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Modeling of high-resolution Ka emission spectra from Fexviil 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 A. 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 fundamétsaline-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 [11]. By means of the laboratory studies employing EBIT-II,
it has been demonstrated th&tx emission spectra can be
Due to the low electron density and near-equilibriumused to reliably diagnose transient-ionization regions occur-
electron-energy distribution in solar and tokamak plasmagiing in cosmic sources, and to identify young supernova rem-
the charge-state populations of the constituent ions can usiants[12]. From a more refined analysis of the spectral data
ally be determined within the framework of the standardassociated with the charge statesxig —FexxIv, it has
steady-state coronal model. However, it has been demorpeen possible to deduce the ionization-time parameter
strated that unusual ionization conditions can occur when thes Net, where N, is the electron density andis the time
emitting plasma is far removed from equilibrium. Nonequi- measured from the beginning of the ionizing process. This
librium ionization conditions can prevail in the shock-front- parameter has been considered to be a key quantity for the
heated regions of young supernova remnéhts3] or in the  characterization of ionizing plasmas3].
impulsively heated gases in solar flafds-9]. In these plas- In this paper, we present a detailed and systematic theo-
mas, the charge-state distribution can depart significantlyetical model for theK « x-ray emission spectra from highly
from the standard corona-model distribution correspondingharged iron ions. In order to provide an accurate description
to the local electron temperaturé]. The x-ray emission can for transient-ionization conditions, it has been necessary to
then occur from a much broader charge-state distributionextend a previously reportelda spectral mode[14]. The
with appreciable components from many more charge statggvised atomic spectral modgl5] is described in Sec. II.
corresponding to the given element. Particular attention has been given to the effects on the vari-
Laboratory electron-ion beam investigations, which haveous line-formation processes of electron-density variations
been performed using electron-beam ion traps developed &s manifested by collisionally induced transitions competing
the Lawrence Livermore National LaboratoiiyLNL ), have  with radiative-decay procesgesnd extreme nonequilibrium
led to significant advancements in the understanding of funer transient-ionization conditions. A central result of our in-
damental atomic processes in astrophysical and laboratomestigation is a systematic identification of the spectral fea-
plasmas, particularly ionizing plasmgE0]. In order to pro- tures that can be used for the reliable diagnostics of the elec-
vide a precise investigation of ionizing-plasma environ-tron density and transient ionization.
ments, a spectral simulation has been carried out using the
EBIT—!I electron-beam ion tra}p Qevice at the LLN'L. In.this Il. THEORY OF LINE FORMATION
experiment, theKa x-ray emission spectra from iron ions IN TRANSIENT-IONIZATION PLASMAS
were recorded under extreme transient-ionization conditions
The totalK a radiative-emission spectra can be generally
represented as a superposition of the spectral intensities pro-
*Present address: Surface Integrity Group, Novellus Systemgjuced by the arrays of individual fine-structure transitipns
4000 N. First Street, MS/30-1A San Jose, California 95134. —k in all abundant ions F&?. Taking into account the
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electron-ion collision processes leadingdeshell excitation, ) ) s R _
radiationless(dielectroni¢ capture, andK-shell ionization, Ceadzt 11'18i_’]):f f d*vedQ| T/ f o V)
the total spectral intensity for a given incident electron en-
ergy e; may be expressed in the form X Ocad 2+ 1i,81— ] Ve, (),
()=NZ 3 3 B(zi—KL(zj—khv) Conz=Li" =)= | [ dnedalzdzo
z ]
X[N(2)Cexd z,i",&1/—]) +N(z+1) XOion(z=1i" =7, Q). (3
X Cead 2+ Lii,8i—]) +N(z—1) In these relationships, averages have been performed over
_ _ the initial electron velocities’, and integrations have been
X Cion(z—1i",gir—])]. (1) carried out over the angle® referring to the final scattered

electron. (Integrations over the energy and angles of the
In this expression, which provides a generalization of oufejected electron are also assumed to have been carried out in
previously developed « spectral mode14], the population  the definition of the electron-impact-ionization cross sec-
densities of the initial Fe ions in the charge statesl, z,  tjon.)
andz—1 are denoted b¥(z+1), N(z), andN(z—1), re- In most astrophysical and tokamak environments,
spectively. The initial-ion quantum states in these three adjaequilibrium-plasma conditions are assumed to prevail. Ac-
cent states of ionization are denoted, respectivelyi,by,  cordingly, the electron-velocitienergy distribution function
andi”. Ng is the electron density. The individual rate coef- f (7,) is usually taken to be a Maxwellian. In our electron-
ficientsC describing electron-impact excitation, radiationlessheam ion trap(EBIT) investigation, however, the electron
electron capture, and electron-impact ionization are distindistribution is nearly monoenergetic and therefore can be ad-
guished by means of the subscripts “exc,” “cap,” and “ion,” equately represented in the form
respectively. In our investigation, the quantum states in-
volved in the spontaneous radiative transitiops:k in f =55 g
Fe" (@ are specific fine-structure states, which are specified o Ve) = 07| Ve Ey
by the total electronic angular-momentum quantum numbers _ o . ]
J; andJy (hyperfine structure has been ignored in our inveswhereEy, is the hydrogen ionization energy, is the fine-

tigation). The radiative-transition branching ratid3, (z,j structure constant, ardis the velocity of light. In our EBIT
—k) are expressed by experiment, the electron-beam energy is centered at 12 keV,

for which we obtainv=6.5<10° cms™*.
A/ (z,j—k) Assuming low-density conditions and ignoring charge-
B,(z,j—k)= , (2 exchange processes, the dynartiime-dependentbalance
L ; / between the electron-ion ionization and recombination pro-
A (z,j—i,&)+ 2, Al(z,j—k X .
Ei a(z)—1.e0) kE (2] ) cesses can be described by the set of coupled partial-
differential equations:
whereA, (z,j—1,¢g;) andA, (z,j—k) denote the autoioniz-
ation and the Einstein spontaneous radiative-transition rates, ﬂ+€~[\7(z)N(z)]=NeN(z—l)Sion(z—1—>z)
respectively. The quantitids(z,j —k,hv) are the frequency- ot
normalized line-shape functions, allowing for Doppler

