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Order-of-magnitude anomalously high intensities for two-electdialectronig¢ satellite transitions, origi-
nating from the He-like 8 S, and Li-like 1s2s? 2S,;, autoionizing states of silicon, have been observed in
dense laser-produced plasmas at different laboratories. Spatially resolved, high-resolution spectra and plasma
images show that these effects are correlated with an intense emission of the Hs3likéP-1s? 'S lines,
as well as theé<,, lines. A time-dependent, collisional-radiative model, allowing for non-Maxwellian electron-
energy distributions, has been developed for the determination of the relevant nonequilibrium level populations
of the silicon ions, and a detailed analysis of the experimental data has been carried out. Taking into account
electron density and temperature variations, plasma optical-depth effects, and hot-electron distributions, the
spectral simulations are found to be not in agreement with the observations. We propose that highly stripped
target ions(e.g., bare nuclei or H-like 4 ground-state ionsare transported into the dense, cold plasma
(predominantly consisting of- and M-shell iong near the target surface and undergo single- and double-
electron charge-transfer processes. The spectral simulations indicate that, in dense and optically thick plasmas,
these charge-transfer processes may lead to an enhancement of the intensities of the two-electron transitions by
up to a factor of 10 relative to those of the other emission lines, in agreement with the spectral observations.
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[. INTRODUCTION density coronal-model approximation, the intensity ratio of
the dielectronic-satellite transition following radiationless
Following the publication of the first monograph on electron capture—and the corresponding resonance-line
plasma spectroscophl], spectroscopic methods have pro- transition—is predicted to be a function of the electron tem-
vided essential information about basic plasma parametel%e:jature and mf(f'jep:endent gf the eIe'ctrontdert[§|lyI|Z)en5|tr31/. h
and relevant physical processes. The accessible parame opacity effects can become important only in high-

range covers orders of magnitude in temperature (esde- ensity plasma environments.
9 9 P In laser-produced plasmas, satellite features near the

cially) depsity, becaL_Jse practically all elements of par.ticular1_.|_|ike Ly, lines have been observed which could not be
selected isoelectronic sequences can be used for diagnosifierpreted in terms of temperature variations alone. Conse-
investigations. These elements may occur as intrinsic impUquently, these satellite features have been characterized as
rities or may be intentionally injected in small amounts. De-exhibiting anomalous satellite intensities. It has been pre-
tailed reviews of spectroscopic methods have been publisheticted[6,7] that collisionally induced transitions among the
subsequently2—4]. autoionizing states can lead to significant modifications of
In addition to the traditionally used resonance lines, di-the autoionizing-level populations in dense plasmas, result-
electronic satellite spectra, which arise from radiative transiind in corresponding density-dependent deviations from the

tions from autoionizing states, have been successfully exgoronal-model values of the satellite intensities. At low den-
ploited for diagnostic investigations[5]. With the sities, the satellite intensities had been shown to be propor-

S . . . tional to the satellite-intensit§) factor introduced by Gabriel
development of high-intensity lasers and the associated i 5] and defined as follows:

vestigation of laser-produced plasmas, dielectronic-satellit

transitions have become of increasing importance for the gl A
fundamental understanding of atomic radiation processes in Qij= : @
plasmas. The primary application of dielectronic-satellite ; Ajk+§|: L

spectra has been as a temperature diagnostic. In the low-
Here g; is the statistical weight of the autoionizing level
I'; 4 is the autoionizing rate for the transition from the level
*Electronic mail: rosmej@yahoo.de j to the ground level of the residual ion, and\;; is the
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radiative-emission rate for the satellite transitipri. The 1600 7

summations ovek and| are to be taken over all permissible 1400 1

channels for radiative decay and autoionization, respectively. £ 4500 ]

Detailed calculations, for the relevant atomic structure to- = ]

gether with the collisional- and radiative-transition param- =

eters, have been employed in investigations of electron- & 8007

density effects for the Li-like satellite transitions2£2¢’ & 600 1

—1s%?2¢+hv [7], which occur near the Hels2p P, £ 400 -

—1s? 1S,+hv line, and for the $2¢3¢' —1s?2¢ +hv sat- 200 1

ellite transitions[8], which occur near the Hels3p 'P; o Yoo -
—1s? 1Sy+hv line. The Li-like 1s2¢3¢’ satellite features 0.56 0.60 0.64 0.68 072
offer the advantage that their intensities are particularly sen- Wavelength [nm]

sitive to electron-density variations near the critical density B o

for typical laser experiment®.g.,A=1 um, Al target[9]). FIG. 1. Silicon-emission spectrum observed close to the target

The development of high-resolution, high-quality optical syrface at the TRIQENT Iaserfacilitx. The Li-likep-satellite e.mis-
instruments, e.g., spherically bent mica crysfal8], has led sions and th_e He-hk@?—sgtelllt_e emissions are upusually_ intense
to the demonstration that the satellite transitions can play §°MPared with the emissions in tid- and J-satellite transitions,
significant role in the emission of line radiation in high- respectively.
intensity laser-produced plasmas. For plasmas near the target
surface, the analysis of satellite transitions has been demopm, an intensity of % 10** W/cn? was focused onto planar
strated to be an indispensable method for the interpretatiofargets. These targets where illuminated at 30° to the normal
of line-emission spectra. Under certain conditions, the satelfrom both sides. These experimefts] were performed us-
lite intensities may exceed the intensity of the correspondingng a frequency-doubled laser wavelength }of 0.53um
(opacity-broadengdesonance linegl1,12. and 20um thin silicon targets. The spectra were dispersed

The present investigation has been devoted to the analysigith a KAP crystal and viewed along an axis tangential to
of dielectronic satellite lines arising from particular two- the target surface. Detection was achieved with a 90-ps-
electron transitions. Specifically, we have considered the Hegated, four-strip microchannel plate, which was tested for
like satellite lines O=2s? 'Sy—1s2p 'P;+hv and P linearity with respect to the intensity. A slit for each stripline
=252 15,—1s2p 3P, + hv (which occur near they,, line) provided spatial resolution of a few micrometers normal to
and the Li-like satellite line®=1s2s? 2S;;,—15?2p ?P3;,  the target surface. The spectral data were then recorded with
+hv and p=1s2s? ?S,,,—~1s?2p ?Py,+hv (which occur  a charge-coupled-devicCCD) camera. An electron tem-
near the Hg line). These particular satellite lines, which are perature as high akT,=800+200 eV was deduced from
located on the far-red side of the majority of thé2Z’ and  Thomson-scattering measurements, extending to a distance
1s2¢2¢’ satellite lines, had been neglected in previous in-of a few hundred micrometers from the target surface with
terpretations of soft x-ray spectra. However, in recent experiabout 110 ps time resolution. This electron temperature is
ments[13] performed at the LANL TRIDENT laser facility, consistent with the values used in our present spectral mod-
these satellite features were observed with unusually higkling. Figure 1, which is traced close to the target surface,
intensities. shows an experimental silicon spectrum covering the wave-

We have performed an extensive investigation of theséength region from the Hgline to theK,, line. Relatively
satellite features at the nhelix laser facility at GSI-Darmstadtintense emissions were observed to be produced by the He-
This investigation has included the application of high-like (O, P) and Li-like (o, p) dielectronic-satellite transitions,
resolution x-ray spectromicroscopy and the utilization oforiginating from the upper autoionizing states?2and
various calculations for the relevant atomic structure, radiais2s?, respectively. Intensk,, and He lines were also ob-
tive transition rates, and collision cross sections. Finally, weserved. We emphasize that these observations were found to
have introduced a new collisional-radiative model for thepe uniquely associated with emissions that were produced
spectral analysis of the satellite transitions, in which accountery close to the target surfag3].
is taken of the populations of the autoionizing states due to The nhelix laser is a Nd-glass/YAG laser, with
charge-transfer processes between ions of various charge1.064um, an energy of 20 J, and a pulse width of 15 ns
stages in penetrating plasmas. We show that this addition@hearly a Gaussian shapaVith a focal spot size of about
population mechanism can account for the recent spectr@d00 um, an intensity of about £ W/cn? is produced nor-
observations. mal to massive(and thin-foil Mg-slab targets. The novel
spectroscopic diagnostics simultaneously employs several
spherically bent mica crystals, providing spectral and spatial
resolution in different orientation@arallel and perpendicu-
lar to the target surfage The spectral resolving power

