
SA

PHYSICAL REVIEW A 68, 012509 ~2003!
Modeling of high-resolution Ka emission spectra from FeXVIII through FeXXIV
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Results forKa x-ray emission from highly charged iron ions, which were obtained from a detailed and
systematic spectral model, are presented in the wavelength range from 1.84 to 1.94 Å. Account has been taken
of the fundamental atomic radiative-emission processes associated with inner-shell electron collisional excita-
tion, inner-shell electron collisional ionization, as well as dielectronic recombination. Particular emphasis has
been directed at the identification of spectral features that can serve as diagnostics of extreme nonequilibrium
or transient-ionization conditions, which can occur in stellar flares and supernova remnants, as well as in
tokamak plasmas. In order to investigate the fundamentalKa line-formation processes that can play a domi-
nant role under these conditions, theoretical predictions have been compared with spectral observations of the
EBIT-II x-ray emission from highly charged Fe ions in the electron-beam ion trap at the Lawrence Livermore
National Laboratory. The observed spectroscopic features are found to be well represented by our theoretical
calculations, validating earlier theoretical work on transient-ionization phenomena. We have identified spectral
features that can serve as diagnostics of the electron density, the line-formation mechanism, and the charge-
state distribution.
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I. INTRODUCTION

Due to the low electron density and near-equilibriu
electron-energy distribution in solar and tokamak plasm
the charge-state populations of the constituent ions can
ally be determined within the framework of the standa
steady-state coronal model. However, it has been dem
strated that unusual ionization conditions can occur when
emitting plasma is far removed from equilibrium. Nonequ
librium ionization conditions can prevail in the shock-fron
heated regions of young supernova remnants@1–3# or in the
impulsively heated gases in solar flares@4–9#. In these plas-
mas, the charge-state distribution can depart significa
from the standard corona-model distribution correspond
to the local electron temperature@7#. The x-ray emission can
then occur from a much broader charge-state distribut
with appreciable components from many more charge st
corresponding to the given element.

Laboratory electron-ion beam investigations, which ha
been performed using electron-beam ion traps develope
the Lawrence Livermore National Laboratory~LLNL !, have
led to significant advancements in the understanding of f
damental atomic processes in astrophysical and labora
plasmas, particularly ionizing plasmas@10#. In order to pro-
vide a precise investigation of ionizing-plasma enviro
ments, a spectral simulation has been carried out using
EBIT-II electron-beam ion trap device at the LLNL. In th
experiment, theKa x-ray emission spectra from iron ion
were recorded under extreme transient-ionization conditi

*Present address: Surface Integrity Group, Novellus Syste
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@11#. By means of the laboratory studies employing EBIT-
it has been demonstrated thatKa emission spectra can b
used to reliably diagnose transient-ionization regions occ
ring in cosmic sources, and to identify young supernova re
nants@12#. From a more refined analysis of the spectral d
associated with the charge states FeXVIII –FeXXIV , it has
been possible to deduce the ionization-time parameteh
5Net, where Ne is the electron density andt is the time
measured from the beginning of the ionizing process. T
parameter has been considered to be a key quantity for
characterization of ionizing plasmas@13#.

In this paper, we present a detailed and systematic th
retical model for theKa x-ray emission spectra from highl
charged iron ions. In order to provide an accurate descrip
for transient-ionization conditions, it has been necessary
extend a previously reportedKa spectral model@14#. The
revised atomic spectral model@15# is described in Sec. II.
Particular attention has been given to the effects on the v
ous line-formation processes of electron-density variati
~as manifested by collisionally induced transitions compet
with radiative-decay processes! and extreme nonequilibrium
or transient-ionization conditions. A central result of our i
vestigation is a systematic identification of the spectral f
tures that can be used for the reliable diagnostics of the e
tron density and transient ionization.

II. THEORY OF LINE FORMATION
IN TRANSIENT-IONIZATION PLASMAS

The totalKa radiative-emission spectra can be genera
represented as a superposition of the spectral intensities
duced by the arrays of individual fine-structure transitionj
→k in all abundant ions Fe1(z). Taking into account the
s,
©2003 The American Physical Society09-1
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electron-ion collision processes leading toK-shell excitation,
radiationless~dielectronic! capture, andK-shell ionization,
the total spectral intensity for a given incident electron e
ergy « i may be expressed in the form

I ~hn!5Ne(
z

(
j

(
k

Br~z, j→k!L~z, j→k,hn!

3@N~z!Cexc~z,i 8,« i 8→ j !1N~z11!

3Ccap~z11,i ,« i→ j !1N~z21!

3Cion~z21,i 9,« i 9→ j !#. ~1!

In this expression, which provides a generalization of o
previously developedKa spectral model@14#, the population
densities of the initial Fe ions in the charge statesz11, z,
andz21 are denoted byN(z11), N(z), andN(z21), re-
spectively. The initial-ion quantum states in these three a
cent states of ionization are denoted, respectively, byi, i 8,
and i 9. Ne is the electron density. The individual rate coe
ficientsC describing electron-impact excitation, radiationle
electron capture, and electron-impact ionization are dis
guished by means of the subscripts ‘‘exc,’’ ‘‘cap,’’ and ‘‘ion,
respectively. In our investigation, the quantum states
volved in the spontaneous radiative transitionsj→k in
Fe1(z) are specific fine-structure states, which are speci
by the total electronic angular-momentum quantum numb
Jj andJk ~hyperfine structure has been ignored in our inv
tigation!. The radiative-transition branching ratiosBr(z, j
→k) are expressed by

Br~z, j→k!5
Ar~z, j→k!

(
i

Aa~z, j→ i ,« i !1(
k8

Ar~z, j→k8!

, ~2!

whereAa (z, j→ i ,« i) andAr (z, j→k) denote the autoioniz
ation and the Einstein spontaneous radiative-transition ra
respectively. The quantitiesL(z, j→k,hn) are the frequency-
normalized line-shape functions, allowing for Doppl
broadening and natural broadening~due to autoionization
and spontaneous radiative decay! in the isolated-resonanc
approximation. In order to take into account collisional a
Stark broadenings, which are expected to play a domin
role at very high densities, a more general line-shape the
must be employed. In our experimental investigation,
distribution of incident electron energies is substantia
wider than the spectral linewidths. Consequently, a deta
knowledge of the line-shape functions is not necessary.

For a general single-electron velocity distribution functi
f e(nW e), the rate coefficientsC for the three fundamental bi
nary electron-ion collision processes may be related to
corresponding differential collision cross sectionss as fol-
lows:

Cexc~z,i 8,« i 8→ j !5E E d3nedVunW eu f e~nW e!