1/2

(aC)i) , 4

broadening and natural broadeniidue to autoionization ~NeN(2)Son(z—2+1)

and spontaneous radiative degay the isolated-resonance +NeN(z+1) aped 2+ 1—2)
approximation. In order to take into account collisional and

Stark broadenings, which are expected to play a dominant —NeN(Z)aredz—2z-1). (5

e e, i oot veesgmon, el total orizaion rate coefesy aos for both e
distribution of incident electron energies is substantiallyelementary d|rept-|pn|;at|orﬁd|) process and the two-step
wider than the spectral linewidths. Consequently, a detaile§"0C€SS of agtmomzanoraﬁ following inner-shell-electron
knowledge of the line-shape functions is not necessary. excitation(ex):

For a general single-electron velocity distribution function
fe(ve), the rate coefficient€ for the three fundamental bi-  Sy(z—z+ l)=2 Si(g—1])
nary electron-ion collision processes may be related to the !
corresponding differential collision cross sectiansas fol-

lows: +2 Cel9—a)Q H(a,a)Aq(a—]) |,
a
- . - . 6
Cexdz,i vsi’_)J):ffdsvedﬂlve“e(”e) ©)
The total electron-ion photorecombination rate coefficient
X Oexd 2,1 &j1—];Ve,8)), aee allows for both the direct elementary radiative-
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recombination(rr) process and the two-step procesqsih- nation of the charge-state fractions is based on an analysis of
bilizing) radiative decayn) following radiationless electron the relative intensities of individual spectral-line features
capture(cap into autoionizing resonancésorresponding to  [16].
dielectronic recombination A formidable effort would be required for a detailed and
precise calculation of the electron-impdcbllisiona) exci-
tation cross sections for the multitude of fine-structure tran-
tred 2+1—-2)= 2 | a(i—D) sitions involved in our spectral simulation. In order to pro-
b vide a practical procedure for obtaining realistic values of the
cross sections describing the numerous electron-impact exci-
+2, Ceadi—~a)Q Ya,a)A(a—b)|. (7)  tation processes, which are needed to evaluate the first term
@ in Eqg. (1), we have employed the Born and Bettieng-
range dipolg approximations. Collisional excitation can oc-
The quantitiexQ(a, a) denote the diagonal elements of the cur for all values of the incident electron energy that are
matrix of the autoionization, collisional-transition, and gbove theK-shell excitation threshold, which is about 6.4
radiative-transition rates. The nondiagonal elements of thgeV for iron. For low-density plasmas, in which all ions can
matrix Q must be used in a more gener@aollisional-  pe assumed to be confined to their ground-electronic states,
radiative model calculation for the population densities of the product of the electron-impact excitation cross section

the autoionizing levels. In the corona-model approximationand the incident electron velocity can be estimated by using
which is valid at sufficiently low plasma densities, it is as- the resulf14]

sumed that all recombining ions are initially in their ground

states {(=g) and that all excited levels of the atomic system

are depopulated only by means of autoionization or sponta- g, (z,i’,e;1—]j)=
neous radiative-emission processes. In this case, the quantity

Q(a, a) corresponds to the inverse of the tofiahtura) life-

time of the autoionizing resonaneeand can be expressed as X
the sum of all permissible autoionization rates,Y and all

allowed spontaneous radiative-decay ratg) {

Ejr 12 4776\%
E_H (ac) P

EH 3 48i’
a> "”(ﬁ)

ELL R Py
g(i,)}; £ Az,
Q(a,a)=2i Aa(Z,aHi,Si)-l-% A(z,a—b). (8 (10)

&

Ejr

X

: L Herea, is the Bohr radius andl is Planck’s constant divided
It should be pointed out that the class of autoionizing reso; o .
. . - by 27. We have denoted bly;;» the excitation energy, which
nances that can participate in the indiregivo-step is equal to the photon enerJ that is emitted in the spontane-
dielectronic-recombination process is usually distinct from d P gy b

the class of autoionizing resonances that can be involved iﬂu.s, Ka radiative transmonjﬂy. .The fa}ctorsg(j) and.
the indirect-(two-step ionization process of autoionization g(i’) are used to denote the statistical weights of the excited-

following inner-shell-electron excitation state and ground-state fine-structure levels, which are given

For equilibrium (Maxwellian) electron-velocity distribu- by 2J;+1 and 2);, + 1, respectively. Note that the product of

tions, the electron-ion ionization and recombination rate colhe excitation cross section and the incident electron velocity

. - 2 _1 -
efficientsS,,,, and «,.. are obtained as functions of the elec- Ihs e)f[ﬁresiid mfthe ug(ljtg OZ(%) i,oricnrf]s ’ S:ng?nﬁ/rﬁtH) f
tron temperaturelT,. Neglecting transport processes and f’lls € units ot seco f( = ) is measure units ot
, and the various energies have been expressed in a di-

time-dependent phenomena, the charge-state distributiorts * & . .
mensionless form. The same units are conventionally

N(z) can be determined, as functions of the electron tem: opted for the collisional-excitation rate coefficient due to

perature, by means of the simple steady-state corona-mod%?j o .
relations: plasma electrons. This simple formula is expected to overes-

timate the electron-impact excitation cross sections by a fac-
tor of 2 or 3 for incident electron energies very close to the
N(2)Son(z—2z+1)=N(z+1Dawedz+1-2). (9  excitation threshold values;;. . In order to compensate for
this inadequacy, the correction factor of 0.5 recommended by
This approximation is often employed for stellar flares andSeator{17] has been adopted in our calculations. In a future
tokamak plasmas. extension of this investigation, it would be desirable to em-
It is widely recognized that the standard steady-stateploy more sophisticate¢and possibly more realisbicalcu-
corona-model approximation does not provide a valid reprelations for the electron-impact excitation cross sections, such
sentation for an extreme nonequilibriuntransient- as those based on the distorted-wave or close-coupling ap-
ionization charge-state distribution, such as that produced irproximations.
our present investigation using an electron-beam ion trap. In In a rapidly ionizing plasma, for which the inner-shell
this case, it has been necessary to employ a time-dependetllisional excitation andespecially the ionization mecha-
model for the determination of the relative ionic charge-statenisms play the dominant role in the formation of tKex
population fractions. An alternative method for the determi-radiative emission, the process of radiationless electron cap-
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ture is expected to be less important. Furthermore, since tHevels in a narrow energy range just above the ground fine-
electron-beam energy in our electron-beam ion trap experistructure level. Accordingly, in the remainder of this paper,
ment has been selected to be outside of the region of theur theoretical spectral model will be applied to two distinct
autoionizing resonances, the dielectronic-recombinatiogharacteristic density regimes. The first is a low-density re-
mechanism is not expected to provide any contribution in th@ime, for which the ionic-level population is assumed to be
formation of theK a spectra observed on EBIT-IIl. Accord- confined to the lowest-lying fine-structure level of the
ingly, we can omit the second term in Ed), which involves ~ ground-state electronic configuration. The second is an

the radiationless electron-captur@nverse-autoionization intermediate-density regime, for_ Which_all fin_e-structure lev-
rate coefficienC els of the ground-state electronic configuration are assumed
cap*

