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Abstract

New types of space resolved X-ray spectra produced in light matter experiments with high intensity lasers
have been investigated experimentally and theoretically. This type of spectra is characterised by the
disappearance of distinct resonance line emission and the appearance of very broad emission structures due
to the dielectronic satellite transitions associated to the resonance lines. Atomic data calculations have
shown, that rather exotic states with K-shell vacancies are involved. For quantitative spectra interpretation
we developed a model for dielectronic satellite accumulation (DSA-model) in cold dense optically thick
plasmas which are tested by rigorous comparison with space resolved spectra from ns-lasers. In experiments
with laser intensities up to 1019 W/cm2 focused into nitrogen gas targets, hollow ion con"gurations are
observed by means of soft X-ray spectroscopy. It is shown that transitions in hollow ions can be used for
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plasma diagnostic. The determination of the electron temperature in the long lasting recombining regime is
demonstrated. In Light-matter interaction experiments with extremely high contrast (up to 1010) short pulse
(400 fs) lasers electron densities of n

%
+3]1023 cm~3 at temperatures between k¹

%
"200}300 eV have been

determined by means of spectral simulations developed previously for ns-laser produced plasmas. Expansion
velocities are determined analysing asymmetric optically thick line emission. Further, the results are checked
by observing the spectral windows involving the region about the He

a
-line and the region from the He

b
-line

to the He-like continuum. Finally, plasmas of solid density are characteristic in experiments with heavy ion
beams heating massive targets. We report the "rst spectroscopic investigations in plasmas of this type with
results on solid neon heated by Ar-ions. A spectroscopic method for the determination of the electron
temperature in extreme optically thick plasmas is developed. ( 2000 Elsevier Science Ltd. All rights
reserved.

1. Introduction

The investigation of dense plasma has received great interest in a widespread community: inertial
fusion driven by lasers and heavy ion beams, X-ray lasers, non-coherent X-ray sources, and
correlation e!ects in dense cold plasmas. In these investigations plasma spectroscopy has provided
important information for basic research and for the optimisation of desired plasma parameters.
X-ray spectroscopy of these dense plasmas, which contain highly charged ions, has turned out to be
extremely useful for the determination of the plasma parameters and several models have been
successfully developed in the last decades, e.g. see Refs. [1,2]. The general feature of these
traditional spectra are the dominant emission of resonance lines.

Recently, the interaction of radiation with matter by means of powerful lasers with extremely
high contrast of up to 1011 produce spectra which di!er dramatically from traditional ones, e.g.
known from ns-laser experiments. A general feature of these newer spectra is the disappearance of
the resonance lines and the appearance of very broad emission structures associated to the
resonance lines. Theoretical calculations readily showed that neither Stark-broadening nor opacity
e!ects could account for the experimental observation. Only recently, Rosmej and Faenov [3]
proposed a model of accumulated dielectronic satellites (DSA-model) for the interpretation of the
experimental "ndings [4}8].

It became immediately clear that spectra from short pulse high-power high-contrast lasers were
not appropriate to study the origins of the observed spectra. Transient e!ects, "eld ionisation,
continuum level depression at high densities and optical thickness made the theoretical interpreta-
tion di$cult. Therefore, it was appropriate to perform experiments that could illuminate the
situation and perform systematic investigations at ns-laser installation. The keypoint in these
experiments being the measurement of X-ray spectra with high luminosity at high spectral and
spatial resolution. This was realised by means of spherically bent mica crystals providing a spectral
resolution of j/dj+104 simultaneously with spatial resolution of dx+10lm [9}11]. Note that
spectra emitted from plasmas in traditional ns-laser experiments arising from regions close to the
target surface showed emission features similar to those known from high-intensity high-contrast
laser pulses.

Not all questions could be addressed in these experiments, in particular the broad emission
structures located far from usual resonance line positions [12}14] required further study. A major
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step the atomic data calculations that showed these structures might be due to transitions in hollow
ions [7,8,14}16]. However, the question concerning the excitation mechanisms however remained
unresolved.

The similarity of cold, dense plasmas created by short pulse high-contrast lasers and plasmas
generated through heating solids with heavy ion beams made the beam}solid interaction experi-
ments attractive to the laser community. Spectroscopic investigations of the "rst experiments with
Ar-ions heating solid neon [17] were thus pursued.

