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Interaction of a laser-produced plasma with a solid surface
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In the present work a solid surface is placed in the propagation path in a laser-produced plasma.
A substantial increase in the total emission intensity is observed in the resonance lines of the hydro-
genlike and heliumlike ions. The results in the x-ray-wavelength range are given spatially along the
propagation path. Dynamics of the plasma-wall interaction process is studied in the visible range
with both spatial and temporal resolution.

I. INTRODUCTION

The interaction of a plasma, which contains highly
charged ions, with a solid surface is of interest with
respect to obtaining intense x-ray line spectra of
multiply-charged ions' and for many current applications
(see, for example, Refs. 2 and 3). Reference 1 showed that
there is intense x-ray emission when a burst of hot laser-
induced plasma reaches a solid surface. Specifically, the
lines of the principal (Lyman) series of hydrogenlike and
heliumlike ions are several times more intense than the
same lines in the hot core of a laser plasma. In the
present paper we give some results concerning emission
parameters near the obstacle surface for a magnesium
plasma. The x-ray spectra and pinhole plasma images
were recorded spatially along the propagation path. In
the visible range the results were obtained with both spa-
tial and temporal resolution.

II. EXPERIMENT

The plasma was produced by making use of the second
harmonic (A, =0.53 pm) of a neodymium-glass laser. The
energy of the laser pulse could be varied up to 10 J; the
pulse duration was 2 ns. The beam was focused by a lens
with a focal length of 300 mm onto the plane surface of a
magnesium target oriented at 45' from the axis of the in-
cident laser beam (see Fig. 1). The diameter of the focal
spot on the target surface was about 30 pm. The mag-
nesium plasma at the target had an electron temperature
of T, =500—700 eV and contained mainly bare nuclei,
and hydrogenlike and heliumlike Mg ions. An aluminum
plate was placed in the path of the laser burst along the
normal to the axis of the burst. The distance between the
target and the obstacle along the burst axis was
ro = 1.2—1.5 mm, which was an optimum value for the
present measurements. At wider separations, r »ro, in-
tensity in the x-ray wavelength range decreases due to de-
creasing plasma density in the expanding burst. If r is
few times less than ro, the two regions of intense emis-
sion, near the target and near the obstacle, overlap.

The following three techniques were used in the experi-
ments: (i) investigation of temporal-spatial emission pa-
rameters in the visible range with the use of a streak cam-

era (see Fig. 1); (ii) recording an image of the plasma burst
in the soft x-ray wavelength range, A, &10 A, using a
pinhole camera (see Fig. 3); and (iii) recording an image
of the plasma burst in the light of the spectral lines
of hydrogenlike and heliumlike magnesium ions
(A, =6—10 A) using an x-ray crystal Hamos spectrograph
(Fig. 4). All the spectrograms were recorded in a single
laser shot.
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FIG. 1. Space-temporal structure of visible plasma emission

(at the top) and the corresponding (r-t) diagram (below).

A. Temporal-spatial parameters of plasma emission
in the visible range

A typical time-resolved structure of the burst emission
is given in Fig. 1. The results are given in Fig. 2 in the
form of spatial-temporal (r-t) diagrams for emission of
the laser-plasma burst in the target-obstacle region.

From'these (r-t) diagrams it is possible to derive three
pertinent zones which are separated both spatially and
temporally. (i) The first is a zone in the immediate vicini-
ty of the magnesium target; this zone corresponds to the
free unperturbed expansion of the laser burst [Fig. 2(a)].
(ii) The second zone is located near the obstacle where the
burst reaches the aluminum surface; this is the interaction
zone [Fig. 2(a)]. (iii) The third is a recoil zone which is
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FIG. 2. (a) (r-t) diagram of the visible burst emission in the immediate vicinity of the magnesium target (zone I—the free unper-
turbed expansion of the laser burst) and in the plasma-wall interaction zone (zone II). (b) (r-t) diagram of the emission in a recoil
zone (zone III).

formed at a later stage after plasma expansion from the
obstacle surface [Fig. 2(b)].

The results of observations can be summarized as fol-
lows.

(1) The asymptotic velocity Uo of the laser-plasma burst
expansion is =5&10 cms '; at the moment when the
laser pulse is switched off the velocity of the plasma front
is v&-6&(10 cms

(2) When the laser-plasma burst interacts with the ob-
stacle surface, intense emission is observed from the im-
mediate vicinity of the surface. This plasma front is mov-
ing back with a velocity Uz -3X 10 cm s '. Intense
emission is observed also from a shock-wave front which
propagates from the surface with v, =1&& 10 cms

(3) Long-lived intense emission is observed coming
from the recoil zone, where the plasma flux expanding
from the target after completion of the laser pulse collides
with the plasma flux from the obstacle surface.

