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FOREWORD

Inertial confinement fusion (ICF) research is dedicated to har­
nessing the energy source of the sun for man’s use here on earth. 
An almost unlimited supply of fuel exists on the surface of the 
earth to sustain the same thermonuclear reactions that occur in 
the sun, and a growing scientific research effort into harnessing 
this awesome power for peaceful purposes has existed since the 
development of the thermonuclear bomb in the early 1950s. We 
at KMS Fusion, Inc. (KMSF), have been a part of that effort 
for the past 15 years. Our research activities during 1986 have 
led to significant contributions toward understanding the physics 
of ICF.

Inertial confinement fusion research is a complex process, re­
quiring years of painstaking effort. To guide us in this effort, 
we identify milestones, and we meet nearly all of them. One 
such milestone, initiated nearly a decade ago, was completed in 
1986. It is the use of cryogenic (frozen) hydrogen fuel, polymer 
(plastic) fuel capsules, and temporally shaped, short-wavelength 
laser light to compress the fusion fuel to a high density. More 
than 10 years ago, KMSF was the first laboratory in the United 
States to perform such experiments. Despite the fact that high 
compression is difficult to achieve with a modest amount of la­
ser energy, our Low Preheat Implosion Campaign of 1986 dem­
onstrated that it can be achieved if the conditions are controlled 
precisely.

The demonstration of this technology to the ICF research 
community brings to a close a chapter in KMSF’s history; we 
have completed the last of our implosion experiments. Our laser 
has insufficient power to meet the next challenge of even higher 
density. We will support the continuation of these experiments 
at the other ICF facilities by transferring the technology and 
working with these facilities in the coming years. (Even though 
we have completed implosion experiments, our Chroma laser 
will continue to be used for high-precision experiments vital to 
the national ICF program.)

As we reach our previously set milestones, we look to the 
needs of the ICF program for the next few years to develop new 
ones. Just as, more than 10 years ago, we identified the need to 
use cryogenic fuel and polymer-shell targets, we have now iden­
tified some of the needs for 10 years from now. One of these
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needs is the production of high quality, multimillimeter-sized 
cryogenic fuel targets for the next large ICF facility. We have 
developed a technique, based on the local deposition of the en­
ergy from the nuclear decay of the tritium fuel, for producing 
the uniform cryogenic fuel layer in these targets. Although the 
amount of heat is minute, it is sufficient to produce the desired 
effect. This new technique will take many more years of research 
to develop to the precision needed for high-gain experiments in 
the late 1990s.

This next large ICF facility has been dubbed the Laboratory 
Microfusion Facility (LMF). In 1985, the Department of Energy 
(DOE) began the process of identifying the requirements of the 
LMF. As DOE defines the LMF and its needs, KMSF will be fol­
lowing the requirements in the area of target development and 
production, where we expect to participate, closely. We are also 
interested in having a major role in the experiments and diag­
nostic instrumentation activities. If the LMF is to be completed 
and perform its first experiments before the year 2000, the plan­
ning for such a facility must be completed within a year or two, 
since the construction time will be 10 to 12 years. KMS Fusion 
expects to play a major role in the deployment and operation of 
that facility.

As we complete the year 1986, we also complete a five-year 
contract with DOE. During the past few months, we have pre­
pared and submitted a proposal to continue our research for the 
next five years. For the first time, DOE has decided to solicit 
competitive bids for this work, and other proposals were sub­
mitted. As we prepare this report, we have learned that KMSF 
was selected for contract renewal. Indeed, our record of achieve­
ments and the capabilities of the strong team formed over the 
years put us in the winning position.

The end of one chapter and the beginning of another is a pro­
pitious time to pause and reflect on the past and on the future. 
We have come a long way in 15 years. Yet we see a long road 
ahead of us, and success will not come easily. But we are chal­
lenged to continue the pursuit of clean and abundant energy.
This challenge necessitates that we now make changes in our 
direction so as to emphasize those aspects of ICF that we are 
uniquely suited to pursue. We have identified that the major 
thrust for KMSF will be in target fabrication technology, and 
we will see real growth in this area over the next five years. Our 
experimental activities will continue to support the national pro­
gram, primarily in performing high-resolution, detailed experi­
ments on the physics of classified targets.

This Annual Technical Report summarizes the unclassified 
aspects of our ICF research activities for the calendar year 1986. 
The report is organized into three main sections; the first covers 
laser-plasma interaction experiments, the second is devoted to 
our progress in materials development and target fabrication 
technology, and the third describes our research in laser technol­
ogy development.



FOREWORD

This record of accomplishments is more than that achieved 
in 1986. It is a culmination of the work of many years. It is a 
proof that KMSF has assembled a first-class research team. It is 
a statement of the dedication by many individuals to long hours 
of research on very difficult problems. It is these qualities that 
provide the resources needed to meet the challenges of the next 
decade.

Dr. Jon T. Larsen 
Vice-President, Fusion Programs
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FUSION AND PLASMAS
SECTION ONE Scientific Editor, Dr. R. R. Johnson

Introduction
The physics of laser-irradiated inertial confinement fusion 

(ICF) targets was studied extensively in 1986. Experimental cam­
paigns were conducted to explore the important field of high- 
density implosions, to study ionization physics in high-density 
plasmas, and to determine the temporal and spatial characteris­
tics of stimulated Raman scattering. In support of these experi­
ments, a calibration facility has evolved that provides accurate 
absolute calibrations of x-ray spectrographs and other broad­
band x-ray detectors. The theoretical support of the experiments 
consisted of modeling interpenetrating plasma streams and de­
veloping a fluid code to model stimulated Raman scattering and 
the two-plasmon decay instability. The target modeling codes 
have been improved to calculate the hydrodynamic behavior of 
plasmas more accurately. A viewfactor code has been formu­
lated to determine spatially the laser/plasma interaction region 
in complex geometries.

The cryogenic implosion experiments performed in 1986 at 
KMS Fusion (KMSF) were the most complex and sophisticated 
effort to date to diagnose the conditions of high-density mate­
rial. The results of these experiments, together with data reduc­
tion and interpretation, are given in Section 1.1. The x-ray 
backlighter diagnostic was the primary tool used to determine 
the compressed fuel and tamper densities. It has long been a 
concern to the ICF program that high densities may not be 
achieved at all because of hydrodynamic instabilities, which can 
mix the pusher with the fuel. The KMSF experiments showed 
that mix is an important factor when the target aspect ratio be­
comes too large. This is the first high-density implosion experi­
ment in which this phenomenon has been observed.

Another important field of ICF physics is the behavior of 
interpenetrating plasma streams. It is clear that, for high- 
density, low-temperature plasmas such as imploding targets, 
collisionality dominates. On the other hand, low-density plasmas 
can pass through one another with virtually no collisign^. The
transition region between collisionality and no collisigt^s is dis- * • ' '
cussed in Section 1.2. It is anticipated that experiments will be * !
conducted at KMSF to explore this important transition region.

KMS Fusion has performed experiments on stimulated Raman 
scattering and the two-plasmon decay instability for a number 
of years. A fluid code (SATIN) has been developed to model the 
parametric instabilities in the nonlinear and saturated regions, 
and this is described in Section 1.3. The two-dimensional feature
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of the code provides a framework for studying other nonlinear 
mechanisms, such as profile modification.

Viewfactor codes have been used to a large extent in problems 
involving fixed surfaces where the intervening material is vacu­
um. These applications are typically in astrophysics. However, 
in ICF targets there are experiments with plasma present, which 
modifies the results. This is discussed in Section 1.4, where the 
RAYNA II code is described. This code will be extremely useful 
in analyzing the results of experiments in complex geometries.

The Delphi code at KMSF has been under development since 
1984. It is anticipated that Delphi will eventually replace 
TRHYD, which has been the workhorse of KMSF target simula­
tions. Progress in the development of Delphi is presented in Sec­
tion 1.5. The main emphasis of Delphi is to treat nonequilibrium 
situations that TRHYD cannot handle. It has been apparent for 
a long time that laser interaction with matter is far from thermal 
equilibrium because of the temporal and spatial restraints im­
posed by the ICF experiments.

KMS Fusion began spectroscopic measurements on various 
types of ICF targets in 1981. X-ray spectroscopy is a powerful 
tool in determining plasma temperatures and densities. The tech­
nique has grown so that spatial and temporal dependencies can 
be determined. A particular set of spot spectroscopy experiments 
is described in Section 1.6. These experiments are designed to 
provide the broadest and most self-consistent set of data possi­
ble in order to enhance the capabilities of the atomic physics 
codes.

The KMSF x-ray calibration facility was put into operation in 
1984 and has been used extensively since that time. Improve­
ments have been made and a second calibration facility began 
operation in 1986. Section 1.7 describes the new facility and the 
changes that were incorporated.

The integrated reflectivity of Bragg crystal has been measured 
using the KMSF x-ray calibration facility, and the data are pre­
sented in Section 1.8. A number of line sources were used so 
that the calibration could be extended from 0.18 to 9.6 keV. A 
full description of possible sources of error is given, together 
with corrections that were made.



FUSION AND PLASMAS

SECTION 1.1

Low Preheat Implosion Experiments

Achievement of ignition in a fusion target is one of the near- 
term goals of the national inertial confinement fusion (ICF) pro­
gram.1 Ignition occurs when sufficient energy is deposited in the 
fuel by self-generated a-particles to cause a burn to propagate 
through the remaining fuel. To reach the ignition condition in 
a fusion target, it is necessary to compress the fuel to the order 
of a thousand times liquid density so that the range of the 
a-particles will be small relative to the compressed fuel dimen­
sion. The majority of advanced target designs that will be used 
to explore these conditions require the incorporation of cryo­
genic fuel layers.2,3

To date, all successful laser/target interaction experiments 
that have used cryogenic fuel layers have been performed by 
KMS Fusion (KMSF).4 The experiments performed in 1986 were 
founded on those of our 1982 series but used advanced target 
designs and better control of the laser drive parameters. The ma­
jor improvements over the 1982 campaign were the use of

• laser light at a wavelength of 0.53 /rm instead of 1.05 /xm,
• laser temporal pulse shaping tailored to the optimal shape, as 

prescribed by numerical simulations of the target implosions, 
instead of “square” pulses, and

• spherical poly(vinyl alcohol) (PVA) shells instead of glass 
shells.

The cryogenic fuel was frozen as a uniform solid layer on the 
interior of the spherical shell, as was done in 1982.

The goal of the experiment was to control the level of fuel 
preheat so as to compress the fuel along a nearly Fermi- 
degenerate adiabat. Here, the achievement of high fuel density 
results in fuel temperatures so low that a negligible number of 
neutrons are created within the DT fuel. For this reason, and 
for ease of handling, the PVA shells were filled only with deu­
terium.

Numerical simulations predict that, with the laser and target 
parameters available at KMSF, it should be possible to reach 
100 to 200 times liquid density in the compressed fuel. Achieve­
ment of an even higher density with the rather modest 250 J of 
laser energy available from the Chroma laser would necessitate 
further control of the drive parameters, probably beyond the 
state of the art.

The experimental campaign began in the fall of 1985, and the 
preparation for the cryogenic experiments is discussed in the 
1985 Annual Technical Report.5 We present here the data taken 
in 1986 and discuss the importance of the results.
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FUSION AND PLASMAS

Theoretical Considerations

It has been known from the beginning of ICF research that 
preheating the fuel prior to final compression must be avoided 
in order to achieve high densities using relatively low drive ener­
gies.6 The ultimate limitation is given by the Fermi degeneracy 
of the fuel. For a given driving pressure (and hence final fuel 
pressure, as required by an isobaric model), a higher final fuel 
density may be realized if the temperature of the fuel is kept 
low. Traditional implosion experiments have used very intense 
laser beams to create as high a pressure as possible. Unfortu­
nately, use of these rapidly rising pulses results in unacceptable 
levels of fuel preheat. This occurs for several reasons.

First, high-intensity laser pulses cause high electron tempera­
tures in the target’s corona and, if the laser wavelength is longer 
than ~0.5 ^m, laser/plasma interaction processes can produce 
very energetic electrons. In either case, there may be an appre­
ciable number of these hot electrons that will penetrate the shell 
and deposit their energy in the fuel, thus preheating it. The scat­
tering mean-free-path for electron-ion scattering must be suffi­
ciently short that the hot-electron energy is deposited only in the 
pusher and not in the fuel. This requires the use of targets with 
a shell density-thickness product that is larger than the scattering 
mean-free-path of the energetic electrons. This in turn requires 
more massive targets with smaller aspect ratios for the longer 
laser wavelengths. However, increased target mass decreases the 
efficiency of the ICF process.

Second, the high temperature created in the corona of the tar­
get by an intense laser beam produces a strong pressure pulse 
that penetrates the material and shock-heats the fuel by viscous 
processes. By initially having the laser intensity as low as possi­
ble and then increasing the intensity in time, shock heating of 
the fuel can be kept to a tolerable level while the final pressure 
can be made high enough to drive the implosion to high density. 
A pulse-stacking device that allows a prescribed, temporally 
formed laser pulse shape to be used in the experiments has been 
in use at KMSF for a number of years.

By carefully controlling the fuel preheat generated by these 
two mechanisms (radiative preheat does not play a major role in 
these experiments), a higher final fuel density can be achieved 
for a given laser energy. In Fig. 1-1, we see the results achieved 
in the 1982 experimental series and the improvement in the 
1985-86 series for the same laser energy. The lower compres­
sions achieved in the earlier series resulted from fuel preheat 
that was due both to energetic electrons and to shock preheat 
temperatures of 10 to 13 eV. Preheat in the recent series was in­
ferred to be 2 to 3 eV, resulting in significantly higher fuel den­
sities.
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Fig. 1-1. Control of the preheat allows a higher final density to be achieved 
for a given amount of laser energy. In 1982, we used infrared light and square 
pulses, which resulted in preheat levels of 10 to 13 eV. By using green light, 
polymer shells, and shaped pulses in the 1985-86 series, we were able to 
achieve preheats in the 2 to 3 eV range.

Experimental Approach
The experimental approach was designed to minimize fuel pre­

heat, which can arise from fast electrons, shock heating, or radi­
ative processes. The four factors required to reach high density 
are listed in their relative order of importance (based on a large 
number of experimental observations and numerical simula­
tions).

1. Short wavelength illumination. The use of 0.53 /cm laser 
light in place of 1.05 /cm laser light reduces electron preheat 
both by producing fewer hot electrons and by lowering the 
hot electron temperature since, for resonance absorption,
Th ~ (/-Xi)048. As described earlier, this allows the shell 
wall density-thickness product to be reduced. A reduction of 
the shell mass is an important consideration, since a smaller 
amount of mass results in more efficient transfer of laser 
energy to compressed energy in the fuel by PdV work.

2. Shaped laser pulses. Laser pulse shaping is important to min­
imize shock preheat, since the strength of the shock is 
roughly proportional to the laser intensity. With pulse shap­
ing, the laser intensity reaches the maximum value at the end 
of the pulse, when the fuel is approaching its maximum com­
pressed state. Then shock heating plays a different role; 
namely, it helps initiate the thermonuclear burn.

3. Low-Z spherical shells. The use of spherical shells of low 
atomic number (low-Z) will be important for obtaining the 
ultimate performance of an ICF target when it becomes nec­
essary to minimize radiative preheat of the fuel. Although
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radiative preheat is not of major importance in these experi­
ments, the use of low-Z polymers for the shell material keeps 
the radiation at a low level, significantly less than shock and 
electron preheat. This is because the recombination radiation, 
which is the dominant radiative preheat mechanism, goes as 
Z5. The primary advantages of low-Z shells in these experi­
ments are that the diagnosis of the compressed fuel region is 
made easier and that the targets have less mass for a given 
aspect ratio and target diameter.

4. Solid fuel layers. The solid fuel layer provides the most 
energy-efficient way to compress the fuel to high density, 
since the implosion begins with the fuel at a high density in 
a thin shell at a large radius. Compression of a thin shell to 
a high-density sphere is more efficient than beginning with a 
solid sphere. Also, by starting with as high a fuel density as 
possible, a compression along a near-Fermi degenerate adia­
bat to a high density is more easily accomplished.

Experimental verification of each of these four factors would 
require 16 different sets of conditions. Since this was not possi­
ble, the parameters were limited to four conditions: shaped 
pulses with gaseous and cryogenic targets and square pulses with 
gaseous and cryogenic targets. In addition, the diameters of the 
PVA shells ranged from 110 to 150 /xm, with corresponding ini­
tial aspect ratios of 10 to 25. The mass of the targets was held 
approximately constant so that a nearly equal fraction of energy 
was transported to the fuel from shot to shot. The fuel mass 
was approximately 10 ng for the smaller targets.

Altogether, 68 cryogenic target shots were taken throughout 
the campaign, in addition to 38 room-temperature shots. The la­
ser was configured to give either a square pulse with 500 ps full 
width at half-maximum (FWHM) or a shaped pulse rising with 
the square of the time (called a “ramp” pulse), with a base width 
of 900 ps. Examples of the pulse shapes used in the experiment 
are shown in Fig. 1-2. The energies for the two different pulse 
shapes were kept approximately equal.
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a) Square pulse with 500 ps FWHM b) Ramp pulse with 900 ps base width

Fig. 1-2. The laser was configured to give either a square pulse with 500 ps full width at half-maximum (FWHM) or a ramp 
pulse (rising with the square of the time) with a base width of 900 ps. Here, the actual temporal behavior of the laser pulse, 
measured at the target chamber, is compared to the requested 500 ps square shape (a) and the ramp shape (b).

Diagnosis of High Fuel Densities

The low preheat implosions we performed do not produce 
measurable thermonuclear reaction particles, nor emit sufficient 
x-rays from the compressed core to provide a direct measure­
ment of the final state.7,8 Hence, we rely most heavily on x-ray 
radiography to infer the conditions achieved in these low 
preheat implosions.9-11

The method is represented schematically in Fig. 1-3. A third 
beam of Chroma, synchronized to the other two beams, illumi­
nates a metal target to produce x-rays of energy greater than 
1 keV; these x-rays are dominated by line emission characteristic 
of the target. This “backlighter” target is placed close to the 
low-preheat target. Its x-rays penetrate the imploded target and 
are recorded through a pinhole by an x-ray streak camera.

For the x-ray backlighter diagnostic to have the optimum sen­
sitivity, it is desirable that the opacity of the shell material, the 
product of the shell’s density and thickness, and the spectral 
energy of the x-ray backlighter be matched. The opacity of the 
PVA shell is well known theoretically, and the relative transmis­
sion of the x-rays through the target provides a measurement of 
the density-thickness product. The compressed shell material has 
a radial density-thickness product of approximately 0.05 g/cm2, 
so that opacities in the range of 60 cm2/g would provide the best 
information. The opacity of PVA in the regions of temperature 
and density of interest is shown in Fig. 1-4. It is seen that x-ray 
photon energies of 4 keV are nearly ideal. Our interpretation of 
the radiographic data assumes that the fuel/pusher interface is 
well defined and that the radial density distribution of the PVA 
shell is known.