3sexc~z,i 8,« i 8→ j ;nW e ,V!,
01250
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Ccap~z11,i ,« i→ j !5E E d3nedVunW eu f e~nW e!

3scap~z11,i ,« i→ j ;nW e ,V!,

Cion~z21,i 9,« i 9→ j !5E E d3nedVunW eu f e~nW e!

3s ion~z21,i 9,« i 9→ j ;nW e ,V!. ~3!

In these relationships, averages have been performed
the initial electron velocitiesn̄e and integrations have bee
carried out over the anglesV referring to the final scattered
electron. ~Integrations over the energy and angles of t
ejected electron are also assumed to have been carried o
the definition of the electron-impact-ionization cross se
tion.!

In most astrophysical and tokamak environmen
equilibrium-plasma conditions are assumed to prevail. A
cordingly, the electron-velocity~energy! distribution function
f e(nW e) is usually taken to be a Maxwellian. In our electro
beam ion trap~EBIT! investigation, however, the electro
distribution is nearly monoenergetic and therefore can be
equately represented in the form

f e~nW e!5d3S nW e2S « i 8
EH

D 1/2

~ac!ẑD , ~4!

whereEH is the hydrogen ionization energy,a is the fine-
structure constant, andc is the velocity of light. In our EBIT
experiment, the electron-beam energy is centered at 12
for which we obtainuveu56.53109 cm s21.

Assuming low-density conditions and ignoring charg
exchange processes, the dynamic~time-dependent! balance
between the electron-ion ionization and recombination p
cesses can be described by the set of coupled par
differential equations:

]N~z!

]t
1¹W •@VW ~z!N~z!#5NeN~z21!Sion~z21→z!

2NeN~z!Sion~z→z11!

1NeN~z11!a rec~z11→z!

2NeN~z!a rec~z→z21!. ~5!

The total ionization rate coefficientSion allows for both the
elementary direct-ionization~di! process and the two-ste
process of autoionization (a) following inner-shell-electron
excitation~ex!:

Sion~z→z11!5(
j

FSdi~g→ j !

1(
a

Cex~g→a!Q21~a,a!Aa~a→ j !G .
~6!

The total electron-ion photorecombination rate coefficie
a rec allows for both the direct elementary radiativ
9-2
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recombination~rr! process and the two-step process of~sta-
bilizing! radiative decay (r ) following radiationless electron
capture~cap! into autoionizing resonances~corresponding to
dielectronic recombination!:

a rec~z11→z!5(
b

Fa rr~ i→b!

1(
a

Ccap~ i→a!Q21~a,a!Ar~a→b!G . ~7!

The quantitiesQ(a, a) denote the diagonal elements of th
matrix of the autoionization, collisional-transition, an
radiative-transition rates. The nondiagonal elements of
matrix Q must be used in a more general~collisional-
radiative model! calculation for the population densities o
the autoionizing levels. In the corona-model approximati
which is valid at sufficiently low plasma densities, it is a
sumed that all recombining ions are initially in their grou
states (i 5g) and that all excited levels of the atomic syste
are depopulated only by means of autoionization or spo
neous radiative-emission processes. In this case, the qua
Q(a, a) corresponds to the inverse of the total~natural! life-
time of the autoionizing resonancea and can be expressed a
the sum of all permissible autoionization rates (Aa) and all
allowed spontaneous radiative-decay rates (Ar):

Q~a,a!5(
i

Aa~z,a→ i ,« i !1(
b

Ar~z,a→b!. ~8!

It should be pointed out that the class of autoionizing re
nances that can participate in the indirect~two-step!
dielectronic-recombination process is usually distinct fro
the class of autoionizing resonances that can be involve
the indirect-~two-step! ionization process of autoionizatio
following inner-shell-electron excitation.

For equilibrium ~Maxwellian! electron-velocity distribu-
tions, the electron-ion ionization and recombination rate
efficientsSion anda rec are obtained as functions of the ele
tron temperatureTe . Neglecting transport processes a
time-dependent phenomena, the charge-state distribu
N(z) can be determined, as functions of the electron te
perature, by means of the simple steady-state corona-m
relations:

N~z!Sion~z→z11!5N~z11!a rec~z112z!. ~9!

This approximation is often employed for stellar flares a
tokamak plasmas.

It is widely recognized that the standard steady-st
corona-model approximation does not provide a valid rep
sentation for an extreme nonequilibrium~transient-
ionization! charge-state distribution, such as that produced
our present investigation using an electron-beam ion trap
this case, it has been necessary to employ a time-depen
model for the determination of the relative ionic charge-st
population fractions. An alternative method for the determ
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the relative intensities of individual spectral-line featur
@16#.

A formidable effort would be required for a detailed an
precise calculation of the electron-impact~collisional! exci-
tation cross sections for the multitude of fine-structure tr
sitions involved in our spectral simulation. In order to pr
vide a practical procedure for obtaining realistic values of
cross sections describing the numerous electron-impact e
tation processes, which are needed to evaluate the first
in Eq. ~1!, we have employed the Born and Bethe~long-
range dipole! approximations. Collisional excitation can oc
cur for all values of the incident electron energy that a
above theK-shell excitation threshold, which is about 6
keV for iron. For low-density plasmas, in which all ions ca
be assumed to be confined to their ground-electronic sta
the product of the electron-impact excitation cross sect
and the incident electron velocity can be estimated by us
the result@14#

nesexc~z,i 8,« i 8→ j !5S « i 8
EH

D 1/2

~ac!S 4pa0
2

a3 D S EH

« i 8
D

3S EH

Eji 8
D 3

,nS 4« i 8
Eji 8

D
3F g~ j !

g~ i 8!G(i 8 S \

EH
DAr~z, j→ i 8!.

~10!

Herea0 is the Bohr radius and\ is Planck’s constant divided
by 2p. We have denoted byEji 8 the excitation energy, which
is equal to the photon energy that is emitted in the sponta
ous Ka radiative transitionj→ i 8. The factorsg( j ) and
g( i 8) are used to denote the statistical weights of the excit
state and ground-state fine-structure levels, which are g
by 2Jj11 and 2Ji 811, respectively. Note that the product o
the excitation cross section and the incident electron velo
is expressed in the units ofc(a0)2 or cm3 s21, since (\/EH)
has the units of seconds,Ar(z, j→ i 8) is measured in units o
s21, and the various energies have been expressed in a
mensionless form. The same units are convention
adopted for the collisional-excitation rate coefficient due
plasma electrons. This simple formula is expected to ove
timate the electron-impact excitation cross sections by a
tor of 2 or 3 for incident electron energies very close to t
excitation threshold valuesEji 8 . In order to compensate fo
this inadequacy, the correction factor of 0.5 recommended
Seaton@17# has been adopted in our calculations. In a futu
extension of this investigation, it would be desirable to e
ploy more sophisticated~and possibly more realistic! calcu-
lations for the electron-impact excitation cross sections, s
as those based on the distorted-wave or close-coupling
proximations.

