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The scope of work for this subcontract requires that state-of-the-art, detailed atomic kinetics calculations be
applied to compute the total radiative cooling rates for Ar and Kr in high density plasmas. This is in support
of the Defense Threat Reduction Agency’s program of development of simulators with high-fluence radiation
and spectral fidelity. Using collisional-radiative modeling codes and unique expertise at Lawrence Livermore
National Laboratory (LLNL), the total radiative yields from Ar and Kr, integrated over all photon energies,
have been computed. Spectrally resolved yields from K-shell Ar and K- and L-shell Kr have also been
tabulated. The present calculations show that high electron density in the plasma sources is essential to
maximize the fraction of power output in various x-ray bands.

L Source Development

The conversion of laser light to multi-kilovolt x-rays is an area of much ongoing research; argon
[1] and krypton [2] are used in studies of laser conversion efficiency in under-dense plasmas. Pulsed-
power facilities, such as Z-pinches, are the brightest source of multi-kilovolt x-rays currently available;
K-shell argon is one of the most important working media in these devices [3,4]. Previous work at
LLNL has computed the total radiative yield for Ar [5] and Kr [6] in low-density, magnetically-confined
fusion plasmas. These calculations applied detailed, relativistic fine-structure models to the computation
of emission from each Ar or Kr ion, as well as state-of-the-art ground configuration ionization and
recombination rate data to the calculation of the ionic charge state distribution. Extending these
calculation to the regimes of operation of the sources described in Refs. [1-4] requires still larger atomic
models accounting for the density-driven satellite transitions, higher+ (Rydberg) configurations and a
detailed treatment of ionization and recombination between excited levels.

II. Methods of calculations

The radiative yields for argon and krypton have been computed by calculating the emissivity for
all transitions in a detailed model for each charge state, and then summing over the distribution of
charge states in equilibrium for some condition. We have computed the collisional-radiative (CR)
emission from each argon (Ar*" to Ar'™") and krypton (Kr'®" to Kr**) ion on a grid of six electron
densities (1x10"7, 1x10'8, 1x10", 1x10%, 1x10%° and 1x10% cm™) for several electron temperatures.
All ions with fractional abundance greater than 0.01 % in steady-state equilibrium have been considered
for each temperature. The CR emissivity for some transition from level i to level j in each ion is given
by

I..(N,,T,v)=hvnNA,, 1
where Av is the transition energy in eV, N, is the electron density, 4;; is the transition rate in s for some

multipole (E1, E2, M1 or M2) and »; is the upper level population in relative units of ion density. The
steady state upper level population is found by solving the coupled set of rate equations
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where R;; is the rate at which population leaves level i and goes to level j, possibly belonging to a
neighboring ion. The sums in equation 2 extend of all M levels considered for all ions at some
temperature and density. The atomic data used in equations 1 and 2 are generated with the HULLAC
(Hebrew University Lawrence Livermore Atomic Code) suite of codes. HULLAC is built around the
fully relativistic atomic structure package RELAC [7,8], and the CROSS [9] suite of codes that
computes distorted wave approximation electron impact excitation cross sections. All transitions
between bound levels in each argon or krypton ion have been considered for levels with principal
quantum numbers z < 6. As many singly and doubly excited states as possible have been included, this
means up to 1700 energy levels for ions in the middle of the L-shell such as the O- and N-like charge
states. The HULLAC atomic physics package has recently been modified and extended to produce
collisional and photo-ionization cross section in a self-consistent manner with the rest of the atomic data
[10]. The HULLAC model can now compute all ionization and recombination rates between all ground
and excited levels of an ion and the adjacent ions.

Autoionization rates from highly-excited levels with inner-shell vacancies to all energetically
possible levels in the next ion are computed with RELAC [11]. Inner-shell K-shell transitions that are
fed by dielectronic recombination (satellites to electron-impact excited resonance lines in He- and H-like
ions) have been included in the He- to Ne-like models for both elements. Analogous L-shell transitions
that are fed by dielectronic recombination (satellites to resonance transitions in Ne- and F-like ions)
have been included in the models for Na- to Ar-like ions. Due to limits on computing resources, the
maximum principal quantum number considered for these inner-shell processes has been limited to n =4
or 5. The coupling of adjacent ions as represented by equation 2, and the accounting of inner-shell
excited K- and L-shell transitions in the total radiative yield for Ar and Kr are significant extensions of
our previous work (i.e. Refs. 5 and 6).

The CR level populations for each Ar and Kr ion have been computed in steady-state according
to equation 2 using the atomic kinetics solver CRETIN [12], with accounting for collisional excitation
and de-excitation, radiative decays, collisional ionization and autoionization, three-body, dielectronic
and radiative recombination. Between 8 and 12 charge states are taken together in the model for a single
temperature, and equation 2 is solved for six densities. The charge states chosen for each temperature
are selected so that all ions with fractional abundance greater than 0.01 % are included. Detailed, fine-
structure atomic data is included for each ion for all levels with principal quantum number < n,,,, = 6.
Rydberg levels up to n = 10 are included by averaging over all forbital values for each n,,, <n < 10.
Details about the convergence of our models with principal quantum number, the affect of averaging
levels, and the affects of complete coupling of all levels through ionization are being prepared for
publication elsewhere [13]. The results presented below are fully converged calculations that are at the
limit of what present computation resources can accommodate. Checking indicates that for selected
isosequences, our expanded models yield a 30 % enhancement in the total radiative yield above a
straight extrapolation of the low density models in Refs. 5 and 6. The details of the calculation for each
considered argon and krypton ion are summarized in the Tables I and II.

