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The distribution of ionization states in carbon, aluminum, copper, and tungsten plasmas is determined
from the -corona-model equilibrium. The variations of mean ionization level, internal energy, and
radiation rates for continuum and lines with temperature are then determined by averaging over the
ionization states. Results can be applied to studies of a variety of existing laboratory plasmas and to

analyses of the effects of impurities in fusion plasmas.

The Saha equation, because of its simplicity, is
commonly used to determine the equilibrium dis-
tribution of ionization states in nonhydrogenic
plasmas.! However, plasmas of interest are fre-
‘quently too high in temperature and insufficiently
dense to satisfy the constraint of local thermo-
dynamic equilibrium required for proper applica-
tion of the Saha equation.? Plasmas which are pre-
dominantly transparent to their emitted radiation
are more accurately characterized by the corona-
model steady state for which the distribution of
ionization levels is determined by a balance be-
tween collisional ionization and radiative recom-
bination.? Here, we summarize results of calcu-
lations based on the corona model which paramet-
erize the ionization-dependent properties and rad-
iation rates of high—atomic-number plasmas.
Specifically, the variations of mean ionization
level, internal energy, and radiation rates with
temperature are presented for carbon, aluminum,
copper, and tungsten plasmas. A digital computer
program, CORONA, was used to determine the dis-
tribution of ionization states. Appropriately
weighted averages over the distribution yielded
the macroscopic quantities of interest. Results

" can be applied to studies of a variety of existing
laboratory plasmas and to analyses of the effects
of impurities in proposed fusion-reactor plasmas.

The parameters of plasmas which can be char-
acterized by coronal equilibrium are subject to a
number of constraints, two of which are now pre-
sented. A more complete discussion of these re-
quirements is presented elsewhere.? First, radia-
tive recombination dominates three-body recom-
bination when the electron density n, satisfies the
relation

n, <10%°6"2 cm™3, 1)

where 6 is the electron temperature in eV. The
second assumption is that the plasma is in a state
of ionization equilibrium. This requires that the
relaxation time for important atomic processes
be short compared to the time 7 over which the
macroscopic plasma parameters vary. This con-
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dition is fulfilled if the electron density satisfies
1,2 10%/7 ecm™3, (2)

with T in seconds. Equation (1) is satisfied for all
plasmas of current interest while the second re-
lation is satisfied for two distinct classes of plas-
mas. The first class includes high-energy-density,
high—atomic-number plasmas such as those pro-
duced in a vacuum spark® and dense plasma focus,*
or from the explosion of fine wires by high-power
(10'2 W) pulse generators.® The second class in-
cludes proposed fusion-reactor plasmas since Eq.
(2) must be satisfied if Lawson’s criterion is also
to be met. The results to be presented are then
useful for analyzing the effects of impurities in
fusion plasmas with the possible exception of those
formed by the laser-driven implosion of small
masses of fusionable material.

The dominant ionization and recombination pro-
cesses for a plasma in coronal equilibrium are
both two body. The distribution of ionization levels
determined by the balance of these two processes
is thus independent of density; it is characterized
solely by the local electron temperature 6 and the
atomic properties of the species under considera-
tion.

The fraction f; of atoms of a given species which
are Z-times ionized may be determined from the
set of relations

Qzf2=Sz-1fz-1, 1SZ<2Z;. 3)

Here, az is the recombination rate for a Z-times
ionized atom, S; is the ionization rate, and Z; is
the atomic number of the atom. The solution of
this set may be written

fZ = (So/al)(sl/az)' c* (SZ-l/az)fo)
@)

Zj -
o (14 2 /) /) 5/
z=1

The quantities in the small parenthesis may be de-
termined from?®
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@z.1/Sz=1.8TX107°(x3/nz) (x2/ 00 %eX2® . (5)

