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1. Introduction

Emission and absorption spectroscopy are often used to determine the physical
conditions of laboratory and astrophysical plasmas. Absorption spectroscopy has been
utilized in determining plasma temperatures and densities, as well as measure opacities, in
laser-produced plasma experiments [1-7]. Emission spectroscopy is often used to deduce
plasma conditions in Z-pinch plasmas and imploding inertial confinement fusion (ICF)
targets [8]. In plasmas heated by intense light ion beams, x-ray emission lines arising
from inner-shell transitions can be used to diagnose plasma conditions [9-12]. Proper
interpretation of experimental spectra often requires detailed radiative and atomic physics

models.

In this report, we describe the features of NLTERT — a code we have developed
to investigate the radiative properties of high energy density plasmas. This is a non-LTE
(LTE = local thermodynamic equilibrium) radiative transfer code, or collisional-radiative
equilibrium (CRE) code, which can be used to calculate emission and absorption spectra,
as well as radiative energy transport. The major features of the physics models have been
described elsewhere [13-16], and only a brief overview of the models will be presented
here. This report is intended to be a “users’ guide.” Thus, the focus here will be on the
structure of the code and how to use it. A users’ guide for the atomic physics package

which sets up atomic data files for the CRE code is presented elsewhere [17].

Given a temperature and density distribution for a plasma, NLTERT computes
atomic level populations and resultant spectra for single- or multi-component plasmas.
The models are 1-D, and work for planar, cylindrical, and spherical geometries. Opacity
effects are considered in computing both the atomic level populations (via photoexcitation
and photoionization) and the spectra. In addition, ion beam-induced ionization is
considered in the statistical equilibrium equations to allow for the analysis of spectra

obtained in intense light ion beam experiments.

Sections 2 through 4 of this report provide brief descriptions of the statistical
equilibrium, radiative transfer, and atomic physics models. Input and output files are
described in Section 5, while the namelist input used to set up a calculation is detailed
in Section 6. The subroutines and common block descriptions are provided in Sections 7

and 8, respectively. Finally, a series of sample calculations is shown in Section 9.
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2. Statistical Equilibrium Model

Atomic level populations are calculated by solving multilevel, steady-state atomic
rate equations self-consistently with the radiation field and, if necessary, the ion beam

properties. For multilevel systems, the rate equation for atomic level 7 can be written as:

dni N N
VE JFi

where W;; and W), represent the depopulating and populating rates between levels ¢ and
7, n; is the number density of level 7, and Ny, is the total number of levels in the system.

For upward transitions (i < j),
Wij = BijJij+n.Cyj+ (2.2)
+  Bij +nevij + Rij s
while for downward transitions,
Wj‘ = Aji + Bji jji + Ne Dji + (23)
+ Ne (ozf;R + aﬁR) +n2 85+ Qi
where n, is the electron density and J;; (= [ ¢:;(v) J, d,) is the frequency-averaged mean

intensity of the radiation field for a bound-bound transition. The rate coefficients in the

above equations are:

A;; = spontaneous emission
B;; = stimulated absorption (¢ < j) or emission (¢ > j)
C;; = collisional excitation
D;; = collisional deexcitation
ozgR = radiative recombination
ag R —  dielectronic recombination
Bi; = photoionization plus stimulated recombination (defined in Sec. 3)
vi; = collisional ionization
d;j = collisional recombination
Ri; = ion beam impact ionization
2;; = autoionization.
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Atomic cross sections for the above terms are described briefly in Section 4. The last two
terms, R;; and );;, are relevant for problems involving inner-shell ionization by intense

ion beams. The ion beam-impact ionization rate coefficient can be written as:
Rij = Jpos,j (Eg),

where Jp is the ion beam current density, Ep is the beam energy (per particle), and
os (E'p) is the ion-impact ionization cross section for ejecting an electron out of subshell

S. The autoionization rate coefficient out of autoinizing level i is:
1-Y;
QZ]: ( Z) ZAij’a
v, )&

where A;; is the spontaneous emission rate and Y; is the fluorescence yield. NLTERT

has recently been updated to use ion-impact ionization cross sections and autoionization
rates (fluorescence yields) calculated by ATBASE [17] for individual transitions. Thus, it
is not necessary to rely on configuration- or ion-averaged values as was done in previous

studies.

In this detailed configuration accounting model each atomic level of a given gas
species can in principal be coupled to any other level in that gas. This allows for modelling
plasmas in which multiple ionization processes are important (such as non-protonic ion
beams or Auger ionization due to x-rays). The degree of coupling between levels depends
on how the atomic data files are generated by ATBASE.

The statistical equilibrium equations (Eq. (2.1)) depend on the atomic level
populations in a nonlinear fashion (through the radiation intensity and electron density).
Because of this, an iterative procedure is used to obtain atomic level populations which
are self-consistent with the radiation field. At present, the coupled set of steady-state rate
equations is solved using the LAPACK linear algebra package [18]. Besides inverting the
statistical equilibrium equation matrix to obtain the level populations, LAPACK also
contains algorithms for improving the condition of the matrix via scaling, as well as
iterative refinement. The overall procedures for computing the level populations is as

follows:

1. Make an initial guess for population distributions (e.g., LTE or optically thin

plasma)
2. Compute radiative rate coefficients

3. Compute coefficients for statistical equilibrium matrix (Ny x Np)
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4. Solve matrix for level populations

5. If new populations are consistent with previous iteration, calculation is complete;

otherwise go back to step 2.

