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The effect of the plasma expansion from the wall of a laser-heated spherical cavity and its collision at
the center of the cavity has been studied using the MULTI hydrocode. The simulations show an enhance-
ment of the circulating x-ray flux due to kinetic-energy conversion into internal energy in the colliding
plasma. The results of the simulations have been compared with the experimental observations from tri-
ple cavity targets. This comparison provides additional insight into the processes occurring in laser as

well as in x-ray-heated cavities.

PACS number(s): 52.50.Jm, 44.40.+a, 47.70.Mc, 52.25.Nr

I. INTRODUCTION

Heating of millimeter-size gold cavities by high-power
lasers has been used as a means of creating very intense,
isotropic hohlraum radiation in the soft-x-ray range
[1-6]. Temperatures of several million degrees kelvins
and fluxes of up to 10> W/cm? seem to be achievable
nowadays [7,8]. The intense thermal radiation created
inside a closed geometry target such as a cavity is of in-
terest because it has a number of applications, the most
notable of which is the indirect drive inertial confinement
fusion (ICF) [9-11]. Furthermore, the closed geometry
targets provide the possibility of studying in the laborato-
ry a number of radiation hydrodynamics related topics
[12,13].

The principle of cavity heating using a high-power
laser is simple. The laser beams are focused through a
small entrance hole into the cavity where they irradiate a
small part of the inner wall surface. At this directly heat-
ed by the laser-beam area, a conversion plasma is pro-
duced emitting primary x rays which carry the energy
across the whole cavity. The reemission of thermal radia-
tion from the x-ray-heated cavity wall leads finally to the
formation of an isotropic radiation field in the soft-x-ray
range [14].

The heating of a wall by intense thermal radiation is a
classical problem of radiation hydrodynamics [15-17].
Upon irradiating a surface element with intense thermal
flux, the radiation diffuses into the high-Z material giving
rise to a propagating heat wave. The heat wave thus
formed is of the ablative type, i.e., it is followed by expan-
sion of hot plasma into the vacuum. In closed-geometry
targets (e.g., spherical or cylindrical cavities), the plasma
expansion has the consequence that, after some time, the
space inside the cavity is completely filled with plasma.
If this plasma filling time is considerably longer than the
laser-pulse duration, then its effect can be neglected and
the cavity can be considered as empty. This was the tacit
assumption employed in the interpretation of the experi-
mental results from previous experiments [1-8]. Howev-
er, there are two important reasons why one should study
in detail the plasma dynamics in a cavity. The first
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reason is simply the fact that, for a given laser energy and
pulse duration, the smaller the cavity, the higher the tem-
perature that can be achieved. The characteristic dimen-
sion of a cavity therefore should be chosen as a
compromise between keeping the inner cavity space plas-
ma free and heating the cavity at the maximum possible
temperature. To establish the correct criteria by means
of which a delimiting radius can be calculated, it is neces-
sary to study the primary (laser) and secondary (x-ray)
plasma expansion inside the cavity.

The second reason is in the context of the indirect
drive approach to ICF. In this case the cavity contains
the pellet with the fuel and the plasma dynamics has im-
portant consequences for the energy balance and ulti-
mately the pellet performance in the cavity [18]. Stagna-
tion of the plasma blowoff can result in refraction of the
incident laser beams. It can give rise to additional
sources of radiation since the kinetic energy of the expan-
sion is converted back into internal energy. It can pro-
vide a bridge to transfer energy to the pellet via electron
thermal conduction and can exert hydrodynamic pres-
sure.

