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Advanced x-ray diagnostics based on an observation of high-energy Rydberg transitions
from autoionizing levels in dense laser-produced plasmas
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The application of x-ray spectroscopy methods enabled a space-resolved observation of the high-energy
Rydberg satellite series 1s2lnl 8→1s22l 1hn and the Lyb satellites 2l3l 8→1s2l 1hn in dense laser-produced
plasmas.Ab initio atomic structure calculations including relativistic and QED effects show excellent agree-
ment with the precise wavelengths measurements. Satellite transitions withn.3 split into three distinct
groups. Forn.5, the transitions are found to merge with the Lyb satellite transitions 2l3l 8→1s2l 1hn and
the series limits approach the Lyb line. This leads to emission on the red and even on the blue wing of the Lyb

line. Spatially and spectrally resolved intensity distribution discovered strong spatial restrictions of the Ryd-
berg satellite intensities near the target surface. On the contrary, all resonance lines show strong emissions up
to 10-mm distance from the target and large optical thickness. This enabled us to develop essentially opacity-
free and spatially localized temperature diagnostics based on Rydberg satellite emission. Total x-ray emission
spectra are established with the help of theMARIA suite of kinetic codes. The derived properties of the spectral
distribution make the high-energy Rydberg satellites of general interest for the wide class of dense plasma
experiments.
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I. INTRODUCTION

Line transitions from autoionizing states are very imp
tant for diagnostics. Since the early work of Gabriel@1#, they
have historically been employed for sensitive temperat
determination of astrophysical plasmas. However, the ap
cation to dense hot plasmas, such as, e.g., inertial con
ment fusion plasmas, laser-produced plasmas or pinc
plasmas, is not straightforward due to opacity, no
Maxwellian electrons, inhomogeneity, and transient effe
The advanced development of dielectronic satellite mod
@2–17# has created a new interest in these transitions also
dense plasma experiments and resulted in many applica
to inertial confinement fusion in hohlraums@18#, laser-
produced plasmas@6,11,14,19,20#, and pinching plasmas
@10,12,13,17,21#.

However, it was pointed out@22–25# that serious opacity
effects may even occur for transitions from autoionizi
states. Unlike usual resonance line emission, opacity in
electronic satellites changes dramatically the intensity
spectral distribution because high autoionizing rates~of order
1014s21! act like depopulating collisions from upper leve
@22#. As autoionizing rates decrease rapidly with the prin
pal quantum numbern, opacity results in a complete disto
tion of the emission spectrum. Examples of complete dis
tions have been observed recently in laser-produced plas
high opacity led to the disappearance of resonance line e
sion and the accumulation of Rydberg satellites near
resonance line position@24–27#.

It is obvious that sophisticated modeling is indispensa
to obtain diagnostic information from optically thick spectr
1050-2947/2001/63~6!/063409~8!/$20.00 63 0634
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In real experiments, however, opacity is often accompan
by inhomogeneities. Even for space-resolved spectrosc
arrangements, line-of-sight integrations are unavoida
This introduces large uncertainties for the interpretation.

All this indicates that there is an urgent need to deve
methods for diagnostics that are intrinsically based on o
cally thin emission lines with small line-of-sight integratio
effects. Generally speaking, opacity problems can be
cluded by using transitions caused by radiative decay
highly excited Rydberg levels. In order to maintain the gre
diagnostic advantages of satellite transitions, transitions fr
autoionizing Rydberg levels are therefore highly desirab
These transitions, however, are not established yet for de
plasmas.

Therefore, to develop methods for plasma diagnos
based on Rydberg satellites requires, as a first step, iden
ing these transitions in experimental spectra, measuring t
wavelengths, and comparing experimental data with ato
structure calculations. The second step is to perform kin
calculations to obtain the spectral distribution in order
derive diagnostic sensitivities.