Steps 2 through 4 are performed one spatial zone at a time. This is possible because we
employ an accelerated lambda iteration procedure (ALI) which utilizes the diagonal of

the A-operator [19,20; see also Section 3.

To improve the rate of convergence for this iterative procedure we utilize an
acceleration technique based on the work of Ng [21; see also 22, 20]. The Ng acceleration
method is applied every several (typically 2 to 6) iterations to obtain updated solutions
to the solution vector x. In our case, the solution vector is the level population of a
spatial zone. The “accelerated” solution is calculated from solutions obtained during the
previous several iterations — that is, the evolution, or history, of the convergence becomes

important. The accelerated solution vector after the n’th iteration can be written as:
M M
x" = (1 — Z am> x4 Z QX" (2.4)
m=1 m=1

where x™~™ is the solution vector of the (n—m)’th iteration. The acceleration coefficients,

a, are determined from the solution

Aa =Db, (2.5)
where the elements of A and b are given by:
D
Ay = D (Axl — A ) (Axly — Azl ), (2.6)
d=1

D
b = Z Azl (Azly — Azl™),

d=1
and

The quantity x% refers to the d’th element of x on iteration cycle k. The order of the
acceleration method, M, represents the number of previous cycles used to compute the

accelerated solution for x.

In our radiative transfer code M can be chosen to have a value from 2 to 4. It is
found that using M = 2 provides very good acceleration to the converged solution. This
method has proven to be particularly valuable in improving the computational efficiency

of our radiative transfer simulations.
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3. Radiative Transfer Models

NLTERT utilizes two radiative transfer models: (1) an angle- and frequency-
averaged escape probability model, and (2) a multiangle, multifrequency model based on
the second order form of the radiative transfer equation (Feautrier method) [23]. The
advantage of the escape probability model is that it is faster. This is especially true in
spherical geometry, where the Feautrier method solves the radiative transfer equation
along a large number of impact parameters (approximately equal to the number of
spatial zones). The advantage of the Feautrier method is accuracy. This method is
second order accurate, while the escape probability model assumes the source function
— and thereby the atomic level populations — are uniform throughout each spatial zone
(this is sometimes referred to as the “flat flux approximation”). In addition, because it
utilizes a multifrequency grid for each bound-bound transition, it can more accurately
treat line transport in problems with a significant background continuum. For many
practical applications the escape probability model works quite satisfactorily. The user
can of course check this by comparing results of separate test calculations using the two

models. Below we describe each model separately.

3.1. Escape Probability Model

In the escape probability model, the stimulated absorption and emission rates in
Egs. (2.2) and (2.3) can be written in terms of zone-to-zone coupling coefficients:

—Aj; PO ng Q5 (i < j)

a a 7
nj Bj' Jij — ni Bij Jij =

Ajj Yob ng Qg (i >7)

where QQ°* is defined as the probability a photon emitted in zone e is absorbed in zone
a, n; is the population density of level ¢, the superscripts e and a denote the emitting
and absorbing zones, respectively, and Np is the number of spatial zones. Our model
utilizes a computationally efficient method for computing angle- and frequency-averaged
escape probability coupling coefficients in planar, cylindrical, and spherical geometries
for Doppler, Lorentz, and Voigt line profiles. (This method is based largely on the work
of J. Apruzese et al. [24-26].)

Consider first the 1-D planar geometry shown in Fig. 3.1. The distance traversed
as a photon travels from point 1 to point 2 is z15/p, where p = cosf and 6 is the angle

between the direction of propagation and the normal to the slab surface. In this geometry,
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Figure 3.1. Schematic illustration of photon transport in planar geometry.
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the angle- and frequency-averaged escape probability, P., can be computed directly:

. 1
Pi(r) = [ Pulre/u)dp. (3.1
where P, is the frequency-averaged escape probability (described below). The probability
a photon emitted in zone e traverses a depth 7p between zones e and a, and is then
absorbed in zone a is

1

27T,

Qea —

/OTe [P.(tp +7)— P13 + 7, + 7)]d7. (3.2)

Note that 7., 75, and 7, are the optical depths in the direction normal to the slab surface.
The first term within the integral represents the probability a photon will get to the
nearer surface of zone a without being absorbed, while the second term represents the
probability the photon is absorbed before exiting the surface farther from zone e. The

coupling coefficients are efficiently computed using analytic expressions.

Evaluation of the coupling coefficients in cylindrical and spherical geometries is
more difficult because Eq. (3.1) is not valid and angle-averaged escape probabilities
cannot be computed directly. For these geometries, it was found [25] that introducing a

“mean diffusivity angle,” 8 = cos™' [i, for which

() ()

leads to solutions that compare reasonably well with exact solutions. The meaning of the
mean diffusivity angle is clarified in Fig. 3.2. The quantities 7., 7,, and 75 again represent
the line center optical depths of the emitting and absorbing zones and the depth between
them, respectively. In this case, however, the optical depths are computed along the ray

defined by 6 and the midpoint of the emitting zone.