The power loss coefficient (in €V s™) for each argon or krypton ion is given by the sum over all
transitions
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where the subscript ¢ indicates the argon or krypton ion Ar®" or Kr%". The total volumetric power
emitted from, for example, all argon ions in a plasma is given by

PE(N,,T)=3n,L*(N,,T)
q
= N, 3 f,(N,, T)LE(N,,T) @
q

where n, is the density of a particular argon ion, Ny, is the total argon density in the source and f; is the
fractional abundance of argon ion Ar%", defined by

fq=nq/NAr=§:nJ‘.’/NAr (5)

where the sum over j is over all levels in ion Ar?". The same formalism applies to our treatment of
krypton radiative emission. Details on a pair-wise method of computation of the distribution of charge
states that allows for maximum level of detail in the atomic models, and maximum speed will be
presented elsewhere [13].

The distribution of argon ion charge states for particular temperature and density conditions has
been compared to results from the FLY code [14]. FLY uses detailed models for H- to Li-like ions, and
less detailed models for all other iso-electronic sequences, to compute the steady state ion populations of
low and mid-Z (2 £ Z < 26) elements. This emphasis on accuracy for K-shell models is useful for our
validating our argon results. FLY computes the ion populations according to

j=i-1 m
dn,/dt = Z; nR,—nR + ,~§-+1 n.R, ()

where m is the total number of levels considered for all iso-electronic sequences, R;; are the rates at
which population goes from level j to level i, possibly in a different ion, and R; are the diagonal elements
of the rate matrix that represent the rate at which population leaves level i and goes to all other levels ;.
Given the resulting distribution of charge states, we compute the average charge on all argon ions for a
given temperature and density

{(Z(N,,T))) =X qf (N,.T) ™

We find very close agreement between the <Z> our HULLAC data-based models give and the <Z> for
the same densities and temperatures from FLY. In general, the agreement is much better than 1% for all
temperatures above 1000 eV, a range in which K-shell emission is a significant fraction of the total
power budget, between 1 — 2 % between 100 and 1000 eV, and better than 5 % at lower temperatures.

We report the last sum in equation 4 as the power loss coefficient and the <Z> from equation 7
as results for both Ar and Kr in Tables below. The argon ion density for some given electron density,
which is the other term in the last product in equation 4, can be found by dividing the electron density by
<Z>. The power emitted by argon and krypton is also tracked spectrally; we report the K- and L-shell x-
ray yields for both elements in the results below.



III.  Argon results

Figure 1 shows the calculated radiative yield for line emission from Ar for the range of
temperatures from 0.01 to 5.0 keV, and densities from 1.0x10'7 ¢cm™ to 1.0x10%? cm™. Clearly defined
peaks around 150 eV and 1800 eV, representing yield from L- and K-shell ions [5], respectively, can be
seen in the figure. The units for the ordinate in the figure are keV s™' atom™, one need only multiply by
the argon atom density to get the volumetric power (keV s cm™), and then by emitting volume to get
the total power from the argon plasma. The ion density for a pure argon plasma can be found from the
electron density by dividing the electron density by the average ion charge. The average charge from
our Ar models is plotted in Fig. 2. The data from Figs. 1 and 2 are listed in Tables IIl and IV.

For the multi-kilovolt source development work mentioned in Refs. 1 — 4, the K-shell yield from
Ar is most interesting. Figure 3 shows the spectra for all argon ions predicted by our CR models
(equation 2) for several temperatures at N, = 1.0x10%° cm?. Clearly, the K-shell emission, which is what
provides multi-kilovolt yield, is only abundant from plasmas with electron temperatures above 400 eV.
Table V lists the K-shell yield rate from our argon models, found by summing in equation 3 only over
transitions with energies greater than 3 keV. From the data in Fig. 2, L-shell ions that have K-shell
inner-shell transitions are abundant down to temperatures of 100 eV, the K-shell output, however, has a
strong temperature dependence and is only significant from plasmas with electron temperatures above
400 — 800 eV, depending on the density. The K-shell radiative yield rate is shown in Fig. 4. The K-shell
radiative yield is = 42 % of the total output for our lowest density (1x10'" cm™) run at 1.0 keV, and
more than 90 % of the total output for the highest density run (1x10%2 cm™) at 1.0 keV. In like manner,
for any given temperature, the x-ray yield is enhanced as a fraction of the total output as the density
increases. The fraction of the total output that the x-ray yield represents rises rapidly with increasing
temperature, as can be seen in the spectral traces in Fig. 3.

IV.  Krypton results

Figure 5 shows the calculated radiative yield for line emission from Kr between 200 eV and
20.0 keV, for densities 1.0x10'” cm™ to 1.0x10*2 ecm™. The units in the figure are keV s atom™, the
line emission in equation 3 has been summed over all transition energies. There is less discernable
structure in the curves than is the case for argon. The M-shell Kr emission occurs for temperatures
below 200 eV, and hence, is out of the figure. The L- and K-shell emission bands from krypton form
smooth traces that peak above 600 eV, with the peak moving to higher temperatures at lower densities.
The average charge state for the distribution of Kr ions at some temperature (equation 7) is shown for
six densities in Fig. 6. From this figure, we can see that the L-shell ions (say <Z> > 26) are abundant for
temperatures between 600 and 3500 eV. The data shown in Figs. 5 and 6 are listed in Tables VI and
VI, respectively.

Spectrally resolved yield calculations are found by limiting the sum in equation 3. Inner-shell L-
and K-shell satellites have been included in all M- and L-shell ion models, respectively. Hence, there are
x-ray contributions to the total power from the L- and K-shell bands at nearly all temperatures. The
calculated L + K-shell yield for Kr, defined by summing over all transitions with energies greater than or
equal to 1.6 keV, is tabulated in Table VIII and shown in Fig. 7. The K-shell yield for Kr, defined by



summing over all transitions with energies > 12.0 keV, is tabulated in Table IX and plotted in Fig. 8.
Yield from the K-shell band is only seen at temperatures near 1500 eV for the highest two densities in
our calculations, the inner-shell channel for K-shell dielectronic recombination provides this emission.
For lower densities, temperatures in excess of 2000 eV are required for K-shell yield. The softer yield
from the L-shell band is seen to be significant for temperatures as low as 600 eV at all densities.