Both tasks are solved in the present paper for the cas
Rydberg satellites caused by transitions from autoioniz
levels 1s2lnl 8 of Li-like Si XII . Atomic structure calcula-
tions take into account relativistic and QED effects f
high-n transitions until the series limits are establishe
Based on these investigations, kinetic modeling is est
lished and diagnostic properties are derived from the spec
distribution.

Moreover, we also address the important phenomena
lated to inhomogeneous emission. For these purposes, h
©2001 The American Physical Society09-1
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advanced x-ray optical methods have been installed at
GSI nhelix-laser test bed facility in Darmstadt. These me
ods employ high luminosity focusing x-ray spectrograp
providing simultaneously high spectral and spatial reso
tion. We show that, in particular, resonance line emissi
and dielectronic satellites show up with quite different sp
tial emission sizes: Rydberg-satellite emission appeared t
spatially very narrow. Based on these findings, method
address directly local emission zones are developed.

Finally, essentially opacity-free space-resolved tempe
ture diagnostic methods are developed and demonstrate
the present paper. The results are of general interest fo
large class of dense plasma experiments and significa
advance the spectroscopic analyses.

II. EXPERIMENTAL SETUP

Dense plasmas have been created at GSI with the 1
nhelix-laser facility irradiating massive Si targets. nhelix is
Nd-glass–YAG~YAG denotes yttrium aluminum garnet! la-
ser operating at a wavelength ofl51.064 mm and a pulse
width of 15 ns. A focusing lens with 100-mm diam an
150-mm focal length was used. Targets were irradiated w
30 J and spot sizes of about 100–500mm.

Space-solved x-ray spectra were recorded with spheric
bent mica crystals@28–30# in third order with a curvature
radius of R5150 mm. The central Bragg angle wasu0
535°, the distance between target and x-ray film~Kodak
DEF V x-ray film with grain size less than 2mm! was a
5280 mm, and between crystal and film wasb5136 mm. In
order to protect the film from visible light, two polypropy
ene foils with a thickness of 2mm each covered with 0.1-mm
Al from each side were used. An additional polypropyle
foil without Al cover was used for a debris shield.

Plasma images were digitized with 5000 dpi~dots per
inch! employing a EUROCORE 10.000 dpi drum scann
This arrangement enabled a spatial resolution in thez direc-
tion ~z is the direction of the expanding plasma perpendicu
to the target surface! of ~0.0254 m/5000!~280/136!/cos 35°
512.8mm per pixel and a spectral resolution of aboutl/dl
'3500. Spectra have been corrected for filter transmissi
crystal reflectivity, film response, and nonlinear dispers
scale~using Hez ,Heg resonance lines and the Heb intercom-
bination line as reference lines! using the programSCALE.

Figure 1~a! shows the soft-x-ray plasma image in the ve
broad wavelength interval ranging from 0.51 to 0.57 nm c
taining the resonance lines 1snp 1P1→1s2 1S01hn from
n53 until the series limit. Distinct line emission untiln
511 was observed. The horizontal dark line correspond
the emission near the target surface~bremsstrahlung!, and
above, the recombination regime of the resonance line
seen with emissions up to about 10 mm from the target
face. Figures 1~b! and 1~c! show corresponding traces take
at different target distances~we note that all intensity scale
are linear!.

III. THE IDENTIFICATION OF HIGH-ENERGY
RYDBERG SATELLITE EMISSION, WAVELENGTH

MEASUREMENTS, AND ATOMIC STRUCTURE
CALCULATIONS

The spectrum taken near the target surface@Figs. 1~b! and
1~c!# shows~apart from the usual He-like resonance line!
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also strong emissions between the Hed51s5p 1P1
→1s2 1S01hn and Heg51s4p 1P1→1s2 1S01hn lines.
Sophisticated atomic structure calculations identify the
transitions as high-energy Rydberg dielectronic satellite tr
sitions:

1s2lnl 8→1s22l 1hnsat.

The corresponding low-energy transitions

1s2lnl 8→1s2nl81hnsat

give rise to the satellite near Hea . In laser-produced plas
mas, these satellites constitute the main intensity near
Hea line @19,24,25#.