In order to elucidate the physical process occurring in-
side a laser-heated cavity, we have performed numerical
simulations using the hydrocode MULTI [19]. This is a
one-dimensional, fully implicit code that solves Lagrang-
ian hydrodynamics together with multigroup radiation
diffusion. Although MULTI is only a one-dimensional La-
grangian code it is possible to calculate three-dimensional
objects with spherical symmetry and to use spatially fixed
Eulerian coordinates for incorporating the appropriate
boundary conditions. These special features make it pos-
sible to take into account the real size of a cylindrical or a
spherical cavity. In performing the simulations, attention
has been focused on the effects of plasma filling, collision,
and stagnation in spherical cavities and their conse-
quences to the establishment and confinement of the radi-
ation field inside the cavity. The organization of this pa-
per is as follows: The numerical model employed is de-
scribed in detail in Sec. II. The results of the simulations
are presented in Sec. III while in Sec. IV, a comparison is
made with some earlier experimental results. The main
conclusions are summarized in Sec. V.
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II. THE SIMULATION MODEL

It has been shown [16] that in the case of a wall irradi-
ated by intense thermal radiation, the space- and time-
dependent planar hydrodynamics equations with radia-
tive heat conduction admit a self-similar solution, which
leads to a scaling law for the wall temperature as a func-
tion of time ¢ and net radiant flux S,, that supplies energy
to the ablative heat wave (AHW) propagating in the cold
material, namely

T, (t)=c't*SE . (1

The constant ¢’ and the exponents a’ and 3’ are related to
the physical properties of the wall material. One of the
most important material properties is the Rosseland
mean free path for the radiation which determines the
coefficient for radiative heat conduction. The Rosseland
opacity for several materials and its functional depen-
dence on temperature and density has been calculated in
the average ion approximation [20] and the results have
been used to determine the constant and the exponents in
Eq. (1).

Using Stefan-Boltzmann’s relation, one obtains the fol-
lowing expression for the reemitted flux:

S, (t)=oTHt)=ct*SE , )

where c=o0c'*, a=4a’, B=4fB', and o is the Stefan-
Boltzmann constant. For the material employed most
commonly in experiments, gold, one obtains the follow-
ing numerical values using the corresponding opacity
scaling on temperature and density [21]:

T,=262.27/B541 ev 3)
S,=4.8772/B51/1 4)

Here the reemitted S, and wall S, flux are in units of 10'
W/cm? and time 7 in units of 10~° s. The opacity data
from Ref. [20] have been used to obtain the numerical
values.

A simple analytical estimate for the temperature T, in-
side a heated cavity possessing openings can be obtained
from the expression [21]

S,=ct™S,—n"'S,)B . (5)

It is based on the scaling law in Eq. (2) and the flux bal-
ance at the surface of the wall which gives the wall flux
S, in terms of the source flux S; and the fractional hole
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area n !, ie., S, =S,—n"!S,. The fractional hole area

n 1 is defined as the ratio between the open area to the
total area of the cavity. By solving the implicit relation
in Eq. (5) for S,, one obtains an estimate of the wall tem-
perature for an externally delivered heat flux S; and for a
heating period .

Unfortunately, the assumption of plane geometry un-
derlying the analytical solution (AHW) restricts the ap-
plication of the formula in Eq. (5) to ideal cavities of
infinite size or at least to cavities with a diameter which is
large compared with the typical extent of the plasma at
the end of the heating period. As was already pointed
out, in order to reach high intensities and temperatures,
one is forced to use cavities as small as possible. Hence it
cannot be excluded that during the heating period, the
cavities are quickly filled with plasma. The plasma filling
and stagnation is expected to have a crucial influence on
the temperature measurement, thus making a more de-
tailed investigation necessary. For that purpose, the only
applicable model in which the finite size of the cavity is
taken into account would be one based on the hydrocode
MULTI. The hydrocode, apart from being a numerical
model, has a number of advantages over the analytical
solution and provides a more realistic and comprehensive
calculation of the effects due to plasma expansion. These
advantages are enumerated in Table 1.

The hydrocode and the analytical solution (AHW) are
two alternative methods to estimate the wall temperature
of a “large” cavity. The analytical solution which is valid
for some well-defined boundary conditions can serve as a
test case for the simulation model. A particularly well-
suited case for this purpose is the planar geometry with
radiation losses. Alternatively, the hydrocode can be
used to check the validity of the restrictive assumptions
involved in the analytical model (e.g., complete thermo-
dynamic equilibrium; see also Table I). To illustrate this,
we have made a comparison between the hydrocode and
the analytical model for some special cases.

