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Order-of-magnitude anomalously high intensities for two-electron~dielectronic! satellite transitions, origi-
nating from the He-like 2s2 1S0 and Li-like 1s2s2 2S1/2 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 He-like 1s3p 1P– 1s2 1S lines,
as well as theKa 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 1s ground-state ions! are transported into the dense, cold plasma
~predominantly consisting ofL- and M-shell ions! 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.

DOI: 10.1103/PhysRevE.66.056402 PACS number~s!: 52.70.La, 32.70.Fw, 32.80.Dz, 34.70.1e
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I. INTRODUCTION

Following the publication of the first monograph o
plasma spectroscopy@1#, spectroscopic methods have pr
vided essential information about basic plasma parame
and relevant physical processes. The accessible param
range covers orders of magnitude in temperature and~espe-
cially! density, because practically all elements of particu
selected isoelectronic sequences can be used for diagn
investigations. These elements may occur as intrinsic im
rities or may be intentionally injected in small amounts. D
tailed reviews of spectroscopic methods have been publis
subsequently@2–4#.

In addition to the traditionally used resonance lines,
electronic satellite spectra, which arise from radiative tran
tions from autoionizing states, have been successfully
ploited for diagnostic investigations@5#. With the
development of high-intensity lasers and the associated
vestigation of laser-produced plasmas, dielectronic-sate
transitions have become of increasing importance for
fundamental understanding of atomic radiation processe
plasmas. The primary application of dielectronic-satel
spectra has been as a temperature diagnostic. In the
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density coronal-model approximation, the intensity ratio
the dielectronic-satellite transition following radiationle
electron capture—and the corresponding resonance
transition—is predicted to be a function of the electron te
perature and independent of the electron density@5#. Density
and opacity effects can become important only in hig
density plasma environments.

In laser-produced plasmas, satellite features near
H-like Lya lines have been observed which could not
interpreted in terms of temperature variations alone. Con
quently, these satellite features have been characterize
exhibiting anomalous satellite intensities. It has been p
dicted @6,7# that collisionally induced transitions among th
autoionizing states can lead to significant modifications
the autoionizing-level populations in dense plasmas, res
ing in corresponding density-dependent deviations from
coronal-model values of the satellite intensities. At low de
sities, the satellite intensities had been shown to be pro
tional to the satellite-intensityQ factor introduced by Gabrie
@5# and defined as follows:

Qi j 5
gjG j ,gAji

(
k

Ajk1(
l

G j l

. ~1!

Here gj is the statistical weight of the autoionizing levelj,
G j ,g is the autoionizing rate for the transition from the lev
j to the ground levelg of the residual ion, andAji is the
©2002 The American Physical Society02-1
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radiative-emission rate for the satellite transitionj→ i . The
summations overk and l are to be taken over all permissib
channels for radiative decay and autoionization, respectiv
Detailed calculations, for the relevant atomic structure
gether with the collisional- and radiative-transition para
eters, have been employed in investigations of electr
density effects for the Li-like satellite transitions 1s2,2,8
→1s22,1hn @7#, which occur near the Hea 1s2p 1P1
→1s2 1S01hn line, and for the 1s2,3,8→1s22,1hn sat-
ellite transitions@8#, which occur near the Heb 1s3p 1P1
→1s2 1S01hn line. The Li-like 1s2,3,8 satellite features
offer the advantage that their intensities are particularly s
sitive to electron-density variations near the critical dens
for typical laser experiments~e.g.,l51 mm, Al target@9#!.

The development of high-resolution, high-quality optic
instruments, e.g., spherically bent mica crystals@10#, has led
to the demonstration that the satellite transitions can pla
significant role in the emission of line radiation in hig
intensity laser-produced plasmas. For plasmas near the t
surface, the analysis of satellite transitions has been dem
strated to be an indispensable method for the interpreta
of line-emission spectra. Under certain conditions, the sa
lite intensities may exceed the intensity of the correspond
~opacity-broadened! resonance lines@11,12#.

The present investigation has been devoted to the ana
of dielectronic satellite lines arising from particular tw
electron transitions. Specifically, we have considered the
like satellite lines O52s2 1S0→1s2p 1P11hn and P
52s2 1S0→1s2p 3P11hn ~which occur near theLya line!
and the Li-like satellite lineso51s2s2 2S1/2→1s22p 2P3/2
1hn and p51s2s2 2S1/2→1s22p 2P1/21hn ~which occur
near the Hea line!. These particular satellite lines, which a
located on the far-red side of the majority of the 2,2,8 and
1s2,2,8 satellite lines, had been neglected in previous
terpretations of soft x-ray spectra. However, in recent exp
ments@13# performed at the LANL TRIDENT laser facility
these satellite features were observed with unusually h
intensities.

We have performed an extensive investigation of th
satellite features at the nhelix laser facility at GSI-Darmsta
This investigation has included the application of hig
resolution x-ray spectromicroscopy and the utilization
various calculations for the relevant atomic structure, rad
tive transition rates, and collision cross sections. Finally,
have introduced a new collisional-radiative model for t
spectral analysis of the satellite transitions, in which acco
is taken of the populations of the autoionizing states due
charge-transfer processes between ions of various ch
stages in penetrating plasmas. We show that this additi
population mechanism can account for the recent spe
observations.

II. EXPERIMENTAL ARRANGEMENTS, X-RAY SPECTRA,
AND PLASMA IMAGES

The TRIDENT facility at the Los Alamos National Labo
ratory features a Nd-glass laser, which is operated with
energy of 170 J in each of two beams and a pulse width
ns ~nearly a Gaussian shape!. With a focal spot size of 500
05640
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mm, an intensity of 931013 W/cm2 was focused onto plana
targets. These targets where illuminated at 30° to the nor
from both sides. These experiments@13# were performed us-
ing a frequency-doubled laser wavelength ofl50.53mm
and 20-mm thin silicon targets. The spectra were dispers
with a KAP crystal and viewed along an axis tangential
the target surface. Detection was achieved with a 90-
gated, four-strip microchannel plate, which was tested
linearity with respect to the intensity. A slit for each striplin
provided spatial resolution of a few micrometers normal
the target surface. The spectral data were then recorded
a charge-coupled-device~CCD! camera. An electron tem
perature as high askTe58006200 eV was deduced from
Thomson-scattering measurements, extending to a dist
of a few hundred micrometers from the target surface w
about 110 ps time resolution. This electron temperature
consistent with the values used in our present spectral m
eling. Figure 1, which is traced close to the target surfa
shows an experimental silicon spectrum covering the wa
length region from the Heb line to theKa line. Relatively
intense emissions were observed to be produced by the
like ~O, P! and Li-like ~o, p! dielectronic-satellite transitions
originating from the upper autoionizing states 2s2 and
1s2s2, respectively. IntenseKa and Heb lines were also ob-
served. We emphasize that these observations were foun
be uniquely associated with emissions that were produ
very close to the target surface@13#.

The nhelix laser is a Nd-glass/YAG laser, withl
51.064mm, an energy of 20 J, and a pulse width of 15
~nearly a Gaussian shape!. With a focal spot size of abou
300 mm, an intensity of about 1012 W/cm2 is produced nor-
mal to massive~and thin-foil! Mg-slab targets. The nove
spectroscopic diagnostics simultaneously employs sev
spherically bent mica crystals, providing spectral and spa
resolution in different orientations~parallel and perpendicu
lar to the target surface!. The spectral resolving powe
achieved isl/dl'4000, and the spatial resolution is 20mm.
Spectra were recorded with Kodak DEF-5 film and analyz
with a 10 000–dpi drum scanner. The time-integrated spe
have been corrected for filter transmission@14#, film re-

FIG. 1. Silicon-emission spectrum observed close to the ta
surface at the TRIDENT laser facility. The Li-likeop-satellite emis-
sions and the He-likeOP-satellite emissions are unusually inten
compared with the emissions in thejkl- and J-satellite transitions,
respectively.
2-2
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sponse@15#, and crystal reflectivity@16#. Figure 2~a! shows
the spectrally resolved plasma image. An intense emis
from the Li-like op satellite lines can be clearly seen near t
target surface, whereas far from the target this emissio
essentially absent. Figure 2~b! shows some of the corre
sponding spectral traces for varying target distances. Clos
the target, the emission from theop satellite lines is found to
be extremely intense compared with thejk satellite emission.
The op-satellite intensity decreases~relatively to that of the
jk satellites! with increasing target distance, which was al
the case in the TRIDENT experiments for silicon. The inte
sity of theop satellite transitions was found to have the e
pected insignificant values only far from the target, in agr
ment with the predictions of the theoretical models availa
in the literature@2,5,7#. On the basis of these new experime
tal observations, we suggest that a regime of cold, de
plasma near the target surface is the origin of the order
magnitude enhancement in the intensity of the two-elect
dielectronic-satellite transitionsop andOP.