2. Laser produced plasmas

2.1. Observation of unusual X-ray spectra from high-intensity high-contrast laser pulses

Experiments on the interaction of high-intensity high-contrast lasers with solid targets have been
performed at the Centre for Ultrafast Optical Science of the University of Michigan [18,19]. The
pulse had a duration of 400 fs, a wavelength of 0.53lm, an energy of 1 J, and an intensity contrast of
1010. The diameter of the focal spot was about 10lm and a peak intensity of 0.5]1019 W/cm2 was
achieved at the surface of a solid target. In addition, experiments with prepulses were performed with
a total energy of 2 J and a time separation from the main pulse of 2 ps. Solid Mg targets were used.
X-ray spectra [19] have been recorded with spherically bent mica crystals with a 186 mm radius of
curvature and X-ray CCD camera. The geometrical arrangement uses the FSSR-1D scheme [10].

Fig. 1a shows the spectral window containing the He-like resonance lines He
b
"1s3p 1P

1
P1s 2
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c
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1
P1s2 1S
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lines, and the Li-like dielectronic satellites 1s3l3l@ and 1s2l3l@. Note that in experiments
with prepulses the dielectronic satellite intensities are relatively small compared to the correspond-
ing resonance line He

b
. Similar characteristic features are seen near He

a
"1s2p 1P

1
P1s2 1S

0
,

Fig. 1b.
With high contrast however, the situation is dramatically di!erent. A new type of spectra

develops as resonance lines disappear and the dielectronic satellites become the most pronounced
emission features in the spectrum. It is obvious that spectra of this type cannot be interpreted with
the traditional methods of plasma spectroscopy for a review of the traditional methods see e.g.
Refs. [1,20].

These representative spectra indicate that the dielectronic satellite emission provide the key to
understanding of spectra. Potentially transitions from rather exotic states, not previously con-
sidered for plasma diagnostics, may now be of great importance. This also requires that we
reanalyse also traditional plasma sources, e.g. ns-laser produced plasmas, to ensure that exotic
con"gurations are correctly and consistently included in a single computational description.

2.2. High-resolution X-ray spectra from ns-laser produced test bed plasmas: development of the
dielectronic satellite accumulation model (DSA-model)

Experiments have been performed in Frascati at the HERCULES laser installation [21].
The XeCl laser had a pulse duration of 12 ns, energy 2 J, wavelength 0.308lm and an active
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Fig. 1. (a) X-ray spectrum from high contrast laser produced plasmas and from plasmas produced with prepulses [19].
With prepulse the satellites 1s2l3l@ and 1s3l3l@ have weak intensity and the He-like resonance lines He

b
, He

c
, He

d
and

H-like Ly
b
are the dominant structures in the spectrum. The spectrum with high contrast shows a dramatic di!erence: the

dielectronic satellites 1s3l3l@ and 1s2l3l@ increase and dominate the spectrum whereas the resonance lines have disap-
peared (the digits at the right side indicate the shot number). (b) Same like Fig. 1a, however showing the X-ray spectrum
[19] in the spectral window interval near the He-like resonance line He

a
(recorded with a second spectrograph). With

prepulse the resonance line is the dominant structure in the spectrum. The spectrum with high contrast shows a dramatic
di!erence: the dielectronic Li-like satellites 1s2l2l@ as well as high order satellites increase.

volume of 9]4]100 cm3. The laser worked in a repetition mode with 10 Hz and was focused on
a surface of a solid Mg target with a spot diameter of 30}70lm, yielding a #ux density of
(4}8)]1012 W/cm2. X-ray spectra were recorded with spherically bent mica crystals and X-ray
"lm. In our experiments each X-ray spectrum was the accumulation of 20}40 shots each on a fresh
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Fig. 2. X-ray spectrum from ns-laser experiment showing the spectral window near the He
b
-line. Far from the target

(x'100 lm) the spectrum is dominated by the He
b
-resonance line. Getting more close to the target, dielectronic satellite

spectra develop strongly (x(40 lm).

target surface. Two spherical crystals were employed simultaneously to obtain high-resolution
spectra from the interval near He

a
and He

b
. The "rst spectrometer was con"gured according the

FSSR-1D scheme [10,22] employing a crystal with curvature radius of 150 mm centred at
j"9.23As . The second spectrometer geometry had the crystal, plasma and photographic "lm
placed according the FSSR-2D scheme: crystal on the Rowland circle with both the plasma source
and "lm placed out of the Rowland circle at a distance of 127 mm. The angle between the target
surface and the spectrometer was about 203. The curvature radius of the spherically bent mica
crystal was R"100 mm. Working in the second order the Bragg angle was 523 (centred at
j"7.85As ). The magni"cation was 1 to 1. We estimated that the target position during many shots
changed not more than $ 10lm.

