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1. Introduction
A generalized collisional-radiative code FLYCHK [1] is available for researchers in the field of
plasma spectroscopy at the password protected webpage, http://nlte.nist.gov/FLY with a user
ID and password obtainable upon request. As of December 2014, the number of registered users
exceeds 700 and it grows steadily with time. Since 2005 when the code was publicly available, it
has been cited more than 200 times in 10 years and widely used to study plasma spectroscopy
and/or charge state distributions of long pulse laser-produced plasmas [2] , short-pulse laserproduced plasmas [3], Z-pinch photo-ionized plasmas [4], x-ray free electron laser (XFEL)
photo-ionized plasmas [5], magnetic fusion-related plasmas [6]. It is designed to provide <Z>,
charge state distributions, radiative power loss rates as well as spectroscopic emissivity and
opacity of plasmas for given input parameters.
The code is straightforward to use and yet gives a reasonable result, especially for K-shell
spectroscopy. Only the atomic number of Z, electron temperature and (electron, ion or mass)
densities are required as input parameters. In addition, one may include application-specific
effects such as external radiation field, non-Maxwellian electron distributions as well as optical
effects or self-pumping. One may run the collisional-radiative calculations for steady-state or
time-dependent cases. There is also an option to obtain the LTE (local thermodynamic
equilibrium) results.
Though it is relatively simple to run the code, the first time users often miss important
parameters to obtain results relevant to their applications. In this document, examples on how
to set up input parameters for a variety of applications are provided for users as well as an
explanation on results and their meanings in terms of plasma spectroscopic analysis.
Discussions on limitations and validities of codes helpful for users to improve their
understanding of FLYCHK results are also provided.

2. Overview of input parameters
There are ways to specify input parameters for FLYCHK code: RUNFILE Input, GRID Input and
HISTORY Input. For RUNFILE Input, one has to make a tar file or a zip file of all input files
including a “run” file which includes main input parameters for an upload. Then the code unzips
input files from the uploaded file and starts to run immediately. On the other hand, one should
specify each input field for GRID Input or HISTORY Input. A detailed description of each input
field can be found by clicking sign next to the input field. A short description of each input
field is given for the GRID Input and the HISTORY Input by Figure 1 and Figure 2 below. Please
note that the 1st and 2nd boxes are mandatory input fields for the single temperature
Maxwellian distribution plasmas and the 3rd and 4th (in the HISTORY Input) are optional.
The main difference between the GRID Input and HISTORY Input is how to set up the
temperature and density grid on which the FLYCHK code calculates population distributions.
With the GRID Input option, one can simply give minimum and maximum plasma conditions
and the increment and the code generates the grid automatically. It is useful when one wants to
see the trend of results as a function of plasma conditions. In this case, the number of plasma
conditions is limited by the maximum 10 temperatures and 10 densities and the total 100 cases.
If one gives more than 10 temperatures or densities, the code will stop and give an error
message to reduce the number of cases.
If one wants to specify manually the temperature and density conditions, one should use the
HISTORY Input option where the code calculates at each time step. The history file should
specify plasma conditions at a time grid. If the evolution type is set as “Non-LTE Steady State”,
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the code calculates the steady-state CR calculation at each time step. If it is set as “Non-LTE
Time-dependent”, the code calculates time-dependent CR calculations at time steps defined by
the 4th input box with the specified initial condition. If no “Start time” and “End time” are
defined in the 4th box of the HISTORY Input, the code will calculate CR calculations at the given
time steps by the history file. The maximum number of time steps is limited to 500 in the
HISTORY Input case. One should take care to include a sufficient number of time steps for
rapidly changing plasma conditions for a convergent problem. If the code is not converged, an
error message will appear with a failure in “LSODE” subroutine, an ODE solver.