FIG. 2. ~a! Spatially resolved image of the Mg-emission spe
trum obtained at the nhelix laser facility. Close to the target,
Li-like op-satellite emissions are unusually intense.~b! Experimen-
tal Mg-emission spectra obtained from the images of~a!. Close to
the target, the relative emission in theop-satellite transitions is un-
usually intense, decreasing gradually with increasing target
tance. Far from the target, the intensity of theop-satellite transitions
is very small and is close to its low-density~coronal-model! value.
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III. ATOMIC DATA AND SPECTRUM SIMULATIONS

From the results obtained from experiments with co
pletely different laser wavelengths, pulse widths, intensiti
illumination geometries, and targets~massive versus foils!, it
has become apparent that the observed intensity enha
ments of the two-electron dielectronic satellite transitions
not the result of a particular set of experimental conditio
The unexpectedly large enhancements in the relative line
tensities of these transitions could lead to new opportuni
for their application in plasma diagnostics. While the prom
nent He-like 2,2,8-satellite feature~J! and the Li-like
1s2,2,8-satellite lines~qr, a–d, and jkl! have been exten
sively employed for plasma diagnostics, the normally we
two-electron satellite transitions have not been regula
used. In order to investigate the origin of the new experim
tal results, we have developed a detailed, time-depen
collisional-radiative model, including radiation-transpo
~opacity! effects, for the relevant dielectronic satellite spe
tra.

Spectral simulations have been carried out using
MARIA code @17#. In this code, the atomic-level populatio
densities are determined from a system of rate equation

dnj

dt
5(

i 5 l

N

ni$Wi j 1Ai j 1Pi j
abs1Pi j

stim1Pi j
iz1Ri j

stim%

2nj(
k5 l

N

$Wjk1Ajk1Pjk
abs1Pjk

stim1Pjk
iz1Rjk

stim%.

~2!

The elements of the collisional-radiative transition matrixW
are given by

Wi j 5Ci j 1Ri j 1I i j 1Ti j 1G i j 1Di j , ~3!

whereC denotes the collisional-excitation/deexcitation rateI
is the collisional-ionization rate,T is the three-body recom
bination rate,R is the~spontaneous! radiative-recombination
rate, G is the autoionization rate,D is the radiationless
electron-capture rate,A is the spontaneous radiative-emissi
rate, Piz is the photoionization rate,Pstim is the stimulated
radiative-emission rate,Pabs is the radiative-absorption rate
and Rstim denotes the stimulated radiative-recombinati
rate. The matrix elements~rate coefficients or cross section!
for the inverse processes are obtained by application of
principle of detailed balance~or microreversibility!. If a par-
ticular transition cannot occur, because of energy or sym
try considerations, the corresponding rate is set equal to z
In an alternative but equivalent collisional-radiative mod
including autoionizing levels@18#, an explicit separation was
introduced for processes occurring between adjacent st
of ionization, e.g., ionization, autoionization, electron ca
ture, and recombination.

In order to treat the effects of radiation transport, it
convenient to combine the radiative termsA, Pabs, andPstim

according to the relationship

2njAji 2nj Pji
stim1ni Pi j

abs52njAji L j i . ~4!
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The rate equations can then be expressed in the follow
alternative equivalent form:

dnj

dt
5(

i 51

N

ni$Wi j 1Ai j L i j 1Pi j
iz1Ri j

stim%2nj

3 (
k51

N

$Wjk1AjkL jk1Pjk
iz1Rjk

stim%. ~5!

In our calculations, the parameterL i j is approximated by
means of an escape factor@19#, including the spatial depen
dence@nj5nj (rW)#, via the first-order approximation to th
Bibermann-Holstein solution:

L i j 5
1

n1V E
0

`

dvE
V

dV

4p E
V
dV ni~rW !w i j ~v,rW !

3exp@2tv,i j ~rW,sW !#. ~6!

In Eq. ~6!, the photon direction is specified byV and the
optical thicknesst is defined as the integral of the absorpti
coefficient k ~which depends on the intensities and li
shapes! from the point rW inside the plasma volume to th
point sW on the plasma surface:

tv,i j ~rW,sW !5E
rW

sW

kv,i j ~rW8!durW82rWu. ~7!

Line overlapping~also known as ‘‘interlocking:’’ see@20#!
and asymmetric repumping in differentially moving plasm
~corresponding to shear flow! are incorporated by taking into
account the sum of the individual line-absorption coefficie
k i j :

k~v!5(
i j

k i j ~v!. ~8!

In the determination of the local~frequency-normalized!
spectral-line-shape functionsw i j , we have taken into ac
count the Voigt profile, allowing for the Doppler broadenin
~which is specified by the ion temperature! and the Lorentz
contribution. The Lorentz contribution is determined by
elementary collision and radiation processes that result in
depopulation of the upper and lower levels, e.g., radia
decay, autoionization, and electron collisional process
Stark broadening effects, i.e., quasistatic ion-ion collisio
are included via an effective widthDv ~as used, e.g., in
@21#!:

Dv15
8RyaZ

11
3

2
ZZR

2Ry

TiRZ

H nu
2

Qu
2

nl
2

Ql

RZ
2 1

nu
4

Qu
22

nl
4

Ql
2

RZ
3

J , ~9!
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Dv25
8RyaZ

11
3

2
ZZR

2Ry

TiRZ

H 3

2
Z

nu
7

Qu
32

nl
7

Ql
3

RZ
4 1

nu
4

Qu
22

nl
4

Ql
2

RZ
3

J ,

~10!

RZ5
1

a0
S 3

4pni
D 1/3

. ~11!

Here Ry513.6 eV, a is the fine-structure constant,a0
50.52931028 cm, Z is the average ionic charge of th
plasma,ZR is the radiator charge,Ti is the ion temperature in
eV, andni is the ion density in cm23. If the radiator is hy-
drogenic, Dv5Dv1 ; otherwise,Dv5min(Dv1,Dv2). Ef-
fective charges and principal quantum numbers of the up
and lower states,Qu ,Ql andnu ,nl , respectively, are deter
mined from the hydrogenic form of the ionization energi
Ei :

Ei5
Q2Ry

n2 . ~12!

For autoionizing levels,Ei is taken as the energy required
remove all excited electrons. In this case, H-like transit
matrix elements are found to be in good agreement with
results of Hartree-Fock calculations. We note that the effe
of Stark broadening on escape factors have been consid
in various limits@22#.

Within the approximations of our collisional-radiativ
model, the influence of radiation transport is described
means of an iterative solution of the nonlinear rate equatio
including the entire matrix (W1AL1Piz1Rstim) within the
subspace of the ground states, singly excited states, and
toionizing states that have been represented. Accordin
radiation-transport effects are simultaneously taken into
count in the determination of the population densities of
included singly excited and doubly excited states as wel
in the determination of the charge-state distributions, inc
porating the shifts of the ionic populations due to photoa
sorption processes. However, the equation of radiation tra
port, which describing the dynamics of the radiation-fie
intensity, is treated approximately by means of the esc
factor method, as indicated in the above discussion. The
clusion of radiation transport is of particular importance f
the autoionizing levels, because high autoionizing rates p
a role similar to that of rapid collisional-depopulation rate

The spectral distributionI (v) of the line emission is then
calculated from the full set of level-population densities, t
Voigt-profile escape factors, and the normalized, optica
thick line-profile functionsF i j ~which are to be distin-
guished from the local spectral-line-profile functions th
have been designated asw i j ):

I ~v!5(
i , j

I i j ~v!5(
i , j

\v i j Ai j L i j F i j ~v!, ~13!
2-4
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F i j ~v!5
*0

Leffn~x!@12exp~2tv!#dx

*0
`*0

Leffn~x!@12exp~2tv!#dx dv
. ~14!

