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Abstract

The K-shell spectroscopy code FLY and its predecessors have been employed to study hot dense plasmas
for decades. FLY has provided a basis for studies of K-shell ions up to Z = 26, where its ease of use,
PC application base, and synthetic spectral production have made it attractive to both experimentalists and
modelers. However, the application has been focused on K-shell ions where less ionized species are represented
as a ground state only. To attempt to make this simple model predict the ionization and recombination through
the less ionized stages, we extend the model to include kinetics models for all ion stages. The emphasis
of this extension is not to provide detailed spectra or population for the L- or M-shell, but to provide a
K-shell model with enhanced accuracy in those cases where ionization and recombination through the L- and
M-shell are important. This work is a first step in generating an application that will allow detailed analysis
of sub-picosecond self-consistent velocity distribution and population kinetics solutions. We will discuss the
extensions and provide examples. Finally, we will outline the progress towards the eventual goal of the
self-consistent solution.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

K-shell spectroscopy is a powerful tool to understand hot dense plasmas since K-shell ions are
present over a wide range of plasma conditions due to their large ionization potentials. The K-shell
spectroscopy code suite FLY has served as a useful and reliable tool to understand kinetics and
X-ray spectra of highly ionized plasmas. [1] It uses highly accurate atomic data for K-shell ions and
Li-like ions whose populations are calculated from rate equations including all relevant collisional
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and radiative processes. It is capable of performing calculations for steady-state or time-dependent
cases as well as radiation-dominated cases. Attractive features of the code FLY include an easy-to-use
interface, portability to most PCs and Macs, graphics tools to plot line ratios and synthetic spectra
for on-line analysis of X-ray measured data. The code has been validated and benchmarked over the
past two decades by numerous experiments generating highly ionized plasmas such as laser-produced
plasma or radiatively driven implosion experiments.

Although FLY has been used successfully, species less ionized than Li-like are represented by a
single ground state and hence the accuracy will decrease when L- and M-shell ions start to play
a dominant role either in the evolution toward the K-shell or are themselves major contributors
to the ionization balance. Therefore, to improve the accuracy in those cases when ionization and
recombination through the L- and M-shell are important, an extension is required to include excited
levels as well as the ground state for L- and M-shell ions.

The extension to include the kinetics of L- and M-shell ions will make FLY applicable to plasmas
that are colder and/or less ionized. Current applications of the extended code would include the study
of relaxation processes of plasmas produced by high-intensity short pulse lasers where hot electron
heating dominated the plasma production or high current density particle beams. In the future the
X-ray free-electron lasers (XFEL) scheduled to operate in a few years will have a capability of
focusing 10'>-10'* photons onto samples with pulse lengths of ~ 200 fs. The XFEL will be used
in a wide range of applications including studies of biology, material structure, warm and hot dense
matter. However, to characterize the sample on the time scales of the plasma formation, one will
need to model the evolution of ionization distributions on the order of femtoseconds. It is our goal
to make the extended version of FLY general and portable and eventually available for researchers
interested in studying highly non-equilibrium states of hot and warm dense matter.

In order to make the atomic model general while maintaining the computational efficiency, a
screened hydrogenic model is applied to describe the ground and excited states of L- and M-shell
ions including inner-shell excited states. The details of this extension are described in Section 2
and we provide examples of the improvements in Section 3. Finally, we report on the code perfor-
mance by studying the relaxation of population distributions after initial inner-shell photoionization
occurs.

2. Kinetics model

In the extended version, named FLYCHK, three different atomic models are implemented and
users are able to choose a model based on the application of interest in the following ways;

e detailed model for K-shell and Li-like ions and the ground states for all the other ions, this is the
original FLY code;

e detailed model for K-shell and Li-like ions as in the original code FLY, with a hydrogenic model
for selected ions and the ground states for the remaining ions;

e hydrogenic model for all ions including K-shell ions.