Figure 1 GRID Input options for FLYCHK code runs

An important note is that a “TAB” character or a “Mac specific Enter” are not recognized.
The best way to prepare for an input file such as a history file or any other file is to use a simple
text editing program on a UNIX or LINUX machine. It helps to use a Diagnostics output to
understand errors if a code doesn’t run.
The other common mistake is the Units. All energies are in electron volts [eV], densities are in
[cm-3] and time is in seconds [s]. Units of optional parameters are rather tricky: the mean
radiation intensity is [ergs/cm2/s/Hz/Ω] where Ω is the solid angle and the electron energy
density function (EEDF) fe(E) is defined as [#/cm3/eV0.5] where fe(E) is defined as follows:
2
𝑛(𝐸)𝑑𝐸 = √𝐸𝑓𝑒 (𝐸)𝑑𝐸 and 𝑓𝑒 (𝐸) =
𝑒 −𝐸/𝑇𝑒 for the Maxwellian case
√𝜋𝑇𝑒1.5
The opacity effect is set by the minimum size of the plasma in units of [cm] because radiation
escapes through the shortest path. The plasma is assumed to be of a finite size but in a uniform
condition. If no size is specified, the population distribution will be calculated with a zero size for
optically thin plasma. However, a minimum size is required to calculate emissivity and opacity
and is set at 10-6 cm in spectral calculations.
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Figure 2 HISTORY Input options for FLYCHK code runs

3. Interpretation of Output results
Results section on the left panel has two options: Current and Previous. Previous results show
the cases run in the last 1 month. Titles of older calculations are listed but their results are
removed from the system. Current result refers to the most recently run result. The output page
has two parts: 1) Population distribution and 2) Spectral calculations. Results are obtained from
the GRID Input calculations, at a grid of temperature and density and from the HISTORY Input
calculations, at a time grid.
Results are available for: 1) Mean ion charge <Z>, bound-bound radiative losses, free-bound
radiative losses, free-free radiative losses and total radiative losses. The mean ion charge
<Z> is an important parameter in plasma physics since it determines physical parameters such
as conductivity, density and energy balance and equation of state. Radiative losses are useful for
pulsed power machines or high Z element radiation loss from high temperature plasmas.
2) Ionization distribution. Ionization distribution or charge state distribution (CSD) is useful
for designing an experiment where a spectral range of strong emission or a dominant charge
state should be predicted for diagnostic purpose.
3) Spectroscopic emissivity, opacity and intensity. This information is most useful for
experimental design and data analysis of measured spectra. Also opacity information can be
used for radiation hydrodynamics simulations after a proper data processing (Rosseland mean
opacity etc.). The sp.outfile.dat file contains total intensity (tot), Planck function at the Te (plf),
total (emi), bound-bound(bb), bound-free(bf), free-free(ff) emissivities as well as an emissivity
of each charge state(se(i)=…) and the op.outfile.dat file contains total optical depth(tau),
bound-bound (obb), bound-free(obf), free-free(off) opacities as well as an opacity of each
charge state(sk(i)=…). The total opacity is easily obtained by tau/size.
FLYCHK: A Practical Guideline

March 2015

5

4) Total emissivity of bound-bound transitions from FLYCHK levels. One should note that
FLYCHK uses a screened-hydrogenic (SH) model, a grossly averaged level in a schematic way.
For example, n=2 to n=1 transition is likely to have inaccurate transition energy, however, the
total emissivity will be an averaged value of all the emissivity from configurations belonging to
the upper SH level to configurations belonging to the lower SH level, therefore, this information
is useful to check where the dominant emission lies over a wide range of photon energy range
and which transitions are most bright.

Figure 3 Output page from the GRID Input

Figure 4 Output page from the HISTORY Input

4. Examples
4.1. Steady-state plasmas generated by long-pulse lasers
Plasmas generated by a few nano-second long-pulse lasers are often found to have a large volume of
uniform or weakly space-dependent plasma conditions at steady-state after the initial hydrodynamic
expansion and heating of the plasma, for which emission and absorption spectroscopy are used for the
determination of single thermal temperature and density. Thomson scattering measurements are
sometimes applied for an independent measurement, however, one should be careful to compare
results of spectroscopic measurements with Thomson scattering measurements since the spectral
emission volume and the volume probed by Thomson scattering measurement may not be the same. It
is attributed to the fact that emission or absorption is stronger from a denser volume of plasma while
Thomson scattering volume is limited to the plasma with densities lower than the critical density of the
probe laser of Thomson measurement.
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Figure 5 GRID Input for calculating <Z> and spectra for Gold

It is useful to understand the charge state distributions (CSD) and the average charge state <Z> over a
wide range of plasma conditions before designing spectroscopic experiments and/or analysing a timeintegrated, space-integrated emission/absorption spectra. The FLYCHK code is efficient in providing
a wide range of plasma conditions, particularly for high Z elements since CR (Collisional-radiative)
codes with detailed atomic models takes much longer time, and sometimes computationally
prohibitive especially for high Z problems. The example in Figure 6 shows how to compute L-shell
spectra over a range of electron temperatures of 4 keV – 10 keV and electron density of 1021-1022 cm-3.