Finally, in Fig. 9, we show the percentage of the total radiative yield that is emitted in the Ar K-
shell, Kr L-shell and Kr K-shell bands. For argon, for the highest two densities considered, there is
nearly total conversion of the argon output to K-shell x-rays; for lower densities, there is less efficient
conversion at the same temperatures. For the krypton L-shell band (defined as 1.6 < Ejq, < 12.0 keV),
there is greater than 80 % emission for temperatures between 800 and 3500 eV at the two highest
densities considered, while the K-shell band does not become a significant fraction (= 60 %) of the total
krypton radiation until the electron temperature is in excess of 10 keV.

V. Summary

We have applied state-of-the-art atomic structure calculations to compute detailed models of
radiative emission from argon and krypton. We have solved the steady-state kinetics equations for the
level populations in our atomic models for densities ranging from 10'7 — 10?2 cm™ across a wide range
of temperatures. Our models include radiative channels from inner-shell excited K- and L-shell
dielectronic satellite transitions. The effects of high-n Rydberg levels have been included in the
calculation of the distribution of ion charge states for any given temperature and density. Spectrally
resolved tables of ion emission are now available to researchers who are developing multi-kilovolt x-ray
sources. The present calculations show that high electron density in the plasma sources is essential to
maximize the fraction of power output in various x-ray bands.

The present calculations are only for electron-impact excited line emission and line emission fed
by dielectronic recombination.  Continuum processes such as Bremsstrahlung and radiaitve
recombination have not been treated. The contributions from these processes can be approximately
added to calculations of total yield for some experiment with simple analytical formulae and the tables
of <Z> that we have computed with our detailed kinetics models. Future work may include improving
the calculations for Bremsstrahlung and radiaitve recombination in a manner that is self-consistent with
the rest of this work.

We would further like to apply the present work to on-going DTRA sponsored experiments. We
would like to work with developers of hydrodynamics codes such as LASNEX to incorporate our yield
calculations in simulations of shots on the OMEGA and HELEN lasers (e.g. work by J. Davis [2] and
C. A. Back [1]) to test our models. Tables of emission for individual argon and krypton ions are
available [13] (but not listed here) and can be used by researchers simulating non-equilibrium plasmas
(such as the work described by Thomnbhill in Ref. [3]).

Finally, all data in this report are available electronically by request.
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Figure 1 — Ar radiated power keV s atom™ for six densities as a function of temperature computed with
HULLAC atomic data using CRETIN.
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Figure 2 — Average charge on Ar ions as a function of temperature for six densities as computed with

our HULLAC-based models using CRETIN.
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Figure 3 — Ar radiated power eV s atom™' for Ne = 1x10% cm™ at ten electron tem eratures computed
gu p p p

with HULLAC atomic data using CRETIN.
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Figure 4 — Ar radiated power keV s atom™ for six densities as a function of temperature computed with
HULLAC atomic data using CRETIN. Only emission from photons with energies = 3.0 keV is shown.
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Figure 5 — Kr radiated power keV s atom™ for six densities as a function of temperature computed with
HULLAC atomic data using CRETIN.
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Figure 6 — Average charge on Kr ions as a function of temperature for six densities as computed with
our HULLAC-based models using CRETIN.
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Figure 7 — Kr radiated power keV s atom™ for six densities as a function of temperature computed with
HULLAC atomic data using CRETIN. Only emission from photons with energies > 1.6 keV is shown.
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Figure 8 — Kr radiated power keV s atom™ for six densities as a function of temperature computed with
HULLAC atomic data using CRETIN. Only emission from photons with energies > 12.0 keV is shown.
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Figure 9 — Percentage of total radiation that comes out in the X-shell x-ray band for argon (top), L-shell

x-ray band (middle) and K-shell x-ray band (bottom) for krypton as a function of electron temperature
for six densities.
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Tables

Table I — HULLAC model details for each argon iso-electronic sequence considered. The second
column is the maximum principal quantum number considered for promotion of valence electrons, the
third column is the number of configurations considered, the fourth column is the number of detailed
levels generated by the considered configurations, the fifth column indicates if inner-shell dielectronic
transitions are included, and the maximum principal quantum number considered for capture of the free

electron.

Isosequence Foay No. of configs.  No. of levels DR channel
H-like 6 20 34 No

He-like 6 47 223 K-shell (n’<6)
Li-like 6 46 333 K-shell (n' < 6)
Be-like 6 41 206 K-shell (n’<5)
B-like 6 45 505 K-shell (n’<5)
C-like 6 45 1268 K-shell (n’<5)
N-like 6 45 1737 K-shell (n’ <5)
O-like 6 45 1536 K-shell (n’<5)
F-like 5 36 619 K-shell (n’<5)
Ne-like 6 42 231 K-shell (n’<5)
Na-like 6 37 281 L-shell(n’<5)
Mg-like 6 34 197 L-shell (n’ < 4)
Al-like 6 38 613 L-shell (n’'<4)
Si-like 6 38 1475 L-shell (n’<4)
P-like 6 37 1975 L-shell (n’<4)




Table II - HULLAC model details for each krypton iso-electronic sequence considered. The second
column is the maximum principal quantum number considered for promotion of valence electrons, the
third column is the number of configurations considered, the fourth column is the number of detailed
levels generated by the considered configurations, the fifth column indicates if inner-shell dielectronic
transitions are included, and the maximum principal quantum number considered for capture of the free

electron.