It can also be seen from Fig. 3.2 that additional geometrical complications arise
when the absorbing zone is inside the emitting zone. To overcome this, while at the same

time maintaining computational efficiency, we take advantage of the reciprocity relation:
NQ¥ = NIQ7", (3.4)

where N* and N7 are the total number of absorbing atoms in zones i and j, respectively.
(A proof of this relation is given in Ref. [25]). Thus, in cylindrical and spherical geometries

the coupling coefficients are given by:

= / (T8 + 1) — P.(T5 + 7, + 7)] dT, (3.5)
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Figure 3.2. Schematic illustration of photon transport in cylindrical and spherical
geometries.
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where P, is the non-angle-averaged escape probability. The (¢ are calculated using
Eq. (3.5) only for the cases when the absorbing zone is at a larger radius than the
emitting zone. Otherwise, the reciprocity relation (Eq. (3.4)) is used. It has been shown
[25] that using 1 = 0.51 leads to solutions for 2-level atoms that are accurate to within

25% for a wide range of total optical depths.

The frequency-averaged probability a photon will traverse a distance equivalent

to a line center optical depth 7. is:
P(r) = [ " p(v) e, (3.6)
where ¢(v) is the normalized line profile ([ ¢(v)dr = 1), and
T, = TP(v)/d(vo) -

The quantity vy represents the frequency at line center.

The profiles considered for bound-bound transitions are:

2

Doppler :  ¢(v) = (7¥/2Avp)~te ™D, D= R0
Lorentz :  ¢(v) = %Hlx% , T = 4?” (v — ) (3.7)
Voigt : ¢(V) = (7T1/2AVD)_1 H(a> xD) ) a= 47‘('£I/D )

The parameter I' can be interpreted as the reciprocal of the mean lifetimes of the upper

and lower states, Avp is the Doppler width of the line, and

a [ e Y
H(a,zp) = 2 /
(a xD) T J—00 (xp — y)2 + a?

2

(3.8)

is the Voigt function[23].

In evaluating the escape probability integrals we use an approach similar to
that of Apruzese et al. [24-26]. Simple analytic fits to accurate numerical solutions
to the frequency-averaged escape probabilities were obtained for each profile. For bound-
bound transitions, complete frequency redistribution is assumed; i.e., the emission and

absorption profiles are identical.

For Doppler profiles we use:

2.329 [tan~1(0.6757, + 0.757) — tan(0.757)] 7. < 5.18
P.(1.) = (3.9)
0.209 + 1.094 [In7.]*/2 7. > 5.18,
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while for Lorentz profiles we use:

1.7071n(1 + 0.586 7,) , 7. <5.18
Pe(Tc) = (310)
—0.187 + 1.128 71/2 | 7.>5.18.

For Voigt profiles, the escape probability integrals were fitted to two different
regimes of the Voigt broadening parameter a. For a < 0.49,

(1+157)" (r<1),
P.(1) =14 04771 (1<7<7), (3.11)

0.4(707)_1/2 (T > 7e),

where

For a > 0.49,

(I+7)7" (7<),
P.(7) = (3.12)
0.5 77 Y2 (7>1).

The fits for Voigt profiles are typically accurate to about 20%, although errors of up
to 40% can occur. Note, however, that in our model the frequency-averaged escape
probability integrals are used only to compute the level populations self-consistently
with the radiation field. The frequency-dependent spectral calculations do not directly

use frequency-averaged escape probabilities.

We now discuss the transport of bound-free radiation in the context of the escape
probability model. The frequency-averaged escape probability is obtained by averaging

the attenuation factor, e™™, over the emission profile ¢g:

o0

P.(70, 0) = / d5(v, @) exp(—7,)dv, (3.13)
where
exp(—hv/kT,)

l/El (Oéo)

or(v,a) =

3.6



and
ag = huvy JkT,.

The optical depth and frequency at the photoionization edge are 7y and vy, respectively,
T, is the optical depth at frequency v, T, is the electron temperature, and E; () represents
the exponential integral of order 1. The quantities h and k as usual refer to the Planck

constant and Boltzmann constant, respectively.

As in the case of line transport, frequency-averaged escape probabilities have been
fitted to simple analytic functions to allow for computationally efficient solutions. The
curve fits are given by:

e Mt , t<1.0
P70, a0) = (3.14)
t=1 B3 exp[—y — %t/ —=1)] , t>1.0

where

() = 2.0lag— 1.2305 4 0.210a2,

v(ag) = 1.0lag+ 0.0691a> — 0.046202,

and t = 79/3. The fits are accurate to about 15% over a wide range of parameter space:
0.3 < ap < 10 and values of 7y such that P,(7, ag) > 107°.

The photoionization rate in zone a is obtained by summing the recombinations
over all emitting zones e. Thus, the photoionization rate (corrected for stimulated

recombinations) from lower level ¢ to upper level u can be written as:

fo%e) bf a a\ *
Bo, = 4w O;L—” J <1 — (ﬂz) <E> e—hv/kTe> dy
Vo 14 nf nz

Np
= > Ningor, Q™ (3.15)
e=1

where %/ is the photoionization cross section, J,, is the radiation mean intensity, (ny/n.,)*
refers to the LTE population ratio [23], af, is the radiative recombination rate coefficient
for zone e, n¢ is the electron density in zone e, and Np is the total number of spatial

zones in the plasma.
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Frequency-dependent spectra are computed in the escape probability model as
follows. We first compute the opacities and optical depths in each spatial zone from
all possible sources and consider the contributions from free-free (Bremsstrahlung),
bound-free (photoabsorption), and bound-bound (line) transitions. The optical depth

at frequency v in zone d, is related to the opacity by:

a = [ (e (3.16)

