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Space-resolved x-ray emission from the densest part of laser plasmas:
Molecular satellite features and asymmetrical wings
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We report on the analysis of space-resolved x-ray emission from the densest part of plasmas created by
laser irradiation of plane targets. The plasmas are strongly correlated and not very emissive due to the
high electron densities [(1-3)X10?* cm ™3] and the low temperatures ( <300 eV) involved. We present
an alternative experimental technique that provides an extensive enhancement of the emission profiles.
The Stark broadening of the F L3 and Al Lf3 lines is discussed with respect to asymmetries and the pos-
sible formation of transient molecules. Red satellites (molecular and dielectronic) on the low-energy

wing of Lf3 are exhibited.

PACS number(s): 52.70.La, 52.25.Nr, 52.50.Jm, 32.70.—n

Technological advances in high-intensity lasers allow
the generation of very strongly correlated plasmas. The
present study concerns the x-ray emission from the abla-
tion region of plane targets where high densities in the
range (1-3)X 10* cm ™3 and low electronic temperature
(=300 eV) are inferred. Although such plasmas can be
easily produced with laser intensities higher than 2 X 10'*
W cm 2, there are several difficulties regarding the emis-
sion spectroscopic studies of Stark-broadened hydrogen-
like and heliumlike lines. First, the emission coefficient is
very low in the ultradense layer of the ablation region.
Second, the emission from this region is difficult to access
and to discriminate from the emission issuing from less
dense regions. On the other hand, there are motivations
to explore the ultradense region: the theoretical compu-
tation of line wings including multipolar effects leads to
strong asymmetries [1-5]; in addition, several theoretical
attempts indicate that strong ion collisions can form
quasimolecules at very high densities [6-8].

In this paper, we describe an alternative experimental
technique allowing access to dense plasma regimes hith-
erto unobtainable. By increasing the dense plasma
volume selected by an angled spectrograph slit, the emis-
sion from this region becomes sufficient to explore the
spectral line shapes using experimental results from only
one laser shot. More precisely, we show that due to the
high spatial discrimination with magnifications of 120,
the measurements of spectral lines are significantly im-
proved: the line wings are largely enhanced and show
strong asymmetries and satellite features. These effects
appear to be the experimental signature of the theoretical
predictions discussed above. After a presentation of the
new method, we report here, as a proof of its capability,
the spatially resolved spectroscopic analysis of experi-
ments concerned with Al, LiF, and CF, targets for which
the LB line shows asymmetrical wings at high densities.
Fluorine has been chosen as an emitter candidate because
of its large Stark effect. The F L3 line exhibits dielec-
tronic satellites and unusual features at densities for
which transient molecular structures could be involved.
We show that, due to the high spatial resolution, a
discrimination between the molecular satellite emission
layer and the dielectronic satellite emission layer is possi-
ble. The dielectronic satellites’ wavelengths have been
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calculated and we use a simple approach to give a possi-
ble explanation of the molecular features.

The experiments have been carried out by using the
Nd-glass laser of the Laboratoire pour I'Utilisation des
Lasers Intenses with wavelength A; =0.263 pum and a
pulse duration 7=500 ps. The observation of the above-
mentioned effects (asymmetries and molecular features)
needs a very high density N, = 10 cm™? and sufficient
emission. Let us describe the experimental setup to ac-
cess such dense regions. Numerical simulations for ex-
panding plasmas show that such densities can be reached
in the ablation region of plane targets for laser intensities
greater than 2X 10" Wcem ™2 These required intensities
are consistent with the available 20-30-J energy shots
onto focal spots of diameter D =200 um. This diameter
has been experimentally determined so as to optimize the
plasma emission: there are indeed two conflicting effects,
namely the increase of the available emission volume
with D and the subsequent laser intensity diminution
with D2, leading to the emission coefficient decrease.
Two other means for enhancing high-density effects on
the profiles have been developed here: (1) the target
structure and implantation, and (2) the choice of the spa-
tial integration domain.

First, regarding the targets, strips of aluminum, lithi-
um fluoride (LiF), or polytetrafluorethylen (CF,) are
sandwiched between a silica or carbon substrate [Fig.
1(a)]. The targets are perpendicular to the laser beam (x
direction) and well centered in the laser beam. The
length of the plasma along the y axis is determined by the
focal spot size D; the width / along the z axis is controlled
by the fabrication of the targets. As [ is smaller than D,
the Al or F plasma is confined in a constrained flow by
the substrate plasma. For all the experiments reported in
this paper, / is also chosen smaller than 70 um in order to
control the radiative transfer in the z direction [9] or to
take it off.

