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ABSTRACT

Intense soft x-ray radiation is observed when a high temperature laser produced plasma collides with a solid surface
(wall). The laser plasma is produced by Nd:YAG laser radiation (0.53 pm; 200 mJ; 3 ns; 5.1012 W/cm2) focused onto a
Mg target. The wall is placed in the path of the plasma expansion. Two experimental techniques are used: 1. One-
dimensional x-ray images ofthe plasma-wall gap formed by a slit are observed using an absolutely calibrated CCD linear
array. 2. X-ray spectra of [H]- and [He]-like Mg ions are recorded using a crystal focusing x-ray von Hamos
spectrometer. At a measured electron temperature of Te=l95 eV, emission of [He]- like ions Mg XI gives the main
contribution to the observed x-ray intensity. The spatial structure and the intensity of the radiation are studied at various
laser plasma-wall distances (r0=O.3 — 3.0 mm). Intense radiation near the wall is caused by an electron density jump in a
shockwave formed in front of the wall. At small wall distances r0<<v'r (v is the expansion velocity, 'r is the laser pulse
duration) the radiation is caused by excitation processes, and at distances r0<O.3 mm the near wall intensity exceeds the
emission from the laser plasma itself. At distances r0>> vt the radiation causes recombination processes. These results
are important for developing collision and recombination schemes for x-ray lasers in colliding plasmas.
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1. INTRODUCTION

The interaction of high-temperature plasmas containing highly charged ions with solid walls has attracted theoretical and
experimental interest. Of particular importance is the investigation ofthe effects of solids on the properties of expanding
laser produced plasmas. Some new challenges in this area are the feasibility ofthe creation of intense soft x-ray radiation
sources,13 the development of black-body radiation sources with a radiative temperature of about 100 eV and higher,46
and the formation of active media for x-ray lasers.7'7

Intense line emission of highly charged ions in the laser plasma-wall interaction was observed for the first time in Ref.
[1] and later in Refs. [2, 3, 8-10, 16], where the spatial-temporal structure of radiation and the spectra of highly charged
ions were studied in both the visible and soft x-ray spectral regions.

The present work focuses on the study of the laser plasma-wall interaction at different plasma-wall distances (ro=O.3-3
mm). The structure and intensity of the radiation as well as the x-ray spectra of the [He]-like Mg ions are investigated.
The study allows us to distinguish the different processes (excitation and recombination) which are responsible for near-
wall emission.

2. EXPERIMENT

The experiments were performed using a Nd-YAG laser—"Infinity" (0.53 p.m/ 200 mJ/ 3 ns). The laser beam was
focused by an f/4 lens onto a magnesium target oriented at 45° from the axis ofthe incident laser beam (see Fig. 1). The
focal spot diameter was —60 jtm, corresponding to a laser intensity of 3.lO12 W/cm2. A flat aluminum obstacle (the
"wall") was placed parallel to the target surface on the path of the laser-produced plasma expansion. The wall surface
area was 1 .3 mm x 1 .3 mm. The distance r0 between the target and the wall was varied from 0.3 mm to 3mm. The wall
was installed in such as not to intersect the laser radiation reflected from the target.
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Fig. 1. Schematic diagram of the experiment
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Fig. 3. Microdensitometer tracing of highly charged Mg ions in laser-produced plasma recorded by the von Hamos spectrometer.
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The time integrated spatial profile and the intensity of the x-ray radiation in the laser plasma-wall interaction were
investigated using two experimental instruments: 1 .A CCD linear array x-ray detector, and 2. an x-ray focusing crystal
von Hamos spectrometer. The 1D x-ray image ofthe plasma-wall gap formed by a slit was observed using an absolutely
calibrated CCD linear array.18 The commercial CCD (Toshiba model TCD 1304AP) is a linear array with 3724 pixels.
Each pixel is 8 j.tm wide (6 tm active) and 200 tm in height. The total effective detection area is 200 tm by 29.8 mm(8
pm x 3724 elements). The front cover glass is removed for x-ray detection. To prevent visible light illumination, an Al-
coated mylar filter (4.4 j.tm of mylar, 0.2 j.tm ofA!) was used. A 50 pm slit was installed in two positions: 1. between
laser-produced plasma and the wall to record the intensity profile ofthe plasma-wall gap; and 2. along the wall surface to
investigate the radiation structure near the wall (see Fig. 1). Magnification in both cases was —5X. In the experiments,
radiation near the resonance line of the [He]-like Mg ions was detected. A special combination of laser target and x-ray
filters was used to make this measurement.'8'9 The Al foil, 6.25 tm thickness, was used as an x-ray filter in front of the
CCD. In combination with the Mg target, this filter selected the line radiation near resonance lines of [H]-and [He]-like
ions (see Fig. 2). Under the experimental conditions used mainly [He]-like ions were excited (see below). The
contribution ofthe continuum spectra was small (about 20% ofthe total intensity'8'19).