Zmin

- Xu,d AZd?

where the opacity in zone d, X, 4, is assumed to be constant throughout the zone, and

Az, is the zone thickness. The opacity can be written as [23]:

Xy = Znenj+1(1 — eh”/kT) aff(y) (3.17)
J

+ D0 Iy — e M gl (v)
7 n

XY - (22 )y ),
j n om>n Imj
where the index j refers to the ionization stage, n and m refer to the excitation levels,
gnj and gp,; are the statistical weights, n,; is the number density of atoms in level n
of ionization stage j, and n;4 is the number density of atoms in ionization stage j + 1
summed over all excitation levels. The quantity n;; is the LTE population of state n,;
computed using the actual ion density of the upper ionization stage. The first term in
Eq. (3.17) is the contribution from free-free absorption, the second is from bound-free
absorption, and the third is due to bound-bound absorption. The free-free cross section

is given by
48 3r \ V2
Ff(,) — . a7 72, T2 3 3.18
o’ (v) <3ch> <3kme) 91s Legs v (3.18)

where e and m, are the electron charge and mass, respectively, c¢ is the speed of light,

Gr7 is the free-free Gaunt factor [27], and Z.ff is the effective charge.

The bound-free cross section has the form:

o (v) = o (1) {ﬁ (%)s +(1-7) <%)8+1} : v >, (3.19)



where v is the cutoff frequency, and 3, s, and o/ (1) are obtained by fitting to Hartree-
Fock cross section for electrons in each subshell of each atomic level. The bound-bound

cross section is given by

2

o) = (”6 ) fomhy (3.20)

MeC

where f,, is the oscillator strength and ¢, is the normalized line profile ([ ¢,dv = 1).

After the total optical depth for each spatial zone is calculated, the frequency-
dependent flux at the plasma boundary is computed as follows. The flux at the surface
due to photons emitted in zone d, F, 4, can be written in terms of the plasma emissivity

of the zone, 71, 4:

Foa= 747my’dAVd«4ud, (3:21)
: A :

where AV, is the volume of zone d, and A is the area of the plasma boundary. The

attenuation factor, A, 4, represents the attenuation due to all other zones along the path

to the boundary. The path from the emitting zone to the boundary is defined by the

mean diffusivity angle. The optical depths for each zone are computed along this path.

The attenuation factor is then obtained by averaging over the emitting zone:

1 Tu,d+ATl/,d
Ava = / e~ dr,. (3.22)

A7_I/,d Tv,d

where 74 is the optical depth from the plasma boundary to the closer boundary of zone

d. The emissivity can be written as [23]:

c2

2h?
n, = ( v )Z {nenj+1e_h”/kTaff(u) (3.23)
J
+ e M (v)

+ En:Z (222 el }

n m>n gmj

Note that the radiation produced by one type of transition can be significantly
attenuated by other types of transitions. For instance, continuum emission can decrease

abruptly near the cores of optically thick lines and photoabsorption edges. We note,
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however, that this interaction of the radiation field for different transitions is not fully
accounted for when calculating the level populations. We do not expect this to be a

serious deficiency in the model for most types of plasma diagnostics.

3.2. Multifrequency, Multiangle Radiative Transfer Model

An alternative approach for computing radiative transfer in NLTERT is a
multifrequency, multiangle model based on the second order form of the transfer equation.
The model, which has been developed for planar and spherical geometries, is more
accurate and can better model a wider class of problems (e.g., line transport in the
presence of a significant continuum background, or large density and/or temperature
gradients). The trade-off is of course that the required computational time is greater.
This is particularly true in the case of spherical geometry, where the tangent ray method
employed requires that the number of angles for which the radiative transfer equation is

solved is comparable to the number of spatial grid points.

The second order form of the radiative transfer equation in planar geometry can
be written as [23]:

*u,,
,ﬁa—é = U — Sy, (3.24)
where .
U(Z,,LL,V) = 5 [I(Z,M,V)+I(Z,—/L,V)]

is the average of the specific intensity in the positive and negative p directions, w is the
cosine of the angle between the direction the photon propagates and the normal to the

slab, 7, is the optical depth at frequency v, and S, is the source function (=1,/k,).

Discretizing Eq. (3.24) onto the optical depth grid 74 (d = 1, -+, Np) leads to the

tridiagonal system of equations [28]:
—Ad’LLd_l + Bd’LLd — Cd’LLd_H = Sd s (325)

where second-order differencing provides for 2 < d < Np :

2

A - )
d ATd_l(ATd_l + ATd)
2
By = 14—
d + ATdATd_l ’
2
Cq =

ATd(ATd_l + ATd) ’
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where A1y = 741 — 74. The values of Ay, By, and Cy for d = 1 and Np depend on

boundary conditions.

A key point to note is that this approach is second-order accurate. The solution of
ug depends on the value of the source function at d and d + 1. By comparison, the escape
probability model is numerically less accurate because the source function is assumed to

be uniform within each zone.

The photoexcitation and photoionization rates used in the statistical equilibrium
equations are obtained by integrating over angle and frequency. Expressions for these
rates are given in Ref. [20]. In planar geometry the angle grid is defined by Gaussian
integration abcissas and weights (see, e.g., [29]). In spherical geometry the transfer
equation is solved along rays which are tangent to the radius of each zone of the spatial
grid (see Fig. 3.3). This approach is commonly used to solve spherical radiative transfer
problems [23,30].

