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ABSTRACT

The population densities of the discrete levels of the lithium-1like
ions C IV, NV, and 0 VI in optically thin plasmas cooled by adiabatic
expansion have been calculated with the Collisional-Radiative (CR) plas-
ma model, suitably modified to account for the S§Tl;>energy separation
of the ground and the first excited states of these ions. The following
elementary processes have been included in the CR model: electron impact
ionization, excitation, and de-excitation, three-body and radiative rec-

~ombination, and spontaneous transitions. The data and calculations a-
vailable on these processes have been analysed and extended by various
methods. The resulting rate coefficients are compared with the corres-

ponding hydrogenic values, and a discussion of their accuracy is given.

Population inversions have been found to occur in many of the transi-
tions of these ions. We have concentrated our attention to such transi-
tions of the ion C IV between levels with n & 6 which give rise to emis-
sion lines in the visible region of the spectrum. The gain %'cf the in-

versely populated transitions is presented in the form of n,-T, diagrams.

The C IV AM4646,4658 lines arising from the 6f+5d and 6g-5f transi-
tions respectively, are found to be strongly inverted and should be ex-
cellent candidates for producing 1laser action in 1laboratory plasmas
cooled by adiabatic expansion techniques. In addition, the behavior of
the line C IV X4650 observed in the WC category of the Wolf-Rayet stars
is found to be in agreement with that expected from the model calcula-
tions. The present investigation thus provides an understanding of the
unusual strength of the C IV X4650 emission in Wolf-Rayet stars, and
provides a strong basis for believing that laser action is responsible

for it.
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INTRODUCTION

Under ordinary terrestrial conditions, plasmas are quite rare and
unusual. However, most of the matter in the observable universe exists
in an ionized state. The investigation of plasmas is thus a necessity
if we are to achieve a fuller understanding of nature especially since
they are the seat of many varied and unexpected phenomena. In recent
years, the investigation of both laboratory and astrophysical plasmas
has intensified and gained in importance. Previously uncharted regions

are being explored and new territories opened to our investigations.

Non~equilibrium processes play an important role in plasmas under
certain physical conditions. The purpose of "this work is to study the
adiabatic expansion of C IV, NV, and O VI plasmas and to identify the
conditions under which population inversions are likely to result in the
levels of these ions. 'This work is of interest in that it provides an
indication of the lines vhich are likely candidates for undergcing laser
action by this process in laboratory plasmas. In addition, this mechan-
ism may provide an explanation of the intensity anomalies of C IV lines

in Wolf-Rayet stars.

In Chapter I, the calculation of the population densities of the
energy levels of a hydrogen-like monatomic plasma is considered. Under
equilibrium conditions, the Local Thermodynamic Equilibrium (LTE) model

is used and the population densities are calculated from the Boltzmann
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and the Saha equations. For non-equilibrium conditions, the Collision-—
al-Radiative (CR) model is used to calculate the level population densi-
ties, and the work of House (1964) to obtain the ion densities. The
model used to simulate the adiabatic expansion of the plasma and the

mechanism giving rise to laser action are then considered.

In Chapter II, the calculation of the rate coefficients needed in the
CR model are presented for hydrogenic ions. These coefficients are well
known and their calculation is relatively simple. The following coeffi-
cients are included: electron impact ionization, excitation, and de-ex-
citation rate coefficients, three-body and radiative recombination rate

coefficients, and spontaneous transition probabilities.

Chapter III is devoted to the lithium-like ions C IV, NV, and O VI.
These are compared to the hydrogenic ions and the differences between
them are noted. Such differences arise in tﬁe structure, the energy
eigenvalues, and the effective quantun numbers of these ions, and
require that the CR model be modified. 1In particular, the relatively
small energy separation of the ground and the first excited states
requires that these two levels be considered as two ground states in the
CR model. The data available on these ions is then summarized. The
data are scarce and consist mostly of thegretical calculations; very

little experimental data have been published.