The TRIDENT facility at the Los Alamos National Labo- achieved is\/ S\ ~4000, and the spatial resolution is 2.
ratory features a Nd-glass laser, which is operated with aSpectra were recorded with Kodak DEF-5 film and analyzed
energy of 170 J in each of two beams and a pulse width of With a 10 000—dpi drum scanner. The time-integrated spectra
ns (nearly a Gaussian shapé&Vith a focal spot size of 500 have been corrected for filter transmissiphd], film re-

II. EXPERIMENTAL ARRANGEMENTS, X-RAY SPECTRA,
AND PLASMA IMAGES
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IIl. ATOMIC DATA AND SPECTRUM SIMULATIONS

From the results obtained from experiments with com-
pletely different laser wavelengths, pulse widths, intensities,

target illumination geometries, and targetmassive versus foilsit
surface has become apparent that the observed intensity enhance-

ments of the two-electron dielectronic satellite transitions are
not the result of a particular set of experimental conditions.
The unexpectedly large enhancements in the relative line in-
tensities of these transitions could lead to new opportunities

Expanding N 3 N A N ) i A
Plasma for their application in plasma diagnostics. While the promi-
L — nent He-like Z2¢'-satellite feature(J) and the Li-like
T 1 . . .
(@) 0.9231 0.9580 1s2¢2¢'-satellite lines(qr, a—d, andjkl) have been exten-
Wavelength [nm] sively employed for plasma diagnostics, the normally weak
, v two-electron satellite transitions have not been regularly
@ G_d’” used. In order to investigate the origin of the new experimen-
e q target R 260 um tal results, we have developed a detailed, time-dependent
ig g ad collisional-radiative model, including radiation-transport
5. ke al K (opacity effects, for the relevant dielectronic satellite spec-
g 2 2
é op é e tra.
° o T Spectral simulations have been carried out using the
oo omm osm oee  oses 007 | 08 | 0o | 0850 0550 MARIA code[17]. In this code, the atomic-level population
, Viksslema ] , BT densities are determined from a system of rate equations:
i
g a-d 390 um N
g, r 130um 5" dni abs, pstim iz sti
Z : E g E:; ni{Wij+Aij+Pij +Pij +Pij+Rij
§e ;. N
8 g o a-d
=3 H ik abs, pstim iz sti
‘ aph y ar i Olp _nij| {ij+A]k+ ij +P]k +P]k+Rka}
0920 0930 0940 0.950 0.960 0.920 0930 0940 0950 0.960
(b) Wavelenth [nm] Wavelenth [nm] (2)

FIG. 2. (a) Spatially resolved image of the Mg-emission spec- 1 glements of the collisional-radiative transition maix
trum obtained at the nhelix laser facility. Close to the target, theare given by

Li-like op-satellite emissions are unusually inten@d®.Experimen-

tal Mg-emission spgctra o_bta_line_d from the i_magessa)xfCIos_,e to W, :Cij +R+1+ T +Fij +Dyj, 3)

the target, the relative emission in tbp-satellite transitions is un-

usually intense, decreasing gradually with increasing target disynereC denotes the collisional-excitation/deexcitation rate,

Fance. Far from tht_a target, th(_e intensity of_thesatelllte transitions is the collisional-ionization rateT is the three-body recom-

is very small and is close to its low-densifyoronal-model value. bination rateR is the (spontaneoysadiative-recombination
rate, I' is the autoionization rateD is the radiationless

sponsg 15], and crystal reflectivityf 16]. Figure 2a) shows  electron-capture ratd\ is the spontaneous radiative-emission

the spectrally resolved plasma image. An intense emissiorate, P'? is the photoionization rateRs"™ is the stimulated

from the Li-like op satellite lines can be clearly seen near theradiative-emission rate??**is the radiative-absorption rate,

target surface, whereas far from the target this emission ignd R*"™ denotes the stimulated radiative-recombination

essentially absent. Figure(} shows some of the corre- rate. The matrix elementsate coefficients or cross sections

sponding spectral traces for varying target distances. Close f@r the inverse processes are obtained by application of the

the target, the emission from tlog satellite lines is found to  principle of detailed balanc@r microreversibility. If a par-

be extremely intense compared with jkesatellite emission. ticular transition cannot occur, because of energy or symme-

The op-satellite intensity decreaséelatively to that of the try considerations, the corresponding rate is set equal to zero.

jk satellite with increasing target distance, which was alsoln an alternative but equivalent collisional-radiative model

the case in the TRIDENT experiments for silicon. The inten-including autoionizing level§18], an explicit separation was

sity of the op satellite transitions was found to have the ex-introduced for processes occurring between adjacent stages

pected insignificant values only far from the target, in agreeof ionization, e.g., ionization, autoionization, electron cap-

ment with the predictions of the theoretical models availabldure, and recombination.

in the literaturg2,5,7]. On the basis of these new experimen-  In order to treat the effects of radiation transport, it is

tal observations, we suggest that a regime of cold, denseonvenient to combine the radiative terdisP? and Ps'™

plasma near the target surface is the origin of the order-ofaccording to the relationship

magnitude enhancement in the intensity of the two-electron . b

dielectronic-satellite transitionsp and OP. —njA; =PI N PP= — A A (4)
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Tlhe rate equationls can then be expressed in the following n, n/ nf nf
alternative equivalent form: - -
q N 8RyaZ 1307 @ Qf &
dn & " 14 277,28 (2 Re Re )
i iz psti 2 “4RT
— 1 NnAW: +A: A+ PZyRSiM _ 2 TR,
dt ;l |{ ij ijLVij ij ij m} j ! (10)
N
X 2 W+ AjAj+ P+ RY (5) 1( 3 \18
k=1 Ry=—|-—| . (12)
ao 47Tni

In our calculations, the parametdr;; is approximated by

means of an escape fac{d9], including the spatial depen-
dence[n;=n;() ], via the first-order approximation to the
Bibermann-Holstein solution:

Here Ry=13.6 eV, « is the fine-structure constang,
=0.529<10 8 cm, Z is the average ionic charge of the
plasmaZy is the radiator chargd;; is the ion temperature in
eV, andn; is the ion density in cm®. If the radiator is hy-
drogenic, Aw=Aw,; otherwise,Aw=min(Aw;,Aw,). Ef-

Ayl :ﬁ f”dwf Z_Qf dV (P ey (w.7) fective charges and principal quantum numbers of the upper
1V Jo Q4T Jy and lower statesQ,,,Q, andn,,n,, respectively, are deter-
mined from the hydrogenic form of the ionization energies
X ext] —7,,j(7,9)]. ©® E-
In Eq. (6), the photon direction is specified Ky and the Q2Ry
optical thicknessris defined as the integral of the absorption Ei= e (12

coefficient « (which depends on the intensities and line
shapes from the pointr inside the plasma volume to the
point § on the plasma surface: For autoionizing levelsk; is taken as the energy required to
remove all excited electrons. In this case, H-like transition
matrix elements are found to be in good agreement with the
results of Hartree-Fock calculations. We note that the effects
of Stark broadening on escape factors have been considered
in various limits[22].
Line overlapping(also known as “interlocking:” se¢20]) Within the approximations of our collisional-radiative
and asymmetric repumping in differentially moving plasmasmodel, the influence of radiation transport is described by
(corresponding to shear floware incorporated by taking into means of an iterative solution of the nonlinear rate equations,
account the sum of the individual line-absorption coefficientsncluding the entire matrix\W-+ AA + P'?+ RS'™) within the
Kij - subspace of the ground states, singly excited states, and au-
toionizing states that have been represented. Accordingly,
radiation-transport effects are simultaneously taken into ac-

s
Tw,ij(Fvg):fF K i (F)d[F" =] (7)

K<w)=§ Kij(w). (8)

In the determination of the locdfrequency-normalized

count in the determination of the population densities of all
included singly excited and doubly excited states as well as
in the determination of the charge-state distributions, incor-
porating the shifts of the ionic populations due to photoab-

spectral-line-shape functiong;;, we have taken into ac- sorption processes. However, the equation of radiation trans-
count the Voigt profile, allowing for the Doppler broadening Port, which describing the dynamics of the radiation-field
(which is specified by the ion temperatu@nd the Lorentz ~ intensity, is treated approximately by means of the escape
contribution. The Lorentz contribution is determined by all factor method, as indicated in the above discussion. The in-
elementary collision and radiation processes that result in thelusion of radiation transport is of particular importance for
depopulation of the upper and lower levels, e.g., radiativéhe autoionizing levels, because high autoionizing rates play
decay, autoionization, and electron collisional processed fole similar to that of rapid collisional-depopulation rates.