The frequency grid for lines is set up so that there are equally-spaced points in each
line core and logarithmically-spaced points in the line wings. Typically the core region
has a frequency interval of several Doppler widths. About 5 frequency points are used
for the core and 10-15 are used for the wings. These parameters can be adjusted by the
user. For bound-free transitions we choose frequencies such that y-values (y = v /v; v =

frequency of absorption edge) are evenly spaced.

To accelerate the convergence to a solution in which the statistical equilibrium
and radiative transfer equations are simultaneously satisfied, we employ an accelerated
lambda iteration procedure in which the diagonal of the “A-operator” is included in an
implicit fashion in the statistical equilibrium equations. The mean intensity J can be

expressed in terms of the A-operator in planar geometry as [23,28]:

70 = As@nl =y [~ o, [ [ an /T S, ()= 9t

i
0 Ty dt

+ / d,u/ S, (t)e~ (v =t/n —1 :
-1 0 o

In the context of the escape probability model, the diagonal of the A-operator corresponds
to the probability a photon emitted is a spatial zone is reabsorbed in the same zone before

it escapes.
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Figure 3.3. Ilustration of spatial grid used to solve radiative transfer equation in
spherical geometry. The impact parameters are tangent to the spherical
shells. The radiation field is determined at points defined by the intersection
of the rays and the spherical shells.
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In the multifrequency radiation transport model of NLUTERT, the matrix elements
of the A-operator are calculated using the method recently proposed by Rybicki and
Hummer [28], who showed that the diagonal elements of the A-operator can be calculated
very efficiently using the matrix coefficients used to calculate the radiation intensity. A

more detailed description of this technique is presented elsewhere [20].
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4. Atomic Physics Models

Atomic structure calculations for energy levels are performed using a configuration
interaction (CI) model using Hartree-Fock wavefunctions [17,31]. An L-S coupling scheme
is used to define the angular momentum coupling of electrons. Rate coefficients for
collisional and radiative transitions are calculated as follows. Collisional excitation and
ionization rates are computed using a combination of semiclassical impact parameter,
Born-Oppenheimer, and distorted wave models [32-34]. The corresponding inverse
processes were specified from detailed balance arguments. Rate coefficients for
dielectronic recombination are computed using a Burgess-Mertz model [35] in conjunction
with Hartree-Fock energies and oscillator strengths. Photoionization cross sections
and radiative recombination rates are obtained from Hartree-Fock calculations. Ion
beam impact ionization of target K-shell and L-shell electrons are calculated for each
ionization stage using a plane wave Born approximation model with corrections for
Coulomb deflection, perturbations to the binding energy due to the incident projectile,
and relativistic effects for target wavefunctions [36,37]. Details of the atomic physics

calculations are given elsewhere [17,31].
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5. Input/Output File Descriptions

The NLTERT code uses up to 6 types of input files, 7 output files, and 2 scratch
files. The files are listed in Table 5.1, along with their default logical unit numbers (LUN),
names (for UNIX systems), types, and a brief description of their contents. (Note that
the LUNs and file names can be easily modified in the block data routine BDATA.) For
each plasma species, up to four input files are required containing atomic data computed
by the ATBASE suite of atomic physics codes [17]. Two of these files (LUNs 4 and 8)
are required for all calculations. LUN 4 contains data for atomic level energies, oscillator
strengths, collisional (electron impact) rate coefficients, and dielectronic recombination
rate coefficients. LUN 8 contains photoionization cross section data. For calculations with
ion beam-induced inner-shell ionization, two additional atomic data files are required for
each target material (LUNs 9 and 10). LUN 9 contains ion impact ionization cross

sections, while LUN 10 contains Auger rates and fluorescence yields.

Most parameters defining a problem are specified in the namelist input file

(LUN 2). Details concerning variable names and definitions are given in Section 6.

To set up the target plasma temperature and density distributions, the user has
the option of: (1) using namelist input, or (2) using results from hydrodynamics output.
The latter option is chosen by setting ISW(44) > 0, in which case the hydrodynamics
output is read in from LUN 45 by subroutine DHYDRO. The file name and current format
options for reading the hydrodynamics data can be seen by examining DHYDRO. This

subroutine can be easily modified to read in other formatted data.

Most of the useful output is written to 3 files: LUNS 6, 18, and 19. LUN 6
contains the descriptive output, including results for atomic level populations, ionization
distributions, and line radiation power densities. LUN 18 contains plottable data for
the flux vs. photon energy, while LUN 19 contains plot data for the optical depth vs.

photon energy. The spectral properties are computed and written to LUNs 18 and 19 in
subroutines SPECT1, SPECT2, and SPECT3.

Several other output files provide results that can be used to analyze a problem.
LUNs 41 and 42 contain transition rate information, which can be used to determine
the most important transitions which populate and depopulate the various atomic levels.
LUN 3 is used to write warning messages, the purpose of which is used to warn the user
of potential problems that may have occurred during the calculation without stopping
the calculation. LUN 11 provides results for 2-level atom benchmark calculations. (A

sample calculation involving a 2-level atom calculation is given in Sec. 9.)
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6. Namelist Input Variables

The user defines the parameters of a problem with the namelist input file. Through
it, the user specifies the plasma properties, atomic model, spectral grid, radiative transfer
model, and ion beam parameters (if necessary). In addition, the user can specify the types
of plot output desired, and request the printing of various debugging output. Table 6.1
lists each of the namelist variable names, along with their type, dimensions, units, default
values, and a brief description of their use. Comments can be inserted in the namelist
input file to aid the user. Lines starting with ‘c ” in the namelist input file are considered
comments. Note that the ‘c * must be in the first column, and must be followed by a

space.