In Fig. 2 space-resolved spectra arising from di!erent distances from the target surface in the
spectral range near He

b
show two essential features. First, spectra far from the target (e.g. x'

120lm) are dominated by the resonance line emission of He
b
. Second. spectra close to the target

(e.g. x( 40 mm) show much more pronounced satellite structure, i.e. 1s3l3l@ and 1s2l3l@. Compar-
ing with the spectra from Fig. 1 we infer that the intense emission of satellite spectra is correlated
with plasmas close to the target surface. Thus, using these observations, together with the results
from short-pulse high-contrast experiments, one can further infer that the origin of these spectra
arise from the low-temperature, high-density plasmas.
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Fig. 3. Energy level diagram for the single excited He-like levels 1s2l and the double excited levels 1s2lnl@ and 1s3lnl@.
1s3l3l@-states autoionise not only to the He-like ground state 1s2 1S

0
but also to the excited states 1s2l. This results in

a high electron capture to excited states due to the small energy di!erence of only about 70 eV.

Calculations [23,24] taking into account the dielectronic recombination to the ground state and
the inner-shell excitation form the Li-like states 1s23l, i.e.

dielectronic recombination: 1s2#eP1s3l3l@P1s23l@#+u
4!5

, (1a)

inner-shell excitation: 1s23l#eP1s3l3l@P1s23l@#+u
4!5

(1b)

fail to describe the experimental results, the calculated satellite emission being practically absent in
the simulation, in obvious contradiction to the data.

To address the lack of agreement between the calculations and the experiments we revisit the
coupling of the autoionizing states in the kinetics model. Fig. 3 shows the energy level diagram for
the single excited states 1s2l and the double excited states 1s2lnl@ and 1s3lnl@. The important
di!erence between these con"gurations is that the con"gurations 1s2lnl@ lie above threshold only to
the ground state, whereas the 1s3lnl@-levels lie above the ground state and also above the states 1s2l.
Thus, the 1s3lnl@-levels can autoionize to excited states and the principle of detailed balance
indicates that dielectronic capture from excited states 1s2l is possible. In calculated spectra
simulations the relative importance of the various channels of excitation can be investigated. For
this purposes we employ the MARIA-code [25]: a metastable resolved multilevel multi-ion stage
collisional radiative model, having a completely transient treatment all ground stages as well as all
excited states, and includes opacity e!ects and non-Maxwellian velocity distributions. This kinetics
model allows the study of plasmas where widely disparate time scales operate in the rate equations
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Fig. 4. Theoretical MARIA-code calculations of the He
b
-line and its adjacent dielectronic satellites switching o!

successively various excitation channels: (a) all dielectronic satellites are switched o!, (b) dielectronic capture to the
He-like ground state is included, (c) also the dielectronic capture from the single excited states 1s2l are included resulting
in a strong excitation of these satellites for plasma conditions met near the target surface, n

%
"1021 cm~3, k¹

%
"80 eV,

¸
%&&
"200 lm.

(see e.g. see Ref. [26] for a treatment of resonance and spin forbidden lines). The level structure is
entirely dynamic, adaptable to any problem and limited only by computer memory (typical
memory/disc requirements are 0.2}1 and 1}5 Gbyte, respectively). An LSJ-selective method is
implemented that can exclude particular levels and excitation mechanisms even inside one
LS-con"guration. More details and applications are described elsewhere [6,7,16,23,27}29].

Fig. 4 shows the relative importance of the various channels for typical plasma parameters found
near the target surface. In Fig. 4a all satellite transitions are excluded and the emission is
dominated by the optically thick opacity broadened He

b
-line. The intercombination line

Y3"1s3p3P
1
}1s2 1S

0
is very narrow because its optical depth is very small. Fig. 4b is calculated

including the dielectronic capture from the ground states (Eq. (1a)) and the inner-shell excitation
(1b). The atomic structure calculations include all con"gurations of the type 1s3l3l@, 1s3l4l@, 1s3l5l@
and 1s3l6l@ [23]. However, it is seen that dielectronic satellites do not develop substantially. Fig. 4c
shows the inclusion of the dielectronic capture to the excited states 1s2l, and a strong increase of the
satellite line formation results.

The relative importance of the dielectronic capture from excited states can be estimated followed
analytically. The intensity I of a dielectronic satellite based on the dielectronic capture channel only
is given by

IDC
4!5

(a)"n
%
n(a)b(a)SDC(a)T. (2)
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n
%

is the electron density, n(a) is the population density of the state `aa into which capture is
considered, b is the branching factor for the emission of a photon and SDCT is the rate coe$cient
for the dielectronic capture. The dielectronic capture rate coe$cient is given by

SDC(a)T"1.656]10~22!(a)
g
4!5
g
!

exp(!E
4
(a)/k¹

%
)

(k¹
%
)3@2

[cm3 s~1], (3)

where ! is the autoionizing rate into the state `aa in [s~1], g
!
and g

4!5
are the statistical weights of

the capture level and the autoionizing level, respectively, E
4
is the capture energy in (eV), and k¹