Stark broadening effects, i.e., quasistatic ion-ion collisions, The spectral distributioh(w) of the line emission is then
are included via an effective widthw (as used, e.g., in Ccalculated from the full set of level-population densities, the

[21)): Voigt-profile escape factors, and the normalized, optically
thick line-profile functions®;; (which are to be distin-
s 4 4 guished from the local spectral-line-profile functions that
ny N Ny N have been designated ag):
ST A A2 A2
8RyaZ Qu Q u I
A(l)]_: 2 + 3 y (9)
3 2Ry RZ RZ
1+ EZZRTiRZ |(a)):% I,J(w)=; ﬁwiininjCDij(w), (13)
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TABLE I. Atomic levels for autoionizing configurationst2¢’ Z-expansion(MZ) procedure, including higher-order relativ-
and 1s212|" which are included, along with other levelground istic and QED effect§25—27. All electric-dipole transitions
states and excited states; see)tekta detailed collisional-radiative wjth AS= 0, AL==*1 and AS=1, AL==+1 have been
model. Note that theOP-satellite transitions originate from the tgken into account. For a few important cases, we have
2s* 'S, level, the opsatellite transitions originate from the giso included magnetic-dipole, electric-quadrupole, and
1s2s? 2S,;, level, the J-satellite transition originates from the magnetic-quadrupole transitions, as well as two-photon de-
2p2 D, level, and thej-satellite transition originates from the cay processes. These higher-multipole or higher-order radia-
152p”[ 'DJ*Dsy, level. These satellite transitions, together with y o transitions are of particular importance for the radiative
other transitions, are included self-consistently in a time-dependenémission originating from the@and 1s2¢ levels of H- and

colisional-radiative model allowing for opacity effects. He-like ions, respectively. The incorporation of these radia-

Hedike 252 1Sy, 2s2p P, 252p Py, 2s2p 3Py, 252p °P,, tlvg transitions also permlts the correct description of spectra
2p?1s,, 2p2 1D, 2p? °P,, emitted from low-density plasmas.
23 23 Since nonvanishing values of the radiative-decay rates for
2p© °Pq, 2p© °P, . " . .
the op and OP satellite transitions arise only from the inclu-
Li-ike 1s2s? 2S;;,, 15(252p 3P) 2Py, 1s(252p 3P) 2Py, sion of configuration interaction, an accurate calculation of
1s(2s2p °P) *Pyjp, 15(252p the configuration-mixing coefficients is essential for the cor-
%P) *Pgp, 1s(2s2p 31P) 42P552/z’ 1s(2s2p 'P) 2Py, rect determination of the radiative-transition amplitudes.
L 15(252&'3) 2P , 1S(2I02 - Table Ia) shows the configuration-mixing coefficients ob-
D) “D3p, 15(2p° D) “Dsjp, 18(2p° °S) “Sypp, tained from different methods, which are found to be in very

1s(2p? °P) 2Py, 1s(2p? °P)
2F’3/2: 1s(2p? *P) Py, 1s(2p? °P) “Pap,
1s(2p? 3P) *Py,

good agreement. Table(h) shows the atomic datawave-
lengths A, radiative-transition probabilitie#\, autoionizing
ratesI’, and satellite-intensity factor®) for some He-like
and Li-like dielectronic-satellite transitions that are of par-
Leg ticular interest in the present investigation, i.e., tg jkl,
B Jof'nOO[1—exp(—7,)]dx and OP, J transitions. The agreement among the results of
- fgf'(—)effn(x)[l_exq_ 7,)]dx do’ (19 these different calculations is found to be good. In particular,
the satellite-intensity factors agree within 20%, even for
The normalization procedure employed above allows foMveak transitions. Variations of the atomic data obtained from
some plasma inhomogeneities. different calculations can therefore be discarded as a source
In order to describe properly the level-population kineticsOf major errors in the spectral modeling.
of various Charge Statesy as well as transitions from S|ng|y Electron QO||ISIOna|-8XCItatI0n cross sections have been
excited and doubly excited states, it is necessary to adopt @lculated with the Coulomb-Born exchange method. The
rather extensive representation of the atomic-level structuradial part has been calculated with thiom code[27] and
in the relevant ionization stages. We have taken into accourthe angular part has been calculated, in the intermediate-

all ground states of Si—Si XV, the H-like levelsn¢ with ~ coupling scheme, with thewixiNg code [28]. Electron-
n=1-7 and ¢=0-6, the He-like levels dn¢ with n  collisional ionization, photoionization, and dielectronic-

=1-7 and¢=0-6, and the Li-like levels €£n¢ with n recombination cross sections have been calculated in the
—2-7 and¢=0-6. We have employed effective dielec- Coulomb-Born ex_change approximation, also using th_e
tronic and radiative recombination rates for all charge stateTOM code. Extensive comparisons with reference data avail-
For the investigation of the anomalously high relative inten-2Ple in the literaturgiincluding photoionization cross sec-
sities of the line emission from the He- and Li-like tions and dielectronic-recombination rateshow that, for
dielectronic-satellite transitions, it is essential to incorporatd!ighly charged ions, the results of our calculations are in
a detailed representation of thé2¢’- and 1s2¢2¢'-level goqd agreemen'g. The presently calculated data are the_refore
structures. Accordingly, we have explicitly taken into ac- be_lleved to provide sufflc_lent accuracy f_or the spectra simu-
count all individualLSJ fine-structure levels in the atomic- 'ations and the plasma diagnostics of highly charged ions.
kinetics model(see Table ) We note that allLSJsplit

2¢2¢' and 1s2¢2¢’' levels from which, e.g., thep, j, OP, IV. INTENSITIES OF THE op AND OP SATELLITE

andJ satellites originate, have been taken into account in the TRANSITIONS

approximate treatment of the radiation-transport equation
and in the detailed collisional-radiative model for atomic-
level populations.

The ionization potentials of the ground states of the Si A change in the electron temperature can strongly influ-
ions have been taken from Kel[{23], while the ionization ence the intensity ratios between the dielectronic satellites
energies of the excited states have been obtained from trend resonance line, because the captured-electron energy as-
wavelengths of particular transitions. The wavelengths, transociated with the autoionizing level is substantially different
sition probabilities, and autoionizing rates have been calcufrom the excitation energy of the corresponding resonance
lated using either the relativistic Hartree-Fock-Roothaarline. Under the usual plasma conditions, with electron tem-
(HFR) method, including intermediate coupling and configu-peratures within the range where a given ionization stage of
ration interactiorf24] or the second-order multiconfiguration the atomic systems has appreciable abundance in the plasma,

Dii(w)

A. Temperature and density variations in optically thin and
optically thick plasmas
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TABLE II. (a) Configuration mixing coefficients for thes2s? 2S*? state obtained from the present MZ
and HFR calculations; see tex,,=14. (b) Atomic data for the He-like silicon satellite transitio®
=252 15, 1s2p P+ hv, P=2s% 15,—1s2p 3P, +hv, andJ=2p? D,—1s2p P, +hv, and the Li-
p=152s? 2S,,,—~15%2p 2Pyt hv, j
=152p? 2Dg;—1522p 2Pyt hy, k=152p? 2D4,—1522p 2Pyt hy, and 1=1s2p? 2P+ hy. Very
good overall agreement is obtained between different calculations. The values for the He-like ion are obtained
from the MZ calculations, while the values for the Li-like ion are obtained using the HFR method.

