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X-ray generation in a cavity heated by 1.3- or 0.~"-iM,m laser light.
II. Time-resolved measurements
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Results are presented from experiments aiming at the study of the process of thermalization and

confinement of the laser energy in closed geometry targets. The interior of spherical gold cavities

(0.3-1.0 mm in diameter) has been irradiated with 300-ps pulses at average laser fluxes between
2X10' and 5X10' W/cm . A systematic study has been performed at 1.3- and 0.44-pm laser

wavelength. The time-resolved x-ray spectrum of the radiation emitted by the cavities shows a dou-

ble pulse structure. Furthermore, for A, =1.3 pm and during the second emission burst, M-band

emission is observed. Analysis supports the hypothesis that, while the first burst emanates from the

indirectly heated wall element, the second burst is due to expanding coronal plasma. Measurements

showed that more favorable conditions can be achieved for A, =0.44 pm and deleterious effects like

plasma filling and entrance hole closure can be avoided.

I. INTRODUCTION

In the concept of generation of intense Planck radia-
tion in a small cavity of high-Z material using pulsed
laser light, ' a two-step process is involved. In the first
step, the laser energy is partially converted into x-ray ra-
diation, and in the second step, the x rays are thermalized
and confined through multiple absorption and reemis-
sion. The analysis of recent experiments has shown that
the e8'ectiveness of the overall process may depend
strongly on the physical processes occurring in the first
step, i.e., on the phenomena associated with the laser gen-
erated plasma. Since the objective of our studies is the
optimization of the mechanism that leads to the thermali-
zation of the laser energy, it becomes necessary that the
phenomena associated with the first step be studied and
their role in the overall process ascertained. The work
reported in this paper is along this line and it is a part of
systematic investigations performed on spherical cavities
using the Asterix III iodine laser facility.

The method employed to heat cavities with a single
laser beam is schematically shown in Fig. 1. The laser
beam is focused at the plane of the entrance hole of a
spherical cavity with a diameter of a fraction of a millim-
eter. At the rear wall of the cavity, the "primary plas-
ma" is produced having properties similar to those of the
laser-produced plasma with planar targets. Since the
cavity wall is made out of high-Z material, a relatively
large fraction of the laser energy is converted to x rays.
The primary plasma acts approximately as a Lambert
emitter of x-ray radiation and due to the spherical
geometry, uniformly illuminates the interior of the cavi-
ty. As a consequence, a "secondary plasma" is produced
with properties quite different than those of the primary
plasma; it is colder and denser. Owing to the combina-
tion of temperature and density, the secondary plasma
layer is opaque to x-ray photons existing in the interior of
the cavity. It acts as a reflecting layer preventing the
photons from penetrating deeply into the cavity wall.

The secondary plasma layer is a "reflector" but not in the
usual sense; a photon is absorbed and reemitted. The
process of multiple absorption and reemission is the un-
derlying mechanism that leads to thermalization and
confinement of the radiation inside the cavity.

The scaling relations derived from the self-similar solu-
tion to the radiation hydrodynamic equations for the
secondary plasma indicate that the temperature in the
cavity and the number of reemissions X increase with in-
cident energy flux and pulse duration. For a given in-
cident x-ray flux, the number N of absorptions and ree-
missions of a photon (corresponding to the quality factor
of the cavity for the confinement of thermal radiation} de-
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FIG. 1. Schematic drawing of the method used to heat cavi-
ties. In addition to the entrance hole through which the laser is
coupled to the cavity, a diagnostic hole is used for probing the
x-ray radiation generated in the cavity. The arrows indicate the
line of sight of the x-ray streak camera (XRSC) which detects
radiation from the secondary plasma (x-ray ablated plasma), but
also from the corona of the primary plasma (laser ablated plas-
ma).
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pends on the balance between the heating of the material
by the incident flux of primary x rays and the loss of en-

ergy by diffusion of radiation into the deeper lying part of
the wall which, ultimately, is converted into hydro-
dynamic motion of the expanding secondary plasma lay-
er. As in the case of a microwave cavity, where the con-
ductivity of the wall material determines the quality fac-
tor, it is the opacity of the wall material and its function-
al dependence on density and temperature that deter-
mines the quality factor of an x-ray confining cavity. '

Since high-Z materials exhibit the highest opacity
values, they are preferentially employed in fabricating
cavities.

In the present investigations, we have attempted to ob-
tain time-resolved experimental information about the
process of cavity heating with the help of an x-ray streak
camera. The streak camera was combined with a
transmission grating in order to obtain time-resolved
spectra. Ideally, i.e., if the cavity would remain empty
during heating, the radiation registered through a diag-
nostic hole in the cavity (see Fig. 1) would come only
from the secondary plasma on the x-ray heated wall. In
this case, the situation would correspond closely to the
idealized model of cavity heating and the results could
readily be compared with the theoretical predictions.
However, as suggested already by the way Fig. 1 has been
drawn, the situation may be more complicated due to ex-
pansion of the primary plasma into the cavity and simul-
taneously into the line of sight of the x-ray streak camera.
The identification of the contribution of the expanding
primary plasma to the measured spectra is a major point
of the present investigation.