In a rapidly ionizing plasma, for which the inner-she
collisional excitation and~especially! the ionization mecha-
nisms play the dominant role in the formation of theKa
radiative emission, the process of radiationless electron c
9-3
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ture is expected to be less important. Furthermore, since
electron-beam energy in our electron-beam ion trap exp
ment has been selected to be outside of the region of
autoionizing resonances, the dielectronic-recombina
mechanism is not expected to provide any contribution in
formation of theKa spectra observed on EBIT-II. Accord
ingly, we can omit the second term in Eq.~1!, which involves
the radiationless electron-capture~inverse-autoionization!
rate coefficientCcap.

The only remaining process~in addition to inner-shell col-
lisional excitation! that can provide a significant contributio
to the totalKa spectral intensity isK-shell ionization by
electron impact. This line-formation mechanism is describ
by the third term in Eq.~1!. The electron-impact-ionization
rate coefficientCion(z21,i 9,« i9→ j ), which is defined in
terms of an integration over the angles of the ejected e
tron, can be expressed in terms of summations over the
angular-momentum quantum numbers representing
ejected-electron residual-ion system. In the Born approxim
tion, the ionization cross section can be expressed, in
LS-coupling representation, in terms of summations over
allowed values of the total angular-momentum quant
numbersL, S, andJ. If a central-field picture is adopted fo
the determination of the electronic eigenstates, the ioniza
cross section connecting the pair of specific fine-struct
statesi 9 and j can be simply reduced to the cross section
the ionization of a single electron from the active initial su
shell ni 9 j i 9 . For more than one electron in the initial su
shell, a factor ofNi 9 should be included; and for a comple
atomic structure it may be necessary to include a coeffic
of fractional parentage. In our calculations, we have adop
the K-shell ionization cross sections of Lotz@18#, allowing
for a factor of ‘‘2’’ in order to take into account the numbe
of electrons in the initialK shell. Unlike the situation for
electron-impact excitation, we do not know of any read
available more-sophisticated methods that would prov
guaranteed improvements with respect to the ionization c
sections of Lotz@18#. It should be pointed out that, for inci
dent electron energies sufficiently high to produceK-shell
ionization ~8.68 keV for iron!, it will also be necessary to
consider additional line-formation processes involving c
cade transitions from higher-lying excited electronic state

In many astrophysical environments for which ionizin
plasmas are encountered, such as supernova remnant
electron density is sufficiently low so that all excited ioni
level populations in Eq.~1! can be assumed to be negligib
in comparison with the ground-state population. Con
quently, it is necessary to consider only the populations
the ground-electronic fine-structure states. This assump
had been expected to be valid for our measurements
EBIT-II as well as for stellar-flare plasmas, for which th
electron density is characteristically in the ran
1010– 1013 cm23. However, the results of our detailed spe
tral observations using EBIT-II have been found to be m
accurately described in terms of an intermediate-density
gime. In this intermediate-density regime, collisional pr
cesses are expected to redistribute an appreciable fractio
the population of the initial ions among excited fine-structu
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levels in a narrow energy range just above the ground fi
structure level. Accordingly, in the remainder of this pap
our theoretical spectral model will be applied to two distin
characteristic density regimes. The first is a low-density
gime, for which the ionic-level population is assumed to
confined to the lowest-lying fine-structure level of th
ground-state electronic configuration. The second is
intermediate-density regime, for which all fine-structure le
els of the ground-state electronic configuration are assu
to be populated according to their statistical weights 2J11
but no levels of an excited electronic configuration are
sumed to be populated. In an earlier version of our spec
model @14#, results were also presented for a~third! high-
density regime. In this high-density regime, statistical pop
lations were assumed to be established for all fine-struc
states of not only the ground-state electronic configurat
but also for the low-lying optically excited electronic con
figurations. For the intermediate-density regime of interes
the present investigation, the termg( i 8) in Eq. ~10! should
be replaced by a summation over all the lower levelsi 8 that
are assumed to be populated.

Only the populations of the charge states from FeXVIII

through FeXXII are expected to be appreciably altered by
electron-density-sensitive electron-ion collisional-redistrib
tion processes. This density sensitivity can be underst
from the observation that, above some relatively low va
of the electron density, the rates for the relevant collisiona
induced transitions among the 2p-subshell fine-structure
states are characteristically much faster than the corresp
ing spontaneous radiative-transition rates. These spontan
radiative transitions, which are forbidden by the electr
dipole angular-momentum and parity selection rules, h
very slow rates. For the five charge states FeXVIII –FeXXII ,
the fine-structure levels of the ground-electronic configu
tions are as follows, starting from the ground fine-structu
state~1! followed by the excited fine-structure levels~2! and
~5! occurring above the ground fine-structure state~1!:
Fe XVIII ~F! ~1! 1s1/2

2 2s1/2
2 2p1/2

2 2p3/2
3 2P3/2

~2! 1s1/2
2 2s1/2

2 2p1/22p3/2
4 2P1/2

Fe XIX ~O! ~1! 1s1/2
2 2s1/2

2 2p1/2
2 2p3/2

2 3P2

~2! 1s1/2
2 2s1/2

2 2p1/2
2 2p3/2

2 3P0

~3! 1s1/2
2 2s1/2

2 2p1/22p3/2
3 3P1

~4! 1s1/2
2 2s1/2

2 2p1/22p3/2
3 1D2

~5! 1s1/2
2 2s1/2

2 2p3/2
4 1D2

Fe XX ~N! ~1! 1s1/2
2 2s1/2

2 2p1/2
2 2p3/2

4S3/2

~2! 1s1/2
2 2s1/2

2 2p1/22p3/2
2 2D3/2

~3! 1s1/2
2 2s1/2

2 2p1/22p3/2
2 2D5/2

~4! 1s1/2
2 2s1/2

2 2p1/22p3/2
2 2P1/2

~5! 1s1/2
2 2s1/2

2 2p3/2
3 2P3/2

Fe XXI ~C! ~1! 1s1/2
2 2s1/2

2 2p1/2
2 3P0

~2! 1s1/2
2 2s1/2

2 2p1/22p3/2
3P1

~3! 1s1/2
2 2s1/2

2 2p1/22p3/2
3P2

~4! 1s1/2
2 2s1/2

2 2p3/2
2 1D2

~5! 1s1/2
2 2s1/2

2 2p3/2
2 1S0

Fe XXII ~B! ~1! 1s1/2
2 2s1/2

2 2p1/2
2P1/2

~2! 1s1/2
2 2s1/2

2 2p3/2
2P3/2
9-4
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The capital letters in parentheses are used to indicate
fluorinelike, oxygenlike, nitrogenlike, carbonlike, and boro
like ions, respectively.