like satellite

transitions 0= 1s2s? 2S,,,—1522p ?P4,,+hv,

@

LS state B25[1S] %Sy, 1s2p?[*P] 2Py, 1s2p?[3P] *Pyj 1s2p?[3P] 2Py
HFR 0.94785 -0.31763 —0.01902 —-0.01812
MZ 0.94882 —-0.31470 —0.01903 —-0.01877
Ref.[7] 0.9479 -0.3211
(b)
Transition N (107 m) A (108 sh I (108 s™h Q(10%s™Y
J 6.2651/6.2631 4.55/4.43 36.8/32.9 20.2/19.5
P 6.3058/6.3049 0.0233/0.0227 34.2/32.8 0.0227/0.0220
o) 6.3421/6.3422 0.914/1.03 34.2/32.8 0.890/1.00
k 6.7388/6.7393 1.82/1.86 18.3/13.2 6.61/6.50
I 6.7425/6.7430 0.0576/0.0587 18.3/13.2 0.209/0.205
j 6.7432/6.7426 1.80/1.84 18.6/13.4 9.84/9.70
p 6.9027/6.9029 0.0578/0.0718 15.4/11.3 0.114/0.141
) 6.9066/6.9068 0.104/0.130 15.4/11.3 0.206/0.255

the doubly excited autoionizing states within a particular The redistribution of populations among the autoionizing
complex(e.g., the 52¢2¢' state$ have energy differences levels due to collisional processes is expected to be a most
that are much smaller than the electron temperature. Accordffective mechanism for modifying the spectral distribution
ingly, it is expected that the relative populations of the dou-of satellite transitions from upper states with significantly
bly excited autoionizing levels will exhibit negligible varia- different autoionizing rated’, but with relatively high
tions with changes inT,. The electron-temperature radiative-decay rates. In this collisional redistribution pro-
insensitivity of the relative populations of these autoionizingcess, population is transferred from an autoionizing level
levels, which are predominantly formed by radiationlesswith highT" to levels with lowI", from which rapid decay can
electron capture, should be contrasted with the much moreccur by spontaneous radiative emission. This gives rise to a
pronounced electron-temperature dependence that is eRronounced electron-density variation in the spectral distri-
pected in the case of the inner-shell excited autoionizindoution of the satellite transitions. Figurgb3 shows the
states. We note that the inner-shell excitation ancelectron-density dependence of various line-intensity ratios.
radiationless-capture processes proceed from different initidPractically no density dependence is seen for@#J and
charge states. However, these temperature variations do nop/jkl satellite-intensity ratios, because in these transitions
play a significant role in the present investigation of the He-the upper states have very large autoionizing rates.

like OP, Jand Li-like op, jkl satellite transitions, because in Under optically thick excitation conditions, the intensity
all cases the autoionizing rat¢see Table Ib)] are very ratios of satellites and resonance lines are not simple func-
large, resulting in practically constant intensity ratios astions of the electron temperature alone, because the depletion
functions of the electron temperature. The rapid decreasef the population corresponding to the upper level of the
[Fig. 3@] of the Heg/Ly, intensity ratio with increasing optically thick resonance line produces a modification of the
electron temperature is caused by the larger population dbw-density line-intensity ratio. This is also the case if the
higher-charge states. The pée, line-intensity ratio, how- effective rate for the reemission of the absorbed photon is
ever, does not vary appreciable with electron temperaturgeduced by the effects of a very high plasma density and/or a
because these lines originate from the same charge state afigh number of photon scatterings. The influence of radiation
are produced by similar excitation mechanisms. With in-transport, e.g., on a Doppler-broadened spectral line, can be
creasing electron densitiFig. 3(b)], the Heg/Ly, line- assessed from an estimation of the line-center optical thick-
intensity ratio decreases because electron collisional ionizaesst, using the standard relationship

tion redistributes the ionic populations towards higher-charge N
states. It can be seen that the gflde, line-intensity ratio ro~1.6x 10,36AﬁgAji /rnil-eff(l_ L) (15
gi TI g]nl
with X in [1071°m], Ain [s7Y], n; in [em ™3], Leg in [um],

varies only between the values of 0.1 and 0.2. This is in
disagreement with the experimental spectiiiig. 1), which
shows a much larger value for this line-intensity ratio.
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FIG. 3. Intensity ratios for siliconZ,=14) between the He
and Ly, lines I(Heg)/I(Ly,), the He and He lines
I(Heg)/1(He,), and the dielectronic-satellite liné6OP)/1(J) and
I(op)/1(jkl), for optically thin plasmaga) for electron tempera-
tureskT, in the range 200-5000 eV and an electron densijty
=4x 10 cm 2 and (b) for an electron temperatuteT,=500 eV
and electron densities, in the range 15-10*cm 3. The
I1(OP)/1(J) and I(op)/I(jkl) satellite-line intensity ratios are
nearly independent of the temperature and density variations.

M in [amu], andkT; in [eV]. E.g., forkT,=500 eV andn,
=4x10?* cm~2 (which is the critical density in the TRI-
DENT experiments andL =500 um (the laser spot size
we obtain for the He-like resonance linex+£6.6485
X10 1m, A=3.76x10"%s !, g;=3, g;=1, ni(1s?)~1
X107 cm™3, kT;=kT,, andM=28): 1,=~6x10%. Under
such conditions, the Heline (\=5.6808<10 *°m andA
=1.05x10"% s 1) and even the intercombination liné (A

PHYSICAL REVIEW E6, 056402 (2002

=6.6844<10 1°m and A=1.58<10'! s ') are also opti-
cally thick. Table 1ll shows the line-center optical-thickness
values obtained including ion Doppler, electron-collisional,
and Stark broadening, as well as line overlapping. The con-
tinuum optical depths in the free-free and free-bound transi-
tions are negligible for our parameters.

The photon-absorption process plays an important role in
the dielectronic-satellite transitions. Even for relatively small
line-center optical-thickness values, photon absorption can
have a significant influence on the line intensities of the
dielectronic-satellite transitions, because the autoionizing
rate plays a role similar to that of a collisional-depopulation
rate[29]. E.g., for the Li-likej satellite, the probability of
reemission, following a single photon-absorption event, is
given by

A

P= AT Caepopt T’ (16

Even for Cyepop<A, p is much less than Isee the atomic
data in Table Il. We find thatp=0.12, whereas for a reso-
nance line the corresponding reemission probability is close
to 1. Table Il shows the line-center optical depths far
kT.=300 eV and(b) kT,=500 eV. The optical depths for
the Li-like satellite transitions are found to be increased
[comparing case&) and(b)] by about a factor of 10 due to
the higher populations of the Li-like levelsote that the
1s22¢ levels in Li-like ions are the absorbing lower states
for the Li-like n=2 satellites, both for dielectronic and
inner-shell excited satellite transitiondt can be seen, from
Table I, that the dielectronic-satellite linep and OP have
negligible opacity under almost all excitation conditions,
whereas the resonance lines and evenldtand | satellite
lines are substantially influenced by photon-absorption pro-
cesses. This in turn leads to a relative increase in the inten-
sity of the lines with low opacity compared with the intensity
of the lines with high opacity.

Figure 4 shows the electron-temperatlifég. 4(a)] and
electron-density[Fig. 4(b)] variations of selected line-
intensity ratios for an optically thick plasma. For low tem-
peratures, thep/jkl intensity ratio rises with decreasing
electron temperature in optically thick plasmas. This can be
understood from the increase in the population of the Li-like
charge state, which results in an increase in the optical thick-
ness of thgkl satellite lines, as indicated in Table Ill. The
optical thickness of thep satellite lines also rises, but the
absolute value of the optical thickness is still negligible.
With an even further decrease in the electron temperature,

TABLE Ill. Calculated line-center optical-thickness values including Doppler broadening, electron collisional ands&ttickion
broadening, and line overlapping for a dense silicon plagmé&T,=300 eV, n,=4x 10  cm 3, kT,=kT;, L#=500um (thelLy, line
contains two components, corresponding to the doublet fine-structure contripwtiah®) kT,=500 eV.

He, Y Heg Ly, J (0] j q o]
(@ To 1200 6.3 120 22/44 0.2 0.020 1.6 2.8 0.049
(b) To 440 2.3 45 110/220 0.49 0.035 0.31 0.54 0.0032
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FIG. 5. Simulated TRIDENT silicon line-emission spectra, in-
cluding Stark broadening and line overlapping, from 0.56 to 0.70
nm, kT,=600 eV, n,=6x10?* cm 3, for an optically thin plasma

FIG. 4. Intensity ratios for siliconZ,=14) between the He (@ and an optically thick plasma¢=500m) (b). The photon
and Ly, lines I(Heg)/I(Ly,), the He and He lines a}bsqrptlon of_llnes yvnh Ie_lrge oscillator stre_ngths re;ults in a rela-
I(He,)/I (He,), and the dielectronic-satellite liné§O P)/I(J) and tive increase in the intensity of th@P andop dielectronic satellites
I(op)/I(jkl), for optically thick plasmasa) for electron tempera- N the line-emission spectrum.

tures kT, in the range 200—5000 eV, an electron density-4 > 3 . S
%101 cm™2, andL .=500 m and(b) for an electron temperature % 10?2 cm™ 3. Note that for Heg the radiative-recombination-

