [35] representing experiments 

performed at the ORION laser facility. The nominal buried-layer target consists of a 160 nm iron-sulfide 

(FeS) layer and a 60 nm potassium-chloride (KCl) layer tamped with 3 µm of parylene-N on either side. 

The carbon layer in Ref. 35 is removed in this work for simplicity because it does not significantly 

contribute to line emission or hydro effects. The same radiation group structure was used in both Hydra 

and Cretin as well as the switches and parameters settings in the HYDRA-DCA package and Cretin, for 

each incremental step. Each comparison ran long enough for the atomic kinetics and output spectrum to 

converge. 

At each step in increasing the target complexity from an iron-only layer to the nominal iron 

buried-layer target described in the previous paragraph, the root-mean-square error (RSME) between 

the spectra from the two approaches is calculated and normalized by the average of the previous 

method’s spectrum: 

Δ𝐼𝑅𝑀𝑆𝐸 =
√

1

Δ𝐸
∫ [𝐼𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠(𝐸)−𝐼𝑐𝑢𝑟𝑟𝑒𝑛𝑡(𝐸)]

2
𝑑𝐸

𝐸2
𝐸1

1

Δ𝐸
∫ 𝐼𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠(𝐸) 𝑑𝐸

𝐸2
𝐸1

                                                     (1) 

The spectral ranges chosen for comparison include the iron L-shell lines (1.0 keV to  1.2 keV); the sulfur 

Ly- and He-𝛼 K-shell lines (2.42 keV to 2.64 keV); various K-shell lines for sulfur, chlorine, and potassium 

(2.73 keV to 3.6 keV); and the iron K-shell He-𝛼 complex (6.63 keV to 6.72 keV); all of which are captured 

by various spectrometers fielded at ORION. The differences in the spectra between the previous and 

improved methodologies were nearly constant in each of the four spectral regions as the target 

complexity was increased. The maximum RSME value calculated while increasing the target complexity 

for each region is 0.74%, 1.68%, 3.23%, and 1.09% respectively. These small discrepancies are all within 

expected experimental uncertainty [36] and the methodologies are therefore equally suitable for 

experimental analysis.                                                   

3.2    Sensitivity studies for time-evolving plasmas 

3.2.1. Number of radiation field groups 

As mentioned in Sec. 2, the previous methodology required a very large number of radiation 

groups to achieve spectroscopic accuracy with HYDRA. We now show that the total number of radiation 

groups used in HYDRA can be dramatically reduced while still achieving highly accurate time-evolving 

plasma conditions. Fig. 1 shows HYDRA’s execution time as a function of the total number of radiation 

groups using a single node on an Intel Xeon E5-2695 v4. Each Hydra run used the nominal Fe buried-

layer target with the time-dependent energy source [7], time-dependent atomic kinetics, while the 

radiation binning was varied over a spectral energy range of 1 keV to 6.72 keV. The execution time is 

dominated by the atomic kinetics calculation (taking 92% - 99% of the time) followed by the multi-group 

radiation transport (1% - 7%) —all other processes took less than 0.3% of the execution time.  

The linear relationship between HYDRA’s execution time and number of radiation groups is 

expected because the most expensive piece of the atomic kinetics is integrating over the radiation field 
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to obtain photoionization and radiative recombination rates which are used to update the atomic 

populations.  An equivalent amount of calculation is then used to sum over transitions to calculate new 

opacities and emissivities for each group with the updated populations. The radiation group structure 

matters very little for HYDRA execution times, but the total number of radiation groups used is an 

important factor. The computational time required for radiation transport also scales with the number 

of radiation groups but is a much smaller portion of the total cost than the atomic kinetics. The linear fit 

in Fig. 1 shows that for every additional radiation group added to HYDRA it takes an additional 35.8 

seconds to run. Note that this rate will change depending on the amount of energy deposited in the 

sample. We have found that the ~8000 radiation groups previously used for a design search [16] can be 

decreased to as low as 50, with minimal changes to the electron temperature (0.04%) and the electron 

density (0.1%) at the time of peak electron temperature. This is because the number of radiation groups 

required for good spectral resolution is much larger than the number of groups required for accurate 

photoionization integrals. The execution time improves dramatically going from 8000 groups to 50 

groups–approximately 3.5 days down to 1 hour, or a 95 times speed-up.    