The complication introduced by the expanding pri-
mary plasma is a consequence of incomplete x-ray con-
version in the primary plasma. The unconverted part of
the absorbed laser energy appears as internal and kinetic
energy of the expanding plasma. Therefore, the lower the
conversion efficiency into x rays, the more severe the
problem is. Experiments with planar targets have shown
that the conversion efficiency is higher the shorter the
wavelength of the laser light, with a tendency to decrease
at higher laser fluxes. ' More specifically, the x-ray
conversion efficiency for laser fluxes between 10' and
10' W/cm2 and for pulse duration of 300 ps was found
to be 10—20% for 1.3-pm and 40—60% for 0.44-pm
laser light. ' It is obvious that the single-beam irradia-
tion is not ideal in this respect because it has the conse-
quence of a very high local laser Aux. Furthermore, the
laser wavelength is expected to play a major role, not
only because the conversion efficiency decreases with in-

creasing laser wavelength, but also because the tempera-
ture of the primary plasma and, hence, the expansion ve-

locity is expected to increase with the laser wavelength.
A cavity heated by long wavelength laser light will, there-
fore, fill faster than one heated by short-wavelength laser
light.

In these investigations, we have varied the wavelength
of the laser light and performed comparative measure-
ments at the fundamental (A. = 1.3 pm) and triple
(A, =0.44 pm) frequency of the laser light. The results of
our studies are reported in three companion papers (pa-

pers I, II, and III). This is paper II and concerns itself
primarily with the results of the time-resolved x-ray spec-
troscopy and their interpretation. The experimental re-
sults and discussion of the time-integrated measurements
are presented in the companion paper, ' paper I. Finally,
paper III (Ref. 19) deals with the comparison of the ex-
perimental results from the time-integrated measure-
ments with theoretical predictions for radiation
confinement in the cavity. It should be mentioned here
that, although each one of the three papers dealing with
the results of these comprehensive studies has been writ-
ten as an independent and self-contained report, a more
complete picture can be obtained by reading all three
parts.

II. EXPERIMENTAL ARRANGEMENT

A. Parameter range of the experiments

For the cavity target experiments the single-beam As-
terix III laser facility was used; it produces routinely 80 J
at 1,=1.3 pm (leo) and 20 J at 1,=0.44 pm (3') in 300 ps.
The cavities are made out of 2-pm-thick gold and typical-
ly have two holes; one is used to inject the laser energy
into the cavity and the other as an observation port (see
Fig. 1}. The laser energy is introduced into the cavity by
focusing it with an aspheric lens of an effective f number
2.5. In the present experiments, the cavity diameter was
varied between 250 and 1000 pm. The laser entrance
hole and diagnostic hole diameter were scaled propor-
tionally to the cavity diameter and were in the ranges
145-530 and 98-234 pm, respectively. An array of diag-
nostics was simultaneously deployed in these experiments
to characterize the heating process of the cavity. The
emphasis was on soft-x-ray diagnostics which included
x-ray pinhole photography and time-integrated and
time-resolved x-ray spectroscopy. In addition, optical
shadowgraphy was used and the laser absorption was
measured using a light integrating box. A more de-
tailed description of the experimental setup and a discus-
sion of the results from the rest of the diagnostics is given
in the first companion paper (paper I).

B. Time-resolving soft-x-ray spectrometer

The time-resolved soft-x-ray spectra were obtained us-
ing a free-standing transmission grating spectrometer
coupled to a soft x-ray streak camera. ' The grating is in-
tegrated on a 50-pm-wide and 1-mm-high slit and it has
1000 line pairs/mm. The spectrum is dispersed along the
slit of the x-ray streak camera photocathode which is 18
mm long and 300 pm wide. The photocathode is of the
transmission type and it consists of 1000-A-thick carbon
substrate on which 1100A CsI is deposited. The spectral
range covered is between 5 and 100 A with a time resolu-

0
tion of about 15 ps and spectral resolution of few A (typi-
cally 3—7 A depending on the size of the diagnostic hole}.
The short-wavelength limit ( =5 A) of the spectral range
is due to overlapping between the zeroth and first order
of the spectrum (for A, & 5 A the zeroth-order contribu-
tion dominates). The streaked spectra are recorded on
negative film and subsequently converted to digital form
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with the help of a two-dimensional (2D) microdensitome-
ter. Computer processing is employed to analyze the x-
ray streak camera records with special softwave
developed for this purpose. The data-reduction pro-
cedure is performed in three steps. In the first step, an
appropriate subframe is selected from the original frame
for further processing. In the second step, the selected
subframe is linearized using the density curve of the film
and corrected for distortions due to the image intensifier.
In the final step, the spectrum is deconvolved using the
grating efficiency and combined spectral sensitivity of the
photocathode and carbon substrate. In order to obtain
an absolute value of the spectral intensity as function of
time, the deconvolved streaked spectra are numerically
integrated over time and compared to the time-integrated
spectra recorded on absolutely calibrated Kodak 101 x-
ray film. By means of this comparison, the calibration
factor for the overall efficiency of the streak camera is
determined. The spectrometer was located in the hor-
izontal plane and its viewing direction was slightly larger
than 90' with respect to the laser axis. This way, the x-
ray streak camera records radiation emanating from the
interior wall of the cavity lying opposite to the diagnostic
hole through which the radiation is detected. The ar-
rangement is shown schematically in Fig. 1.