The only remaining process addition to inner-shell col- to be populated according to their statistical weighis+2

lisional excitation that can provide a significant contribution but n(()j ![evgls of aT texdutled electr?mc con_flgur?tlon are ?S-I
to the totalKa spectral intensity iK-shell ionization by sumed to be populatéd. In an earlier version of our spectra

electron impact. This line-formation mechanism is described(?c’d?tl [14]'. resullts t;/]\_/erﬁ_ a;}lsg pr(.etsente.d for(tf'i[.d)t.hi?h'
by the third term in Eq(1). The electron-impact-ionization Z€NsIy regime. in this high-censity regime, statistical popu-
"_,}), which is defined in lations were assumed to be established for all fine-structure

s ) _ " !
rate coefficientCioy(2—1," 2] states of not only the ground-state electronic configuration

terms of an integration over the angles of _the ejected elec[—)lut also for the low-lying optically excited electronic con-
tron, can be expressed in terms of summations over the tot?

: igurations. For the intermediate-density regime of interest in
angular-momentum quantum numbers representing th

. o S
ejected-electron residual-ion system. In the Born approxim &]e present |nvest|gat|0n,.the temédi’) in Eq. (10 _should
e replaced by a summation over all the lower levélthat

tion, the ionization cross section can be expressed, in th re assumed to be pooulated
LS-coupling representation, in terms of summations over th& Pop )

allowed values of the total angular-momentum quantum[hr(?unl)r/] ?ee(xﬁogruelaeti;ne‘c’ctcégt{]oebzhzrgfezit:ﬁs atlrt% ngﬁ the
numbersL, S andJ. If a central-field picture is adopted for 9 b pp Y y

the determination of the electronic eigenstates, the ionizatio IIoenCtr?g;:%es';(s;;y'_sri?ss'g\éenseitleCg:r?s';gcitcoggoE:I'L?Sj':rs'?ouc; q
cross section connecting the pair of specific fine-structur P Lo y y .

- : . . rom the observation that, above some relatively low value
states” andj can be simply reduced to the cross section for

the ionization of a single electron from the active initial sub-f)f the eIectron_densny, the rates for the relev:_;mt collisionally
. : A induced transitions among thepzubshell fine-structure
shell n;»j;». For more than one electron in the initial sub-

. i states are characteristically much faster than the correspond-
shell, a factor ofN;» should be included; and for a complex . L "
A . : . " ing spontaneous radiative-transition rates. These spontaneous
atomic structure it may be necessary to include a coefficien

. . radiative transitions, which are forbidden by the electric-
of fractional parentage. In our calculations, we have adoptedq: . :
T : ; ipole angular-momentum and parity selection rules, have
the K-shell ionization cross sections of Lofz8], allowing

for a factor of “2” in order to take into account the number very slow rates. For the five charge statescia —Fexxil,
. S . L the fine-structure levels of the ground-electronic configura-
of electrons in the initiaK shell. Unlike the situation for

; . . tions are as follows, starting from the ground fine-structure
electron-impact excitation, we do not know of any readily

available more-sophisticated methods that would providsgate(l) followed by the excited fine-structure level and

) X S 5) occurring above the ground fine-structure sidfe
guaranteed improvements with respect to the ionization crogs_ . - 15 0 182,252, 2p2,2p2, 2P
sections of Lot418]. It should be pointed out that, for inci- 12-512-P1127P32 T3z

dent electron energies sufficiently high to produ¢ehell (2) 152/2252/22%/22'0%/2 2P
ionization (8.68 keV for iron, it will also be necessary to FeXix (O) (o 1811,2511,2P7/22P52 °P2
consider additional line-formation processes involving cas- (2 182,,255,,2p2 1,23 °Py
cade transitions from higher-lying excited electronic states. ©) 182,,282,,2p1/22p3 °P1
In many astrophysical environments for which ionizing (4) 152,,252,,2P1/22P5, 1D,
plasmas are encountered, such as supernova remnants, the (5) 155225%22[3431/2 ip,
electron density is sufficiently low so that all excited ionic- Fexx (N) 1) 162 25222 2% 483
level populations in Eq(l) can be assumed to be negligible 1255y P12 p%’z , /2
in comparison with the ground-state population. Conse- (2) 15%/225%/22p1/22pg/2 D3
quently, it is necessary to consider only the populations of 3 1511,2511,2P1/22P32 “Dspo
the ground-electronic fine-structure states. This assumption (4) 182,25 152P1/22P3/ 2P 12
had been expected to be valid for our measurements on (5) 182,,282,,2p3 ), 2Pap
EBIT-Il as well as for stellar-flare plasmas, for which the Fe xxi (C) (1) 182,282,,2p2 ), °Py
electron density is characteristically in the range 2 152 25222p 2ps), 3P
10'%-10" cm™3. However, the results of our detailed spec- 3 1 %’22 ¥ 1/22 32 3Pl
tral observations using EBIT-1I have been found to be more 5112 S%’ZZp%/Z lp3’2 2
accurately described in terms of an intermediate-density re- 4) 13%/225%/22%/2 D>
gime. In this intermediate-density regime, collisional pro- ©) 187/,251,2P32 “So
cesses are expected to redistribute an appreciable fraction b& XXl (B) 1 182,,255,,2P 1/ P12
the population of the initial ions among excited fine-structure (2 182,282 ,2P3j2 2Py
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0.5+ the two characteristic electron-density regimes considered
1 Fe XIX (low and intermediafecan be expected to provide only ap-
g 04] E_ =14keV al proximate representations for the determination of the level-
= population kinetics. For Fex, the ration,/n; remains es-
-g 0.3-] sentially constant, at about 0.1, even at lower electron
§: ] densities. This behavior may be attributable to the relatively
02 weak collisionally induced redistribution of the populations
g 74 for atomic states that differ only in the quantum numbers
= ] corresponding to the total electronic angular momendu
0.1 more significant degree of collisionally induced redistribu-
nore sig 9 aty :
] tion is found to occur for F&xi. For this ion, the populations
0.0j of the levels 2 and 3which correspond to the fine-structure
excitation of a D4, electron to the Bg, level) account,
35 respectively, for about 10% and 15% of the populations of
i Pe XXI the ground state 1 af,=10' cm 3. This collisional redis-
304 =16keV tribution will be shown to have important consequences in
g E the determination of the spectral-line intensities for the car-
g 25 : pe ;
. bonlike complex. Our experimental data will also be com-
i 2.0 pared with the theoretical results obtained by Lene¢ml.
2 3 [20]. These earlier theoretical results have been obtained
v 1'5'; from a more detailed collisional-radiative model, in which
& 1.0 ] the electrons were assumed to be represented by a Maxwell-
é . ian energy distribution. This more detailed model of Lemen
0.5 : et al.[20] provides a more refined treatment of the electron-
0.0 3— density-dependent collisional redistribution of the level
y-aep
1 populations, but it has been applied only for the collisional-