_ L 4. -3 induced intensity is small30].
z:gl__sofs%’ ?TlfCtron densities, in the range 1§10 om™, Figure 5 shows the spectral simulations obtained for sili-
ef K con in the spectral range from 0.56 to 0.70 nm for an opti-
cally thin [Fig. 5@)] and optically thick[Fig. 5b)] plasma.

the abundance of the Li-like ions again decreases. HoweveFor optically thick plasmas, extended wings develop for the
this parameter regime is not of interest for the present inves:y, and He, lines. This is a result of a large opacifgee
tigation. Table Ill) and the effects of Stark broadenifgee also the

In Figs. 3b) and 4b), the electron-density variations of extended wings in the observed spectrum in Fig.ld the
the selected line-intensity ratios are shown for optically thinoptically thick case, an increase can be seen in the relative
and optically thick plasmas, respectively. In optically thick importance of theOP and op satellite transitions:  with in-
plasmas, the decrease of thefley,, intensity ratio is even creasing density, the satellite-intensity ratios rise from the
more pronounced due to the collisional ionization from thecoronal-model values of 0.047 and 0.0&&g. 3) to about
photopumped 42¢ levels [see the density regiom, 0.15 and 0.068Fig. 4(b)], respectively. However, these in-
=10""-10"* cm 3 of Fig. 4b)]. For even higher densities, creased values are much too small to account for the new
the increasing opacity of tHey, line produces a correspond- €xperimental resultgFigs. 1 and 2 which show order-of-
ing increase in the intensity ratio. A high opacity in thand ~ magnitude higher intensity ratios than predicted by the re-
j satellite lines is the caugeee Table II) for the rise of both ~ sults in Fig. 3.
the OP/J andop/jkl intensity ratios[see Fig. 4b), n.~3
X 1072 cm™~3].. A higher opacity in the Hg line, relative to
Hes, can lead to intensity ratios much larger than about We have carried out time-dependent spectral simulations
0.1-0.2[see Fig. 4b)] at aboutn,=10?°cm 2 andn,=3  for the radiative emissions in thep and OP dielectronic-

log, ,(Electron Density [cm )

B. Transient-line formation
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satellite transitions, assuming various values for the basitf k=1, the integral in Eq(22) can be reduced to an integra-
plasma parameters. The results of these simulations shotion over the usualground-statg ionization cross section
that transient effects alone cannot account for the unexpect-' (E) (physically, this is equivalent to the application of the
edly high satellite-line intensities, neither in any of the timeprinciple of detailed balangeFork#1, the integrals must be
intervals nor in the time-integrated spectra obtained by superformed numerically over the double-differential ioniza-
perimposing all transient snap shots. This conclusion can bgon cross sectiomh(E,Ek). This involves a substantial
understood from the observation that the inner-shell excitacomputational effort.
tion mechanism, which is expected to provide a more sub- Since the presence of hot electrons preferentially results
stantial contribution in an ionizing plasma, plays a negligiblein enhanced inner-shell excitation and inner-shell ionization
role under the conditions of our experiments. rates, we have augmented our collisional-radiative model to
include additional inner-shell collision processes. Specifi-
C. Influence of hot electrons cally, we have taken into account the inner-shell ionization

The effects of hot electrons on the line-formation proces@rocesses
are investigated by taking into account the additiofmaln- (i) 1s?2¢+e —1s2€+2e",
therma) electron-ion collisional processes in the kinetics de-
scription (i.e., in the collisional-radiative transition matrix (i) 1s?2s2p+e” —1s%2p+2e”,
W). For a demonstration of the principal effects of hot elec-
trons on the line-emission spectra, we find it convenient to (iii) 1s%2¢2¢'+e —1s2¢2¢' +2e".

define a hot-electron fraction according to
The first inner-shell ionization process gives rise to increased

i Nhot 17) spectral intensities for th&V (1s2p P;—1s? 1Sy) and Y
"o N coiat Mhot (1s2p 3P;—1s? !Sp) emission lines, while the third process
directly populates the upper states of the Li-like dielectronic-
The collision rate coefficients are modeled by satellite transitions from the configurations2€2¢’. The

inner-shell excitation process is often an important mecha-
(Voy=(1—fpo){Vo, Teod + Trof Vo, Thop,  (18)  nism for the collisional excitation of the autoionizing levels:

_ o ) Accordingly, we have taken into account the additional
where the notatiofVe,T) indicates the averagéntegra-  jnner-shell excitation processes

tion) of the collision rateV o over the electron-energy distri-
bution function(which at present is assumed to be a Max- (i) 1s?2€+e —1s2¢2¢'+e",
wellian corresponding to the temperature param&jer

(i) 1s2¢+e”—2€2¢' +e".

(Vo,T)= JE o(E)V(E)F(E)dE, (19 Figure 6 shows the intensity ratios as functions of the hot-
0 electron fraction forn,=10?? cm 3, kT,,=300eV, and
kT,o—= 10 keV. With increasing hot-electron fraction, the

where
Hes /Ly, intensity ratio decrease@s indicated by a com-
_ parison of Figs. 3 and)4dbecause an increase in the hot-
2 exp(—E/KT) : o : o
F(E)=—= EWQ_' (20) e!ectron fraction redlstrlbutgs the populgtlon QenS|t!es toward
N higher charge states. Tlg/j andOP/J intensity ratios are

] not significantly affected by hot electrons, as indicated in
This model has been referred to as a two-temperature afrig. 6(a). This observation demonstrates that, in the range of
proach. For the thr_ee—body recomb_lr_\atlon process, t_he COIMglasma parameters of interest, the inner-shell collisional pro-
sponding expression for the collision rate coefficients iscesses do not significantly enhance the population densities
much more complicated due to the occurrence of twoyfthe upper doubly excited states2s? 2S,,, and &2 1S, in
electron-energy distribution functions in the expression forcomparison with those of the other autoionizing doubly ex-

the double collisional-ionization rate coefficient: cited states €2¢2¢ and 22¢’. In optically thick plasmas
Fig. 6(b)], the op/j satellite-intensity ratio decreases with
try — 2 t 2 t [ 9
(Vo) = (1= o) (V1V1a™) + fhof VaVoo™) increasing hot-electron fraction, because higher hot-electron
+2 Frof 1= Frod (V1 Voo, (21) fractions reduce the lower-state population densities in the

j-satellite transition. Under these conditions, no significant

where increases in thep/j andO P/J intensity ratios are observed.

V. CHARGE TRANSFER

7T2h3 g [~
(Vo) = - _If

oe. [ oe,
e JjJo 0

A. Charge transfer as a population mechanism for the
autoionizing states

E
x—a!j(E,Ek)F(Ek)F(E,). (22 Experiments were performed using thin foils and massive
VEKE targets at the GSI nhelix-laser facility. These experiments
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(a) foil target
10 - O'Ft:ii?\a"y dzlr;ssemcaold hot plasma
(=}
é 1 k Plasma *( laser beam
Jets
= Heg/ He,
5
£ 013 OP/J
op/j
0.01 T r T
0.0001 0.001 0.01 0.1
Hot Electron Fraction
FIG. 7. Schematic illustration of the model adopted for electron
charge transfer initiated by the interpenetration of the hot and cold
(b) Heg/ Ly, Ontical plasma volumegdriven by jet$. Double-electron charge-transfer
ﬁ:f:i v processegnuc, 1Is indicate the acceptor ion§if the donor ion
17 may lead to a direct population of the autoionizing staté22
° He,/ He, I J— and 1s2¢2¢’, from which, e.g., the dielectronic-satellite transitions
2 \ OP, op, J, andj originate.
1’4
%‘ charge-transfer processes is illustrated in Fig. 7 for one side
S ] of the target in the TRIDENT experiments. In this nonequi-
g 0.1 OPN ___ librium environment, highly ionized silicon plasma jét®n-
N sisting of K-shell ions: nuclei, H-like, and He-like; which
will be designated a§iﬁ in the following discussionun-
r y . dergo charge-transfer processes witkshell silicon ions
0.0001 0.001 0.01 0.1 (e.g., B-, C-, and N-like ions, which will be designated as
_ Sif) near the target surface.
Hot Electron Fraction It is informative to consider the states that are preferen-

FIG. 6. Line intensity ratios for non-Maxwellian plasmas, indi- fially populated as a result of collisions between highly

cating the dependence on the hot-electron fracfigp for an op- ~ charged ionge.g., fully stripped silicon colliding with Li-
t|ca||y thin p|asma(a) and an Optica”y thick p|asm&)’ with Ne like S|I|C0n, Z= 14, 1=0.5 keV) These states can be charac-