The spherical symmetry of the compressed core is an im­
portant factor in estimating the compressed fuel densities.
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Fig. 1-3. A third beam of Chroma (the “C” beam), synchronized to the other 
two beams, illuminates a metal backlighter target to produce x-rays that pene­
trate the imploded target. These x-rays are recorded through a pinhole by an 
x-ray streak camera. The axis of the main laser beam used to illuminate the 
target is perpendicular to this view.

0.1 <6e< 0.2 keV 
50 < e < 150 g/cm:

PHOTON ENERGY (keV)

Fig. 1-4. To optimize the sensitivity of the x-ray backlighter diagnostic, we 
matched the shell material opacity, the shell density-thickness product, and the 
spectral energy of the x-ray backlighter. Since the compressed shell material 
has a radial density-thickness product of -0.05 g/cm2, opacities in the range 
of 60 cm2/g were desired. The opacity of PVA is shown here as a function of 
x-ray backlighter (photon) energy in the regions of temperature 0,, and density 
p of interest; it is seen that x-ray photon energies of 4 keV are ideal.
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Achievement of a spherical compressed state requires that the 
illumination of the target be as close to spherically uniform as 
possible. (There will be some thermal smoothing present that 
will help ameliorate local variations in illumination.) Two- 
dimensional calculations show that better than 20°7o uniformity 
in the illumination pattern is essential to achieving the densities 
expected in these experiments.

The double-bounce illumination system (DBIS) provides 47r 
illumination on the target (this apparatus is described in detail 
in the KMS Fusion 1985 Annual Technical Report5). Optical 
measurements on DBIS, combined with the spatial features of 
the Chroma laser beams, were used to calculate the optical qual­
ity of the illumination system. The quality of the illumination 
from the DBIS mirrors appears to meet the criterion of 20% 
uniformity.

One possible contribution to asymmetry in the implosion is 
the shadowing of the target caused by the fixtures located in the 
vicinity of the target. These include the mounting post, the cryo­
genic shroud, the x-ray backlighter target, the pinhole camera, 
and other diagnostic equipment. The fixtures were made as 
small as possible to minimize the effects on irradiation unifor­
mity. In addition, the imperfect figure of the DBIS mirror 
blends these obstructions into a more uniform illumination 
pattern.

The spherical uniformity of the target must be good if implo­
sion velocities are to be equal from all directions. Shell wall 
nonuniformity measurements were made for all the targets to 
determine if the experimental results showed a dependence. In 
addition, the uniformity of the cryogenic fuel layer must also be 
reasonably good if implosions are to be centered within the field 
of view of the streak camera. Measurements of the uniformity 
of the cryogenic layer were performed in situ moments before 
each target shot to ensure that the fuel layers were acceptable.

The high-density compressions also require that the imploding 
shell be hydrodynamically stable. If the shell becomes unstable, 
there will be mixing of the pusher with the fuel and it will not 
be possible to make a definitive measurement of the compressed 
fuel region. The fuel compression results reported here were 
from target shots in which fuel/shell mixing was believed to be 
minimal.

The best estimate of the degree of spherical symmetry 
achieved in these experiments was obtained using holographic 
interferometry and x-ray pinhole photography. These data are 
shown in Fig. 1-5 for a cryogenic target shot. The holographic 
interferometer can measure densities up to 1021 electrons/cm3. 
As can be seen from the photograph, the spherical symmetry is 
better than 5% at this density. This implies that any variations 
in illumination symmetry are not large in the global sense and 
that small-scale variations are probably diminished by thermal 
smoothing.

The time-integrated x-ray pinhole photograph provides a mea­
sure of the spherical symmetry at higher densities near the abla­
tion surface. The x-ray emission is due to the heating of pusher
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Fig. 1-5. Several diagnostics are used to provide an indication of the degree of spherical symmetry in an implosion. A holo­
graphic interferogram (a) of a cryogenic target shot, measured 375 ps from the leading edge of the laser pulse, provides an 
indication of symmetry in the plasma region where densities are less than 1021 electrons/c^^,. A time-integrated pinhole photo­
graph (b) shows the x-ray emission from the high-density region of the implosion between the critical density surface and the 
ablation front.

material by thermal conduction from the critical surface to the 
ablation surface. Since the temperature quickly drops when the 
laser pulse is turned off, the inner edge of the emission comes 
from the location of the ablation surface at the end of the pulse. 
The density of the ablation surface is a few times greater than 
the original PVA density. The x-ray photograph shows that the 
symmetry is still good even in this higher-density region, which 
is located at approximately half the initial target radius. The 
greatest density in the PVA is located at the fuel/pusher inter­
face, and there is no information on the spherical symmetry at 
that location. Since the temperature of the compressed fuel and 
pusher is low, x-ray emission is not strong. The shell density in­
formation for the PVA pusher at this interface is given by the 
x-ray backlighter measurement.

Interpretation of X-ray Backlighter Photographs

The principal diagnostic used to determine density in the vi­
cinity of the compressed fuel region is the x-ray backlighter. The 
location of the x-ray backlighter source relative to the cryogenic 
target is shown in Fig. 1-3. The x-ray streak camera was aligned 
so that the slit of the camera was parallel to the direction of the
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main laser beam axis. The resolution of the system was S 7 
and the vertical positioning relative to the center of the target 
was accurate to better than 5 ^m. The resolution and pointing 
accuracy were determined by imploding an empty PVA target 
and simultaneously measuring the size and position of the im­
ploded shell using its x-ray self-emission.

The streak camera photographs of the imploding targets ob­
tained with the x-ray backlighter source are shown in Fig. 1-6 
for both a 500 ps square driving pulse and 900 ps ramp driving 
pulse (refer to Fig. 1-2). The time to peak compression is longer, 
as expected, for the ramp-pulse case. The target implodes to a 
higher density when a ramp pulse is used, as is shown by the 
smaller opaque region in the center of the photograph. A similar 
streak record for the implosion of a cryogenic target using a 
ramp pulse is shown in Fig. 1-7. In this case, a densitometer 
trace through the image at peak compression shows that the 
x-ray transmission through the core of the target is at the fog 
level of the film. The diameter of this region is measured to be 
21 /mi, which is the dimension of the dense PVA shell and the 
entrapped deuterium fuel. Computer simulations and simple ab­
lation models estimate that 40% of the original mass of the PVA 
shell is contained in this region; hence, it is possible to estimate 
the size of the fuel region. The x-ray streak camera records a 
one-dimensional image, so one must be careful about interpret­
ing the two-dimensional structure of the compressed core.

A detailed analysis of the compressed core requires a calibra­
tion of the x-ray backlighter source and information about the 
x-ray streak camera characteristics. The x-rays needed for the 
radiograph were produced by irradiating either an aluminum or 
molybdenum disk, 400 /mi in diameter, with intense green laser

Fig. 1-6. Streak photographs of imploding targets obtained with the x-ray backlighter source are shown for both a 500 ps 
square driving pulse (a) and a 900 ps ramp driving pulse (b). The backlighter x-rays passing through and around the imploding 
target were imaged using a 5 /tm pinhole. The target implodes to a higher density when a ramp pulse is used, as is shown by the 
smaller opaque region in the center of (b). Time increases to the right.
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light. The x-ray emission at energies above 1 keV consisted of 
lines characteristic of the target and, in the case of aluminum, a 
recombination continuum. Examples of aluminum and molybde­
num x-ray spectra obtained with a time-integrating crystal spec­
trograph are shown in Fig. 1-8. Photons at these energies are 
capable of passing through the PVA shells used to hold the cryo­
genic fuel. The amount of transmission through the capsule is

Aluminum backlight source 
Shot 7840

TIME

Fig. 1-7. The streak photograph of a cryogenic target illuminated with a ramp laser pulse is shown in the upper left. The densi­
tometer trace taken vertically across the photograph at the position of peak compression (as determined by the minimum extent 
of the opaque region) is shown in the lower right; the fog level for the film is shown for comparison.

£ 0.6

uj 0.2

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
ENERGY (keV)

a) Spectrum from aluminum backlight target

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
ENERGY (keV)

b) Spectrum from molybdenum backlight target

Fig. 1-8. Metal targets illuminated with 0.53 fern laser light emit x-radiation dominated by discrete lines. The spectrum from an 
aluminum target (a) also has a recombination component above about 2.0 keV. A molybdenum target (b) produces nearly pure 
line radiation.
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also a measure of the degree to which the PVA has been com­
pressed.

A time-resolved radiograph of a chord passing through the 
center of the target was obtained with a pinhole and an x-ray 
streak camera. The pinhole consisted of a 5 gm hole in a 5 gm 
thick gold substrate. In some cases, two pinholes were used, to 
obtain both the target radiograph and an image of the x-ray 
source itself. The center of the target radiograph was imaged 
onto the 400 gm slit of an x-ray streak camera. A low-density 
Csl photocathode was used to obtain the highest possible x-ray 
detection sensitivity at these photon energies. The detected signal 
was then amplified and converted to optical light so that it could 
be recorded on Royal-X Pan film.

Once recorded, the data were used in a number of ways. Re­
duction involved scanning the films with a computer-controlled 
microdensitometer, and then converting the digitized density val­
ues to incident intensity. The intensity data, along with the PVA 
opacity and the x-ray source spectrum, were used to determine 
the parameters of the imploding shell. The location of the 
fuel/shell interface at early times can be determined from the 
transmission minima; an example is shown in Fig. 1-9. Using 
this method, the trajectory of that interface can be tracked as a 
function of time.

Examples of measured interface trajectories are shown in 
Fig. 1-10. The expected variations with incident laser energy and 
pulse shape were observed. These trajectory measurements have 
been compared with TRHYD simulations, and reasonably good 
agreement has been found.

Fig. 1-9. The position of the fuel/pusher 
interface may be found at early times by 
comparing the unattenuated x-rays from 
the backlighter source to those passing 
through the target, using two pinholes on 
the streak camera. The minimum trans­
mission will occur at the fuel/pusher in­
terface.
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Curve Shot O.D.
(^m)

if Fill Do 
(atm)

Laser Energy 
(J)

■ ■ ■ ■ ■ 7764 133.4 4.0 70 26.2
7782 131 3.9 70 171

TIME (ps)
a) Trajectory steepens with increased energy

Pulse Shot O.D. Wall Fill Do Laser Energy
Shape him) him) (atm) (J)
Ramp 7841 112.2 6.3 120 149.5

Square 7861 116.5 7.4 150 173

TIME (ps)
b) Trajectory is influenced by laser pulse shape

Fig. 1-10. Analysis of the backlighter streak record allows the fuel/pusher interface position to be determined. It can be seen 
that the implosion proceeds much faster for the higher laser energy (a) and that the trajectory of the interface is affected by the 
laser pulse shape (b).

Modeling of X-ray Backlighter Data

A simple model for estimating the final compressed target 
parameters from x-ray radiographs has been developed as a tool 
to analyze the experiments. The transmission of a specified x-ray 
spectrum through a model target is calculated to obtain trans­
mission as a function of position at the recording plane. Param­
eters of the model are adjusted so that the calculated transmission 
matches the measured values. By repeating this procedure for a 
series of times, one can deduce the compression history of the 
target. The model assumes spherical symmetry; any deviations 
from this will affect the results.

The x-ray source used for the modeling is the measured spec­
trum shown in Fig. 1-8. This spectrum is corrected for attenua­
tion through various filters in the optical path of the x-rays and 
for the photocathode sensitivity at the recording plane. The at­
tenuation of the corrected spectrum through a model target is 
calculated using cold PVA opacities. A geometric correction for 
the pinhole is then applied to obtain the intensity as a function 
of position at the film plane.12

A crucial element of this model is the assumed form of the 
density profile of the cold PVA material near the ablation sur­
face. Several different density profiles have been tried; fortu­
nately, the conclusions are not sensitive to the details of the 
model. The model profile used to compile the results presented 
here assumes a high-density spike near the fuel/shell interface 
and an exponential tail outside of the ablation surface. This

24 1986 KMSF Annual Technical Report



FUSION AND PLASMAS

model is consistent with profiles from TRHYD simulations. Ad­
justable parameters in the density model are the inner and outer 
radii of the cold material and the fraction of the original shell 
mass remaining. The deduced target parameters are those that 
provide the best match to the experimental transmission data.

Early in the laser pulse, when the transmission through the tar­
get is everywhere nonzero, we have obtained the density profiles 
from Abel inversion of the transmission data.13 These experi­
mental plasma densities are consistent with the model profiles, 
and the mass fractions obtained from the inversions are in rea­
sonable agreement with those inferred from the model at com­
parable times. However, the Abel inversion technique is not 
useful later in the implosion because, for many shots, there is no 
transmission through the target center at peak compression.

Figure 1-11 shows the inferred minimum value of the com­
pressed fuel radius for shots spanning the parameter range of 
the experiment. The figure shows clearly that ramp pulses pro­
duce higher compressions than square pulses. These and other 
data also indicate that target uniformity and illumination sym­
metry are important variables. Although previous experiments 
and simulations have demonstrated an advantage of cryogenic 
fuel, this is not clearly evident in the data presented here be­
cause of the small number of shots with noncryogenic fuel. The 
highest fuel densities were, however, determined for the cryo­
genic targets. Typically, we see an improvement in compression 
of less than a factor of two when using cryogenic fuel configura­
tions.

For most of the shots analyzed, the shell mass fractions F 
deduced from the model at peak compression are lower than 
values obtained from TRHYD simulations. This is because using 
cold opacities to calculate the attenuation through the PVA shell 
is not a good approximation. However, the features of the cal­
culated transmission traces are more sensitive to the model shell 
geometry than to the value of F used, so the compressed target 
dimensions obtained from the model provide reliable quantities 
for shot-to-shot compression comparisons.
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Fig. 1-11. The inferred minimum value of 
Ihe compressed fuel radius is shown for 
shots spanning Ihe parameter range of the 
experiment. It is clear that ramp pulses 
produce higher compressions than square 
pulses.

Characterization of the Underdense Plasma

The underdense plasma profiles in these experiments provide 
the most detailed comparison between theory and experimental 
data of any of the diagnostic measurements. The measurement 
of plasma density as a function of time and space allows for a 
direct comparison to analytic modeling and provides rigid con­
straint to the numerical simulations. The simulation code has 
been calibrated to previous data, which provides confidence that 
target performance can be predicted and optimized.

The underdense plasma density distribution was measured us­
ing holographic interferometry.14 Up to four holographic inter- 
ferograms were obtained on individual target shots. The time 
between frames was 67 ps early in the series, but was increased 
to 125 ps for the later target shots. The interferograms and the 
plasma profiles derived from them were useful in assessing the
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laser irradiation symmetry, and the plasma density data were 
used to constrain hydrocode calculations by requiring the code­
generated plasma expansion to match the plasma profiles in 
space and time. The coronal temperature can be estimated from 
a generalized isothermal rarefaction model in conjunction with 
the plasma profiles. Plasma temperatures of about 1 keV are 
obtained, which is in agreement with hydrocode calculations.

A typical set of reconstructed interferograms from a single 
shot (shot 7841) is shown in Fig. 1-12 for four different holo­
graphic probe times. The circularity of the interference fringes 
indicates that the plasma distribution is nearly spherically sym­
metric. If the plasma is spherically symmetric, then the fringes

Fig. 1-12. Interferograms of shot 7841 at probe times of 250 ps (a), 375 ps (b), 500 ps (c), and 625 ps (d) show a near-uniform 
expansion of the corona. This provides a direct estimate of the uniformity of illumination.
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represent isodensity contours. The interferogram at 500 ps is 
shown again in Fig. l-13a. The fringe data were Abel-inverted 
along the three radial lines drawn through the fringes to obtain 
the plasma density distributions along those three lines.15 All 
three profiles are plotted together in Fig. l-13b. The similarity 
of the curves verifies the assumption that the plasma expansion 
is spherically symmetric and also allows us to estimate the accu­
racy of the Abel inversion process. For a given plasma density, 
these plots show that the uncertainty in the location of that den­
sity surface is ±5 /xm. Calculations show that the uncertainty in 
the illumination uniformity produces density profiles with ap­
proximately the variation shown in Fig. 1-13b.

The plasma profiles are most useful in constraining hydrocode 
calculations. The experimental plasma profile for shot 7841 is 
plotted along with hydrocode-calculated results in Fig. 1-14. The 
parameter that most affects the calculated plasma profile is the 
flux-limit parameter /, which is related to the efficiency with 
which heat is conducted from the plasma critical surface to the 
ablation surface. The simulation results agree with the interfero­
metric data if /= 0.10, a value that represents essentially classi­
cal heat conduction. For / = 0.03, heat flow to the ablation 
surface is reduced, resulting in a lower mass-ablation rate, with 
the result that the predicted profile shows less mass in the under­
dense corona. Simple theoretical arguments also show that 
classical heat flow is expected for these laser intensities and 
green-light illumination.

Other parameters, such as the absorbed energy fraction and 
the generation of hot electrons, may also affect the predicted 
plasma profiles. The expected temperature and fraction of hot 
electrons generated from resonance absorption is low (about 
5 keY) for our experimental conditions. These electrons result 
from the resonance absorption process. Inclusion of hot elec­
trons in the modeling does not affect the coronal plasma distri­
bution in these experiments. If laser absorption is increased

a) Holographic interferogram at 500 ps

^ 10
100 150 200 250 300

RADIUS (/xm)
b) Plasma density distributions at 500 ps

Fig. 1-13. The fringe data of the interferogram of shot 7841 at f = 500 ps were Abel-inverted along three radial lines (a) to 
yield the plasma density distributions along those lines (b). The similarity of the curves verifies the assumption that the plasma 
expansion is spherically symmetric.
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Fig. 1-14. The plasma profile for shot 7841 at f = 500 ps is plotted along with 
simulated (code) profiles for /= 0.10 and / = 0.03. Simulated curves with 
/= 0.10 agree very closely with the data.

significantly (from 35 to 55%), then the plasma profiles can 
nearly be matched with /= 0.03. However, the code results then 
disagree with other data, such as the trajectory of the fuel/shell 
interface. Previous experiments on PVA targets have demon­
strated 35 to 40% laser light absorption.

The coronal plasma temperature can be estimated from the 
plasma profiles and compared to hydrocode predictions. A gen­
eralized isothermal rarefaction model to describe the expansion 
of plasma away from the target surface has recently been devel­
oped that is applicable to our conditions.16 In this model, the 
plasma density varies as exp( —ar/Cst), where a is a geometrical 
factor, r is the radial coordinate, and the product of the sound 
speed and expansion time Cs( is the plasma scalelength.

The plasma temperature 6, proportional to Cs2, can be ob­
tained by plotting the measured plasma scale length as a func­
tion of time. In applying this model, we obtain 6 ~ 0.8 keV, 
which compares favorably with the code-predicted temperature 
of about 1.0 keV. Thus this model seems to allow reasonable 
estimates of the coronal plasma temperature and thereby deter­
mination of variations as a function of different radial direc­
tions.