 

 
 

Fig. 1. HYDRA execution time as a function of the total number of radiation groups 

used within the HYDRA calculation.  
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3.2.2. Structure of radiation field groups 

Along with the execution time savings by reducing the number of HYDRA groups while 

accurately calculating the plasma conditions, the resultant spectra become inaccurate using the 

previous method due to the spectral structure using the radiation field structure, as mentioned in Sec. 2. 

However, if the time-dependent output from HYDRA  is post-processed with high spectral resolution 

Cretin simulations then there is little change in the simulated spectra around the time of peak electron 

temperature—the time when x-ray emission is greatest [7] (to see how the electron temperature and 

density vary in time for these types of simulations, see Fig. 2 in Ref. 7)—with minimal added 

computation time. This is possible because Cretin can use a reduced number of groups for the atomic 

kinetics while providing high-resolution spectra since Cretin separates the radiation field group structure 

used for atomic kinetics from its spectral group structure, and as previously mentioned, can take much 

larger timesteps than HYDRA because Cretin is using densities and temperatures provided by HYDRA as 

input and iterates to provide a self-consistent solution.   

The sensitivity of the final synthetic x-ray emission spectrum produced by Cretin is checked by 

running HYDRA with both a large (~2700) and small (36) number of radiation groups, post-processing 

each with Cretin and comparing the spectra of the two Cretin results. Both Cretin simulations used the 

larger (2700) HYDRA group structure for both its radiation field and spectral structure. Also, the Cretin 

simulations used discrete ordinates radiation transport to calculate its own radiation field. This large 

(2700) number structure, the “Fine Group Structure” case in Fig. 2, contains 1 eV resolution for the Fe L-

shell and sulfur/chlorine/potassium K-shell (1.0 keV—3.0 keV) except where the resonant lines in the Fe 

L-shell are located (1.104 keV—1.113 keV) which is assigned 0.2 eV resolution. The Fe K-shell contains 1 

eV resolution leading up to the He-𝛼 complex (6.5 keV—6.64 keV) with 0.2 eV resolution for the lines 

(6.64 keV – 6.72 keV). 

Around the time of peak electron temperature in the FeS layer (~2 ps), the largest difference 

between the fine group structure case and the small number case is 0.6% in the Fe K-shell He-𝛼 

complex.  Late in the simulation (17 ps), a difference as much as 28% exists. However, at this time the 

electron temperature has fallen from a peak value of 2.26 keV to ~600 eV and the Fe K-shell emission 

has fallen to a level that would be difficult to detect—given the limited dynamic range of time-resolved 

spectrometers. With respect to the time-integrated spectrometers fielded during experiments (such as 

the OHREX spectrometer [37-39]), the synthetic spectrum is heavily weighted around the peak electron 

temperature. For example, the simulated spectrum at 17 ps contributes less than 0.33% to the total 

intensity of the time-integrated simulated spectrum in the Fe K-shell He-𝛼 complex. Therefore, despite 

the late time discrepancy, there are no discernible differences between the time-integrated spectra for 

the two models. 

 While there are no discernible differences in the time-integrated spectra due to the late-in-time 

contributions, we investigated bringing the two models’ Fe K-shell He-𝛼 complex into closer agreement. 

An approach to reduce the discrepancy was to use more radiation groups in HYDRA. To check the 

differences, we examine the late-in-time spectra because the spectra around the time of peak electron 

temperature (see Fig. 2a) are very similar. Even with increasing the number of radiation groups in the Fe 

K-shell in the small (36) radiation group count structure, which gave a spectral resolution of 0.2 eV in 

HYDRA’s Fe K-shell range, the discrepancy persisted. However, as seen in Fig. 2b, the discrepancy was 

reduced slightly when increasing the resolution in both the Fe K-shell and sulfur K-shell energy range 
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(2.4 keV—3.0 keV) to 0.2 eV and 1.0 eV respectively (“Group Structure 2” in Fig 2). Therefore, it is not 

the total number of radiation groups in HYDRA that directly impact the output spectrum but the 

structure of the groups. Sensitivity studies of the output spectrum to radiation group structure should 

be conducted for each problem of interest as it will vary with things such as material and plasma 

conditions. 

 Further investigation reveals that the Cretin spectrum is impacted by the slight difference in 

plasma parameters caused by the difference in HYDRA’s radiation group structure. Near the time of 

peak electron temperature, the electron temperature from the three radiation group structures used in 

Fig. 2 differ less than 1 eV (0.05%), and the electron densities differ at most by 0.1%. At 17 ps, the 

electron temperature from the same three models differs by 12 eV (2%) and the electron densities by 

0.3%. 