=102 cm 3, KTyyup=300 eV, kTyo= 10 keV, andzZ, = 14. terized by an effective principal quantum number[31],
which is defined as follows:

featured the simultaneous observation of emission spectra R 20Z+1

and pinhole images from the front and back sides of the Ny~ /_yZ\ |22 o5, (23

target. The results of this simultaneous observation indicate | Z+ 2\/—

that plasma jets are ejected not only in the backward direc-

tion but also in the forward direction. Since this phenomenorvhereZ is the charge of the |OnS|K andl is the ionization

was also observed in the TRIDENT experiments with single-potential(in eV) of the ions,Si{ . This estimate for the ef-

sided illumination of 20um thin foils, we are lead to an fective principal quantum number is found to be in good

interpretation involving the mixing of different types of plas- agreement with the results of calculations using the code

mas. Specifically, we suggest that plasma jets containingescribed by Tolstikhina and Shevelk8?]. Figure 8 shows

highly charged ions are mixing with plasmas containingthe energy-dependent charge-transfer cross sections for the

weakly ionized ions. Plasma jets are usually associated witmost important quantum numbens=1-8. This figure

the existence of hot electrons. Evidence for hot electrons caghows the dominance of the charge-transfer processes in-

be seen in theK, emission spectra obtained from the volving transitions into then=2 and 3 quantum states over

TRIDENT experiment, which is shown in Fig. 1, and also in the entire energy range. This result implies that excited states

the spectra from the nhelix experiments with massive Al tarwith relatively low quantum numbers are populated prefer-

gets. The self-generated magnetic fields are most probabBntially by this charge-transfer process.

responsible for the production of an electron return current We note that the ionization potentials of the?2s22p"

that impinges upon the target, as in an x-ray tube. states are rather similarfe.g., E;(B-like)=0.4keV,
During this interpenetration of the two different types of E;(C-like)=0.35 keV, and E;(N-like)=0.3 keV]. Conse-

plasmas discussed above, electron charge-transfer processgently, it is necessary to consider not only the single-

can take place from relatively low-charged ions to highlyelectron charge-transfer process, but also the double-electron

charged ions in the plasma jet. The geometry for theseharge-transfer process. It can be anticipated that double-
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si'* + si'*(2p) - S (n) + Si'** results differ at most by a factor of about 2. At its peak, the
energy-dependent cross section is seen to be very large,
total =4x10" cn?. In addition, very large cross sections (
Classical Overbarrier =10 '8 cm?) are encountered over a broad energy interval
Model m 90 keV<E<1.4 MeV. (Note that the energy scale in Fig. 8
is given in keV per nucleoh. Such energies are usually
encountered in plasma jets produced by high-intensity lasers.
We have also estimated the double-electron charge-transfer
cross sections. For relatively low-charged silicon donor ions
with ground-state ionization potentials of ;(C-like)
=351 eV, I,(B-like)=401eV, and |;(Be-like)=476 eV
colliding with completely ionized silicon acceptor ionag,
=14, we obtain for the total cross sections;=1.1
. : X 10 Y cn? and 0,=9.2x 10 18 cn?. An estimate of the
10 100 1000 accuracy of the above cross-section values can be made,
E [keV/u] evaluatingo, and o, by means of the scaling relations de-
duced from the numerous experimental data that have been
FIG. 8. Single-electron charge-transfer cross sections for ion-iojyhtgined from positive rare-gas ions penetrating into neutral
collisions from Li-like silicon to fully stripped silicon for different | 5re and molecular gasd84]: o,=2.7x10" 18 o2 and
energies(keV per nucleoh and principal quantum numbens 0,=5.3x 10719 cn?. The cross sections obtained by means
Charge transfer occurs preferentially into tive 2 andn=3 states. of these two different approximations are found to differ by
Also indicate_d is the cross-section value predicted using the CIaSS'élbout a factor of 4/20; deviations of this order are not ex-
cal over-barrier modefsee text. pected to be significant for the present investigation. The
electron charge exchange could play an important role, ch_harge—t;cransfﬁr Crr?sﬁj SSC“O”S In |or;]—|on coIhsygns gre very
cause this process directly populates the autoionizing level rge above threshold, because we have considered reaction
partners for which the ionization energy of the acceptor-ion

2€2¢" and 1s2¢2¢" through capture from ground ions: partner is much larger than that of the donor ion. In this case,

10-16 }

— 10-17 i

£
o

Sl

o 10-18 |

10-19

nuct SiF—2€2¢' +Si¥ 2, classically allowed over-barrier transitions can occur. These
transitions are distinctly different from reactions, such as
. 5 + 5+ 6+ i
1s+Sit—1s262¢' +Sit~2. He?* +C°* —He+C®*, where transitions can take place

under the barrier with correspondingly small cross sections

These charge-transfer processes therefore represent an ad@®]. Finally, calculationd36] show that, for energies above
tional population mechanism for the upper autoionizing@ few times the cross-section maximum, the ion-ion cross
states in the He- and Li-like dielectronic-satellite transitions.sections essentially coincide with those for the corresponding
To the best of our knowledge, these processes have not be#m-atom collision.
previously considered as a population mechanism for au- We therefore suggest that the cross sections for single-
toionizing states in dense plasmas. electron and double-electron charge-exchange encounters be-

Unfortunately, the required double-electron chargetween ions may be quite large and close to the corresponding
exchange cross sections are not available in the literaturéon-atom cross sections. Due to the unavailability of numeri-
Accordingly, we have estimated the single-electron and:al results for the specific required ion-ion cross sections, it
double-electron cross sections using the classical over-barriéeems reasonable to express the desired ion-ion cross sec-

model[33]: tions in the form of the following product:
o ~mai(R2—R3), o,~wma3(R5—R3), (29
o ¥(ion-ion) = o (atom-ionk,, . (26)
with
R ~2Ry2\/z+1 R ~2Ry2 vZ-1+1 Here o(ion-ion) is the required, but not available, ion-ion
! 7 2 P ' charge-transfer cross sectiariatom-ion is the cross section
for the corresponding atom-ion collision calculated with the
2yZ-2+1 over-barrier modelEgs. (24) and (25)], andk,, is a correc-
Ry~2Ry——7——, (25)

tion factor. Due to the Coulomb repulsiok, can be much
less than unity for small relative velocitiésee above For
wherel; andl, are the ionization potentials ireV] of the large relative velocities, the ion-ion charge-exchange cross
donor atomic systems. It is desirable to obtain an indicatiorsection is found to exhibit the same behavior as the corre-
of the expected accuracy of the cross sections obtained frosponding ion-atom cross-section akgis then of the order
this classical model. Figure 8 includes a comparison of thef unity. For very high energies, the ion-ion charge-exchange
results obtained using this model, with the results of detaileaross section is found to decrease. We therefore lrgas an
numerical calculations. At the cross-section maximum, theadjustable parameter.

2
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B. ¢ distribution of autoionizing-level population produced tum numbers are likely to be zero. This inhibits the domina-
by charge transfer tion by highL states, which have the largest statistical
|){veights. The probability distributiow/ (which should not be

Unfortunately, no calculations or experiments have bee confused with the transition matrix introduced eajlisrthen
carried out for the required charge-exchange cross sections

associated with the specific, S and J quantum numbers given by
specifying the individual autoionizing states. In order to in-  W(nl,,n,l,)=g(S)[£(n4l1) &Nyl (l4,15,L)17,

vestigate the sensitivity of th@ P/J andop/jkl satellite-line (27)
intensity ratios to the distribution of autoionizing-level popu-
lations over the angular momentum quantum nunthewe gnh=clp 1A%, (28)
have selected three different models: the projection of the
parabolic quantum numbémodel 1), the successive weak- M(Il,IZ,L)zc'Olc'fo", (29
field limit (model 2, and the statistical distributiomodel
3. j1i2is Ma+ii—is. 27 =1 ji 2 ]3)
1. Model 1 Cmy mm, =~ 1 2latd mp m; mg '(30)

