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Population densities of hydrogenlike ions in a non-Maxwellian plasma
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In this paper we examine the effects of non-Maxwellian electron energy distributions on the population
densities of excited atomic levels for hydrogenlike ions. We model the electron energy distribution function by
two Maxwellian finite elements, one approximating the bulk distribution with temperatureTb and the other the
tail distribution with temperatureTt . We present results for variousTb /Tt ratios for SiXIV .
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I. INTRODUCTION

Many astrophysical and laboratory plasmas have b
found to have non-Maxwellian electron distributions, e.
solar plasmas@1,2# and many laser-produced plasmas@3#. It
is therefore of interest to study the influence that the h
energy tail of the electron energy distribution function has
the population densities of various ions in such plasmas

In this paper, we consider non-Maxwellian electron d
tributions which can be described by two finite Maxwellia
elements at two different temperatures, one being the b
electron temperatureTb , and the other being the tail electro
temperatureTt for the tail of the distribution function. The
first represents the distribution in the energy region 0<E
<Ec and the second that in the energy regionEc<E<`
~when Tt.Tb!, where Ec is the joining point of the two
regions. AtE5Ec the distribution is continuous. We hav
modified the collisional-radiative programCOLRAD @4# to in-
clude the effect of having two differing temperatures in d
ferent energy regions. We consider the tail temperature
only affect transitions from then51 level to all other levels
~i.e., only electron impact excitation and ionization from t
ground state! and the bulk temperature to affect all oth
transitions from levelsi to j, whereiÞ1.

II. CALCULATION OF NON-MAXWELLIAN
POPULATION DENSITIES

The programCOLRAD uses a collisional-radiative mode
and the processes which are affected by the tail tempera
are all electron collision transitions from the ground sta
1S1/2, to any other allowed level:

~i! Excitation by electron impact from the ground state

H~1S1/2!1e→H~ j !1e.

~ii ! Ionization by electron impact from the ground state

H~1S1/2!1e→H112e.

Here j labels the atomic levels. All other processes invo
only the bulk temperature for the calculation of the rate
efficients for each process. The rate coefficients for the
verse transitions down to the ground state from all allow
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levels are normally calculated by the principle of detail
balance from the rate coefficients for the original transitio
from 1S1/2 to these levels@4#—the latter are calculated a
described in Refs.@5,6# for excitation, and as in Ref.@7# for
ionization. Since, however, the rate coefficients for the
verse processes depend on the bulk temperature, and no
tail temperature~which is used for the original rate coeffi
cients for transitions from the ground state!, in order to ob-
tain these the calculations need to be repeated using the
temperatureTb before applying detailed balance.

Results for hydrogenlike SiXIV

In this paper, we present the results for calculations of
population densities of the fine structure levels 1S1/2 to
3D5/2, using COLRAD, for the hydrogenlike ion SiXIV ,
present as a small admixture in a hydrogen base plasma
consider silicon since it is an element of interest in studies
both astrophysical and laboratory plasmas. The bulk elec
temperatures considered,Tb , are 250 and 500 eV, while th
tail electron temperature,Tt , for the non-Maxwellian distri-
bution function is varied around each of these bulk tempe
tures by increasing it by a factor of 2 and then decreasin
by a factor of1

2 for each value ofTb . The ion temperature is
set equal to the bulk electron temperature for the cases
sidered below. We assume thatEc is less than the first in-
elastic thresholduE(1S1/2)2E(2P1/2)u.

Tables I and II show the results for the excited level pop
lation densities against the electron density for various b
and tail temperatures considered as described above, a
can be seen that using a non-Maxwellian distribution var
the population densities of each fine structure level qu
markedly from their Maxwellian values. If the tail temper
ture is twice as large as the bulk electron temperature w
Tb5250 eV, it can be seen from Table I that the no
Maxwellian population density is decreased from the Ma
wellian population density value by over two orders of ma
nitude for the ground state, 1S1/2, and is decreased by up t
an order of magnitude for all other excited levels. When
tail temperature is half the bulk temperature, the no
Maxwellian population density for the 1S1/2 level is seen to
be increased by over two orders of magnitude from the M
wellian value, but this time the other excited levels are d
creased by over an order of magnitude~sometimes nearly
two orders! from the Maxwellian population density value
which is a much greater reduction in magnitude than t
©2001 The American Physical Society02-1
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TABLE I. Table of population densities for the fine structure levels 1S1/2 to 3D5/2 againstne for SiXIV in a hydrogen base
plasma withTb5250 eV andTt5250 eV ~Maxwellian!, 500 eV~non-Maxwellian!, and 125 eV~non-Maxwellian!.
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observed for these levels when the tail temperature is tw
the bulk temperature.

