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HYDROGENIC IONIZATION MODEL FOR
MIXTURES IN NON-LTE PLASMAS

A. Djaoul

Central Laser Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Ozon,
0X11 0QX, U.K.

Abstract

The Hydrogenic lonization Model for Mixtures (HIMM) is a non-Local Ther-
modynamic Equilibrium (non-LTE), time-dependent ionization model for laser-
produced plasmas containing mixtures of elements (species). In this version, both
collisional and radiative rates are taken into account. An ionization distribution for
each species which is consistent with the ambient electron density is obtained by
use of an iterative procedure in a single calculation for all species. Energy levels
for each shell having a given principal quantum number and for each ion stage of
each species in the mixture are calculated using screening constants. Steady-state
non-LTE as well as LTE solutions are also provided. The non-LTE rate equations
converge to the LTE solution at sufficiently high densities or as the radiation tem-
perature approaches the electron temperature. The model is particularly useful at
low temperatures where convergence problems are usually encountered in our pre-
vious models. We apply our model to typical situation in x-ray laser research, laser-
produced plasmas and inertjal confinement fusion. Our results compare well with
previously published results for a selenium plasma.




1 INTRODUCTION

The ionization state distribution of a plasma is a fundamental quantity which
is required for the determination of the equation of state, thermal and electri-
cal conductivities, radiative properties and the stopping power for fast charged
particles. If the plasma is in Local Thermodynamic Equilibrium (LTE), the
ionization depends only on local plasma conditions (density and temperature)
and the excitation and ionization distribution of the plasma is determined by
Fermi and Boltzmann statistics. Equilibrium occurs in a high density plasma
where collisions dominate and/or in an optically thick plasma, where the radia-
tion field is a Planckian at the local temperature. Low density and/or optically
thin plasmas have often a charge state which is significantly lower than the
equilibrium value. Radiative emission processes are not balanced by absorp-
tion since photons are able to escape from the plasma. In these non- LTE
plasmas it is necessary to solve atomic rate equations describing the balance
between excitation/de-excitation and ionization/recombination processes. If
the plasma state (density and temperature) changes on a time scale which is
faster than the time scale for atomic processes, a time-dependent solution of
the non-LTE rate equations is then required.

Typically, all three situations (LTE, steady-state non-LTE and transient non-
LTE) may be encountered during the interaction of a high power laser beam
with a target. In the low density, high temperature blow-off region of laser-
produced plasma, non-LTE usually applies. Heat conduction (electron thermal
or radiative) from the laser deposition region deep into solid targets results in
a high density region where LTE may apply. Short laser pulses create plasmas
which evolve on a time scale much shorter than the time needed for ionization
to come into steady-state equilibrium with time-dependent density and tem-
perature. It is therefore desirable to have a single model which is applicable,
with reasonable accuracy, to all situations encountered in current experiments.

The solution of the ionization problem is complicated because multi-electron
ions can have an extremely large number of excited states, thus leading to rate
equations that require the inversion of impractically large matrices. Atomic
data is not always available for all quantum states which are important. This
has led many authors to develop a variety of simpler models. In some mod-
els for K-shell spectroscopy[1-4] for example, the H-like, He-like and Li-like
ionization stages are treated in detail while ionization stages between neutral
and Be-like are treated with their ground states only. By gathering excited
bound states and free states into one superlevel and then computing tran-
sitions between superlevels, a mixed model is constructed[5]. In the average
atom model[6,7], average populations for bound electron shells with a given
principal quantum number and the average ionization state of the plasma are
calculated by using scaled hydrogenic rates. Level populations of ions having



a charge different from the average ion are, under certain approximations,
estimated from the average populations. These approximations rely on a sta-
tistical method, such the binomial distribution[8-10]. More involved statistical
methods have also been developed for estimating integer charge state distri-
butions from any average atom model for LTE[11] and non-LTE[12] plasmas.
Another method, the hybrid-atom model, assumes that excited level popula-
tions for ions in different charge states have a common characteristic given
by the average atom model, and only the equations for the abundance of dif-
ferent, charge states are solved[13]. The validity of different approximations is
not always established and a more detailed model, which does not make any
assumptions on the distribution of the excited states of a given ion, or the
distribution around the average charge ion, is needed.

A more direct and accurate method for calculating the ionization distribution
is described by Lee[14]. This also uses a scaled hydrogenic model but goes
beyond the average atom model by treating each ionization state explicitly. In
this work we extend Lee’s model by giving an efficient method for the solution
of the time-dependent equations in addition to the steady-state case. We also
allow for more than one atomic species (element) in a given caleulation. The
model takes into account the ground state as well as the excited state for each
ion, but only one energy level per principal quantum number is used. Electron
impact lonization from excited states, which is known to be important, is
taken into account. With the assumption that energy levels couple to the
ground state of the next ionization stage only, the finite difference equations
are cast into a tridiagonal form which is solved with minimum computational
effort. The calculated electron density for a mixtures such as fused quartz
(520,) for example, is consistent with the states of ionization of both silicon
and oxygen in the quartz. An LTE option is provided in order to allow a
good description of cold solid targets as encountered in experiments and to
test the high density limit of the non-LTE model. The resulting code, HIMM
(Hydrogenic Ionization Model for Mixtures), is applied to typical problems in
laser-plasma experiments and in x-ray laser research.

The scaled hydrogenic model gives qualitatively correct results for the ioniza-
tion balance in most situations, but it has also some limitations. An average
level treatment typically underestimates the excited state populations, and
the rate of ionization from such states. For example, in the case of the Ne-like
charge state, the ground state has a closed shell and the first excited state has
many metastable levels[15,16]. The scaled hydrogenic model does not include
any metastables and tends to underestimate the population of the first ex-
cited state. As a result, ionization from the Ne-like to the F-like charge state
is underestimated.

Rates for photoionization and optical pumping of excited states by photon
re-absorption can be taken into account in the model. In this version we limit



ourselves to Planckian fields, the radiation then being characterised by a tem-
perature. Moreover, we assume that the electron distribution can well be ap-
proximated by one Maxwellian distribution, and no hot electron component
is taken into account here.