An example of a time-resolved spectrum produced by a
laser-heated cavity is shown in Fig. 2. The raw data (on
film) are shown in Fig. 2(a). Figure 2(b) shows the same
data in digitized form (isodensity plots in linear scale). A
subframe depicting the details of the zeroth-order struc-
ture is shown in Fig. 2(c), while another subframe which
is used for further processing and deconvolution of the
spectrum during the heating phase is shown in Fig. 2(d).
It is interesting to note the splitting of the zeroth order
into three discrete lines. The grating slit acts as a one-
dimensional imaging system and the zeroth order
represents the one-dimensional image of any source
present. The diagnostic hole gives rise to the main zeroth
order in the middle and to the associated spectrum in the
first orders. To the left and right of the main x-ray
source, however, there exist two weaker sources; one is
due to plasma streaming out of the entrance hole of the
cavity and possibly to plasma created at the rim of the
entrance hole, and the other is due to emission from the
rear wall of the cavity where the primary plasma is locat-
ed. The curvature of the first order is an artifact and has
its origin in the pin-cushion distortion of the image
intensifier which is attached to the image converter tube
of the streak camera. In the second step of the data
reduction, this effect is removed using an appropriate
mapping transformation which describes the imaging dis-
tortion present in the intensifier.

III. TEMPORALLY RESOLVED
CAVITY SPECTRA

A. Structure of the zeroth order

Although the main information delivered by the x-ray
streak camera is the time-resolved spectrum associated
with the emission from the diagnostic hole (the spectra
from the other two sources are at least one order of mag-
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FIG. 2. Time-resolved spectrum from a cavity (laser wave-

length 0.44 pm, cavity diameter 467 pm) obtained with a free-
standing transmission grating and an x-ray streak camera: (a)
raw data on film, (b) digitized record, (c) subframe showing the
detailed structure of the zeroth order and its relation to the
various emission regions of the cavity (schematic at the top),
and (d) subframe used for further processing to obtain the
deconvolved cavity spectrum shown in Fig. 3(b).

nitude less intense and do not interfere with the main
spectrum), there is still information to be gained by close-
ly examining the structure of the zeroth order. As can be
seen from Figs. 2(a) and 2(c), the zeroth orders due to di-
agnostic hole and entrance hole run parallel to each other
in time indicating that, for the laser-pulse duration, the
distance between the two sources does not change appre-
ciably. The zeroth order generated by the entrance hole
peaks right at the beginning of the emission. In contrast,
the zeroth order due to the primary plasma spot peaks at
-250 ps later. Furthermore, the source associated with
this zeroth order is clearly not stationary; it appears to
accelerate at the beginning until it reaches its maximum
emission and subsequently moves with constant velocity.
The simplest explanation for this is that the part of the
wall where the primary plasma spot is formed is preferen-
tially accelerated due to higher laser flux there and even-
tually is pushed out. Because the wall thickness de-
creases due to lateral expansion as it is pushed into the
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direction of the laser beam, emission from the primary
plasma spot can penetrate through the thinned out part
of the wall, causing a delayed maximum in the emission.
Another possible explanation is that the peak emission
coincides with the arrival of the ablative heat wave
which propagates ahead of the ablation front. We note
that the preferential acceleration of the laser-irradiated
part of the rear wall has been clearly observed by high-
speed photography (see paper I}. Also the time-

integrated x-ray pinhole photography presented in paper
I clearly show the existence of emission areas at the en-
trance hole and rear wall (see Fig. 3 in paper I). In gen-
eral, the time-integrated results correlate very well with
the observations just described.

B. Time history of the spectrum

We now turn our attention to the spectrum of the radi-
ation emitted by the cavity through the diagnostic hole.
The time history of such a spectrum can be divided into
two phases; the heating phase and the cooling phase. The
heating phase takes place during laser irradiation and it
lasts -600 ps; this corresponds to the duration of the
emission from planar target with the same laser pulse
duration of FWHM 300 ps. The second phase is the
cooling phase and its duration depends on the cavity size
and laser flux. The two phases are indicated in Fig. 2(b);
the heating phase is the subframe shown also in Fig. 2(d)
while the cooling phase is the relatively soft (70—90 A)
emission occurring afterwards. The emission during the
cavity cooldown has been observed before ' and it has
been attributed to the stagnation of the expanding plasma
near the center of the cavity. At this later time, part of
the kinetic energy of the expanding plasma is converted
into thermal energy by collisions which causes a pro-
longation of the emission. We should emphasize here
that our discussion is confined to the heating phase, i.e.,
during the time that the laser pulse is on, and that from
each cavity spectrum a similar subframe, such as the one
in Fig. 2(d), is selected which is further processed to ob-
tain the deconvolved spectra shown in Figs. 3, 4, and 5.