Next consider the spatial integration; the improve-
ments in the implantation of the spectrograph
PABURCE [10] are the following: The spatially resolv-
ing entrance slit is parallel to the x-y plane [Fig. 1(b)]. Its
width (40 um) ensures the spatial resolution (or integra-
tion) along the laser-target axis and its length parallel to
the strip allows maximum emission. Moreover, the slit is
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FIG. 1. (a) Geometry of the plasma issued from the plane
target. (b) Spatial resolution of the spectrograph. The inclina-
tion angle 6 with respect to the spectrograph axis allows a spa-
tial integration over a large volume of dense plasma. Ax is the
longest plasma path length through the dense plasma.
AX =120Ax on the film involves the dense part of the plasma.

angled so that the spectrograph axis has an inclination 6
(8°—15°) with respect to the target plane. This new tech-
nique leads to an amplification of the maximum path
length Ax [Fig. 1(b)] along the laser-target axis x, cor-
responding to the ultradense plasma. Consequently there
appears a drastic enhancement of the ultradense effects in
the line wings as detailed below. Locating the slit at 2
mm from the plasma leads to, first, an improvement on
the signal-to-noise ratio and, second, a magnification ra-
tio of 120 between a detected Ax plasma slab and the cor-
responding AX of the film. In Fig. 1(b) we can see that on
the film there are four different regions corresponding to
different spatial integrations in the plasma. Region I cor-
responds to a progressive integration over the whole of
the densest part. For a target 40 um wide and an inclina-
tion angle of 10° the longest plasma path length through
this ultradense part (the crater) is Ax =7 um, and the
corresponding AX =850 um on the film contains spectra
involving plasma path lengths Ax <7 um. Progressively,
in region II less dense plasma is involved and the contri-
bution from the crater disappears in region III. In region
IV the spatial integrations correspond to low-density
plasma only.

We now discuss the line shapes observed on the films in
the transverse direction. The high spectral resolution
(2000) of the gradually bent concave KAP crystal allows
the observation of very fine structures. The signals aris-
ing from those lines-of-sight that are integrals over the
densest part of the plasma [i.e., region I, Fig. 1(b)] are
shown in Fig. 2 for a 40-um LiF target. The spectral
range covering F Lf3 and its associated satellite transi-
tions has been selected here. We know from previous re-
sults [11,12] that the density is greater than 5X 10?2 cm ™3
because this density gave a rather good agreement be-
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tween theoretical and experimental profiles of this line
when emitted from the plasma region where its emission
coefficient is maximum. Spectra (a)—(e) correspond to a
varying dense plasma path length Ax <7 um. As Ax in-
creases one progressively sees the enhancement of the line
wings. On the spectra denoted (c) and (d) the line exhib-
its a very strong asymmetry and reveals two important
satellites, referred to as (1) and (2) in the following. In
Fig. 3 we show spectra involving dense and progressively
less dense plasma [i.e., region II, Fig. 1(b)]. In the case of
integrations over more than 7 um along the laser-target
axis, the satellites (1) and (2) disappear, whereas two
other satellites denoted (3) and (4) appear very close to
each other on (g) and (h). Moreover, we remark that for
Ax 27 pm the core of the main line is significantly
enhanced while the wings remain with a steady intensity.
Concerning the satellites (3) and (4), they have been
identified with He-like satellites of F L3. We used the
analytical expressions given by Ivanov and Safronova
[13] for these transitions stemming from doubly excited
states. The formulas were obtained, averaged over quan-
tum numbers LSJ, as functions of the number of elec-
trons in the shells, taking into account relativistic effects.
For the transitions 1s53s-3s3p, 1s3p-3p?, and 1s3d-3p3d,
we found 12.753, 12.761, and 12.762 A, respectively.
These predictions are in good agreement with observa-
tion (see Fig. 3): the first satellite corresponds to our ob-
served satellite (3), and the others, which are unresolved,
correspond to satellite (4). As shown in Fig. 3 these
dielectronic satellites are prominent only on the spectra
involving more than 10 yum for the spatial integration
along the laser-target axis. The emission volume includes
lower densities N, <5X10*2 cm™> and higher tempera-
tures 7, > 200 eV than in the crater; these conditions are
propitious to dielectronic satellites. One can see that the
1s2s-2s3p and 1s2p-2p3p satellite positions that we have
predicted approximately at 12.972 and 13.181 A, are not
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FIG. 2. F Lp space-integrated spectra. Target: / =40 um,
6=10% laser beam: 16 J, 500 ps, 0.263 um. Curves (a)—(f) cor-
respond to varying dense plasma path length Ax < 8um, as indi-
cated in the figure. The spectra have been vertically shifted by
arbitrary amounts. The red wing exhibits two satellites (1) and
(2) in cases (c) and (d) only, corresponding to spatial integration
over the largest ultradense volume. (1) and (2) are identified
with molecular components of F Lf, i.e., (101g)-(000u) and
(2201)-(000g).
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in the F L3 wavelength domain.

