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Abstract

The laboratory generation of very intense blackbody radiation with a
temperature exceeding a million degrees seems possible with the help of
modern pulsed laser and particle beams. The central idea is to focus the
beam into a small cavity and to generate, via thermalization of its
energy, intense thermal radiation in equilibrium with the heated walls.
Important applications in science and technology can be envisaged for
this scheme, for example the realization of a radiation standard in the
soft x-ray region, scientific studies of radiation transport and thermo-
dynamic properties of matter at high pressures and densities, and even-
tually inertial confinement fusion. In this thesis we attempt a first step
towards its theortical understanding and experimental realization using a

pulsed laser beam.

The theoretical part of this work begins with a general discussion of the
physics of radiation confinement. It is pointed out that the unavoidable
losses of radiation connected with the heating of the wall determine the
power requirements for the achievement of high temperatures inside the
cavity. The calculation of the wall losses requires the solution of the
time and space dependent hydrodynamic equations including radiative
heat transfer. Using the concept of self-similarity, the partial differen-
tial equations are transformed into ordinary differential equations
depending on a single dimensionless variable. It is shown that the
temporal evolution of the wall heating can be described as a succession
of four self-similar states, depending on the optical thickness and
expansion of the heated material. The scaling laws for the hydrodynamic
quantities, the range of validity and the border lines of the different
regimes are obtained. One of the four states is of particular importance
for the confinement of thermal radiation produced by a l|aboratory
power source. This state, called the ablative heat wave and charac-
terized by the simultaneous heating and expansion of the wall material,
is solved and treated in detail for the first time in the approximation

of radiative heat conduction.

As a result of the theoretical part of this thesis, detailed predictions are
obtained for the conditions achievable in the cavity with an ideal power

source, i.e. a source with optimal coupling to the radiation field in the



cavity. In particular a quality factor is introduced for the radiation
confinement in analogy with a microwave cavity and calculated. This
factor governs the approach to a Planckian spectrum and the degree of
isotropy of the radiation. It becomes clear that even for favourable
coupling only with the most powerful installations existing today a

quality factor substantially larger than one can be achieved.

In the experimental part of this work, small hollow gold spheres of
300 um and 1 mm diameter were heated with the high power laser system
Asterix |11, delivering about 100 Joules in 300 picoseconds. The laser
beam was focussed into the entrance hole located at the front side of the
cavity and the radiation field produced inside was observed through a
small diagnostic hole on the back side of the sphere. The problem of
premature closing of the entrance hole was i’nvestigated. It was
established that for a satisfactory energy transmission into the cavity
the entrance hole should be at least 150 pm in diameter. The centering
of the laser beam on the entrance hole was achieved by positioning the
cavities with the help of a telescope. In addition each shot was

controlled by means of a x-ray pinhole camera.

Space resolved spectra of the radiation emitted by the cavity were
obtained by means of a pinhole-grating spectrometer on film. The spectra
were digitized with a computer supported densitometer and unfolded into
absolute spectral energy density. Making use of the spatial resolution, it
could be demonstrated that the analized radiation was radiated uniformly
through the diagnostic hole. Brightness temperatures of 50 eV and

110 eV were measured for the large and small cavities, respectively.

A discussion of the specific problems of laser heating of a cavity
preceeds the comparison between the experimental and theoretical
results. It is assumed that the laser generates either a bath of thermal
electrons, a source of plasma x-ray radiation or a source of suprathermal
electrons in the cavity; with the help of this model, the steps leading to
the formation of a hot, optically thick wall layer emitting blackbody like
thermal radiation are examined for each case applying general results of
the theoretical part. With the possible exception of decoupling between
the electron thermal bath and the wall, it is shown that a high degree of

confinement and thermalization of the laser energy inside the cavity



should be achieved for the experimental conditions. This expectation is
confirmed by the good agreement between the measured and predicted
values of the radiated energy. In addition the spectral distribution of
the emitted radiation approaches more closely the blackbody limit at the
higher temperatures achieved in the smaller cavities as theoretically

predicted.

It is concluded that the physical model of cavity heating, based on
radiation confinement under approximate equilibrium conditions, is valid
and its applicability improves further, if a more powerful source than

used in the present experiment would be available.
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|. Introduction

The physics of radiation in thermal equilibrium with matter has been well
known since Max Planck's discovery of the law of black-body radiation at
the beginning of this century /1/. Until recently, however, it was not
possible to generate black-body radiation with temperatures exceeding
104 N 105 K in the laboratory. The difficulty encountered in generating
high-temperature radiation fields is a consequence of the enormous in-
crease of intensity with temperature. From the Stefan-Boltzmann law

S=0T4 s

(where S is the radiant emittance, T the temperature in degree Kelvin
and o = 5.67 x 10_5 erg 5_1 <:m-2 K-4 the Stefan-Boltzmann constant),

one finds S = 6 x 1019 erg 5-1 cm_2 for T = 106 °K, increasing with the
fourth power of the temperature. The losses connected with such an
enormous flux of energy are so high that the radiation field cannot be

maintained by ordinary power sources.