log,,n excitation contribution to th& « spectral intensities due to a
Maxwellian electron-energy distribution. The predictions of
FIG. 1. Relative populations of the first four ground-state- this more detailed collisional-radiative model are found to be

configuration fine-structure levels as functions of the electron denin better agreement with our experimental data in an

sity n for (a) Fexxi and(b) Fexix. The electron-energy distribution intermediate-density regime, corresponding to a valuéfor

has been taken to be a Maxwellian equilibrium distribution corre-of 10' cm™3. However, this comparison should not be taken

sponding to an electron temperature, centered at 1.6 keV fexiFe as ideal, because our experimental data reflect the excitation

and at 1.4 keV for Faix. spectra due to a highly nonequilibrium electron-energy dis-
tribution.

The capital letters in parentheses are used to indicate the

fluorinelike, oxygenlike, nitrogenlike, carbonlike, and boron- Il LABORATORY SIMULATION

like ions, respectively. OF TRANSIENT-IONIZATION PLASMA CONDITIONS
Figure 1 shows, for the ions Bex and Fexxi, the rela-
tive populations ;/n;) of the individual excited fine- Transient conditions, which are necessary for the observa-

structure levelg of the ground-electronic-state configura- tion of the lower charge states of iron, have been achieved in
tions as functions of electron densityithin the range from the laboratory using the LLNL EBIT-II electron-beam ion
10 to 10" cm™3). These level populations have been de-trap[21,22. In EBIT-II, an electron beam is produced by a
termined from a separate collisional-radiative-model calculaPierce-type electron gun and compressed to a radius36f

tion using the Hebrew University Lawrence Livermore um by a 3 T magnetic field, which is generated by a pair of
Laboratory Atomic CodgHULLAC) [19], with collisional  superconducting Helmholtz coils. The space-charge field of
rate coefficients computed assuming Maxwellian electronihe electron beam confines the ions, and collisions with beam
energy distributions. Since the EBIT-1I experimental resultselectrons produce ionization from the trapped ions and exci-
were obtained using a highly nonequilibrium electron-energytation of the inner-shell-electron x-ray transitions. Individual
distribution, the results in Fig. 1 should be understood ason orbits correspond to motion into and out of the electron
providing only a qualitative representation of the relativebeam and, therefore, to the influence of different regions of
populations pertaining to our electron-beam measurementslectron density. Accordingly, the ions are collectively ex-
These two charge states are the only ones for which electroposed to an average electron density that can be substantially
ion collisionally induced mixing of the ground-electronic- (two to five time$ lower than the characteristic electron den-
configuration fine-structure states is found to be significant asity that is determined by the radius, energy, and current of
electron densities equal to or less thart?idm 3. Figure 1  the electron beam. By tuning the nearly monoenergetic elec-
provides confirmation that the ground-electronic-config-tron beamwhich has an energy sprea€b0 eV full width at
uration fine-structure stat¢hiave relative populations; that  half maximum), it is possible to select a particular excitation
are continuous functions of the electron density. Howevermechanism in a given ion. Because the emitting ions are
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nearly stationary, the observed x-ray lines have negligibl@onization processes, we have selected the electron-beam en-
Doppler shifts. Consequently, the electron-beam ion trap iergy to be outside of the region of the autoionizing
an ideal device for high-precision spectroscopy. Since thigesonances contributing to dielectronic recombination.

device was originally designed as an x-ray source, six radial Due to the significantly different rates for the competing
ports allow viewing of the trapped ions in a plane perpen-£excitation processes, the laboratory observation ofkle
dicular to the electron beam. The measurements presented fiadiative emission from the lower charge states presents an
this paper were carried out using a high-resolution crystagspecially challenging problem. For electron energies rel-
spectrometer in the von s configuration[23,24). In  evant to the production of line emission from ionizing plas-

these experiments, the conditions on EBIT-Il were the fol-mas, the cross sections for collisional excitation &nshell
lowing: beam currentl ., =150 mA, ion density N,  ionization are of the order of a few times 18 cn. How-

~10” cm3, and current density~5300 A cm 2. ever, the cross sections far and M-shell ionization pro-

As noted above, the characteristic excitation energy of théesses, which do not lead #é« line formation, are 5
itions is signifi i x10°2° and (0.44—1.1X10 8 cn?, respectively. As we