The simulations were carried out with the arrangement
shown in Fig. 1. The cavity is assumed to possess spheri-
cal symmetry, therefore the interior wall is uniformly
heated by laser as well as by thermal x-ray radiation. A
small hard sphere (71,14 sphere =7 cavity /10) in the center of
the cavity reflecting the radiation serves to avoid numeri-
cal difficulties. It was found that all variables of interest,
e.g., cavity temperature, total emission, emission due to
collision, etc, do not depend sensitively on the radius of
the hard sphere. This was established by varying the

TABLE I. Comparison of the assumptions involved in the analytical solution and hydrocode.

Analytical model (AHW)

Hydrocode (MULTI)

Complete thermodynamic equilibrium
between radiation and matter
(conduction approximation)

Idealized source
(thermal x rays)

Planar geometry only

Infinitely large cavity

Constant source flux

Finite optical thickness,

spectral resolution

(diffusion approximation)
Conversion of laser light to x rays

Three geometries (1D)
Finite-size cavity
Arbitrary pulse shape
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FIG. 1. Schematic showing the division of the cavity interior
into different regions for the 1D simulations based on the MULTI
hydrocode. Represented regions are the (a) cavity wall (~10
pm) and (b) interface where the source flux S; (laser or x rays) is
coupled into the material. At the same interface the incident
flux S; is reduced to S;* to simulate losses due to cavity open-
ings: (c) area where the reemitted flux S, is recorded and stored
for subsequent calculations (for example, see inset in Fig. 3) and
(d) small hard sphere with radius ~rc,y, /10 introduced to
avoid numerical difficulties.

hard-sphere radius by +50%. The source flux S; (laser
or thermal x rays) is coupled to the material at a spatially
fixed interface near the cavity wall. To simulate the cavi-
ty with losses, the incident flux from all other wall ele-
ments of the cavity S; is reduced by a given factor result-

ing in the flux S*=(1—n "1)S;. The probing of the cavi-_

ty confined radiation field is performed by measuring the
reemitted flux S, at the space between wall and cavity
center (see Fig. 1).

It must be mentioned here that some important
modifications had to be introduced to the original version
[19] of the basically Lagrangian code MULTI in order to
be able to follow the expansion of the wall plasma and its
implosion at the center of the cavity. These changes
mainly affect the input and the output quantities and not
the numerical procedure which is employed to solve the
hydrodynamical equation with radiation transfer. For
example, in these simulations the laser energy is coupled
to the plasma at a fixed point in space (Euler coordinate)
and not to a fixed mass element (Lagrange coordinate).
This was necessary because, in the case of a Lagrangian
code, a mass element moves with expanding plasma to-
wards the center of the cavity. The material that is then
accumulated there is laser heated and it expands again
before the real collision and compression sets in, thus
preventing the collision from fully developing. This ap-
plies to radiation losses as well, which can be accurately
defined only at an interface of well-known spatial extent.
Furthermore, the temperature should be observed at a
point which is clearly identifiable within the spatial tem-
perature distribution and at an area where the radiation
field is approximately constant in space away from
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sources and sinks.

For studying the effect of the expanding plasma, it is
convenient to introduce a magnification factor M. In the
simulations, the cavity radius is multiplied by M while
the laser energy by M 2. This permits the variation of the
cavity size while the irradiation intensity remains con-
stant. A value of M =1 corresponds to the real cavity
size in which plasma collision takes place. On the other
hand, for M =10-100, the plasma expansion represents a
very small fraction of the cavity radius and thus the pla-
nar geometry can be simulated. The latter case can be
directly compared with the predictions of the analytical
model. As discussed in Sec. III, the difference in the
reemitted flux S, between the two cases (M =1 and 10)
would be due exclusively to plasma stagnation and col-
lision at the center of the real size cavity.