The spatial grid is most easily set up using the automatic zoning algorithm,
in which case IGEOM, NZONES, RADMIN, RADMAX, and DRADMN define the
grid (DRAD is not used in this case). For isothermal, isochoric plasmas, the user
simply specifies the ion density and electron temperature for each zone. Note that the
electron and ion temperatures are assumed to be equal. To use temperature and density
distributions from hydrodynamics simulations, the user should set ISW(44) or ISW(45)
> 0, and set up input files in the proper format. (See subroutine DHYDRO for details
of formatting and file specification; the user may wish to modify this routine to read
other formatted temperature and density data.) The temperatures and densities for the
radiative transfer grid are then determined by interpolation from the hydrodynamics
grid. The parameter TDENDL is used to specify the total “column density” (n - AL);
this ensures, for example, that the total mass per unit area be conserved in an expanding

foil calculation.

The atomic model parameters specify the distribution of atomic species in the
plasma. Homogeneous mixtures as well as multilayered target plasmas can be modelled.
Examples of this are shown in Table 6.1. Input files for each atomic species are
automatically read in based on the atomic numbers specified (ATOMNM). MXIZCH
can be used to limit the maximum change for transitions; e.g., multiple ionization effects

from intense ion beams can be ignored by setting MXIZCH=1.

The selection of atomic levels included in the NLTERT calculation is done through
the variable ISELCT. This is a two-dimensional array arranged as [atomic level index, gas
species]. By default, no levels are selected (all elements are zero). The user selects levels
from the atomic data file (LUN 4) for each plasma species by setting the corresponding

ISELCT array element to 1. For example, if one wishes to include level 85 from gas

6.1



species 1, one simply sets ISELCT(85,1)=1. It is often useful to set up the selection
process ion by ion. Thus, if level 85 were the ground state of some ion, the lowest 20
energy levels of that ion could be selected by setting ISELCT(85,1)=20*1. Examples of

this are provided in Section 9.

The variable ILINEP (listed under Radiative Transfer Parameters) is used to
set the line profile type. For laboratory plasmas, a Voigt profile should generally be
used. Natural, Doppler, and Stark broadening effects are automatically included in
the calculation. ISW(7) and ISW(8) are used to specify whether photoexcitation and
photoionization be considered in the statistical equilibrium equations. ISW(4) and
ISW(5) indicate the choice of radiative transfer model: angle- and frequency-averaged
escape probability model or multiangle, multifrequency model. The last 7 variables
listed under the Radiative Transfer Parameters heading are used in the multifrequency
radiative transfer model. The default values should be sufficient for laboratory plasma

calculations.

The effects of an intense light ion beam can be modelled in NLUTERT calculations.
At present, it is best to set ISW(37)=3. This model utilizes ATBASE [17] atomic physics
tables of ion beam impact ionization cross sections, as well as Auger rates and fluorescence
yields. In this case, the proton impact ionization rate coefficient (PIMPIN) need not be

specified by the user as the rate is automatically calculated for each atomic level based
on the ion beam energy (EBEAM) and current density (CURDEN).

By default, the calculation of atomic level populations is performed by solving
multilevel statistical equilibrium equations which include both collisional and radiative
terms. However, the user can specify that LTE populations be computed by setting
ISW(6)=3. ISW(6) is also used to specify the initial guess at the populations (see
Section 2 for description of iterative procedure). In addition, transition rates for each
type of process can be adjusted (or set to zero) by redefining CON(42) through CON(49).
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Table 6.2. Real Constants - CON

Array  Default
Element  Value Description

6 1.e-30  Minimum value of fractional level population

12 0.1 Scaling parameter for statistical equilibrium
matrix elements

19 1l.e-7  Minimum fractional population used to test convergence

20 1.0 Multiplier for natural line width

21 1.0 Multiplier for Doppler line width

22 1.0 Multiplier for Stark line width

24 1.0 Multiplier for ion dynamic broadening
(hydrogenic Lyman series)

25 0.0 Ratio of line-to-continuum opacity for benchmark
calculation

26 1.0 Multiplier for bound-bound opacity

27 1.0 Multiplier for bound-free opacity

28 1.0 Multiplier for free-free opacity

42 1.0 Multiplier for collisional deexcitation rate

43 1.0 Multiplier for spontaneous emission rate

45 1.0 Multiplier for collisional recombination rate

46 1.0 Multiplier for radiative recombination rate

47 1.0 Multiplier for dielectronic recombination rate

48 1.0 Multiplier for autoionization rate

49 1.0 Multiplier for beam impact ionization rate

57 1.e-30  Minimum value of AE/T for ionization windowing

58 1.e-30  Minimum value of AE/T for ionization windowing
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Table 6.4.