Hydrodynamic Modeling of the Low Preheat Experiments

The fuel/pusher interface trajectories for experiment and sim­
ulation were matched for several shots with the legislated ab­
sorption and flux limit discussed earlier. Good agreement was 
attained down to a radius at which the interface could not be ex­
perimentally distinguished. This typically occurred for a radius 
of 20 /xm. Simulations were run to peak compression using the 
flux-limit and absorption values that best match the measured
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density and trajectory data. These simulations provide informa­
tion about the dependence of the final fuel density on laser pulse 
shape and cryogenic vs. room-temperature fuel. The simulations 
indicate that the best compression can be attained by using both 
pulse shaping and cryogenic fuel. The improvement of a ramp 
pulse over a square pulse, however, is much larger than the im­
provement attained by using cryogenic fuel compared to room- 
temperature fuel. As an example, for a target with aspect ratio 
R//\R = 9 and 150 J of energy incident on target, use of a ramp 
pulse resulted in a 25% reduction in the final compressed radius, 
whereas cryogenic fuel only gave a 15% improvement. The com­
bination of ramp pulses and cryogenic fuel resulted in a 40% 
reduction in the final compressed radius compared to a run with 
room-temperature fuel and a square pulse.

A simple shell model also was used to calculate the interface 
trajectory. Scaling laws17 for ablation pressure, ablation density, 
and ablation velocity were used in a model18 that assumes a thin 
shell capsule. The rocket equation was integrated using a fourth- 
order Runge-Kutta scheme. The computed shell trajectory and 
experimental interface trajectory are shown for both a ramp- 
pulse cryogenic shot (Fig. l-15a) and a square-pulse cryogenic 
shot (Fig. l-15b). For the first 400 ps, the measured position of 
the fuel/shell interface is larger (though within the experimental 
uncertainty) than the computed trajectory. This was true for 
both this simple model and the full hydrocode simulation. After 
the first 400 ps, the slope and position of the interface calcu­
lated by the model matched the measured values within experi­
mental uncertainty.

Experiment

Model

100 200 300 400 500 600
TIME (ps)

Model
Experiment

400 60i
TIME (ps)

a) Fuel/shell interface trajectory for ramp pulse b) Fuel/shell interface trajectory for square pulse

Fig. 1-15. Experimentally determined fuel/shell interface trajectories agree well with those obtained from a simple scaling 
model for a cryogenic-fuel target for a ramp laser pulse (a) and a square laser pulse (b).
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Hydrodynamic Stability and Mix

The success of ICF will depend to a large degree on control­
ling the fluid stability of the implosion. There are two regions 
where the Rayleigh Taylor instability may occur. The first re­
gion is the accelerating phase, where low-density fluid of the co­
rona pushes on a higher-density fluid so that there are opposing 
pressure and density gradients. The classical expression for the 
growth rate is 7 = e(AKa)x/2, where A is acceleration, K is the 
wavenumber of the perturbation, a. is the Attwood number, and 
e < 1 is the reduction constant that results from density gradient 
effects at the ablation surface. This accelerating phase has been 
examined at length and the number of e-foldings is given as 
n ~ e(2irR/AR)l/2. It has been suggested that e is approximately 
1/2 for green laser light, so that shells with initial aspect ratios 
of R/AR < 30 will survive compression to high densities. Thus, 
large aspect ratio targets are expected to be unstable and the un­
certainty is in knowing how large a value can be tolerated. The 
small aspect ratio targets are more stable but the larger mass will 
require a larger laser to reach breakeven.

The other region of concern is the deceleration phase, where 
high-density fluid pushes against the lower-density fluid. This re­
gion has not received as much attention, and it is not clear how 
serious this instability will be. For instance, a small amount of 
mixing of the pusher with the fuel may be tolerable.

In our experiments, we have observed the possibility that part 
of the PVA shell is mixed with fuel. Figure 1-16 shows two time- 
integrated pinhole photographs; a central x-ray emission feature 
is seen in one case but not the other. These emission features are 
believed to arise from the collision of portions of the PVA shell 
in the interior of the target. Deuterium gas does not radiate effi­
ciently and, in normal compressions, acts as a cushion to reduce

Fig. 1-16. Time-integrated x-ray photographs of self-emission from imploding PVA targets suggest that, in some cases, part of 
the PVA shell is mixed with the fuel. Normal emission for an imploding target is shown in (a); the presence of a central emis­
sion feature along with the normal emission (b) provides evidence of shell breakup.
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the velocity of the imploding PYA shell. As a result, the PVA 
temperature at stagnation is much lower and no x-rays are ex­
pected. The central x-ray emission observed in some shots was un­
expected. It was found that there was a correlation between the 
intensity of this x-ray radiation and the aspect ratio of the orig­
inal PVA shells. This correlation is shown in Fig. 1-17, where 
the intensity of the central emission relative to the emission from 
the rest of the target is plotted as a function of the aspect ratio 
of the target. It was found that, for targets with aspect ratios 
greater than 15, nearly all target shots with ramp pulses showed 
this “shell breakup” effect. For targets with aspect ratios less 
than 15, nearly all target implosions produced normal emis­
sions, as shown in Fig. l-16a. The breakup was observed with 
approximately the same frequency in both room-temperature 
and cryogenic targets. On the other hand, there was a noticeable 
difference between experiments using ramp pulses and those
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Fig. 1-17. The x-ray emission from the center of the target, relative to the rest 
of the target, is shown as a function of the initial aspect ratio of the target. 
The data are derived from experiments using both square and ramp pulses, 
with both room-temperature and cryogenic targets. No central emission is seen 
for targets with initial aspect ratios <15, which suggests that these implosions 
are stable.
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with square pulses. From Fig. 1-6, it is observed that the experi­
ment with a square laser pulse has a shorter implosion time and 
that it does not reach as high a compression as the experiment 
using a ramp laser pulse. Both of these effects would probably 
result in a more hydrodynamically stable implosion for the case 
of the square laser pulse. This observation of shell breakup pro­
vides the first evidence of hydrodynamic instability in spherical 
implosions.

For additional information, please contact Dr. R. R. Johnson
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SECTION 1.2

Counterstreaming Plasmas

In a number of experiments, plasma moving at high velocity 
collides with other plasma, which may be moving or at rest. A 
particular example is the plasma produced from the double-foil 
targets used in x-ray laser experiments19 and in stimulated Ra­
man scattering experiments.20 In both of these laser-plasma ex­
periments, the motivation is to create large regions of very 
uniform, low-density plasma by filling the region between the 
foils with plasma blown off from each foil.

An issue arises in the modeling of the colliding plasma in 
these experiments by fluid simulations. The standard treatment 
of colliding plasmas, for example in TRHYD or LASNEX, im­
plicitly assumes that the mean-free-path for slowing down the 
plasma streams is small compared to hydrodynamic scalelengths. 
However, calculation of the ion-ion mean-free-path reveals that, 
in a number of cases, the stopping length is comparable to or 
larger than the hydrodynamic scalesize. Other model calcula­
tions have been done in which collisions are ignored, and two 
fluids are followed and are allowed to interpenetrate. Neither 
calculation provides a complete picture, since, as the density in­
creases in the region where the streams interpenetrate, the mean- 
free-path can encompass both limits.

Below, we improve the previous two-fluid calculations of in­
terpenetrating plasmas by including the effects of ion-ion colli­
sions in the momentum and energy equations. We find for thin, 
low-atomic-number (low-Z) foils that the interaction is very 
nearly collisionless insofar as the gross behavior of the density 
and flow velocity are concerned. However, significant ion heat­
ing occurs that can be deleterious in the case of x-ray laser ap­
plications. For thick, high-Z foils, we find that the interaction, 
which is initially collisionless, evolves eventually to a strongly 
collisional one for which the standard single-fluid picture used 
in the simulation codes is adequate. However, significant differ­
ences occur in the intermediate times that have implications for 
laser absorption and x-ray production.

Before presenting the results of the collisional interaction of 
interpenetrating plasma, we study two plasma instabilities that 
have the potential to slow the streams, even if weak Coulomb 
collisions do not. We find that the importance of these instabili­
ties cannot be dismissed entirely because they do result in notice­
able ion heating and may provide an effective mean-free-path 
comparable to the ion-ion collisional mean-free-path. However, 
only long-wavelength modes (<10 c/wP[, where c is the speed of 
light and a>pi is the ion plasma frequency) are not stabilized by 
moderate ion heating (a natural result of the instability itself); 
these modes may be weakened further if the effects of inhomo­
geneity or collisions are included.
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At the midpoint between the two foils, two equidensity streams 
of ions with equal and opposite flow velocities ± U interpene­
trate. The electrons form a hot neutralizing background and the 
electron thermal velocity ve = {Te/me)W2, where mc is the elec­
tron mass, greatly exceeds both the ion flow velocity U and the 
ion thermal velocity V\ = {Tl/m\)x/2. Two instabilities can be sup­
ported by such a distribution of particles: an electrostatic ion two- 
stream instability and an electromagnetic Weibel instability. We 
limit our discussion to spatially uniform plasma with supersonic 
flow U> Cs, where the isothermal sound speed Cs = (Z Te/m\)x/2, 
and Z is the charge state of the ion.

Electrostatic Two-Stream Instability. The electrostatic two- 
stream instability has been studied extensively both with and 
without a uniform external magnetic field. Without a magnetic 
field, purely growing sound waves are driven unstable, provided 
the wavevector k satisfies | k • U | < kCs and the ion temperature 
T\< Tk- 0.27 Z Te. It is easy to understand why purely grow­
ing modes are favored because a mode with a real frequency has 
a phase velocity closer to the velocity of one of the streams, and 
its behavior is thus dominated by that velocity distribution. 
Moreover, the dominant contribution to the imaginary part of 
the dispersion relation must damp a mode with a real frequency 
(since, without the other stream, the mode is certainly stable).

When the streams interpenetrate, the ion temperature of each 
stream is very small due to expansion cooling, and the condi­
tions for instability are certainly met in a collisionless plasma. 
Initially, energy is acquired by the unstable modes and is lost by 
the kinetic energy of the flow at the maximum rate 7 ~ a)pi. 
However, it has been shown by formulating a quasi-Iinear the­
ory and by particle-in-cell simulations21 that the wave energy is 
transferred to ion thermal energy until the plasma satisfies the 
marginal stability condition 7] = 7jc = 0.27 Z Te. Because we are 
interested in supersonic flow, the available ion kinetic energy 
greatly exceeds the amount of energy transferred to the waves 
and thus to the ion thermal energy; viz.,

l-m{U2=X- M2ZTe » 7]c ~ Z ^ , (1)

where, by assumption, the Mach number 1. We conclude 
that this instability is unlikely to impede the interpenetration.

Electromagnetic Ion Weibel Instability. The transversely po­
larized electromagnetic ion Weibel instability20 is driven by the 
anisotropic nature of the total ion velocity distribution for inter­
penetrating plasma streams: The total energy in the direction of 
the flow velocity vector for each stream is

^{m.U2+TXi) ,

where nt is the ion density, whereas the energy in each orthogo­
nal direction is n\Tyi/2. Here, the purely growing Weibel mode
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propagates in the y-z plane with its electric field vector in the 
direction of the flow.

The ion dynamics of this instability are easy to follow in pla­
nar geometry. Consider the case where the perturbed magnetic 
field points in the z-direction and the wavevector is in the 
y-direction. The magnetic force deflects the oppositely propagat­
ing ion beams in opposite directions along thej'-axis. There is 
therefore a charge bunching or beam pinching for each beam 
but no net charge density perturbation and thus no electrostatic 
field. There is, however, a net current perturbation since the op­
posite signs of the density perturbation are multiplied by the 
opposite signs of the stream velocities. As the ion temperature 
increases, the ion pressure will oppose bunching and reduce the 
strength of the instability by moving to eliminate the electric 
field. In the cold plasma limit |w| » kve, the electrons are very 
effective in preventing the development of an electric field. How­
ever, the limit |oj| « kve is the case of interest, and a kinetic 
treatment is necessary. If \w/kve\ -> 0, the electrons make no 
contribution to the current and, if Tj = 0, the growth rate is

U
7 = “pi — c

1 + ,3^2
-1/2

(2)

A complete description of this mode requires a kinetic de­
scription for the ions and electrons. The Vlasov equation for the 
component of the distribution function bfka that responds to the 
Weibel mode electric and magnetic field perturbation is

(-io, + ik-v)6A„ =- xB,V^/0„ (3)
ma\ c / dv

where the electric field vector E* points in the direction of the 
flow, and the magnetic field vector and wavevector k are in 
the plane orthogonal to the flow velocity vector. The set of 
equations is completed by Ampere’s and Faraday’s laws,

ik x 6* = - — E* + — Zaea f d3v vdfkoi (4)
c c J

and

-* 10) -*• 
ik x E* = — E*. , 

c (5)

where ea = Zae for ions and ea — —e for electrons. Combining 
these equations, we arrive at the dispersion equation,

0 = A:2E/t+ S
Oi

47rkdZ2e2 f v
-------- 5— cru-------------u----

macz J (-iw + ik-v)

01 / O) foa
(6)
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provided we neglect the small displacement-current contribution. 
For an isotropic distribution, the contributions from the second 
and third terms in square brackets (i.e., those arising from the 
magnetic field forces) cancel. The ion distribution is taken to be 
the sum of Maxwell-Boltzmann distributions centered at veloci­
ties ±U; i.e.,/; =/B(v - u) +/B(v + u), where

The electrons form a hot neutralizing background with the iso­
tropic Maxwell-Boltzmann distribution,

such that «e = 2Z«;. Using these distribution functions in the 
dispersion equation [Eq.(6)], we obtain the dispersion relation 
given by

where £; = oo/\l2kVi and Z(£) is the plasma dispersion function. 
The second term in Eq. (7) is electron damping and is important 
for long wavelengths. At short wavelengths, where electron 
damping is small, and further for cold beams,

and the growth rate is given by Eq. (2). The maximum rate 
Tmax = “pi is obtained for kc » Wpj. Ion thermal terms set a 
maximum value of k for instability that approaches zero as 7] 
increases, as shown in Fig. 1-18. Because the electrostatic insta­
bility growth rate is much larger than the present one (cop; versus 
ojpi U/C), we shall assume that the ions have been heated by the 
electrostatic mode to roughly its marginal stability temperature 
(ZTe/4). At this temperature, the Weibel growth rate is about 
1/10 Ymax> and unstable wavenumbers are less than 6 wpi/c or 
wavelengths X > 7 (A/Z)u2 (1021/«e)1/2 /xm, where A is the 
atomic mass. The dependence of the peak growth rate on the 
ion temperature is shown in Fig. 1-19 for U/Cs = 2. As a practi­
cal example, the peak growth rate at 7] = ZTe/4, ne = 1021, and 
ZZ4 = 1/4 is ~3 x 1010 sec-1, and the effective mean-free-path 
Xeff = U/y = 10 c/ojpi = 150 /xm.

For the range of velocities of interest, the ion-ion collisional 
mean-free-path for one stream slowing down with respect to the 
other is estimated, by using the formulae in the next section, to 
be comparable to this effective mean-free-path for the param­
eters used above. Thus, although we cannot rule out a role for

Txi + m; U2
Tyi

[1 +£iZ(Si)]j =0 , 

(7)

1 + £iZ(£;) = —k2v\/w2 ,
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0.001

Fig. 1-18. The ion Weibel instability growth rate y for counterstreaming flow 
(in units of a)pj Cs/c) is shown as a function of cA/a)pi. The curves are labeled 
by the value of T,/ZTe (=t).

0.001
T|/ZTe

Fig. 1-19. The ion Weibel growth rate (maximized as a function of k and in 
units of a>pi Cs/c) is shown as a function of TJZT^.

the Weibel mode in the slowing down of interpenetrating 
streams, we conclude on the basis of our estimates that neglect­
ing its effect will not produce a serious error in the results we 
now obtain with only ion-ion Coulomb collisions.
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Effect of Ion-Ion Collisions on Interpenetrating Plasma Streams

We derive a set of equations that describe two ion fluids in a 
background of neutralizing electrons. Each ion fluid will be dis­
tinguished by its flow velocity Ua and temperature T\a. Interac­
tion between the fluids is taken to be ion-ion collisions; in the 
regime of interest, these collisions dominate ion-electron colli­
sions. We start with the Fokker Planck equation, written in the 
frame moving with an ion fluid element velocity

JL * + ^ n .
ma dxj dt aJ

■^7 Ucc^jVk fa — Cii(/a»/a) + Qil/a./zj)
(8)

We shall obtain fluid equations for each plasma stream by tak­
ing the usual velocity moments of Eq. (8). First, we estimate 
the size of the two terms on the right side of Eq. (8), the self­
collision term and counterstreaming collision term,

Qi(/«>/«) — — and Qi(fay fis) - I — U01 ,
''(XOl

respectively. If we estimate

v = and | Ua - | =2Ua~ 2MCS ,

then we obtain Xa(3/Xaa = \6M4(ZTe/T\)2 » 1. The self­
collision mean-free-path is typically small compared with 
hydrodynamical length,

XOiOi ^TViZVln A
1.5 x 10 6cm , (9)

for typical plasma parameters Ti = 1 keV, ZN^ — 1021, In A =
10, and Z = 20, whereas the interpenetrating fluid mean-free- 
path is much larger,

>W= 105Xaa = 0.15cm , (10)

if re = 1 keV and M — 2. Because X^ is much smaller than typi­
cal gradient scalelengths (~Cst), we assume that fa is a local 
Maxwell-Boltzmann distribution [thus, Cj, (/„,/„) = 0] in eval­
uating the momentum and heat exchange from the first and sec­
ond moments of the right side of Eq. (8). This collision term 
makes no contribution to the zeroth moment, the continuity 
equation. The moment equations are
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d 1 <9
-r-na+-1^-r-(rn-lnaUa)=0, (11)
dt r 1 or

d d d
nama — Ua = —Zaena — $ - — Pa + Ra0 , (12)at or or

and

1 na Ta + Pa (r"-lUa) = Qa0 , (13)
2 dt /•" 1 dr

where d/dt = d/dt + U d/dr and Pa = naTa. Because of the 
small value of Xaa, the pressure is a scalar; the heat flow is 
small,

x dT
Qa ^ "T > dr

and is neglected. This latter assumption allows a great deal of 
simplification in the numerical solution because no second-order 
derivatives appear. The terms Ra0 and Qa0 were evaluated in the 
limit

/«i|U(l - 0,3| 2 » Tla, T[0

and corrected to be valid in the opposite limit of a single fluid. 
The final expressions are

Rfxfi Vctfj ft a ( Ua U0 )

and

Qc,0 — —
\
2

{(da td0)Ra0 va0na (Ta Pft') >

where

va0 -
4Trn0Z^Z0e4 In Aa0

I I rr r t I 2 , -0 a + 0(3m-A \ Ua — U0\ H--- - - - - - - - - - - -
3/2

(14)

05)

06)

The equations obviously conserve momentum (Ra0 = —Ra0) and 
total ion energy:

s
1
2

rri i Ul 4-
3
2

0 . (17)

The potential 4> is obtained self-consistently from Poisson’s 
equations,

1 ( n-\
r"-' dr \ dr

—47re S Zaria
or

(18)
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and the steady-state electron fluid equations. If we neglect elec­
tron inertia (we ->• 4) and assume rapid electron heat conduction 
{dTe/dr = 0), the electrons have a Boltzmann distribution,

/ -e<t>(x) 
nc = «0 exp^—----- (19)

For convenience in modeling thick foils (i.e., the laser burns 
through after the plasma density between the foils has reached 
the density of interest), we allow two groups of electrons, at dif­
ferent but uniform temperature, each of which obeys Eq. (19).