Ka transitions is significantly higher than the electron-beam 10~ and ( X m, p y. A
energy required to produce an appreciable population of F®ill discuss in th(_a following section, t_he cross sections for
ions corresponding to the intermediate charge stategollisional excitation and-shell ionization are of the same
Fexvill —Fexxiv. Because we employ a nearly monoener-order of magnitude..This has provided the motivat|0|j for the
getic electron beam with a relatively high energy, these incollection of the majority of the spectral data, especially the
termediate charge states would be expected to have negflata relevant to the lowest charge states belowie at an
gible populations under steady-state excitation conditionsglectron-beam energy above the thresholddehell ioniza-
Accordingly, we have developed a data-routing technique tdion (which is 8.68 keV for iron
simulate a nonequilibrium, transient-ionization process simi-
lar .to that occurring in. supernova remnants. Qur procedure, IV. COMPARISON OF THEORETICAL
whlch has bee_n desprlbed by Decaux and B@ersdblﬂﬂr AND EXPERIMENTAL RESULTS
is as follows: first, singly or doubly charged iron ions pro-
duced by a metal vapor vacuum gideVVA) [25] are in- The experimental spectrum was obtained using a
jected into EBIT-Il at a tima& =0 s, initiating the interaction LiF(200 crystal bent to a radius of curvatui, of 75
with the electron beam. MeVVA injection has the advantagecm, with a spectral resolution/A\~2300. The spectral
that all material enters the trap at the beginning of the iondata were recorded over a period of about 41 h with an
ization process. The iron atoms do not enter the trap after thelectron-beam energy of 12 KeV, which is above the Fe
MeVVA firing. Although iron ions emerge from the trap in a K-shell ionization threshold. The data were -calibrated
continuous manner following an ion confinement on a timewith reference to the strongest of the two &1 lines
scale of several seconds, these ions are not recycled into tiEg 1, 1s22s?2p°® ?P,-1525?2p°® 2S,,,) and the most promi-
plasma as neutrals but instead adhere to the surfaces of thent Fexxi feature €9,1s°2s2p? 3P,-1s2s?2p° °D,).
drift tubes. Then a series of 15 spectra are recorded sequeRer these two reference lines, the adopted wavelengths were
tially during the ionization process. The time scale for the1.926 79 and 1.89450 A, respectively. These wavelengths
production of Fexxv ions, and therefore for the observation were determined from earlier measurements. These two ref-
of transient-ionization spectra, is less than 1 s. For the lowegrence lines were chosen because of their high intensity and
charge states below K&, this time scale is as short as a adequate separation. A reliable calibration of the dispersion
few milliseconds. After the 15 spectra have been recordeds thereby obtained in the relevant wavelength range. The
the ions are removed from the trap. This process is repeategkperimental error is of the order of 0.5 mA. Because of the
many times over a period of several hours. In addition, neuextended period of time that is necessary to accumulate a
tral N, is introduced into the trap using a ballistic gas injec-sufficient intensity of the iron x-ray line emission, counts
tor system. This has a dual purpose: first, the injection ofnduced by cosmic rays and general electronic noise form an
low-Z neutral gas in EBIT-II has been demonstrated to be amlevated background that must be discounted in the compari-
effective method for the attainment of longer trapping timesson of the experimental data with the results predicted by the
for the highZ ions of interest, using a process known astheoretical models.
evaporative coolind26]. Second, a charge-exchange pro- It is desirable to assess the validity of the theoretical pre-
cess, which involves the interaction of iron ions with thedictions, especially for the lowe(less-frequently investi-
neutral N in the trap, corresponds to a recombinationgated charge states from Bevil —Fexxi. Accordingly, we
mechanism that impedes the rate for ionization. This allowsgpresent comparisons of the distinctive theoretical results pre-
additional time to record the x-ray emission from the lowerdicted for dielectronic recombination, collisional excitation,
charge states. However, charge exchange cannot produeed K-shell ionization, together with the experimental data
K-shell line emission in the absence of bare or hydrogenlikebtained from EBIT-II in the wavelength range from 1.885 to
iron ions, i.e., in the absence of iron ions withKashell ~ 1.940 A. The results shown in Fig. 2 exhibit the theoretically
vacancy. Since those charge states are not produced in tpeedicted contributions that would be observed from dielec-
ionizing phase considered in our experiments, we can, thereronic recombinatior(if the electrons had been represented
fore, neglect charge-exchange recombination in the modelingy a Maxwellian energy distributigrfor (a) the low-density
of the Ka emission spectra. In order to provide an unam-regime andb) the intermediate-density regim@ vanishing
biguous simulation of the nonequilibrium, transient- contribution for dielectronic recombination would be pre-

012509-6



MODELING OF HIGH-RESOLUTIONK a EMISSION SPECTRA.. .. PHYSICAL REVIEW A8, 012509 (2003

3+ 4 ; 4 4 -12 ¢ t ¥ t
C12+C13+0 N11 (a) 1.0x10 | co (a) .
| / N15+01
of ©9 N5+{l7 ] 05k c15 y W o F1 F2 i
5 [z AL IR 4
2 N3 0.0 ‘ N
E 1+ \ N14b N15 . i i N . N
3 Cl?/ 1 F2 1.0x107° | (b)
g \ ‘ P C6-8  N24+N3 013
& ol —— T 05LE N6+N7 F1 F2
2> 18 190 191 192 193 194 5 e NB-10 | 04 ’
@ 5 ) = N1
[T S 0.0L4 + , P )
£ C12:C13+0 (b) S > N . N )
"~ E10oxt0™F ) ) ’ ’ .
2of @8 NS+N7 - g roor2 (©
3 Bmcs/ o c9 N5 N7 01 04
+ N3({N11 03 04 2 osl N4 N11 05 / -
’ ' o 0 °c15 /07
"C1 c17 N14 Fl F2 7
\ \ | |/ ool AL, . £a /\
0 ana N A 1.0x1072 l- * * * ¥ @]
t t ¥ ! ? N6+N7 F1F
189 190  1.91 192 193  1.94 6.8 N2aN3 013
Wavelength (A) o5 \ c12-13 NB-11 04 4
FIG. 2. Theoretically predicted spectra for the dielectronic- 0.0 ) M 0*7 /\
recombination contribution to thé&a emission from Fevii — ’ ) ) )
Fexx, in the wavelength range 1.89-1.94 A. The spectral results €9+C10 NT1 (e)
. : ) i 2 400k | o N4-7 04-6 F1 F2 .
are presented for the low-densitg) and intermediate-densitfp) < N14b
regimes, which have been defined in Sec. Il of the text as well as3 200k P c1s g QLS .
previously by Jacobst al. [14]. The spectral-line-intensity coeffi-
cients have been evaluated assuming equal populations of the fot fo] o . ' ' :
charge states providing the dominant contributions. The underlinec 1.89 1.90 v\}égélen th1(-/§)2 1.93 1.94
transitions provide the dominant contributions to particular blended 9
features. FIG. 3. Ka emission spectra from Beiil —Fexxi, in the wave-