It is apparent that the cavity diameter D represents
another important parameter; in these experiments the
smallest cavity is 250 pm in diameter and the largest is 1

mm. The cavities can be classified according to their size
as intermediate size cavities for 400 pm&D &600 pm,
small cavities for D &400 pm and large for D & 600 pm.
This classification is based on the fact that, for each size
range, the time-resolved spectrum is different. As will be
discussed in detail later on, characteristic for the inter-
mediate size cavities is the appearance of the double-
pulse structure in the time-resolved spectra during the
heating phase. Because this effect is the key observation
for the understanding of the phenomena occurring inside
the cavity, we shall concentrate in the following first on
the results from the intermediate size cavities.

In Figs. 3 and 4, two sets of deconvolved streaked spec-
tra produced by cavities of increasing size and for two
wavelengths are shown. The effect of increasing the cavi-
ty diameter for A. =0.44 pm (3') is depicted in Fig. 3. In
all spectra, one can distinguish two emission bursts
separated by a time interval At, which increases with the
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FIG. 3. Deconvolved streaked spectra from cavities irradiat-
ed with A, =0.44-pm laser light for different cavity diameters [(a)
405 pm, (b) 467 pm, and (c) 555 pm). The instantaneous spectra
corresponding to the peak emission during the first (A) and
second (B) burst are shown to the right. For each diameter, the
delay ht representing the approximate time interval between
first and second burst is given.

cavity diameter. Furthermore, the spectrum in the
second burst appears to be slightly harder than the one in
the first [see Fig. 3(a)], but it becomes softer and weaker
as the diameter increases.

The deconvolved streaked spectra for approximately
the same size cavities but for A, =1.3 pm (leo} are shown
in Fig. 4. In this case we observe again two distinct emis-
sion bursts but no significant variation with the diameter
in the time interval between the two bursts. Although
the laser energy available in the fundamental frequency is
approximately a factor of 3 to 4 higher than when upcon-
verted to 3', the spectra in the first burst in Fig. 4 are not
noticeably harder than those in Fig. 3. This can be attri-
buted to two effects that partially compensate for the
higher energy. Namely, for A, =1.3 JMm, the x-ray conver-
sion efficiency at the primary spot and the amount of en-

ergy absorbed in a cavity of a given diameter are
lower. ' ' ' However, as seen from Figs. 3 and 4, the
difference in the spectra of the second burst is striking.
During the second burst, for X=1.3 pm, there is consid-
erable emission at 5 A (-2 keV) which represents M-
band emission of gold. Note that this feature is entirely
absent from the spectra with X=0.44 JMm. In the same
time-resolved spectra, the N and 0 band of the gold spec-
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0 trum are seen as part of the emission in the first burst.
When the size of the cavity is further reduced (D (400

pm, small cavities), the two emission bursts tend to merge
together and for the smallest diameter cavities (D=252
pm) there is no apparent temporal structure in the spec-
tra other than the heating and cooling phase. This is seen
in Fig. 5 where the streaked spectra from the smallest
cavity for the two wavelengths are shown. It is interest-
ing to note that for the sinallest size cavities, I-band
emission appears even when X=0.44 pm but simultane-
ously with N and 0 band [see Figs. S(a) and 5(b)]. For
A. =1.3 pm, the emission in the M band is higher and sets
in early during the heating phase although it peaks again
after the N-band emission.

The large cavities (D) 600 pm) represent the least
complicated case since the radius is large enough that
there is no interference from the expanding corona.
However, the average laser Aux is low and, as a conse-
quence, the interior wall remains relatively cold giving
rise to low reemission.

IV. DISCUSSION OF THE RESULTS
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FIG. 4. Deconvolved streaked spectra from cavities irradiat-
ed with A, =1.3-pm laser light for different cavity diameters [(a)
406 y, m, (b) 456 y,m, and (c) 519 pm]. The instantaneous spectra
corresponding to the peak emission during the first (A) and

second (B) burst are shown to the right. For each diameter, the

delay ht representing the approximate time interval between
first and second burst is given. Note the appearance of the M-

band emission during the second burst.
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FIG. 5. Deconvolved streaked spectra produced by small

cavities (D=252 pm) for (a) A, =0.44-pm and (b) X=1.3-pm ir-

radiation. The instantaneous spectrum corresponding approxi-

mately to peak emission (trace A-A) for the two cases is also

shown.

A. General remarks, the model

Most of the features in the temporal evolution of the
x-ray spectrum emitted by cavities can be attributed to
the presence of the primary plasma and the associated
subcritical plasma blow off termed corona. In particular,
in connection with the double-pulse structure, a con-
sistent picture emerges if one assumes that the first emis-
sion burst is due to the secondary plasma and the second
burst to the expanding coronal plasma. In this section,
we summarize the arguments that lead to this picture.