We first describe the atomic model in section 2. We show a procedure for
dealing with continuum lowering in the case of 2 mixture of different ionization
states of different elements. The procedure for solving the time-dependent
equation is presented in section 3. The excited state populations are expressed
in terms of the ground state populations for which a tridiagonal system of
equations is solved. In section 4, we compare our model to previously published
calculations and present results which are relevant to current problems in x-ray
laser research and short pulse target interaction experiments. We illustrate the
application to a mixture by calculating an approximate ionization for fused
quartz at solid density and compare the results with previous calculations. The
effect of the radiation field inside a hohlraum on the ionization of a typical
inertial confinement fusion capsule is illustrated. Finally, details of the rates
used in this model are given in the appendix.

2 ATOMIC MODEL AND CONTINUUM LOWERING

A variety of prescriptions exist for the calculation of the ionization energy
for a given level which differ in the way inner and outer screening are taken
into account[8,17,18]. Here we use More’s formula[17] which gives adequate
accuracy for the purpose of this work. For each atomic species § and each
ionization stage i, energy levels are generated from screening constants[L7].
Only the ground state and singly excited states are taken into account. The
screened charge ()i, and the jonization energy [;;, of species j ionization stage
¢t and shell n are given by

1
Qjin = Zj — Z U(H,m)Mﬁm - ia(nan)(Mjin - 1) (1)
m<n
2,2
Liin = E) — sin® (2)

2agn?

where Z; is the atomic number of species j, Mj;, and Mj;, are the number
of electrons (integer numbers) in the n** and m® shells respectively, of ion
stage i. ag is the Bohr radius, e the charge of the electron, while o(n,m) is the
screening constant of shell 7 per electron in shell m. E2, the energy associated
with outer screening is given by

1 62 (nmaz);i eZM'im
E° = S o(n,n)Mjim + > J(m,n)-—r._J (3)
n m>n nm
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Tiin = a—p—n (4)

The number of shells (nmaz);; depends on electron density and temperature
when continuum lowering is included. Ground states of low-lying ionization
stages may be pressure ionized thus making the number of ionization stages
present in the plasma a function electron density and temperature. This ne-
cessitates an iterative solution when continuum lowering is included.

Continuum lowering may be taken into account using the modified Stewart
and Pyatt formula[19]. This is necessary for metals such as aluminium, in
order for the model to give a state of ionization consistent with the valence of
the metal under normal conditions. The ionization potential depression in eV
is given by

2/3 9
Zii D\? D
=9 —74ii adl _[Z
AE; =216 x 10 R; (1+(Rj)) (Rj) (5)

where Z;; is the charge of the ion in question, D is the Debye length for
the mixture and R; the ion radius for species j in em. Following Cox and
Giuli{20] we assume that if the electron density were uniform, the average
volume occupied by element j contains just Z; electrons. R; is then given by
(4m/3)RIN} = Z; where N7 is the electron density in the case of complete
ionization. This leads to

o 3 /3 Z;/S(A)lfa (6)
77 \4nNap ARL

where N4 is Avogadro’s number and p the plasma density. We define the
average (y) as an atom number fraction average: {y} = 3 f;y;, where f; is
the atomic fraction of species j. Note that Cox and Giuli[20] use a mass
fraction average instead by defining a relative mass abundances z;, where

z; = A;f;/(A).

The Debye length D for the mixture is given by 1/D* = 1/D? + ¥;1/D3
where D, is the Debye length for electrons and I); the Debye length for ions
of species j having an average ionization state Z;. When electrons and ions
have the same temperature, D is given by

Dz kT (")

With the use of Eqgs. 3, 4 and 5, each ion stage of each element in the mix-
ture, will have a different value for the corresponding continuum lowering, and
therefore a number of states which depends on density and temperature.



3 IONIZATION DISTRIBUTION FOR A MIXTURE

Time-dependent non-LTE model

N;:(1), the population of each level I (which corresponds to a shell with prin-
cipal quantum number n), of ionization stage 7 of species j can be calculated
from the solution of the following system of time-dependent rate equations, as
given in Ref. [14].

dei() pt & ik
7 —[WE (D) 4 ne Ru(DIN;(1) + Sigen (D N;aen(1 ZT Ni(

K;ti-1)
+ E { J(t 1) +neRi(i—1)(k)]Nj(i—l)(k) SJt( ) ( )}511

(8)

where

= _ne(cﬁl)e - (Wﬁ'l)paa >k

Jt

Tﬁ=—m40gf—Aﬁ—(wﬁrﬂ I<k
Kji
Z[ne Clk +A;f Hc)se] 4 Z ne CH. lek)pa]
k<l k>l

Wﬁi(l) represents the photo-ionization rate (corrected for stimulated recom-
bination), while n.R;;({) represents the total collisional ionization rate (direct
and excitation-autoionization) from level [ of ion 7. S;41)({) is the total re-
combination (collisional and radiative) rate into level ! of ion ¢ from the ground
state of ion (z + 1).

A is the spontaneous emission rate from level k to level L. (W})Pe and (W)
are the photo-absorption and stimulated emission rates between levels ! and %.
(C‘ﬁ-’)e and (C’;‘f)d are the collisional excitation and de-excitation rates between
levels [ and k.

K; is the highest energy level of ion i of species j included in the calculation
or allowed by continuum lowering,. é; x, the Kronecker delta function, is unity if
| = k and zero otherwise. The electron density n., is the sum of contributions
from all species

ne =3 % fiNe =3 Z; N (9)
3 7

where N,; is the total atomic density.



The direct solution of the time-dependent rate equations for all species is
complicated by the need to invert large matrices. There can also be large dif-
ference in rate coefficients leading to a stiff problem which requires an implicit
method of solution. A better approach is to deal with each species separately
(we therefore drop the species subscript j for the rest of this sub-section) and
to iterate for a self-consistent n., if necessary. Each species contributes to the
free electron density according to Eq. 9. Iteration is required whenever contin-
uum lowering is included and when the mass density or atomic densities are
specified instead of electron density. With the assumption that energy levels
couple to the ground state of the next ionization stage only[14], an efficient
method of solution of the finite difference equations for each species is found.
This assumption is valid when direct ionization from singly excited states
dominates. Coupling to excited states of the next ionization stage can occur
when inner shell excitation and ionization become significant[21]. Modeling
of these processes would require detailed energy levels and cross-sections and
results in much more complicated models than screened hydrogenic models.