Before we describe the behavior of interpenetrating plasma 
streams, we review solutions of Eqs. (11) through (13) for single 
foils. These solutions provide a basis for understanding the 
plasma formed by interpenetrating streams when collisions and 
plasma instabilities are weak.

For thick foils, such that the laser does not burn through the 
initial solid in the time interval of interest and such that Cs/ is 
less than the laser spot diameter, the hot underdense plasma 
density n{x) and fluid velocity t/(x) are well represented by a 
planar, isothermal, exponential, self-similar rarefaction given by

n{x) = n0 exp (x - Xq) 
Cst

(20)

and

U(x) a i +
X-Xp

Cst
(21)

for x > Xq where n0 is an arbitrary reference value. For thin foils 
such that the laser does burn through, the plasma density takes 
a Gaussian self-similar form22 given by

n = n0exp (x-x0)2
2L2 (0 (22)

with an associated velocity profile given by

(x-x0)L

where L — dL/dt, and

L{t) = V2Cst In
V2Cst

Lo

1/2

(23)

(24)

In Eqs. (22) through (24), x0 is the midpoint of the foil, L0 is a 
length of order of the initial foil thickness, and n0 is an arbitrary 
reference density that, together with L0, can be chosen to con­
serve mass.
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Properties of Interpenetrating Solutions

At times before burnthrough, we use Eqs. (20) and (21) as a 
model of the underdense plasma from each foil, with the origin 
at x = 0 and a foil at x0 — ±xw. For weakly collisional plasma, 
the density at x = 0 is nearly the simple sum of each component 
The velocity of stream a, Ua, and total density at x = 0 are re­
lated by

|(/(x = 0)| =CS{1+ln[2«o/«(x = 0)]) . (25)

As a consequence, the mean-free-path of the interaction cannot 
be enhanced or weakened by varying the distance between the 
foils (only the time at which the interaction becomes collisional 
and the total hydrodynamic scalelength at that time changes). 
Substituting Eqs. (20) and (21) in Eqs. (14) through (16), we note 
that Ra0 and Qn0 are independent of space and Rap is given by

n ZA7e2(x = 0)e4lnAati
Ra0 - - - 772 ’

8Wj Tej 1 + In [2«0Z/«e(x = 0)] J

if Tj < ZTe as expected. Thus, when a low-density stream inter­
acts with a high-density stream, the velocity and temperature of 
the low-density stream will change more rapidly. Since the head 
of the stream has the lowest density, the stream will not break 
up (as it might if the interaction were collisional at x = 0 and 
collisionless at either side) and the solution is well behaved.
From Eq. (26), we note that “collisionality” increases for higher 
Zln Aa/3/>«i and lower electron temperature. Obviously, the sec­
ond parameter is easier to vary in an experiment.

Numerical Solution of Interpenetrating Plasmas

The hydrodynamic equations [Eqs. (11) through (13)] are 
solved for each stream in a standard conservative Lagrangian 
framework. The terms Rap and Qai (not standard) are treated 
explicitly, and thus are not time-centered. This can be a source 
of error when Ra& is not small, so a small time step is required 
in that case. Conservation of energy [Eq. (17)] is used rather 
than the explicit form of Qap to evaluate the first term in 
Eq. (15). The charge state and In Aa)3 used in Eq. (16) are deter­
mined in a simple manner that is similar in spirit to the work 
reported by Albritton.22 In this model, we have Z* free electrons 
forming a shell at r0, and Z„ — Z* bound electrons forming a 
shell at the atomic radius, ra. The nuclear charge is Z„, and r0 is 
the ion sphere radius defined by

471-/7," _ j

3

If two ions collide, their repulsive Coulomb force is propor­
tional to Z* if they are a distance r > ra apart; however, if r < 
ra, we assume the repulsive force is proportional to Z2. Because
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the relative velocity for counterstreaming plasma is quite large, 
the classical distance of closest approach can be smaller than the 
atomic radius. The distance of closest approach is

miZ2e2 
~ lei

with Z = Z„ if 6min < ra and Z = Z* if 6mjn > ra, where the ion 
kinetic energy is

ei=^\Ua-Uls\2»ZTe .

If ^min < ra, then the scattering strength will be greater in fact 
than the expression given in Eq. (16) with Z = Z*. Over most of 
the orbit, the repulsion will be proportional to Z*; however, 
over the last part the repulsion is proportional to Z2. The outer 
limit to the calculation of scattering strength is the effective 
screening distance, \s. For hot, low density plasma, \s is the ion 
Debye length, but often r0 is larger (there are fewer than one ion 
per Debye volume and screening is neutral cell), so that we take 
As = max(Ai, r0), where A; is the Debye length of the majority 
species. Our expression for the scattering strength is given by

Z2Zff In = Z*4 In + Z4 if bmin = (Z„) ; (27)

otherwise,

= Z4ln(-M . (28)
V ^min /

This choice of Eq. (27) rather than Eq. (28) when bmin < ra in­
creases the scattering rate by a factor of 2 to 3 in simulations of 
gold foils at an electron temperature of 2 keV. The behavior of 
the solutions of Eqs. (11) through (19) will be compared to a 
standard solution valid in the limit of small mean-free-path. In 
this limit, the fluids are brought to a stop in a short distance af­
ter meeting. This model in a Lagrangian formulation sets the ve­
locity of the zone boundary where the fluids meet to zero and 
converts the lost kinetic energy to ion internal energy. Such a so­
lution is equivalent to the solution that results from treating the 
collision of plasma streams with a single fluid.

An example of the single-fluid solution to colliding plasma 
streams is shown in Fig. 1-20. Initially, two 15-|iim-thick solid 
foils, of uniform ion density, are located 0.16 cm apart. The 
atomic weight A = 200, the charge state Z = 50, and the nuclear 
charge Zn = 79. Two groups of isothermal electrons are used: 
a “hot” group with temperature Te — 2.5 keV and initially uni­
form density ne = 1022 cm-3 and a “cold” group with tempera­
ture Tew = 100 eV and initially uniform density new = 2.5 x 
1024 cm-3. Before the collision, the expansion from each foil
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DISTANCE (fim)

-1.0

DISTANCE 0*m)

a) Electron density b) Flow velocity and ion temperature

Fig. 1-20. The results of a single-fluid simulation of counterstreaming plasma originating from foils at ±800 /im are shown at 
9S0 ps. Initial conditions and other parameters are given in the text. The electron density is shown in (a); the ion temperature 
(right scale) and flow velocity (left scale) are shown in (b). Because of symmetry about * = 0, only values for 0 < x < 800 /tm 
are shown.

driven by the hot electrons agrees with Eqs. (20) and (21), an 
isothermal planar rarefaction. After colliding, a shock is set up 
across which the velocity decreases and the ion temperature and 
electron (ion) density increase. Because of the high velocity of 
the flow, the ion temperature jumps to large values (>1 MeV). 
We note that, in the unshocked low-density region that is dom­
inantly populated by 2.5 keV electrons (150 < x < 600), the flow 
velocity depends linearly on x and the density exponentially on 
x, in agreement with the planar rarefaction model of Eqs. (20) 
and (21). In Fig. 1-21, the results of a two-fluid simulation with 
the same initial conditions as in Fig. 1-20 are shown for the 
time at which the average density near the midpoint (x = 0) is 
the same as in Fig. 1-20. The total density monotonically in­
creases away from a minimum at x = 0 (the midpoint between 
the foils), in contrast to the result in Fig. 1-20. The flow veloc­
ity increases in magnitude with distance from the foil until the 
electron pressure changes sign at x = 0. Thereafter, the friction 
is the dominant force and the velocity decreases in magnitude 
until it merges with the counterstreaming plasma flow. The ion 
temperature of each stream increases and reaches values close to 
1 MeV near the head of the stream. We note, however, that the 
zone-averaged ion temperature is much less than 1 MeV because 
the higher-density plasma has a much lower ion temperature. 
Also, the ion temperature at x = 0 is several hundred kilovolts 
in Fig. 1-21 rather than several megavolts as in Fig. 1-20. Near 
the head of the stream, the mean-free-path is very small (~1 /xm).
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DISTANCE (/mi)

0.1 £

-0.8

DISTANCE (/tm)

a) Electron density b) Flow velocity and ion temperature

Fig. 1-21. The two-fluid simulation results are shown for the same parameters and initial conditions as in Fig. 1-20. The elec­
tron density is shown in (a); the flow velocities f/a(jc) and Ua(—x) and ion temperatures ^(jc) and 7) (—or) are shown in (b) for 
0 < x < 800 /tm.

Thus, in a few micrometers (about the resolution of the numeri­
cal grid) beyond the last velocity and temperature value plotted, 
the velocity and temperature of the lower-density stream will 
merge with the incoming stream. A short time later (t = 1.1 ns), 
the electron density at x = 0 is 2 x 1021 cm-3, the mean-free- 
path there is 10 /tm, and the plasma streams stagnate. The 
plasma density, velocity, and temperature distribution near the 
midpoint evolve from then on in accordance with the single­
fluid picture.

As mentioned previously, the electron temperature is the pa­
rameter with the most influence on collision strength. Increasing 
the electron temperature to 5 keV changes the time at which the 
density at x = 0 reaches the value in Fig. 1-21 from 870 to 630 ps. 
At this time, the low-density stream stops much closer to the 
foil, deposits significant energy there, and causes a mild modifi­
cation to the density profile. Even for this weakly collisional 
case, the ion temperature at x = 0 reaches several hundred 
kilovolts.

Reducing the electron temperature to 500 eV increases the 
time to achieve the same density at x = 0 to 1.5 ns, at which 
time the simulation resembles the single-fluid picture shown in 
Fig. 1-20.

Simulations also were done of thin selenium double-foils (Z = 
26, Zn — 34, A — 79) with a single electron group at Te = 2.0 keV. 
The foils, initially 0.2 /tm thick, are separated by 200 /tm. Each 
foil quickly rarefies and approaches the solution defined by 
Eqs. (22) through (24). The mean-free-path remained large
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(~1 mm) during the simulation that was run until t = 100 ps, 
when electron density is uniform between the foils at a value of 
~1021 cm-3. Nonetheless, the ion temperature of each stream 
increases to ~30 keV at x = 0, which may result in significant 
Doppler broadening of the atomic lines. That broadening may 
be deleterious for x-ray laser gain.

Summary

A two-fluid model has been constructed and used to study the 
collisional interaction between counterstreaming ions. For thick 
foils, the plasma streams begin to slow down only when they en­
counter the high-density plasma of the unrarified foil. As the 
density builds up on-axis (the midpoint between the foils), the 
streams slow significantly and heat up, eventually merging when 
their velocities and temperatures equilibrate. For “hot” plasmas 
(Tg > 2 keV), the kinetic energy of the streams is shared with a 
large fraction of the underdense plasma and, thus, average ion 
temperatures are much less than the temperature (2 MeV) that a 
single-fluid model would predict. At lower electron temperatures 
(re < 500 eV), the single-fluid picture is valid because the mean- 
free-path for interpenetration is less than a hydrodynamic scale- 
length (~CsO. These simulations neglect the influence of plasma 
velocity-space instabilities in which collective modes grow by 
tapping the free energy in the counterstreaming flow. Two such 
unstable modes were studied and shown to be weakened or 
stabilized once the streams are heated to the point that T-^/ZT,, > 
0.27. Such heating can result from the collisional processes just 
discussed and from the natural evolution of the instability itself.

For additional information, please contact Dr. R. L. Berger
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SECTION 1.3

SATIN: A Fluid Code for the Study of Two-Plasmon 
Decay and Stimulated Raman Scattering

The saturation and nonlinear coupling of plasma instabilities 
is a topic of much interest in inertial confinement fusion (ICF). 
Saturation of instabilities has been observed experimentally 
in plasmas illuminated with long-wavelength lasers (10.6 ^m; 
Refs. 23 and 24), and studied analytically for a small number of 
decay modes.25 The most complete understanding of saturation 
phenomena to date has come from particle simulations.26,27 
Some of the nonlinear processes (e.g., profile modification and 
secondary wave coupling) believed to be important to saturation 
are not, however, kinetic in nature and hence can be addressed 
in a fluid simulation. A fluid code approach, in addition to re­
ducing computational requirements, could provide a testbed for 
isolating different mechanisms for study. We have developed 
such a fluid code (SATIN) to study the two-plasmon decay (TPD) 
and stimulated Raman scattering (SRS) instabilities. Currently, 
the saturation occurs by pump depletion, but the structure al­
lows for including other mechanisms, such as profile modifica­
tion and Langmuir wave interactions with ion waves.

The Code
The SATIN code solves the two-dimensional coupled wave 

equations for SRS and TPD in the plane of polarization of the 
pump wave. The model plasma has an arbitrary density profile 
in the x-direction (propagation direction) but is uniform in the 
^-direction. The wave equations can consequently be represented 
as a set of coupled second-order differential equations in the x 
variable, where each equation represents a distinct wavenumber 
component in the ^-direction. The equations are solved on the 
time scale of the instability growth rates; i.e., the fast frequency 
dependence of the waves is assumed to be exp(/co71) and the fre­
quency shifts small so that only first-order derivatives in time 
are retained. For convenience, the variables are normalized as 
follows: x is in units of k^1, the normalized time variable t is 
a>ot, the frequencies fly are in units of a)0, Kj is the j-component 
of the wavenumber in units of k0, N is the electron density nor­
malized to critical density, Ve is the electron thermal velocity 
normalized to the speed of light, and the normalized electric field 
of the yth component Ej is eE/mk0c2. The resulting equations 
are

+ fly - AT — Kj + 2/fly — Ej -(1 — 3F02)V(V-Ey)

——— V(E/fE1) - ^ (V-E^E, 
2flA.fl1 v * 17 v
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where the sum on the right side includes all pairs k, l such that 
fl, = + fl! and Kj = Kk + K{. The equations are solved by an
implicit finite difference scheme for the uncoupled wave equa­
tions, but with the coupling terms calculated explicitly. Lang­
muir wave damping is included in the electron thermal velocity 
Ve, and collisional damping is included in the density ./Vin the 
manner prescribed by Forslund et al.28

The time step <5r is chosen to limit the growth predicted by 
the theoretical homogeneous plasma growth rate to less than 
10% in one time step. The density profile is arbitrary, but gener­
ally is chosen to be linear or exponential with scale length L = 
(dN/dx)~l in the coupling region, which corresponds to realistic 
ICF plasma profiles. The density profile is smoothed to have 
zero gradient both at the high-density {N = 7Vmax) and low- 
density (N = 0) boundaries. Spatially resolving the Langmuir 
waves sets the number of zones required to NmaxK0L/Ve.

The boundary conditions assume that each mode Ej is purely 
transverse and far from its turning point density at the bound­
ary. The light waves (except the pump) satisfy outgoing-wave 
boundary conditions. The Langmuir wave contribution is forced 
to zero by enhanced damping near the boundaries. The noise 
sources and coupling are also zero near the boundaries.

For this scheme, the frequency band represented by a single 
component fi, is limited by numerical damping to ~ l/Sr. In 
practice, the width of an SRS mode is set by the light-wave 
boundary conditions, which are satisfied only for the single 
mode with wavenumber (0/ — AO172. For TPD, the frequency 
range is limited by the spectral width of the instability, which 
is in practice smaller than l/5r.

Stimulated Raman Scattering Results

Thresholds and growth rates for SRS below quarter-critical 
density have been calculated using the SATIN code and com­
pared to theoretical values as a test of the code. Although the 
observed thresholds and growth rates agree well with theoretical 
predictions, convective saturation of the instability does not oc­
cur when 7Vmax > .25, presumably due to reflections of light at 
the quarter-critical surface. In all unstable cases with 7Vmax >
.25, the growth continues until the decay amplitudes become 
comparable to the pump amplitude and saturation by pump 
depletion occurs. For cases run with no quarter-critical surface 
(Nmax < -25), convective saturation is observed near threshold, 
but again growth appears absolute for strong coupling.
Figure 1-22 shows the evolution of SRS for parameters corre­
sponding to strong growth. At early times, the decay modes are 
dominated by the initial noise (Fig. l-22a), but after a few 
growth times for the instability, the coherent mode structure of 
the decay waves becomes apparent (Fig. l-22b). After many e- 
foldings, the energy in the decay waves becomes significant and 
the pump is strongly depleted in the coupling region (Fig. l-22c). 
Because the SRS growth rate is large for these parameters, the 
Raman light is still localized in the coupling region at the onset
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of pump depletion. As shown in Fig. 1-23, the SRS thresholds 
and growth rates observed in the SATIN runs agree well with 
theoretical predictions.

Simulations that include collisional damping show strong sup­
pression of SRS when the parameter of interest, fj. = IttZL/Xq
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Fig. 1-22. The evolution of SRS is shown for
parameters corresponding to strong growth (/ = 
5 x 107 W/cm2, 7; = 3 keV, and KnL = 500). 
The spatial variation x of the normalized elec­
tric field amplitudes l^l at frequencies .45, .55,
and 1 is represented by the broken line, dashed 
line, and solid line, respectively. The density 
profile N, normalized to critical density for the 
pump, is shown by the dotted line. The magni­
tude of the low-frequency mode relative to the 
pump is 10 h for a>0f - 2 (a), 10~3 * 5 * for <rf0f - 20 
(b), and 0.5 for oi0t ~ 45 (c). c) Late times
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Fig. 1-23. SATIN calculations of SRS thresholds (a) and growth rates (b) are shown for Tc = 3 keV and normalized frequencies 
of .45 for the Langmuir wave frequency, .55 for the scattered light frequency, and 1 for the pump frequency. The results agree 
well with theoretical predictions.
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(which is approximately proportional to the collision rate times 
the plasma density scale length), is large. For the same condi­
tions as in Fig. 1-22, SRS growth is significantly affected by col­
lisional damping for /r > 106, and SRS is suppressed completely 
for /x > 107. Experiments performed at Lawrence Livermore 
National Laboratory (LLNL)29 showed strong suppression of 
SRS in long-scalelength plasmas (L/X0 ~ 1000) produced by illu­
minating gold targets with 0.26 /xm laser light (/x = 2 x 106), but 
strong SRS for 0.53 /xm illumination (fx — 106).