High-energy Rydberg satellite data are, however, not v
well established. We therefore have undertaken extended
merical calculations based on the multiconfigurati

FIG. 1. Space-resolved plasma image~a! of silicon K-shell x-ray
line emission obtained at the GSI nhelix-laser installation. Indica
are the He-like resonance lines until the series limit as well as
high-energy Rydberg satellites 1s2lnl 8→1s22l 1hn. Two spectra
are shown: first, from the target surface@strong black horizontal line
in ~a!# showing strong emissions of dielectronic satellites~resolved
satellite groupsg1 ,g2 ,g3 ,d1 ,d2 ,d3 are considered in Table I!; sec-
ond, in the expanding plasma~taken 600mm above the surface!.
The total emission size of the Heb resonance line is observable u
to 10 mm.
9-2
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TABLE I. Atomic data and measured wavelengthsle of Li-like silicon high-energy Rydberg satellite
1s2lnl 8→1s22l 1hnsat for n54,5. The present theoretical calculations~wavelengthsl t , transition prob-
abilitiesA, and satellite intensity factorsQ! were carried out with the multiconfigurationZ-expansion method
including higher-order relativistic and QED effects.

Key Transition l t (10210 m) le (10210 m) A ~s! Q ~s!

n55
d1 1s2s@1S#5p 2P3/2– 1s22s 2S1/2 5.3953 5.3959~5! 1.531011 5.731011

1s2s@1S#5p 2P1/2– 1s22s 2S1/2 5.3959 3.831011 7.031011

d2 1s2s@3S#5p 2P1/2– 1s22s 2S1/2 5.4313 5.4301~5! 1.431012 1.531012

1s2s@3S#5p 2P3/2– 1s22s 2S1/2 5.4313 1.431012 3.131012

d3 1s2p@3P#5p 2D3/2– 1s22p 2P1/2 5.4517 5.4523~5! 5.331011 1.831012

1s2p@3P#5p 2D5/2– 1s22p 2P3/2 5.4526 8.431011 4.631012

n54
g1 1s2s@1S#4p 2P3/2– 1s22s 2S1/2 5.5044 5.5050~5! 3.331011 1.331012

1s2s@1S#4p 2P1/2– 1s22s 2S1/2 5.5055 5.131011 9.431011

1s2p@3P#4s 2P3/2– 1s22s 2S1/2 5.5094 5.5091~5! 7.731011 4.631011

1s2p@3P#4s 2P1/2– 1s22s 2S1/2 5.5106 6.231011 7.731011

g2 1s2p@1P#4p 2D5/2– 1s22p 2P3/2 5.5412 5.5428~5! 7.631011 1.331012

1s2s@3S#4p 2P1/2– 1s22s 2S1/2 5.5427 2.631012 2.531012

1s2s@3S#4p 2P3/2– 1s22s 2S1/2 5.5428 2.631012 5.131012

g3 1s2p@3P#5p 2S1/2– 1s22p 2P3/2 5.5595 5.5591~5! 2.331012 2.131012

1s2p@3P#4p 2D3/2– 1s22p 2P1/2 5.5617 5.5617~5! 2.131012 7.031012

1s2p@3P#4p 2D5/2– 1s22p 2P3/2 5.5623 2.331012 1.231013

1s2s@1S#4d 2D5/2– 1s22p 2P3/2 5.5630 5.5641~5! 6.331011 3.031012

1s2p@3P#4p 2D3/2– 1s22p 2P3/2 5.5643 8.731011 2.931012
if
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Z-expansion method including the relativistic energy sh
due to contact terms and orbit-orbit interaction~defined by
the Breit operator!, relativistic term splitting connected with
spin-orbit and spin-spin interaction, and Lamb shift corre
tion including vacuum polarization@31–35#. Corresponding
atomic data and experimental wavelengths are depicte
Table I. The data show that forn.3, the satellites
1s2lnl 8– 1s22l separate into three distinct emission pea
even in high-resolution spectra~l/dl'4000!. The key indi-
cates satellites that accumulate to these three groups. I
be seen from Table I that almost all satellite waveleng
agree within 1 mÅ between the calculations and the m
surements. It should be noted that all theoretical data arab
initio calculations and neither groups nor single lines ha
been shifted. The table presents also the spontaneous r
tive decay rateA and the dielectronic satellite intensity fact