The normalization procedure employed above allows
some plasma inhomogeneities.

In order to describe properly the level-population kinet
of various charge states, as well as transitions from sin
excited and doubly excited states, it is necessary to ado
rather extensive representation of the atomic-level struc
in the relevant ionization stages. We have taken into acco
all ground states of SiI – Si XV, the H-like levelsn, with
n51 – 7 and ,50 – 6, the He-like levels 1sn, with n
51 – 7 and,50 – 6, and the Li-like levels 1s2n, with n
52 – 7 and,50 – 6. We have employed effective diele
tronic and radiative recombination rates for all charge sta
For the investigation of the anomalously high relative inte
sities of the line emission from the He- and Li-lik
dielectronic-satellite transitions, it is essential to incorpor
a detailed representation of the 2,2,8- and 1s2,2,8-level
structures. Accordingly, we have explicitly taken into a
count all individualLSJ fine-structure levels in the atomic
kinetics model ~see Table I!. We note that allLSJ-split
2,2,8 and 1s2,2,8 levels from which, e.g., theop, j, OP,
andJ satellites originate, have been taken into account in
approximate treatment of the radiation-transport equa
and in the detailed collisional-radiative model for atom
level populations.

The ionization potentials of the ground states of the
ions have been taken from Kelly@23#, while the ionization
energies of the excited states have been obtained from
wavelengths of particular transitions. The wavelengths, tr
sition probabilities, and autoionizing rates have been ca
lated using either the relativistic Hartree-Fock-Rootha
~HFR! method, including intermediate coupling and config
ration interaction@24# or the second-order multiconfiguratio

TABLE I. Atomic levels for autoionizing configurations 2,2,8
and 1s2l2l 8 which are included, along with other levels~ground
states and excited states; see text!, in a detailed collisional-radiative
model. Note that theOP-satellite transitions originate from th
2s2 1S0 level, the op-satellite transitions originate from th
1s2s2 2S1/2 level, the J-satellite transition originates from th
2p2 1D2 level, and thej-satellite transition originates from th
1s2p2@ 1D#2D5/2 level. These satellite transitions, together w
other transitions, are included self-consistently in a time-depen
collisional-radiative model allowing for opacity effects.

He-like 2s2 1S0 , 2s2p 1P1 , 2s2p 3P0 , 2s2p 3P1 , 2s2p 3P2 ,
2p2 1S0 , 2p2 1D2 , 2p2 3P0 ,

2p2 3P1 , 2p2 3P2

Li-like 1s2s2 2S1/2, 1s(2s2p 3P) 2P1/2, 1s(2s2p 3P) 2P3/2,
1s(2s2p 3P) 4P1/2, 1s(2s2p

3P) 4P3/2, 1s(2s2p 3P) 4P5/2, 1s(2s2p 1P) 2P1/2,
1s(2s2p 1P) 2P3/2, 1s(2p2

1D) 2D3/2, 1s(2p2 1D) 2D5/2, 1s(2p2 1S) 2S1/2,
1s(2p2 3P) 2P1/2, 1s(2p2 3P)

2P3/2, 1s(2p2 3P) 4P1/2, 1s(2p2 3P) 4P3/2,
1s(2p2 3P) 4P5/2
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Z-expansion~MZ! procedure, including higher-order relativ
istic and QED effects@25–27#. All electric-dipole transitions
with DS50, DL561 and DS51, DL561 have been
taken into account. For a few important cases, we h
also included magnetic-dipole, electric-quadrupole, a
magnetic-quadrupole transitions, as well as two-photon
cay processes. These higher-multipole or higher-order ra
tive transitions are of particular importance for the radiat
emission originating from the 2, and 1s2, levels of H- and
He-like ions, respectively. The incorporation of these rad
tive transitions also permits the correct description of spe
emitted from low-density plasmas.

Since nonvanishing values of the radiative-decay rates
the op andOP satellite transitions arise only from the inclu
sion of configuration interaction, an accurate calculation
the configuration-mixing coefficients is essential for the c
rect determination of the radiative-transition amplitude
Table II~a! shows the configuration-mixing coefficients o
tained from different methods, which are found to be in ve
good agreement. Table II~b! shows the atomic data~wave-
lengths l, radiative-transition probabilitiesA, autoionizing
ratesG, and satellite-intensity factorsQ! for some He-like
and Li-like dielectronic-satellite transitions that are of pa
ticular interest in the present investigation, i.e., theop, jkl,
and OP, J transitions. The agreement among the results
these different calculations is found to be good. In particu
the satellite-intensity factors agree within 20%, even
weak transitions. Variations of the atomic data obtained fr
different calculations can therefore be discarded as a so
of major errors in the spectral modeling.

Electron collisional-excitation cross sections have be
calculated with the Coulomb-Born exchange method. T
radial part has been calculated with theATOM code@27# and
the angular part has been calculated, in the intermedi
coupling scheme, with theMIXING code @28#. Electron-
collisional ionization, photoionization, and dielectroni
recombination cross sections have been calculated in
Coulomb-Born exchange approximation, also using
ATOM code. Extensive comparisons with reference data av
able in the literature~including photoionization cross sec
tions and dielectronic-recombination rates! show that, for
highly charged ions, the results of our calculations are
good agreement. The presently calculated data are there
believed to provide sufficient accuracy for the spectra sim
lations and the plasma diagnostics of highly charged ion

IV. INTENSITIES OF THE op AND OP SATELLITE
TRANSITIONS

A. Temperature and density variations in optically thin and
optically thick plasmas

A change in the electron temperature can strongly in
ence the intensity ratios between the dielectronic satell
and resonance line, because the captured-electron energ
sociated with the autoionizing level is substantially differe
from the excitation energy of the corresponding resona
line. Under the usual plasma conditions, with electron te
peratures within the range where a given ionization stage
the atomic systems has appreciable abundance in the pla

nt
2-5
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TABLE II. ~a! Configuration mixing coefficients for the 1s2s2 2S1/2 state obtained from the present M
and HFR calculations; see text,Zn514. ~b! Atomic data for the He-like silicon satellite transitionsO
52s2 1S0→1s2p 1P11hn, P52s2 1S0→1s2p 3P11hn, andJ52p2 1D2→1s2p 1P11hn, and the Li-
like satellite transitions o51s2s2 2S1/2→1s22p 2P3/21hn, p51s2s2 2S1/2→1s22p 2P1/21hn, j
51s2p2 2D5/2→1s22p 2P3/21hn, k51s2p2 2D3/2→1s22p 2P1/21hn, and l 51s2p2 2P3/21hn. Very
good overall agreement is obtained between different calculations. The values for the He-like ion are o
from the MZ calculations, while the values for the Li-like ion are obtained using the HFR method.

~a!

LS state 1s2s2@1S# 2S1/2 1s2p2@1P# 2P1/2 1s2p2@3P# 4P1/2 1s2p2@3P# 2P1/2

HFR 0.94785 20.31763 20.01902 20.01812
MZ 0.94882 20.31470 20.01903 20.01877

Ref. @7# 0.9479 20.3211

~b!