Chapters IV to VIII deal with the calculation of the rate coeffi-
cients of the 1lithium-like ions C IV, NV, and O VI. The following
coefficients are included: electron impact 1ionization (Chapter V),

excitation (Chapter VI), and de-excitation (Chapter VII) rate coeffi-



"cients, the three-body (Chapter VII) and radiative (Chapter VIII)
recombination rate coefficients, and the oscillator strengths (Chapter
wv. These Chapters include an analysis of the available data and cal-
culations, a description of the methods used to extend the data, a com-
parison with the corresponding hydrogenic values, and a discussion of

the accuracy of the resulting rate coefficients.

In Chapter IX, results for such lines which arise from transitions
between levels of the ion C IVwith n ¢ 6, which lie in the visible
region of the spectrum, and for which laser action is possible, are p’fe}?
sented in the form of ng-Te diagrams. These show the gain «' of the
lasing process as a function of the free electron density n, and the
free electron temperature Te of the plasma. These lines are compared
with the lines of C IV observed in Wolf-Rayet stars which display anoma-
lous intensities. 1In particular, the evidence available on the Wolf-
Rayet spectral line C IV A4658 is summarized and the behavior of the

line is compared with the expectations of the model calculations,

In conclusion, we find that the present investigation provides an
understanding of the unusual strength of the C IV \4558 emission in
Wolf-Rayet stars and provides a strong basis for believing that laser
action is responsible for it. In addition, we find that the C IV
}\)\4646, 4658 1lines will be excellent candidates for producing laser

action in laboratory plasmas by adiabatic expansion techniques.
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NOTATION

A few words on the notation used in this work are necessary. The
symbols n' and n are used to denote quantum numbers whereas p and g are
used as state labels. We use the convention n' < n; no such condition is
imposed on p and q. Subscripted n's on the other hand denote population
densities. When it is important to distinguish between the initial and

final states of a transition, an arrow is used such as in f?* how-

17

ever, if the order is not important, no arrow is used: E Signifi-

Pa°
cant digits are denoted by a capital S as used by Cody and
Thatcher (1968). An denotes natural or napierian logarithms while log

denotes base ten logarithms.

Tt should also be noted that the expression "average state” is used
to denote a state in which the orbital angular momentum splitting of the
level is neglected. Similarly, the expression "average rate coeffi-

cient" denotes a coefficient which involves an average state.

Atomic units are often used in this work due to the convenience of
such units to describe processes occurring at the level of the atom.
They can be easily converted to SI units with the following conversion
factors:

V\"

-
mex 5.29177 x 10~ m.

Length: Bohr radius, 4, =
Area: WoX = 8.79735 x 107" m*.
Energy: 1 eV = 1.60219 x 18”" J;

1 Rydberg = hcR. = 13.6058 eV;
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2.177991 x 10~ J;

1 an? = 1.23985 x 10" %ev;

1]

1.98648 x 18 ~ J.

Temperature: 1 eV = 11605 K,

Values of the fundamental constants are taken from Taylor et al. (1969).
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GLOSSARY OF IMPORTANT PHYSICAL SYMBOLS

aP(p): cross-section for the photoionization of state p
Aﬂ’P: Einstein spontaneous transition probability coefficient
of the g->p transition
Cp»qu): electron impact excitation rate coefficient of the
p—>q transition
E: free electron kinetic energy
Epq:  energy separation of levels'p and q
f(v): free electron velocity distribution
f;: cooling factor of the plasma
f;: expansion factor of the plasma
5?*4: oscillator strength of the p->gq transition
E\T,F(T): electron impact de-excitation rate coefficient of
the g->p transition
g: Kramers~daunt factor
I,: ionization potential of hydrogen
I,: ionization potential of level p
k*: ejected electron kinetic energy
n: quantum number
n': quantum number
n*: effective quantum number
ngs : ground state quantum number
n,: population density of species A

ng,: free electron population density
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ng: ionic population density

ny: population density of state p
n?: Saha equilibrium value of the population density of state p