The x-ray spectra of [HI-and [He]-like Mg ions in the laser-produced plasmas and in the near wall region were
investigated using a focusing crystal von Hamos spectrometer'92° The image of the plasma-wall gap was observed
simultaneously with spectral information. These spectra were used for determination of plasma parameters—electron
temperature and density, and source size. The spectrometer possesses several distinct advantages. These include high
spectral resolution, direct registration of two dimensional source images, and high detection efficiency over a wide
spectral range.'9 A mica crystal (2d=19.84 A, radius of curvature R=20 mm) was used in the von Hamos spectrometer.
X-ray spectra were recorded using Kodak RAR 2492 x-ray photographic film.2' A 4.4 j.tm thickness of mylar foil with a
0.3 tm thickness ofAl was used as an x-ray filter. The spectrometer axis was aligned along the Mg target surface (see
Fig. 1). The spectral resolution of the spectrometer was defined by the source size. For the laser-produced plasma itself
the value of the spectral resolution, ).ThX, was equal to ?/X7OO. For the near wall region, X/-8O-l5O, spectra were
recorded at target-wall distances ofr,=O.5-l.O mm.

3. RESULTS AND DISCUSSIONS

The von Hamos spectrometer imaged the plasma-wall gap in each spectral line. In these images it is possible to observe
two pertinent zones of soft x-ray emission, which are separated spatially. The first zone is in the immediate vicinity of
the Mg target; it corresponds to the laser-produced plasma itself. The intense emission extends up to a distance of 100-
200 j.tm from the target surface and decays at a larger distance. The second zone is located near the wall where the
expanded laser plasma reaches the Al wall; this is the interaction zone. A similar emission structure was observed in
Refs. [1-3].

The spectral resolution (see Fig. 3) enabled us to determine some of the plasma parameters in laser-produced plasmas
(zone I). The laser plasma source size on the target was equal to -150 tm. From the spectral images, the angle of laser
plasma expansion was determined (70°). The electron temperature, Te, in the plasma was deduced from the intensity
ratio of the dielectronic satellites k j to the resonance line w of the [He]-like ions22'23 (see Fig. 4). The mean temperature
value was estimated to be Te (195±15) eV. The intensity ratio ofthe resonance lines of[HJ- and [He]-likes ions, which
characterizes the relative ion concentrations, was found to be 0.1±0.02.

In the near wall region (zone II) intense radiation in the lines of[He]-like Mg ions was observed. An important feature of
the spectra is the presence of satellite lines, which were absent in Refs. [1-3]. This feature indicates that at the small
distances (r0=0.5- 1 .0 mm) emission near the wall results from excitation processes in contrast to recombination processes
in Refs. [2,3]. The electron temperature measured in the near wall region was higher than in the laser-produced plasmas
itself: Te (315±35) eV at r0 =0.5 mm and T = (230±20) eV at r0 = 1.0 mm.

The same emission zones were clearly observed in the 1D images recorded by the CCD linear array (see Fig. 5). The
near-wall x-ray intensity increases when the plasma-wall distance r0 is reduced. At the distance r0—4J.3 mm, the intensity
is comparable to the laser-produced plasma itself. The intensity ratio of the near wall emission to the laser-produced
plasma emission is shown in Fig. 5. The near-wall intensity is normalized to the total cross section ofthe expanding laser
plasma in the interaction zone. At small distances r0 the intensity ratio scales as (r0)2. The intensity curve shows a bend
at r0-1.0 mm, and further the intensity slightly changes with the distance r0. The behavior at large distances r0 indicates
that other processes are responsible for the near-wall emission.
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Fig. 5. Intensity ratio of the near wall radiation to radiation of laser-produced plasma versus plasma—wall distances r0.
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The intensity profile near the wall is shown in Fig. 6. The maximum intensity is observed at a distance of—iOO tm from
the wall. The characteristic feature of the near-wall emission is the presence of an additional dip in the intensity curve,
which is observed before the maximum intensity at distances r>1.5 mm.