Transition l (10210 m) A (1013 s21) G (1013 s21) Q (1013 s21)

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
l 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
o 6.9066/6.9068 0.104/0.130 15.4/11.3 0.206/0.255
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the doubly excited autoionizing states within a particu
complex~e.g., the 1s2,2,8 states! have energy difference
that are much smaller than the electron temperature. Acc
ingly, it is expected that the relative populations of the do
bly excited autoionizing levels will exhibit negligible varia
tions with changes in Te . The electron-temperatur
insensitivity of the relative populations of these autoionizi
levels, which are predominantly formed by radiationle
electron capture, should be contrasted with the much m
pronounced electron-temperature dependence that is
pected in the case of the inner-shell excited autoioniz
states. We note that the inner-shell excitation a
radiationless-capture processes proceed from different in
charge states. However, these temperature variations do
play a significant role in the present investigation of the H
like OP, Jand Li-like op, jkl satellite transitions, because
all cases the autoionizing rates@see Table II~b!# are very
large, resulting in practically constant intensity ratios
functions of the electron temperature. The rapid decre
@Fig. 3~a!# of the Heb /Lya intensity ratio with increasing
electron temperature is caused by the larger population
higher-charge states. The Heb /Hea line-intensity ratio, how-
ever, does not vary appreciable with electron temperat
because these lines originate from the same charge state
are produced by similar excitation mechanisms. With
creasing electron density@Fig. 3~b!#, the Heb /Lya line-
intensity ratio decreases because electron collisional ion
tion redistributes the ionic populations towards higher-cha
states. It can be seen that the Heb /Hea line-intensity ratio
varies only between the values of 0.1 and 0.2. This is
disagreement with the experimental spectrum~Fig. 1!, which
shows a much larger value for this line-intensity ratio.
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The redistribution of populations among the autoionizi
levels due to collisional processes is expected to be a m
effective mechanism for modifying the spectral distributi
of satellite transitions from upper states with significan
different autoionizing ratesG, but with relatively high
radiative-decay rates. In this collisional redistribution pr
cess, population is transferred from an autoionizing le
with highG to levels with lowG, from which rapid decay can
occur by spontaneous radiative emission. This gives rise
pronounced electron-density variation in the spectral dis
bution of the satellite transitions. Figure 3~b! shows the
electron-density dependence of various line-intensity rat
Practically no density dependence is seen for theOP/J and
op/ jkl satellite-intensity ratios, because in these transitio
the upper states have very large autoionizing rates.

Under optically thick excitation conditions, the intensi
ratios of satellites and resonance lines are not simple fu
tions of the electron temperature alone, because the deple
of the population corresponding to the upper level of t
optically thick resonance line produces a modification of
low-density line-intensity ratio. This is also the case if t
effective rate for the reemission of the absorbed photon
reduced by the effects of a very high plasma density and/
high number of photon scatterings. The influence of radiat
transport, e.g., on a Doppler-broadened spectral line, ca
assessed from an estimation of the line-center optical th
nesst0 using the standard relationship

t0'1.6310236l j i
3 gj

gi
AjiAM

kTi
niLeffS 12

ginj

gjni
D , ~15!

with l in @10210 m#, A in @s21#, ni in @cm23#, Leff in @mm#,
2-6



-

ss
al,
on-
si-

in
all
can
he
ing
on

is

-
ose

r
ed

es
d

s,

ro-
ten-
ty

-
-

g
be

ike
ick-
e
e
le.
ure,

CHARGE-EXCHANGE-INDUCED TWO-ELECTRON . . . PHYSICAL REVIEW E66, 056402 ~2002!
M in @amu#, andkTi in @eV#. E.g., forkTe5500 eV andne
5431021 cm23 ~which is the critical density in the TRI
DENT experiments!, andLeff5500mm ~the laser spot size!,
we obtain for the He-like resonance line (l56.6485
310210 m, A53.7631013 s21, gj53, gi51, ni(1s2)'1
31020 cm23, kTi5kTe , andM528): t0'63102. Under
such conditions, the Heb line (l55.6808310210 m andA
51.0531013 s21) and even the intercombination lineY (l

FIG. 3. Intensity ratios for silicon (Zn514) between the Heb
and Lya lines I (Heb)/I (Lya), the Heb and Hea lines
I (Heb)/I (Hea), and the dielectronic-satellite linesI (OP)/I (J) and
I (op)/I ( jkl ), for optically thin plasmas~a! for electron tempera-
tures kTe in the range 200–5000 eV and an electron densityne

5431021 cm23 and ~b! for an electron temperaturekTe5500 eV
and electron densitiesne in the range 1019– 1024 cm23. The
I (OP)/I (J) and I (op)/I ( jkl ) satellite-line intensity ratios are
nearly independent of the temperature and density variations.
05640
56.6844310210 m and A51.5831011 s21) are also opti-
cally thick. Table III shows the line-center optical-thickne
values obtained including ion Doppler, electron-collision
and Stark broadening, as well as line overlapping. The c
tinuum optical depths in the free-free and free-bound tran
tions are negligible for our parameters.

The photon-absorption process plays an important role
the dielectronic-satellite transitions. Even for relatively sm
line-center optical-thickness values, photon absorption
have a significant influence on the line intensities of t
dielectronic-satellite transitions, because the autoioniz
rate plays a role similar to that of a collisional-depopulati
rate @29#. E.g., for the Li-likej satellite, the probabilityp of
reemission, following a single photon-absorption event,
given by

p5
A

A1Cdepop1G
. ~16!

Even for Cdepop!A, p is much less than 1~see the atomic
data in Table II!. We find thatp50.12, whereas for a reso
nance line the corresponding reemission probability is cl
to 1. Table III shows the line-center optical depths for~a!
kTe5300 eV and~b! kTe5500 eV. The optical depths fo
the Li-like satellite transitions are found to be increas
@comparing cases~a! and~b!# by about a factor of 10 due to
the higher populations of the Li-like levels~note that the
1s22, levels in Li-like ions are the absorbing lower stat
for the Li-like n52 satellites, both for dielectronic an
inner-shell excited satellite transitions!. It can be seen, from
Table III, that the dielectronic-satellite linesop andOP have
negligible opacity under almost all excitation condition
whereas the resonance lines and even theJ and j satellite
lines are substantially influenced by photon-absorption p
cesses. This in turn leads to a relative increase in the in
sity of the lines with low opacity compared with the intensi
of the lines with high opacity.

Figure 4 shows the electron-temperature@Fig. 4~a!# and
electron-density @Fig. 4~b!# variations of selected line
intensity ratios for an optically thick plasma. For low tem
peratures, theop/ jkl intensity ratio rises with decreasin
electron temperature in optically thick plasmas. This can
understood from the increase in the population of the Li-l
charge state, which results in an increase in the optical th
ness of thejkl satellite lines, as indicated in Table III. Th
optical thickness of theop satellite lines also rises, but th
absolute value of the optical thickness is still negligib
With an even further decrease in the electron temperat
TABLE III. Calculated line-center optical-thickness values including Doppler broadening, electron collisional and Stark~static-ion!
broadening, and line overlapping for a dense silicon plasma,~a! kTe5300 eV, ne5431021 cm23, kTe5kTi , Leff5500mm ~the Lya line
contains two components, corresponding to the doublet fine-structure contributions! and ~b! kTe5500 eV.

Hea Y Heb Lya J O j q o

~a! t0 1200 6.3 120 22/44 0.2 0.020 1.6 2.8 0.049
~b! t0 440 2.3 45 110/220 0.49 0.035 0.31 0.54 0.0032
2-7
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the abundance of the Li-like ions again decreases. Howe
this parameter regime is not of interest for the present inv
tigation.

In Figs. 3~b! and 4~b!, the electron-density variations o
the selected line-intensity ratios are shown for optically t
and optically thick plasmas, respectively. In optically thi
plasmas, the decrease of the Heb /Lya intensity ratio is even
more pronounced due to the collisional ionization from t
photopumped 1s2, levels @see the density regionne
51019– 1021 cm23 of Fig. 4~b!#. For even higher densities
the increasing opacity of theLya line produces a correspond
ing increase in the intensity ratio. A high opacity in theJ and
j satellite lines is the cause~see Table III! for the rise of both
the OP/J and op/ jkl intensity ratios@see Fig. 4~b!, ne'3
31022 cm23]. A higher opacity in the Hea line, relative to
Heb , can lead to intensity ratios much larger than ab
0.1–0.2@see Fig. 4~b!# at aboutne51020 cm23 and ne53

FIG. 4. Intensity ratios for silicon (Zn514) between the Heb
and Lya lines I (Heb)/I (Lya), the Heb and Hea lines
I (Heb)/I (Hea), and the dielectronic-satellite linesI (OP)/I (J) and
I (op)/I ( jkl ), for optically thick plasmas~a! for electron tempera-
tures kTe in the range 200–5000 eV, an electron densityne54
31021 cm23, andLeff5500mm and~b! for an electron temperatur
kTe5500 eV, electron densitiesne in the range 1019– 1024 cm23,
andLeff5500mm.
05640
er,
s-

t

31022 cm23. Note that for Heb the radiative-recombination
induced intensity is small@30#.