(4) Some emission from the obstacle-surface region ap-
pears at t=t] even before the momentum t=tp when the
burst front reaches the surface [see Fig. 2(a)]. Under the
experimental conditions, the target-surface distance
ro = l.36 mm and the front velocity Uo

——5 X 10 cm s
give to=rolUo 3 ns, whereas t~=1.5 ns. The fact that
t, & to enables us to assume the presence of a small frac-
tion of fast ions in the laser burst with a mean velocity
v =rp/t j -10 cm s '. Emission at t] & tp may arise
from either a plasma, which is produced on the surface by
fast ions, or recombinative radiation of fast ions.

volumes. The dashed curve represents values of D at dis-
tances above 0.5 mm if the obstacle surface is absent. A
substantial increase in the x-ray emission intensity was ob-
served in two separate regions. The first is located near
the obstacle surface. It is possible to compare a bright
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B. Image of a plasma in soft x-ray range

Our main results are represented in Fig. 3. They were
obtained simultaneously with the spatial-temporal struc-
tures shown in Figs. 1 and 2, during the same laser shot.
An optical density D (solid curve) was measured along the
expanding burst path without integration over emission

FIG. 3. Microdensitometer tracing of the soft x-ray burst
0

emission (A. (10 A) in the laser-plasma —wall interaction zone
(solid curve). D is the optical density. The dashed curve
represents values of D at distances above 0.5 mm if the obstacle
surface is absent.



32 INTERACTION OF A LASER-PRODUCED PLASMA %'ITH A. . . 3697

3 (4)

4 $67

1s —np, n, =
FIG. 4. Image of the plasma in the light of spectral lines of H- and He-like magnesium ions in the plasma-wa11 interaction.

splash here with structures shown in Fig. 2(a). The
second region is less intense and may be connected to the
recoil zone shown in Fig. 2(b).

C. Image of a plasma in the light of spectral lines

The Hamos x-ray crystal spectrograph formed a two-
dimensional image of the plasma in the light of spectral
lines. In this case, a spectral linewidth was defined by the
source size d. For the target zone, d =100 pm and the
value of spectral resolution, A, /b, A, is equal to 700. For
the interaction zone, d = 1 mm and A, /b, k-100.

When the plasma burst reaches the obstacle surface, in-
tense emission is observed in the lines of the principal
series of H- and He-like magnesium ions, whereas all the
satellite lines are absent (see Fig. 4). There are two re-
gions of line emission: the hot core of the plasma (up to
100 pm from the magnesium target) and the active layer
at the obstacle surface; between them there is a region
without x-ray spectral lines. The relative intensities of the
emission in the pertinent part of the spectrum of the burst
and of the surface region are 1.0 and 1.3 for the resonance
line of the hydrogenlike ion Mg XII (A, =8.42 A), and they
are 1.1 and 3.6 for the resonance line of the heliumlike ion
Mg (A, =9.17 A). The resultant intensity of the resonance
lines of the MgXI and Mg XII ions near the surface is
thus 2.5 times their intensity on the hot-burst core. This
effect does not depend on the surface material: the spec-
trum does not change when the aluminum is replaced by
polyethylene. We should note that in the case of alumi-
num there are no lines of highly stripped aluminum ions.
This result implies that the electrons near the surface are
at a low temperature. This electron temperature
( Tf=50+ 100 eV) was obtained from radiative-
recombination Mg XII—+Mg XI spectra, whereas the tem-
perature of the hot-burst core is much larger (T, =600
eV).

III. DISCUSSION AND CONCLUSIONS

The results above show that the main increase in the to-
tal x-ray emission intensity is observed near the obstacle
surface where I/Io & 10 (here Io is the emission intensity
in the burst without the obstacle). The emission in the
surface region results from the capture of electrons to

high-lying levels of multiply-charged magnesium ions,
followed by cascade transitions due to radiative and col-
lisional processes. The capture may have several reasons:
radiative recombination and charge exchange of ions with
surface atoms or both processes in a near-surface secon-
dary plasma, ' or radiative and three-body recombination
of ions in a density jump produced by a shock wave.

A simple shock-wave picture is usually based on the as-
sumption of the "ideal" wall and boundary conditions
which do not employ effects of mass and energy penetra-
tion through the surface, and of ion accumulation near
the surface. However, the ion-accumulation effect may
lead to a substantial increase in the total x-ray emission
intensity in the immediate vicinity of the obstacle surface.
Using the data given in Ref. 3 for magnesium ions, we
can estimate a coefficient of reflection R from the alumi-
num surface. Under our experimental conditions,
R =10+20%. It means that most of the magnesium
must stop inside the aluminum plate; the mean-free path
of a magnesium ion in aluminum is about 300 A.

Another important effect is sputtering of the surface
material. In our case the gaseous-dynamics flux density
of ions is about 3&10' 8'cm, and according to Ref. 3
the sputtering coefficient varies from 1.0 up to 10. Thus,
the ion bombardment leads to the production of a secon-
dary plasma layer near the surface. This fact is confirmed
by experiments' in which the surface material was
polyethylene (CHz)„and the ions CII—CVI were ob-
served. Special investigation showed that ionization of
the surface material results from the particles of the
laser-plasma burst; x-ray laser-plasma emission and a re-
flected laser beam are not important.

A detailed quantitative explanation of the intense x-ray
emission near a surface requires the analysis of nonsta-
tionary transient plasmas simultaneously with many ele-
mentary processes of collisional radiative recombination
and with the charge exchange of highly charged ions with
neutral atoms and low-Z ions in a secondary plasma; the
direct capture of electrons from the surface is of interest
also.

The present results demonstrate a new and promising
way to produce intense x-ray recombination emission
through the interaction of a laser plasma with a solid.
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