In Eq. (5), xz is the ionization potential in eV for
ions in state Z going to Z +1 and 7, is the number
of outer-shell electrons in state Z. The quantities
Xz are determined in calculations by Carlson et al.®
The distributions of ionization states for carbon,
aluminum, copper, and tungsten plasmas (covering
the range of atomic numbers from 6 to 74) and se-
lected values of 6 are shown in Figs. 1(a)-1(d).
Since f; is determined from only elemental atom-
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ic properties and the electron temperature, mac-
roscopic quantities obtained from appropriately
weighted averages of f; over Z depend only on 6.
The macroscopic quantities of interest are: the
mean ionization level, the internal energy of the
plasma including energy stored in ionization, and
radiation rates for continuum and lines. The values
of these quantities are now calculated assuming
ions and electrons to be at the same temperature
6. Corrections due to ions at a temperature dif-
ferent from ¢ will be considered as required.
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FIG. 1. (a) Distribution of ionization states for carbon (Z, =6); (b) distribution of ionization states for aluminum
(Z 4y=13); (c) distribution of ionization states for copper (Z,=29); (d) distribution of ionization states for tungsten

Zy=14).
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The thermal energy density associated with a
plasma of species j at temperature 6 is given by

h;=3%n;+n,;)0 eV/em®,

where 7n; is the atomic density and #,; is the con-
tribution to the total electron density due to species

Js
Z;
ne,=22nz; ne=2ne,-. (6)
Z=0 F
Here, nz is the density of Z-times ionized atoms,

ﬂz=fznj.

It is understood that Z-dependent quantities (z,
fz, Xz, etc.) refer to a particular species.
Equation (6) may be written in the form

nej=<Z>nj ’ (7)

where ( ) indicates an average over ionization
states. For any Z-dependent quantity ¥,

z
(¥)= foz‘l’z-
Z=0

The variation of the mean ionization level (Z) with
0 is shown in Fig. 2.

The energy per unit volume needed to ionize to
equilibrium at temperature 6 is given by

Ep= ZEZnZ=<EZ>nj eV/em?®, (8)
Z

where E; is the energy required to ionize an atom
from the neutral state to the Z-times ionized state

Z-1
Ez= ZXk .
k=0

The total internal energy density associated with
species j is then

hj+E=[3(1+(Z)) +(Ep/6]n;6 eV/cm®. 9)

The variation of the quantity in square brackets
(the effective specific heat per atom) with 0 is
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FIG. 2. Mean ionization level vs plasma temperature.
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FIG. 3. Specific heat per atom vs plasma temperature.

shown in Fig. 3. If ions are at temperature 6;
h;+Ep; - [36,+(C; - $)6]n; eV/cm?®, (10)
where
C;=3(1+(Z) +(E)/6.

The power density of free-free bremsstrahlung
radiation due to elastic electron collisions with ions
of density n; and charge Ze is given by’

P,=1.5X1073262, 1,72 W/cm3.

The total free-free emission for species j due to
the various ionization states is then
z

J
Py=) Pz=1.5x10720"*(Z%n;n, W/cm®.

Z=0
(11)

For ions of charge Ze, the ratio of power emit-
ted as recombination (free-bound) radiation to
bremsstrahlung is” xz_,/6. The total continuum
radiation may then be written as
P,;=1.5%107%260Y% 0, ((Z%) +(Z%xz .,/ 6)) W/cm®.

(12)
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FIG. 4. Continuum radiation factor vs plasma temper-
ature.
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zZ
T Py =Tx1072%07Y2,, Z gEinge™® N/ W /em? ,
--------- \ PN N,Z
\ L e / \'\Am . . s
— / where, consistent with the assumption of coronal
N~ T Zah

equilibrium, radiative decay is taken to predomi-
nate over collisional deexcitation for lines.® Here,
gﬁ,- is the oscillator strength associated with the
electron transition N - ¢ with energy difference

EZ, for an atom in ionization state Z.

Following Griem,” it is assumed that the only
important transition is that for the resonance line
N-N +1 where N is the principle quantum number
of an outer-shell electron in state Z, and that the
0 07 T e C3 0% oscillator strength is 7 for this transition. These
simplifications usually yield good approximations
for the line-radiation rates since most energy
radiated is typically in the resonance line.

The value of EZ; for this transition may be es-
timated from the Bohr theory

Cenp-E /B>~

FIG. 5.  Line radiation factor vs plasma temperature.