3

ny : steady state value of the population density of state p

-~

p: state label

gq: state label

rg), rg’, and rﬁ”i population coefficients of level p

Rye: radial matrix element of the n'f{'->nAf transition

Seg: collisional-radiative ionization rate coefficient

Sp(T): electron impact ionization rate coefficient of level p
Sp¢q: line strength of the p->q transition

T,: temperature of species A

U: normalized kinetic energy

uW. partition function of species A

Up: ionic partition function

Yp: Population density per unit statistical weight of level p

Z

A ¢ core charge of species A

Z,,: nuclear charge of species A
Zp(T) = nf/neng

o: fractional gain per unit distance

k' = XAV

®eg: collisional-radiative recombination rate coefficient
A,(T): three-body recoﬁbination rate coefficient of level p
PP(T): radiative recombination rate coefficient of level p
¥: ratio of the specific heats at constant pressure and at

constant volume

Av: linewidth



mn

energy divided by z?

©: energy divided by kT

A: line wavelength in Angstroms

Jat quantum defect of state n

V: 1line frequency

E’P: number of equivalent electrons in state p

Pr normalized population density of level p

SP(E): cross-section for the ionization of state p by electron impact

OP"q(E)’ cross-section for the excitation of the p->q transition

by electron impact

-] : transition integral of the n'A'->n{ transition
nsng
T,: relaxation time of level p

Wy statistical weight of level p
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34
where 1, is the ionization potential of hydrogen, n;d is the quantum

number of the ground state of ion X,
X -
G, (x) = X €7 E, (x), cen(1.93)

E,(x) is the exponential integral, j" =0¢.8, g=3(g=4 for
iron), and all other symbols have their usual meaning. The values of

f, and g come from Allen (1961).

The fraction of the atoms of element A that have been ionized X times
is given by n*/ 2;\q<“) . This quantity is plotted in Fig.1.5 as a
function of temperature for carbon at Mg = 1@‘5 an™®, The values of
the parameters used in egs.(1.88) to (1.92) to calculate these curves

are given in Tab.1l.1.

4.2.c, Validity of the model

House (1964) states that, 1in general, the calculations should apply

to plasmas with

S -
Ne ¢ 10 cm™3 ... (1.94)

lg!é\

]

and, in many cases, to values of up to e - 10" an”3. However,
more stringent validity conditions may be necessary due to the assump-
tion that each ionization stage consists only of a ground state and a

continuum,
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Davis and Morin (1978): N V - 5p => 6s; 65 ~> 7p; 6p —=> 7s, 7d;
Boland et al. (1970): N V - 2s -> 2p, 3s, 3p, 34, 4p;
Bely and Petrini (1978): 1Iso - 2p -> ns, np, nd;
Kunze and Johnston (1971): NV - 2s -> 2p, 3s, 3p, 3d, 4s, 4p, Ad;
OVI - 2s -> 2p, 3s, 3p, 34, 4s, 4p, 44;
Flower (1971): NV - 2s -> 2p, 3s, 3p, 34;
2p > 3s, 3p, 34;
Petrini (1972): 1Iso - 2s -> nf;
Bradbury et al. (1973): NV - 2s => 2p;
Henry (1974): NV - 2s -> 3s, 3p, 34;
Hayes (1975): NV - 2s -> 2p, 3s, 3p, 34;
Presnyakov and Urnov (1975): O VI - 2s -> 3s; 2p -> 3s.
Most calculations have been carried out on the excitations from the
ground state and the first excited state. ‘ Excitations from higher

excited states have been neglected.

2. AVAILABLE DATA

2.1. Theoretical calculations

The most general work available on the excitation of the 2s and 2p
states has been done by Bely with the relatively simple Coulomb-Born
approximation. His work can be extrapolated to all values of n of the
2s -> ns, np, nd, nf and 2p -> ns, np, nd transitions of all 1lithium-
like ions by a simple method (Bely, 1966a). Although Bely's calcula-
tions may not be as accurate as more sophisticated ones, the fact that a

uniform set of cross-sections is obtained is a definite advantage espe-

























































































































































































































































































































































































































































































































































