Figures 2 and 3 depict the degree of agreement be-
tween analytical solution and hydrocode in two different
situations. In this case, in order to ensure that the hydro-
code correctly simulates the planar geometry assumed in
the analytical model, we have used a magnification factor
of M =100. The purpose of the first comparison depicted
in Fig. 2 is to check the assumption of complete thermo-
dynamic equilibrium involved in the analytical solution.
For that purpose, we have compared the temporal evolu-
tion of the reemitted flux inside a cavity heated by a con-
stant in time x-ray source. We have considered only the
case of closed cavities (n ~!=0) because for partially or
completely open geometry, the reemitted flux converges
very quickly towards a limit which is independent of the
scaling law for wall heating and therefore not interesting
for this comparison. This limit can be obtained by setting
the source energy equal to the energy losses through the
holes [21]. The comparison in Fig. 2 shows good agree-
ment in absolute values as well as in the scaling of the
reemitted flux S, after a certain early stage. The
discrepancy between hydrocode and analytical solution
during the early stages suggests that it takes some time
and energy to establish an optically thick self-similar ab-
lative heat wave in complete local thermodynamical equi-
librium [22]. The late time deviation for higher source

reemitted flux S, (W/cm?)

FIG. 2. Temporal evolution of the reemitted flux S, from the
wall of a closed cavity as predicted by the simulations (dashed
line) and the analytical model (AHW) (solid line) for the indicat-
ed constant in time source flux values.
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FIG. 3. Variation of the temperature enhancement in cavities
possessing different degrees of fractional area n ~!. The predic-
tions from the analytical model (AHW) are represented by the
solid lines, while from the simulations and for n ~!'=0 (com-
pletely closed cavity), n ~!=0.5 (cavity with 50% of its surface
removed), and for n "'=1 (planar target) by open circles. In the
simulations a realistic heating pulse is employed, which was tak-
en from a previous conversion calculation (see inset). On the
contrary, the analytical model uses an equivalent flat top pulse
with an irradiation intensity of 1.3X 10" (lower curve) and
5.5X 10" W/cm? (upper curve) and a pulse duration of 0.8 ns.

fluxes can be attributed to similar reasons. In the analyti-
cal model the spectral composition of the generated radi-
ation within the layer is not taken into account. Pro-
longed heating periods and higher source fluxes result in
higher temperatures [compare Eq. (1)]. This gives rise to
radiation containing a non-negligible amount of gold M-
shell line radiation (hv=3 keV) for which the layer is not
optically thick [23]. As a result, there is a certain amount
of degradation in the reemission.

The second situation we have compared is that of a
cavity with variable losses (cavity openings). This was
done to establish whether the hydrocode and the analyti-
cal model are in agreement in predicting the reduction of
the reemitted flux S, due to losses through cavity open-
ings. This is depicted in Fig. 3 where the cavity tempera-
ture as a function of the fractional hole area is given. In
order to make the simulations more realistic and closer to
the experiments, we have this time used a heating pulse
(see inset in Fig. 3). It was taken from a separate run of
the code which only served to calculate the conversion of
the laser energy into x-ray radiation and numerically
store it. By changing the pulse shape of the source radia-
tion in relation to the analytical model, we do not observe
a significant effect on the final temperature reached in the
simulations. As usual the analytical model assumes a flat
top source pulse with the same energy content. The re-
sults of the code and the analytical solution are presented
in Fig. 3. As can be seen the simulations reproduce the
dependence of the reemitted flux on the fractional hole
area and in particular the temperature enhancement in
closed cavities very well. The observation of this good
agreement in both situations justifies our confidence in
the hydrocode results and its usage for the investigation
of the plasma filling in small cavities.
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III. PLASMA DYNAMICS IN A FINITE-SIZE CAVITY

To illustrate the capabilities of the numerical model
based on the hydrocode MULTI, we present here an exam-
ple of a calculation for a completely closed cavity (no
losses) having a diameter of 1 mm. The interior wall of
the cavity was uniformly irradiated according to the
scheme illustrated in Fig. 1 with ~3 kJ of energy of
A=0.35 um (3w) Nd-glass laser light having a pulse
duration of 7, =0.9 ns. These data are relevant to the
conditions prevailing in the laser-heated cavities in previ-
ously performed experiments [6,8,13] (more detailed in-
formation is given in Sec. IV).