Q5
gs

gG

AG

(A1G
. ~1!

gs andgG are the statistical weights of the autoionizing lev
and the state from which autoionization proceeds,G is the
autoionizing rate, and the sum is taken over all poss
channels of radiative and autoionization decay. The sate
intensity factor determines the dielectronic recombinati
rate coefficient~in units of cm3 s21!

^RD&5aQ
exp~2Es /kTe!

~kTe!
3/2 . ~2!
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Es is the capture energy in eV,kTe is the electron tempera
ture in eV, anda51.656310222 cm3 s21. For largeQ fac-
tors, the dielectronic recombination rate provides an estim
to the expected intensity.

Figures 1~b! and 1~c! also show a spectrum taken 600mm
above the target. It is seen that at this distance almos
satellite transitions have disappeared. Figure 2 compares
different emission zones of the Hed line, the Hed satellites, as
well as the bremsstrahlung from the target surface. It
clearly seen that the full width at half maximum~FWHM! of

FIG. 2. Spatial emission zones of the Hed , the Hed satellites,
and the bremsstrahlung. The satellite emission peaks in a very
row spatial interval.
9-3



on

i

y

th
al

m
in

p-
ne
he

ula-

ix,

b

the

uite

F. B. ROSMEJet al. PHYSICAL REVIEW A 63 063409
the Hed emission is 98 pixels~corresponding to 1.3 mm!.
Also, a strong wing extending to about 300 pixels~3.8 mm!
is seen for the Hed emission, whereas the satellite emissi
extends to only 46 pixels~590mm!. The comparison with the
narrowest emission size, namely the bremsstrahlung~note
that this dimension defines approximately the smallest em
sion size defined by the laser spot size! from the target sur-
face with 34 pixels~440 mm!, shows that the high-energ
Rydberg transitions are spatially very well localized.

These properties are very favorable for diagnostics. If
line intensity by itself is localized in a very narrow spati
interval, line-of-sight integration effects~which always per-
sist even in space-resolved spectra! are negligible. The op-
posite behavior is seen for the resonance lines. Their e
sion extends over large spatial intervals; see the w
structure of Hed in Fig. 2.

FIG. 3. Essentially opacity-free temperature sensitivity is o
tained employing Heg and Hed Rydberg-satellite transitions.MARIA

simulation parameters arene51020 cm23 andLeff5100mm.
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IV. ADVANCED DIAGNOSTIC EMPLOYING
OPACITY-FREE RYDBERG SATELLITES

The most effective method to study the diagnostic pro
erties of a large number of transitions with possible li
overlapping is via spectra simulations. We employ t
MARIA suite of codes@15# to perform multilevel collisional
radiative opacity calculations and subsequent spectra sim
tions. The upper level densitiesnj are determined from a
system of rate equations,

dnj

dt
5(

iÞ j
ni$Wi j 1Ai j L i j %2nj(

kÞ j
$Wjk1AjkL jk%. ~3!

The matrixW is given by

Wi j 5Ci j 1Cpi j
1Ri j 1I i j 1I pi j

1Ti j 1G i j 1CDi j
. ~4!

C is the collisional excitation/deexcitation matrix,I the col-
lisional ionization matrix,T the three-body recombination,R
the radiative recombination,G the autoionization,CD the di-
electronic capture,A the spontaneous radiative decay matr
and ion-ion ~atom! collisions ~excitation/deexcitation and
ionization! are described by the matrixesCp and I p. The

-

FIG. 4. Comparison of the experimental spectrum and
MARIA simulations in the spectral interval from the Hez until theg3

satellites. Excellent agreement with the line positions and q
good overall agreement are seen. Simulation parameters arekTe

5350 eV, ne51021 cm23, Leff5100 mm, and l/dl instrument

'3500.