Array Element

18
18
18
84
10
9
10
9
12
78
48
44
28,29
71
72
61
80
11,27
1,14,54
52
77
78
34
59
25
42
41
47,81
12,55
82,83,85,86
85
85
6,15
92
81

Debugging Switches - IEDIT

Subroutine Writing Debug Output

6.12

CPLC1P
CPLCYP
CPLCFP
FESCAP
FORM1C
FORMIL
FORM3C
FORMS3L
GETCFS
GPOPAC
IIXSEC
INIT2
INPUT
INPUT4
INPUT5
LINEPR
LINWID
LOPACS
MATRX0
MESHHV
MESHMG
MGOPAC
NGACCL
OUT3
PWRDEN
RATBEM
RATCOF
READA2
RRATES
SPECT1
SPECT?
SPECT3
STATEQ
VOIGT
WSTARK



7. Subroutines

Table 7.1 lists the name of each subroutine in NLTERT along with a brief
description of its primary function. A flow diagram showing the relation of the higher
level subroutines is shown in Fig. 7.1. With the exception of using NAMELIST input,
all subroutines are written in FORTRAN 77.

[pur] [nri]  [oerop]  [zwoo]  [smiea]  [LmerR] SPECT1
M — ,

Ex ueshiv]
[Eosz] [FESCAP)
c -
)
=
—{westiny]
READA2 __
==

— FEAUT3

| FORMxx| NGACCL ——

(=]
o
-
2
1o
(o]
[
@

D

ANGL OPAC

IEfEED

—
0

Figure 7.1. Flow diagram for selected subroutines in NLTERT.
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8. Common Blocks

Listed in Table 8.1 are the common blocks used in NLTERT. For each

common block,
of each wvariable is provided.
specified by quantities defined in parameter statements.

the variable name, type, dimensions, and a brief description
In most cases, the dimensions of variables are
These parameters are:

Parameter Description

MXLVLS Maximum number of atomic levels

MXTRNS Maximum number of atomic transitions

MXGASS Maximum number of gas species

MXIONZ Maximum number of ionization stages (per gas species)

MXLVLI Maximum number of levels in atomic data file

MXPHOT Maximum number of frequency points in spectral calculation

MXZONS Maximum number of spatial zones

MXDATT Maximum number of temperatures in rate coefficient tables

MXDATD Maximum number of electron densities in rate coefficient tables

MXDATE Maximum number of beam energies in ion impact cross section table

MXANGL Maximum number of angles in radiative transfer calculation

MXFREQ Maximum number of frequency points per line

MXIMPS Maximum number of impact parameter rays in spherical radiative
transfer calculation

MXSSHL Maximum number of atomic subshells

MXGRPS Maximum number of groups for multigroup opacity calculation.
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9. Sample Calculations

9.1. Example 1: Thermal Spectrum for Aluminum

The first example is for a planar Al plasma with an ion density of n = 10%° cm~3,

a temperature of T' = 30 eV, and a slab width of 0.012 cm. This corresponds to a 0.2 pym-
thick solid density foil which has expanded by a factor of 600. Under these conditions,
the plasma populations are close to LTE (within about a factor of 2), but the plasma
is not thick enough for the spectrum to be that of a blackbody. (If the plasma were
optically thick (7, > 1) at all frequencies the spectrum of an LTE plasma would be a
blackbody spectrum.) The input file is shown in Fig. 9.1, while the calculated emission
spectrum is shown in Fig. 9.2. The frequency-dependence of the optical depth is shown
in Fig. 9.3.

9.2. Example 2: 2-Level Atom

Figure 9.4 shows the input file for a 2-level atom calculation in spherical geometry.
The bound-bound transition corresponds to the Ly, line of Al (hv = 1.728 keV). The
plasma temperature, density, and radius were chosen to give a value of the scattering (or
“quenching”) parameter of ¢ = 107" and line center optical depth of 5.64 x 103. The
line is specified to have a Doppler profile. The multifrequency radiative transfer model
is used in this case (ISW(5) = 1). The number of spatial grid points is 20.

The spatial distribution of the source function is shown in Fig. 9.5 for 2 cases:
Tmax = 5.64 x 103 and 56.4. The results are in good agreement with previously published
calculations [38].

9.3. Example 3: K, Absorption Spectrum for Aluminum

The input file for calculation of an Al K, absorption spectrum is shown in Fig. 9.6.
The plasma conditions are: T = 58 eV, p = 0.02 g/cm?, and the plasma thickness is
6.75 pm (which correspond to a 500 A foil which has expanded by a factor of 135).
The atomic level populations are calculated in the LTE approximation (ISW(6) = 3).
The calculated absorption spectrum (transmission = exp(—7,)) is shown in Fig. 9.7.
Results from calculations of this type are in good agreement with experimental data for
laser-produced plasmas [7].
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<

anaaaan

[¢]

$inputl

e

LRI

hvmin

iplot (1)
iplot (8)

hvmax = 1000.

nfrgbb
nfrqff

..
..

..