Figure 1 shows, for the ions FeXIX and FeXXI , the rela-
tive populations (nj /n1) of the individual excited fine-
structure levelsj of the ground-electronic-state configur
tions as functions of electron density~within the range from
1011 to 1015 cm23). These level populations have been d
termined from a separate collisional-radiative-model calcu
tion using the Hebrew University Lawrence Livermo
Laboratory Atomic Code~HULLAC ! @19#, with collisional
rate coefficients computed assuming Maxwellian electr
energy distributions. Since the EBIT-II experimental resu
were obtained using a highly nonequilibrium electron-ene
distribution, the results in Fig. 1 should be understood
providing only a qualitative representation of the relati
populations pertaining to our electron-beam measureme
These two charge states are the only ones for which elect
ion collisionally induced mixing of the ground-electroni
configuration fine-structure states is found to be significan
electron densities equal to or less than 1012 cm23. Figure 1
provides confirmation that the ground-electronic-confi
uration fine-structure statesj have relative populationsnj that
are continuous functions of the electron density. Howev

FIG. 1. Relative populations of the first four ground-sta
configuration fine-structure levels as functions of the electron d
sity n for ~a! FeXXI and~b! FeXIX . The electron-energy distribution
has been taken to be a Maxwellian equilibrium distribution cor
sponding to an electron temperature, centered at 1.6 keV for FeXXI

and at 1.4 keV for FeXIX .
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the two characteristic electron-density regimes conside
~low and intermediate! can be expected to provide only ap
proximate representations for the determination of the lev
population kinetics. For FeXIX , the ration2 /n1 remains es-
sentially constant, at about 0.1, even at lower elect
densities. This behavior may be attributable to the relativ
weak collisionally induced redistribution of the populatio
for atomic states that differ only in the quantum numbe
corresponding to the total electronic angular momentumJ. A
more significant degree of collisionally induced redistrib
tion is found to occur for FeXXI . For this ion, the populations
of the levels 2 and 3~which correspond to the fine-structur
excitation of a 2p1/2 electron to the 2p3/2 level! account,
respectively, for about 10% and 15% of the populations
the ground state 1 atNe51012 cm23. This collisional redis-
tribution will be shown to have important consequences
the determination of the spectral-line intensities for the c
bonlike complex. Our experimental data will also be co
pared with the theoretical results obtained by Lemenet al.
@20#. These earlier theoretical results have been obtai
from a more detailed collisional-radiative model, in whic
the electrons were assumed to be represented by a Max
ian energy distribution. This more detailed model of Lem
et al. @20# provides a more refined treatment of the electro
density-dependent collisional redistribution of the lev
populations, but it has been applied only for the collision
excitation contribution to theKa spectral intensities due to
Maxwellian electron-energy distribution. The predictions
this more detailed collisional-radiative model are found to
in better agreement with our experimental data in
intermediate-density regime, corresponding to a value forNe
of 1013 cm23. However, this comparison should not be tak
as ideal, because our experimental data reflect the excita
spectra due to a highly nonequilibrium electron-energy d
tribution.

III. LABORATORY SIMULATION
OF TRANSIENT-IONIZATION PLASMA CONDITIONS

Transient conditions, which are necessary for the obse
tion of the lower charge states of iron, have been achieve
the laboratory using the LLNL EBIT-II electron-beam io
trap @21,22#. In EBIT-II, an electron beam is produced by
Pierce-type electron gun and compressed to a radius of;30
mm by a 3 T magnetic field, which is generated by a pair
superconducting Helmholtz coils. The space-charge field
the electron beam confines the ions, and collisions with be
electrons produce ionization from the trapped ions and e
tation of the inner-shell-electron x-ray transitions. Individu
ion orbits correspond to motion into and out of the electr
beam and, therefore, to the influence of different regions
electron density. Accordingly, the ions are collectively e
posed to an average electron density that can be substan
~two to five times! lower than the characteristic electron de
sity that is determined by the radius, energy, and curren
the electron beam. By tuning the nearly monoenergetic e
tron beam~which has an energy spread'50 eV full width at
half maximum!, it is possible to select a particular excitatio
mechanism in a given ion. Because the emitting ions

-
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-
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nearly stationary, the observed x-ray lines have neglig
Doppler shifts. Consequently, the electron-beam ion tra
an ideal device for high-precision spectroscopy. Since
device was originally designed as an x-ray source, six ra
ports allow viewing of the trapped ions in a plane perpe
dicular to the electron beam. The measurements present
this paper were carried out using a high-resolution cry
spectrometer in the von Ha´mos configuration@23,24#. In
these experiments, the conditions on EBIT-II were the f
lowing: beam current I beam5150 mA, ion density Ni
'109 cm23, and current densityJ'5300 Å cm22.

As noted above, the characteristic excitation energy of
Ka transitions is significantly higher than the electron-be
energy required to produce an appreciable population o
ions corresponding to the intermediate charge sta
FeXVIII –FeXXIV . Because we employ a nearly monoen
getic electron beam with a relatively high energy, these
termediate charge states would be expected to have n
gible populations under steady-state excitation conditio
Accordingly, we have developed a data-routing technique
simulate a nonequilibrium, transient-ionization process si
lar to that occurring in supernova remnants. Our proced
which has been described by Decaux and Beiersdorfer@11#,
is as follows: first, singly or doubly charged iron ions pr
duced by a metal vapor vacuum arc~MeVVA ! @25# are in-
jected into EBIT-II at a timet50 s, initiating the interaction
with the electron beam. MeVVA injection has the advanta
that all material enters the trap at the beginning of the i
ization process. The iron atoms do not enter the trap after
MeVVA firing. Although iron ions emerge from the trap in
continuous manner following an ion confinement on a ti
scale of several seconds, these ions are not recycled int
plasma as neutrals but instead adhere to the surfaces o
drift tubes. Then a series of 15 spectra are recorded seq
tially during the ionization process. The time scale for t
production of FeXXV ions, and therefore for the observatio
of transient-ionization spectra, is less than 1 s. For the lo
charge states below FeXXI , this time scale is as short as
few milliseconds. After the 15 spectra have been record
the ions are removed from the trap. This process is repe
many times over a period of several hours. In addition, n
tral N2 is introduced into the trap using a ballistic gas inje
tor system. This has a dual purpose: first, the injection
low-Z neutral gas in EBIT-II has been demonstrated to be
effective method for the attainment of longer trapping tim
for the high-Z ions of interest, using a process known
evaporative cooling@26#. Second, a charge-exchange pr
cess, which involves the interaction of iron ions with t
neutral N2 in the trap, corresponds to a recombinati
mechanism that impedes the rate for ionization. This allo
additional time to record the x-ray emission from the low
charge states. However, charge exchange cannot pro
K-shell line emission in the absence of bare or hydrogen
iron ions, i.e., in the absence of iron ions with aK-shell
vacancy. Since those charge states are not produced in
ionizing phase considered in our experiments, we can, th
fore, neglect charge-exchange recombination in the mode
of the Ka emission spectra. In order to provide an una
biguous simulation of the nonequilibrium, transien
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ionization processes, we have selected the electron-beam
ergy to be outside of the region of the autoionizin
resonances contributing to dielectronic recombination.