Figure 5 shows the spectral simulations obtained for s
con in the spectral range from 0.56 to 0.70 nm for an op
cally thin @Fig. 5~a!# and optically thick@Fig. 5~b!# plasma.
For optically thick plasmas, extended wings develop for
Lya and Hea lines. This is a result of a large opacity~see
Table III! and the effects of Stark broadening~see also the
extended wings in the observed spectrum in Fig. 1!. In the
optically thick case, an increase can be seen in the rela
importance of theOP andop satellite transitions: with in-
creasing density, the satellite-intensity ratios rise from
coronal-model values of 0.047 and 0.026~Fig. 3! to about
0.15 and 0.068@Fig. 4~b!#, respectively. However, these in
creased values are much too small to account for the
experimental results~Figs. 1 and 2!, which show order-of-
magnitude higher intensity ratios than predicted by the
sults in Fig. 3.

B. Transient-line formation

We have carried out time-dependent spectral simulati
for the radiative emissions in theop and OP dielectronic-

FIG. 5. Simulated TRIDENT silicon line-emission spectra, i
cluding Stark broadening and line overlapping, from 0.56 to 0
nm, kTe5600 eV,ne5631021 cm23, for an optically thin plasma
~a! and an optically thick plasma (Leff5500mm) ~b!. The photon
absorption of lines with large oscillator strengths results in a re
tive increase in the intensity of theOP andop dielectronic satellites
in the line-emission spectrum.
2-8
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CHARGE-EXCHANGE-INDUCED TWO-ELECTRON . . . PHYSICAL REVIEW E66, 056402 ~2002!
satellite transitions, assuming various values for the ba
plasma parameters. The results of these simulations s
that transient effects alone cannot account for the unexp
edly high satellite-line intensities, neither in any of the tim
intervals nor in the time-integrated spectra obtained by
perimposing all transient snap shots. This conclusion can
understood from the observation that the inner-shell exc
tion mechanism, which is expected to provide a more s
stantial contribution in an ionizing plasma, plays a negligib
role under the conditions of our experiments.

C. Influence of hot electrons

The effects of hot electrons on the line-formation proc
are investigated by taking into account the additional~non-
thermal! electron-ion collisional processes in the kinetics d
scription ~i.e., in the collisional-radiative transition matri
W!. For a demonstration of the principal effects of hot ele
trons on the line-emission spectra, we find it convenien
define a hot-electron fraction according to

f hot5
nhot

ncold1nhot
. ~17!

The collision rate coefficients are modeled by

^Vs&5~12 f hot!^Vs,Tcold&1 f hot̂ Vs,Thot&, ~18!

where the notation̂Vs,T& indicates the average~integra-
tion! of the collision rateVs over the electron-energy distr
bution function~which at present is assumed to be a Ma
wellian corresponding to the temperature parameterT!:

^Vs,T&5E
E0

`

s~E!V~E!F~E!dE, ~19!

where

F~E!5
2

Ap
AE

exp~2E/kT!

~kT!3/2 . ~20!

This model has been referred to as a two-temperature
proach. For the three-body recombination process, the co
sponding expression for the collision rate coefficients
much more complicated due to the occurrence of t
electron-energy distribution functions in the expression
the double collisional-ionization rate coefficient:

^Vs tr&5~12 f hot!
2^V1V1s tr&1 f hot

2 ^V2V2s tr&

12 f hot~12 f hot!^V1V2s tr&, ~21!

where

^VkVls j i
tr &5

p2\3

me
2

gi

gj
E

0

`

dEkE
0

`

dEl

3
E

AEkEl

s i j
l ~E,Ek!F~Ek!F~El !. ~22!
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If k5 l , the integral in Eq.~22! can be reduced to an integra
tion over the usual~ground-state! ionization cross section
s I(E) ~physically, this is equivalent to the application of th
principle of detailed balance!. ForkÞ l , the integrals must be
performed numerically over the double-differential ioniz
tion cross sections i j

I (E,Ek). This involves a substantia
computational effort.

Since the presence of hot electrons preferentially res
in enhanced inner-shell excitation and inner-shell ionizat
rates, we have augmented our collisional-radiative mode
include additional inner-shell collision processes. Spec
cally, we have taken into account the inner-shell ionizat
processes

~ i! 1s22,1e2→1s2,12e2,

~ ii ! 1s22s2p1e2→1s22p12e2,

~ iii ! 1s22,2,81e2→1s2,2,812e2.

The first inner-shell ionization process gives rise to increa
spectral intensities for theW (1s2p 1P1– 1s2 1S0) and Y
(1s2p 3P1– 1s2 1S0) emission lines, while the third proces
directly populates the upper states of the Li-like dielectron
satellite transitions from the configurations 1s2,2,8. The
inner-shell excitation process is often an important mec
nism for the collisional excitation of the autoionizing level
Accordingly, we have taken into account the addition
inner-shell excitation processes

~ i! 1s22,1e2→1s2,2,81e2,

~ ii ! 1s2,1e2→2,2,81e2.

Figure 6 shows the intensity ratios as functions of the h
electron fraction forne51022 cm23, kTbulk5300 eV, and
kThot510 keV. With increasing hot-electron fraction, th
Heb /Lya intensity ratio decreases~as indicated by a com
parison of Figs. 3 and 4! because an increase in the ho
electron fraction redistributes the population densities tow
higher charge states. Theop/ j andOP/J intensity ratios are
not significantly affected by hot electrons, as indicated
Fig. 6~a!. This observation demonstrates that, in the range
plasma parameters of interest, the inner-shell collisional p
cesses do not significantly enhance the population dens
of the upper doubly excited states 1s2s2 2S1/2 and 2s2 1S0 in
comparison with those of the other autoionizing doubly e
cited states 1s2,2,8 and 2,2,8. In optically thick plasmas
@Fig. 6~b!#, the op/ j satellite-intensity ratio decreases wi
increasing hot-electron fraction, because higher hot-elec
fractions reduce the lower-state population densities in
j-satellite transition. Under these conditions, no signific
increases in theop/ j andOP/J intensity ratios are observed

V. CHARGE TRANSFER

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

Experiments were performed using thin foils and mass
targets at the GSI nhelix-laser facility. These experime
2-9
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ROSMEJet al. PHYSICAL REVIEW E 66, 056402 ~2002!
featured the simultaneous observation of emission spe
and pinhole images from the front and back sides of
target. The results of this simultaneous observation indic
that plasma jets are ejected not only in the backward di
tion but also in the forward direction. Since this phenomen
was also observed in the TRIDENT experiments with sing
sided illumination of 20-mm thin foils, we are lead to an
interpretation involving the mixing of different types of pla
mas. Specifically, we suggest that plasma jets contain
highly charged ions are mixing with plasmas containi
weakly ionized ions. Plasma jets are usually associated
the existence of hot electrons. Evidence for hot electrons
be seen in theKa emission spectra obtained from th
TRIDENT experiment, which is shown in Fig. 1, and also
the spectra from the nhelix experiments with massive Al t
gets. The self-generated magnetic fields are most prob
responsible for the production of an electron return curr
that impinges upon the target, as in an x-ray tube.