 

Fig. 2. The sensitivity in Cretin’s output of the Fe K-shell He-𝛼 complex caused by 

differences in HYDRA’s radiation group structure (a) around the time of peak electron 

temperature and (b) 17 ps into the simulation. In (a) the average ionization is the same for 

all three traces. In (b) the average ionization slightly decreases from ‘Fine Group Structure’ 

to ‘Group Structure 2’ to ‘Small Group Count Structure’. 

 

3.2.3. Time-dependent vs. steady-state atomic kinetics in Cretin 

 An experimental x-ray emission spectrum is typically fit with a synthetic spectrum with known 

electron temperature and density profiles—often constant values—to approximate the conditions 

within the plasma [21]. The synthetic emission spectrum used to interpret the experimental data is 

typically calculated using the steady-state approximation. The steady-state approximation is usually 

accurate when the rates-of-change of the plasma parameters (such as temperature, density, and 

radiation field) are slow compared to the atomics kinetics rates (such as the ionization and excitation 

rates).  This might not be the case for the short pulse experiments considered here.  A recent calculation 

using a specified time-dependent temperature and constant density has indicated differences between 

steady-state and time-dependent simulated spectra [40].  The errors made by the steady-state 

approximation can be examined with a more realistic model by post-processing a time-dependent 

HYDRA simulation and creating two different emission spectra using Cretin: one using a steady-state 

(a) (b) 
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atomic kinetics calculation, and the other using a time-dependent atomic kinetics calculation. These 

comparisons can quickly be made with the new improved methodology. 

Fig. 3 shows the time-averaged sulfur He-𝛼 and Ly-𝛼 lines for both the time-dependent and 

steady-state calculations. The spectra at the top of Fig. 3 are averaged from the beginning of the 

simulation to the time of peak electron temperature (2 ps) to represent output of a streaked 

spectrometer with 2 ps time resolution. The spectra at the bottom of Fig. 3 are time averaged from 0 ps 

to 20 ps to represent a time-integrated spectrometer. The simulated emission after 20 ps is negligible. 

As can be seen from Fig. 3, there is a large difference between the two approaches early in time; 

however, the time-integrated case has good overall agreement between the time-dependent and 

steady-state calculations. 

The difference between the steady-state and time-dependent calculations is due to the 

difference in calculating the atomic kinetics. In a steady-state calculation, the population distribution in 

each mesh zone within the simulation is calculated using the radiation field and plasma parameters at 

that time. In a time-dependent atomic kinetics calculation, the population distribution in each zone is 

updated from the previous time step using collisional and radiative rates based on the current time 

step’s plasma parameters and radiation—not just replacing it by a steady-state distribution. There can 

be a significant difference between the two approaches if there is a rapid change in the plasma 

parameters and/or radiation field, which is what happens in the HYDRA simulation between 0 ps and 2 

ps (see Fig. 2 in Ref. 7). Therefore, while steady-state populations may be suitable to fit time-integrated 

spectra or time-resolved spectra where plasma parameters do not vary much in time, they are not 

appropriate to fit time-resolved spectra at early times when the target is rapidly heating. 
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Fig. 3. Comparison of the time-averaged sulfur He-𝛼 and Ly-𝛼 using either a time-dependent 

or steady-state calculation. The top spectrum is a time average from 0 ps to 2 ps, and the 

bottom spectrum is a time average from 0 ps to 20 ps. 

  

              3.3 Comparison with previous methodology 

We now compare the previous and improved methodologies’ synthetic spectra for two 

different energy ranges that are collected during experiments at Orion. Both methodologies use 

the same HYDRA setup except for the radiation group structure and time-dependent atomic 

kinetics. The HYDRA models use a 0.8 ps FWHM Gaussian energy deposition which makes the 

FeS layer reach a peak electron temperature of 1.1 keV. The previous method post-processes 

the HYDRA output using Yorick at several different lines-of-sight which correspond to various 

spectrometers that are fielded on Orion. The improved methodology post-processes the HYDRA 

output using time-dependent Cretin simulations at the same lines-of-sight. The spectra are time-

integrated from 0 ps to 20 ps to match time integrated experimental data. 