The closed geometry target provides the possibility of
isolating the indirectly irradiated wall element and study-
ing the secondary plasma. For example, the arrangement
illustrated in Fig. 1 was judiciously chosen so that the x-
ray streak camera looks at the secondary plasma while at
the same time, the much more intense primary plasma is
obstructed by the rear part of the spherical shell. An ex-
amination of the time-integrated x-ray image of the cavi-
ty viewed from the top justifies this choice of the viewing
angle (see paper I, Fig. 3).

Since the primary x-ray photons propagate inside the
cavity with the speed of light, the emission from the in-
directly heated wall element (secondary plasma) should
commence a1most simultaneously with the laser pulse.
Presumably, for the duration of the first burst, this is the
only emission that the streak camera is detecting. How-
ever, since the primary plasma suffers expansion, it is
inevitable that a part of the plasma blow off will be cross-
ing the line of sight of the streak camera and will enter its
field of view. It is, therefore, conceivable that at some
time, the underdense plasma in the corona will interfere
with the observation of the indirectly heated wall ele-
ment. Then, the radiation emitted by the corona gives
rise to the second burst. Since the corona usua11y has a
temperature of several keV and is optically thin, it can
only emit during the laser pulse; right after the end of
laser pulse it cools o8 very rapidly.

%e note that the experimental data from intermediate
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size cavities (Figs. 3 and 4) show some characteristics
that support the hypothesis that the corona from the pri-
mary plasma crosses the line of sight of the streak cam-
era.

(a) Later arrival of the second burst for larger cavity
diameter (Fig. 3) is to be expected since the distance be-
tween the diagnostic hole and the directly heated primary
plasma spot becomes greater. The density of the blow-off
plasma at a distance of about a cavity radius from the
spot has to be high enough to emit at a detectable level.
This would occur after some time, when enough mass has
been transported through expansion to the point where
the line of sight of the streak camera crosses the plasma
blow off.

(b) The tendency of the spectrum in the second burst in

Fig. 3 to be softer and weaker for larger diameter cavities
can be explained as due to lower laser fiuxes at the pri-
mary plasma spot. The coronal temperature, which
determines the spectrum emitted, depends on the irradia-
tion flux. Since for larger cavities the spot size is larger,
for the same laser energy the flux would be lower and
therefore, the spectrum softer.

(c) The harder radiation observed for A, =1.3 pm (Fig.
4) is consistent with the assumption that it originates in
the corona since for longer laser wavelengths the coronal
temperature is higher.

In Secs. IV B and C, the analysis of these experimental
observations is presented in a more quantiative fashion.

8. Delay in the appearance of the second burst

The laser flux at the primary plasma spot SP" is nor-
mally one to two orders of magnitude higher than the
flux which produces the secondary plasma [the latter be-
ing roughly equal to g„SL"where g„is the x-ray conver-
sion efficiency and Sr'"=EL I(rLnD ) the average over
the inner surface of the cavity laser flux]. Consequently,
the x-ray emission from the primary plasma is consider-
ably more intense than the emission from the secondary
plasma. This has been confirmed experimentally by view-

ing the two sources directly and measuring their time-
integrated spectrum (see paper I, Figs. 5 and 6). Howev-
er, the x-ray streak camera does not look directly at the
primary plasma, but at some distance x from it approxi-
mately equal to the cavity radius R and in a direction al-
most perpendicular to the density gradient (see Fig. 1),
hence, the emission from the low-density blow off is
drastically reduced. Indeed, from the data in Figs. 3 and
4 is seen that the emission level in the two bursts is ap-
proximately of the same order of magnitude. This means
that, in the viewing direction of the x-ray streak camera,
the surface emission from the inner cavity wall S""'is at
the same level with the uniform volume emission S„"'of
the coronal plasma at a distance x =R from the primary
spot.

Accurate calculation of S' ' is diScult to perform since
the hydrodynamic motion of the expanding plasma in a
rather complicated geometry has to be taken into ac-
count. In what follows, we present some order of magni-
tude estimates of the emission from the plasma blow off
using a simplified model. We assume isothermal expan-

Cs (2)

is the sound velocity and Zo the ionization state at a tem-
perature T, . The critical density for a given laser wave-

length is taken as initial density. An estimate of the coro-
na temperature is obtained by equating the laser flux to
the free streaming limit for the thermal flux

(kT, )

Plq

To obtain more realistic values, a flux limiting factor f
has been introduced in Eq. (3). For a given laser wave-
length and flux at the directly irradiated spot, the corona
temperature is calculated from Eq. (3}and the sound ve-
locity from Eq. (2). The volume emission rate E(x, t) of
the optically thin corona at a distance x from the primary
spot is obtained by multiplying the corresponding cooling
rate Wz due to radiation by the electron and ion density,
i.e.,

(4)

For coronal equilibrium, the cooling rate Wz and the
ionization state Zo for Au (Z=79}as function of temper-
ature are taken from Ref. 26. Finally, the radiation flux
emitted by the corona along the line of sight of the streak
camera S,"' is the integral along this line. This is true be-
cause the corona is optically thin and no absorption takes
place. For our estimations, we multiply the volume emis-
sion rate e by a characteristic length along the line of
sight. The spot diameter at the rear wall of the cavity
D, , =200 pm is taken as the characteristic length. The
emitted intensity is therefore estimated using the formula

S'„"=eD,ppf (5)

In Table I, the different quantities used in the simplified
model are summarized. Two cases are considered corre-
sponding to the experimental data of Fj.gs. 3 and 4. For
A, = 1.3 pm, the flux at the primary spot is approximately
a factor of 2 —3 higher than for A, =0.44 Jum because of
higher laser energy.