TABLE II. Line-center opacitiest0 of various transitions for an
electron temperature of~a! kTe5300 eV, ne51020 cm23, and
Leff5100 mm; ~b! kTe5300 eV, ne51021 cm23, and Leff

5500 mm @e.g.,O(23) means thatt0 is of the order of 1023#.

Transi-
tions

t0

Hea Heb Heg Hed Hea-
sat.

Heb-
sat.

Heg-
sat.

Hed-
sat.

~a! 21 3.9 1.4 0.61O(22) O(22) O(23) O(23)
~b! 980 170 50 16 O(1) O(21) O(22) O(22)
9-4
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TABLE III. Atomic data and measured wavelengthsle ~or line overlapping! of Li-like silicon high-
energy Rydberg satellite 1s2lnl 8→1s22l 1hnsat. Higher-order Rydberg-satellite groups show strong ov
lapping with each other and with the Lyb satellites~see Fig. 3!. Line identification was accomplished with th
MARIA spectral simulations.~Other notation as in Table I.!

Key Transition l t (10210 m) le (10210 m) A ~s! Q ~s!

n515
j1 1s2s@1S#15p 2P3/2– 1s22s 2S1/2 5.2332 1.731010 3.131010

1s2s@1S#15p 2P1/2– 1s22s 2S1/2 5.2332 1.531010 5.231010

j2 1s2s@3S#15p 2P1/2– 1s22s 2S1/2 5.2670 5.2662 5.031010 6.231010

1s2s@3S#15p 2P3/2– 1s22s 2S1/2 5.2670 5.031010 1.231011

j3 1s2p@3P#15p 2D3/2– 1s22p 2P1/2 5.2884 Blended by 3.631010 7.531010

1s2p@3P#15p 2D5/2– 1s22p 2P3/2 5.2887 Hed 4.031010 2.231011

n59
u1 1s2s@1S#9p 2P3/2– 1s22s 2S1/2 5.2680 5.2674 4.531010 1.731011

1s2s@1S#9p 2P1/2– 1s22s 2S1/2 5.2682 7.931010 1.531011

u2 1s2s@3S#9p 2P1/2– 1s22s 2S1/2 5.3023 5.3012a 2.331011 2.931011

1s2s@3S#9p 2P3/2– 1s22s 2S1/2 5.3023 2.331011 5.731011

u3 1s2p@3P#9p 2D3/2– 1s22p 2P1/2 5.3239 5.3238a 1.931011 6.031011

1s2p@3p#9p 2D5/2– 1s22p 2P3/2 5.3241 1.931011 1.031012

n58
h1 1s2s@1S#8p 2P3/2– 1s22s 2S1/2 5.2827 Blended by 6.831010 2.731011

1s2s@1S#8p 2P1/2– 1s22s 2S1/2 5.2829 Hed 1.131011 2.131011

h2 1s2s@3S#8p 2P1/2– 1s22s 2S1/2 5.3172 5.3170 3.331011 4.131011

1s2s@3S#8p 2P3/2– 1s22s 2S1/2 5.3172 3.331011 8.131011

h3 1s2p@3P#8p 2D3/2– 1s22p 2P1/2 5.3388 5.3395~7! 2.931011 9.131012

1s2p@3P#8p 2D5/2– 1s22p 2P3/2 5.3390 2.631011 1.431012

n57
z1 1s2s@1S#7p 2P3/2– 1s22s 2S1/2 5.3043 5.3043a 1.131011 4.131011

1s2s@1S#7p 2P1/2– 1s22s 2S1/2 5.3046 1.631011 3.031011

z2 1s2s@3S#7p 2P1/2– 1s22s 2S1/2 5.3391 5.3395~7! 5.031011 6.031011

1s2s@3S#7p 2P3/2– 1s22s 2S1/2 5.3391 5.031011 1.231012

z3 1s2p@3P#7p 2D3/2– 1s22p 2P1/2 5.3608 5.3602~7! 4.431011 1.431012

1s2p@3P#7p 2D5/2– 1s22p 2P3/2 5.3609 3.431011 1.931012

n56
«1 1s2s@1S#6p 2P3/2– 1s22s 2S1/2 5.3380 5.3391 1.631011 6.331011

1s2s@1S#6p 2P1/2– 1s22s 2S1/2 5.3385 2.031011 3.631011

«2 1s2s@3S#6p 2P1/2– 1s22s 2S1/2 5.3733 5.3726~7! 7.931011 9.331011

1s2s@3S#6p 2P3/2– 1s22s 2S1/2 5.3733 7.931011 1.931012