Two-Plasmon Decay Results

SATIN simulations of linear TPD have also been compared to 
linear theory. The intensity and dependence on Kj of the linear 
growth rates show the expected behavior. Because the frequency 
spectrum of unstable modes is relatively narrow for TPD, all the 
modes can be adequately represented by a single frequency com­
ponent fly = .5. This is fortunate for code efficiency but compli­
cates interpretation of the frequency spectrum. The frequency 
spectrum for TPD near threshold is obtained by fast-Fourier 
transform (FFT) decomposition and agrees with linear theory.
In the case of strong coupling, the frequency spectrum cannot 
be resolved adequately because the FFT frequency resolution is 
proportional to the growth rate.

Simultaneous SRS and TPD

When SRS and TPD occur simultaneously, the levels of fluc­
tuations may be affected by interactions among the various de­
cay modes. Ultimately the SATIN code can be a useful tool for 
studying the effect of such nonlinear interactions on the decay 
spectra and saturation. We have made a preliminary study of 
the effects of two of these nonlinear interaction mechanisms — 
pump depletion and profile steepening — on the saturated Lang­
muir wave spectrum.

Pump depletion can significantly affect the Langmuir wave 
spectrum if a significant amount of pump energy is converted to 
Langmuir wave energy. Then the pump energy available to drive 
unstable modes near quarter-critical density will be reduced by 
SRS at lower densities, so that the growth of TPD and SRS near 
quarter-critical density will be reduced. We have calculated the 
energy partitioning in frequency and wavenumber space when 
the decay modes are saturated by pump depletion. Since the SRS 
boundary conditions severely limit the mode width, scattering in 
the underdense plasma is best approximated by including a large 
number of frequency modes. In the linear growth phase of the 
instabilities, the energy fraction in a decay mode scales as l/n, 
where n is the total number of modes. For parameters corre­
sponding to strong SRS below quarter-critical density, the energy 
partitioning in frequency space changes significantly for modes 
saturated by pump depletion as n increases. For the same pa­
rameters as in Fig. 1-22, absorption due to SRS at low densities 
completely turns off SRS backscatter at quarter-critical density
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Fig. 1-24. Saturated energy levels for scat­
tered light frequencies 0 = .5 and .55 are 
shown as a function of the steepening pa­
rameter a. The input parameters were L = 
250, Te = 1.3 keV, and /X# = 8 x 1015 cm2. 
Steepening of approximately a factor of 
10 is necessary to affect the energy parti­
tioning for these conditions significantly.

when more than 10 equally spaced decay modes are present. 
Two-plasmon decay modes (Kj > 0) also are suppressed due to 
the faster SRS growth.

As a preliminary test of the effect of profile steepening, we 
have calculated the decay spectrum for a piece-wise-linear, fixed 
profile with scalelength L at low densities (N < .22) and a 
scalelength aL in the region near quarter-critical density.
Figure 1-24 shows the fraction of energy in each mode as a func­
tion of the steepening parameter a. The input parameters were 
L — 250, Te— 1.3 keV, and /Xq = 8 x 1015 W/cm2; only two 
scattered light frequencies, fi = .5 and fi = .55, were included in 
order to reach saturation in a reasonable amount of computer 
time. Steepening of approximately a factor of 10 is necessary to 
affect the energy partitioning for these conditions significantly.
A consistent treatment of the effect of profile modification on 
the spectrum of unstable modes will require solving the hydro- 
dynamic equation for the ion motion, including the ponderomo- 
tive force exerted by the decay modes.

In particle simulations, interactions between Langmuir waves 
and ion waves play an important role in limiting the levels of 
SRS and TPD. If the Langmuir waves remain at a low level due 
to these secondary wave-coupling processes, pump depletion and 
profile steepening at quarter-critical density may in reality be 
unimportant in determining the saturated spectra, since both of 
these processes are operative only when a substantial amount of 
the pump energy is transferred to the decay modes. The cou­
pling between Langmuir waves and ion waves must be included 
in SATIN to provide a more complete picture of the competition 
among various nonlinear processes.

Summary

A fluid code, SATIN, has been developed to study the non­
linear evolution of coupled TPD and SRS in two dimensions. In 
addition, the code can provide complete information about the 
linear phases of the instabilities, including sidescatter, absolute 
modes, and reflections. Preliminary calculations of the energy 
partitioning of modes saturated by pump depletion have been 
done for both linear and steepened profiles. Work is underway 
to include ion motion via Eulerian hydrodynamics to provide a 
self-consistent model of profile modification. The code provides 
a framework for studying other nonlinear mechanisms such as 
the coupling between Langmuir waves and ion waves.

For additional information, please contact Dr. L. V. Powers

50 1986 KMSF Annual Technical Report



FUSION AND PLASMAS

SECTION 1.4

Viewfactor Code Treatment of Time-Dependent 
Radiation Transport Problems Involving Participating Media

Viewfactor computer codes have been used successfully at 
KMS Fusion (KMSF) and other facilities to solve radiation 
transport problems involving fixed surfaces with intervening vac­
uum.30 Recently, viewfactor codes have been applied success­
fully to time-dependent, multi-dimensional radiation transport 
problems in hohlraums.31,32 However, when the effects of an in­
tervening medium such as a gas or a plasma must be considered, 
use of such codes has been limited by available computer speed 
and memory to steady-state problems. We are currently develop­
ing a new algorithm for dealing with time-dependent problems 
with simple geometries that involve participating media.

In general, viewfactor codes involve the subdivision of given 
surfaces into small surface elements, either manually or with the 
aid of a computer algorithm; the specification of the surface ele­
ments so generated; and the modeling of the radiative transfer 
between the surfaces with the aid of viewfactors. They can be 
applied where complex radiation source dependence on time and 
space make application of competing methods, such as Monte 
Carlo, extremely costly in terms of computer time and memory. 
Unfortunately, to date the use of viewfactor codes has been lim­
ited mainly to situations in which there is no participating 
medium such as a gas or plasma.

It is not difficult to understand why. For vacuum problems, 
the fraction of radiation emitted by one surface that eventually 
strikes another surface is merely a function of the source strength 
at the emitting surface and the areas and orientations of the two 
surfaces. If some intervening medium is included, however, it is 
necessary to know not only the emissive and absorptive charac­
teristics of the medium and how it varies over some large num­
ber of time steps, but how these characteristics are affected by 
the radiation field. Furthermore, some techniques must be devel­
oped for determining the contribution of the medium to beams 
of radiation as they pass from one surface to another. If the re­
alistic assumption is made that the medium is nonhomogeneous, 
and its characteristics can vary more or less drastically through­
out the given volume, the complexity of the problem is evident.

At KMSF, considerable progress has been made recently to­
ward the goal of including the effects of participating media in 
viewfactor calculations. In the process, techniques have been de­
veloped that can be applied to “traditional” vacuum transport 
problems, allowing order-of-magnitude improvements in time 
and space resolution where axial symmetry exists.

RAYNA II, the code used at KMSF, can handle problems in­
volving disks, cylinders, cones, spheres, rectangles, and various
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derivatives of these surfaces. Except for rectangles, all of the sur­
faces are handled in the same way: First, the code automatically 
divides the surfaces that make up the problem into a number of 
rings, which are subdivided further into a number of elements of 
approximately equal area. The actual number of elements gener­
ated is specified by the user, limited by machine speed and mem­
ory constraints. This procedure is illustrated in Fig. 1-25 for the 
case of a disk.

It is evident that all of the rings generated by the code have a 
common axis of symmetry. As all of the surfaces specified are 
subdivided in turn, the code stores the axes of symmetry, and 
compares them once the calculation is completed. If all of the 
surfaces are found to share a common axis, certain simplifica­
tions are possible, as mentioned above.

The use of axial symmetry is illustrated by Fig. 1-26, which 
depicts the problem of coaxial disks. It can be seen that ring A 
of disk II makes the same contribution to each of the elements 
in ring B of disk I. Consequently, if the radiative contribution 
from each element in ring A to one element in ring B is calcu­
lated for a given time step, the total contribution can be found

Fig. 1-25. RAYNA II subdivides a surface into areas of approximately equal 
size. For a disk, the division algorithm first forms concentric rings, and then 
further divides them into azimuthal segments.

Disk I Disk II
Element 1

Ring B

Fig. 1-26. Problems that have certain symmetries can be reduced to a simpler 
case. For example, two coaxial disks can be represented in part as a source ele­
ment on ring A radiating to each element on ring B.
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by summing. The other elements in ring B, and all of the other 
rings in the problem, can be handled in the same way.

The resolution in time and space made possible by this ap­
proach is better by an order of magnitude than was possible 
previously. We have been able to take advantage of these im­
provements to successfully model test problems that have been 
pathological for viewfactor codes in the past, such as those in­
volving delta-function sources.33 The savings in computer re­
sources realized by taking advantage of problem symmetry also 
come in very handy in problems involving intervening media, to 
which we now turn.

If participating media are included, one must not only deter­
mine what fraction of radiation from one surface element is 
emitted in the direction of another surface element, but what 
happens to the radiation as it passes through the intervening ma­
terial. As a minimum, one must set up a volume mesh and spec­
ify the emissive and absorptive characteristics of the material at 
each mesh point. Some volume must be associated with each 
mesh point, and an algorithm must be provided to update the 
physical characteristics of the medium at each point as it emits 
and absorbs radiation. Finally, one must calculate what volume 
elements are passed through by a beam that was emitted by one 
surface element in the direction of another surface element, and 
the proportion of the total path length between the two surface 
elements that is traveled in each of these volume elements.

Let us turn to the first of the tasks mentioned above: that of 
generating a volume mesh. RAYNA II does this by finding a 
two-dimensional (2-d) outline or cross-section of the problem.
A 2-d mesh is set up on this outline by stepping along the axis 
of symmetry of the problem in increments of appropriate length 
and then sending out perpendicular rays from the points found 
in this manner. Mesh points are spaced along all segments of 
these rays that are found to be inside the space of the problem. 
When the entire 2-d mesh has been generated, each point is 
rotated about the axis of symmetry to generate a three-dimen­
sional mesh. Obviously, each of the volume mesh points gener­
ated by one of the points in the 2-d outline in this manner 
belongs to a single volume ring, a circumstance that once again 
allows the code to take advantage of the symmetry of the 
problem.

Next, the code must identify the volume elements that are tra­
versed by the radiation traveling between any two given surface 
elements and determine the fraction of the total distance be­
tween the surface elements that is spent in each volume element. 
This is accomplished by stepping in very small increments along 
the path between the two surface elements, and by calculating 
which volume mesh point is closest at each of these increments.
It is assumed that the characteristics of the medium are deter­
mined at any point by those of the closest volume mesh point.

It is assumed that the problem space is completely enclosed. 
This does not greatly limit the usefulness of the code, since any 
desired openings for energy injection, diagnostic ports, etc., can 
be simulated by declaring black, nonemissive surface patches.
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Fig. 1-27. In any enclosure, if the enclos­
ing surface is divided into infinitesimal 
surface elements, the sum of all paths be­
tween any two of the elements will sweep 
the entire enclosed volume. A typical path 
between elements j and k is shown.

4 > 0.25 atm C02
T = 1100 K

X

Black,
Cooled
Walls

A' w

Fig. 1-28. In this sample problem involv­
ing participating media, the tank is a 
right-cylinder with a black interior and 
contains 0.25 atm of C02 at a temperature 
of HOOK. The problem is to determine the 
amount of energy that must be removed 
from the surface of the tank to keep it 
cool. (Note: Only emission from the gas is 
significant.) The semiempirical result is 
7.94 X 104 J/s; the code result is 8.24 x 
104 J/s.

The problem of how to deal with emission from intervening 
gases or plasmas is greatly simplified by assuming that the prob­
lem space is completely enclosed. For example, consider an en­
closure composed of some chosen number of discrete surface 
elements, as shown in Fig. 1-27. The incoming radiation at sur­
face k is equal to the sum of the contributions from all the other 
surfaces after allowing for absorption in the intervening medium, 
plus the contribution due to emission from the gas. In the fig­
ure, the radiation path between k and another surface j within 
the incident solid angle do)k is shown. If the contributions from 
all of the other surfaces, including that from surface k itself if it 
is concave, are determined by following the paths between the 
surfaces, the solid angles swept out will encompass all of the gas 
or plasma that can radiate to surface k. Thus, if the contribu­
tion of gas emission at all points along the path between two 
surfaces is taken into account for all surfaces, the gas emission 
for the entire volume will be accounted for automatically. This 
obviates the necessity for complicated schemes that attempt to 
handle volumetric emission and absorption independently. In 
other words, there is no need to use large amounts of computer 
memory to store information regarding the destination of radia­
tion originating at every volume cell within the medium. The 
fraction of radiation originating in a given cell that should be 
contributed to a beam between two surface elements can be cal­
culated based on the areas, positions, and orientations of those 
elements.

Because of memory constraints, application of RAYNA II is 
currently limited to simple geometries such as closed cylinders or 
concentric spheres. These constraints should be alleviated con­
siderably by the larger memories available with machines now 
being introduced. The problem shown in Fig. 1-28 was modeled 
as a C02 gas-filled cylinder with the ends closed by disks of ap­
propriate size, or a total of three regions. All three regions were 
subdivided in 30 surface elements of approximately equal size. 
Even with this relatively coarse resolution, the code solution 
given in the figure was within 4% of the “analytic” solution.
The code could solve this problem equally well for an arbitrary 
temperature distribution on the walls and in the gas.

For additional information, please contact Dr. D. J. Drake
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SECTION 1.5

Development of a New One-Dimensional Hydrocode

The basic one-dimensional (1-d) simulation code at KMS 
Fusion, TRHYD, was developed between 1972 and 1982.34 In 
recent years, it has grown out-of-date and cumbersome to mod­
ify. As a result, it was decided to develop a new 1-d capability 
using more modern numerical techniques and incorporating new 
physics packages. The result of this program is Delphi.

Delphi is a fully conservative, 1-d Lagrangian hydrocode with 
the plasma represented by a three-temperature model for ions, 
thermal electrons, and suprathermal electrons. Radiation trans­
port is computed by the variable Eddington (VE) method with 
coupling terms relativistically correct to 0(u/c). Heat conduc­
tion and collisional interactions include electron degeneracy with 
laser absorption through inverse bremsstrahlung and resonant 
processes. Equation-of-state options include SESAME tables, 
mean-ion local-thermodynamic-equilibrium (LTE) and mean-ion 
non-LTE. Nuclear burn of DT and D2, with tracking and depo­
sition of the mass and energy of reaction products, is available.

In the following sections, the basic physics included in the 
code is described, together with the corresponding differential 
equations. A brief discussion of some of the numerical tech­
niques is also given.

Lagrangian Hydrodynamics —Conservative Work Terms
The fundamental equations solved by the code are the conser­

vation laws for mass, momentum, and energy. These equations 
are supplemented by constitutive relations that describe the 
atomic state of the material, various scattering processes, and 
the emission and absorption of radiation. Because the funda­
mental differential equations are conservation laws, it is an 
important feature of Delphi that the difference analogs also 
guarantee conservation.35 In most cases, this is fairly straight­
forward to achieve, but for the hydrodynamic work terms, some 
restructuring of the differential equations is required to obtain 
conservative difference forms.

The equations of mass, momentum, and energy for 1-d La­
grangian hydrodynamics are

dm — - p dra (29)
a

dv _ I TP 
dt p dr

(30)

and

(31)
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where r and t are the position and time variables, v is the veloc­
ity, p is mass density, P is the pressure, e is the internal energy, 
and a = 1,2,3 corresponds to plane, cylindrical, and spherical 
geometry. The mass variable dm is mass per unit area in plane 
geometry and mass per steradian in spherical geometry.

By working in a Lagrangian system, the mass elements are 
constant by definition, and the difference analog of Eq. (29) is 
used to calculate zone density from the zone boundary posi­
tions. It is clear that linear momentum is conserved in cylindri­
cal and spherical geometry because of the symmetry. It is also 
easy to show that the usual difference forms of Eq. (30) con­
serve momentum in planar geometry.

However, the obvious difference forms of Eqs. (29) to (31) do 
not conserve energy. To construct conservative difference equa­
tions, it is first necessary to rewrite Eq. (31) as

de d , 
— + — {r 
dt dm

O'— 1 vP)
V dP 
p dr

= 0 . (32)

The last term in Eq. (32) becomes d/dt (v2/2) by means of 
Eq. (30), which leads naturally to a globally conservative differ­
ence form.

Since the pressures and internal energies are composed of ion, 
thermal electron, and hot electron components, Eq. (32) must be 
split into three equations, each with a separate work term corre­
sponding to the three partial pressures that make up the total 
pressure appearing in the momentum equation [Eq. (30)],

----- 1------(r
dt dm

Gi— 1 vP,) -
v dPi

0 ,

deQ d 
— + — (r 
dt dm

a.— 1 „ , v dPc 
vPe)------- — A</>e ,

and

dth d v dP\,
-77 + — ('■" t^h)------- 7— = A0h •dt dm p dr

In these basic energy equations, the source terms for laser ab­
sorption also have been added.