. . o __ length range 1.89-1.94 A. The theoretically predicted spectral re-
dicted using the actual monoenergetic distribution pertainingits are given for the contributions from collisional excitation in
to our electron-beam observations, which has been delibery) the low-density andb) intermediate-density regimes and from
ately selected to be outside the region of the autoionizing-shell ionization in the(c) low-density and(d) intermediate-
resonancey.The results exhibited in Fig. 3 include the theo- density regimes. The spectral-line-intensity coefficients have been
retically predicted contributions from collisional excitation been calculated assuming equal populations for the four charge
for (a) the low-density regime andb) the intermediate- states contributing to these spectra. The obsekistell spectra of
density regime; the theoretically predicted contributionsiron in the region 1.885-1.94 Ae) have been measured on the
from K-shell ionization for(c) the low-density regime and EBIT-Il under transient-ionization conditions at a beam energy of
(d) the intermediate-density regime; an@) the LLNL 12 keV. The experimental results are the first five, 7-ms duration,
EBIT-1I observations. We have emphasized that, for the nonspectra recorded after the injection of iron into the trap. The under-
resonant electron energies that we have considered in tHi@ed transitions provide the dominant contributions to particular
present investigation, the dielectronic-recombination mechaklended features.
nism cannot contribute to the production of tRe-emission ) ]
spectra observed on EBIT-II. The results presented in Fig. £/ings, have been tabulated by Beiersdoeeal. [24]. The
provide confirmation of the anticipated conclusion that thetabulated line intensities in Table | correspond to the follow-
dielectronic-recombination mechanism cannot contribute té"d contributions:(a) collisional excitation predicted using
the experimentak a-emission spectrum obtained at the non-0Ur model for the low- and intermediate-density regirties
resonant electron energy. dicated byljgy and|{igmediate respectively, (b) collisional

In order to facilitate the analysis of the experimental data€Xcitation predicted by the calculations of Lemetnal. [20]

we present in Tall | a tabulation of the intensities of tikex  fOr the three density values considered, which are, 110",

. .. .. . . 5 -3 /: . L L L
line emissions produced by collisional excitation atghell ~ and 16° cm™2 (indicated byl 13™", 175™", andI7£™", re-

ionization for the two characteristic electron-density regimesspectively, and (c) K-shell ionization predicted using cross
used in our theoretical model and for three electron-densitgections derived from Lotgl8] and branching ratios taken
values considered by Lemast al.[20]. In Table I, we have from Jacobst al.[14], for the low- and intermediate-density
indicated the line identifications, from the heliumlike reso-regimes(indicated byl o/, and! {3t medgiate F€SPECtiVEly. Note
nance linew to line F2 in Fexviil, as well as the correspond- that, for all intensity ratios shown in Table I, equal popula-
ing experimental wavelengths. The detailed spectroscopition densities have been assumed for all charge states con-
specifications of these lines, including the electronic-sidered. This procedure allows radiative-emission models to

configuration assignments and angular-momentum coude developed simply by multiplication with the charge-
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TABLE I. Theoretically predicted relative line intensities for the spectral features observedktieenission spectrum of iron ionkgx,
andl ¢ mediaedenote the relative intensities for collisional excitation, by an electron beam with an energy of 12 keV, at low and intermediate
electron densities, respectively. These line intensities have been calculated in the present investigationKiaisgeeal model of Jacobs
et al.[14,15. The relative intensities denoted B™®", 115™", andl ™" correspond to the relative collisional-excitation factors defined by
Lemenet al.[20], for electron densities of 1§ 10" and 18° cm 3, respectively, and obtained assuming a Maxwellian electron-energy
distribution. These relative intensities have been calculated foKiaespectral lines in Faxii—Fexix. The intensities for collisional
excitation, in each case, have been normalized relative to that of the strongest linexin-Freexix . 1150 and 1ot meqinedenote the relative
intensities forK-shell ionization at low and intermediate electron densities, respectively, calcdilatéte present workusing ionization

cross sections from Lotz 8] and radiative branching ratios from Jacaisal.[14,15.

exc exc Lemen Lemen Lemen ion ion
Label Nexpt (A) | 155 155 158 I

low intermediate low intermediate
w 1.85040 0.0 48.8
X 1.85532 0.0 81.3
t 1.85708 38.5 47.6 0.0 25.4
y 1.859 53 0.0 48.8
q 1.86101 242.0 299.1 0.0 66.9
r 1.86372 67.0 82.7 0.0 18.8
z 1.868 15 100.0 48.8
E3 (B) 1.87041 288.6 356.7 0.0 61.7
u 1.87383 7.4 9.2 0.0 40.2
v 1.87478 11 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 1.88247 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 1.1 134 0.0 11.0
B9 0.0 13 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 0.1 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 1.2 195 25.0 0.0 19.1
1.893 39
Cc7 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 45.5 145 28.8 11.2
C10 5.5 10.4 5.0 11.4 12.0 0.0 54
Cl1 0.0 13.4 0.0 0.8 9.0 0.0 7.6
o] 0.22 7.5 1.1
1.896 64
C12 0.0 10.6 0.3 10.1 12.7 0.0 17.1
C13 0.0 115 0.5 8.2 10.9 0.0 18.8
Cl4 1.89771 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 0.0 251
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
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TABLE I. (Continued.

exc exc Lemen Lemen Lemen ion
Label Nexpt (A) [ | 155 1S 158 [

| ion

low intermediate low intermediate
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
1.91081
N14 0.1 7.0 0.1 1.8 5.6 0.0 14.5
N14a 1.91163 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
1.91312
N15 2.6 0.8 2.7 2.6 1.2 2.1 1.6
o1 7.1 6.6 111 11.8 8.9 13.0 16.9
02 1.914 89 0.0 3.7 0.0 1.2 4.5 0.0 11.3
03 0.5 23.0 0.6 3.2 20.7 0.0 38.2
04 20.1 12.4 20.6 22.1 16.6 29.6 38.5
05 1.91733 4.4 4.1 6.8 7.3 5.4 16.4 21.3
06 2.8 2.6 4.2 4.5 3.3 51 6.7
o7 7.4 4.6 7.7 8.3 6.2 10.7 13.9
1.920 46
08 1.3 1.2 0.0 0.0 0.0 2.3 3.0
09 1.92127 0.1 5.3 0.1 0.7 4.8 0.0 8.7
010 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 1.93070 7.8 9.8 25.6 50.0