It is interesting to estimate first the density n, (x =R)
that is needed at the center of the cavity to produce the
observed level of corona radiation. The densities for the
two wavelengths are given in the second to last column of
Table I and have been obtained from Eq. (5) by setting
S"'=SL". This is justified because the absolute time-
integrated spectral measurements (see paper I) have
shown that the x-ray flux emanating from the interior of
the cavity is within a factor of 2—3 equal to the average
laser flux with which the cavity is heated. It follows,
therefore, that the fluxes S„""'and S"' are also of the

sion for the primary plasma corona which gives the fol-
lowing dependence of the density on time and coordinate:

—xlc f
n, (x, t)=n„e

where
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TABLE I. Summary of the intermediate results for the estimates of the emission from the coronal blow-off plasma at a distance
equal to a cavity radius from the laser spot. Two cases have been considered corresponding to A, =1.3-pm and A, =0.44-IMm irradia-
tion, and for f=0.08.

(cm )

T.
(keV) Zp

&s

(cm/s)
wz

(%'cm )

b'avL

(%/cm )

n, (x =R)
(cm ')

A. =1.3 pm
SL~"=6.0X 10' (W/cm )

A, =0.44 pm
SL~'=2. 5 X 10' (W/cm )

6.63 X 10"

5.8X10"

18.8

2.5 40 2.2 X 10 66.0 5.0X10 7.9X10' 1.8X10

67 7.8 X 10' 234.0 6.0 X 10 1.9 X 10' 1.03 X 10 '

313.0

same order of magnitude as SL". As can be seen from
Table I, the model predicts a density which is subcritical
for A, =0.44 pm, while for A, = 1.3 p,m, it predicts that the
radiation is produced in a overdense plasma in which the
laser light cannot propagate. It is very satisfactory that
the interpretation of the x-ray measurements leads to this
conclusion because the optical shadowgraphy, the x-ray
pinhole photography, and the absorption measurements
reported in paper I have already given clear evidence that
strong refraction and reAection of the laser light occurs in
A. =1.3-pm experiments (but not in A, =0.44-pm experi-
ments).

The delayed occurrence of the second burst for inter-
mediate size cavities is predicted by the model. By com-
bining Eqs. (1), (4), and (5) and solving for the time, one
obtains the following relation:

2
—1

2R ec ~z spott= ln (6)ScorZ
S X P

It is seen that, in first approximation, the time required
for the density at the center of the cavity to build up to
the level that will produce a given x-ray Aux S„"'is pro-
portional to cavity radius. This is in qualitative agree-
ment with the variation of the delay ht observed in the
experimental results of Fig. 3. Again, by setting
S„"'=Sr'"and for a mean radius of 240 pm, one finds in
the case of A, =0.44-pm irradiation t=313 ps (see Table
I). Taking the experimental uncertainty due to the lack
of a time fiducial into account (in Figs. 3 and 4 the delay
is somewhat arbitrarily given relative to the first emission
peak), such values appear reasonable and compare favor-
ably with the delay ht in Fig. 3.

The simple coronal blow-off model must fail for
A, = 1.3-pm experiments if, as assumed in Eq. (1), the criti-
cal density is taken as initial density (we have seen above
that the density in the cavity probably exceeds the critical
density for A. = 1.3 pm experiments). There is little doubt,
however, that plasma filling is an even stronger effect in
A, =1.3-pm experiments; this tendency may be noted from
Table I where the corona temperature, the sound veloci-
ty, and the density scale length c,~L are higher for A, = 1.3
pm. It is, in fact, sufficient to assume a slightly enhanced
initial density ta make the madel applicable to the
A, =1.3-pm experiments. Such an enhancement cauld
occur by energy transport beyond the critical density, for
example, by plasma electrons. Due to the low critical
density, the A, =1.3-pm experiments are more sensitive ta
such an effect. However, it is also possible that other

effects, not taken into account in this simple model, play
a role in the rapid plasma filling in A. =1.3-pm experi-
ments. Enhanced mass influx into the cavity in the form
of primary plasma produced all over the cavity by
reAected laser light is a possibility. Even if the rejected
laser light cannot propagate in the cavity, high tempera-
tures are still expected in the slightly overdense plasma in
the cavity (according to Table I the density in the cavity
does not exceed the critical by more than a factor of 2).
They are likely to be generated as the energy is transport-
ed from near the entrance hole (where the laser light is
absorbed) to the interior of the cavity. However, the situ-
ation is more complicated and would need more elaborate
models than our simple coronal blow-off model.