«3 1s2p@3P#6p 2D3/2– 1s22p 2P1/2 5.3951 5.3959 6.831011 2.131012

1s2p@3P#6p 2D5/2– 1s22p 2P3/2 5.3950 4.731011 2.631012

aBlended by Lyb satellites.
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indices ‘‘ij ’’ indicate the transition from level ‘‘i’’ to level
‘‘ j’’; if a matrix element physically does not exist, its valu
is zero. The radiation terms are contained inL(Leff), where
Leff is the effective photon path length@36#. For optically
thick plasmas, the set of differential equations becomes n
linear, becauseL i j 5L i j (ni ,nj ). The level system chose
includes all the Si ground states~nucleus until neutral Si!,
H-like levels nl with n51 – 7 and l 50 – 6, He-like levels
1snl with n51 – 7, l 50 – 6, Li-like levels 1s2nl with n
52 – 7, l 50 – 6, as well as effective dielectronic and rad
tive recombination rates for all charge states. Also includ
are all dipole allowed (DS50) and intercombination (DS
06340
n-

-
d

51) transitions from the autoionizing states 2lnl 8 with n
52 – 4, 1s2lnl 8 with n52 – 9.

Figure 3 shows simulated spectra in the wavelength in
val from 0.525 until 0.560 nm for different electron temper
tures (kTe50.2– 2 keV). A large sensitivity to the electro
temperature over one order of magnitude is seen for thed
and Heg satellitesd2 , d3 , g1 , g2 , and g3 , respectively.
Moreover, these transitions have favorable properties aga
opacity. Table II depicts the line-center opacitiest0 ,

t05 1
4 l j i

2 gj

gi
Aji ni H 12

ginj

gjni
J w i j ~v5v j i !Leff ~5!
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~l is the wavelength,gj andgi are the statistical weights o
the upper and lower level respectively,ni is the density of
the absorbing ground state, andw is the absorption profile!,
of various resonance lines and satellites for different par
eters: ~a! kTe5300 eV, ne51020 cm23, and Leff
5100 mm; ~b! kTe5300 eV, ne51021 cm23, and Leff
5500 mm. Hea and Heb have a line-center optical thicknes
of several hundred and even the Hea satellites are optically
thick. In contrast, Heg and Hed lines show moderate opac
ties and entirely optically thin satellite structure.

Figure 4 shows the application of the above-develop
Rydberg-satellite temperature diagnostic to the present d
Comparing the upper~experiment! and lower~MARIA simu-
lation! spectrum, quite good overall agreement is seen
kTe'350 eV. It should be emphasized that this proced
is highly advanced because, first, spatially restricted em
sion data are analyzed and, second, entirely low or opac
free transitions are taken. This method is therefore of gen
interest for dense plasma experiments such as, e.g., l
produced plasmas and pinch plasmas.