Isosequence Moy No. of configs.  No. of levels DR channel
H-like 6 20 34 No

He-like 6 47 223 K-shell(n’<6)
Li-like 6 46 333 K-shell (n' < 6)
Be-like 6 41 206 K-shell (n’<5)
B-like 6 45 505 K-shell (n’<35)
C-like 6 45 1268 K-shell (n’<5)
N-like 6 45 1737 K-shell (n’<5)
O-like 6 45 1536 K-shell (n’<5)
F-like 6 44 778 K-shell (n’<5)
Ne-like 6 42 231 K-shell (n'<5)
Na-like 6 37 281 L-shell (n’'<5)
Mg-like 6 34 197 L-shell (n’<4)
Al-like 6 38 1012 L-shell (n’ < 4)
Si-like 6 38 1475 L-shell (n’ < 4)
P-like 6 37 1975 L-shell (n’<4)
S-like 6 33 1518 L-shell (n’<4)
Cl-like 6 32 752 L-shell (n’<4)
Ar-like 6 29 213 L-shell (n’ < 4)




Table III — Ar radiated power keV s atom™ for six densities as a function of temperature computed with
HULLAC atomic data using CRETIN.

N, (cm™) 1.0x10™ 1.0x10™ 1.0x10" 1.0x10™ 1.0x10% 1.0x10%
T (eV)
10 2.82E+07 5.50E+07 8.93E+07 1.18E+08 1.21E+08 1.18E+08
20 1.71E+07 147E+07 3.75E+07 1.68E+08 3.01E+08 2.62E+08
30 3.66E+06 3.53E+06 113E+07 8.49E+07 3.90E+08 4.78E+08
40 161E+06 3.6TE+06 2 80E+07 2.09E+08 1.04E+09 1.08E+09
50 1.59E+06 1.03E+07 1.1SE+08 6.23E+08 2.92E+09 4.11E+09
60 2.72E+06 2.73E+07 2.69E+08 1.16E+09 5.48E+09 1.03E+10
70 4.77E+06 5.31E+07 4.38E+08 1.73E+09 8.49E+09 1776410
80 8.32E+06 8.62E+07 6.11E+08 2.09E+09 1.11E+10 2.81E+10
100 2.08E+07 1.92E+08 8.06E+08 2.37E+09 1.39E+10 5.00E+10
120 5.08E+07 3.13E+08 7.99E+08 2.53E+09 1.S6E+10 7.01E+10
150 1.11E+08 3.23E+08 6.95E+08 3.05E+09 1.97E+10 9.80E+10
170 1.22E+08 2.69E+08 6.47E+08 3.47E+09 2.06E+10 1.O7E+11
200 9.44E+07 1.78E+08 5.73E+08 3.64E+09 1.85E+10 9.77E+10
220 7.33E+07 1.41E+08 5.34E+08 3.55E+09 1.64E+10 8.61E+10
250 4.75E+07 1.01E+08 4.66E+08 3.21E+09 1.35E+10 6.90E+10
270 3.54E+07 8.18E+07 4.19E+08 2.94E+09 1.18E+10 5.95E+10
300 231E+07 6.1TE+07 3.56E+08 2.54E+09 9.79E+09 4.84E+10
320 1.77E+07 5.21E+07 3.19E+08 2.30E+09 8.74E+09 4.28E+10
350 1.24E+07 4.16E+07 2.73E+08 2.00E+09 7.53E+09 3.65E+10
370 1.OOE+07 3.64E+07 2ATE+08 1.83E+09 6.91E+09 3.35E+10
400 7.02E+06 2.89E+07 2.06E+08 1.55E+09 6.07E+09 3.01E+10
420 5.95E+06 2.61E+07 1.90E+08 1.45E+09 5.73E+09 2.86E+10
450 4.79E+06 2.28E+07 1.71E+08 1.32E+09 5.36E+09 2.74E+10
500 3.58E+06 191E+07 1.48E+08 117E+09 5.05E+09 2.73E+10
550 2.86E+06 1.67E+07 1.34E+08 1.09E+09 5.01E+09 2.90E+10
600 2.A2E+06 1.52E+07 1.26E+08 1.04E+09 5.19E+09 3.23E+10
650 2.14E+06 1.43E+07 1.21E+08 1.02E+09 5.52E+09 3.66E+10
700 1.96E+06 1.38E+07 1.19E+08 1.03E+09 5.99E+09 4.19E+10
750 1.8SE+06 1.36E+07 1.20E+08 1.0SE+09 6.54E+09 4.78E+10
800 1.78E+06 137E+07 1.22E+08 1.09E+09 7.17E+09 5.42E+10
850 1.74E+06 1.38E+07 1.25E+08 1.13E+09 7.85E+09 6.09E+10
900 1.73E+06 141E+07 1.29E+08 1.19E+09 8.57E+09 6.77TE+10
950 1.73E+06 LASE+07 1.34E+08 124E+09 9.31E+09 7.46E+10
1000 1.71E+06 147E+07 1.37E+08 1.29E+09 1.00E+10 8.13E+10
1200 1.83E+06 1.66E+07 1.59E+08 1.53E+09 1.29E+10 1.OGE+11
1400 1.95E+06 1.83E+07 1.78E+08 1.74E+09 1.52E+10 [.23E+11
1600 2.04E+06 1.95E+07 1.90E+08 1.87E+09 L.67E+10 1.33E+11
1800 2.07E+06 1.99E+07 1.96E+08 1.93E+09 17SE+10 L.36E+11
2000 2.03E+06 1.97E+07 1.94E+08 1.92E+09 1.7SE+10 133E+11
2200 1.96E+06 1.91E+07 1.88E+08 1.87E+09 1.71E+10 1.28E+11
2400 1.85E+06 1.81E+07 1.79E+08 1.78E+09 1.63E+10 1.21E+11
2600 1.73E+06 1.70E+07 1.68E+08 1.67E+09 1.53E+10 LI3E+11
3000 1.49E+06 1ATE+07 1.45E+08 1.44E+09 1.33E+10 9.76E+10
3200 1.38E+06 1.36E+07 1.35E+08 1.34E+09 1.24E+10 9.08E+10
3600 1.18E+06 1.17E+07 1.16E+08 .1SE+09 1OTE+10 7.88E+10
4000 LOLE+06 1.00E+07 9.99E+07 9.93E+08 9.29E+09 6.39E+10
4200 9.46E+05 9.38E-+06 9.33E+07 9.28E+08 8.70E+09 64TE+10
4600 8.30E+05 8.24E+06 8.21E+07 8.16E+08 7.68E+09 5.75E+10
5000 7.36E+05 7.32E+06 7.29E+07 7.25E+08 6.84E+09 5.1SE+10




Table IV — Average argon ion charge computed from HULLAC-based model using CRETIN.