Heat Conduction and Collisional Exchange

Heat conduction and collisional energy exchange between the 
plasma constituents also must be included in the basic energy 
equations, with the result.
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dei
dt

C'
------- (0ekTe e Vi) + (ra-'q')=0 ,

dm

dec
~dt

, „ dV 
+ 1 e dt

+ ~ (ec-ed - ^ (eh-eQ)
krc KTh

+ — (ra~{qc) = A0e 
dm

(33)

and

+ (^h — 0e)kTh
+ ~~~ {ra~lqh) =A<t>h . 

dm

In these equations, 6 — kT, C'v is the ion specific heat, q is the 
heat flux, and r is the relaxation time for collisional exchange. 
For convenience, the work terms discussed above are written 
here in the shorter form PdV/dt, where F = p-1 is the specific 
volume.

Since the hot electrons couple poorly to the ions, r » Te, this 
exchange term has been dropped. The relaxation times for cou­
pling between the hot and cold electrons and the cold electrons 
and ions are those given by Spitzer.36 The thermal electron-ion 
time has been modified for electron degeneracy as shown by 
Brysk.37

In the absence of hot electrons, the cold electron and ion heat 
fluxes are given by the expression,

dT
Q-K’— , (34)

dr
where /f' is a flux-limited conductivity. For electrons,

K'e =

1 + (eS)

_Kc________
,40/2\*/2

/c W/ |£

(35)

where KQ is the Spitzer conductivity, \s is the scattering length, 
|L| is the magnitude of the temperature gradient scale length,/(. 
is the flux-limit parameter, and (e5)' is given by

(e5)' = eb 1 +
(0.268 Gr In A)2(7V/Te)3' 

{eb)2 .

1/2

This form of e<5 contains the Fermi temperature rF and a func­
tion Gv obtained by Hubbard that corrects the usual Spitzer 
conductivity for electron degeneracy.38 The ion conductivity is 
handled as in Eqs. (34) through (35) except for the degeneracy 
correction.

When hot electrons are present, the expressions for heat flux 
are more complex than Eq. (34). The currents induced by the 
temperature and density gradients in both electron components 
interact through the quasineutral electric field. This interaction 
leads to heat flux expressions that contain both temperature and 
density gradients. These expressions will be considered in more 
detail below.
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The conservative differencing of Eq. (33) is straightforward. 
The exchange terms simply cancel when the internal energy 
equations are added together. The heat flux terms cancel zone 
by zone when the zone energies are summed, leading directly to 
the global conservation equation.

Since the relaxation times and conductivities depend on tem­
perature, the centering of these terms in an implicit difference 
scheme presents problems. The standard approach is to iterate, 
but this is impractical in a large code with multifrequency radia­
tion and non-LTE rate equations. The Delphi code uses a 
predictor-corrector scheme to handle the nonlinear transport co­
efficients.38 At each time step tn, an explicit difference form is 
used to get temperatures at tn+x. These are the predicted tem­
peratures; the nonlinear terms at the advanced time are eval­
uated in terms of the predicted temperatures, which allows the 
coupled set of difference equations to be solved by the tri­
diagonal algorithm.

Radiation

Radiation transport is handled by the VE method.39 In this 
method, the radiation field is represented by its first three angu­
lar moments, energy density E, flux F, and radiation pressure P. 
In general, an infinite sequence of moments is required, but in 
the VE method the sequence is truncated by P = fE, where 
f(r,t,v) is called the Eddington factor.

If the Eddington factor were known exactly, no approxima­
tion would be involved. In practice,/can be calculated by a dis­
crete ordinate or S„ snapshot routine or by a number of different 
analytical prescriptions (see, for example, Pomraning40). Even 
very simple Eddington factors give good results in 1-d because 
of the high degree of symmetry.

The great advantage of the VE method is that the equations 
automatically reduce to diffusion in optically thick regions and 
to wave propagation in optically thin regions, so that zoning and 
accuracy of the difference equations are essentially independent 
of the large variations in opacity.

The derivation of the radiation equations must include 
relativistically correct coupling to the material. The proper deri­
vation of these coupling terms has a long history in the astro- 
physical literature. A derivation41 for the VE equations to 
0(v/c) leads to the following extension of Eq. (32):

dm

-----[coeE - 47r7] = A0e ,
P
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deu
dt Pu

dV
dt

C
+ 7^ (^h - 0e) + - (47TJff) kTh P

+ ~r~ (ra~xqh) = A<t)h , 
dm

T* ~ —77 7 ('■“ 1^’) + - [coE - At:J - Ai:J}f] - 0 ,dt\p) pr01 'dr p

d_(F 
c dt\p ~ ifE) + dr

a — 1 
2r

(3/- \)E + O/r
F
P

= 0 .

A further result of the relativistic derivation is an additional ra­
diation pressure term in the momentum equation [Eq. (30)].

The set of Eqs. (36) are differenced implicitly and solved as 
a coupled set of matrix equations. The radiation equations in 
Eqs. (36) are frequency-integrated, and contain two frequency- 
averaged cross-sections. These energy-and flux-weighted mean 
cross-sections are obtained by a separate multifrequency snap­
shot calculation each time step.39 This approach is designed to 
get the overall energy flows correct in the main implicit hydro 
routine. More detailed properties of the radiation field can then 
be obtained by postprocessor calculations based on time-depen- 
dent temperature and densities given by the main code.42

The multifrequency absorption cross-sections and emission 
functions for free-free, free-bound, and bound-bound processes 
are obtained from standard opacity references.42 These functions 
depend on the occupation numbers for the mean ions in each 
hydro zone. Since the code is designed for non-LTE calcula­
tions, these radiation properties must be calculated from the 
basic formulae each time step. The use of tabular opacities as a 
function of temperature and density is only possible in LTE.

Radiative interaction with the hot electrons is limited to 
bremsstrahlung emission. The resulting hard x-rays are assumed 
to leave the target with negligible absorption.

(36)

Hot Electrons

In the approach to hot electron transport taken in Delphi, the 
electron distribution function is decomposed into cold and hot 
components /=/e +/h- The Boltzmann equation then becomes43

a/c 3/e+ Uu —-------
dt dr mv

„ 3/e 2 a/e
Vp — + (\ ~ /7) — dv o^i _

- ~K(fe,fZ) ~ We,/e) - We,/h) ,

3/h ^ 3/h------f vp —
dt * dr

eE
mv

„ 3/h a/h
VP 7 h ( 1 — M ) 7- ov d/x _

= - K{fh,fz) - (/h,/h) - K(fh,fe) .

The interaction between the two groups occurs through the 
quasi-neutral field E and the collision terms K{fe,fh) and 
E(/h>/e)• If we restrict our consideration to the case of a

(37)
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Lorentz plasma where each electron component only interacts 
with the ions that are considered fixed, the scattering terms can 
be written44

^ {fi=f?) , (38)
a,

where ff is the Maxwell-Boltzman distribution at the local 
temperature kTh X, is the scattering length for momentum­
exchanging collisions, and the index / = e,h labels the electron 
components.

Based on two assumptions, a solution to the equations in (37) 
with collision term [Eq. (38)] can be obtained that is valid for 
both small and large gradients. Equation (38) is correct in the 
short mean-free-path limit (small gradient) and also correct in 
the long mean-free-path limit, where it approaches zero. The as­
sumption is made that the relaxation form of the collision term 
holds approximately in between these two limits. The second 
assumption is that the angular dependence of the distribution 
functions is weak, and these functions can be represented in the 
separable form f, = Ii(t,r,v)\pi(t,r,v,n), where \]/ is slowly 
varying.

With these assumptions, Eq. (37) can be solved43 to yield dis­
tribution functions of the form

4ir /?, (coth Rj — fx)
(39)

where / is expressed in terms of the equilibrium distribution by 
/, = gj,/,0, and the parameter /?, is given by

Ri =
eE 1 dPi , 2 „ 1 dTj
— +------- - + (xf - 2.5)------- -
kTj Pi dr Ti dr

(40)

In these expressions, the scattering length is Xs.x4, where

(kTj)2
s' TryWZVlnA

and xf =
mv
Ikfi

With this solution, one can obtain the electric current and heat 
flux from

m r00
= — I JiV4dv , (41)

z Jo

where J = vITR with F = (/? coth R — l)R~2. When the func­
tions Rj are expressed by Eq. (40), the current and heat flux take 
the forms

Ji = ~e fJn
JiV2dv and q.

ji
dPii 1 I?-l i i 1 j / , i i i j. i

a T7 + ~~ZT ~7. &E + a T7" “T 't’T
i Ni dT;

eNe dr Ne dr
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and (42)

where

i i
3 k

a
Zm W2e2 In A 2 e

— a

(43)
2 \3/2 k(kTj)5/2
7t / Zmw2e4\nA

and (3j =- j K
5 k

are the familiar Lorentz gas transport coefficients.36 The gra­
dient correction factors,

reduce to unity for small gradients, giving the classical result.
For large gradients, these factors correct the diffusion expres­
sions for the effects of long mean-free-path electrons in the dis­
tribution, so that the current and heat flux expressions [Eq. (42)] 
are inherently flux-limited.44

The quasineutral field can be obtained from Eq. (42) by setting 
the total electric current j — je + jh equal to zero. We further as­
sume that the number density of hot electrons is everywhere much 
less than the number density of cold electrons, so that Nc — Ne» 
Nh. Under this assumption, pNpV2 < 1, where pN = Nh/7Ve = 
Th/Te, and the cold and hot electron heat fluxes reduce to

(44)

and

(45)

(46)
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Since 7Vh «; /Ve, we assume that everywhere Ne = ZN, and cal­
culate from the continuity equation,

^ « A ('•“~1-/h) = Sh , (47)dt dr01

where the particle current density follows from Eq. (42) and =

A
Oh dNe 
e Ne dr

2„
3 #

Oh 37e 
e dr

Oh Th dNu 
e Nh dr

ah dTh 
e dr

(48)

The continuity equation [Eq. (47)] with the particle current 
[Eq. (48)] must be added to the set of energy equations 
[Eqs. (36)]. In this set of equations, the heat flux terms 
[Eqs. (45) and (46)] must be included specifically. When the 
radiation flux equation is solved for F and substituted into 
the radiation energy equation, the total number of equations is 
reduced to five. The coupled set of five equations, when differ­
enced, assumes the matrix form, which is solved by the tri­
diagonal algorithm with the transport coefficients determined 
by the predictor-corrector technique.

77, A" A12 ^l13 0
d2 A2' A22 A23 0

D, = — A21 A32 A33 0

At 0 0 0 A44

Ds 0 0 0

fiu B12 B13 0
B2' B22 B23 B24

+ fl31 B32 B33 B34
0 5 42 B43 B44
0 0 B53 0

c11 C12 C13 0
c21 c22 C23 0

+ c31 c32 c33 0
0 0 0 c44
0 0 0 0

0
0
0

A55

7Vh

0h

0e

Oi
E y+3/2

0 Nh

0 Gh

B35 6e
0 Gi

B53 E

0
0
0
0

c55

Nh

Gh

Ge

Gi
E j+1/2
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Equation of State

Three equation-of-state options are available, SESAME ta­
bles, a mean-ion LTE model, and a mean-ion non-LTE model. 
The LTE equation-of-state follows the original work of Mayer45 
and the later improvements of More and Zimmerman.46 Pres­
sure ionization is taken from the Thomas-Fermi model of 
Zink.47

In the non-LTE model the set of rate equations for the level 
populations Pn are solved over each hydro time step using a stiff 
ordinary differential equation (ODE) solver. These equations are 
of the form,

dP, 10 10
—1 = e. S PmR°x + Q\R?\ - Z5. S QmR\m - P\R\c ,
Clt m=2 m=2

dP~> 10
—77 = QiPi (R^i + * If) + Q2 S PmR%2 - p2Q\ /?2didt in=2

P2 S QmRln, p2R2c + QiR'2 >

dp n—1 10
~=Qn h P/n (R \iw + Rnn.) + Qn £ PmR%, at m = 1 m=n+\

n-\ 10

+ Qn R?n ~ Pn Ti Qn,Rnm ~ Pn Z QmRnm ~ PnRnc ,
m=l tn=n+\

where = 1 — P„/2n2 is the availability of state n. The rates 
included in this model are collisional excitation and deexcitation 

R^P), collisional ionization and three-body recombina­
tion (/?JcU, Rcn'D)> radiative excitation and deexcitation 
RjwF)> photoelectric ionization and radiative recombination 

/?^’D), and dielectronic recombination (/?^).
The collisional rates including three-body recombination are 

taken from Post et al.48 Radiative rates follow from the radia­
tion emission and absorption functions by an analysis similar to 
Lokke and Grasberger,49 although a different procedure is used 
for the coupling of induced rates to the radiation field. Dielec­
tronic recombination rates are adapted from Zhdanov.50

In the present version of Delphi, the user chooses either the 
LTE or non-LTE model. In future versions, the code will decide 
whether non-LTE is required in each zone. If not, the much 
faster LTE subroutine will be used. The use of non-LTE makes 
a large difference in many problems of current interest.

Nuclear Burn

In the current version of Delphi, only D2 and DT reactions 
are considered:
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D + T He(3.52 meV) + n(14.07 meV)

D + D
T(1.01 meV) + p(3.02 meV) 

(0.82 meV) + n(2.45 meV)

The rate equations for these reactions are51 

r/ND (/Nt dNa dNn

^2 - m2

dt dt dt 

Nd(<7U)dD + NDHTfuyJDT >

— NdNt(ctu)dt >

o'Nt _ 1 , _
—— — NoNx^iOdt — - Nd(ctu)dd 

dt 4

The reaction rates from Post52 give

(<ni)DD = 2.6 x 10~14Tj-2/3exp(—18.76 7p1/3)cm3/s

for the D2 rate. From Arnold et al.,53 we obtain

(oF)dt = 3.8 x iQ-^rr273 exp(-19.02 rr1/3) , Ti< lOkeV

= 3.41 x 10—147"j—2/3exp(—27.22 rf273 + 3.64 Tr1/2) , T, > 10 keV

for the DT rate. The charged particles created by the nuclear 
reactions in each fuel zone are tracked, and their energy and 
mass deposited nonlocally using conventional stopping-power 
formulae to partition the energy between electrons and ions.54 
When the energy of a charged particle is reduced to the thermal 
energy of a zone, it is considered stopped and its mass added to 
that zone. Neutrons are considered to escape without attenu­
ation.

Summary and Conclusions

Delphi is a laser/plasma interaction code designed for the 
study of plasmas that are, in general, far from thermal equilib­
rium. The code is based on a three-temperature model in which 
the ions, thermal electrons, and suprathermal electrons are 
described by separate temperatures. Both the hot and cold elec­
trons are assumed to be in quasi-Maxwellian distributions 
warped by the gradients and quasineutral field. Inverse brems­
strahlung heats the thermal electrons, and resonant processes, 
mostly legislated, produce the suprathermal population.

The atomic properties of the plasma are described by a non­
equilibrium mean-ion model in which rate equations are solved 
to obtain the time-dependent populations of the atomic levels. 
These populations reflect the balance of competing ionization, 
recombination, excitation and deexcitation mechanisms and can
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be very different from equilibrium values. Local thermodynamic 
equilibrium options also are available.

Radiation transport is by a multifrequency VE method. Trans­
port coefficients for the thermal electrons are corrected for de­
generacy, and conduction is inherently flux-limited. Nuclear 
burn of D2 and DT is included with the nonlocal deposition of 
charged-particle mass and energy.

The code is designed to guarantee the conservation of mass, 
momentum, and energy identically independent of zoning. This 
has the advantage that even small numerical problems usually 
show up as a failure of conservation.

Delphi has been used to calculate a wide variety of different 
laser/plasma problems, including microballoon implosion exper­
iments, cryogenic experiments, breakeven target experiments, 
x-ray laser experiments, x-ray laser double-foil target design, 
and dot spectroscopy experiments. A number of classified exper­
iments have also been simulated successfully.

For additional information, please contact Dr. P. M. Campbell
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SECTION 1.6

Spectroscopic Technique Development

The use of x-ray line ratios with simulation codes is of interest 
in determining certain physical characteristics of laser-irradiated 
targets. Of particular interest is the high-power irradiation of 
disk targets by laser light of very short pulse duration. The re­
sulting emission and recording of x-ray lines yields line ratios 
that could be applied to simulation codes to determine tempera­
ture and density. However, this approach is hampered by a lack 
of confidence in the accuracy of the non-local thermodynamic 
equilibrium (non-LTE) atomic-level-population codes used in the 
simulations.

Results obtained with such codes have been shown to differ 
by a factor of two or more, depending on the plasma conditions 
and the particular code used.55 Among themselves, code dif­
ferences depend sensitively on the number of Rydberg states 
included and on variations among computer collision rates. 
Consequently, hot-plasma temperature and density measure­
ments made using spectral line-ratio methods based on these 
codes would not be expected to be reliable. Moreover, transient 
quasi-equilibrium conditions that exist in certain plasmas may 
not be adequately addressed in the codes.

If, however, the x-ray emission from simple disks can be 
modeled correctly, then spectroscopic line-ratio measurements of 
temperature and density of more complicated shapes can be ap­
plied with greater confidence. An experimental series was begun 
to measure the temperature and density of laser-irradiated dot 
targets, independent of line-ratio methods, and compare them to 
the line-ratio results provided by one or more simulation codes.

Technical Scope

The present effort is concerned with the application of a spec­
troscopic method known as “spot spectroscopy”56 to generate a 
confined plasma whose properties vary essentially only in one 
dimension. The plasma is probed normal to this dimension by 
various diagnostic techniques to determine its temperature, den­
sity, and x-ray emission profiles.

The plasma temperature is determined by recording the hydro- 
gen-like and helium-like free/bound continua of a metal, such 
as magnesium or aluminum. The plasma temperature is derived 
from the slope of the free/bound continuum. In contrast to the 
line-ratio method, this method is rather simple and is not subject 
to questions of interpretation. This temperature method is not 
ordinarily used, since free/bound continua are not as radiant as 
nearby spectral hydrogen-like and helium-like lines. Whenever it 
has been used, it is with time-integrating spectrographs.57 To
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our knowledge, the present program is the first to employ time­
resolving spectrographs to measure these highly transient disk 
plasmas using spot-spectroscopy techniques.

The plasma density is determined by a four-frame, UV holo­
graphic probe interferometer capable of providing fringe pat­
terns that can be processed, using Abel inversion techniques, to 
yield axial and three-dimensional density profiles. Each frame is 
recorded in a 10 ps exposure. The intervals between frames can 
be adjusted in a range from 40 to 400 ps (Ref. 15).

The Experiments
Diagnostic Instruments and Methods. In spot spectroscopy, a 

small metal dot of interest is deposited on, or embedded in, a 
thick substrate. Upon laser irradiation of a larger spot surround­
ing the dot, the blow-off plasma will contain the plasma from 
the dot in a slowly diverging column, as shown in Fig. 1-29. 
Since the diameter of the metal dot column is small compared to 
the irradiated spot, its plasma conditions are expected to be con­
stant throughout a cross-section of the column. Viewing the nar­
row dot plasma column with a spectrograph set up with a slit to 
resolve intensity variations spatially along the length of the col­
umn, a spectrum as shown in Fig. 1-30 is obtained. Two such 
time-integrating, spatially resolving spectrographs were used in 
these experiments.

Magnesium Dot

Irradiated
Spot
Diameter

Magnesium
Plasma
ColumnIrradiated ^

Spot Blow-off Focused Laser" 
Beam

Fig. 1-29. Plasmas of interest are created by focusing the laser beam on a flat 
target that consists of a metal dot on a thick substrate of a material of lower 
atomic number. The laser irradiates a spot that contains (but is larger than) the 
dot. Thus, the plasma column from the dot is contained by the irradiated spot 
blow-off plasma of the substrate material. The target in this case is a magne­
sium dot.

1986 KMSF Annual Technical Report 67



FUSION AND PLASMAS

i L L
± _ X - 4. i

i * i-

L

i.

L

f 6 7 (3 He-like

e 5 7 13
H-like

Fig. 1-30. The narrow plasma column from a large! consisting of a 100 /tm di­
ameter magnesium dot on polystyrene, viewed by a spectrograph set up to spa­
tially resolve intensity variations along the length of the column, yielded this 
time-integrated helium-like and hydrogen-like magnesium spectrum. Spatial 
resolution was provided by five slits of widths (from top to bottom) of 10, 5, 
25, 10, and 5 /tin.

The technique offers four special features that we wish to ex­
ploit:

1. The containment of the dot plasma column by the substrate 
blow-off.

2. The uniformity of the column’s brightness over any cross- 
section normal to its flow.

3. The spatial resolution.
4. The spectral line emission along the length of the plasma 

column.

By adding a streak crystal spectrograph camera (SCSC) con­
strained to view the emitting plasma from only a small length of 
the plasma column (Fig. 1-31), spectral lines and continua can 
be recorded. All of the spectral lines and continua arise from 
ions with very similar plasma conditions. Ratios of these lines 
can then be used in determinations of temperature via the simu­
lation codes, while the free/bound continua provide independent 
measurements of the temperature.
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Spectrograph Entrance
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Lawrence Livermore National Laboratory

Fig. 1-31. One of the most important diagnostic instruments is the streak crys­
tal spectrograph camera (SCSC). It records spectra emitted from a spatially se­
lected region of the plasma column, with a time resolution of 60 ps over a time 
interval of 2.4 ns. The SCSC provides high spatial, temporal, and energy reso­
lution.

The SCSC records spectra emitted from a spatially selected re­
gion of the plasma column, with a time resolution of 60 ps over 
a time interval of 2.4 ns. A framing crystal x-ray spectrometer 
(FCXS),58 which provides spatially resolved spectra of the entire 
plasma column over a time interval of 100 to 250 ps, is used to 
complement the SCSC measurements.

As the spectral measurements are made, four-frame holo­
graphic interferograms are obtained that “bracket” the time 
during which the spectra are recorded. Thus, we have both tem­
perature and density information with which to “calibrate” 
temperature- and density-sensitive line ratios directly and line- 
ratio simulation codes indirectly.

Two x-ray pinhole cameras are used. One, at 45° to the laser 
axis, provides a measure of the irradiated spot size; the other, at 
90° to the laser axis, yields information on the position and spa­
tial extent of the blow-off plasma.

The target diagnostic instruments are shown in Fig. 1-32. The 
instruments are viewed end-on in a plane that is normal to the 
laser axis and contains the target.

Types of Targets. Targets for the series consisted of four 
types:

1. Thick magnesium slabs.
2. Magnesium dots (100, 75, and 50 ym in diameter, and 3 to 

5 jam thick) on thick polystyrene substrates.
3. Magnesium dots (100, 75, and 50 jum in diameter, and 3 to 

5 /xm thick) on thick silicon substrates.
4. Salts of sodium (100 /im in diameter) on polystyrene sub­

strates.

The magnesium slabs were used to align the four spectro­
graphs (i.e., the SCSC, the FCXS, and the two time-integrating,
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Streak Crystal 
Spectrograph Camera

Holographic
Catadioptric
Lens

Target

Framing Crystal 
X-ray Spectrometer

Target-
Reference
Positioner

Time-Integrating 
Spatially-Resolving 
Spectrograph #2

Time-Integrating 
Spatially-Resolving 
Spectrograph #1

Fig. 1-32. Characterization of the plasma in these experiments requires many diagnostic instruments looking at the plasma. The 
time-resolved, spatially resolved streak crystal spectrograph camera views the emitting plasma from a small length of the 
plasma column, allowing spectral lines and continua to be recorded; the framing crystal x-ray spectrometer provides spatially 
resolved spectra of the entire plasma column over a time interval of 100 to 250 ps; the time-integrating, spatially resolving spec­
trographs resolve intensity variations along the length of the plasma column; and the holographic interferometer provides inde­
pendent density measurements at four different times. Two x-ray pinhole cameras (not shown) yield information on the 
irradiated spot size and the position and spatial extent of the blow-off plasma.

spatially resolving spectrographs) and to establish the magne­
sium dot diameters and irradiance conditions necessary for the 
spot spectroscopy. The magnesium dots on silicon were used in 
target shots designed to establish the electron density distribu­
tion of the magnesium plasma column within a confining blow- 
off plasma of a substrate whose atomic number was similar to 
that of the metal dot. Shots with magnesium dots on polystyrene 
were designed to examine the electron density profile of the 
magnesium plasma column within a confining plasma substrate 
material of substantially different (average) atomic number than 
that of the dot. Finally, sodium salts, such as NaNOy, were used 
to provide hydrogen-like free/bound continua in nearly the same 
spectral range used by the spectrographs in recording spectra of 
magnesium.
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Preliminary Results

Within constraints imposed by the allowed distances of the 
four spectrographs, we found that the 50 /xm diameter dot tar­
gets did not yield sufficient x-ray flux to be useful, even though 
they would have provided spectra with higher resolution than 
the 75 or 100 /xm diameter dot targets. Sufficient spectral resolu­
tion for clear resolution of the 3P line from the 'P line of mag­
nesium Hea was possible for the 75 and 100 /xm diameter dots. 
The laser and diagnostic parameter ranges that were used in the 
present series are listed in Table 1-1.

Figure 1-33 represents a typical spectrum obtained with a 
time-resolving, spatially resolving spectrograph. It is a spectral 
streak record for a shot in which the SCSC was configured to 
view the magnesium plasma column region near the surface of 
a 100 /xm diameter magnesium dot on a polystyrene target. The 
K-shell lines of helium-like and hydrogen-like magnesium are 
easily identifiable, as is the helium-like free/bound continuum. 
Not all of the hydrogen-like continuum is recorded because the 
spectral dispersion was too large for it to be contained within 
the allotted spectral range at the streak camera photocathode.

Table 1-1. Laser, Target, and Diagnostic Instrument Parameters

Laser and Target Parameters

Laser Wavelength: 0.53 /xm
Laser Pulse Length: 1080 ps (nominal)
Irradiated Spot Diameter: 100 to 300 /xm
Energy on Target: 10 to 70 J
Target Irradiance: 2 x 1013 to 8 x 10'4 W/cm2

Holographic Interferometer

Wavelength: 0.26/xm
Number of Frames: 4
Exposure Time/Frame: 20 ps
Holographic Probe Frame Times: 40 to 1940 ps
Holographic Probe Frame Intervals: 100 and 200 ps

Streak Crystal Spectrograph Camera

Photocathode: Csl
Target-to-Photocathode Distance: 14 cm 
Crystal: KAP 
Spectral Range: 4 to 9 A 
Spatially Resolving Slit: 70 /xm 
Target Magnification at Film: 7x 
Recording Film: Kodak Royal X-Pan 
Sweep Speed: 60 ps/mm on film 
Time Resolution: 60 ps

Framing Crystal X-ray Spectrometer 

Photocathode: Csl
Target-to-Photocathode Distance: 12.5 cm
Crystal: KAP
Spectral Range: 4 to 9 A
Recording Film: Kodak Royal X-Pan and 2484
Number of Striplines: 3
Stripline Triggering: Auston Switch
Exposure Interval: 100 to 250 ps
Spatial Resolution: 50 /xm at Target
Target Magnification at Film: 6.5x

Time-Integrating Spatially Resolving 
Spectrographs (2)

Crystal: T1AP
Recording Film: Kodak Direct Exposure Film 
Target-to-Crystal-to-Film Distance: 14 cm 
Spatially Resolving Slits: 5, 10, and 25 /xm 
Target Magnification at Film: 6x

Pinhole Cameras

At 90° At 45°

Magnification: 10 10
Film Distance: 18.2 cm 17.9 cm
Recording Film: Kodak DEF Kodak DEF
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Fig. 1-33. This typical time-resolved magnesium spectrum was recorded by the 
streak crystal spectrograph camera, viewing the plasma column -100 urn from 
the target surface. The target was a 100 nm magnesium dot on a polystyrene 
substrate. “1C” is the intercombination line.

Shifting the spectrum toward shorter wavelengths exposes the 
hydrogen-like continuum at the expense of the He„ lines.

Figure 1-34 shows three stripline spectra, each corresponding 
to a 150 ps exposure beginning, respectively, at 850, 1200, and 
1600 ps for a FCXS film record for a typical shot. Scattering, 
associated with the cladding of the fiber-optic coupling to the 
film, produced discernible “halos” for the strong lines; these 
halos must be removed in processing the data for this diagnostic 
instrument. A later series of experiments will correct this short­
coming by replacing the fiber-optic with another having less ob­
servable scattering.

Our simultaneous time- and space-resolved spectra show the 
relative abundance of hydrogen-like and helium-like lines chang­
ing dramatically as a function of both space and time. We also 
see that the 3P (2p —Is) intercombination line has a definite spa­
tial dependence. Further, lithium-like dielectronic satellite lines
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Fig. 1-34. These typical spatially resolved magnesium spectra of the entire 
plasma column were recorded by the framing crystal x-ray spectrometer. The 
duration of exposure at any wavelength was —150 ps. Exposures were begun at 
(bottom to top) 850, 1200, and 1600 ps, respectively, for the three spectra.

appear only near the critical surface. We do not see satellites in 
the plume (beyond 100 /rm) even though our measurements indi­
cate a temperature (100 to 200 eV) at which they should appear.

Electron density profiles for both NaN03 and magnesium dot 
targets have been determined from interferometry. The density 
for the NaN03 target at 100 //m from the critical surface is 5 to 
10 x 1020/cm3, decreasing exponentially to 2 x lO'Vcm3 at dis­
tances of 500 to 900 /xm farther out in the plume. Magnesium 
dot targets, irradiated similarly, yield almost identical results. 
Densities determined from the ratio of He^/3? (2p—Is) spectral 
lines using SPECTRA,59 as seen in Fig. 1-35, are approximately 
a half-decade lower than the interferometry measurements.

Electron temperature profiles for NaNQ3 slab targets were 
obtained using the slope of the hydrogen-like free/bound con­
tinuum. As shown in Fig. 1-36, the electron temperature for 
times after the laser is off is 300 eV near the critical surface,
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Fig. 1-35. Axial electron density profiles for shot 8087-3 as measured by holo­
graphic interferometry and the framing crystal x-ray spectrometer (FCXS) are 
compared. The target was a 100 ^m diameter magnesium dot on a (CFl)n sub­
strate that was irradiated at an intensity of 6.8 x 101'1 W/cm2.

decreasing to 100 to 290 eY at distances of 200 to 500 /*m out in 
the plume. In comparison, the line-ratio measurements, using 
He^/Ly^ and He7/Ly7 ratios of magnesium, follow the general 
profile shape of the free/bound continuum measurements but 
yield temperatures, via SPECTRA, 200 to 300 eV higher at com­
parable distances from the critical surface.

The discrepancies between the code-dependent line-ratio mea­
surements and independent determinations of both density and 
temperature may be due to the transient nature of the laser- 
produced plasmas used in the present experiments; the steady- 
state atomic physics are not strictly applicable for these plasmas. 
It is also possible that quasi-equilibria do indeed exist in our 
laser-produced plasmas but that the atomic physics code we are 
using is not adequately configured.

In a later series of experiments, the density and temperature 
measurements obtained via K-shell spectroscopy will be repeated
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Fig. 1-36. The electron temperature profile as measured by the spectral line ra­
tio method (using He^/Ly^ and HeY/Ly7 ratios of magnesium) is compared 
with the slope of the hydrogen-like fb-continuum of sodium. Data are from 
the framing crystal x-ray spectrometer at 1850 to 2100 ps; the intensity was 6.8 
to 7.1 x 1013 W/cm2.

as a means of characterizing L-shell lines of yttrium, for exam­
ple, or other elements with L-shell lines in the 4 to 9 A wave­
length range. In addition, attempts will be made to obtain 
temperatures and densities of exploding foil plasmas using the 
K-shell techniques learned in the present series.

For additional information, please contact Dr. G. Charatis
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SECTION 1.7

The Automation of X-Ray Calibration: XCALIBR II

KMS Fusion (KMSF) now has a fully automatic x-ray diag­
nostic calibration facility, XCALIBR II. This facility covers the 
energy range of 0.184 to 9.75 keV and adds significantly to the 
abilities provided by XCALIBR I, our earlier manually operated 
calibration system.

While both systems can measure film sensitivity, crystal inte­
grated reflectivities, and detector sensitivities, XCALIBR II al­
lows the calibration of crystal rocking curves and microchannel 
plate angular quantum efficiencies, which could not be per­
formed on XCALIBR 1. Further, its automation relieves the 
need for continuous operator observation and enhances the effi­
ciency of our facility.

All operations of XCALIBR II are monitored and controlled 
by an IBM® PC-XT (see Fig. 1-37). The test instruments are 
placed in a 50 cm diameter vacuum chamber. A separate cham­
ber, which has two 6 in. ports at right angles in the same plane, 
contains a point x-ray source. One of the ports connects it to the 
test chamber (the other links it to diagnostic instruments). The 
x-ray source vacuum and the chamber vacuum are controlled in­
dependently. The system also includes an EG&G Ortec Multi­
plexer and MCA emulation software. Pumping is performed 
with sorption pumps, a cryo pump, and an ion pump, ensuring

Fig. 1-37. XCALIBR 11 is a fully automated x-ray calibration facility that 
covers the energy range from 0.184 to 9.75 keV. All XCALIBR II operations 
are monitored and controlled by an IBM® PC-XT. The facility includes a vac­
uum chamber for test instruments, a point x-ray source, and a variety of 
pumps.
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a clean, oil-free environment. Optical interfaces connect the PC 
and the electromechanical system to prevent spurious commands 
caused by electromagnetic interference.

Software controls are written in Assembler and Basic and con­
sist of a “monitor” and a “control” program. The monitor pro­
gram has eight checking routines, which continuously operate in 
the background, noting nearly 20 separate system conditions. 
These include such items as gate valve positions, water flow, 
chamber pressure, and cryo pump temperature. Based upon 
these conditions, the program will prevent an operator from 
damaging equipment in an attempt to open valves at the wrong 
time or to turn on source high voltage at too high a pressure.
The control program operates in the foreground and permits the 
toggling of 10 separate controls on XCALIBR II. Thus, a pump- 
down procedure can be initiated automatically, gate valves can 
be opened, the x-ray source filament and high voltage can be 
turned on, and the entire system shut down —all from the PC 
terminal. These controls have been conveniently identified with 
the 10 function keys on the keyboard.

The display shown in Fig. 1-38 represents the system condition 
in real time and reflects the working of the monitor program. 
The function keys may be used whenever this diagram is being

INSTRUMENT 
CHAMBER PRESSURE 

6.IE-06 torr

L

I

—POWER

PNEUMATIC 
SYSTEM PRESSURE 

73.5 psi

I
CRYO-PUMP 

TEMPERATURE 
13.1 K

COMPRESSOR

AMBIENT
TEMPERATURE

22.7 °C

ROUGHING
PUMP In

-POWER—

=i SOURCE PRES 
9.6E-08 torr 
SOURCE TEMP 

N/A
ANODE UOLTAGE 

0.0 kU
EMISSION CURRENT 
2.44E-03 anps

*
DETECTOR

0 ORTEC 1 
FI RP-PWR

ERR ACK 2 
F2 CP-PWR

MASK 3 XCL 
F3 ICPG F4

4 LOAD 
ISG F5

5 AUTO 
IRG F6 IBTA F7 SDG F8

8 HELP 
SFL F9 SHUS

10/06/87
15:57:25

9 QUIT 
F10 CBTA

Fig. 1-38. This display represents the system condition in real time and reflects the working of the monitor program. The 
second-to-last line on the screen lists the mnemonics that represent various control options.
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displayed. However, if pressing a function key will directly re­
sult in creating a dangerous system condition, then a message 
telling the operator that the request has been denied will be dis­
played across the screen, along with the reason for the denial. 
The second-to-last line on the display screen lists the mnemonics 
that represent various control options. These options perform 
such functions as initiating the Ortec MCA program, cheating 
interlocks in the control program, disabling checking routines in 
the monitor program, and defining automatic control sequences 
to perform specific tasks.

The x-ray source in XCALIBR II is a 100 W thermoelectri- 
cally cooled, rotatable anode soft x-ray tube of KMSF design 
(patent #46 851 198 487). Two 75 W coolers rapidly conduct the 
heat away from the electrostatically focused electron beam on 
the surface of the cylindrical anode. As shown in Fig. 1-39, the 
heat is ultimately conducted away by a water manifold, but the 
thermoelectric coolers permit anode rotation without any rotat­
ing water-vacuum seals. Different anode materials can be placed 
upon the anode to enable the production of many different 
x-ray energies without breaking vacuum.
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Rotatable Anode

Hot
Filament

Thermoelectric
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Manifold

Mounting
Flange with Water and 
Power Feedthroughs

Fig. 1-39. The x-ray source in XCALIBR II is a 100 W thermoelectrically cooled, rotatable anode soft x-ray tube of KMSF de­
sign. Two 75 W coolers rapidly conduct the heat away from the electrostatically focused electron beam on the surface of the 
cylindrical anode. The heat is ultimately conducted away by a water manifold, but the thermoelectric coolers permit anode ro­
tation without any water-vacuum seals.

For additional information, please contact Dr. P. D. Rockett
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SECTION 1.8

Crystal Rc Calibrations with an Uncollimated, 
Point X-Ray Source

The practical application of Bragg crystals in x-ray spectros­
copy frequently involves the deduction of incident energy in spe­
cific x-ray lines. This has been particularly characteristic of 
recent x-ray laser studies,60-63 but the need for such absolute 
measurements reaches into many other scientific fields.10,64 The 
original “rocking curve” technique for measuring reflectivity 
from a Bragg crystal is not suitable for x-ray spectroscopy mea­
surements because x-ray sources frequently have an angular ex­
tent that is greater than the crystal rocking curve. Thus, the use 
of crystal integrated reflectivity Rc to infer incident flux becomes 
mandatory.

The common technique for measuring Bragg crystal Rc requires 
a well-collimated input beam and a collimated detector65-67 to 
measure a detailed rocking curve, and then integrating under 
that curve. Such measurements require an expensive apparatus 
and accuracies of seconds of arc. We have developed a method 
to measure Rc readily with an uncollimated, filtered, point x-ray 
source. Using this technique, integrated reflectivities can be per­
formed with arc minutes of resolution. In fact, only 10 to 20 arc 
minutes of resolution is required to characterize the single crys­
tal Rc fully.

Theoretical Analysis of Flat Crystal Reflection

The concept of “integrated reflectivity” derives explicitly from 
the Prins function P(9), a measure of the crystal rocking 
curve.66 As a result, many researchers use the techniques of 
rocking curve measurements to determine Rc. Ideally, rocking 
widths are measured with a monochromatic, perfectly collimated 
x-ray beam incident on a crystal. The crystal is rotated (or 
rocked) through angles near the Bragg angle 60, producing a 
diffracted beam that varies as P(6). Since rocking widths can be 
in the 10 to 60 arc second range, much care goes into building 
highly accurate 6-26 tables and expensive grid collimators. Sim­
pler systems attempt to measure only Rc, but still retain collima- 
tion at the arc minute level using Soller slits. With a finely 
adjusted rotation, one obtains a curve that convolves P(6) with 
the collimation function. Upon integration, this curve should 
yield Rc since area will be conserved.

Simply expressed, the integrated reflectivity can be written as

(49)
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where the full width at half maximum (FWHM) of P{0) is the 
crystal diffraction width or the rocking curve. The limits are pe­
dantic since the integrand rapidly tends to zero away from the 
Bragg angle. With finite divergence of the incident beam, Eq. (49) 
becomes

where G(0) represents the collimation function. G(<j!>) can fre­
quently be described as a Gaussian function, while P(0) behaves 
as a Lorentzian distribution.63 Their convolution yields a profile 
characterized by a Voigt function. In cases where 0 is much 
greater than the rocking width, the Gaussian collimation func­
tion will dominate.

In some applications (laser plasmas, synchrotron radiation) 
the x-ray source is virtually a point source. Its reflection from a 