Due to the significantly different rates for the competi
excitation processes, the laboratory observation of theKa
radiative emission from the lower charge states present
especially challenging problem. For electron energies
evant to the production of line emission from ionizing pla
mas, the cross sections for collisional excitation andK-shell
ionization are of the order of a few times 10222 cm2. How-
ever, the cross sections forL- and M-shell ionization pro-
cesses, which do not lead toKa line formation, are 5
310220 and (0.44– 1.1)310218 cm2, respectively. As we
will discuss in the following section, the cross sections
collisional excitation andK-shell ionization are of the sam
order of magnitude. This has provided the motivation for t
collection of the majority of the spectral data, especially t
data relevant to the lowest charge states below FeXXII , at an
electron-beam energy above the threshold forK-shell ioniza-
tion ~which is 8.68 keV for iron!.

IV. COMPARISON OF THEORETICAL
AND EXPERIMENTAL RESULTS

The experimental spectrum was obtained using
LiF~200! crystal bent to a radius of curvatureRc of 75
cm, with a spectral resolutionl/Dl;2300. The spectra
data were recorded over a period of about 41 h with
electron-beam energy of 12 KeV, which is above the
K-shell ionization threshold. The data were calibrat
with reference to the strongest of the two FeXVIII lines
(F1, 1s22s22p5 2P3/2-1s2s22p6 2S1/2) and the most promi-
nent FeXXI feature (C9,1s22s22p2 3P0-1s2s22p3 3D1).
For these two reference lines, the adopted wavelengths w
1.926 79 and 1.894 50 Å, respectively. These waveleng
were determined from earlier measurements. These two
erence lines were chosen because of their high intensity
adequate separation. A reliable calibration of the dispers
is thereby obtained in the relevant wavelength range. T
experimental error is of the order of 0.5 mÅ. Because of
extended period of time that is necessary to accumula
sufficient intensity of the iron x-ray line emission, coun
induced by cosmic rays and general electronic noise form
elevated background that must be discounted in the comp
son of the experimental data with the results predicted by
theoretical models.

It is desirable to assess the validity of the theoretical p
dictions, especially for the lower~less-frequently investi-
gated! charge states from FeXVIII –FeXXI . Accordingly, we
present comparisons of the distinctive theoretical results
dicted for dielectronic recombination, collisional excitatio
and K-shell ionization, together with the experimental da
obtained from EBIT-II in the wavelength range from 1.885
1.940 Å. The results shown in Fig. 2 exhibit the theoretica
predicted contributions that would be observed from diel
tronic recombination~if the electrons had been represent
by a Maxwellian energy distribution! for ~a! the low-density
regime and~b! the intermediate-density regime.~A vanishing
contribution for dielectronic recombination would be pr
9-6



in
be
in
o-
n

n

on
t

h

g.
th

t
n

ta

e
si

o
-
p

ic
o

w-

s
n
y

la-
con-
s to
e-

ic

ul

l a
-
fo

ine
de

re-
in

m

een
arge

e
of

ion,
er-
lar
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dicted using the actual monoenergetic distribution pertain
to our electron-beam observations, which has been deli
ately selected to be outside the region of the autoioniz
resonances.! The results exhibited in Fig. 3 include the the
retically predicted contributions from collisional excitatio
for ~a! the low-density regime and~b! the intermediate-
density regime; the theoretically predicted contributio
from K-shell ionization for~c! the low-density regime and
~d! the intermediate-density regime; and~e! the LLNL
EBIT-II observations. We have emphasized that, for the n
resonant electron energies that we have considered in
present investigation, the dielectronic-recombination mec
nism cannot contribute to the production of theKa-emission
spectra observed on EBIT-II. The results presented in Fi
provide confirmation of the anticipated conclusion that
dielectronic-recombination mechanism cannot contribute
the experimentalKa-emission spectrum obtained at the no
resonant electron energy.

In order to facilitate the analysis of the experimental da
we present in Table I a tabulation of the intensities of theKa
line emissions produced by collisional excitation andK-shell
ionization for the two characteristic electron-density regim
used in our theoretical model and for three electron-den
values considered by Lemenet al. @20#. In Table I, we have
indicated the line identifications, from the heliumlike res
nance linew to lineF2 in FeXVIII , as well as the correspond
ing experimental wavelengths. The detailed spectrosco
specifications of these lines, including the electron
configuration assignments and angular-momentum c

FIG. 2. Theoretically predicted spectra for the dielectron
recombination contribution to theKa emission from FeXVIII –
FeXXI , in the wavelength range 1.89–1.94 Å. The spectral res
are presented for the low-density~a! and intermediate-density~b!
regimes, which have been defined in Sec. II of the text as wel
previously by Jacobset al. @14#. The spectral-line-intensity coeffi
cients have been evaluated assuming equal populations of the
charge states providing the dominant contributions. The underl
transitions provide the dominant contributions to particular blen
features.
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plings, have been tabulated by Beiersdorferet al. @24#. The
tabulated line intensities in Table I correspond to the follo
ing contributions:~a! collisional excitation predicted using
our model for the low- and intermediate-density regimes~in-
dicated byI low

exc and I intermediate
exc , respectively!, ~b! collisional

excitation predicted by the calculations of Lemenet al. @20#
for the three density values considered, which are 1011, 1013,
and 1015 cm23 ~indicated byI 11

Lemen, I 13
Lemen, and I 15

Lemen, re-
spectively!, and ~c! K-shell ionization predicted using cros
sections derived from Lotz@18# and branching ratios take
from Jacobset al. @14#, for the low- and intermediate-densit
regimes~indicated byI low

ion andI intermediate
ion , respectively!. Note

that, for all intensity ratios shown in Table I, equal popu
tion densities have been assumed for all charge states
sidered. This procedure allows radiative-emission model
be developed simply by multiplication with the charg