N, (em™) 1.0x10"™ 1.0x10" 1.0x10” 10107 1.0x10” 1.0x10™
T, (eV)

10 5.78 5.97 525 4.18 330 3.04
20 7.46 7.83 7.80 7.17 5.81 4.00
30 7.91 7.98 7.98 1.87 7.23 5.70
40 197 8.00 8.05 8.08 779 6.69
50 8.02 8.08 837 8.66 8.45 7.42
60 8.15 8.32 8.89 9.35 9.24 8.19
70 8.44 8.70 9.35 9.97 9.93 8.88
80 8.84 9.10 9.97 10.75 10.69 9.52
100 9.81 10.20 11.42 1195 12.02 10.73
150 12.44 12.94 13.24 13.58 14.19 13.81
200 14.08 14.24 14.36 14.64 15.23 15.13
250 14.83 14.94 15.02 15.23 15.63 15.60
300 15.27 15.35 1541 15.54 15.80 15.78
350 15.52 15.58 15.62 15.70 15.87 15.86
400 15.68 15.73 15.75 15.80 15.91 15.90
450 15.77 15.80 15.82 15.85 15.93 15.93
500 15.82 15.84 15.86 15.88 15.95 15.94
550 15.85 15.87 15.88 1591 15.96 15.96
600 15.88 15.89 15.90 15.92 15.97 15.97
650 15.90 15.91 15.92 1593 15.97 15.98
700 1591 15.92 1593 15.94 15.98 15.99
750 15.93 15.94 15.94 15.95 15.99 16.01
800 15.94 15.95 15.96 15.97 16.00 16.02
850 15.95 15.96 15.97 15.98 16.01 16.04
900 15.97 1598 15.98 1599 16.03 16.07
950 15.98 15.99 16.00 16.01 16.04 16.09
1600 16.00 16.01 16.01 16.02 16.06 16.12
1400 16.19 16.21 16.22 16.23 16.28 16.44
1800 16.49 16.51 16.52 16.52 16.59 16.80
2000 16.65 16.67 16.68 16.69 16.75 16.96
2400 16.96 16.97 16.98 16.98 17.04 17.23
2800 17.20 17.21 17.22 17.22 17.27 17.42
3000 17.30 17.31 17.31 17.32 17.35 17.49
3400 17.45 17.46 17.46 17.46 17.49 17.60
3800 17.56 17.57 17.57 17.57 17.59 17.68
4000 17.60 17.61 17.61 17.61 17.63 17.71
4200 17.64 17.64 17.65 17.65 17.66 17.73
4400 17.67 17.67 17.68 17.68 17.69 17.75
4600 17.70 17.70 17.70 17.70 17.72 17.77
5000 17.74 17.75 17.75 17.75 17.76 17.80




Table V — Ar K-shell radiated power keV s atom™ for six densities as a function of temperature
computed with HULLAC atomic data. The K-shell yield is found by summing over all transitions with
energies greater than 3.0 keV.

N, (em?) 1.0x10" 1.0x10" 1.0x10™ L.0x10™ 1.0x10” 1.0x10%
T, (V)