The features (1) and (2) (see Fig. 2) have been seen for
the first time in the present experiments. Due to the
technique developed in this paper, at every shot onto a
thin target (/ <50 um) the emission issued from the dense
plasma and selected by the spectrograph was sufficient to
show these prominent satellites in the enhanced asymme-
trical wings. These features have been located at 0.03(5)
A and 0.09 A from the main line. Since they are close to
the resonance line, one should ask oneself whether they
could be identified with dielectronic satellites involving
an n >3 spectator. There are at least two reasons for a
negative answer: first, the population of a spectator n >3
is less probable than that of a spectator n =3, for given
density and temperature, so that the intensity of such sa-
tellites should be smaller than the intensity of (3) and (4)
in the region where they are emitted; secondly, the spatial
discrimination between the satellites (3) and (4) on one
hand and the features (1) and (2) on the other hand al-
lowed us to put forward another proposal. We suggest
that possible transient molecules in the target crater are
responsible for the emission of the features (1) and (2).
To support this conjecture, let us first recall a simple
analysis that has been proven effective in neutral line-
wing broadening. It is well known that in the ablation re-
gion of a plane target the I' parameter measuring ion-ion
coupling is larger than unity. Moreover, the average in-
terionic spacing R, =[3(Z —k)/4wN,]'”* (N,, electronic
density; k, number of bound electrons) is comparable to
the spatial extent of the excited-state orbitals, i.e.,
n%ay/Z (n, principal quantum number; a,, Bohr radius).
Thus the ion sphere model commonly used is not valid
and the improvement in line broadening using a pertur-
bative multipolar expansion [1-3] for the ionic microfield
is not adequate either. The emitter cell considered must
include bound electrons and two nearest-neighbor ionic
centers. This molecular cell has to be embedded in a
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FIG. 3. Same as in Fig. 2 but for varying dense plasma path
length Ax <15 pum. Curves (g) and (k) involve less dense plas-
ma. Satellites (1) and (2) disappear and the onset of two other
satellites (3) and (4) can be seen. (3) and (4) are identified with
He-like satellites of F Lp, i.e., 1s3s-3s3p, 1s3p-3p2, and
1s3d-3p3d. The last two are unresolved.
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high-density free-electron plasma. A detailed calculation
of the potential created by the plasma and its effects on
the bound states of such an ionic molecule has been made
[7,8] using self-consistent methods. These methods are
suitable to ensure the coupling between the wave equa-
tion verified by the electronic bound states and the Pois-
son equation satisfied by the free electrons and the ionic
centers. The Stark shift Aw;(R) for a transition i — f is

defined by

Ao (R)={[E (R)—E;(R)]/#} —ap , (1)
where E (R) and E;(R) are the adiabatic energies of the
transient molecule calculated within the Born-

Oppenheimer approximation for i and f levels. R is the
distance between the two ionic centers, and o, is the un-
perturbed line frequency.

In the framework of the quasistatic limit of a nearest-
neighbor theory, the line-wing shape is directly related to
this shift and is given by

o)< [T(R)f;/(R)8{0— [0+ Aw(R)]}dR , 2)

where II(R)
and f(R

stands for the nearest-neighbor probability
) for the transition oscillator strength. Writing

S8(R — R, (o))

8{w—[wo+Aw;(R)]}=—F= #, (3)
AE,—E,)

oR

R=R (o)

where the functions R ,(w) denote the roots of the impli-
cit equation

o—[E;(R)—E,R)]/=0, @)

one can see that singularities (i.e., molecular satellites)
occur in the wings’ profiles whenever the transition ener-
gy E;(R)—E;(R) exhibits extrema with respect to R; we
will denote by R, these extrema and by w, the quantity