C. Spectrum of the coronal emission

The spectrum emitted by the primary plasma (corona)
is expected to be harder for A, =1.3 pm than for A, =0.44
pm because more energy is available in the fundamental
frequency, but more importantly, because for longer
wavelengths, the corona temperature is higher (see Table
I). The effect of the wavelength on the emitted spectrum
by the corona can be understood with the help of Fig. 6
where the cooling rate 8'z is plotted as function of the
electron temperature for coronal equilibrium. To ob-
tain some spectral information, we have estimated the
power emitted in the various bands due to radiative decay
following collisional excitation (CE) from the relation

' 1/2
EH

II cE, 8+rra~ Oc+HP
kT,

En —En+i
kT,

exp

Apart from the different physical constants (a is the fine-
structure constant, ao is the Bohr radius, c is the speed of
light, and EH is the ionization energy of hydrogen), P„
represents the occupation number of the atomic level
having principal quantum number n and E„is the corre-
sponding energy. In this calculation, the "average ian"
model is invoked and the approximation P„=gf„
where f„arethe oscillator strength, has been used.
Furthermore, as characteristic excitation energy for the
band of lines associated with the principal quantum num-
ber n we have taken E„—E„+,. For a given temperature,
the occupation numbers P„for the average ion in the
ground state are calculated from the number of the
remaining bound electrons Z& =Z —Zo. The ionization
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state is the one corresponding to coronal equilibrium.
Subsequently, the energy levels are calculated using the
Slater's screening coefficients. In the calculations, in ad-
dition to volume emission due to radiative decay follow-
ing collisional excitation, we have included radiative
losses due to bremsstrahlung, ' i.e.,

' 1/2
64

Wbr

' 1/2

( o~ o)~HE@ E Zo ~

H
(8)

where coH =EH/f2=2. 06X 10' s '. The total cooling
rate is obtained from

Wz = g WCE „+Wb, , (9)
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FIG. 6. Steady-state cooling rate of a plasma in coronal equi-
librium as function of temperature. The solid line represents
the total cooling rate, while the dashed the contributions from
the various bands of lines. The dotted line is the cooling rate
taken from Post et al.

and for Au (Z=79), it is shown in Fig. 6 along with the
individual contributions from the various bands. For
comparison, the more accurate calculation of the cooling
rate is also shown. It is seen that the agreement with
the simple estimates based on Eqs. (7) and (8) is quite ac-
ceptable and within a factor of 2 for most of the tempera-
ture range except for the very low temperatures. This
discrepancy can be understood as due to rather inaccu-
rate excitation energies predicted by the average ion
model for the outermost shells. As expected, a tempera-
ture increase results in higher ionization and therefore,
emission from successively deeper lying shells. In Fig. 6,
the coronal temperature for the laser flux range between
10' —10' W/cm and for the two wavelengths is shown

by the shaded areas. The temperature is obtained from
Eq. (3). Generally, the coronal temperature for A, =0.44
pm is lower than for A. =1.3 pm because the laser energy
for short wavelengths is deposited at higher densities
where more mass is involved. As a consequence, the
spectrum from the coronal plasma produced by A, =0.44-
pm irradiation consists primarily of N-band emission.
On the other hand, when A, =1.3 p,m the main contribu-
tion to the emitted spectrum is from M-band lines (-5
A }. This is in accordance with the observed spectral con-
tent of the second burst in both cases, i.e., for A, =0.44

pm (Fig. 3) and for A, =1.3 pm (Fig. 4), and supports the
assumption that the emission in the second burst comes,
in part, from the coronal blow off of the primary plasma.
The spectrum from the optically thick secondary plasma
is more difficult to calculate since it requires the solution
of the radiation transport equation. Previous calcula-
tions have shown that increase of the laser flux from
2X10' to 3X10' W/cm causes the peak emission to
shift from the 0 band (40—60 A) to the N band (15—30 A}
and, finally, to the M band (-5 A} for even higher fiuxes.
For the average laser fluxes encountered in the intermedi-
ate size cavities, the same calculations show that the
spectrum consists mainly of N-band and some 0-band
emission. This is consistent with the observed spectra in
the first burst of Figs. 3 and 4.

The observed spectrum in the second burst is a mixture
of relatively hard radiation emanating from the optically
thin coronal blow off as well as of softer radiation origi-
nating from the secondary plasma on the cavity wall
along the line of sight of the streak camera. This is de-
picted in Fig. 7 where the spectral intensity for the indi-
cated wavelengths as function of time is shown. The po-
sition of the laser pulse is arbitrary and it has been adjust-
ed so that its peak coincides with the peak of the first
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FIG. 7. The spectral intensity of the emission produced by
intermediate size cavities vs time and for the indicated wave-
lengths. The shaded area shows schematically the contribution
of the coronal plasma to the spectrum. The dashed curve indi-
cates the laser pulse positioned so that its peak coincides with

the peak of the emission in the first burst: (a) A, =0.44 pm,
D=467 pm, traces from the spectrum shown in Fig. 3(b); (b)
A, = 1.3 pm, D=456 pm, traces from the spectrum shown in Fig.
4(b).
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emission burst. The double structure of the emission is
clearly visible for both wavelengths in Fig. 7(a). The ex-
cess radiation coming from the corona is indicated
schematically by the shaded areas. The contribution of
the corona to the overall emission diminishes for longer
wavelengths. This is more pronounced in the case of cav-
ities heated by A, =1.3-pm laser light. As can be seen

0
from Fig. 7(b), at a 55-A wavelength, there is no contri-
bution from the corona to the spectral intensity. In con-
trast, the corona contribution dominates at wavelengths
close to the N-band emission of gold ( -5 A).