The results of the simulations are presented in Fig. 4
by means of two-dimensional isocontour plots. In these
plots the different regimes can be easily distinguished.
The evolution of the plasma density in the cavity interior
is shown in Fig. 4(a) whereas in Fig. 4(b) the evolution of
the divergence of the x-ray flux (V-S) for each radial po-
sition is given. This quantity provides additional infor-
mation abut the energy redistribution inside the cavity
since V-S>0 means production of radiation whereas
V-S <0 means absorption [hatched areas in Fig. 4(b)].
According to our model in Fig. 1, the cavity wall of ~10
pm thickness is located ~0.5 mm from the cavity center.
The center itself (10% of the cavity radius) is not includ-
ed in the plot. It is the volume of the small hard sphere
(no loss of energy or momentum) which, as already ex-
plained, is introduced for technical reasons, i.e., to
smooth out the singularity at the cavity center. In reali-
ty, this artificial hard sphere can be said to represent the
radius at which the density of the plasma is so high that
the ions acquire a very short mean free path and they
cannot penetrate any further.

The plasma expansion and the subsequent radiation
production can be now followed by simultaneous study of
the two plots in Fig. 4. At the beginning of the laser
pulse, the inner cavity space remains empty [Fig.
4(a) while according to the plot in Fig. 4(b), a region of
intense x-ray production near the inner side of the wall
develops. Here the laser radiation is absorbed and con-
verted into thermal x rays. The hatched area to the right
describes the absorption of thermal x rays by the cold
cavity wall. Starting from this location, the laser (pri-
mary) plasma expands to the left into the void of the cavi-
ty while the wall is accelerated outwards. As can be seen
most of the cavity volume is quickly filled up with ex-
panding low-density plasma and with x-ray radiation of
very uniform intensity (V-S~0). Due to the high tem-
perature of the laser heated plasma, a very high expan-
sion velocity is reached. Within 1 ns the radial distance
of 500 um is covered and the plasma front arrives at the
center of the 1-mm cavity. As a consequence of the col-
lision the density rises strongly up to 1/10 solid density.
The kinetic energy of the laser plasma is converted into
thermal energy and the temperature reaches values of
several keV. The resulting combination of density tem-
perature at the central region results in significant radia-
tion production (V-S> 0) seen in Fig. 4(b) at ~ 1 ns after
the beginning of the laser pulse (¢ =0). It persists for ~ 1
ns and is localized in the region between 0.5 and 0.15
mm. This radiation constitutes an additional contribu-
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FIG. 4. Temporal and spatial
evolution of (a) the density and

time (ns)
time (ns)

(b) the divergence of the radia-
tion flux in the interior of a loss-
less 1-mm cavity uniformly irra-
diated with ~10'* W/cm? of
A=0.35-um (3w)Nd-glass laser
- light having a pulse duration of
7,=0.9 ns. In the contour
plots, the values are normalized
to the maximum, the steps are
logarithmic, and comprise four
decades in case (a) and two de-

01 03 05 01 0'3
radius (mm)

tion to the heating of the cavity wall. For the 1-mm cavi-
ty we observe a partial temporal overlap of the spatially
separated primary source flux and the collisionally pro-
duced x rays which leads to a remarkable rise in cavity
temperature.

In the experiments, the spherical symmetry assumed in
our model calculations is not achieved. But reheating of
the cavity by kinetic to thermal energy conversion after
stagnation of the expanding plasma takes place in any
case. To obtain a quantitative estimate of the reheating
contribution from the collision, we have carried out cal-
culations with different size cavities heated with the same
irradiation intensity (see Sec. II). Comparing the case
M =10 (no collision) with the case M =1 (with collision),
we found a maximum radiation flux in the real 1-mm cav-
ity (M =1) where collision takes place that is higher by a
factor of 1.6 than that without collision (M =10).