%
is

the electron temperature in (eV). The intensity ratio R of the dielectronic satellite emission
associated correlated to the excited states 1s2l and that associated to the ground state 1s2 is
therefore given by

R"

IDC
4!5

(1s2l)
IDC
4!5

(1s2)
"

n(1s2l)
n(1s2)

g(1s2l)
g(1s2)

!(1s2l)
!(1s2)

b(1s2l)
b(1s2)

SDC(1s2l)T
SDC(1s2)T

. (4)

The branching ratios are the same because we consider one transition but in di!erent channels. The
capture energies are related by (see Fig. 3):

E
4
(1s2)+*E#E

4
(1s2l), (5)

where *E is the excitation energy of the 1s2l-levels from the ground state. The maximum
population ratio can be calculated using the Boltzmann-ratio, i.e.,

n(1s2l)
n(1s2)

"

g(1s2l)
g(1s2)

exp(!*E/k¹
%
). (6)

Inserting Eqs. (3), (5) and (6) into Eq. (4) we obtain

R
.!9

"

g(1s2l)
g(1s2)

!(1s2l)
!(1s2)

. (7)

Table 1 shows the atomic structure calculation carried out with the Hartree}Fock method [30],
where intermediate coupling, con"guration interaction and relativistic corrections up to the second
order have been taken into account. The autoionizing rates !(1s2l) are about 2 orders of magnitude
larger than the !(1s2)-rates. The maximum intensity ratio for the di!erent channels can therefore
reach factors of up to R

.!9
+3]103. Thus, one would expect that in high-density optically thick

Table 1
Con"guration averaged autoionising rates of the double excited states 1s3lnl@ for Mg to
di!erent channels a"1s2 and 1s2l

Con"guration !(1s2)/s !(1s2s1S
0
)/s !(1s2s3S

1
)/s !(1s2p1P

1
)/s !(1s2p3P)/s

1s3l3l@ 5.6]1011 1.0]1013 3.1]1013 5.5]1013 1.7]1014

1s3l4l@ 1.2]1011 2.1]1012 6.2]1012 1.0]1013 3.0]1013

1s3l5l@ 4.1]1010 7.7]1011 2.2]1012 3.6]1012 1.0]1013

1s3l6l@ 1.8]1010 3.4]1011 9.8]1011 1.5]1012 4.5]1012
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Fig. 5. MARIA-code calculations showing the development of the strong satellite emission in short pulse high contrast
laser experiments. With increasing density and "xed temperature k¹

%
"100 eV the population of the excited states 1s2l

increases resulting in a strong dielectronic capture into the 1s3lnl@-states. With opacity e!ects included the satellite
spectra dominate the emission spectrum.

plasmas R would be large because the population of the 1s2l increases with increasing density and
due to photoabsorption of the resonance line="1s2p 1P

1
}1s2 1S

0
. Values R close to R

.!9
can

actually occur of a wide range of accessible densities as depicted in Fig. 5 (compare with Fig. 1a).
We note that all calculations, as in Fig. 5, have been carried out using the collisional radiative
model, not the simple form according Eqs. (2)}(7). The fact that populations of autoionizing levels
are strongly correlated with single excited states of the highly charged ions has implications for
other processes, not only the dielectronic capture [31,5].

Fig. 6 shows the "nal spectrum "tting carried out with the MARIA-code of the He
b
-line and its

adjacent dielectronic satellite spectra for the experimental spectrum recorded at x"50lm.
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Fig. 6. Spectrum "tting of the He
b
-structure of ns-laser experiments carried out with the MARIA-code. Excellent

agreement is seen not only for the He
b
-line but also for the details of the satellite emission 1s3lnl@ and 1s2l3l@.

Excellent agreement is obtained for the He
b
-line and all dielectronic satellites of the type 1s3lnl@ and

1s2l3l@. This agreement provides validation of the model we have proposed to explain the enhanced
satellite emission.

Moreover, we have also cross checked our results with the He
a
-spectrum recorded with a second

spectrometer. These spectra are shown in Figs. 7a and b. Very close to the target (e.g. x(50 mm)
a complicated W-line structure develops. This structure is characterised by the disappearance of
the resonance line emission and the appearance of a very broad emission structure. Fig. 7b
compares, in more detail, the spectra from plasmas near to and far from the target surface. Fig. 8
shows the principle mechanism for the origin of spectra of these kind. The resonance line at
position j

0
is trapped due to high optical thickness. Excitation of double excited levels results in

transitions located mainly on the red side of the resonance line caused by the screening of the
nuclear charge spectator electrons. Under typical conditions found near the target surface, n"2
satellites are optically thick. Even small values of optical depth, i.e., between 1 and 10, result in large
reductions of the intensity due to the autoionizing probability [32]. The relative intensity of the
satellite series 1s2lnl@ therefore does not scale like n~3 as is expected from the dielectronic
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Fig. 7. Experimental spectra of the He
a
-structure recorded with a second spectrograph. Close to the target, the

complicated W-line structure develops.