First the excited states ({ > 2 in Eq. 8) are expressed as

dN(l) | <5 o , _ _ i
o T ST THEN(k) = S (D Niga (1) — 7 N:(1) Lk>2 (10)
k=2

TH = WP () + ne R0 + ¥

Starting with known quantities at time £, the calculation is advanced by a
timestep At. By taking the implicit form of the finite difference equation, an
expression for the excited state populations of ion 7 at time (™) = (%) 4 A¢
is derived in terms of ground state populations of ions ¢ and ¢ + 1 at time
(n+1). By defining a new matrix T/ and writing the populations in terms of
its inverse we obtain

Ly R
Ny(B) D = ST NG (1™ — rBALN; (1))

T Sia(DALN (1)) (11)
Tk = 6, + TR A

where L; = K}, is the highest level of ion .

Next the ground state equations ({ = 1 in Eq. 8) can be written as

dN,(1)

" + WP 4+ noRa(1) + 71 + Si(1) + Z Si(k

— WP (1) + neRicy (D] Ni—y (1) — ,-+1(1)N,-+1( )



K;
= = S0 Ni(E) Z WL (K) + Ry (k)] Nica () (12)

Here the left hand side of the equal sign depends on ground state populations
only, while the right hand side contains the dependence on excited states. By
taking the implicit form of this equation and using equation 11 for the excited
state populations a tridiagonal system of equations is obtained for the ground
state populations, mainly

aiNimg (1)) 4 5Ny (1) 0 4 ¢ Ny (1)) = 4 (13)
where

ai=—[Wi(1) + neRiy (1)) At

K; i—1 Li
+ 2 [WE (k) + neRima (k)] At Y- [Tt At
1=2

K
bi=14 WP (1) + n.R(1)At + 1AL+ Y Si(k)At

k=1
K; Li N
— ALY [T HrB AL
k=2 =2
Ki ) Lic1
- Z [WEL (k) + ne Ry (k)AL Y [T3]98i(0) Al
=2

1+1 At + Z leAt Z I]HS;_H At

di = N;(1)™ — ZT”"AtE[T N1
k=2 =2
' L:-—l
JFE[W”‘1 k) + neRia( Atz —HEN_ (D)

Egs. 9, 11 and 13 are iterated until convergence of Z7 of each species in the
mixture. An 'inner’ iteration loop for continuum lowering, is also performed for
every ‘outer’ iteration on Z7. The iterative procedure is defined by relating the
electron density ’guess’ n{+?) for iteration (i 4 1), to three previous estimates
as obtained after iterations (z), (¢ — 1) and (i — 2), mainly

nf* = 2nd + 41 = )nl= + 51— A)nf?

where 0 < A < 1. A value A = 0.5 is usually used. The procedure is robust and
has proved to be reliable even at very low temperatures, where convergence
problems are normally encountered with some other methods. Most cases con-
sidered converge in ten to twenty iterations.



Steady-state non-LTE model

The steady-state solution which is also derived by Lee[14] is given next. In
steady state equilibrium, The increase of the ground state of an ionization
stage by lonization is exactly equal to its decrease by recombination into a
level of the next lower ionization stage. The last term in Eq. 8, which included
the Kroenecker delta, is therefore zero. By also setting dN;;(1)/dt to zero for
every level, the equation reduces to

:1‘

Jt

kz_:(T“)N i(k) = S+ ()N (1) (14)
where
TH = [WE(I) + neRi (D61 + 7 (15)

By writting the level population in terms of the inverse of the matrix T and
the ground state of the next ionization stage,

Z[ 1S (DNjn (1). (16)

The total ionization rate of the ith ion stage can be written as o;; Nj(i11)(1),while
the total recombination rate of the (i+1) stage can be written as 841 Njii42)(1),
where

Kji

Z[Wm + nell 1 ]Z[ l]k i(i+1) (1)

Kji Ljtisr)

ﬂj(i+1 ZSJ(H-I (k) Z [ (g+1) a(=+2)(l)

At steady state the total ionization rate of the ith stage is exactly balanced
by the total recombination of the (i+1) ion stage. We then have

;i Njir1)(1) = Bigr1)Nje+2)(1), 1<i<Z; -1

The solution proceeds differently from the time dependent case. Using the
above recursive relation, the fully ionized (or highest ionization stage) fraction
of species j is calculated first from

Nzy1 1
N; 14 TandT5 1% 85640y (B) (Biirny/ @i ) (Biiry @itisny) - - - (Biz; [2i(z;-1))

Ground state populations of lower ionization stages are obtained from the
recursive formula and the excited states from Eq. 16.




We have checked that the steady state solution is reproduced by the time-
dependent equations for long enough times, no matter what the initial condi-
tions are. Both time-dependent (for sufficiently long times) and steady state
equations reproduce the LTE ionization distribution at sufficiently high den-
sities.

LTE model

For completeness, the LTE solution which can also be found in Mihalas[22] is
given here. In LTE, Eq. 16 for the excited state populations reduces to the
well known Saha-Boltzmann equation

Nii(k) = ne®;:(k) Njy1)(1) (17)
where
B _ gﬂ(k) 1 h? 3/2 ~(Lii+AE;:) kT
ne(PJ,(k) B negj(z'+1)(1) 2 QkaT) ©

The highest ionization stage (fully ionized) fraction of species j is given by

Nz 1
Nj 1 -|- Zik ne@ji(k'){ne(bj(iﬂ)(l)ne(I)j(Hg)(l) s ne@jzj(l)}

By applying Eq. 17, ground and excited state populations of lower ionization
statges can then be calculated.

4 RESULTS

Comparisons

In Fig. 1, we compare the non-LTE results from our model to Lee’s[14] for a
selenium plasma in steady-state and at a fixed electron density and temper-
ature. Both codes predict the dominance for the Neon-like ionization stage.
The small difference between the codes is the result of differences in rate co-
efficients.