IV. DISCUSSION AND COMPARISON
WITH EXPERIMENTS

The motivation for the simulations presented in this
paper is the in depth interpretation of the experimental
results obtained with the triple cavity targets shown in
Fig. 5. They consist of a central-laser-heated converter
cavity which irradiates through connecting openings two
satellite cavities with thermal x rays. The difference be-
tween the two satellite cavities is that the upper one has a

observation
V direction
Y~
~
~

closed
cavity
six converter
< laser —> cavity
beqms%
V- &
~
~
observation
direction
open

cavity

radius (mm)

05 cades in case (b). Opposed to
emission, absorption is charac-
terized by the hatched area.

minimal amount of radiation losses due to small openings
(diagnostic holes only) while the lower one is made to
maximize them [see Fig. 5(b)]. This way the closed and
open geometry is realized. Two different size cavities
were used, those with 1 mm diameter (all three cavities)
and those with 2 mm. The most important results from
these experiments have been already reported [6,8] and a
more detailed account of the experimental setup, data
analysis, and interpretation can be found in Ref. [24]. As
is described in Ref. [6], we were able to directly demon-
strate the occurrence of radiation confinement by com-
paring the radiation temperature of a confining (closed)
cavity to that of a nonconfining (open) cavity.

We return to these experimental results with the inten-
tion to use the numerical model based on the hydrocode
MULTI to try to understand the more subtle features and
simultaneously to assess the role of the plasma stagnation
and collision in these targets. An extension of the
theoretical results summarized in Sec. II for a single cavi-
ty to the more general case of two interacting (coupled)
cavities has already been worked out [6,24]. This analyti-
cal model, appropriate for the new kind of targets con-
sisting of three coupled cavities reaching different tem-
peratures, is based on the AHW and describes the radia-
tion confinement as well as the energy exchange between
the cavities through the connecting openings.

However, as we pointed out in Sec. II, the description
of the cavity heating by the analytical solution is not

(b)

FIG. 5. (a) Schematic dia-
gram showing the sequence of
heating and the method of ob-
servation in the triple cavity tar-
gets. (b) Scanning electron mi-
croscope photograph of the real
target.
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complete. One important process, namely the plasma
flow and stagnation, is not included in the analytical solu-
tion based on the AHW. We saw that for “small” size
cavities reheating by plasma collision is important.
Focusing our attention on the comparison between the
model calculations and the experimental results in order
to come to an interpretation, it is reasonable to distin-
guish between the two cavity dimensions. The cavities
with 1 mm diameter suffer plasma stagnation and col-
lision and therefore belong to the category of ‘‘small”
cavities while the cavities with 2 mm diameter are closer
to the ideal case of “large” cavities.

The simulation of the triple cavity targets using the
model described in Sec. II takes place in two steps. In
the first step the converter (middle) cavity is simulated by
irradiating the interior surface of the cavity with an aver-
age energy density 63'=E; /mD?* where E; is the laser
energy and D the cavity diameter. Here the assumption
is made that the laser energy is uniformly distributed
over the inner cavity surface (necessary condition since
MULTI assumes spherical symmetry). In the experiment,
the laser spots are uniformly distributed over an annular
region of the cavity wall [see Fig. 5(a)]. This arrangement
leads to a concentric flow of laser plasma towards the
center of the cavity thus rendering the assumption of uni-
form illumination as reasonable. The laser pulse shape is
approximated by a cos’ form having a duration of
71, =0.9 ns. The cavity losses are calculated based on the
total open area (including the connecting openings) of the
converter cavity. From this run the temporal evolution
of the converter cavity temperature is obtained. The cor-
responding flux, appropriately diluted by the coupling
factor resulting from the connecting openings, is numeri-
cally stored and used in the second step to irradiate the
two satellite cavities. This follows in two separate runs
where the appropriate losses for the closed and open cavi-
ty are introduced.