In order to investigate the mechanisms responsible for the
establishment of the autoionizing-leves distributions, we ~ FOrn1#ny,
consider first the single-electron capture process. In the low- 2511
energy range, the collision velocity is assumed to be small g(S)= ] (31
compared with the orbital-electron velocity. The dynamics of 4

the electron-capture process can then be described by adopt-

ing a quasistatic picture of the electron dynamics under th&!owever, forn; =
influence of the fields created by two Coulomb centers, due

to the ion-core potentials. Electron transfer is usually associ- g(l 1,|2):<
ated with adiabatic tunneling of the electron from the target

ion to the projectile ion. Due to the strong Coulomb interac- , TN ,
tion of the electron with both ion-core centers, the initially W& 0btain W(2p® "Dy) =5=0.167. This value should be
populated? states undergo appreciable Stark mixing. Consecompared withV(2s® “Sp) =3 =0.25. Similar relations per-
quently, the single-electron states can be adequately reprEin f(;rz the ) L';"ke autoionizing  configurations
sented by parabolic wave functions. These parah@itark ~ W(152p° D5/9:€2X25:0-01833’ which should be com-
states are strongly asymmetric, in contrast with the initialPared withW(1s2s® “S,p) = 3=0.25.
sphericallunperturbegl¢ states. The electron wave functions
are elongated towards the neighbor center. This behavior is
manifest by the nonzero electric-dipole matrix elements Characteristic interpenetration velocities that are due to
characteristic of the parabolic single-electron states. Theonventional hydrodynamic expansion are expected to be of
electron undergoing the tunneling transition is most likely tothe of the order of 18-10" cm/s(in the case of plasma jets,
occupy a similarly elongated state on the projectile ionthese velocities may be one to two orders of magnitude
Mathematically, this property can be described in terms ohighep. These interpenetration velocities are below one
conservation of the nodes of the quasiradial wave functioratomic-velocity unit. In the single-electron charge-exchange
and also in terms of the well-known von Neumann—Wignerprocess, the distributiokV,, over € is given in the weak-
theorem restricting the occurrence of quasimolecular crosgield limit by [37—39

ings (and pseudocrossingsin our description, we assume

that the electron-capture process leads to the preferential W 21+1 {(n—-1)1}?
population of the final single-electron states with parabolic " n+1+1)! (n—1-1)1°
numbersn;=0, n,=n—1 [33]. Then, for single-electron

capture processes, tiiedistribution is given by the Clebsch- For the respective states of interest, we thereby obi&in
Gordan coefficients of the transformation from parabolic to=1/2 andW,,= 1/2. Assuming that the two-electron transfer
spherical single-electron states. Returning to two-electroprocess can be described as a succession of two independent
exchange, we assume that the two-electron state for the cagingle-electron transfers occurring to the states described by
tured electrons can be represented as the product of two pargpherical quantum numbeif&q. (33)], the corresponding
bolic single-electron staté®;,n;—1,0) and|n,,n,—1,0). two-electron distribution can be represented as a product of
The final result is obtained by the direct evaluation of thethe two individual single-electron distributiofv,,, . We then
projection (€,,¢,,LS/n;,n;—1,0;n,,n,—1,0). These ma- obtain the following results: thes? and 1s2s’ states are

trix elements are easily expressed in the form of the sum opopulated with a probability of 0.25, thes2p and 1s2s2p

the relevant Clebsch-Gordan coefficients gr §mbols. It  states are populated with a probability of 0.5, and tip& 2
should be noted that, independent of the applicability of thisand 1s2p? states are populated with a probability 0.25. This
picture, there will be some restrictions on thé& level- leads to a preferential population of the’2and 1s2s? states,
population distribution, because the resulting magnetic quarbecause only one fine-structure state can be formed from

n,, only S=0 is permitted and we have

2 if |1¢|2,) -

1 if 1,=1,

2. Model 2

(33
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each of these electronic configurations: namely, thespecify the quantum states in the acceptor$daf, andf, is
2s? 15y and 1s2s? Sy, states, respectively. For processesthe effective donor-ion fraction given by
leading to population of the other electronic configurations

2€¢2¢' and 1s2¢2¢’, this population is distributed among ngonor
several finalLSJlevels. In particular, the probability factor fy=

for the 2p? D, autoionizing levelwhich is the upper level Ne

in the J satellite transition is W(2p? 'D,)=31x= ) ) ) ) -
—0.0833. This value should be compared witlf2s? 1Sy) Hergni is the density of the dono.r |onsfS| The transition

— 1% 1=0.25. Similar relations are obtained for the Li-like Matrix W may now be expressed in the form

autoionizing levels: W(1s2p? ?Dsj,) =2 X &=0.05. This

relation should be compared with(1s2s? 2S,,,)=1x 1 Wi =Cjj+Rjj+ i+ Tj; + [jj + Djj + X - (36)
=0.25. Double-electron charge transfer can therefore lead to

a preferential population of thes2 'S, and 1s2s? °S,,  Charge-transfer processes are thereby included in the de-
states in dense plasmas. This result is based on the assuntgiled collisional-radiative model, together with all other col-
tion that the double-electron charge-transfer process can Bisional and radiative processes described above. We note

(35

adequately described by the above approximationNigy . that the incorporation of the double-electron charge-transfer
cross section requires special attention. The usual kinetic
3. Model 3 processes, e.g., ionization, three-body recombination, radia-

In view of these uncertainties in the theoretical models,tive recombination, photo-ionization, dielectronic capture,

we are lead to consider the limiting case of statistical leveP"d autoionization, connect neighboring charge states. How-
populations: W(2p? 'D,)=£=0.179. This value should ever, the double-electron charge-transfer process connects

be compared WithW(2s? 1S,) = =0.0357. Similar rela- ions with chargesZ and (Z—2). Consequently, simple
tions are obtained for the Li-like autoionizing levels: block-diagonal methods for the matrix inversion can be ex-

W(1s2p? D)) = &=0.107, which should be compared pected to be inadequate. Accordingly, we have employed a

with W(1s2s? 2S,,,) = & =0.0357. full ma_trix—inversion s_cheme with iteration, without any
block-diagonal approximations.
Figure 9 shows the numerical results of our calculations,
using thef-distribution model 2 for optically thifiFig. 9(a)]
and optically thic Fig. 9b)] plasma conditions correspond-
Charge-transfer processes can be self-consistently takemng to kT,=700 eV anch,= 10?2 cm 3. Due to the unavail-
into account in the description of the atomic-level populationability of theoretical and experimental results for the re-
kinetics. Specifically, the shift of the ionic-level populations quired charge-transfer cross sections, we have tentatively
can be determined self-consistently with the increase in thassumed thak,=1 in Eq. (26). With increasing charge-
upper-level populations due to selected charge-exchange prexchange fractions, the HeLy, intensity ratio rises. This
cesses. The following processes have been included selfan be attributed to the shift of the ionic-level populations
consistently in a detailed collisional-radiative model: toward lower charge states, whose populations are deter-
Single-electron capture mined self-consistently with the excited-state populations. As
an illustration, forf,=10"° andn=10? cm 2 (i.e., n%""
=10" cm™3), the number of donor ions in a sphere with a
diameter of 50Qum (corresponding to the focal spot sjae
10°. This number of donor ions can be easily realized in
plasma jets. In optically thin plasmas, tkeP/J and op/|
intensity ratios rise by a factor of about[this should be
compared with, e.g., the intensity ratios shown in Fig) 9
for f,=10 ! and f,=10"°]. A very interesting behavior
can be seen in the results obtained for optically thick plasmas
[Figs. 9b) and 4b)]: for f,=10° the intensity ratios
74 "nroQiZ—2 show a rise by an amount up to about 0.2-0.3, which is
1s+Si—Isninl"+Si about 10 times that obtained without the inclusion of charge-
transfer processdas indicated by the arrow in Fig.(9].
This distinct difference between the results obtained for op-
The rate coefficient can be evaluated using the relationship tically thin and optically thick plasmas can be understood
from the fact that the intensities of teandjk-satellite lines
Xi; = fcxneVO'ixj Ky, (34) are significantly influenced by photon-absorption processes.
Due to the high autoionizing rates of the upper levels in these
wheren, is the electron density/ the relative velocity of the satellite transitions, any additional population of these states
ions undergoing charge exchangs is the corresponding is therefore not directly reflected in the emission spectrum. A
charge-exchange cross section multiplied by thecontrasting behavior can be seen for @E-and op-satellite
€-distribution probability factoW discussed aboveé,andj lines. In almost all parameter regimes, these satellite lines are