To explain the experimental results it is necessary to take into account the parameters and structure of the shock wave
formed near the wall. When the laser plasma flux interacts with an obstacle (wall), a shockwave is created near the
obstacle. The shock wave front moves toward the incidence plasma flux.2 The structure and the parameters of shock
waves in plasma are considered in Refs. [24, 25]. In addition to the usual density jump in a shockwave, there is a region
of smooth temperature change. In front of the jump there is a region of raised electron temperature due to the high
electron thermal conductivity.

The density jump and the increase in the electron temperature in the shockwave front, as well as the presence of a
preheating "foot" ahead of the shock is due to electron thermal conductivity, explain the intensity profile of the x-ray
emission near the wall. The density jump increases the rates of both the collision and the recombination processes,
leading to intense emission of [He]-like ions near the wall. However, the processes, which are responsible for the
observed emission, are different at various r0 distances. The various regimes observed in the experiment can be
interpreted via the parameter of plasma jet length, v0'r, where v0 is the unperturbed plasma jet expansion velocity, and 'r is
the laser pulse duration. In our case v0—2• 1 O cm/s (for Te 1 95 eV), r=3 ns, and the parameter v0-r=O.65 mm.

At small plasma-wall distances r0 <<v0t, the laser-heated plasma follows an isothermal expansion. When the plasma jet
interacts with the wall, an electron density jump in the shockwave takes place. The electron temperature observed in the
shockwave front near the wall is the same or even higher than in laser-produced plasmas (see above). Both of theses
effects suggest an excitation rate proportional to exp(—LE/kT),23 where iE is the excitation energy. For example, for
resonance transition in [He]-like Mg ion E is equal to 1.35 keV. This occurs in the near-wall plasma and results in an
increase of the line intensities of the [He]-like Mg ions. The processes are similar to those in the laser-produced plasma
itself, when lines of [He]-like ions and accompanying satellites are observed in the spectra.

At plasma-wall distances of r0 >>v0-r, the laser plasma follows adiabatic expansion, and the electron temperature Te falls

rapidly (Te r0 '- r0 _2)26 The increase of Te in the shockwave is not enough to excite levels from the ground state of
[He]-like ions. In this case three-body recombination takes place (the recombination rate T9"2):27 [HI-like ions
recombine to [He]-like when highly excited levels of[He]-like ions are populated. Subsequent cascade transitions due to
collision and radiative processes lead to x-ray line emission of [He]-like ions. The observed intensity ratio (see Fig. 5)
corresponds approximately to the concentration ratio of the [H]- and [He]-like ions in laser-produced plasma. For this
reason this intensity ratio does not depend strongly on the distance, r0, as observed in Fig. 5. The recombination character
of the radiation is confirmed by the presence of an additional dip in the intensity at r0>1.5 mm (see Fig. 6). The
preheating "foot" ahead of the shockwave due to electron thermal conductivity leads to a decrease of the recombination
rate ('— Te912), and hence to a decrease of the line intensities. Note that the same preheating "foot" leads to an increase of
the excitation rate {-exp(—tE/kTe)}, and this dip is not observed at small r0 (see Fig. 6).

4. CONCLUSIONS

The spatial profile and the intensity ofx-ray radiation are studied at various laser plasma-wall distances (r0=O.3-3.O mm).
It is shown that radiation near the wall is caused by an electron density jump in a shock wave formed near the wall. At
small wall distances, r0<<v'r (v is the expansion velocity, -r is the laser pulse duration) the radiation is caused by
excitation processes, and at distances r0<O.3 mm the near-wall intensity exceeds that of the laser plasma itself. At
distances r0>> v'r, the radiation is caused mainly by recombination processes. These results are important for developing
collision and recombination schemes for x-ray lasers in colliding plasmas.
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