In Fig. 2 we make a further comparison with a completely different collisional
radiative model[16], were particular attention is paid to dielectronic recom-
bination and excitation-autoionization rates. The charge state fraction of the
fluorine-like, neon-like and sodium-like selenium are plotted as a function of
temperature at a fixed ion density. The dashed curve corresponds to Oster-
held’s[16] average level calculation. The agreement is also good and the small
differences are the result of differences in rate coefficients and possibly energy
levels.
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Application to z-ray laser plasmas

Accurate rate coefficients for various processes and various ions are needed for
understanding the ionization balance of laboratory and astrophysical plasmas
in general. In x-ray laser research, both neon-like and nickel-like scheme are
currently the subject of intense investigations. For the neon-like scheme the
importance of various atomic processes in determining the ionization balance
can be seen in Fig. 3. The full curve includes all ionization and recombination
process while the dashed curves shows the effect of switching off either colli-
sional excitation, radiative recombination, or dielectronic recombination. This
shows that, for these conditions, while radiative recombination is unimpor-
tant, collisional excitation and dielectronic recombination have a substantial
effect on the ionization balance.

In calculating the ionization balance for the nickel-like x-ray laser scheme, it
is necessary to take into account excitation-autoionization (EA) in addition
to collisional ionization (CI) and dielectronic recombination (DR). OQur model
includes EA rates for the zinc-like and copper-like isoelectronic sequences for
elements with 34 < Z < 92. The effect of these rates on the Ni-like fraction
for tungsten at a fixed ion density and different temperatures is shown in Fig.
4. When no DR or EA are taken into account the Ni-like fraction peaks at a
temperature of about 2000 eV. Adding DR rates results in a large shift of the
peak to about 5000 eV. Further adding EA rates for Cu-like and Zn-like ions
shifts the peak of Ni-like fraction back to about 2000 eV. However it should
be noted that the effect of EA is not simply to cancel DR, since as the figure
shows, not only does the peak of the curves shift, the magnitude of the peak
as well as the shape of the curves change, when both DR and EA are added
to CL.

Time-dependence

It has long been known that, in x-ray laser research|[9,15,23] that uses high
power lasers, the ionization balance can be far from steady-state equilibrium.
The interaction of a laser beam with a target results in a rapidly evolving
plasma where the time scale for ionization is usually longer than the pulse
length or the timescale for hydrodynamic changes. The use of double-pulses,
the first to create a uniform plasma, and a second, short pulse, to ionize it to
the required stage[24], has made time-dependent effects even more important.
Here we illustrate our model by showing time-dependent ionization, relevant
to x-ray lasers, at fixed ion density when the temperature jumps from an
initial low temperature to a high temperature. Figure 5 shows the case for
selenium for three ion densities and two temperatures while Fig. 6 shows the
case for tungsten. For the same temperature (Te=1000 eV), both Se and W
relax to steady-state in approximately the same time. This relaxation time
increases from about 10 ps to more than 300 ps as the ion density decreases
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from 10% cm ™2 to 10°cm 2. In the case for tungsten, the Ni-like stage is only
reached at the highest densities and temperatures shown. Laser energy is nor-
mally deposited near the point where n; = 10%cm™3, but both lower and
higher densities are rapidly heated by electron conduction. The timescale for
lonization increases as the density decreases (or as the plasma expands). A re-
alistic calculation would requires space and time-dependent information about
the density-temperature history of the plasma. This requires a complex sim-
ulation{9] where hydrodynamics and atomic physics of ionization are coupled
and advanced in time simultaneously.

LTE versus non-LTE

Laser target interaction experiments produce plasmas with a wide range of
densities and temperatures. At one extreme is a high temperature low density
region, while at the other, a low temperature shock compressed matter. It is
therefore desirable to have a model which describes the nen-LTE situation
in the low density region but reduces to LTE in the high density region.
In Fig. 7 we show the ionization of aluminium as function of mass density
at a fixed temperature. At the lowest densities, the difference between the
LTE and non-LTE ionization is of the order of a factor of two. For densities
greater than 0.1gem™ the non-LTE ionization progressively reduces to the
LTE value. For these high densities continuum lowering changes the ionization
significantly. The irregularity shown at about 0.3g/em? is the result of pressure
ionization of excited states of F-like aluminium as density increases. The large
discontinuity at at about 3g/cm? corresponds to the pressure ionization of
Na-like aluminium (ie removal of the ground state into the continuum) as
the density increases. These features are absent when continuum lowering is
switched off. The picture depicted in Fig. 7 is quite common in laser-produced
plasmas and shows that departure from LTE should be taken into account
when modelling equation of state, and radiative properties of these plasmas.

Miztures

A new feature in our model is the ability to treat many atomic species in a
plasma in one single calculation. The calculated ionization of each species is
then consistent with the ambient electron density in the plasma. We apply
our model here, to some recent experiments, where the ionization front driven
by a high intensity ultra-short laser pulse irradiation of a transparent medium
(510,), was seen to move supersonically[25,26]. In order to simulate the ex-
periment a knowledge of the degree of ionization near solid density is needed.
Fig. 8 shows the ionization of Si0j as a function of temperature and at solid
density. No continuum lowering is included in these calculations. Both LTE
and non-LTE meodels yield practically the same result at this density. The
experiments however, probe a region where the ionization is very low (< 0.1)
and where the temperature is also expected to be of the order of one eV. Fig.
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9 shows the same result as Fig. 8, but on a log-log scale. We have also plotted
the results from an approximate method[25] for comparison. In our model the
first ionization energy is 13.6 eV for oxygen and 8.1 eV for silicon and only
when the temperature is a few eV that substantial ionization (> 0.01) is ob-
tained. The approximate method treats the ionization energies as a continuous
function of charge state[25] with charge states near neutral having much lower
ionization energies. This leads to higher ionization at the lowest temperatures
as compared to our model. We note that an improvement to our model can be
obtained by use of band gap energies for solid S0 instead of isolated atoms
ionization potentials.