&The theoretical intensity values, at low electron density, for the llmasdp have been calculated using the HULLAT9] by Osterheld
[28].

balance fractions appropriate for different plasma conditionscontributions to the observed emission spectra. These addi-
Table | shows overall good agreement between the results dibnal lines not only can produce substantial enhancements in
our collisional-excitation calculations for low densities andthe background of the measured spectra but also can provide
the theoretical predictions of Lemest al. [20] that are pre-  significant effectiveblended contributions to the intensities
sented foNe= 10" cm™2. We note that good agreement can of the more prominent line24]. These effects substantially
also be found between our intermediate-density results angbmplicate the interpretation of the observed spectral data.
the predictions of Lemeret al. [20] for No=10" cm2. The electron-density sensitivity of th&a radiative-
Since the predictions of Lemeet al.[20] were obtained us-  gmjssjon spectra, which has been discussed in Sec. II, is
ing @ Maxwellian electron-energy distribution, precise agreey imarily the result of collisional transitions among the fine-

ment with the nonequilibrium predictions of our spectral gi,ctyre states of the ground-state electronic configurations.
model cannot be expected. The electron-density dependence of e spectra is illus-
trated in Fig. 4, where we present theoretical predictions by
A. Collisional excitation and electron-density effects Lemenet al.[20] for the Ka emission spectra from Fex —

For collisional excitation, the spectral-model predictionsFexxi. In their calculations, account was taken of only the
presented in Fig. 3, together with the tabulation of the speceollisional-excitation mechanism, assuming a Maxwellian
tral lines in Table |, illustrate the complexity of the radiative- electron-energy distribution. Figure 4 shows e emis-
emission spectra that are produced by the very large numbeion spectra obtained for two electron densitigs)
of individual fine-structure lines occurring within the wave- 10** cm™3, and(b) 10" cm™2. From the comparison of the
length range 1.89-1.94 A. We emphasize that only the mogesults presented in Fig. 4 with our experimental spectral
intense emission lines are listed in Table |. The combinatiordata, which are presented in FigeB we find that the low-
of many additional emission lines, even with individual in- density (18* cm™3) spectra predicted by Lemest al. [20]
tensities that are relatively small, can provide substantiatesemble more closely the experimental data than their
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ated by collisional excitation. Consequently, we find similari-
ties between the collisional-excitation emission spectra
shown in Figs. 8) and 3b) and theK-shell ionization-
produced emission spectra shown in Fige) &nd 3d).
Because of these similarities, we have not been able to
identify any unambiguou&-shell ionization indicators for
the charge states K&l —Fexxi. However, the quantitative
results presented in Table | can be used to determine the
K a-emission intensity ratios produced by resolved spectral
features. By means of this procedure, the relative contribu-
tions of the various competing line-formation processes can
be assessed. We have adopted a tentative charge-state-
distribution model, in which all charge states have been as-
sumed to have equal populations. A more detailed descrip-
tion, in which the charge-state distribution is more precisely
determined from the individual ionization and recombination
rates, is expected to be required for the accurate analysis of
the emission-line intensity ratios produced by a combination

FIG. 4. Theoretically predicted spectra for collisional-excitation Of collisional excitation andK-shell ionization processes,
contributions adapted from Lemat al. [20], including the contri- ~ which originate from different charge states. We also note
butions from Fexix —Fexxi obtained for the two different electron that, since the final state of an ion aftérshell ionization
densities(a) 10! cm™2 and (b) 10*3 cm™3, and assuming a Max- corresponds to a ground or excited state in the next higher
wellian electron-energy distribution.

charge statgiin which a single % electron has been re-
moved, inner-shell ionization is particularly sensitive to the

intermediate-density (8 cm™3) results. Similarly, the the- ground-state distribution and therefore to the electron den-
oretical predictions of our low-density-regime spectralsity. This can be seen from a comparison of the low-and
model, which are shown Fig(8, resemble the experimental intermediate-density theoretical-simulation results presented
data more closely than the results obtained from ouin Table I, which shows significant differences between the
intermediate-density-regime model. Because of the assumpwo cases.

tion of a Maxwellian electron-energy distribution, the theo- The spectral line<C9, N7, N11, O4, F1, andF2 have
retical predictions of Lemeet al. [20] cannot be precisely relatively largeK-shell ionization contributions. Accordingly,
compared with our EBIT-II experimental results, which arethese lines can be used as indicators ofkkeghell ionization
due to a highly nonequilibrium electron-energy distribution. process. In addition, the observation of the twoc#e spec-

In astrophysical environments for which plasma-densitytral featuresF1 andF2 could be a sufficient indication of
effects could play an important role, such as stellar flaresthe presence ok-shell ionization. This is a consequence of
prominent spectral features have been observed which can lieeir significantly largeK-shell ionization rate coefficients
used as diagnostics of the electron density in the wavelengthnd their relatively small collisional-excitation contributions
range from 1.84 to 1.94 A. The electron-density variation is(see Table ). Furthermore, th&-shell ionization contribu-
found to be most pronounced for the li@® in Fexxi. The  tions of these two Fevill spectral features are further inten-
intensity of this spectral line decreases dramatically as theified as a result of the enhanced relative population of the
electron density increases. In thex emission spectrum ob- closed-shell neonlike charge statexva .
served on EBIT-II, the spectral lin€9 is blended with the

lines C8 and C10, which are substantially enhanced with
increasing electron density. However, the overall intensity of
this spectral complex is diminished by a factor of 2 during
the increase of the electron density from*i@ 10" cm
Consequently, this spectral complex, which is centered at
wavelength of 1.894 50 A, appears to present the best can
date for an electron-density diagnostic in the wavelengt

range from 1.84 to 1.94 A.