Figure 6 FLYCHK Output of Average Charge State <Z>

One should note that ionization distributions of many-electron charge states (M, N, O-shell ions
with the number of electrons greater than 10) of high Z elements are often broad. In the table of
Figure 7 shows that the maximum relative ion population is only 0.12 for Au54+ at 8 keV and
more than 20 charge states from Au49+ to Au61+ are substantially populated (a fraction > 0.01)
for the temperature ranges. It means that the spectra, as shown in the Figure 8 (right plot) is
broad due to contributions from many charge states and it is important to include as many
charge states and configurations as possible in the CR model to explain the broad spectral
features.

Figure 7 FLYCHK Output of Charge state distributions of Gold examples from 4 keV to 12 keV
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Figure 8 FLYCHK Output of Bound-Bound approximate emissivities (left) and Total spectroscopic intensities (right)

Bound-bound approximate emissivities give information on the photon energy range of intense
emission of plasma at a given condition. Figure 8 (left plot) shows that the emissivity of 4 keV
(Red curve in the left plot) is strongest between 1 keV and 5 keV due to the gold M-band
emission. The approximate emissivities will not help analyzing measured spectra because each
line represents an averaged emissivity of a particular transition of screened hydrogen levels (eg.
n=2 to n=1 transition). However, it helps determining the valid spectral range for expected
plasma conditions.
The right plot of Figure 8 shows spectroscopically more accurate L-shell spectra over a range of
4 keV to 1.2 keV. One should keep in mind that the FLYCHK spectra @NIST website uses a
simplified STA (super transition array) for non-K-shell spectra and it is more averaged than the
UTA (unresolved transition array) calculations which were performed off-line with relativistic
configurations for publication. The K-shell model in FLYCHK has detailed levels and can be used
for spectroscopic analysis. However, for non-K-shell spectra, the line position and width of the
STA spectra are likely to be shifted and users should be cautious of applying FLYCHK@NIST
results. Also noted that UTA model may give a shifted transition energy compared with term
model and one can apply a global shift based on the difference between UTA and term levels.

4.2. Two-temperature plasmas generated by short-pulse lasers
Ultra-short-pulse lasers play a very important role in high energy density physics for their applications
such as proton beam generation, x-ray generation and relativistic electron generation. Plasmas
generated by ultra-short-pulse lasers are generally characterized with cold, thermal electrons and hot,
non-thermal electrons. Relativistic electrons readily ionize K-shell of target atoms and Kα,β, lines from
2p-1s, 3p-1s, and 4p-1s transitions are used for plasma diagnostics. Since the density of cold and
thermal electrons is usually dominant over the density of hot electrons, charge state distributions from
the measured K-shell spectra reflect the cold electron characteristics and have little information on the
hot electron characteristics except that energetic electrons exist to ionize K-shell electrons.
Figure 9 illustrates the GRID Input for generating charge state distributions (CSD) and K-shell spectra
over a temperature range of 20-120 eV at a solid density of Copper target. The hot electron
temperature was assumed to be 500 keV and a fraction of 10-4 of total electron density. Please note that
the spectroscopic characteristic is rather insensitive to the hot electron conditions such as hot electron
temperature and density. Spectra and CSD become sensitive to hot electron conditions only when the
fraction of hot electrons increases to higher than 10% of total electron density. NO K-shell emission
will be generated if the hot electron condition is NOT defined because the cold temperature is only 20120 eV and K-shell excitation is not significant enough at such low temperatures.
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Figure 9 GRID Input for two electron temperature plasmas

Figure 10 shows Kα intensities changing with cold electron temperatures from 20 eV to 120 eV.
The shift of Kα lines is attributed to the heating of cold electrons which results ionization of
plasmas. When outer electrons are ionized, the screening from outer electrons is reduced and
bound electrons are more tightly bound for higher charge states. As a result, the Kα transition
energy from 2p-1s transition increases as ionization increases and hence the Kα spectra shift to
the higher energies (blue side). In addition, the Kα lines broaden as more and more charge states
and atomic levels are populated to emit the K-shell transitions over a wider spectral range than
the cold case. The shift and broadening of Kα emission spectra is a good diagnostic of cold
electron temperatures.