recombination mechanism. This leads to an e!ective dielectronic satellite accumulation, the
so-called DSA-model [3] and also to an relative enhancement of the so-called `blue satellite
structurea [5,31,33]. Fig. 9 shows the development of the He-like resonance line W based on
the DSA-model. It is clearly seen that this model reasonably describes the broad W-line structure.
Fig. 10 shows the cross check for the He

b
-simulation. Taking the same simulation parameters given

in Fig. 6 we obtain good agreement with the experimental results: the MARIA-code calculations
are obviously bracketed by the data at x"30}50lm. Deviation are certainly within the limits of
the experimental uncertainties as it is di$cult to adjust two spectrographs at di!erent mean angles
to look exactly into the same plasma volume.

2.3. Solid density plasma produced with high-intensity high-contrast lasers

The theoretical analysis of dielectronic satellite emission developed in Section 2.2 provides the
necessary tools for the spectroscopic analysis of plasmas produced by high-intensity high-contrast
laser pulses. Fig. 11a shows the spectrum from the He

b
-line to the Lyman continuum. There are two
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Fig. 8. Principle mechanisms for the dielectronic satellite accumulation model (DSA-model). Large optical depth in the
resonance line and much smaller depth for higher-order satellites results in a strong relative increase of the satellite
emission.

dominant features: 1. An intense structure near a wavelength of about 0.79 nm and a strong
increasing `slopea from lower to higher wavelength.

Also shown in Fig. 11a is the calculation carried out with the MARIA-code. Good agreement for
the entire spectral range is obtained for n

%
"3]1023 cm~3 and k¹

%
"180 eV. The simulations

display not only the emission close to the He
b
-line but also the total slope of the emission (the

experimental intensity decrease at about 0.81 nm is an artefact and caused by the end of the spectral
interval). Due to high density, the continuum edge is shifted and higher He-like resonance lines
have disappeared. Calculations of line merging [34] are consistent with the determined electron
density we have determined. In the calculations all satellite transitions of the type 1s2l3l@, 1s2l4l@,
1s3l3l@ and 1s3l4l@ are included and are found to be essential for the "tting of the overall structure
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Fig. 9. MARIA-code calculations showing the satellite accumulation based on the DSA-model.

near He
b
. Due to their incorporation the asymmetric wing structure near He

b
could be studied:

di!erential plasma movement in optically thick plasmas (the e!ective source size of 10lm was used,
being in agreement with the laser spot size) is partly responsible, the determined expansion velocity
is about 108 cm/s.

We have cross checked the theoretical results by analysing the spectral distribution near He
a
.

Fig. 11b show the experimental spectrum. A remarkable feature being the strong decrease of the
blue wing of the He

a
-structure and the falling slope on the red side. This is a result of di!erential

motion in optically thick plasmas: Photons emitted in the plasma centre at the blue wing
experience only little photoabsorption because the absorbing ions move outwards. The absorption
coe$cient therefore shift to the red and blue photons can more easily escape from the plasma thus
causing the step rise of the blue wing. The red photons are e!ected in the opposite manner. Fitting
the observation with the calculations gave the following parameters: n

%
"4]1023 cm~3,

k¹
%
"300 eV, <"3]107 cm/s (the e!ective source size being 3lm). Taking into account

A(He
a
)"1.95]1013 s~1 and A(He

b
)"5.49]1012 s~1 and the larger line broadening of the
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Fig. 10. MARIA-spectrum "tting of the He
a
-line of ns-laser experiments assuming the same simulation parameters as

obtained in Fig. 6. Good agreement is found cross checking the He
b
-simulation results.

He
b
-line we "nd that the line centre optical depth, q

0
, di!ers by about a factor of 15:

q
0
"

1
4
j2
ji

g
j

g
i

A
ji
n
iG1!

g
i
n
j

g
j
n
i
Huij

(u"u
ji
)¸

eff
JA

ji
u

ij
(u"u

ji
). (8)

Therefore, the He
a
-line is more suitable for the determination of the plasma velocity. The

parameters determined from the "tting procedure are therefore in agreement, deviations may
certainly be caused by the fact that the spectra of Figs. 11a and b have been obtained by di!erent
laser shots. The parameters determined from the "ttings (Figs. 11a and b) indicate a strongly
coupled plasma with a coupling parameter !+3}10.