The variation of the quantity inside the parenthe-
ses with 6 is shown in Fig. 4.

In the absence of radiation trapping, the power E? = (az) ML ( 1 1 2)
. . e 4 . N,N - 2
density of line radiation may be determined from’ 1 2 N2 (N+1)*/°
[ |~
5 5 b
(a) (b)
2 2 b
1o 10"
b e b
g2 \ E2f :
E o ) £ 1072 \
o 10 \ 2 \
g‘. 5 \ SA s \
£, \ 4, \
1073 \ 1073 \
5 \ 5 \
10%ev \
2 ¢ \. 2r 8=102ev |o3-v\\ 10%ev )
104 b A e | I SRS B S B —
4 6 104 2 4 6 10° 0 2 46102 2 4 ﬁy(:c\)/l;_’z 46104 2 4610
|- |-
s (c) St (d)
2 2
- 107 f'\
10 A !\
5 f 5 AN \
! 3 Voo
§° \ g’ \ \
g o \ g 10 \ \
g \ g \
<, \ 55 \ \
B 'G;:; \ .
;1; 2 \\ 2 \ \
103 \ 10°3 ‘\ \
\
5 \ 5 \\ \
\ \
2 8102 ev 103ev | lo‘ev\ 2 §=102ev| lo'ev\-
- A P L N S | - L | L MR B | . |
'0‘40 2 46 nolz 2 486 |013 2 46 104 2 46 10° 10 ‘IO 2 46102 2 46103 2 4610 2 4 6 10°

hy(eV)—— hy(ev)—=

FIG. 6. (a) Continuum spectrum of carbon; (b) continuum speetrum of aluminum; (c) continuum spectrum of copper;
(d) continuum spectrum of tungsten.
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where «a is the fine structure constant and m? is
the electron rest energy. The power density of
line radiation may then be estimated from

z
Py ~3.5X1072%0 V2, n, (e ENN+VO W /em?® .

(13)

The variation of the exponential term with 6 is
shown in Fig. 5.

The above radiation rates are correct only if the
plasma may be considered optically thin to the
bulk of the radiation. These rates are reduced
when photon absorption lengths are less than, or
comparable to, the dimensions of the plasma.

Since the absorption coefficients for characteristic
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lines and continuum are different,®'? it may be
important to maintain the distinction between the
two types of radiation loss in low-temperature
plasmas. Self-absorption of impurity radiation is
certainly negligible in plasmas such as those pro-
posed for Tokamak reactors (z, =10"/cm?®, 6=~10*
eV). However, absorption of low-energy photons
(hv=< 100 eV) should be considered when modeling
high—-atomic-number, pulsed plasmas such as
those created from exploded wires® (n, = 10°/cm?®,
6= 10° eV).

In addition to the total rate of energy loss due to
radiation, it is of interest to determine the spec-
tral character of radiation emitted by an isother-
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FIG. 7. (a) Photon energy of maximum intensity lines for carbon; (b) photon energy of maximum intensity lines for
aluminum; (c) photon energy of maximum intensity lines for copper; (d) photon energy of maximum intensity lines for

tungsten.
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mal plasma. Knowledge of the theoretical contin- ly thin continuum spectra for carbon, aluminum,
uum and line spectra allows one to: (a) determine copper, and tungsten are shown in Figs. 6(a)-6(d)
the degree to which radiation is reabsorbed in a for selected values of 6.
self-consistent fashion, and (b) estimate the tem- The relative contribution of each line of energy
perature of a laboratory plasma by comparing ex- hu:Eﬁ.,,,+1 to the total line-radiation loss rate can
perimental x-ray spectra with those predicted be estimated by calculating each element in the
theoretically. sum over Z in Eq. (13). The value of av for the
For a Boltzmann distribution of free electrons dominant line is plotted against 6 in Figs. 7(a)-
in a Z-times ionized plasma, the spectral intensi- 7(d). Detailed line spectra cannot be determined
ties of free-free and free-bound radiation vary as? from the theory employed here since all nonreso-

. nant and inner-shell transitions and orbital-elec-
dP

- tron shielding have been neglected.
~e™/% a1l hw; € &
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