During this interpenetration of the two different types
plasmas discussed above, electron charge-transfer proc
can take place from relatively low-charged ions to high
charged ions in the plasma jet. The geometry for th

FIG. 6. Line intensity ratios for non-Maxwellian plasmas, ind
cating the dependence on the hot-electron fractionf hot , for an op-
tically thin plasma~a! and an optically thick plasma~b!, with ne

51022 cm23, kTbulk5300 eV, kThot510 keV, andZn514.
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charge-transfer processes is illustrated in Fig. 7 for one s
of the target in the TRIDENT experiments. In this noneq
librium environment, highly ionized silicon plasma jets~con-
sisting of K-shell ions: nuclei, H-like, and He-like; which
will be designated asSiK

Z in the following discussion! un-
dergo charge-transfer processes withL-shell silicon ions
~e.g., B-, C-, and N-like ions, which will be designated
SiL

Z) near the target surface.
It is informative to consider the states that are prefer

tially populated as a result of collisions between high
charged ions~e.g., fully stripped silicon colliding with Li-
like silicon, Z514, I 50.5 keV). These states can be chara
terized by an effective principal quantum numbernf @31#,
which is defined as follows:

nf'ARy

I
ZA2AZ11

Z12AZ
'2.5, ~23!

whereZ is the charge of the ionsSiK
Z and I is the ionization

potential~in eV! of the ions,SiL
Z . This estimate for the ef-

fective principal quantum number is found to be in go
agreement with the results of calculations using the c
described by Tolstikhina and Shevelko@32#. Figure 8 shows
the energy-dependent charge-transfer cross sections fo
most important quantum numbersn51 – 8. This figure
shows the dominance of the charge-transfer processes
volving transitions into then52 and 3 quantum states ove
the entire energy range. This result implies that excited st
with relatively low quantum numbers are populated pref
entially by this charge-transfer process.

We note that the ionization potentials of the 1s22s22pn

states are rather similar@e.g., Ei(B-like)50.4 keV,
Ei(C-like)50.35 keV, and Ei(N-like)50.3 keV]. Conse-
quently, it is necessary to consider not only the sing
electron charge-transfer process, but also the double-elec
charge-transfer process. It can be anticipated that dou

FIG. 7. Schematic illustration of the model adopted for electr
charge transfer initiated by the interpenetration of the hot and c
plasma volumes~driven by jets!. Double-electron charge-transfe
processes~nuc, 1s indicate the acceptor ions,SiL

Z the donor ion!
may lead to a direct population of the autoionizing states 2,2,8
and 1s2,2,8, from which, e.g., the dielectronic-satellite transition
OP, op, J, and j originate.
2-10
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CHARGE-EXCHANGE-INDUCED TWO-ELECTRON . . . PHYSICAL REVIEW E66, 056402 ~2002!
electron charge exchange could play an important role,
cause this process directly populates the autoionizing le
2,2,8 and 1s2,2,8 through capture from ground ions:

nuc1SiL
Z→2,2,81SiL

Z22,

1s1SiL
Z→1s2,2,81SiL

Z22.

These charge-transfer processes therefore represent an
tional population mechanism for the upper autoionizi
states in the He- and Li-like dielectronic-satellite transitio
To the best of our knowledge, these processes have not
previously considered as a population mechanism for
toionizing states in dense plasmas.

Unfortunately, the required double-electron charg
exchange cross sections are not available in the literat
Accordingly, we have estimated the single-electron a
double-electron cross sections using the classical over-ba
model @33#:

s1'pa0
2~R1

22R2
2!, s2'pa0

2~R2
22R3

2!, ~24!

with

R1'2Ry
2AZ11

I 1
, R2'2Ry

2AZ2111

I 2
,

R3'2Ry
2AZ2211

I 2
, ~25!

where I 1 and I 2 are the ionization potentials in@eV# of the
donor atomic systems. It is desirable to obtain an indicat
of the expected accuracy of the cross sections obtained
this classical model. Figure 8 includes a comparison of
results obtained using this model, with the results of deta
numerical calculations. At the cross-section maximum,

FIG. 8. Single-electron charge-transfer cross sections for ion
collisions from Li-like silicon to fully stripped silicon for differen
energies~keV per nucleon! and principal quantum numbersn.
Charge transfer occurs preferentially into then52 andn53 states.
Also indicated is the cross-section value predicted using the cla
cal over-barrier model~see text!.
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results differ at most by a factor of about 2. At its peak, t
energy-dependent cross section is seen to be very largs
54310217 cm2. In addition, very large cross sections (s
>10218 cm2) are encountered over a broad energy inter
90 keV,E,1.4 MeV. ~Note that the energy scale in Fig.
is given in keV per nucleon.! Such energies are usuall
encountered in plasma jets produced by high-intensity las
We have also estimated the double-electron charge-tran
cross sections. For relatively low-charged silicon donor io
with ground-state ionization potentials ofI 1(C-like)
5351 eV, I 2(B-like)5401 eV, and I 3(Be-like)5476 eV
colliding with completely ionized silicon acceptor ions,Z
514, we obtain for the total cross sectionss151.1
310217 cm2 and s259.2310218 cm2. An estimate of the
accuracy of the above cross-section values can be m
evaluatings1 ands2 by means of the scaling relations d
duced from the numerous experimental data that have b
obtained from positive rare-gas ions penetrating into neu
rare and molecular gases@34#: s152.7310218 cm2 and
s255.3310219 cm2. The cross sections obtained by mea
of these two different approximations are found to differ
about a factor of 4/20; deviations of this order are not e
pected to be significant for the present investigation. T
charge-transfer cross sections in ion-ion collisions are v
large above threshold, because we have considered rea
partners for which the ionization energy of the acceptor-
partner is much larger than that of the donor ion. In this ca
classically allowed over-barrier transitions can occur. Th
transitions are distinctly different from reactions, such
He211C51→He1C61, where transitions can take plac
under the barrier with correspondingly small cross secti
@35#. Finally, calculations@36# show that, for energies abov
a few times the cross-section maximum, the ion-ion cr
sections essentially coincide with those for the correspond
ion-atom collision.

We therefore suggest that the cross sections for sin
electron and double-electron charge-exchange encounter
tween ions may be quite large and close to the correspon
ion-atom cross sections. Due to the unavailability of nume
cal results for the specific required ion-ion cross sections
seems reasonable to express the desired ion-ion cross
tions in the form of the following product:

s i j
Cx~ ion-ion!5s i j

Cx~atom-ion!ks . ~26!

Here s~ion-ion! is the required, but not available, ion-io
charge-transfer cross section,s~atom-ion! is the cross section
for the corresponding atom-ion collision calculated with t
over-barrier model@Eqs.~24! and ~25!#, andks is a correc-
tion factor. Due to the Coulomb repulsion,ks can be much
less than unity for small relative velocities~see above!. For
large relative velocities, the ion-ion charge-exchange cr
section is found to exhibit the same behavior as the co
sponding ion-atom cross-section andks is then of the order
of unity. For very high energies, the ion-ion charge-exchan
cross section is found to decrease. We therefore treatks as an
adjustable parameter.

n
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B. ø distribution of autoionizing-level population produced
by charge transfer

Unfortunately, no calculations or experiments have be
carried out for the required charge-exchange cross sec
associated with the specificL, S, and J quantum numbers
specifying the individual autoionizing states. In order to
vestigate the sensitivity of theOP/J andop/ jkl satellite-line
intensity ratios to the distribution of autoionizing-level pop
lations over the angular momentum quantum number,, we
have selected three different models: the projection of
parabolic quantum number~model 1!, the successive weak
field limit ~model 2!, and the statistical distribution~model
3!.