-

ts

s

ur
d
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FIG. 3. Ka emission spectra from FeXVIII –FeXXI , in the wave-
length range 1.89–1.94 Å. The theoretically predicted spectral
sults are given for the contributions from collisional excitation
~a! the low-density and~b! intermediate-density regimes and fro
K-shell ionization in the~c! low-density and~d! intermediate-
density regimes. The spectral-line-intensity coefficients have b
been calculated assuming equal populations for the four ch
states contributing to these spectra. The observedK-shell spectra of
iron in the region 1.885–1.94 Å~e! have been measured on th
EBIT-II under transient-ionization conditions at a beam energy
12 keV. The experimental results are the first five, 7-ms durat
spectra recorded after the injection of iron into the trap. The und
lined transitions provide the dominant contributions to particu
blended features.
9-7
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TABLE I. Theoretically predicted relative line intensities for the spectral features observed in theKa emission spectrum of iron ions.I low
exc

andI intermediate
exc denote the relative intensities for collisional excitation, by an electron beam with an energy of 12 keV, at low and interm

electron densities, respectively. These line intensities have been calculated in the present investigation using theKa spectral model of Jacob
et al. @14,15#. The relative intensities denoted byI 11

Lemen, I 13
Lemen, andI 15

Lemencorrespond to the relative collisional-excitation factors defined
Lemenet al. @20#, for electron densities of 1011, 1013, and 1015 cm23, respectively, and obtained assuming a Maxwellian electron-en
distribution. These relative intensities have been calculated for theKa spectral lines in FeXXII –FeXIX . The intensities for collisional
excitation, in each case, have been normalized relative to that of the strongest line in FeXXII –FeXIX . I low

ion andI intermediate
ion denote the relative

intensities forK-shell ionization at low and intermediate electron densities, respectively, calculated~in the present work! using ionization
cross sections from Lotz@18# and radiative branching ratios from Jacobset al. @14,15#.

Label lexpt ~Å! I low
exc I intermediate

exc I 11
Lemen I 13

Lemen I 15
Lemen I low

ion I intermediate
ion

w 1.850 40 0.0 48.8
x 1.855 32 0.0 81.3
t 1.857 08 38.5 47.6 0.0 25.4
y 1.859 53 0.0 48.8
q 1.861 01 242.0 299.1 0.0 66.9
r 1.863 72 67.0 82.7 0.0 18.8
z 1.868 15 100.0 48.8
E3 ~b! 1.870 41 288.6 356.7 0.0 61.7
u 1.873 83 7.4 9.2 0.0 40.2
v 1.874 78 1.1 1.3 0.0 20.3
E16 6.2 7.7 23.7 15.4

1.879 26
B2 0.4 16.1 0.4 4.0 17.3 0.0 34.6
B3 3.8 100.0 4.0 24.7 100.0 0.0 16.0
B4 1.882 47 92.1 47.3 100.0 100.0 58.2 0.0 14.0
B5 80.6 37.3 93.4 92.5 50.4 0.0 21.0
B6 0.0 27.1 0.1 6.2 29.0 0.0 16.9
B7 21.8 11.2 23.4 23.3 13.6 0.0 3.3

1.886 64
B8 9.1 4.2 11.3 11.2 6.1 0.0 2.3
C1 0.0 19.7 0.0 1.1 13.4 0.0 11.0
B9 0.0 1.3 0.0 0.0 0.0 0.0 8.0
B10 0.8 0.4 0.0 0.0 0.0 20.6 2.7
p 1.892 06 0.1a 7.4 1.1
C4 0.0 2.4 0.0 0.0 0.0 0.0 3.8
C5 0.1 12.4 0.7 10.8 12.6 0.0 12.7
C6 0.0 23.4 1.2 19.5 25.0 0.0 19.1

1.893 39
C7 13.1 24.7 12.4 28.3 29.7 0.0 12.7
C8 0.0 30.6 0.0 4.6 44.3 0.0 25.6
C9 1.894 50 100.0 10.2 98.3 45.5 14.5 28.8 11.2
C10 5.5 10.4 5.0 11.4 12.0 0.0 5.4
C11 0.0 13.4 0.0 0.8 9.0 0.0 7.6
o 0.1a 7.5 1.1

1.896 64
C12 0.0 10.6 0.3 10.1 12.7 0.0 17.1
C13 0.0 11.5 0.5 8.2 10.9 0.0 18.8
C14 1.897 71 0.0 7.9 0.4 6.1 7.8 0.0 6.5
C15 1.898 62 19.3 2.0 20.5 9.5 3.0 5.6 2.2
C17 1.901 00 0.0 3.9 0.2 3.2 4.3 0.0 6.3
N1 1.902 30 0.0 8.0 0.0 1.1 6.8 0.0 9.4
N2 0.3 19.9 0.5 4.9 15.9 0.0 25.1
N3 1.903 55 0.0 10.8 0.0 0.3 6.6 0.0 13.6
C20 1.6 0.2 0.0 0.0 0.0 0.5 0.2
N4 11.4 3.1 11.0 10.4 4.7 8.3 6.5

1.904 77
012509-8
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TABLE I. ~Continued!.

Label lexpt ~Å! I low
exc I intermediate

exc I 11
Lemen I 13

Lemen I 15
Lemen I low

ion I intermediate
ion

N5 25.7 7.2 25.9 24.6 11.3 17.0 13.3
N6 0.2 15.0 0.2 3.7 12.0 0.0 31.8

1.905 86
N7 0.5 19.1 0.8 5.1 18.7 21.4 16.7
N8 0.1 6.3 0.2 1.6 5.2 0.0 7.9
N9 1.906 34 0.1 3.3 0.0 0.0 0.0 3.7 2.9
N10 0.0 8.3 0.0 1.1 7.1 0.0 9.7
N11 1.908 24 28.0 8.2 26.1 24.9 11.8 22.3 17.4
N12 0.1 5.7 0.1 1.4 4.6 0.0 7.3

1.909 46
N13 0.0 2.2 0.0 0.0 0.0 0.0 2.5
N13a 1.0 0.3 0.0 0.0 0.0 0.7 0.5

1.910 81
N14 0.1 7.0 0.1 1.8 5.6 0.0 14.5
N14a 1.911 63 1.0 0.5 1.9 1.8 0.8 1.1 0.9
N14b 2.0 0.6 2.4 2.3 1.1 1.6 1.3

1.913 12
N15 2.6 0.8 2.7 2.6 1.2 2.1 1.6
O1 7.1 6.6 11.1 11.8 8.9 13.0 16.9
O2 1.914 89 0.0 3.7 0.0 1.2 4.5 0.0 11.3
O3 0.5 23.0 0.6 3.2 20.7 0.0 38.2
O4 20.1 12.4 20.6 22.1 16.6 29.6 38.5
O5 1.917 33 4.4 4.1 6.8 7.3 5.4 16.4 21.3
O6 2.8 2.6 4.2 4.5 3.3 5.1 6.7
O7 7.4 4.6 7.7 8.3 6.2 10.7 13.9