V. Ly b SATELLITES AND THE Li-LIKE HIGH-ENERGY
RYDBERG SATELLITE SERIES LIMITS

Next, we consider the Rydberg-satellite transitions up
the series limit, which have not been observed in dense la
produced plasmas so far. Table III shows the present ato
data calculations for Rydberg satellites to He« (n56), Hez

(n57), Heh (n58), Heu (n59), and Hej (n515) for the
three groups of lines. Figure 5 shows the spectra simulati
We present spectra simulations with different contributio
to show the very details:~a! the satellites to Hed , He« , and
Hez ; ~b! to Heh and Heu . One can see that transitions of a
Rydberg satellites split again into three main groups. Th
groups are located far from their corresponding resona
lines and accumulate mainly near the spectral interval ofd
and Heg . Starting withn55, these three groups show se
ous line overlapping.

Figure 5~c! shows that the line overlapping is not on
determined by the Rydberg satellites itself but also by
satellite transitions

2l3l 8→1s2l 1hnsat.

Lyb is the corresponding resonance line. Table IV shows
series limits of the three Li-like satellite groups. It can
seen clearly that the Li-like high-energy Rydberg-satel
groups 2 and 3 approach the Lyb line @central wavelength of
l(Lyb)55.217 Å# and group 1 is located even on the bl
wavelengths side of the Lyb line.

The establishment of these series limits may have v
important consequences for the interpretation of emiss
peaks near the Lyb line of highly charged ions. These pea
have been previously proposed to be due to plasma sate
@37# and molecular satellites@38#, whereas these work
@37,38# did not consider the Rydberg-satellite emission of
present work.

To our knowledge, the upper spectrum in Fig. 6 shows
first observation of space-resolved Rydberg satellites w
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n.5 in dense laser-produced plasmas. The lower spect
shows theMARIA simulation. Good overall agreement is o
tained for the same simulation parameters as obtained a
~Fig. 4!. Obviously very many emission peaks coincide~see
vertical bars!.

The established Rydberg-satellite transition series are
proposed for advanced Stark broadening analysis exhibi
the unique property of negligible opacity and spatial restr
tion. Although the autoionizing configurations are rath
complex, Stark broadening calculations will be feasible
the near future@39# and the present data provide experime
tal information on this issue, too.

VI. CONCLUSION

We have observed space-resolved Li-like silicon hig
energy Rydberg satellite transitions until the series limit

FIG. 5. Simulations showing the different contributions from t
dielectronic satellite spectra with the Li-like high-energy transitio
1s2lnl 8→1s22l 1hn and the He-like Lyb satellites 2lnl 8→1s2l
1hn: ~a! contributions forn55,6,7; ~b! n58,9; and~c! spectral
distribution of the Lyb satellite spectra. Designations are defined
Tables I and III.

TABLE IV. Series limits of the satellite groups ‘‘1,’’ ‘‘2,’’ and
‘‘3’’ for a Si XII ion.

Satellite
group Series limit

1 5.213310210 m
2 5.247310210 m
3 5.269310210 m
9-6
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dense laser-produced plasmas. Satellites to Heg and higher
series members split into three distinct observable group
excellent agreement with atomic-structure calculations
cluding relativistic and QED effects. These groups effe

FIG. 6. Expanded scale of the Rydberg-satellite spectrum. Q
good agreement between the experimental~upper spectrum! and the
MARIA simulation~lower spectrum! is seen when including the Li
like Rydberg satellites as well as the Lyb dielectronic satellites.
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tively radiate only in a very narrow spatial interval near t
target surface and are shown to be suitable for Stark bro
ening analysis. The emission therefore serves as a loca
agnostic probe for temperature and density, and these p
erties lead to a significant improvement over comm
diagnostic methods because high-energy Rydberg sate
are essentially optically thin even in large-scale dense p
mas.

The satellite series limits are shown to give rise to em
sions at the blue and red wing of Lyb based on the dielec
tronic recombination mechanism, which is different fro
previously proposed mechanisms such as plasma satellit
molecular satellites.

The established data and methods of Rydberg satel
are therefore of general interest and widely applicable
dense plasma experiments. A detailed demonstration of
methods was carried out for dense silicon high-energy la
produced plasmas.
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