The situation has changed in recent years, however, with the advent of
modern pulsed power generators, such as pulsed laser and particle
beams. These sources offer the possibility of generating radiation fields
with temperatures of up to about 5 x 106 K in the laboratory. This
possibility is of great scientific and technical interest, e.g. for the
generation of an intense soft x-ray radiation source with a well-known
spectral distribution, the laboratory study of phenomena of radiation
hydrodynamics which otherwise occur only in stars, the investigation of
matter at the extreme pressures generated and the production of

energy by thermonuclear fusion.

The principle of generation of an intense radiation field by a laboratory
source is shown in Fig. 1. The external source delivers energy into a
cavity with a solid wall. With a laser source, a small hole for trans-
mitting the beam is required; a particle beam could possibly penetrate
a wall thin enough to transmit the beam but thick enough to contain

the radiation field in the cavity. The rapid deposition of energy



in the cavity is supposed to heat the inner wall to a high temperature
and to generate an intense black-body radiation field in equilibrium with
the wall. For the applications envisaged it is important that at these ele-
vated temperatures the radiative exchange of energy between different
wall elements becomes so effective that it might be possible to establish
very uniform conditions in the cavity even if the initial energy de-
position by the source is not uniform. Furthermore, because photons
propagate with the speed of light, the radiation field may be formed in

the empty cavity before it fills with evaporated material from the wall.

pulsed power source

[T

Fig. 1: Schematic representation of the generation of an isotropic black-

body radiation field in a cavity by a laboratory pulsed power source.

The theoretical and experimental investigation of this scheme forms the
subject of the present thesis. Particular attention is given to the laser,

the pulsed power source used for the experimental work.

A crucial problem of this concept concerns the confinement of the ra-

diation field by the cavity. Unlike for infrared or visible light, no



reflecting walls exists for soft X-rays, where the Planck distribution has
its maximum for the temperatures under consideration. The incident
photon flux is completely absorbed by the wall, and the radiation field
can exist only in equilibrium with a hot layer on the inner surface of the
cavity, re-emitting the incident radiation. The presence of wall material,
which forces the photons to diffuse, thus reducing the outward energy
flux and, in a sense, confining the radiation, has on the other hand the
consequence that a fraction of the energy flux is used up for the
heating of material. If the energy loss connected with the heating of wall
material is too large, the desired intensity and uniformity may not be
reached in the cavity. We note that the situation is not as favourable as
in the interior of the sun, where the peripherial layers confine the
intense radiation field in its center. Another difference to the static
situation in the sun is that we deal here with a problem which is ex-

tremely time-dependent.

The theoretical part of this work is devoted to the confinement problem.
In Sec. Il we begin with a physical discussion of its essential features
and establish the guideline for a theoretical treatment. In Sec. I|ll we
reconsider the classical problem of radiation hydrodynamics where a
solid body is suddenly brought into contact with a radiation heat bath;
this problem (which may be treated in planar geometry) is fundamental
for the confinement of an intense radiation field by a wall. The concept
of self-similarity /3-5/ is the usual method to attack problems of this
type /6-13/. The difficulty one encounters here is that a self-similar
solution (the famous Marshak wave /8/) is known only for the case
where the density of the heated material is constant. However, for the
conditions achievable with a laboratory source, expansion of the heated
material occurs simultaneously with heating and must be taken into
account. We shall show that a self-similar solution, which we call the

ablative heat wave, exists also for this case.

In Sec. IV the frame of the theoretical treatment is widened to include
not only the case of local thermodynamic equilibrium (LTE) but also
nonequilibrium (NEQ) cases, that dominate in the initial heat-up phase of
the cavity. It is shown that the heating of the wall can be treated as a
sequence of self-similar regimes, which follow each other in time. The

scaling laws for each regime are derived, the concept of border lines



introduced and a graphical discussion given in the T-t plane. The
results are applied to cavities in Sec. V where also various questions
like holes in the cavity, stored radiation energy, isotropy and spectral
distribution are discussed. The main result of the theoretical part are
then quantitative predictions for the heating of a cavity by a pulsed

power source.

In the experimental part of this work (Sec. VI) heating experiments of
small gold ca\)ities (250-1000 um diameter) with a pulse laser are des-
cribed. The iodine laser Asterix Il was used for these experiments,
emitting either 100 J/300 ps/A = 1.3 ym or 30 J/300 ps/A = 0.43 um
pulses. The spectrum emitted through a small hole in the cavity is
measured with a transmission grating spectrometer on film and thus the
intensity of the radiation field in the cavity absolutely determined. The
experimental results are analysed and the assumption of an ideal source
examined for the laser case in Sec. VII. In particular the coupling of
the laser beam with the wall via electron thermal conduction, plasma
radiation and fast electrons is discussed. It is shown that a major
fraction of the absorbed laser energy should indeed couple to the
thermal radiation in the cavity. A comparison between the predicted and
measured intensity and temperature of the radiation field concludes the

thesis.













































































































































































































