Al
Al
Al
Al
Al
Al
Al

xmulos

'tempel(l) =
densnn(l) = 6*1.e20

atomnm =
atomwt = 27.0
ilinep =

H
.
33
[

Tisw(36) = 1

igeom = 1
nzones
radmin
radmax
dradmn

6

0.
1.2e~-2
1.2e~4

0nonn

thermal states

iselet( 1,1)
II

iselet( 11,1)
III

iselct( 34,1)
Iv Ne-1like
iselet (133,1)
v F~like
iselect (243,1)
VI O-like
iselct (402,1)
Vi1 N-like

“iselct(614,1)

Al
Al
Al
Al
Al
al
Al
$end

VIII C-like
iselct (791,1)

IX B-like

iselct (949,1)

X Be-like
iselct (1046,1)
XI Li-like
iselct (1149,1)
XII He-~-like
iselet (1228,1)
XIII H-like
iselct (1256,1)

4*0
16*0
3*0
10*1
20*1
20*1
50*1
37*1
24*1
27*1
11*1
20*1

3*1

XIv Fully Ionized

iselct (1266,1)

1

PLOTTING SWITCHES

SPECTRAL GRID PARAMETERS (energies in eV)

MEAN DIFFUSIVITY ANGLE FOR SPECTRAL CALCULATION
do NOT read in Auger rates if isw36 <> 0

SPATIAL GRID INFO

grid temperatures and ion densities

ATCOMIC DATA PARAMETERS

SELECT LEVELS

Figure 9.1. Namelist input for Example 1.
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(V]

Flux (erg/cmzls/eV)
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Aluminum Emission Spectrum

T=30eV, n=10"cm”,L,, =0.2m
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Figure 9.2. Emission spectrum for Example 1.
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Aluminum Optical Depth vs. Frequency
T=30eV, n=10"cm’, L, =02um
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Figure 9.3. Frequency-dependent optical depths for Example 1.
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$inputl

C ... RADIATIVE TRANSFER PARAMETERS

isw(5) =1
c ... iswé=1 => start with LTE populations
c isw6=2 => start with coronal populations
c isw6=3 => set populations to LTE values
c iswé=4 => set populations to corcnal values
isw(6) = 1
c ... skip reading of fluorescence yields and Auger rates
isw(36) =1
C .. PLOTTING SWITCHES
iplot(l) =3
iplot(2) =1
iplot(8) =1, 1,
C ... SPECTRAL GRID PARAMETERS (energies in eV}
hvmin = 1720.
hvmax = 1730
nfrgbb = 7
nfrqff = 50
c ... GRID PARAMETERS (radii in cm)
igecm = 3
nzones = 20
radmin = 0.
radmax = 5.37e-2
dradmn = 5.e-7
c ... grid temperatures and ion densities
tempel(l) = 20*300.,
densnn(l) = 20*1.0836el9
c ... ATOMIC DATA PARAMETERS
atomnm = 13.
atomwt = 27.0
ilinep = 1
c ... SELECT LEVELS
(o]
¢ Al XIII H-like
iselct(1256,1) = 2*1
c
Send

Figure 9.4. Namelist input for Example 2.
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2-Level Atom Source Function
Homogeneous Spherical Plasma

100

~ 10 3

3

10

10* Lo
10°

102 10" 10° 10' 10° 10 10
Line Center Optical Depth

3

Figure 9.5. Two-level atom source function vs. line center optical depth for Example 2.
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$inputl
e INITIAL POPULATIONS

c
c jswé=1 => start with LTE populations
c iswé=2 => start with coronal populations
c isw6=3 => set populations to LTE values
c iswé=4 => set populations to coronal values
isw(6) = 3
C .. PLOTTING SWITCHES
iplot(l) =1
iplot(8) = 4, 4,
C ... SPECTRAL GRID PARAMETERS (energies in eV)
hvmin = 1480. )
hvmax = 1620.
nfrgbb = 3
nfrgff = 1000
C .. GRID PARAMETERS
igeom = 1
nzones = 1
radmin = 0.
radmax = 6.75e-4
dradmn = 2.e-6
[ grid temperatures and ion densities
tempel (1) = 1*58.,
densnn(l) = 1*4.4e20
C ... ATOMIC DATA PARAMETERS
atomnm = 13.
atomwt = 27.0
ilinep = 3
c . SELECT LEVELS
c
c thermal states autoionizing states (n=2) autoionizing states (n=3)
e 0 IIITLITLIIIIIL e liemmeccciee e
c Al 1I
i iselct( 1,1) = 4*0
¢ Al II
iselct( 11,1) = 16*0
¢ Al III

iselct( 34,1) = 3*0
c Aal Iv Ne-like

‘3el72(133,1) = 10*0
c Al V F-like
iselct(243,1) = 15*0
¢ Al VI O-like
iselct(402,1) = 20*1
¢ Al VII N-like
iselct (614,1) = 44*1
iselct(682,1) = 8*1
iselct (690,1) = 10*1
c Al VIII C-like
iselet(791,1) = 34*1
iselct(836,1) = 16*1
iselct (852,1) = 10*1
¢ Al IX B-like
iselct(949,1) = 21*1
iselect (977,1) = 35*1
iselct(1012,1) = 10*1
c Al X Be-like
iselct (1046,1) = 24*1
iselct (1070,1) = 31*1
iselct (1101,1) = 10*1
¢ Al XI Li-like
iselct(1142,1) = 8*1
iselet (1157,1) = 15*1

iselct (1172,1) = 10*1
c Al XII He-like
iselct(1220,1)

c Al XIII H-like
iselct(1248,1) = 3*1

¢ Al X1V Fully Ionized
iselct(1258,1) = 1*0

Send

7*1

Figure 9.6. Namelist input for Example 3.
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Al K, Absorption Spectrum

T=58eV, p=0.02g/cm”,L_=500A
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Figure 9.7. Al K, absorption spectrum for Example 3.
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