The detailed model for K-shell and Li-like ions can be found in Ref. [1] and only the hydrogenic
model based on the work presented in Ref. [2] is described in this section.
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2.1. Energy levels

Each hydrogenic level for each ionization stage i is described by the principal number of n.
The ionization potential of an excited level with an outermost bound electron of principal quantum
number # is computed using the hydrogenic approximation with relativistic corrections

I, = 0¢*/(2aon® (1 + (2Q,/n)*2n/(n + 1) — 3/4)), (1)

where O, is the screened charge, ao Bohr radius and e?/2a is Rydberg energy. The screened charge
is defined using the screening constants [2,3] as

On=7,— Y _ o(n,m)Py, — 0.50(n,n)(P, — 1), (2)

m<n

where P, is the occupation number of the level n. For accuracy and consistency with the existing
FLY, we use the empirical ionization energies for the ground states [4].

Autoionizing inner-shell excited levels are included in the hydrogenic approximation. The energy
of the first inner-shell excited level with respect to the ground state of an ionization stage is obtained
as the difference between the ionization energy of the inner-shell electron and that of the ground
state of the next ionization stage. The higher-lying inner-shell excited levels with an n-shell electron
promoted from the first inner-shell excited level are sequentially constructed by adding the energy of
the bound n-shell excited level with respect to its ground state to the energy of the first inner-shell
excited level. There is an energy shift required for these inner-shell excited levels to ensure that these
lie below their continuum limit. For the K-shell excited levels, the shift is the difference between
the n =2 energy level of He-like ions with respect to the ground state and the ionization energy
difference of n =1 and 2 levels of Li-like ions. For the L-shell excited levels, the shift is derived,
e.g., from the difference involving n = 3 energy level of Ne-like ions and the ionization energy
difference of n =2 and 3 levels of Na-like ions.

2.2. Radiative processes

An absorption oscillator strength of a transition from a level n to a level m is defined with
hydrogenic oscillator strength fH(n — m)

f(n—m)= f(n— mp, (3)

where P, is the occupation number of level n. The oscillator strength together with Einstein’s relation
are used to generate the spontaneous and stimulated emission rates and absorption coefficient for
radiative bound—-bound transitions. For bound-free processes, Kramers’ quasi-classical photoionization
cross-sections are used [5].

64noay 1219°
315 Qn E3°
where o is fine-structure constant and /, is the ionization potential of the n shell and /y is Rydberg

energy. Using detailed balance and photoionization rate coefficients, we generate the spontaneous
radiative recombination rate coefficients, which in unit of (cm?/s) is written as a function of electron

a(E) = (4)
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temperature 7, in eV as

’ 12.5 In In
R=1917x 107 5L 2n_oxp |20\ gy | 2], (5)
9k Tel'SZ Te Te

where g; and g, are statistical weights of the initial state and the state into which the recombination
occurs, respectively, and E; is the exponential integral.

2.3. Collisional processes

We use collisional excitation cross-sections based on oscillator strength for the allowed transitions

[6]
0ij(U) = 4nag(2n/V/3)(En/Ey) f1;9U ", (6)

where U = E/E;;, E is the initial electron energy, Ey is the hydrogen ionization energy, f;; is the
absorption oscillator strength and ¢ is the effective gaunt factor. We use the gaunt factor suggested
by Mewe [7]

g(U)=A+BU'"+CU*+DInU, (7)

where 4 =0.15, B=C =0 and D = 0.28. The rate coefficients are computed in unit of cm?/s by
integrating the cross-sections over the Maxwellian electron energy distribution as

R(T)=1578 x 107°T,"2E; " f1,3(y) exp(—y), (8)
where y = E;;/T., E;; and T; are in eV and
G(y)=A+ (By — Cy* + D)e’E\(y) + Cy. 9)

The same formalism is used for inner-shell excitation processes.
A semi-empirical formula of Burgess and Chidichimo [8] is used for collisional ionization from
a level n,

ou(E) = nayCP,(Eu/l,)*(1,/E) In(E/L,)W (E[L,), (10)
where for £ > I,

W(E/L,) = [In(E/1,)}""F, (11)
where

B =0.25[(100z 4 91)/(4z + 3)]"? — 5) (12)

and z is the charge of the ion. For E < 1,, W(E/I,)=0.
Note that for the constant C, we use the suggested value 2.3 [8] while it is 2.77 in the Lotz
formula [9]. The rate coefficient is written as