1.920 46
O8 1.3 1.2 0.0 0.0 0.0 2.3 3.0
O9 1.921 27 0.1 5.3 0.1 0.7 4.8 0.0 8.7
O10 1.922 90 2.3 1.4 2.6 2.8 2.1 3.3 4.3
F1 1.926 79 15.7 19.6 51.3 100.0
F2 1.930 70 7.8 9.8 25.6 50.0

aThe theoretical intensity values, at low electron density, for the lineso andp have been calculated using the HULLAC@19# by Osterheld
@28#.
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balance fractions appropriate for different plasma conditio
Table I shows overall good agreement between the resul
our collisional-excitation calculations for low densities a
the theoretical predictions of Lemenet al. @20# that are pre-
sented forNe51011 cm23. We note that good agreement ca
also be found between our intermediate-density results
the predictions of Lemenet al. @20# for Ne51015 cm23.
Since the predictions of Lemenet al. @20# were obtained us-
ing a Maxwellian electron-energy distribution, precise agr
ment with the nonequilibrium predictions of our spect
model cannot be expected.

A. Collisional excitation and electron-density effects

For collisional excitation, the spectral-model predictio
presented in Fig. 3, together with the tabulation of the sp
tral lines in Table I, illustrate the complexity of the radiativ
emission spectra that are produced by the very large num
of individual fine-structure lines occurring within the wav
length range 1.89–1.94 Å. We emphasize that only the m
intense emission lines are listed in Table I. The combinat
of many additional emission lines, even with individual i
tensities that are relatively small, can provide substan
01250
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contributions to the observed emission spectra. These a
tional lines not only can produce substantial enhancemen
the background of the measured spectra but also can pro
significant effective~blended! contributions to the intensities
of the more prominent lines@24#. These effects substantiall
complicate the interpretation of the observed spectral da

The electron-density sensitivity of theKa radiative-
emission spectra, which has been discussed in Sec. I
primarily the result of collisional transitions among the fin
structure states of the ground-state electronic configurati
The electron-density dependence of theKa spectra is illus-
trated in Fig. 4, where we present theoretical predictions
Lemenet al. @20# for theKa emission spectra from FeXIX –
FeXXI . In their calculations, account was taken of only t
collisional-excitation mechanism, assuming a Maxwelli
electron-energy distribution. Figure 4 shows theKa emis-
sion spectra obtained for two electron densities;~a!
1011 cm23, and~b! 1013 cm23. From the comparison of the
results presented in Fig. 4 with our experimental spec
data, which are presented in Fig. 3~e!, we find that the low-
density (1011 cm23) spectra predicted by Lemenet al. @20#
resemble more closely the experimental data than t
9-9
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DECAUX et al. PHYSICAL REVIEW A 68, 012509 ~2003!
intermediate-density (1013 cm23) results. Similarly, the the-
oretical predictions of our low-density-regime spect
model, which are shown Fig. 3~a!, resemble the experimenta
data more closely than the results obtained from
intermediate-density-regime model. Because of the assu
tion of a Maxwellian electron-energy distribution, the the
retical predictions of Lemenet al. @20# cannot be precisely
compared with our EBIT-II experimental results, which a
due to a highly nonequilibrium electron-energy distributio

In astrophysical environments for which plasma-dens
effects could play an important role, such as stellar fla
prominent spectral features have been observed which ca
used as diagnostics of the electron density in the wavele
range from 1.84 to 1.94 Å. The electron-density variation
found to be most pronounced for the lineC9 in FeXXI . The
intensity of this spectral line decreases dramatically as
electron density increases. In theKa emission spectrum ob
served on EBIT-II, the spectral lineC9 is blended with the
lines C8 and C10, which are substantially enhanced wi
increasing electron density. However, the overall intensity
this spectral complex is diminished by a factor of 2 duri
the increase of the electron density from 1011 to 1013 cm23.
Consequently, this spectral complex, which is centered
wavelength of 1.894 50 Å, appears to present the best ca
date for an electron-density diagnostic in the wavelen
range from 1.84 to 1.94 Å.

B. K-shell ionization

In comparison with the spectra emitted from the m
highly ionized Fe ions, which occur in the shorte
wavelength range 1.85–1.89 Å, much more complex spe
are emitted from the charge states from FeXVIII through
FeXXI . For these ions, all significant spectral features t
can be attributed to inner-shell ionization can also be ge

FIG. 4. Theoretically predicted spectra for collisional-excitati
contributions adapted from Lemenet al. @20#, including the contri-
butions from FeXIX –FeXXI obtained for the two different electro
densities~a! 1011 cm23 and ~b! 1013 cm23, and assuming a Max
wellian electron-energy distribution.
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ated by collisional excitation. Consequently, we find simila
ties between the collisional-excitation emission spec
shown in Figs. 3~a! and 3~b! and theK-shell ionization-
produced emission spectra shown in Figs. 3~c! and 3~d!.

Because of these similarities, we have not been able
identify any unambiguousK-shell ionization indicators for
the charge states FeXVIII –FeXXI . However, the quantitative
results presented in Table I can be used to determine
Ka-emission intensity ratios produced by resolved spec
features. By means of this procedure, the relative contri
tions of the various competing line-formation processes
be assessed. We have adopted a tentative charge-s
distribution model, in which all charge states have been
sumed to have equal populations. A more detailed desc
tion, in which the charge-state distribution is more precis
determined from the individual ionization and recombinati
rates, is expected to be required for the accurate analys
the emission-line intensity ratios produced by a combinat
of collisional excitation andK-shell ionization processes
which originate from different charge states. We also n
that, since the final state of an ion afterK-shell ionization
corresponds to a ground or excited state in the next hig
charge state~in which a single 1s electron has been re
moved!, inner-shell ionization is particularly sensitive to th
ground-state distribution and therefore to the electron d
sity. This can be seen from a comparison of the low-a
intermediate-density theoretical-simulation results presen
in Table I, which shows significant differences between
two cases.

The spectral linesC9, N7, N11, O4, F1, andF2 have
relatively largeK-shell ionization contributions. Accordingly
these lines can be used as indicators of theK-shell ionization
process. In addition, the observation of the two FeXVIII spec-
tral featuresF1 andF2 could be a sufficient indication o
the presence ofK-shell ionization. This is a consequence
their significantly largeK-shell ionization rate coefficients
and their relatively small collisional-excitation contribution
~see Table I!. Furthermore, theK-shell ionization contribu-
tions of these two FeXVIII spectral features are further inten
sified as a result of the enhanced relative population of
closed-shell neonlike charge state FeXVII .