In Nex and FIX plasmas, for electronic densities
(1-3)X10* cm™? and electronic temperatures 200—300
eV, such extrema have been theoretically predicted [6,8]
for two L components. We remark that these plasma
parameters are consistent with the numerical estimates of
the target crater parameters. We suggest that the experi-
ments presented here are consistent with the formation of
the molecule F®*-F°*. Numerical results [8] concerning
this molecule have indeed shown that the adiabatic tran-
sition energies associated with two molecule components
of F L, i.e., (101g)—(000u) and (200u)— (000g) (nota-
tions with parabolic and azimuthal quantum numbers
used for the separated atoms) reveal extrema. These ex-
trema, computed for an electronic density
(1.2-1.5)X 10** cm ™ and an electronic temperature 230
eV, give singularities in pretty good agreement with the
observed satellites (1) and (2) in the F L3 red wing.

In Fig. 4 we present another example where we have
used the same experimental method to observe the emis-
sion from the densest part of an Al plasma. The spectra
given cover the wavelength 6-6.2 A with Al Lf3 and Si
La emissions. The latter occurs because a silica sub-
strate was used. The Al LS line was once again chosen
because its line shape exhibits a strong Stark effect. The
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spectra correspond to integrations over a wide range of
emission volumes and one can distinguish between two
kinds of spectra.

(i) The spectra with integrations over plasma path
lengths along the laser-target axis Ax <20 um; i.e., those
spectra that have contributions arising only from dense
plasma (region I).

(ii) The spectra with integrations over 20 <Ax <48
pm, including emission from less dense plasma in addi-
tion to emission from the ultradense part (region II).

The limit of the two zones, 20 um, is consistent with
the dimension of the whole crater 75 sin(15°) um project-
ed along the laser-target axis. The region-I Al L[3 spectra
reveal a strong asymmetry with an important shoulder in
the red wing. We attribute this bump to the presence of
He-like dielectronic satellites 1s3s-3s3p, 1s3p-3p2, and
1s3d-3p3d nearby. The computed positions (6.089,
6.091, and 6.091 A, respectively) are in agreement with
the observed spectra. For the region-II spectra, Al LS
wings are no longer enhanced and Al He-¢ progressively
appears as less dense plasma is involved.

In conclusion, we have shown that emission spectros-
copy can be efficiently used to explore the densest part of
a laser plasma originating from a plane target. Due to
our experimental techniques, we obtain spectra with a
great accuracy with regard to the intensity because of the
selective enhancement of the emission and of the spatial
resolution, and with regard to the wavelength because of
the high spectral resolution. We remark that the time in-
tegration that induces a spatial smoothing over a plasma
path length equivalent to the ablation depth was neces-
sary for the enhancement of the emission. The investiga-
tion of these emitted spectral line shapes gives rise to
several applications: first, it allows the analysis of parti-
cle (ions, electrons, molecules) correlations, which are of
fundamental interest for equations of state; the line
shapes also provide useful diagnostics of the ablation
zone. Unusual asymmetries, molecular satellite and
dielectric satellite features, have been exhibited. The sa-
tellites have been identified, and the spatial emission lay-
ers for these features have been accurately discriminated.
We hypothesized the formation of the molecule F¥*-F°*
using a simple quasistatic approach for highly correlated
fluorine plasmas. For a more precise study of the molec-
ular satellites a complete generation of line broadening
including dynamic effects will be necessary. With respect
to its correlation parameter, the fluorine plasma con-
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FIG. 4. Asymmetrical Al LB and its He-like satellites. Tar-
get: 1 =75 um, 6=15° laser beam: 23 J, 500 ps, 0.263 um. The
spectra involve integrations over Ax =20 um along the laser-
target axis for region I and over 20 < Ax =< %0 um for region II.
The spectra have been smoothed. When only the crater emis-
sion is involved (region I) He-like dielectronic satellites appear.

sidered here is similar to the high density core resulting
from argon-filled microballoon implosions or to white
dwarf stars. In these two cases satellite features have
been seen: in microballoon implosions [14], the satellite
seen in the blue wing of Ar He-a appears to have a
molecular origin in the white dwarfs [15], the features in
hydrogen La have already been interpreted in terms of
the formation of molecular structure (H-HY and
H-H"-H™).
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