It is evident that the corona contribution to the spec-
trum interferes with the temperature measurements of
the indirectly heated wall elements. As explained more
fully in paper I, this contribution is accounted for by sub-
tracting it from the time-integrated spectra. The analysis
of radiation confinement given in paper III is based on
the corrected spectra.

D. Small cavities

The small cavities do not exhibit a double-pulse struc-
ture in their time-resolved spectra. This behavior is easi-

ly explained in terms of their size. Because the diagnostic
hole is now close to the primary plasma spot, the appear-
ance of the second burst (attributed to the coronal plas-
ma) coincides virtually with the emission from the wall.
The fact that for small cavities, the laser flux at the pri-
rnary plasma spot as well as the average laser flux inside

the cavity is higher, is responsible for the appearance of
the M-band emission in their time-resolved spectrum,
even for A, =0.44 pm [Fig. 5(a)].

From the above discussion it becomes apparent that
the term "small cavity" is relative to wavelength of the
laser light with which the cavity is heated. For each
wavelength, there is a critical cavity diameter under
which the cavity fills with plasma and the energy deposi-
tion is not localized at the rear wall of the cavity. These
experiments have shown that this critical diameter is
smaller for A, =0.44-pm irradiation than for A, =1.3 pm.
It should be noted here that the time-integrated pinhole
images from small cavities corroborate the explanation
given above for the phenomena occurring in their interior
(for a complete set of pinhole images for diff'erent diame-
ter cavities see paper I, Fig. 3).

Although most of the features of the experimental ob-
servations can be explained on the basis of the coronal
blow-off model, other more complicated processes can
not be excluded. The spherical geometry of the cavity in-
terior facilitates the creation of small density gradients at
the beginning of the laser pulse because of the conver-
gence of the plasma towards the center of the cavity.
This creates favorable conditions for the development of
parametric instabilities. ' Plasma created by ~=0.44
pm is less prone to such instabilities since it is in general
more collisional. However, for A. =1.3 pm, it is quite
plausible that such instabilities could develop and, in
some cases, lead to important redistribution of the laser
energy. For example, due to instability caused distur-
bances in the reflecting layer, diffuse scattering of the
laser light can be greatly enhanced. Furthermore, the
fraction of energy that is taken up by fast electrons can

also increase. The observed late arrival of the second
burst can then be attributed to the time that is needed for
the flat density gradients to build up and for the instabili-
ty to develop. The choice among other processes which
could produce the observed level of radiation in A, =1.3-
pm experiments is difficult and ambiguous. It is obvious
that a more detailed study of the hard x-ray emission
from cavities is needed in order to be able to address
these questions.

V. SUMMARY AND CONCLUSIONS

An overview of the results of wavelength variation ex-
periments with laser heated cavities has been presented.
The discussion in this paper is confined to temporally
resolved measurements. The most important feature re-
vealed by these measurements is the existence of a double
x-ray pulse produced by intermediate size cavities heated
by single-laser pulses. The double-pulse structure occurs
in both cases, i.e., with A, =1.3-pm or A, =0.44-pm irradia-
tion. The most significant difference resulting from the
wavelength variation is the spectral content of the second
burst in the double-pulse structure. For A, =1.3 pm, M-
band emission from gold appears, while for A, =0.44-pm
irradiation and comparable size cavities, M-band emis-
sion is absent.

An hypothesis has been put forward that the emission
in the second burst is due to the expanding coronal plas-
ma originating at the real wall of the cavity where the
laser impinges. Within the framework of this hypothesis,
most of the experimental observations for the A. =0.44-
pm case are adequately explained, e.g., the delayed ap-
pearance and the spectral content of the second burst are
in good agreement with the model calculations. For
A, =1.3 pm, however, although the appearance of M-band
emission is consistent with the hypothesis that the radia-
tion is due to coronal plasma, the intensity observed re-
quires that the plasma density at the center of the cavity
be greater than critical. This indicates that for A, =1.3
pm, the cavity is filled with overdense plasma which
prevents the laser energy from being deposited inside the
cavity.

These observations provide direct experimental evi-
dence that, in small cavities, plasma filling and entrance
hole closure present a problem in coupling the laser ener-
gy to the cavity. Also, they demonstrate the qualitative
improvement that ensues by changing from A, =1.3-1Mm to
A, =0.44-pm irradiation.
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