The main results of these simulations and a compar-
ison with the experimental results and analytical solution
predictions [6,24] are pictorially presented in the diagram
of Fig. 6. One observes, within experimental accuracy,
good agreement between experimental results, simula-
tions, and the analytical model for both cavity sizes.
However, the main effect we are after is the plasma ex-
pansion and collision at the center of the cavity and its
influence on the final temperature reached in each indivi-
dual cavity. This effect is also depicted in Fig. 6 where
the results without collision (M =10) are represented by
full circles that have to be moved where the full squares
are when collision is taken into account (M =1). As can
be seen, the 2-mm cavities do not show any temperature
enhancement due to plasma stagnation and collision. In
contrast, the 1-mm-cavity results indicate that there is a
temporal overlap between the laser pulse and plasma col-
lision, leading to an evident enhancement of the tempera-
ture at first in the converter cavity and subsequently in
the satellite cavities. It is to be noted here that, as ex-
pected, the analytical model results for the 1-mm cavities
are in good agreement with the M =10 simulations while
the experimental results confirm the existence of the plas-
ma collision, i.e., agree well with the M =1 simulations.
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FIG. 6. Comparison of radiation temperature in experiment,
simulations, and analytical model for each individual cavity of
the 2- and 1-mm triple cavity targets (see also Fig. 5). The simu-
lation results are given by the full circles and full squares. The
distance between them represents the effect of the plasma col-
lision in each cavity. The analytical calculations (theory), given
by the hatched rectangles, take into account the uncertainty in
the heating period of the converter cavity due to laser light
reflection as a consequence of plasma filling. The top of the rec-
tangle corresponds to 0.9 ns, i.e., the laser-pulse duration, the
bottom to 0.4 ns, the shortest measured x-ray pulse duration.

Another signature of the plasma collision in the cavity
interior is to be found in the time history of the x-ray sig-
nal emanating from the diagnostic holes. From our simu-
lations we expect that there is no possibility to separate
the collision peak from the laser heating in the 1-mm cav-
ity. However, in the 2-mm cavity the plasma requires
more time to reach the center and to collide not only be-
cause of the larger distance that it has to travel but also
due to lower values of irradiation fluxes. So, in this case,
we expect a second clearly separated peak of x-ray emis-
sion due to collisional reheating in the converter cavity.
Figure 7 illustrates the experimental results and the simu-
lation. The temporal evolution of the radiation tempera-
ture measured in the satellite cavities shows the same
behavior as in the simulation, i.e., two peaks correspond-
ing to the laser heating and the collisional reheating. The
exact location of the collisional peak with respect to the
laser peak is not accurately reproduced by our simula-
tions. This is due to the fact that the local irradiation in-
tensity in the simulation is lower than in the experiments
since the same energy is distributed over the whole
inner-cavity surface and not on an annulus as in the ex-
periment (see also Sec. III). This was confirmed by
separate code runs where the average irradiation intensi-
ty was varied resulting in a movement of the two peaks
relative to each other.

It is seen that the second peak in the converter cavity
signal is missing from the experimental data. In order to
avoid overexposure of the detector [6], the diagnostic
hole in the converter cavity was only 100 um in diameter,
considerably smaller than the holes in the satellite cavi-
ties (400 um), where the radiation temperature was lower.
The abrupt reduction of the x-ray signal from the con-
verter cavity is thus attributed to hole closure by expand-
ing wall plasma. Estimations based on a simple model by
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FIG. 7. Temporal evolution of the radiation temperature in
the partial cavities of a 2-mm triple cavity target. Comparison
of the experimental data (a) with the MULTI simulations (b). The
dashed line represents the modification to the observed radia-
tion temperature resulting from hole closure as it is simulated
with the hydrocode MULTI.