C. Dielectronic recombination

The dielectronic-recombination satellite lines in FeXXIII ,
and especially the satellite featuresk and j in FeXXIV , had
been considered to be the most useful diagnostics of
dielectronic-recombination process. However, these
charge states may not be sufficiently abundant under extr
nonequilibrium ionization conditions, which can occur
young supernova remnants. Accordingly, we have direc
our attention to the less-frequently investigated dielectron
recombination satellite lines in FeXVIII –FeXXI . From a com-
parison of the theoretically predicted dielectroni
recombination spectra, shown in Fig. 2, with th
corresponding contributions from collisional excitation, ind
cated in Figs. 3~a! and 3~b!, or from K-shell ionization, dis-
played in Figs. 3~c! and 3~d!, significant differences are iden
tified in the radiative-emission spectra, especially in the c
9-10
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of FeXXI . In contrast with the spectra arising from FeXXIII

and FeXXIV ~and as a consequence of the parity select
rules governing the transitions in these two ions!, all
dielectronic-recombination satellite lines in FeXVIII –FeXXI

also acquire a collisional-excitation component~and often
also a K-shell ionization contribution!. Nevertheless, we
have been able to identify useful indicators of dielectro
recombination in the FeXXI complex. Here the blend consis
ing of the individual linesC12 andC13, with a wavelength
centered at 1.896 64 Å, provides the dominant contribut
to the dielectronic-recombination emission. We note that
Ka-emission feature cannot be excited by the other two li
formation mechanisms. Unlike the predictions for collison
excitation andK-shell ionization, the use of a Maxwellia
electron-energy distribution has been necessary in orde
obtain the nonvanishing predictions for dielectronic reco
bination presented in Fig. 2. From a comparison of the th
retically predicted dielectronic-recombination spectra w
our experimental results, it is found that the blend
C12/C13 structure is absent from our EBIT-II data. This pr
vides a further confirmation that the dielectroni
recombination mechanism cannot contribute in our exp
ment, as expected from our selection of the electron-be
energy sufficiently distant from any autoionizing resonan

V. CONCLUSION

We have presented a detailed and systematic spe
model for the theoretical prediction of theKa x-ray emission
from highly charged iron ions, in the wavelength range fro
1.84 to 1.94 Å. Account has been taken of the fundame
radiative-emission processes associated with inner-shell e
tron collisional excitation, inner-shell electron collision
ionization, as well as dielectronic recombination. Particu
emphasis has been directed at the identification of spe
features that can serve as diagnostics of extreme nonequ
rium or transient-ionization conditions, which can be e
countered in stellar flares and supernova remnants, as we
tokamak plasmas. In order to provide a quantitative inve
gation of the dominant fundamentalKa line-formation pro-
cesses under these extreme nonequilibrium, transi
ionization conditions, we have employed our spectral mo
to make theoretical predictions for theKa x-ray emission
spectra observed from Fe ions in the EBIT-II. We have c
sidered all spectral features that can serve as diagnostic
the electron density, the line-formation mechanism, and
charge-state distribution. We have found that the obser
spectroscopic features are well represented by the resul
our theoretical predictions, providing an extension of ear
work on transient ionization@20#.

In order to substantiate our theoretical predictions,
have presented high-resolution measurements of theKa ra-
diative emission produced by highly charged Fe ions, fr
FeXVIII to FeXXV , under well-controlled and well-diagnose
laboratory conditions in a low-density environment. The
measurements have been made using a transient-ioniz
technique that simulates extreme nonequilibrium conditio
which are believed to exist in astrophysical plasmas. Spec
signatures of the fundamental line-formation mechanis
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have been identified. The identifications have been facilita
by utilizing the spectral predictions of atomic-physics mo
els that have been developed for the description of the m
complex atomic processes involving the intermediate cha
states from FeXVIII –FeXXI . We have demonstrated tha
these spectral predictions are in good agreement with
experimental observations. While several useful diagno
lines have been identified in the emission spectra fr
FeXXII –FeXXV , a more complex problem has been encou
tered for the other charge states below FeXXII . Nevertheless,
we have been able to employ our spectral model to prod
reliable simulations of our experimental observations.
believe that this detailed spectroscopic model can prov
substantial diagnostic capability, particularly for the determ
nation of the basic physical properties of laboratory and
trophysical plasmas under extreme nonequilibrium ionizat
conditions.

In a future extension of this investigation, we plan to d
velop a more sophisticated spectral description for the th
retical prediction of theKa radiative emission. In the calcu
lation of the collisional-excitation cross sections for t
fundamental inner-shell-electron transitions, it would c
tainly be desirable to employ a more sophisticated calcu
tion, which could be based on either the distorted-wave
close-coupling methods. However, we have emphasized
the incorporation of these more elaborate calculations
collisional-excitation processes alone would not necessa
provide a consistent improvement in the overall spectral
scription. The fundamental difficulty is that, for nonequilib
rium ionization conditions, a more important contributio
can arise from the collisional-ionization processes, for wh
cross-section calculations of comparable sophistication
not available for complex, many-electron atomic system
Even the most recent advances in theoretical methods fo
electron-impact ionization of simple, few-electron atom
systems have not overcome the well-known problem
three-body breakup in quantum mechanics, as discusse
Scott et al. @27#. Nevertheless, we plan to substantially e
tend the present spectral model by means of the incorp
tion of an explicit density-dependent~collisional-radiative!
calculation of the excited-level populations~utilizing
distorted-wave collision cross sections!, the inclusion of ad-
ditional contributions from higher-lying autoionizing state
corresponding to outer-electron principal quantum numb
n.2, and a treatment of the polarized radiative emission t
is produced by the directed-electron excitation processe
the EBIT-II experiments.
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@23# L. von Hámos, Ann. Phys.~Leipzig! 17, 716 ~1933!.
@24# P. Beiersdorfer, T. Phillips, V. L. Jacobs, K. W. Hill, M. Bitter

S. von Goeler, and S. M. Kahn, Astrophys. J.409, 846~1993!.
@25# I. G. Brown, J. E. Galvin, R. A. McGill, and R. T. Wright

Appl. Phys. Lett.49, 1019~1986!.
@26# B. M. Penetrante, M. A. Levine, and J. N. Bardsley, inInter-

national Symposium on Electron Beam Ion Sources and T
Applications, edited by Ady Hershcovitch, AIP Conf. Proc. No
188 ~AIP, New York, 1989!, p. 145.

@27# M. P. Scott, T. Stitt, N. S. Scott, and P. G. Burke, J. Phys. B35,
L323 ~2002!.

@28# A. L. Osterheld~private communication!.
9-12