B. K-shell ionization

C. Dielectronic recombination

The dielectronic-recombination satellite lines inx&a! ,

_3 and especially the satellite featuresndj in Fexxiv, had

ielectronic-recombination process. However, these two
hcharge states may not be sufficiently abundant under extreme
nonequilibrium ionization conditions, which can occur in
young supernova remnants. Accordingly, we have directed
our attention to the less-frequently investigated dielectronic-
recombination satellite lines in &1l —Fexxi. From a com-

Ogeen considered to be the most useful diagnostics of the

In comparison with the spectra emitted from the mostparison of the theoretically predicted dielectronic-
highly ionized Fe ions, which occur in the shorter- recombination spectra, shown in Fig. 2, with the
wavelength range 1.85-1.89 A, much more complex spectreorresponding contributions from collisional excitation, indi-
are emitted from the charge states fromxwel through cated in Figs. @) and 3b), or from K-shell ionization, dis-
Fexxi. For these ions, all significant spectral features thaplayed in Figs. &) and 3d), significant differences are iden-
can be attributed to inner-shell ionization can also be genettified in the radiative-emission spectra, especially in the case
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of Fexxl. In contrast with the spectra arising from %l have been identified. The identifications have been facilitated
and Fexxiv (and as a consequence of the parity selectiorby utilizing the spectral predictions of atomic-physics mod-
rules governing the transitions in these two ipnall  els that have been developed for the description of the more
dielectronic-recombination satellite lines in Bl —Fexxi ~ complex atomic processes involving the intermediate charge
also acquire a collisional-excitation compondand often  states from Favii—Fexxi. We have demonstrated that
also aK-shell ionization contribution Nevertheless, we these spectral predictions are in good agreement with the
have been able to identify useful indicators of dielectronic€XPerimental observations. While several useful diagnostic
recombination in the Fexi complex. Here the blend consist- liNés have been identified in the emission spectra from
ing of the individual linesC12 andC13, with a wavelength F&XXIl -Féxxv, a more complex problem has been encoun-
centered at 1.89664 A, provides the dominant contributiorf€€d for the other charge states belowxke. Nevertheless,

to the dielectronic-recombination emission. We note that thig'S have been able to employ our spectral model to produce

K a-emission feature cannot be excited by the other two Iine_rellable simulations of our experimental observations. We

formation mechanisms. Unlike the predictions for coIIisonaIbe“eve that this detailed spectroscopic model can provide

excitation andk-shell ionization, the use of a Maxwellian substantial diagnostic capability, particularly for the determi-

electron-energy distribution has been necessary in order L?)atlon of the basic physical properties of laboratory and as-

obtain the nonvanishing predictions for dielectronic recom—ggﬁg%i'gzl plasmas under extreme nonequilibrium ionization
b|n_at|on presgnted in Fig. 2. From a comparison of the th_eo- In a future extension of this investigation, we plan to de-
retically predicted dielectronic-recombination spectra with - L
. at velop a more sophisticated spectral description for the theo-
our experimental results, it is found that the blended . o - o
C12/C13 structure is absent from our EBIT-II data. This pro- ret_|cal prediction qf _theKa ra<_j|at_|ve emission. In the calcu-
X lation of the collisional-excitation cross sections for the

vides a further confirmation that the dielectronic- . " :
N . . . -fundamental inner-shell-electron transitions, it would cer-
recombination mechanism cannot contribute in our experi;

ment, as expected from our selection of the electron-bea tainly be desirable to employ a more sophisticated calcula-

energy sufficiently distant from any autoionizin resonanceqllon’ which could be based on either the distorted-wave or
9y y y 9 close-coupling methods. However, we have emphasized that
the incorporation of these more elaborate calculations for

V. CONCLUSION collisional-excitation processes alone would not necessarily

We have presented a detailed and systematic spectrﬁro}/iqe a consistent improve_m.ent in.the overall spectra}I_ de-
model for the theoretical prediction of thex x-ray emission ~ Scription. The fundamental difficulty is that, for nonequilib-
from highly charged iron ions, in the wavelength range fromium ionization conditions, a more important contribution
1.84 to 1.94 A. Account has been taken of the fundaments§an arise from the collisional-ionization processes, for which
radiative-emission processes associated with inner-shell eleBI0Ss-section calculations of comparable sophistication are
tron collisional excitation, inner-shell electron collisional NOt available for complex, many-electron atomic systems.
ionization, as well as dielectronic recombination. ParticularEVen the most recent advances in theoretical methods for the
emphasis has been directed at the identification of spectr&lectron-impact ionization of simple, few-electron atomic
features that can serve as diagnostics of extreme nonequiliysStems have not overcome the well-known problem of
rium or transient-ionization conditions, which can be en-three-body breakup in quantum mechanics, as discussed by
countered in stellar flares and supernova remnants, as well £§ottet al. [27]. Nevertheless, we plan to substantially ex-
tokamak plasmas. In order to provide a quantitative investifend the present spectral model by means of the incorpora-
gation of the dominant fundamentéle line-formation pro-  tion of an explicit density-dependeftollisional-radiative
cesses under these extreme nonequilibrium, transienf@lculation of the excited-level populationsutilizing
ionization conditions, we have employed our spectral modeflistorted-wave collision cross sectionthe inclusion of ad-
to make theoretical predictions for thea x-ray emission ditional con_trlbutlons from h|gher—l_y|ng autoionizing states
spectra observed from Fe ions in the EBIT-Il. We have con<corresponding to outer-electron principal quantum numbers
sidered all spectral features that can serve as diagnostics Bf* 2, and a treatment of the polarized radiative emission that
the electron density, the line-formation mechanism, and thé& Produced by the directed-electron excitation processes in
charge-state distribution. We have found that the observet® EBIT-Il experiments.
spectroscopic features are well represented by the results of
our theoretical predictions, providing an extension of earlier
work on transient ionizatiofi20].

In order to substantiate our theoretical predictions, we This work has been supported by NASA Space Astro-
have presented high-resolution measurements oKiaga-  physics Research and Analysis grants to LLNL and Colum-
diative emission produced by highly charged Fe ions, fronmbia University, and performed under the auspices of the U.S.
Fexvil to Fexxv, under well-controlled and well-diagnosed Department of Energy by the University of California
laboratory conditions in a low-density environment. TheseLawrence Livermore National Laboratory, under Contract
measurements have been made using a transient-ionizatidio. W-7405-ENG-48. The work of V.L.J. has been supported
technique that simulates extreme nonequilibrium conditionshby the U.S. Department of Energy, through Interagency
which are believed to exist in astrophysical plasmas. Spectralgreement No. DE-AI02-93-ER-54198 with the Naval Re-
signatures of the fundamental line-formation mechanismsearch Laboratory, and by the Office of Naval Research.
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