Harrach and Gee [25] have shown that the enclosure
time for the diagnostic hole in the central cavity is much
shorter than the laser-pulse duration. This effect can also
be simulated using the model in Sec. II by introducing a
spatially fixed point at a distance of 100 um from the wall
inside the cavity, where the radiation temperature is
monitored. This distance corresponds to the diameter of
the diagnostic hole. When the expanding cold-wall plas-
ma passes by, the observed point is isolated from the hot
radiating inner volume of the cavity, as our instruments
were isolated by the cold hole plasma. This simulation
gives the dashed line in Fig. 7(b), a very quickly falling
temperature curve (even falling below the temperature
curves of the satellite cavities), such as that observed in
the experiment. Because no other cooling mechanism
could be found that would initiate the observed rapid
temperature fall and because this is observed in the con-
verter cavity only, we conclude that hole closure is
indeed responsible for this temporal behavior.

V. SUMMARY

For the study of radiation confinement in the presence
of plasma expansion in real size cavities, we have
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developed a special scenario to simulate effects such as
plasma filling and stagnation, and the resulting collision
and reheating of the cavity. This scenario is based on the
one-dimensional hydrocode MULTI. In addition, other
effects such as hole losses in a partially opened cavity and
hole closure can also be simulated. In a parameter range
in which there exists a validity overlap , very good agree-
ment was observed between the analytical solution for the
AHW and the simulation model. For example, for
“large” cavities, the two calculations gave practically the
same results for the confined radiation field under varia-
tion of source flux, pulse duration, pulse shape, and open-
ness of the cavity. A notable exception is an early stage
of a few hundred picoseconds, depending on the laser en-
ergy, during which full equilibration of radiation and
matter has not yet been established and, as a conse-
quence, the radiation intensity is considerably lower than
the one predicted analytically.

Extending the application of our simulations to the
cases of interest, i.e., real size cavities, we saw the plasma,
expanding from the cavity wall colliding in the center,
thermalizing its kinetic energy, and reheating the cavity.
In the center densities of nearly ; of solid density are
created. The collision time depends mainly on the cavity
size. In our simulation of a hohlraum of 1 mm (2 mm) di-
ameter and an average laser intensity of 10'* W/cm?
(2X 10" W/cm?) collisional reheating starts at 1 ns (2.5
ns). If the time of collisional reheating overlaps partially
with the laser heating period, a considerable temperature
rise is the consequence. The simulation of our 1-mm loss-
less cavity gives a radiation flux enhancement of a factor
1.6. Otherwise, if the plasma collision occurs after the
laser pulse, a second peak in the history of the tempera-
ture is observed. These two cases could be verified exper-
imentally.

A comparison was made of results from our triple cavi-
ty experiment with analytical model calculations which
do not include collision effects. The results show an ac-
ceptable agreement for the 2-mm cavities where the col-
lision occurs later in time so that it does not have any
influence on the main x-ray peak. The second peak itself
was observed in the satellite cavities whereas hole closure
leads to a strong decay of the measured x-ray flux from
the central cavity. In the 1-mm cavity case, the experi-
mentally observed temperature was evidently higher than
the calculated one due to the overlap of laser pulse and
collisional reheating. So the simulations illustrate the
role of the expanding plasma for the heating of small cav-
ities to high temperatures.
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FIG. 4. Temporal and spatial
evolution of (a) the density and
(b) the divergence of the radia-
tion flux in the interior of a loss-
less 1-mm cavity uniformly irra-
diated with ~10"* W/cm? of
A=0.35-um (3w)Nd-glass laser
light having a pulse duration of
7,=0.9 ns. In the contour
plots, the values are normalized
to the maximum, the steps are
logarithmic, and comprise four
decades in case (a) and two de-
cades in case (b). Opposed to
emission, absorption is charac-
terized by the hatched area.
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FIG. 5. (a) Schematic dia-
gram showing the sequence of
heating and the method of ob-
servation in the triple cavity tar-
gets. (b) Scanning electron mi-
croscope photograph of the real
target.