Effect of radiation field

In the non-LTE cases presented so-far, no radiation field was taken into ac-
count. Neglect of radiative rates is valid when the plasma is optically thin
to all photons. This is no longer the case if an external radiation field (in
addition to the plasma self emission) is present. Such situation occurs in a
capsule as used inside a hohlraum in indirect drive inertial confinement fu-
sion experiments. The outside of the capsule is made of brominated plastic
(CH with 0.25% Br and 5% O) shell which is heated with x-rays fom the wall
of the hohlraum. The x-rays penetrate through the ablated material and are
deposited in the plastic shell. The opacity of the heated material has then a
direct effect on the penetration depth of the x-rays and possibly on the perfor-
mance of the capsule. Figure 10 shows typical density-temperature conditions
as well as the lonization state of the plasma when no radiation is taken into
account. Although the non-LTE ionization for Br is quite different to the LTE
value the average values in the plasma (C, H, Br and O) are similar. The low
atomic number elements (C, H, and O) in the mixtures are in practically in
LTE at the electron density considered, while the higher atomic number Br is
far from LTE when no radiation is taken into account. The effect of including
a radiation field is shown in Fig. 11. As the radiation temperature approaches
the electron temperature the ionization of Br tends towards LTE. This partly
justifies the use of LTE opacities in previous simulation of these ICF capsules.
It should be noted however that a more detailed simulation should solve the
radiative transfer equation for a local photon spectrum, which should then be
used for calculating radiative rates at each point in the plasma.

5 SUMMARY

A general ionization model for laser produced plasmas which is applicable over
a wide range of temperatures and densities is presented. The model is par-
ticularly useful at low temperatures where convergence problems are usually
encountered. Both LTE and non-LTE equations are solved. The model allows

13



for more than one atomic species, as encountered in many laser-produced plas-
mas. Energy levels for each shell (having a given principal quantum number),
of each ion stage and of each species, are calculated using screening constants.
Screened hydrogenic rates are used for most atomic processes. Excitation-
autolonization rates are included for Cu-like and Zn-like ions. The model cal-
culates the ionization distribution of each species that is consistent with the
ambient electron density using an iterative procedure.

The results for a selenium plasma compare well with previously published
calculations. Excitation-autoionization is shown to have a drastic effect on
the Ni-like ion fraction in a tungsten plasma. Relaxation of a selenium and
of a tungsten plasma towards steady-state, when instantaneously heated to
keV temperatures, is shown to be strongly density-dependent. At the highest
ion density shown these times are about 30 ps and increase as the density
decreases.

Similar results are obtained from the non-LTE and LTE solutions at high
densities. This is particularly the case for solid low temperature targets which
are increasingly used in pump-probe experiments using short pulse lasers.
By switching the continuum-lowering off, the model is capable of calculating
ionization in insulators at temperatures of the order of 1 eV. The accuracy of
such calculations can be improved by using the band gap energy instead of
the ionization energy for the isolated ion.
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APPENDIX A: RATE COEFFICIENTS

CGS units are used except for the temperatures (kT) and energies which are
expressed in eV.

Collisional rates

Most of the rates of atomic processes are calculated within the scaled hydro-
genic approximation. Collisional excitation rates are taken from Post[7],
where

fkle—ﬂrm

ne(CH) =n, x 1.578 x 1075 ——
() (kT)Y? ABy

G M,

(711 being the Gaunt factor and is given by

AEy
ET

G = 0.19 [1 +0.9 (1(12—0 k) (1 - (1 — %) Sﬂkl)) e”"‘El(:ckz)]

Another choice for collisional excitation is taken from Sampson and Golden[27].
In this case

T =

—%k!
ne(CH)° = m, x 4.356 x 10-5—J4C oy,
(%) (kT2 AE, “°
where
, 1.05, o0 AE
Gy = e {Ei(zu) + (1 - Z )EOT( Ikkl)o'swklEl.S(ﬂ’kI) +
AE AE
He [(SP2) + A= = 1)] Bafen)

I, is the ionisation energy and E,(z)) is the p** exponential integral[28]. The
constants H, A and r are given for k=1 to 10 in the following table.

k 1 ]2 3 4 ) 6 7 8 9 10

Hi | 148 | 3.64 | 5.93 | 832 | 2.15k | 2.15k | 2.15k | 2.15k | 2.15k | 2.15k
Ar 130 | 0.59 | 0.38 | 0.286 | 0.229 | 0.192 | 0.164 | 0.141 | 0.121 | 0.105
r, | 1.831.60 | 1.53 | 1.495 [ 1.475 | 1.46 | 1.45 | 1.45 [ 1.46 | 1.47

The de-excitation rates are calculated from detailed balance as

1Y ? k) ca K1\ ©
n (0%)' = Lden, ()",
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The Lotz formula|29] is used for the rate of collisional ionization

) I 3/2
ne B (1) = ny x 6 x 10362 (_Ii{) Er (&) M,

where Iy = 13.6eV and & = EI,}-

The 3 body recombination rates are derived again from detailed balance
as follows,

3 _ | M) ) ci
S0 = || ks

where * denotes the LTE value and is given by

[N,-(z) ] o L66x1072 g(l)
Nen(D)] — ° (RTPR2 gina(l)

Radiative rates

The radiative spontaneous emission rates and corresponding oscillator strengths
are calculated using hydrogenic formulae [7].

A% = 4.34 x 107 % AEY fu My

In the case of a Planckian radiation field (with radiation temperature £7;),

the photoabsorption (pa) and stimulated emission (se) rates are given
by

ki pa _ 7 2 L
(W ) = 434 x 10" AE}) fu—gpomr
A 7 g(k) 2 —M_
(W)™ = 434 %10 20 DBy fo mEept —1

It can easily be shown that in LTE the rate of photoabsorption from level &
to { is exactly balanced by the rate of spontaneous and stimulated emissions
from levell to & ie..

N*(k) (V[/kl)p“ = N*() [A!k + (W!k)se]

The spontanous radiative recombination rate does not depent on the pres-
ence of a radiation field and is given by

rr _ N‘(l) " 7 I15/2
W£+1(Z) = [m} x 1.149 x 10 ? El(fl) Ml
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For a Planckian radiation field the photo-ionization (p:) rate is taken from
Mihalas[22]

; L P T JE)
WP(l) = 2.28 x 10~ o de o

L

M,

Where Q) is the effective charge of the ion and for a planckian radiation field
with a temperature k7. J(E) in ergs/cm?/s/eV is given by

ES

The stimulated recombination (sr)rate

5/2 o

Ny 1*
W) = lNiJ:l(()l)] x 2.28 x 107 de BN p

In the above equations, the photon energy intergrals are performed numerically
using Romberg’s method, which performs a change of valuable from E to
(1/E), thus mapping the infinite range of intergration into a finite one.