1. Model 1

In order to investigate the mechanisms responsible for
establishment of the autoionizing-levelLS distributions, we
consider first the single-electron capture process. In the l
energy range, the collision velocity is assumed to be sm
compared with the orbital-electron velocity. The dynamics
the electron-capture process can then be described by a
ing a quasistatic picture of the electron dynamics under
influence of the fields created by two Coulomb centers,
to the ion-core potentials. Electron transfer is usually ass
ated with adiabatic tunneling of the electron from the tar
ion to the projectile ion. Due to the strong Coulomb intera
tion of the electron with both ion-core centers, the initia
populated, states undergo appreciable Stark mixing. Con
quently, the single-electron states can be adequately re
sented by parabolic wave functions. These parabolic~Stark!
states are strongly asymmetric, in contrast with the init
spherical~unperturbed! , states. The electron wave function
are elongated towards the neighbor center. This behavio
manifest by the nonzero electric-dipole matrix eleme
characteristic of the parabolic single-electron states.
electron undergoing the tunneling transition is most likely
occupy a similarly elongated state on the projectile io
Mathematically, this property can be described in terms
conservation of the nodes of the quasiradial wave func
and also in terms of the well-known von Neumann–Wign
theorem restricting the occurrence of quasimolecular cro
ings ~and pseudocrossings!. In our description, we assum
that the electron-capture process leads to the prefere
population of the final single-electron states with parabo
numbersn150, n25n21 @33#. Then, for single-electron
capture processes, the, distribution is given by the Clebsch
Gordan coefficients of the transformation from parabolic
spherical single-electron states. Returning to two-elect
exchange, we assume that the two-electron state for the
tured electrons can be represented as the product of two p
bolic single-electron statesun1 ,n121,0& and un2 ,n221,0&.
The final result is obtained by the direct evaluation of t
projection ^,1 ,,2 ,LSun1 ,n121,0;n2 ,n221,0&. These ma-
trix elements are easily expressed in the form of the sum
the relevant Clebsch-Gordan coefficients or 3j symbols. It
should be noted that, independent of the applicability of t
picture, there will be some restrictions on theLS level-
population distribution, because the resulting magnetic qu
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tum numbers are likely to be zero. This inhibits the domin
tion by high-L states, which have the largest statistic
weights. The probability distributionW ~which should not be
confused with the transition matrix introduced earlier! is then
given by

W~n1l 1 ,n2l 2!5g~S!@j~n1l 1!j~n1l 1!m~ l 1 ,l 2 ,L !#2,
~27!

j~nl !5C@~n21!/2#@~n21!/2#0
@~n21!/2#@~n21!/2# l , ~28!

m~ l 1 ,l 2 ,L !5C0 0 0
l 1 l 2 L , ~29!

Cm1 m2 m3

j 1 j 2 j 3 5~21!m31 j 12 j 2A2 j 311S j 1 j 2 j 3

m1 m2 m3
D .

~30!

For n1Þn2 ,

g~S!5
2S11

4
. ~31!

However, forn15n2 , only S50 is permitted and we have

g~ l 1 ,l 2!5S 2 if l 1Þ l 2 ,

1 if l 15 l 2
D . ~32!

We obtain W(2p2 1D2)5 1
6 50.167. This value should be

compared withW(2s2 1S0)5 1
4 50.25. Similar relations per-

tain for the Li-like autoionizing configurations
W(1s2p2 2D5/2)5 1

6 3 1
2 50.0833, which should be com

pared withW(1s2s2 2S1/2)5 1
4 50.25.

2. Model 2

Characteristic interpenetration velocities that are due
conventional hydrodynamic expansion are expected to b
the of the order of 106– 107 cm/s~in the case of plasma jets
these velocities may be one to two orders of magnitu
higher!. These interpenetration velocities are below o
atomic-velocity unit. In the single-electron charge-exchan
process, the distributionWn, over , is given in the weak-
field limit by @37–39#

Wnl5
2l 11

~n1 l 11!!

$~n21!! %2

~n2 l 21!!
. ~33!

For the respective states of interest, we thereby obtainW2s
51/2 andW2p51/2. Assuming that the two-electron transf
process can be described as a succession of two indepe
single-electron transfers occurring to the states describe
spherical quantum numbers@Eq. ~33!#, the corresponding
two-electron distribution can be represented as a produc
the two individual single-electron distributionWn, . We then
obtain the following results: the 2s2 and 1s2s2 states are
populated with a probability of 0.25, the 2s2p and 1s2s2p
states are populated with a probability of 0.5, and the 2p2

and 1s2p2 states are populated with a probability 0.25. Th
leads to a preferential population of the 2s2 and 1s2s2 states,
because only one fine-structure state can be formed f
2-12
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each of these electronic configurations: namely,
2s2 1S0 and 1s2s2 2S1/2 states, respectively. For process
leading to population of the other electronic configuratio
2,2,8 and 1s2,2,8, this population is distributed amon
several finalLSJ levels. In particular, the probability facto
for the 2p2 1D2 autoionizing level~which is the upper leve
in the J satellite transition! is W(2p2 1D2)5 1

4 3 5
15

50.0833. This value should be compared withW(2s2 1S0)
5 1

4 3 1
1 50.25. Similar relations are obtained for the Li-lik

autoionizing levels: W(1s2p2 2D5/2)5 1
4 3 6

30 50.05. This
relation should be compared withW(1s2s2 2S1/2)5 1

4 3 1
1

50.25. Double-electron charge transfer can therefore lea
a preferential population of the 2s2 1S0 and 1s2s2 2S1/2
states in dense plasmas. This result is based on the ass
tion that the double-electron charge-transfer process ca
adequately described by the above approximation forWn, .

3. Model 3

In view of these uncertainties in the theoretical mode
we are lead to consider the limiting case of statistical le
populations: W(2p2 1D2)5 5

28 50.179. This value should
be compared withW(2s2 1S0)5 1

28 50.0357. Similar rela-
tions are obtained for the Li-like autoionizing levels:
W(1s2p2 2D5/2)5 6

56 50.107, which should be compare
with W(1s2s2 2S1/2)5 2

56 50.0357.

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

Charge-transfer processes can be self-consistently t
into account in the description of the atomic-level populat
kinetics. Specifically, the shift of the ionic-level populatio
can be determined self-consistently with the increase in
upper-level populations due to selected charge-exchange
cesses. The following processes have been included
consistently in a detailed collisional-radiative model:
Single-electron capture:

nuc1SiL
Z→nl1SiL

Z21,

1s1SiL
Z→1snl1SiL

Z21,

1s21SiL
Z→1s2nl1SiL

Z21.

Double-electron capture:

nuc1SiL
Z→nln8l 81SiL

Z22,

1s1SiL
Z→1snln8l 81SiL

Z22,

1s21SiL
Z→1s2nln8l 81SiL

Z22.

The rate coefficientx can be evaluated using the relationsh

xi j 5 f cxneVs i j
x ks , ~34!

wherene is the electron density,V the relative velocity of the
ions undergoing charge exchange,sx is the corresponding
charge-exchange cross section multiplied by
,-distribution probability factorW discussed above,i and j
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specify the quantum states in the acceptor ionSiK
Z , and f x is

the effective donor-ion fraction given by

f x5
ni

donor

ne
. ~35!

Hereni is the density of the donor ions SiL
Z . The transition

matrix W may now be expressed in the form

Wi j 5Ci j 1Ri j 1I i j 1Ti j 1G i j 1Di j 1xi j . ~36!

Charge-transfer processes are thereby included in the
tailed collisional-radiative model, together with all other co
lisional and radiative processes described above. We
that the incorporation of the double-electron charge-tran
cross section requires special attention. The usual kin
processes, e.g., ionization, three-body recombination, ra
tive recombination, photo-ionization, dielectronic captu
and autoionization, connect neighboring charge states. H
ever, the double-electron charge-transfer process conn
ions with chargesZ and (Z22). Consequently, simple
block-diagonal methods for the matrix inversion can be
pected to be inadequate. Accordingly, we have employe
full matrix-inversion scheme with iteration, without an
block-diagonal approximations.