For a bulk electron temperature~and hence ion tempera
ture! of 500 eV, it can be seen from Table II that forTt
52Tb the magnitude of the reduction in the population de
sities for all the levels is smaller than that in Table I. In
cases, the population density for the ground state is redu
by over an order of magnitude from the Maxwellian valu
while the remaining levels are reduced by about a factor o
from their Maxwellian values. ForTt5

1
2 Tb , the population

density for the ground state is increased by over two ord
of magnitude this time, and those for the other excited lev
are increased by about a factor of 3, although this decre
in magnitude for the highern excited levels.

Figures 1–3 show graphs of the population densities
the 1S1/2, 2P1/2, and 3P1/2 levels, respectively, against ele
tron densityne , for the case whenTb5250 eV, withTt hav-
ing both a Maxwellian value and the two non-Maxwellia
values produced by varying it aroundTb by factors of 2 and
1
2, as described previously. The graphs show how the po
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lation densities for these selected levels vary with the va
of the tail electron temperature and that this effect is nea
independent of the electron density.

III. CONCLUSION AND DISCUSSION

It can be seen from Tables I and II and Figs. 1–3 th
having a non-Maxwellian electron distribution very signi
cantly varies the population density of each level from
Maxwellian value. This effect seems to be at a maximum
the case when the bulk electron temperature has the lo
value considered here, 250 eV. Figures 1–3 show a ne
linear relationship between the population densities and
electron density—this is because from the collision
radiative model the rate of change of population density fo
particular level@4# varies linearly with the electron density i
all terms for the collisional processes involved—apart fro
that for the three-body recombination process, which va
as the square of the electron density; thus the three-b
recombination rate is only important at higher plasma den
2-2
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TABLE II. As in Table I, but withTb5500 eV, andTt5500 eV ~Maxwellian!, 1 keV ~non-Maxwellian!, and 250 eV~non-Maxwellian!.
FIG. 1. A graph of the population densities for the 1S1/2 level
againstne for Si XIV in a hydrogen base plasma, withTb5250 eV
andTt5125, 250~Maxwellian!, and 500 eV.
04740
FIG. 2. A graph of the population densities for the 2P1/2 level
againstne for Si XIV in a hydrogen base plasma, withTb5250 eV
andTt5125, 250~Maxwellian!, and 500 eV.
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ties and is also preferentially stronger into upper levels t
into the lower ones~such as the ground state! considered
here.

WhenTt is greater thanTb , the populations of all excited
levels are decreased from their Maxwellian values as a re
of the rates of depopulation of those levels having increa
over the rates of population. SinceTt is considered to only
affect transitions from the ground state to all other leve
this means that the rates of electron ionization and elec
impact excitation from the ground state are increased fr
those for the Maxwellian case, which has a knock-on eff
on the higher levels considered in our analysis. The rate
radiative decay are therefore unaffected byTt , which means
that the electron ionization and electron impact excitat
processes dominate over radiative decay in the n
Maxwellian situation whereTt.Tb .

WhenTt is smaller thanTb , the ground state populatio
is increased from its Maxwellian value, since radiative dec
down to the ground state dominates as a population me
nism over depopulation of the level by electron ionizati
and electron impact excitation whenTt,Tb . Since the
ground state is being populated faster than it is being
populated, this means that the rate of population of
higher levels from the ground state will be smaller, a
hence that the higher excited level populations will be
creased.

As the overall bulk electron temperature considered is
creased~as in Table II, from the value in Table I!, the effect
observed on the ground state is as described above, b
smaller magnitude than observed in Table I; the other exc
level populations are decreased whenTt.Tb and are in-
creased whenTt,Tb .

A more detailed explanation of these effects require
further analysis of the cross sections with the two tempe
tures considered. The results presented here from our im
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mentation of non-Maxwellian electron distributions inCOL-

RAD, for a high-temperature plasma, can reduce
differences previously noted~e.g., Refs.@8#, @9#! between
experimental and theoretical populations, and he
Lyman-a intensity ratios ~when Maxwellian distributions
were assumed!, as non-Maxwellian distributions can ofte
occur in both tokamaks and laser-produced plasmas.
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FIG. 3. A graph of the population densities for the 3P1/2 level
againstne for Si XIV in a hydrogen base plasma, withTb5250 eV
andTt5125, 250~Maxwellian!, and 500 eV.
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