In LTE, photo-ionization is balanced by radiative spontaneous and stimulated
recombination. ie

NY() WP = Nia () (WO + Wi, 0]
Processes involving doubly excited states

The dielectronic recombination (DR} rates are given by Post|[7]. Here we
assume all recombination is to the ground state (1=1)

S:l?i-}f( ) = 24 x 107° n, (Q() ?jsz Z Fur Aly E/kTMl

B(Q) = Q' (Q+ ¥ (Q*+13.4)7

B Q1) ABw /(0.0735 a kT)

kT
a = 14 0.015 Q*/(Q +1)*
= 1.5084 x 10'7 Q° (kT)'/? /n,

M, being the occupation of the ground state of the recombining ion.
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For An #0

Aly) = 0.5 xy*? /(14 0.21y + 0.03y%)

o 0.0015[(Q + 1) n,P?
D@ k) = 0 6015 (@ + 1) P

For An =0
Aly) = y*/(140.105y +0.015 %)

5 _ nt/QOO
D@, #T) = 1+ n,;/200

We also include excitation-autoionization for the Cu-like[30] and Zn-like[31]
ions for elements with 34 < Z < 92. This last process is found to drastically
alter the ionization distribution near the Ni-like stage.

The reverse processes for excitation-autolonization and dielectronic recombi-
nation are not included explicitly. In order for the model to recover the LTE
value in the high density limit, the following ad-hoc procedure is used. The
excitation-autoionization is added to direct ionization and the three body
recombination calculated from the sum. In the dielectronic recombination for-
mula, the oscillator strengths in the summation over excited states are multi-
plied by (1-(Radiative rate up)/(radiative rate down}). This has the desirable
feature of reducing dielectronic recombination to zero as the radiation temper-
taure approaches the electron temperature. The above procedure for dealing
with doubly excited states is approximate and substantial work remains in
this area.
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APPENDIX B: INPUT AND OUTPUT

HIMM read its input data from file ’himm.dat’ which is attached to fortran
stream 5 in the fortran source code using and ’open’ statement. The name can
be changed, but the code will have to be recompiled (in double precision) for
the change to take effect. Here it is assumed that the input data file resides
in the same directory as the executable code. An example input data file is
shown next

Title: example CH

$newdata

nspec=2,

rho(1)=2.6e-6,

iatomz(1)=6, iatomz(2)=1,
atoma(1)=12., atoma(2)=1.,
atomfrac(1)=.5, atomfrac(2)=.5,
aspomul(1)=1., aspomul(2)=1.,
colemul(1)=1., colemul(2)=1.,
colimul(1)=1., colimul(2)=1.,
radrmul(1)=1., radrmul(2)=1.,
diermul(1)=1., diermul(2)=1.,
excamul{1)=1., excamul(2)=1.,
dense(1)=1.e18,
densi(1)=1.e18,

ndens=2, tdens=1.1,

ntemp=2, ttempe=1.4142,
tempe(1)=2.5e0,

fradte=1.0,

iforward=2, mode=3, lte=0,
mode2=3, tstep=1.e-12, nprstep=10,
iscl=0,

$end

2

0. 1. 0. 0. 0. 2.6e-6
3.e-11 10. 0. 0. 0. 2.6e-6

The first line of the input data contains a title. This is followed by most of
the input data parameters in a namelist (between $newdata and $end). if
"iforward’ equals 1 or 2, further data is read after the $end line according to
the following fortran code

c if(iforward.eq.1 .or.iforward.eq.2)then

c read(5,*)ntime
c do 50 itime=1,ntime
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c read(5,*)time(itime),tempe(itime),trad(itime),dense(itime)
¢ & densi(itime),rho(itime)

c50  continue

c endif

An explanation of input variables is given in table 1:

The main output is written to fortran stream 6 in file ’himm.out’. Table 2
shows some output which was produced by running the code with the example
data file above.

Some additional files which present the results in a convenient form for plotting
are also produced with each run. The number of files produced depends on the
details of each run. Each case produced files on streams 30, 31 etc ... according
to the following fortran statements.

write(30,88010)time(1),tempel,tradl,densel,densil,rhol,
& zbar,(zstar(kl),ki=1,nspec)
do 32 k1=1,nspec
write(30+k1,88014)time(1),tempel,tradl,densel,densil,rhol,
& zstar(k1),(fioniz(k1,kf1),kf1=1,iatomz(k1)+1)
c32 confinue
¢88010 format(1x,15(1pe9.2))
88014 format(1x,110(1pe9.2))

O 0O 6n 60

When iforward is 0 or 1, the ionization distribution for each ground and excited
state is also written on streams 41, 42 etc... according to the fortran statements
below. The number of files produced depends on the input data.

c kout40=40

c do 207 kl1=1,nspec

c kout40=kout40--1

c write(kout40,88096)iatomz(k1),tempel,tradl,densel,densil,rhol
c88096 format(1x,’Ztempeltradldenseldensilrhol’,i4,5(1pe9.2))
c do 107 iz=1,iatomz(k1)+1

c write(kout40,88097)iz,fioniz(k1,iz),

¢ & (fion(kl,iz,n1),n1=1,navmax)

cl07 continue

c207 continue

c88097 format(1x,i4,15(1pe9.2))
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Table 1:
variable

nspec
iatomz({mspec)
atoma(mspec)
atomfrac(mspec)
aspomul{mspec)
colemul (mspec)
colimul(mspec)
radrmul{mspec)
diermul(mspec)
excamul(mspec)

icolex

zcony
zstmin

ndens
rho(msize)
densi(msize)
dense(msize)
tdens

ntemp
tempe(msize)
ttempe

mode

default
1

—

B =

1.e-8
l.e-6

msize

meaning

number of species (elements)

array of atomic numbers

array of atomic masses

array of atomic fractions for each species

array of multipliers for spontaneous emission
array of multipliers for collisional excitation
array of multipliers for collisional ionization
array of multipliers for radiative recombination
array of multipliers for dielectronic recombination
array of multipliers for excitation/autoionization
2: Sampson/Golden formula for col excitation