150 2.38E-01 2.08E+00 2.23E+01 2.73E+02 7.14E+03 5.93E+04
170 1.54E+00 1.32E+01 1.45E+02 2.17E+03 8.18E+04 7.71E+05
200 1.44E+01 1.63E+02 1.94E+03 3.32E+04 1.05E+06 L1GE+07
220 5.66E+01 6.82E+02 8.05E+03 1.31E+05 3.42E+06 3.68E+07
250 3.15E+02 3.76E+03 4.27E+04 6.18E+05 1.27E+07 1.39E+08
270 7.81E+02 9.07E+03 1.01E+05 1.37E+06 2.49E+07 2.74E+08
300 2.30E+03 2.57E+04 2.78E+05 3.51E+06 5.62E+07 6.18E+08
320 4.09E+03 4.49E+04 4. 79E+05 5.83E+06 8.78E+07 9.64E+08
350 8.34E+03 8.95E+04 9.41E+05 1.10E+07 1.55E+08 1.69E+09
370 1.24E+04 1.32E+05 1.37E+06 1.58E+07 2.14E+08 2.33E+09
400 2.09E+04 2.19E+05 2.26E+06 2.53E+07 3.27E+08 3.53E+09
420 2.80E+04 2.91E+05 3.00E+06 331E+07 4.19E+08 4.51E+09
450 4.10E+04 4.23E+05 4.34E+06 4.73E+07 5.83E+08 6.23E+09
470 5.14E+04 5.27E+05 5.40E+06 5.85E+07 7.09E+08 7.36E+09
500 6.95E+04 7.10E+05 7.25E+06 7.79E+07 9.26E+08 9.81E+09
550 1.07E+05 1.08E+06 1.10E+07 1.17E+08 1.36E+09 1.42E+10
600 1.52E+05 1.54E+06 1.56E+07 1.65E+08 1.87E+09 1.94E+10
650 2.06E+05 2.08E+06 2.10E+07 2.20E+08 2.46E+09 2.53E+10
700 2.66E+05 2.68E+06 2.71E+07 2.82E+08 3.11E+09 3.16E+10
750 3.33E+05 3.35E+06 3.38E+07 3.50E+08 3.81E+09 3.84E+10
800 4.05E+05 4.07E+06 4.10E+07 4.24E+08 4.56E+09 4.55E+10
850 4 82E+05 4.83E+06 4 87E+07 S.01E+08 5.34E+09 5.28E+10
900 5.61E+05 5.63E+06 5.66E+07 5.81E+08 6.14E+09 6.01E+10
950 6.43E+05 6.44E+06 6.47E+07 6.63E+08 6.96E+09 6.73E+10
1000 7.26E+05 7.26E+06 7.30E+07 74SE+08 7.77E+09 7.44E+10
1200 1.05E+06 1.05SE+07 1.0SE+08 1.07E+09 1.09E+10 9.96E+10
1400 1.34E+06 1.33E+07 1.33E+08 1.34E+09 1.34E+10 1.18E+11
1600 1.56E+06 1.54E+07 1.54E+08 1.55E+09 1.52E+10 1.28E+11
1800 1.69E+06 1.67E+07 1.66E+08 1.67E+09 1L.61E+10 1.31E+11
2000 1.74E+06 1.71E+07 1.70E+08 1.71E+09 1.64E+10 1.30E+11
2200 1.73E+06 1.70E+07 1.69E+08 1.69E+(9 1.61E+10 1.24E+11
2400 1.67E+06 1.65E+07 1.64E+08 1.63E+09 1.55E+10 L.18E+11
2500 1.63E+06 1.61E+07 1.60E+08 1.60E+09 1.51E+10 L.14E+11
2600 1.59E+06 1.57E+07 1.56E+08 1.55E+09 1.46E+10 1.10E+11
2800 1.50E+06 1.47E+07 1.46E+08 1.46E+09 1.37E+10 1.O3E+11
3000 1.40E+06 1.38E+07 1.37E+08 1.37E+09 1.28E+10 9.54E+10
3200 1.30E+06 1.28E+07 1.28E+08 1.27E+09 1.20E+10 8.87E+10
3400 1.21E+06 1.19E+07 1.19E+08 1.18E+09 [.11E+10 8.26E+10
3500 1.17E+06 1.1SE+07 1.15E+08 1.14E+09 1.07E+10 7.98E+10
3600 1.13E+06 1.11E+07 1.11E+08 1.10E+09 1.04E+10 7.71E+10
3800 1.04E+06 1.03E+07 1.03E+08 1.02E+09 9.64E+09 7.20E+10
4000 9.79E+05 9.69E+06 9.64E+07 9.61E+08 9.05E+09 6.75E+10
4200 9.11E+05 9.02E+06 8.98E+07 8.96E+08 8.45E+09 6.33E+10
4400 8.54E+05 8.47E+06 8.43E+07 3.40E+03 7.93E+09 5.96E+10
4500 8.31E+05 8.24E+06 8.21E+07 8.18E+08 7.72E+09 5.80E+10
4600 8.03E+05 7.96E+06 7.93E+07 7.90E+08 7.47E+09 5.63E+10
4800 7.56E+05 7.50E+06 747E+07 7.45E+08 7.05E+09 533E+10
5000 7.17E+05 7.11E+06 7.09E+07 7.06E+08 6.68E+09 5.06E+10




Table VI — Kr radiated power keV s atom™ for six densities as a function of temperature computed
with HULLAC atomic data using CRETIN.

N, (cm?) 1.0x10" 1.0x10" TOXI00 LOXIO® 1.0x10% 1.0x10™
T. (V)
200 1.11E+08 1.04E+09 5.29E+09 LLIIE+10 4.14E+10 L71E+11
400 1.06E+08 5.92E+08 1.88E+09 7.7T1E+09 5.35E+10 2.72E+11
600 2.17E+07 1.64E+08 1.06E+09 8.02E+09 6.94E+10 5.10E+11
800 1.47E+07 1.39E+08 1.27E+09 1.16E+10 1.02E+11 7.44E+11
1000 1.96E+07 1.92E+08 1.80E+09 1.52E+10 L17E+11 7.99E+11
1200 3.44E+07 3.13E+08 2.50E+09 1.64E+10 1.07E+11 7.37E+11
1400 6.02E+07 4.85E+08 3.05E+H09 1.5SE+10 9.04E+10 6.74E+11
1600 1.02E+08 7.04E+08 3.22E+09 1.27E+10 7.30E+10 6.07E+11
1800 1.19E+08 7.69E+08 3.06E+09 1.14E+10 6.98E+10 6.03E+11
2000 1.24E+08 7.65E+08 2.76E+09 1.03E+10 6.70E+10 5.92E+11
2200 1.19E+08 7.16E+08 2. 46E+09 9.37E+09 6.45E+10 5.75E+11
2400 1.09E+08 6.47E+08 2.16E+09 8.57E+09 6.17E+10 5.53E+!1
2600 9.74E+07 5.73E+08 1.90E+09 7.87E+09 5.87E+10 5.28E+11
2600 9.74E+07 5.73E+08 1.90E+09 7.87E+09 5.87E+10 5.28E+11
2800 8.55E+07 5.03E+08 1.68E+09 7.26E+09 5.57E+10 5.03E+11
3000 7.45E+07 4.39E+08 1. A9E+09 6.72E+09 S.29E+10 4.79E+11
3200 6.48E+07 3.84E+08 1.32E+09 6.26E+09 5.03E+10 4.57E+11
3400 5.63E+07 3.36E+08 1.19E+09 5.86E+09 4.79E+10 4.36E+11
3600 4.86E+07 2.93E+08 1.06E+09 5.48E+09 4.55E+10 4.16E+11
3800 4 26E+07 2.59E+08 9.70E+08 5.18E+09 436E+10 4.00E+11
4000 3.74E+07 2.30E+08 8.90E+08 4.92E+09 4.19E+10 3.85E+11
4200 3.31E+07 2.06E+08 8.21E+08 4.70E+09 4.04E+10 3.73E+11
4400 2.94E+07 1.85E+08 7.63E+08 4.50E+09 3.91E+10 3.62E+11
4600 2.63E+07 1.68E+08 7.12E+08 4.33E+09 3.80E+10 3.52E+11
4800 2.33E+07 1.51E+08 6.63E+08 4.15E+09 3.67E+10 3.42E+11
5000 2.11E+07 1.38E+08 6.26E+08 4.03E+09 3.58E+10 3.34E+11
6000 1.36E+07 9.48E+07 4.99E+08 3.5TE+09 3.27E+10 3.09E+11
7000 9.71E+06 7.17TE+07 4.28E+08 3.32E+09 3.10E+10 2.96E+11
8000 7.33E+06 5.71E+07 3.81E+08 3.14E+09 2.98E+10 2.87E+11
9000 6.02E+06 4.91E+07 3.56E+08 3.06E+09 2.93E+10 2.84E+11
10000 5.17E+06 4.38E+07 3.39E+08 3.00E+09 2.90E+10 2.82E+11
11000 4.60E+06 4.02E+07 3.27E+08 2.97E+09 2.88E+10 2.81E+11
15000 3.45E+06 3.25E+07 2.97E+08 2.85E+09 2.80E+10 2.76E+11
20000 2.93E+06 2.85E+07 2.75E+08 2.69E+09 2.66E+10 2.64E+11