Figure 10 FLYCHK Output of spectroscopic intensity of Cu over 20-120 eV temperature range with 500 keV hot electrons

4.3. Plasmas with Non-Maxwellian Electron Energy Distribution
FLYCHK can be used to post-process a 1D rad-hydrodynamic (RD) simulation or electron kinetic
simulation for time-dependent charge state and spectroscopic distributions. An example is
shown below for plasma generated by ultrashort pulse laser. SiO2 aerogel targets doped with Ge
or Ti were studied for X-ray backlighter development using ultrashort pulse lasers. A 1-D
electron kinetic code FPI produces a non-Maxwellian electron energy density function due to
strong laser heating and non-local electron heat flow.
Figure 11 shows an example of how FLYCHK is used to post-process 1D simulation with extra
non-Maxwellian hot electrons. With HISTORY Input, the non-thermal electrons defined by
electron energy density function (EEDF) are introduced to the plasma as additional electron
sources and the thermal electron temperature (Te) and total electron density are defined by the
(te ne) of History File.
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Figure 11 HISTORY Input for post-processing a time-dependent 1D simulation of Non-Maxwellian Plasmas

In some cases such as non-neutral plasmas in the EBIT (Electron Beam Ion Trap) or highly
equilibrium plasmas, there are no thermal electrons but non-thermal electrons in plasma. In the
case that only Non-Maxwellian EEDF should be used instead of Maxwellian temperature to
compute rate coefficients, a RUNFILE Input may be used by specifying a statement to use only
EEDF as “fe file filename only” statement in the uploaded runfile. Even in this case that thermal
electrons are not used for rate equations, the thermal electron temperatures should be defined
since a continuum lower model requires such information. There is no such option to use the
EEDF only calculations by using HISTORY or GRID Input.

Figure 12 RUNFILE Input for post-processing a 1D simulation of Non-Maxwellian Plasmas with only hot electrons

A comparison using two different input cases is shown in Figure 13. When the thermal electrons
and hot electrons are added, charge state distributions advance to higher charges faster (in the
left plot, HISTORY Input) than the case without thermal electrons (in the right plot, RUNFILE
Input). Depending on ionization energy, thermal electrons may be more effective or hot
electrons may be more effective.
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Figure 13 Comparison of time-dependent charge state evolution between HISTORY Input (left) and RUNFILE Input (right),
with and without the contributions from cold, thermal electrons respectively

4.4. Photo-ionized plasmas generated by x-rays of Z-pinch
Pulsed-power machines such as Sandia Z machines produce astronomical x-rays in the
laboratory and generate plasmas of astrophysics relevant conditions. Examples of Iron charge
state distributions with and without radiation field are shown in Figure 14 and 15 over a
temperature range from 30 to 210 eV at the electron density of 1.95E19 cm-3 expected to be
valid for an experiment performed in the Z machine. Figure 14 shows the increasing charge state
distributions (CSD) as a function of temperature without radiation field.

Figure 14 GRID INPUT for Iron Charge State Distribution over a temperature range from 30 eV to 210 eV

Figure 15 shows results where the CSD become comparable over a wide temperature range by
adding 165 eV Blackbody radiation field with a dilution factor (top input panel) or measured
radiation field from the Sandia Z experiment (bottom input panel). Atomic processes are
dominated by photo-ionization process and dielectronic and radiative recombination processes
and the ionization distribution is a function of radiation field strength and electron density in
photoionization equilibrium plasmas. At perfect photoionization equilibrium state found in
astrophysical plasmas (with very low electron density), the CSD should be same for all
temperature cases. The small CSD differences over a range of temperatures in Figure 15 seem
attributed to non-negligible 3-body recombination processes since the given electron density
relevant to Sandia Z condition is not very small compared with astrophysical conditions.
FLYCHK: A Practical Guideline

March 2015

11

Figure 15 GRID INPUT for Iron Charge State Distribution for 165 eV Blackbody radiation with a dilution factor 0.01 or a
given radiation field measured in Sandia Z experiment