Figure 9 shows the numerical results of our calculatio
using the,-distribution model 2 for optically thin@Fig. 9~a!#
and optically thick@Fig. 9~b!# plasma conditions correspond
ing to kTe5700 eV andne51022 cm23. Due to the unavail-
ability of theoretical and experimental results for the r
quired charge-transfer cross sections, we have tentati
assumed thatks51 in Eq. ~26!. With increasing charge-
exchange fractions, the Heb /Lya intensity ratio rises. This
can be attributed to the shift of the ionic-level populatio
toward lower charge states, whose populations are de
mined self-consistently with the excited-state populations.
an illustration, forf x51029 andne51022 cm23 ~i.e., ni

donor

51013 cm23), the number of donor ions in a sphere with
diameter of 500mm ~corresponding to the focal spot size! is
109. This number of donor ions can be easily realized
plasma jets. In optically thin plasmas, theOP/J and op/ j
intensity ratios rise by a factor of about 2@this should be
compared with, e.g., the intensity ratios shown in Fig. 9~a!
for f x510211 and f x51029]. A very interesting behavior
can be seen in the results obtained for optically thick plasm
@Figs. 9~b! and 4~b!#: for f x51029 the intensity ratios
show a rise by an amount up to about 0.2–0.3, which
about 10 times that obtained without the inclusion of char
transfer processes@as indicated by the arrow in Fig. 9~b!#.
This distinct difference between the results obtained for
tically thin and optically thick plasmas can be understo
from the fact that the intensities of theJ- andjk-satellite lines
are significantly influenced by photon-absorption process
Due to the high autoionizing rates of the upper levels in th
satellite transitions, any additional population of these sta
is therefore not directly reflected in the emission spectrum
contrasting behavior can be seen for theOP-andop-satellite
lines. In almost all parameter regimes, these satellite lines
2-13
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optically thin, and any additional population mechanism w
result directly in increased line intensities in the emiss
spectrum.

We note that the behavior described above is fully con
tent with the TRIDENT observations, for which the anom
lous intensities of theOP and op satellite transitions occu
only near the target surface. For specific physical conditio
we encounter a high optical thickness and a suffici
amount of SiL

Z ions from the cold plasma near the target. O
numerical results show that, e.g., for temperatures ofkTe
5100 eV, ne51022 cm23, and Leff5500mm, the relative
fraction of the Be-, B-, C-, and N-like ions is abou
1022– 1023. The absolute values of the fractionf x in Fig. 9
have no direct meaning, because we have setks equal to
unity ~due to the unavailability of more accurate estima
for the cross sections!, as discussed above. The rise of t
op/ j andOP/J intensity ratios, however, occurs for dono

FIG. 9. Line-intensity ratios in charge-transfer-coupled plasm
as functions of the cold donor-ion fraction~relative to the electron
density!. The interpenetration velocityV5108 cm/s, the electron
density ne51022 cm23, and the electron temperaturekTe

5700 eV. Single-electron and double-electron charge-transfer
cesses proceed from cold silicon plasmas containing ions in
electronic configurations 1s22s22p3, 1s22s22p2, and 1s22s22p1

~a! for an optically thin plasma and~b! for an optically thick
plasma,Leff5500mm.
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ion fractions of the order of 1029. These low fractions en-
able the reduction factorks to account for the influence o
Coulomb repulsion at lower energies, as well as for o
fractional contributions from some ions to the recorded sp
tra. This allows the additional level-population mechanism
become effective.

We note that the results in Fig. 9 have been calculated
a silicon plasma withkTe5700 eV, which is consistent with
the measurement~see earlier details and the light gra
plasma volume in Fig. 7!. A sufficient density of donor ions
~indicated by the dark gray area in Fig. 7! is, however, at-
tained only for much lower temperatures. The results in F
9 have therefore been obtained in a somewhat inconsis
manner: the hot-electron temperature~which determines
the density of receptor ionsni by means of the collisional-
radiative model! has been kept fixed with a fixed value of th
donor-ion densityni

donor. In reality, the hot plasma~indicated
by the light gray area in Fig. 7! can interpenetrate with the
colder dense plasma. This situation, however, is entirely tr
sient: hot plasma can mix with cold plasma undergo
charge-transfer processes and recombination cooling. Th
fective charge-transfer fractionf x can therefore also be inter
preted in such a manner that only a fraction of poten
receptor ions undergo the charge-transfer process with
colder dense plasma~see the arrows in Fig. 7!. The particular
values obtained for theOP/J and op/ j intensity ratios,
which are presented in Fig. 9, are nevertheless represent
due to the following reason: The stationary assumption o
fixed high temperature increases primarily the inner-shell
citation rates, because the charge-transfer rates tend to
the ionic-level populations toward lower charge states. Ho
ever, since the electron temperature is not lowered, inn
shell excitation rates are overestimated. Increased inner-s
excitation rates, however, do not appreciably affect the v
ues predicted for theOP/J and op/ j intensity ratios. This

FIG. 10. Satellite-line intensity ratiosI (OP)/I (J) and
I (op)/I ( jkl ), calculated using different models~see text! for the
determination of the populations of the 2,2,8 and 1s2,2,8 states,
and adopting various models for the,-state distributions~see text-
!: parabolic projection~model 1!, successive weak-field limit
~model 2!, statistical population~model 3!, V5108 cm/s, ne

51022 cm23, kTe5700 eV, andLeff5500mm.
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CHARGE-EXCHANGE-INDUCED TWO-ELECTRON . . . PHYSICAL REVIEW E66, 056402 ~2002!
can be seen from the discussion of hot-electron effects
sented above and in Fig. 6: the intensity ratios do not v
and, in particular, do not rise with increasing hot-electr
fraction. Again, this indicates a minor influence of inner-sh
excitation processes.

Figure 10 shows the influence on the line-intensity rat
of adopting various models for the, distribution. It can be
seen clearly that, in all cases considered, the principal par
eter dependences are retained and that charge-exchang
cesses may lead to a considerable rise~by about a factor of
10! in the line-intensity ratios. The absolute values of t
enhancement depend on the,-distribution valuesW: for a
larger population of the 2s2 levels, compared with that of th
2p2 1D level, we find an increased line-intensity ratio.

D. Heb emission

Figure 11 shows a strong rise in the~relative! Heb emis-
sion with decreasing target distance in the TRIDENT exp
ments. The observed Heb /Lya and Heb /Hea line-intensity
ratios are found to be in agreement with our calculatio
which are presented in Figs. 3–6, only at large distan
from the target. In Fig. 8 we have presented the results
tained including charge-exchange processes, with cross
tion determined using Eq.~23!. These results indicate tha
the n53 states~which are the upper states in the Heb-line
emission! may also be readily populated. For lower char
states of the donor ions, e.g., Be-through Ne-like ions,
preferentially populated states aren>3. This leads to a
strong charge-transfer produced population of the up
states in the Heb-line emission. This result is consistent wi
the observation of high Heb-line intensities near the targe
surface. In this connection, Fig. 9 shows a noteworthy va

FIG. 11. Experimental line-intensity ratioI (Heb)/I (Hea) as a
function of the target distance in the TRIDENT experiment. F
from the target, the ratio has its usual value, whereas close to
target, enhanced ratios are observed.
05640
e-
y

l

s

m-
pro-

i-

,
s

b-
ec-

e

er

-

tion of the various line-intensity ratios. For an effectiv
charge-exchange fraction of about 1028, high op/ j and
OP/J intensity ratios are found together with high Heb /Hea
and Heb /Lya ratios, in agreement with the observations.

VI. CONCLUSIONS

Unusually enhanced emission, by an order of magnitu
of two-electron~dielectronic-satellite! transitions of He-like
and Li-like ions in laser-produced plasmas has been inve
gated, both experimentally and theoretically. By means o
detailed collisional-radiative model for non-Maxwellian an
partially optically thick plasmas, it has been shown that
observed discrepancies cannot be explained by taking
account only the usual collisional-radiative-model lin
formation processes. These results are significant bec
dielectronic-satellite spectra are extensively used for di
nostics in numerous laser-plasma experiments. Large
crepancies would be detrimental for almost all interpre
tions. In the present work, we propose that ion-ion char
transfer processes between highly charged silicon i
~moving in plasma jets near the target! and low-charged ions
~near the surface! populate primarily excited states with low
lying quantum numbers. This is consistent with the obser
satellite spectra. The existence of plasma jets is correla
with the observation of localizedKa emission produced by
hot electrons impinging onto the target surface. The res
obtained from our extended collisional-radiative mod
which has been augmented to include charge-exchange
cesses, indicate that these additional processes can le
enhanced emissions and significant modifications of
dielectronic-satellite spectra. At present, further improv
ments in the quantitative spectroscopic calculations sho
be possible with the availability of reliable results for th
single-electron and double-electron charge-transfer c
sections relevant to ion-ion collisions. We anticipate that
present work will provide motivation for further spectro
scopic measurements of the dielectronic-satellite emiss
and new theoretical investigations of the relevant char
transfer processes.
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