1: Post hydrogenic formula for col excitation
convergence criterion

minimum zstart

number of point in density grid

array of mass densities

array of ion densities

array of electron densities

density step multiplier (dens(id)=dens(id-1)*tdens)
number of points in temperature grid

array of electron temperatures

temperature step multiplier (tempe(it)=tempe(it-1)*itempe)

1: use electron densities in steady state cases
2: use ion densities in steady state cases

3. use mass densities rho in steady state cases



iscl
itercl
iterzst
mitercl
miterzst
fznew
ngtl0
Ite

trad(msize)
fradte

iforward

mode?2

nprstep
tstep

time

200
0.5

le12

1: include continuum lowering

1: perform inner iterations for continuum lowering

1: perform outer iterations for zstar’s

maximum no of inner iterations

maximum number of outer iterationg

mixing factor during iteration

1: include n greater than 10 in LTE solution

0: perform non-LTE solution

1: perform LTE solution

array of radiation temperatures

rad temp as a fraction of electron temp (trad(it)=tempe(it)*fradte)
0: steady state LTE or NLTE. Grid in density and/or grid in temperaru
1: steady state LTE or NLTE from hydro data following namelist
2: time-dependent NLTE from hydro data following namelist

1: advance time dependent (iforward=2) using electron densities

2: advance time dependent (iforward=2) using ion densities

3: advance time dependent (iforward=2) using mass densities
number of timesteps between printouts

timestep for advancing time in seconds

array of times of hydro data



Table 2r Exampla cuktput fils
Title: example CH
Mumber of atomic epaclies in mixturer 2
atomle species: pymbol: atomic no: atomle mass: atamie fractioma
1 [ 12.000 0.500000
2 H 1 1.000 0.500000
multiplier to atomic ratea
atomie spocies: symbel: coll mul: dier mul: vadr mul: exca mul: aspo mul: cole mul:
1 c 1.00 L.00 1.00 1.00 1.00 1.00
a B 1.00 1.00 1.00 1.00 1.00 1.00
WARNING iscl = 0 - Inner iterxations not nseded itsrcl reset te D
igcl - tontinuum lowexing owitch O=off lwom 1 O

itercl - inner itaration ewltch O0=off i=on : 0
mitercl - masioum number of inder iterations : 5

iterzat - cuter iteration ewltch O=off legn 1 1
miterzat ~ mawimm pumber of oubter iteratisns : 200
88 Mumber of itszations nitt nitercl 24

Time Tempel2 Tradl Densel2 Daneil2 Rholl 2hay Zetarl
0.00E+DC 1.00E+0D O0.00E+00 3,64E+16 2.41E+17 2.60E-06 1.51E-01 1.68E-01 3.41E-02

=um T HI E RESULT Isa YO R mas
Non=LTE icnisation balmuoce for slactroz demaity {/ec)r 3.6365E+16

Ion deangdity (/ce} 1 2.4088E+17
Maun denaity (g/cc}: 1.6000E-06

Elactran temperatuxe {aV) 1 1.0000F+00

Radiaticn tamperaturs (aV) : 0.0000E+00

Average lopleatien charge of mixtura : 1.5097E-01 Average ionlpation charge sguared cof mixture : 3.6451B-D2
Atomic species ¢+ 1 Ien @pactroscopic symbol: 1 Ionz poti -1.3045E+01

Atomic species ¢ 1 Ton spectrodceoplc symbol: 2 Xonx poti1 —-2.7050E+01

Atamiec spscies : 1 Ion spsctrogceple symbol: 3 Ionz pots ~-4.3476E+01
Atcmlc speciss : 1 Ton spectroacepic eymbol: 4 Ionx pok: -6.1323E+01

Acomic species : 1 Ion spectroscoplc syabel: 5 Ione pobtr -3.9601E+02

Atomic gpacies 1 1 Ion Spectrodcoplc symbol: 6 Ionz pokt: -4.B978E+(Q2

Atomic specles : 2 Ion spactroBcoplc mymbol: 1 Ionce pot: -1.3605E+01

Atemic mpaclss 1 1 Average icnieation stats | 3,.6TB4E-D1 Sum of fractionme : 1.0000E+00

Partial electron density (/cc}i1 3.2260E+16 Partilal lon denmity (/ce): 1.21044E+17 Pertial mama density (g/cel: 2.4000E-06
Btage Btates Total and Partial fractlong ----=-

1 9 7.3216E-01 7.3100E-01 A.1646%-05 1.732681E-05 2.5187E-05 2.9653E-05 3.5858E-05 4.3056E-D05 5.1966E-05 6.2068E-05 0,0000E+00
2 9 2.6784E-01 2.6784E-01 1.789BE-09 6.T7947E-11 1.3dB88E-11 1.6021E-11 1.4243E-11 1.3584E-11 1.4758E-11 1.6017E-11 Q,0000E+D00
3 9 5.3603E-08 5.3503E-08 2.1607E-20 21,6737E-21 1.3885E-2%t 7.2138E-221 5.25B4E~-21 4.3421E-32 3.9390E-22 3.7585E-12 0.0000E+00
4 9 4.33835-18 4.3383E2-18 0.0000E+00 0.0000E+D0 0.0000E#0D O.0000XE+00 0.0000E+00 §.0000E+00 C.0000E+00 0.0G0002+00 O.0000E+00
5 10 0.0000E+00 0.000CE+«D0 0,0000X+00 0.0000E+D0 0.0000X+00 0.0000E+0Q 0.0000E+00 0.0000E+00 O0.00Q00E+0D 0.0000E+00 0.0000E+0Q0D
& 10 0.0000E+00 0.QQ00E+00 O.0000E+00 O0.0000E+00 0,00008+00 0.0000E+00 O.000CE+00 0.0CDOE+Q0 0.0000E+00 0.0000E+00 0.00D0E+D0
7 1 0.0000E+00 O.00D0E+00 O.O0COO0E+DCG O.0000E+00 0.0000E+00 0.0000E+Q¢ 0.00C0E+00 0.0000E+00 0.0D00CE+00 O.00Q0E+00 0.0000E+00
Atomic speciss : 2 Avaerags lonimatien gtate 1 3.4087E-02 Sum of fractioms t 1.0Q000E+00