R(T.) =2.1715 x 107 CP,(In/L,)*/*(1,/T.) " *E1 (1,/ T )w(I,/ Te), (13)
where

w(l,/Te) = [In(1 + Te/I,)]P0FT/), (14)
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2.4. Inner-shell processes

The two processes involving inner-shell excited levels, autoionization and inner-shell photoioniza-
tion, are implemented with atomic data generated by jj configuration average codes. K- and L-shell
photoionization cross-sections are computed for hydrogenic levels by using Hartree—Fock—Slater wave
functions [10,11]. Autoionization rates are included for KLn(and LMn) transitions and these rates
are calculated by perturbation theory in the Dirac—Hartree—Slater approach [12,13].

Dielectronic recombination processes are included via electron capture processes, whose rates are
determined by detailed balance. It should be noted, however, that due to the hydrogenic approxima-
tion, An = 0 transitions are not included and these contributions can be the dominant dielectronic
recombination processes at low temperatures. Work is in progress to establish the uncertainty asso-
ciated with the hydrogenic assumption.

3. Results
3.1. Improvement on ionization distributions

The extension to the L- and M-shell affects the ionization distribution most notably in the case
of low-temperature and high-density plasmas. In these cases, three-body recombination is impor-
tant since the rates are proportional to electron density squared. In particular, rate coefficients of
three-body recombination increase with the principal quantum number as #° and hence the high-lying
states act as recombination channels for high-density plasmas. Therefore, the excited states of L-
and M-shell ions present in FLYCHK will lead to lower ionization states for high-density plasmas
compared with the results of FLY that includes ground states for ions less ionized than Li-like. This
is demonstrated in the following two examples.

The first example is the problem of a recombining carbon ion. Initially, the problem starts
with fully stripped carbon at a temperature, 7., of 2 eV and n. of 10" cm™. We calculate the
time-dependent populations for fixed 7, and n.. We compare the average charge states of three dif-
ferent models in Fig. 1. The first model, denoted FLY, uses detailed levels for H-, He- and Li-like
ions while including only the ground states as in FLY. The second model, denoted FLYCHK, uses
the hydrogenic levels in FLYCHK for Be, B and C ions. The third model, denoted FLYCHK-HY,
uses the hydrogenic model for all ions. The time-dependent average charge state can be seen to de-
crease faster in FLYCHK than in FLY-like model. The recombination to the Li-like ions accelerates
approximately at 10 ps due to high three-body recombination rates to the excited states in FLYCHK.

Next, we can examine the role of detailed levels in this problem by comparing the FLYCHK-HY
and FLYCHK models. Here, we can see that the hydrogenic approximation for the He-like levels
leads to even faster recombination. It is found that the metastable states of He-like ions slow the
downward cascades from the upper levels to the ground state and eventually slow the overall re-
combination processes. It should be noted that the substantial differences between FLYCHK-HY and
FLYCHK are primarily due to the somewhat unphysical nature of the time-dependence of the prob-
lem and the differences are substantially smaller in most steady-state problems tested. Nevertheless,
one should be advised of the effects of hydrogenic approximations and associated uncertainties in
the determination of ionization distributions.
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Fig. 1. Average charge states of three different models are compared for the case of the carbon plasma recombining from
the fully stripped ions at 2 eV.
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Fig. 2. Average charge states at four different electron densities show that the excited states of L-shell ions can make a
significant change in the ionization distributions of the high electron density plasmas.