Table VII — Average krypton ion charge computed from HULLAC-based model using CRETIN.

N, (em™) 1.0x10" 1.0x10" 1.0x10" TOxXI0T  L.OXI0D 1.0x10%
T, (eV)

200 20.46 20.61 21.39 22.36 22.99 23.40
400 24.74 24.80 25.00 25.17 25.34 25.63
600 25.80 25.78 25.78 25.83 25.95 26.45
800 26.45 26.45 2647 26.57 26.77 27.64
1000 27.59 27.60 27.66 27.80 28.01 28.85
1200 28.85 28.87 28.96 29.13 29.33 29.91
1400 29.81 29.84 29.97 30.18 30.38 30.75
1600 30.79 30.85 30.99 31.20 31.36 31.54
1800 31.26 3133 31.48 31.66 31.81 31.95
2000 31.66 31.73 31.86 32.03 32.15 32.27
2200 31.96 32.03 32.15 32.30 32.41 32.51
2400 32.21 3228 3239 3251 32.61 32.70
2600 3242 32.48 32.57 32.69 32.77 32.86
2800 32.59 32.64 3273 32.83 3291 3298
3000 3274 32.78 32.86 32.95 33.02 33.09
3200 32.86 32.90 32.97 33.05 33.11 33.17
3400 32.97 33.00 33.06 33.14 33.19 33.25
3600 33.06 33.09 33.15 33.22 33.26 33.32
3800 33.14 33.16 33.21 33.28 33.32 33.37
4000 3321 33.23 33.27 3333 33.37 33.42
4200 33.26 33.28 33.32 33.38 33.42 33.46
4400 33.32 33.33 33.37 33.42 33.46 3349
4600 33.36 33.38 33.41 33.46 33.49 33.53
4800 3341 33.42 3345 33.50 33.53 33.56
5000 33.44 33.45 33.48 33.53 33.55 33.58
6000 33.58 33.59 33.61 33.64 33.67 33.69
7000 33.68 33.69 33.70 33.73 33.75 33.76
8000 33.76 33.77 33.78 33.80 33.82 33.83
9000 33.83 33.83 33.84 33.86 33.87 33.89
10000 33.89 33.89 33.90 33.92 33.93 33.94
15000 34.15 34.16 34.16 34.17 34.18 34.19
20000 34.40 34.40 34.40 34.41 34.41 34.42




Table VIII — Kr L + K-shell radiated power keV s™' atom™ for six densities as a function of temperature
computed with HULLAC atomic data. The yield for this table is computed by summing over all
transitions with energies greater than 1.6 keV.

N, (em™) 1.0x10" 1.0x10™ 1.0x10™ 1.0x10% 1.0x107 1.0x10%
T, (e¥)

200 1.02E+04 1.04E+05 1.12E+06 1.0SE+07 1.20E+08 1.51E+09
400 8.66E+05 7.27E+06 5.98E+07 6.0SE+08 7.66E+09 1.08E+11
600 4.53E+06 437E+07 3.99E+08 3.89E+09 4.12E+10 4.07E+11
800 8.88E+06 8.80E+07 8.46E+08 8.24E+09 8.13E+10 6.64E+11
1000 112E+07 L11E+08 1.09E+09 1.04E+10 9.82E+10 7.34E+11
1200 L1IE+07 1.11E+08 1.07E+09 9.90E+09 8.97E+10 6.86E+11
1400 1.04E+07 1.03E+08 9.79E+08 8.66E+09 7.67E+10 6.33E+11
1600 8.70E+06 8.57E+07 7.98E+08 7.00E+09 6.35E+10 5.77E+11
1800 8.15E+06 8.04E+07 7.51E+08 6.70E+09 6.21E+10 5.76E+11
2000 7.54E+06 7.44E+07 7.03E+08 6.43E+09 6.07E+10 5.66E+11
2200 7.01E+06 6.94E+07 6.62E+08 6.18E+09 5.91E+10 5.51E+11
2400 6.52E+06 6.47E+07 6.23E+08 5.90E+09 5.69E+10 5.30E+11
2600 6.06E+06 6.03E+07 5.86E+08 5.62E+09 5.45E+10 5.07E+11
2600 6.06E+06 6.03E+07 5.86E+08 5 62E+09 SA4SE+10 5.07E+11
2800 5.65E+06 5.63E+07 5.51E+08 5.33E+09 5.20E+10 4.83E+11
3000 5.29E+06 5.27E+07 5.19E+08 5.06E+09 4.95E+10 4.61E+11
3200 4.96E+06 4.95E+07 4.90E+08 4 81E+09 4.72E+10 4.39E+11
3400 4 68E+06 4.68E+07 4 64E+08 4.58E+09 451E+10 4.20E+11
3600 4.40E-+06 4.39E+07 4.38E+08 4.35E+09 4.29E+10 4.00E+11
3800 4.18E+06 4.18E+07 4.18E+08 4.17E+09 4.12E+10 3.85E+11
4000 4.00E+06 4.00E+07 4.00E+08 4.01E+09 3.97E+10 3.72E+11
4200 3.84E+06 3.84E+07 3.85E+08 3.86E+09 3.84E+10 3.60E+11
4400 3.70E+06 3.70E+07 3.72E+08 3.74E+09 3.72E+10 349E+11
4600 3.57E+06 3.58E+07 3.60E+08 3.63E+09 3.61E+10 3.40E+11
4800 3 44E+06 3.4SE+07 347E+08 3.51E+09 3.50E+10 331E+11
5000 3.35E+06 3.36E+07 3.39E+08 3.43E+09 3.42E+10 3.24E+11
6000 3.04E+06 3.05E+07 3.08E+08 3.14E+09 3.14E+10 3.00E+11
7000 2.89E+06 2.89E+07 2.93E+08 2.98E+09 3.00E+10 2.89E+11
8000 2.79E:+06 2.79E+07 2.82E+08 2.88E+09 2.89E+10 281E+11
9000 2.76E+06 2.76E+07 2.79E+08 2.84E+09 2.86E+10 2.78E+11
10000 2.74E+06 2.75E+07 2.77E:+08 2.82E+09 2.83E+10 2.77E+11
11000 2.74E+06 2.75E+07 2.77E+08 2.81E+09 2.82E+10 2.77E+11
15000 | *  2.71E+06 2.71B+07 2.73E+08 2.76E+09 2.77E+10 2774E+11
20000 2.6 1E+06 2.61E+07 2.62E+08 2.64E+09 2.64E+10 2.62E+11