Partial electron denmity (fec)i 4.1055E+15 Partial ion decailby (/fcec)}: 1.104dE+17 Partinl mass density {g/cec): 2.0000E-97

Stags States Total and Partial fractions =---—-
1 10 9.6591E-01 5.6564E-01 5.58321E-05 1.T7725B-05 1.5B52E-05 1.09B4E-05 2.1915E-05 4.6830E-05 3.2831E-05 3.9674E-05 4.7387E-05
2 1 3.4087E-02 3.40B7E-02 0.0000E+00 O.0C00E+00 O.0C00E+0Q 0.000C0Z+00 0.0QC0DE+00 0.0000E+00 0.00CQE+00 0.0000E+0C 0.0000E+0Q

td Number of ilterations nlktt nitarcl L} 1
td Nuzmber of itaratlons nitt nitercl 9 1
td Numbar of iterations nitt niterel 9 i
td Rumbar of lveratieng nitt nitercl 10 1
td Numbar of iterations nitt nitercl 10 1
td Munber of iterations nitt nirarcl 10 3
td Number of iterations nitt nitercl 10 1
td Number of lteratiens pitt nitexcl 10 1
td Number of itaeratioms nitt nitercl 1o 1
td Number of lterations nitt nitarcl 10 i
Tima Tempsal2 Tradl Densal2 Densil2 Rholl2 Zbar Zstarl

1.00E=-11 1,.00E+01 0.00E+00 4.14E+16 1,41E+17 2.60E-06 1.72E-01 3.05E-01 3.86E-02

mam T HIS REBOLT IS8 FOR ===

Non=LTE ionigation balance for electron denslty (fecy: 4.1825E+16
Ton denmity {/ece)} ¢t 2.4088E+17
Hegas density (g/cc)lr  2.600Q0E=-D6

Electron texperature (oV) 1 1,0000E+01

Radiation temparature (aV) : 0.0000E+00

Average lonisation chaxge of mixturs : 1.7157E-01 Averags ionlgntion charge sguared of mixture : 4.T7353E-02
Atcmiec specias : 1 Yon epsctrescopic mymbol: 1 Ionr pot: -1.3045E+01

Atcmic spocies ¢ 1 Ien apactrescopic mymbol: 2 Ionz poki -2.7050E+01

Atoalc spscieg : 1 Ion spectroacoplc symbal: 3 Ionz pobr -&.3476E+01

Avomic spocies ¢ 1 Ion spactrescoplc symboel: 4 Ionx potr -5.2323E+01

Atomic gpeciss @ 1 Yoo Speactroscoplc symbol: 5 Ionz poti -3.9501E+02

Atcmic gpecies : 1 Ion spectrescoplc symbol: & Tonz pot: -4.857HE+02

Atomlic species : 2 Ion mpectromcopic symboli 1 Yonz pot: =~1.3605E+01

Argmic spaciss 1 1 Average ionlsacion wtate 1 3.0531E-01 Bum of fractlons : 1.0000E+00

Partial elactron density (/ccl: 3.6771E+16 Partial ilon denmity {(/cc)i 1.2044E+17 Partial mass demeity (g/cc): I.4000E-D6
Btage States Total and Partial fractionm --=--
2

1 5.9507E-01 6.46272-01 3.5656E-03 S.B599E-03 1,8714E-02 1.173BE-03 9.5889%-04 9.4663E-04 1,.0657E-03 1.2537E-03 0.0000E+00
2 9 3.0456E-01 3,.0131E-0) 2.4597E-03 3,7876E-04 1,1670%-04 6.4306B-05 4.63B5E-05 4.1148E-05 4,5049E~05 5.18%36E-05 0.0000%+00
3 5 3.7560E-04 3,7530E-04 2.5695E-07 2,7253E-08 7.4565%K=-05 3.5613E-05 2.0650E-09 1.5105E-09 1.3790E-0% 1.46975-0% 0.00D0E+00
4 5 B.7456E=09 §.7449E-09 65.2446E-13 4.3133%-14 1.0084E-14 4.3B23E-15 2.2521E-15 1.4150X-15 1.1035E~15 1.05952-15 0.0000XE+0D0
5 10 5.4894E-15 5_48%4E-15 2.0845E-31 4.0028E-34 3.3564E-35 0.2719E-36 4.G490E-36 4.0725E-36 5.3413E~36 7.6385E-36 1.0238E-35
§ 10 1.5874E-29 1.5074E-29 5,1097E-49 2.3532E-51 1.075BE-51 1.0665E-51 3.35§1®-51 6.1677E-51 1.1422E-50 1.898BE-50 2.7371E-50
7 1 4.1094E-44 4.1094E-44 0.0000E+00 0.000¢E+0D 0.0000X+00 0.000DE+00 0,0000E+00 O.Q000E+00 0.0000E+0Q 0.0000E+G0 0.0000E+00
Atomic speciem 1 I Average ionlmation state r 3,§625E-02 Bum of fractions t 1.0000E+00

Partial electron denaity {/cc)i1 #4.6526E+15 Partinl ion density {(feeclr  1.2044E+17 Partial mase deosity (g/cc)s  2.0000E-07

Stage Btates Total and Partial frackions —----
1 10 9.5137E-01 9.5723E-01 3.2438E-03 4.%050%-04 1.4452x-04 5.9659E-05 4.07a5E-05 3.5043E-05 3.6173E-05 4.0958E-05 4.B8272E-05
2 1 3.862%E-02 3.56298-02 0.0DODE+00 ©¢,.0000E+00 0.00D0E+00 O0,0000E+00 0.0000E+0D O.0000E+00 0.0000E+0¢ 0.0000E+0Q0 0.0000E+0D

td Nunber of lterations nitt nitercl 10 1
td Humbhar of iterations nltt nitercl 10 1
td Numbar of iteratlons nite niterel L] 1
td Mumber of iterationm nitt nitercl 19 1
td Munber of itexations nitt nitercl 11 1
td Humber of iteraticns mitt mitercl 11 1