4.5. Photo-ionized plasmas generated by x-ray free electron lasers
X-ray free electron lasers (XFEL) offers a great opportunity to study plasmas with an exotic state
such as finite-temperature (warm or hot) dense matter, hollow atoms with 2 vacancies in the Kshell and highly non-equilibrium plasmas. XFEL provide a photon source of ultrashort pulses
(10-340 fs), high photon energy (800-20 keV) and high photon number (1012 photons or 105 xrays/Å2). Plasmas generated by XFEL undergo time-dependent population cascades initiated by
the inner-shell vacant states produced by XFEL photoionization. The inner-shell vacant states
such as K-shell or L-shell vacant states decay rapidly by radiative emission or Auger decay in the
order of time scales of femto-seconds and XFEL-driven plasmas emit strong radiation in the Kshell or L-shell spectral range when the XFEL pulse is on.

Figure 16 HISTORY Input for XFEL-driven Mg ions with a given radiation field
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The example in Figure 16 and 17 produces time-dependent <Z> and spectra for Mg plasma
which is initially in the steady-state at 30 eV and 1021 cm-3 and later ionized by XFEL of photon
energy 3100 eV and a bandwidth of 6 eV during the pulse duration of 100 fs. A user should
upload the file containing radiation field and time-dependent history of temperature and
density. As mentioned earlier, one may choose to use a different option for generating time grid
such as logarithmic time grid initially and linear time grid later. Since the plasma is already
ionized to 5.8 at the given plasma condition, XFEL does not affect ionization distribution
significantly, but the K-shell emission changes as K-shell vacant state population is dramatically
modified by x-ray photoionization.
The zigzag behaviour (in the left plot) of Figure 17 is attributed to the IPD (ionization potential
depression) model removing highly excited states and hence changing ionization distributions
consequently. Note that the <Z> changes from 5.8810 to 5.8875 and the scale of zigzag is small.

Figure 17 FLYCHK Output of time-dependent <Z> and spectral intensities at 10 and 124 fs

4.6. Radiative loss rates of heavy elements in magnetic fusion plasmas
Radiative loss is an important energy loss mechanisms of plasmas containing mid-to-high Z
elements and the information is critical in understanding the total energy balance of plasma and
hence temperature predictions. For plasmas in pulsed-power machines or high-Z impurity ions
(W, Kr, Mo etc.) in magnetic confined fusion devices, radiative loss rates are needed for a wide
range of temperatures and densities as one of the key physical input parameters of
hydrodynamic simulations.
FLYCHK provides radiative loss rates as a function of time and density for both optically thin and
thick plasmas (depending on the specified size). However, one has to be careful of applying
optically thick radiative loss rates for dense plasmas as a radiative loss rate required for a time
and point in hydrodynamic simulation refers to the emitted energy escaping from the point to
the boundary, which essentially requires a solution of non-linear radiation transport equation.
Figure 18 provides an example of Kr radiative loss rates over a temperature range of 100 eV to
1000 eV and electron density from 1015 to 1024 cm-3. It is noted that <Z> is similar over Ne from
1015 to 1017 cm-3, which is a characteristic of coronal equilibrium. As Ne increases for a case of Te,
say 200 eV, <Z> increases by stepwise ionization due to excited states, which act as ionization
channel at intermediate densities and decreases with Ne as those excited states act as 3-body
recombination channel at higher densities. Radiative loss rates are linearly proportional to Ne at
coronal equilibrium, which is demonstrated in the right plot over Ne of 1015 to 1017 cm-3.
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One should be aware that FLYCHK code does not include ∆n=0 transitions due to the screenedhydrogenic energy levels in the model. At near coronal state and for near neutral plasmas,
radiative loss is dominated by radiative transitions from levels excited by ∆n=0 from the ground
state because levels excited by ∆n > 0 are not substantially populated. As a result, FLYCHK
results will underestimate radiative loss rates for near coronal and/or near neutral plasmas.
Currently FLYCHK@NIST has a model to compensate for ∆n=0 radiative loss rates, however, it is
likely to be insufficient.

Figure 18 GRID Input and FLYCHK Output for Krypton Radiative Loss Rates and <Z> over the electron temperature range
from 100 eV to 1 keV at electron densities from 10 15 to 1024 cm-3
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