2.4. Field ionised plasmas: investigation of transitions in hollow ions

Field ionised plasma have been obtained by focussing a CPA Ti-Sapphire laser beam
(linear p-polarised) is onto a laminar pulsed nitrogen gas jet with sharp gradients (¸+200lm)
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Fig. 11. (a) MARIA calculation of the He
b
-line up to the series limit for high contrast laser pulses. A reasonable

agreement is obtained for n
%
"3]1023 cm~3, k¹

%
"180 eV. Due to high density, the He-like Rydberg series 1snp

1P
1
}1s2 disappears and the continuum edge is shifted (note that the emission at the long wavelengths interval at about

0.82 nm ends and the intensity drops as an artefact). (b) MARIA calculation of the interval near the He
a
-line for high

contrast laser pulses. The parameters are only slightly di!erent from those obtained from the He
b
-line due to di!erent

laser shots: n
%
"4]1023 cm~3, k¹

%
"300 eV.

and a 20 mm long #at top pro"le. The density of atoms was 1.5]1019 cm~3 for a maximum
backing pressure of 20 bar. The energy per pulse was E"0.8 J, the wavelength j"790 nm and the
contrast is about 10~5 at 1 ps. The laser beam with 80 mm diameter is focused with an f/2.35
o!-axis parabolic mirror 3 mm below the nozzle. The 1/e2 focal spot radius is 8 lm. The
corresponding Rayleigh length and vacuum intensity are 7lm and 1019 W/cm2, respectively. This
intensity is able to produce fully stripped nitrogen through "eld ionisation [35].
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Fig. 12. Experimental spectra of nitrogen recorded at di!erent gas pressures. A clear association of many of the structure
inside the broad emission feature near the usual H-like resonance lines 5p, 6p, 7p}1s is seen.

Spatially resolved X-ray spectra of nitrogen have been recorded with spherically bent mica
crystals. The crystal, with curvature radius of 150 mm, was placed at a distance of 250 mm from the
plasma, with a middle Bragg angle was about 753. The spectral resolution was j/dj+2000, and the
spatial resolution was dx+30 lm in the direction of the laser propagation. X-ray spectra were
recorded on Kodak DEF "lm. The "lm cassette was protected by 2 layers of polypropylene with
thickness 0.8lm covered by 0.2lm of Al.

Fig. 12 shows two experimental X-ray spectra of nitrogen in the spectral range from 1.88 to 1.96
nm recorded at di!erent gas pressures. Very broad emission structures around the H-like reson-
ance lines are visible, e.g. at j+19.12]10~10 m, j+19.36]10~10 m. Stark pro"le calculations
show, that for the maximum possible electron density of n

%
+2]1020 cm~3 the experimental line

widths are much larger than calculated from the Stark broadening. If, however, we compare the
experimental spectra in a more detailed manner (see vertical bars) a clear correlation of the
numerous structures is discovered. We suggest that these structures to originate from transitions in
hollow ions, that is, ions with 2 vacancies in the K-shell:

nln@l@PG
1sn@l@#+u

I
1snl#+u

II
H. (9)

We have used a multi-con"guration Hartree}Fock method including relativistic corrections up
to the second order, so called HFR-method [30], to calculate wavelengths, transition probabilities
and autoionizing rates for these states. For the calculation of atomic data intermediate coupling
and con"guration interaction have been included. No wavelengths shifts of single transitions or
single groups of lines have been done. Pure ab initio calculations (i.e. no scaling parameters are
used) are carried out. The following complexes are included (radiative transitions from these states
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Fig. 13. Spectral distribution of the dielectronic satellite emission originating from the con"gurations 3l6l@, 4l6l@, 5l6l@ and
6l6l@ in hollow nitrogen ions.

are located inside the experimentally observed wavelength interval): 3l5l@, 4l5l@, 5l5l@, 3l6l@, 4l6l@, 5l6l@,
6l6l@, 3l7l@, 4l7l@, 5l7l@, 6l7l@, 7l7l@, 3l8l@, 4l8l@, 5l8l@, 6l8l@, 7l8l@ and 8l8l@. It can be shown that the total
spectral distribution can be reasonably described by

I(u)+
n0

g0
+
k

+
ij,iEj

gk
j
Ak

ji
exp(!(E0!Ek)/k¹

%
), (10)

where k designates each complex (e.g. k"3l6l@), the transition takes place from the upper level j to
the lower level i, E, are the ionisation energies of the various complexes compared to the nucleus.
Fig. 13 shows an example of the spectral distribution originating from the transitions of the
complexes 3l6l@, 4l6l@, 5l6l@ and 6l6l@. Very broad emission features as well as emission structure
inside the broad features are visible.