The previous methodology used 8423 radiation groups within HYDRA with 1-eV spectral 

resolution from 100 eV to 4.8 keV, 5-eV resolution from 4.8 keV to 6.0 keV, and 1-eV resolution 

from 6.0 keV to 9 keV with an additional 0.2-eV resolution from 6.63 keV to 6.72 keV to give 

good spectral resolution. The HYDRA execution time took 3.5 days. The improved methodology 

runs HYDRA with a total of 60 radiation groups but is post-processed using Cretin with its own 

radiation group structure containing 438 groups logarithmically spaced within the 100 eV to 9 

keV range for the continuum and an additional 30 to 60 groups for each spectral line shown in 

Fig. 4 to allow for line-transfer within the atomic kinetics. The spectral binning in Cretin used the 

same 8423 radiation group count structure as HYDRA’s radiation binning (described directly 

above) for comparison between the two methodologies. This took HYDRA 38 minutes to execute 

and Cretin ~7 hours using 1 node on an Intel Xeon E5-2695 v4, a total execution time of ~7.5 

hours—an improvement of over 10 times in computation time. 

Fig. 4 shows the comparison between the two methodologies. The sulfur, chlorine, and 

potassium K-shell lines (see Fig. 4a) show good agreement—an RSME of 3.7%. The RMSE in the 

iron L-shell from 1.0 keV to 1.2 keV (not shown) is 1.4%. Therefore, the temperature and density 

inference, as well as the opacity region of interest (the iron L-shell), is not greatly impacted using 

the improved method. Conversely, the synthetic iron K-shell He-𝛼 complex [containing the 

resonant He-𝛼 line, the inter-combination (I.C.) line, and their Li-like satellites], shown in Fig. 4b, 

shows a larger discrepancy between the two methods: an RMSE of 14.0%. The difference in the 

satellite lines is mainly due to the emissivity since their optical depths are very low.  This 

discrepancy calls for further examination on how we model the physics of the satellite lines for a 

complex material such as iron. 
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Fig. 4. A comparison between the previous and improved methodologies at two different energy 

ranges equivalent to two different spectrometers used during experiments: (a) from 2.7 keV to 

3.6 keV covering the sulfur, chlorine, and potassium K-shell lines, and (b) 6.63 keV to 6.72 keV 

covering the iron He-𝛼 complex. 

 

4. Discussion and Conclusions 

This paper describes an improvement on a design methodology used for short pulse laser driven 

buried layer experiments by post-processing rad-hydro simulations from HYDRA with the Cretin atomic 

kinetics/radiation transfer code. HYDRA and Cretin have independent radiation group structures which 

allows HYDRA to use a coarser structure sufficient to obtain converged plasma parameters (e.g., 

(a) 

(b) 

He-𝛼 

I.C. 
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electron temperature and density) and Cretin to use a more refined structure to obtain spectroscopic 

detail. This approach gives a drastic speed-up from multiple days to a few hours with little to no change 

in the synthetic emission spectrum produced by Cretin. The speed-up in HYDRA’s execution time also 

allowed for testing the difference between a steady-state and time-dependent calculation quickly. This 

test helped to confirm that a time-dependent calculation is needed during the rapid heating phase of a 

short-pulse laser design, but a steady-state calculation is a good approximation for times when the 

conditions are not rapidly changing. 

The difference between the previous and improved methodologies in the sulfur, chlorine, and 

potassium K-shell, as well as the iron L-shell, energy ranges are small. However, there are moderate 

discrepancies between the two methodologies in the complex iron K-shell He-α complex. The K-shell 

lines of less complex materials (such as S, Cl, K) are more likely to be used for experimental 

spectropscopic analysis and our small discrepancies between the previous and improved methodologies 

would not be discernible when compared with measured data. Since these discrepancies for all 

materials are within expected experimental uncertainties, our improved methodology presents a useful 

tool for simulation-based study.  

Future design efforts will benefit from the massive speed-up that comes with decreasing the 

number of radiation groups within the HYDRA simulations and the ability to test differing atomic kinetics 

using Cretin more easily. HYDRA models can now run with more advanced transport models—such as 

Monte Carlo or discrete ordinates—while still being able to produce detailed emission spectrum and/or 

in a higher dimensionality without a large increase in execution time by post-processing HYDRA with 

Cretin. Other future work may include using this methodology to explore sensitivities of simulated 

spectra to experimental design tolerances or to other modeling assumptions such as the energy 

deposition in HYDRA or using line transport and changing line shapes in Cretin. 
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