Table IX — Kr K-shell radiated power keV s atom™ for six densities as a function of temperature
computed with HULLAC atomic data. The K-shell yield is computed by summing over all transitions
with energies greater than 12.0 keV.

N, (cm™) 1.0x10™ 1.0x10" 1.0x10" LOX10™ 1.0x10” 1.0x10%
T, (eV)
200 1.83E-30 4.39E-29 8.95E-27 1.27E-24 137E-22 3.79E-20
400 1.94E-09 1.97E-08 2.54E-07 3.98E-06 8.86E-05 8.17E-03
600 1.44E-03 1.44E-02 1.58E-01 1.99E+00 3.10E+01 1.67E+03
800 125E+00 1.26E+01 1.33E+02 1.43E+03 1.68E+04 4.41E+05
1000 6.92E+01 6.89E+02 6.76E+03 6.01E+04 5.67E+05 8.52E+06
1200 7.51E+02 7.27E+03 6.4TE+04 4.93E+05 4.21E+06 4.78E+07
1400 3.25E+03 3.01E+04 241E+05 1.66E+06 1.38E+07 1.42E+08
1600 9.10E+03 7.81E+04 5.59E+05 3.79E+06 3.30E+07 3.44E+08
1800 1.71E+04 1 42E+05 9.99E+05 7.34E+06 6.84E+07 7.43E+08
2000 2.78E+04 2.27E+05 1.66E+06 1.37E+07 1.35E+08 1.50E+09
2200 4.12E+04 3.41E+05 2.65E+06 2.40E+07 2.45E+08 2.72E+09
2400 5.80E+04 4.93E+05 4.08E+06 3.92E+07 4.07E+08 4.50E+09
2600 7.87E+04 6.88E+05 6.02E+06 6.00E+07 6.25E+08 6.85E+09
2600 7.87E+04 6.88E+05 6.02E+06 6.00E+07 6.25E+08 6.85E+09
2800 1.04E+05 9.30E+05 8.47E+06 8.62E+07 8.98E+08 9.75E+09
3000 133E+05 1.22E+06 L14E+07 1.18E+08 1.22E+09 1.31E+10
3200 1.66E+05 1.55E+06 1.48E+07 1.53E+08 1.59E+09 1.69E+10
3400 2.03E+05 1.92E+06 1.86E+07 1.93E+08 1.99E+09 2.11E+10
3600 2.44E+05 2.33E+06 2.29E+07 2.37E+08 2.44E+09 2.57E+10
3800 2.87E+05 2.77E+06 2.73E+07 2.82E+08 2.90E+09 3.03E+10
4000 3.32E+05 3.22E+06 3.19E+07 3.30E+08 3.38E+09 3.52E+10
4200 3.78E+05 3.69E+06 3.67E+07 3.78E+08 3.87E+09 4.01E+10
4400 4.27E+05 4.18E+06 4.17E+07 4.28E+08 4.37E+09 4.52E+10
4600 4.76E+05 4.67E+06 4.67E+07 4.79E+08 4.88E+09 5.03E+10
4800 5.26E+05 5.19E+06 5.19E+07 5.31E+08 5.40E+09 5.55E+10
5000 5.76E+05 5.69E+06 5.69E+07 5.82E+08 5.91E+09 6.06E+10
6000 8.24E+05 8.18E+06 8.20E+07 8.33E+08 8.41E+09 8.55E+10
7000 1.06E+06 1.05E+07 1.06E+08 1.07E+09 1.07E+10 1.08E+11
8000 1.27E+06 1.27E+07 1.27E+08 1.28E+09 1.28E+10 1.29E+11
9000 1.46E+06 145E+07 1.45E+08 1.46E+09 1.46E+10 147E+1
10000 1.62E+06 1.61E+07 1.61E+08 1.62E+09 161E+10 1.62E+11
11000 1.75E+06 1.75E+07 1.75E+08 1.75E+09 1.75E+10 1.75E+11
15000 2.11E+06 2.11E+07 2.10E+08 2.09E+09 2.08E+10 2.08E+11
20000 2.24E+06 2.24E+07 2.23E+08 2.22E+09 2.20E+10 2.20E+11
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