Fig. 14 shows the attempt to calculate the spectrum based on satellite transitions in hollow ions
(the factor n0/g

0
is the same for all transitions and therefore omitted in the "gures). The agreement

is reasonable and resembles many features of the experiment for k¹
%
+ 30 eV. In particular,

the very broad emission features near the positions of the usual H-like resonance lines and the
numerous maxima are re#ected. The proposed satellite transitions in hollow ions can therefore
explain the numerous emission lines in di!erent experiments: di!ering screening of the nuclear
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Fig. 14. MARIA-code calculation of nitrogen spectra based on satellites emission in hollow ions. Reasonable agreement
is found for k¹

%
+30 eV.

charge due to spectator electrons with di!erent angular momentum coupling and the decay
through two radiative channels results in a very broad emission features made up of numerous
emission structures as observed in the experiment (see vertical bars in Fig. 12). This can be seen, e.g.,
in the calculations shown in Fig. 13 where the spectral distribution of the complexes 3l6l@, 4l6l@ and
6l6l@ are presented. The overlap of all the di!erent types of complexes listed above results in a much
richer emission feature (the radiative transitions of some complexes are indicated in Fig. 14).

It is worth noting that temperature determined by the spectrum "tting procedure is also in
agreement with solutions of the Boltzmann equation [36] which predicted a group of electrons
with e!ective Temperature of k¹

%
+ 40 eV after some ps. It should be noted that the selection of

the emission from the nitrogen `naturallya selects the emission from the recombination regime. The
temperature variations according Eq. (10) may therefore be used as a diagnostic of the long-lasting
recombination regime based on transitions in hollow ions.

It is interesting that the spectra in Figs. 12 and 13 are reasonably described with transitions from
hollow ions only. The question therefore arises what excitation mechanisms result in a high
population of the nln@l@-states and leading to strong emission compared to the H-like resonance
lines. Charge exchange is proposed [7,37] for the excitation of the nln@l@-states when "eld ionised
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ions penetrate into the residual nitrogen gas, which consists of neutral atoms and singly/doubly
ionised ions.

3. Spectroscopic investigations of heavy ion beam heated solid neon

High-energy density matter and the production of dense cold plasmas can be achieved not only
with short-pulse high-contrast lasers, but also with heavy ion beams interacting with matter. The
advantage of heavy ion beam experiments being the possibility of de"nite selection of the projectile
energy and projectile species. Therefore, the emission of the target and the projectile ions can be
adjusted to be suitable for spectroscopic analysis. The disadvantage at present is the insu$cient
beam intensity to create dense plasmas at the substantial temperatures achievable with lasers. Here
we report on the spectroscopic possibilities [17] on the "rst experiments carried out with the heavy
ion accelerator at the GSI in Darmstadt [38,39] using argon ions to interact with solid neon.

A heavy ion beam of Ar18`
40

with an energy of E
"%!.

"300 MeV/u interacts with a solid neon
target. The number of projectile particles is about N

"%!.
"1.5]1010 distributed over a time

interval with FWHM of about q"300 ns. The beam diameter when hitting the target is d"1 mm.
This provides a `beam densitya in the interaction region of

n
"%!.

+

4
pd2qc

N
"%!.S1!A

1
1#1.074]10~9E

"%!.
/A

"%!.
B

2~1
"3]1020 cm~3, (11)

where E
"%!.

is in eV and A
"%!.

is the number of nuclei. This de"nes a spectroscopic relevant beam
fraction [25,40] g

"%!.
of

g
"%!.

"

n
"%!.
n
%

, (12)

where n
%
is the electron density. Given the value from Eq. (11) the beam fraction in the interaction

region could therefore be high enough to in#uence the ionisation dynamics and the excited states
population.

Spectroscopic investigations have been performed in the visible range between 400}700 nm.
A 1 m normal incidence VUV spectrometer (VM-521-SG, ACTON RESEARCH CORP.) equip-
ped with a grating of 150 lines/mm was employed which providing an e!ective resolution of about
j/dj+140, more details are described elsewhere [39]. The spectral interval selects mainly the
transitions

1s22s22p53lLSJP1s22s22p53l@L@S@J@#+u.

Since the typical temperatures reached are on the order of 0.1 eV after the beam deposition these
transitions have several advantages for plasma diagnostics: (1) The splitting inside the 3l LSJ levels
is large enough to cause a large deviation from the statistical population; and, (2) The absorbing
level density for the visible transitions is small because these are themselves excited states. We
assume that the spectral distribution can reasonably be described by

I(u)+
n
'3

g
'3

+
ij,iEj

+u
ji
g
j
A

ji
expA!

*E
j

k¹
%
B'ji

(u
ji
,u). (13)
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Fig. 15. Temperature dependence of optical neon spectra based on the population variation inside the 1s2 2s2 2p5 3l and
1s2 2s1 2p6 3l levels using a Boltzmann-factor. For demonstration of the importance of the Boltzmann-factor even in the
"ne-structure, a spectrum is calculated assuming a statistical population between the various excited nl-levels. The arrow
indicates the proposed temperature diagnostic.