C. Incorporation of charge-transfer processes in a detailed
collisional-radiative model

nuc+ Sit—nl+Sit 1,

1s+Sit—1snl+Sit 1,
1%+ Sit—1s?nl+Sit 1.
Double-electron capture

nuc+ Si—nlin’l’ + S~ 2,

1%+ Sit—18?nIn’l’ + SiF 2,
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FIG. 10. Satellite-line intensity ratiosl(OP)/1(J) and
(b) I(op)/I(jkl), calculated using different modeisee text for the
Optically determination of the populations of th&2¢’ and 1s2€2¢’ states,
Thick and adopting various models for tifestate distributiongsee text-
): parabolic projection(model 1, successive weak-field limit
(model 2, statistical population(model 3, V=10° cm/s, n,
=102 cm™3, kT,=700 eV, and_4=500um.

ion fractions of the order of 1. These low fractions en-
able the reduction factdk, to account for the influence of
oplj Coulomb repulsion at lower energies, as well as for only
fractional contributions from some ions to the recorded spec-
0.01 i i i ' tra. This aIIow; the additional level-population mechanism to
- 10 9 -8 T ot that the results in Fi 9 have b lculated f
. . e note that the results in Fig. 9 have been calculated for
Iog10(Effect|ve Charge Exchange Fraction) a silicon plasma witlk T,= 700 eV, which is consistent with
the measuremenfsee earlier details and the light gray
plasma volume in Fig.)7 A sufficient density of donor ions

Factor of 10

Intensity ratio
o

FIG. 9. Line-intensity ratios in charge-transfer-coupled plasmas

as functions of the cold donor-ion fractigrelative to the electron "7~ . )
density. The interpenetration velocity/=10 cm/s, the electron (indicated by the dark gray area in Fig. i, however, at-

density n,=10?2cm3, and the electron temperatur&T, tained only for much lower temperatures. The res_ults in_Fig.
=700 eV. Single-electron and double-electron charge-transfer pro? Nave therefore been obtained in a somewnhat inconsistent
cesses proceed from cold silicon plasmas containing ions in th@'anner: —the hot-electron temperatuwhich determines
electronic configurations s£2s22p®, 1s?2s22p2, and 1s?2s22p!  the density of receptor ions; by means of the collisional-
(@) for an optically thin plasma andb) for an optically thick radiative modelhas been kept fixed with a fixed value of the
plasma,L 4=500 um. donor-ion densityn®™"". In reality, the hot plasméndicated
by the light gray area in Fig.)7can interpenetrate with the

optically thin, and any additional population mechanism will colder dense plasma. This situation, however, is entirely tran-
result directly in increased line intensities in the emissionsient: hot plasma can mix with cold plasma undergoing
spectrum. charge-transfer processes and recombination cooling. The ef-

We note that the behavior described above is fully consisfective charge-transfer fractidiy can therefore also be inter-
tent with the TRIDENT observations, for which the anoma-preted in such a manner that only a fraction of potential
lous intensities of theDP and op satellite transitions occur receptor ions undergo the charge-transfer process with the
only near the target surface. For specific physical conditionsgolder dense plasmaee the arrows in Fig.)7The particular
we encounter a high optical thickness and a sufficienalues obtained for théP/J and op/j intensity ratios,
amount of Sf ions from the cold plasma near the target. Ourwhich are presented in Fig. 9, are nevertheless representative
numerical results show that, e.g., for temperaturek®f  due to the following reason: The stationary assumption of a
=100 eV, n,=1072cm 3, and Lx=500um, the relative fixed high temperature increases primarily the inner-shell ex-
fraction of the Be-, B-, C-, and N-like ions is about citation rates, because the charge-transfer rates tend to shift
102-10 3. The absolute values of the fractiépin Fig. 9  the ionic-level populations toward lower charge states. How-
have no direct meaning, because we havekseequal to ever, since the electron temperature is not lowered, inner-
unity (due to the unavailability of more accurate estimatesshell excitation rates are overestimated. Increased inner-shell
for the cross sectionsas discussed above. The rise of theexcitation rates, however, do not appreciably affect the val-
op/j andOP/J intensity ratios, however, occurs for donor- ues predicted for th€© P/J and op/j intensity ratios. This
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07k tion of the various line-intensity ratios. For an effective
' charge-exchange fraction of about £Q high op/j and
OP/J intensity ratios are found together with high Hele,
0.6 and He /Ly, ratios, in agreement with the observations.
73
% 0.5 VI. CONCLUSIONS
% Unusually enhanced emission, by an order of magnitude,
£ 0.4 of two-electron(dielectronic-satellite transitions of He-like

and Li-like ions in laser-produced plasmas has been investi-
gated, both experimentally and theoretically. By means of a
detailed collisional-radiative model for non-Maxwellian and
partially optically thick plasmas, it has been shown that the
02 L i 1 1 L I L ) ) A . X
0 0 observed discrepancies cannot be explained by taking into
1 _20 30 40 50 60 70 account only the usual collisional-radiative-model line-
Distance from Target [um] formation processes. These results are significant because
FIG. 11. Experi | line-i ) HHe)/I(H dielectronic-satellite spectra are extensively used for diag-
function of thxﬁe”m‘fn;f"‘t |ne-|n_tertl§|tyTrsltI|;(E'\?$) (He,) astaF nostics in numerous laser-plasma experiments. Large dis-
unction of fhe farget distance in the expernment. alrcrepancies would be detrimental for almost all interpreta-
from the target, the ratio has its usual value, whereas close to the . .
. tions. In the present work, we propose that ion-ion charge-
target, enhanced ratios are observed. . - .
transfer processes between highly charged silicon ions
(moving in plasma jets near the targaehd low-charged ions

can be seen from the discussion of hot-electron effects prel(-n.ear the surfagepopulate primarily e>l<cited stgtes with low-
sented above and in Fig. 6: the intensity ratios do not varyy'ng guantum numbers. This is consistent with the observed

and, in particular, do not rise with increasing hot-electronsate”ite spectra. The existence of plasma jets is correlated

fraction. Again, this indicates a minor influence of inner—sheIIWlth the obser.vatllon'of localizetl,, emission produced by
excitation processes. hot electrons impinging onto the target surface. The results

Figure 10 shows the influence on the line-intensity ratiosobtalned from our extended collisional-radiative model,

of adopting various models for thé distribution. It can be which has been augmented to include charge-exchange pro-

seen clearly that, in all cases considered, the principal paran(f—eises’ |(;1d|ca.te Fhat theze gddllft]onal prog(.ef_sse.s can Ifea;]j to
eter dependences are retained and that charge-exchange p hanced emissions and significant modifications of the
cesses may lead to a considerable fkpg about a factor of dlelectr_onlc-satelllte. spectra. At present, further improve-
10) in the line-intensity ratios. The absolute values of thements In the quantitative spectroscopic calculations should
enhancement depend on thalistribution values\: for a be possible with the availability of reliable results for the

larger population of the & levels, compared with that of the sing!e—electron and_ dogble-elgqtron chargg-transfer Cross
2p2 1D level, we find an increas’ed line-intensity ratio sections relevant to ion-ion collisions. We anticipate that the

present work will provide motivation for further spectro-
scopic measurements of the dielectronic-satellite emissions
and new theoretical investigations of the relevant charge-
Figure 11 shows a strong rise in telative) Heg emis- transfer processes.
sion with decreasing target distance in the TRIDENT experi-
ments. The observed &Ly, and He/He, line-intensity
ratios are found to be in agreement with our calculations,
which are presented in Figs. 3—6, only at large distances This work was performed under the auspices of the
from the target. In Fig. 8 we have presented the results ob#eodor-Lynen Nachkontaktprogramm” of the Alexander
tained including charge-exchange processes, with cross seeen Humboldt FoundatiofAvH) by two of us(F.B.R. and
tion determined using Eq23). These results indicate that H.R.G). The financial support of the AvH under Contract
the n=3 states(which are the upper states in the /Hée  Nos. V-3-FLF-DEU1023793 and V-2-FLF-DEU1023793 is
emission may also be readily populated. For lower chargegratefully acknowledged. One of y§.B.R) also acknowl-
states of the donor ions, e.g., Be-through Ne-like ions, thedges the hospitality and support of the Institute for Plasma
preferentially populated states are=3. This leads to a Research at the University of Maryland. Support at the Uni-
strong charge-transfer produced population of the uppeversity of Maryland of the National Science Foundation is
states in the Hgline emission. This result is consistent with acknowledged. The research work of V.L.J. was supported
the observation of high Heline intensities near the target by the U.S. Department of Energy and by the Office of Naval
surface. In this connection, Fig. 9 shows a noteworthy variaResearch.
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