The next example concerns the steady-state ionization distributions of aluminum ions as a function
of T, and n.. The average charge state calculated by the FLY model and the FLYCHK model are
compared in Fig. 2 at T, of 100, 200, 400, 600 and 800 eV and n. of 10%°, 10!, 10*2, and 10> cm 3.
For a given density, the average charge state increases as a function of 7.. For a given T, say,
600 eV, the average charge states increase as a function of n. if the plasma state changes from
the coronal state to collisional-radiative regime. On the other hand, for a low T, say, 100 eV, the
average charge state decreases as a function of n. since the three-body recombination processes
become significant as the plasma goes to the LTE limit. As in the first example, FLYCHK produces
lower ionization states when three-body recombination through high-lying states becomes important
at low temperatures and high densities.
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Fig. 3. Time-dependent electron density and temperature distributions of aluminum ions during and after the intense
irradiation.

3.2. Application to near-neutral plasmas

Recent advances in laser and beam technology have led to the generation of near-neutral plasmas
with low temperatures of a few eV and near-solid density. Plasma states of such warm dense matter
are not very well understood [14] and there is a growing interest in plasma, condense-matter and
statistical physics communities. It is our goal to apply the L- and M-shell model in FLYCHK to
study warm dense plasmas as well as hot dense plasmas. Here, we show that FLYCHK is a potential
tool to study population relaxation and ionization distributions of such plasmas.

As the first step, we study the time-dependent ionization distributions of aluminum ions in the
warm dense regime. Here a 20 um thick solid Al target is illuminated by a 200 fs pulse with 102
photons each of 200 eV, a case relevant to the XUV-FEL at DESY [15]. In the present work, we
make a series of assumptions to study and validate the population relaxation processes for near-neutral
systems contained in FLYCHK. For example, we assume that the target remains at solid density
while assuming that the band structure of solid aluminum with three free electrons does not play
a role and initially all the atoms are neutral. We also assume the instantaneous thermalization of
electrons and hence the energy density, E, of electrons is distributed according to £ = %ne Te. The
energy balance is obtained from the electron kinetic energy and internal energy of ions, which will
equal the energy deposited by laser less than the energy radiated away by spontaneous decay. The
ne and the ion internal energy are calculated self-consistently from the time-dependent population
distribution.

In this problem, we would like to investigate autoionization and electron capture processes as well
as collisional and radiative relaxation processes upon photo-ionization by the high-energy photons.
The calculated temperature 7. as a function of time shown in Fig. 3 indicates that population
relaxation processes operate in FLYCHK as intended. Initially, 7. corresponds to the energy of the
ejected electron. As electrons are liberated by Auger processes and collisional ionization occurs, T,
decreases rapidly as the energy deposited by laser is distributed to electron kinetic energy and the
internal energy of ions. While the internal energy rises as excited and ionized levels are populated
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from the ground state by electron collisions, the levels also reach collisional equilibrium and hence
the growth rate of internal energy slows down. Then 7. rises since more of the energy deposited
in ion internal energy is passed to electron kinetic energy. By the time the photon source is off,
T, has reached 15 eV and the system remains steady. The temperature reached at the end of the
pulse agrees with the energy balance between an independently calculated value of the total energy
deposited during the irradiation and the internal energy of a LTE plasma at that time. This indicates
that the inner-shell ionization energy deposition model in FLYCHK is, at least, reasonable and the
population distributions correctly reach the equilibrium value.

4. Future work

In this paper, we summarized the L- and M-shell model in FLYCHK using the hydrogenic ap-
proximation and showed the improvement of ionization balance for K-shell dominated plasmas. As
a next step, we plan on conducting comparisons of ionization distributions for the L-shell domi-
nated plasmas between the hydrogenic model and a detailed model. We also plan to investigate the
possibility of generating complex spectra from the simple hydrogenic model.

For a realistic model of XFEL heating of aluminum target, we need an initial condition for
our model and the capability to obtain electron energy distributions. For the initial condition for
our model, one should address the interaction of the inner-shell liberated electrons with the solid
aluminum and the ionization of secondary electrons liberated upon high-intensity X-ray photons. At
the early phase of irradiation, the electron distribution is expected to be highly non-equilibrium, which
will converge to Maxwellian distribution with time. Such non-Maxwellians should be consistent with
the population distributions in the plasmas. Work is currently underway to implement a Boltzmann
solver for electron energy distribution.
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