Fig. 16. MARIA-code calculation of the e!ects of optical depth on the neon spectra in the wavelength interval from
500}800 nm. k¹

%
"1 eV, ground state density n(1s22s22p6 1S

0
)"1022 cm~3, j/*j"40.

Here n
'3
/g

'3
is the density/statistical weight of the ground state, u

ji
is the transition frequency, g

j
is

the statistical weight of the upper level j, A
ji

is the radiative decay, *E
j
is the ionisation energy of

the upper level j, ¹
%
is the electron temperature and ' is the line pro"le.

Fig. 15 shows the calculations comparing spectra obtained under the assumption of the
statistical population of the upper levels (curve `gA-spectruma) and the spectrum obtained
according Eq. (13) for k¹

%
"0.1 eV. It can clearly be seen that a large temperature dependence

results from the non-statistical population of the upper level con"gurations 3l (note that the
gA-spectra do not match with the experiment. Fig. 16 shows the MARIA-code calculations for the
optically thick case. For k¹

%
"1eV, ground state density n(1s22s22p61s

0
)"1022cm~3 (note that

the absorbing ground states for the considered transitions are the excited states 1s22s22p53l and
1s22s12p63l), opacity e!ects become visible only for plasma sizes larger than about 1 mm.
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Fig. 17. MARIA-code spectrum "tting assuming no scaling parameters in the atomic data calculations. Quite good
agreement is seen for the strong emission structures near 610 and 650 nm for k¹

%
+0.18 eV, j/*j"40.

Fig. 17 shows the experimental time-integrated spectrum. Time resolved measurements have
shown that the emission takes place mainly during the interaction of the heavy ion beam with the
solid neon. Two pronounced features at j+610 and j+650 nm are visible. For the calculations,
atomic data (wavelengths, transition probabilities, energy levels) have been obtained from the
Hartree}Fock code [30] including intermediate coupling and con"guration interaction and all
states 1s2 2s2 2p6, 1s2 2s2 2p5 nl and 1s2 2s1 2p6 nl with n"3}6 and l"0}5 have been included
simultaneously. Performing pure ab initio calculations (i.e. no Coulomb scaling parameters are
used) the separation of the two maxima match well for k¹

%
+0.1 eV. Smaller `bumpsa on the red

and blue side of the dominating maxima at j+610 nm are also re#ected in the calculation,
however, in the data these transitions are not so pronounced. The clari"cation of these discrepan-
cies may provide extended diagnostic possibilities. We note that the temperature estimates based
on spectroscopic analysis are also in reasonable agreement with hydrodynamic calculations
[39,41] performed with a modi"ed MEDUSA-code version [42].

Finally, we note that these kind of plasmas and their spectroscopic investigations are also of
interest for the investigation of non-ideal e!ects. Taking k¹

%
"0.1 eV and a density between

n
%
"1019}1023 cm~3 we obtain for the number of particles in the Debye sphere

N
D
"

1.72]109(k¹
%
)3@2

Jn
%

+10~2!10~4. (14)

4. Conclusion

New types of X-ray spectra characterised by the disappearance of resonance lines and the
dominance of dielectronic satellites have been analysed by means of high-resolution X-ray spectro-
scopy (spectral resolution j/dj+5000, spatial resolution dx+10 lm). Space resolved spectra
from ns-laser produced plasmas have been used as a test-bed for the development of theoretical
spectra simulations. The He

a
and He

b
resonance and satellite structure have been successfully
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employed for diagnostic purposes. The "rst investigations of satellite spectra emitted from hollow
ions are performed and a temperature diagnostic for the long lasting recombining phase was
developed. Their application to high-intensity (1019 W/cm2) short (60 fs) laser pulses focused into
gas target demonstrate the usefulness of the proposed hollow ion spectroscopy.

For intense high-contrast laser pulses interacting with solid targets very broad emission struc-
tures are observed and electron densities up to n

%
+3]1023 cm~3 have been determined.

Successful cross cheques involving the spectral window from the He
b
-line to the Lyman continuum

and the He
a
-emission structure were performed. The electron temperature could be determined

with the help of dielectronic satellite spectra and the expansion velocity was determined from the
He

a
line shape analysis in di!erentially moving optically thick plasmas.

In "rst heavy ion beams experiments dense plasmas produced with interacting with frozen neon
have been spectroscopically investigated. A temperature diagnostic for extremely optically thick
dense and cold plasmas was developed and applied to experimental spectra. Successful cross
cheques with MHD-calculations are demonstrated.
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