crystal is described in Fig. 1-40 as the diffraction of a wide beam 
of width W and angular divergence d(j) at the surface of the 
crystal. The source of intensity /0 (photons/sec-srad) sits a mean 
distance p from the crystal, and the detection plane follows at a 
distance q. Length along the plane of dispersion is measured in 
differential units as ds.

Since most applications of Rc occur in this geometry, we may 
use the same geometry for calibration of Rc. The differential 
number of photons dN m a differential element wavelength d\ 
intercepted and diffracted by the crystal of Fig. 1-40 is

Fig. 1-40. In some applications the x-ray source is virtually a point source. Its 
reflection from a flat crystal is depicted here as the diffraction of a wide beam 
of width W and angular divergence at the surface of the crystal. The source 
of intensity /0 (photons/sec-srad) sits a mean distance p from the crystal, and 
the detection plane follows at a distance q. Length along the plane of disper­
sion is measured in differential units as ds.

(50)

dN - S{\,U)d\P(d,\)(pW dd/p2)

= S{\,V)d\P{e,\)Wdd/p , (51)

0
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where S(A,Q) is the number of photons/srad-dA and WdO/p is 
the diffracted solid angle. The left side of Eq. (51) can be writ­
ten as

I(s)dA = dN , (52)

where I(s) is the number of photons/cm2 striking the detector 
along the direction of dispersion. In Fig. 1-40, the exposed area 
in the detector plane is dA = ds W{p + q)/p, which, upon sub­
stitution in Eq. (51), yields

P(d,X)d6
LI(s)ds 

S(\,U)d\ ’
(53)

where L = p + q has been used.
If our photon counting detector has a width of s, then upon 

integration of Eq. (53), we have

r*!
L I I{s)ds

fP{6)d6 = R= —^-----------  , (54)
J Nl

S( \,Q)dX

where it is assumed that the Prins function varies only slightly 
over the wavelength range of interest. The limits of integration 
on the right side are, of course, intimately linked. In particular, 
the differentials are related through the Bragg relation, so that

LdX
Idcosd

(55)

Thus the choice of the range of 5 determines the choice of limits 
of X. In practice, this means that one must be careful to mea­
sure the source function S(A,fi) with as much energy resolution 
as possible.

Multiplying and dividing the numerator of Eq. (54) by the 
height of the detector, H, results in the final working equation,

(L/H) jI(s)dA
^ P(0,X)d6 = R{rd) = ---------------------- , (56)J S(A,fl)tfA

from which a measurement of integrated reflectivity can be 
made. The integral in the numerator represents the total number 
of photons diffracted from the crystal, while the integral in the 
denominator represents the incident photons/srad in the wave­
length band of interest. As noted in the preceding paragraph, a 
measurement of a given detected band after the crystal must be 
correlated with a measurement of the incident x-ray flux in the 
same band.
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Experimental Measurements of Crystal Reflectivity

Equation (56) fully describes the measurement of Rc. A high- 
resolution ultra-thin window Si(Li) detector can measure the 
incident flux per unit bandwidth per unit solid angle, and a pro­
portional counter can measure the reflected flux from the crystal 
at a given angle. The size of the proportional counter window 
determines the detected wavelength band, which then is used to 
establish regions of interest in the incident spectrum.

Our x-ray source consists of a directly excited tube followed 
by K- or L-edge filters. The tube is extremely low power, con­
suming at most 1 W, and was built by J. E. Manson, Inc. 
Anodes are formed primarily by pressing rods of the characteris­
tic material of interest into a copper support. Filters are either 
evaporated or self-supporting foils, designed to transmit roughly 
40% of the desired x-ray line.

Bremsstrahlung continuum is the primary source of error with 
this measurement technique. Even the Si(Li) detector cannot re­
move all the continuum from beneath the observed line used for 
calibration. Thus one must infer the proper continuum contribu­
tion from looking at the complete spectrum. Subtraction of the 
bremsstrahlung removes a source of error, which varies from 10 
to 70% depending on the x-ray tube’s accelerating voltage.
Evans and Leigh66 show that one can even use the crystal itself 
to find the strength of the background relative to the desired 
line. This depends simply on the fact that Rc does not vary 
strongly over small wavelength excursions.

Our calibration facility, named XCALIBR (see Section 1.7), 
consists of the Manson source, a Kevex ultra-thin window Si(Li) 
detector, a 6-26 table, a subatmospheric proportional counter, 
and a Nuclear Data 62 multi-channel analyzer. We have used 
anodes of boron, silicon carbide, nickel, cobalt, copper, magne­
sium, aluminum, silicon, scandium, titanium, and zinc. The 
resulting lines span the range from 0.184 to 9.57 keV, including 
oxygen K„ at 0.523 keV.

The reduction of absolute fluxes from the Si(Li) detector re­
quired a careful characterization of detector sensitivity and area. 
Side-by-side comparisons were made with the subatmospheric 
proportional counter at a variety of photon energies. The results 
are depicted in Fig. 1-41 along with a computed sensitivity curve 
fit to the experimental data.

Examples of measured flat crystal integrated reflectivities ap­
pear in Table 1-2.
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PHOTON ENEGY (keV)

Fig. 1-41. Our calibration facility incorporates a Kevex ultra-thin window 
Si(Li) detector to measure the incident flux per unit bandwidth per unit solid 
angle. The reduction of absolute fluxes from the Si(Li) detector required a 
careful characterization of detector sensitivity and area. Side-by-side compari­
sons were made with the subatmospheric proportional counter at a variety of 
photon energies. The results are shown here along with a computed sensitivity 
curve fit to the experimental data. The solid curve is a calculation that as­
sumed 100 nm parylene N, 100 nm aluminum, 0.02 nm gold, 300 nm SiO, and 
500 nm of silicon.

Table 1-2. Measured Flat Crystal Rc (rad)

Crystal at Wavelength (A)

13.3 8.33 7.13 2.75 2.51
Beryl 1010 #1 1.75 X 10“5 3.60 x 10“5 — — —
Beryl 1010 #2 1.96 x 10~5 3.50 x IQ-5 — — —
Beryl 1010 #3 2.20 x IQ-5 3.44 x 10“5 - — —
Beryl 1010 #4 2.13 x 10"5 3.60 x 10"5 — — —

LiF 200 #1 — — — 1.42 X 10“4 1.83 x 10“4
LiF 200 #2 — — — 1.56 X 10“4 1.30 x 10“4
Si 111 #1 — — — 5.70 x 10~5 —

Si 111 #2 — — — 5.90 x 10~5 —

PET 002 — — 1.90 x 10“6 — —

For additional information, please contact Dr. P. D. Rockett
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TARGET FABRICATION 
TECHNOLOGY
SECTION TWO Scientific Editor, Dr. R. L. Downs

Introduction
Progress in target technology is critical to the advancement of 

the national inertial confinement fusion (ICF) program. This 
progress is sought on many fronts, including cryogenics, target 
fabrication, coating deposition, and characterization. We made 
significant accomplishments in each of these areas in 1986. In 
parallel with this research and development work, we produced 
and delivered the equipment needed for cryogenic experiments 
on the Omega laser, as well as a variety of targets for specific 
ICF experiments on the Nova, Omega, and Chroma lasers.

An important contribution in the area of cryogenics was the 
further development of the mathematical model for /S-heating, 
which is discussed in Section 2.1. The focus of this year’s (3- 
heating modeling study was determination of the DT ice thick­
ness uniformity that can be attained within a cryogenic target 
under experimentally achievable environmental conditions. This 
value depends on the physical characteristics of the target, the 
method(s) of mounting the target within an enclosure, and the 
thermal coupling of the target to the enclosure. These param­
eters have consequently been incorporated into our model. Early 
modeling results are encouraging: It appears that a practical 
target-mounting material and design should have almost negligi­
ble effect on the DT ice uniformity.

Most of this year’s polymer shell development efforts were 
devoted to the production of the larger poly(vinyl alcohol)
(PVA) shells that will be needed for future low preheat implo­
sion experiments. Because we encountered difficulties producing 
target-quality PVA shells in the size range of interest, we con­
ducted a systematic analysis of PVA shell production and de­
veloped a physical model of PVA shell formation. The model 
simulates the evaporation of methanol and water from a hollow 
drop of dissolved PVA. In general, the simulated results from 
the model were consistent with experimental results.

As the need for polymer shells with more fuel increases, iden­
tification of means to increase shell strength becomes even more 
important. We have known for some time that heating'PVA A -v j- . . ^ ^
shells increases their strength; several different heat treatments ! /
were compared this year to identify the conditions that produce ^ ' ' 4
the greatest increase in compressive strength. Of the treatment. „ 7 "v. ^
conditions examined, heating between 170 and 180°C in air for ^
15 min was most effective. A modest radiation-induced decrease 
in compressive strength was found for PVA shells filled with DT.
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The ideal polymer shell would combine the best attributes of 
both PVA and polystyrene (PS). Consequently, work on hybrid 
shells is also underway. Using hybrid shells produced at Law­
rence Livermore National Laboratory, we have found that the 
fuel retention of PVA-coated PS shells approaches that pre­
dicted for pure PVA shells of comparable dimensions. The 
temperature-dependent permeabililty of PVA to neon, a poten­
tial diagnostic gas, was also determined. Our work with polymer 
shells is the subject of Section 2.2.

Glass shells, which are discussed in Section 2.3, continue to be 
important to the ICF program. Currently, most of our glass 
shell fabrication efforts are focused on the production of hollow 
macrospheres that range from 2 to 10 mm in diameter. It is 
these larger shells that will be required for commercial energy 
production. However, we are also continuing to expand our 
basic knowledge of glass shell characteristics. This year, we eval­
uated the factors that affect the tensile strength of large (450 to 
750 /im in diameter) glass shells. The extensive measurements 
taken in this study were used to produce a predictive model that 
can be used to set limits on the aspect ratio of shells that can be 
filled to any given fuel pressure.

The national program requires fuel shells with CH coatings 
that have ultrasmooth surface finishes; consequently, we con­
centrated on improving our understanding of glow discharge 
polymerization (GDP) and completing construction of a new 
parylene coating system that incorporates a plasma-assist capa­
bility.

We have encountered three areas of persistent difficulty in the 
application of GDP-CH coatings to glass shells: (1) reproducibil­
ity of the coating rate, (2) achievement of target-quality surface 
finish, and (3) adhesion of the coating to the target. Replace­
ment of faulty equipment seems to have solved the reproducibil­
ity problem. While we have not yet eliminated surface roughness, 
we have identified several possible causes and are exploring so­
lutions. While efforts to improve adhesion are continuing, re­
sults to date have been very satisfactory. This work has also led 
to a promising study of stress in films.

The coatings produced by GDP are hard, strong, and tough. 
For applications requiring a soft, elastic coating, parylene is 
used. In 1986, we constructed a new parylene coating system 
that is more efficient, easier to operate, and capable of coating 
larger substrates than our old system. We subsequently deter­
mined the operating conditions required for the production of 
smooth, pinhole-free films. This new system also incorporates a 
plasma-assist capability. This work is reported in Section 2.4.

The ability to characterize shells, coatings, and fuel layers ac­
curately is vitally important. During 1986 we extended the capa­
bilities of our three-dimensional ray-trace computer code for the 
analysis and prediction of classical interferometric fringe pat­
terns for shells. As reported in Section 2.5, we can now simulate 
both single- and double-pass interferograms with this code. The 
code handles transparent hollow spherical fuel containers, either 
empty or filled with gaseous DT. The ability to model filled
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shells is important, since interferometric images can change dra­
matically when fuel is present in a shell. The code can also gen­
erate fringe patterns corresponding to single-pass interferograms 
of shells containing condensed DT layers that are contiguous 
with the inner surface of the shell.

To determine the sphericity of cavities produced in glass sam­
ples, the first step in making the hollow macrospheres described 
in Section 2.3, we developed a white-light photographic tech­
nique and image-analysis procedure.

Evaluation of the cryogenic fuel layer (liquid or solid) in large 
or thick-walled targets will require a diagnostic technique that is 
less sensitive to the effects of the fuel container than is classical 
interferometry. Holographic interferometry is both more accu­
rate and more sensitive than classical interferometry. Develop­
ment work is underway at KMS Fusion (KMSF) to produce a 
holographic interferometry system for fuel layer character­
ization.

In 1984 KMSF agreed to assist the University of Rochester 
Laboratory for Laser Energetics (LLE) in preparing for a series 
of cryogenic target implosion experiments on their Omega laser 
by building a simulation chamber, cryogenic equipment, and an­
cillary hardware. This apparatus is described in Section 2.6. This 
year we finished the project, delivering the system in September. 
Acceptance tests conducted both at KMSF and at LLE verified 
that the system functioned as intended.

During 1986 we delivered ICF targets and target components 
to Lawrence Livermore National Laboratory (LLNL), to Los 
Alamos National Laboratory (LANL), and to LLE. While most 
requests were for spherical glass shells filled with D2 or DT at 
pressures of 5 to 100 atm, other materials, geometries, and fill 
gases were also requested.

We also supplied a variety of targets for KMSF experiments. 
These included D2-filled PVA shells and aluminum disks (for 
x-ray backlighting) for the Low Preheat Implosion Campaign, 
“spot” and “slab” targets of materials such as magnesium, sili­
con, aluminum, CaF, etc., for the x-ray spectroscopy series, and 
targets for five different classified experiments. The targets for 
each of these programs required us to develop new procedures 
and designs. This resulted in the overall extension of our target- 
support capabilities, and is detailed in Section 2.7.
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SECTION 2.1

Inclusion of a Realistic Target Environment 
in the /8-Heating Model

The formation of uniform solid or liquid layers of DT in iner­
tial confinement fusion (ICF) targets is very important to suc­
cessful cryogenic experiments. For targets with diameters up to a 
millimeter and fuel layers of a few micrometers, the fast-refreeze 
method1 produces excellent results. For shells with multimil­
limeter diameters, however, this technique is not successful. Al­
ternative methods must be developed.2

Modeling studies performed in 1985 encouraged us to pursue 
the application of /3-heating (from tritium decay) to this prob­
lem. We investigated the effectiveness with which /3-heating 
could drive the DT ice layer in a cryogenic target toward uni­
form thickness. This target was postulated to be suspended 
within an isothermal enclosure, and coupled thermally to this 
enclosure only by helium gas as a coolant. Under conditions that 
were clearly idealized, we determined that DT ice nonuniformity 
would decrease by approximately a factor of 10 every hour.2 
This result encouraged us to pursue this concept.

We continued to develop our /3-heating model during 1986. 
Two questions required further clarification and definition:
(1) What is the practical expectation for DT ice thickness unifor­
mity under experimentally achievable environmental conditions 
within a cryogenic target? (2) What is the rate at which the DT 
ice can be redistributed to achieve this degree of uniformity?
The answers to these questions depend upon the details of the 
target, the method(s) of mounting the target within an enclo­
sure, and the thermal coupling of the target to the enclosure.
Our 1986 studies were devoted to answering the first of these 
questions.

The equilibrium DT ice distribution is considered to have been 
attained when the temperature of the DT solid/vapor interface 
is the same at all points on the interface (i.e., when the interface 
is isothermal). In the nonideal world where the target must be 
physically supported, the DT solid/vapor interface will become 
isothermal, but the ice thickness will not necessarily be uniform. 
However, the degree of nonuniformity may be sufficiently small 
that the target can still be used for ICF experiments.

Target Mount

Several possible methods of mounting the targets within the 
cryogenic enclosure have been considered. These include a stalk 
support and a tent design that uses a membrane to encapsulate 
the target. The latter concept was selected as the more realistic
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approach. Figure 2-1 shows a generic tented target. The thick­
ness of the tent material, the perforation fraction of the mem­
brane (the membrane is perforated to remove excess material), 
and the degree of tenting (i.e., the fraction of the target surface 
that is not in contact with the membrane) are design parameters. 
The tent membrane extends radially many diameters from the 
target at the equator, forming a plane of symmetry for the heat- 
transfer computations.

The Heat Transfer Problem

The transfer of the /3-energy from the target to the isothermal 
enclosure is treated as conductive both for the membrane and 
for the gaseous helium. Because the thermal conductivity of the 
membrane is different (higher) than that of helium, the equilib­
rium DT ice distribution that gives an isothermal DT solid/ 
vapor interface will be nonuniform. We have developed an algo­
rithm to determine the equilibrium DT ice layer distribution.

For the initial set of computations, specific target and tent de­
signs were selected, with membrane thickness as a parameter. 
(Because it can be a major influence on the distribution of the 
DT ice layer, the membrane was the initial focus of our study.) 
Figure 2-2 shows the details of the target at the beginning of the 
computation and the parameters that are involved in the heat- 
transfer computations. For the most general cases, a three- 
dimensional heat transfer code is needed. However, because of 
the symmetry of target design, the method of target mounting, 
and the isothermal enclosure, a two-dimensional axisymmetric 
heat transfer code is appropriate for this case. The two geomet­
ric coordinates are radius r and angle </>.

Fuel Container

Frozen Fuel

Membrane

Fig. 2-1. Several different methods were evaluated for mounting the targets 
within the cryogenic enclosure. We ultimately decided to encapsulate the target 
within a thin membrane “tent.” The tenting results in incomplete contact be­
tween the membrane and the fuel container (zero tenting means that the mem­
brane is in complete contact with the external target surface).
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Helium 
Region 1 Helium 

Region 2

Glass 
DT Ice

Membrane
(Formvar®)

Fig. 2-2. A section of the membrane-supported target used in the heat-transfer 
computations discussed in the text is shown at the beginning of the computa­
tion. The inner radius of the target R, is 0.48 cm. The outer radius of the tar­
get is represented by /?„, the membrane thickness by tm, and the membrane 
radius by Rm; r and <t> are defined in the text. The figure is out of proportion 
to enhance the details in the model.

Again referring to Fig. 2-2, the membrane extends away from 
the target at the equator. Any variation of the DT ice thickness 
can be expressed as a function of the angle 0, where 0 varies 
from 0 at the pole (which is the axis of symmetry) to 7t/2 at the 
equator (which is the plane of symmetry).

Because of the computational demands, we chose to deter­
mine the value of a membrane radius Rm for which there is ac­
ceptable accuracy of results at a reasonable calculational effort. 
The value of Rm is such that increasing it further has little effect 
on the temperature at the base of the membrane at R0. Within 
the limit of Rm, the heat transfer is two-dimensional. Beyond 
Rm, the heat transfer is treated as radial only, with the conduc­
tion limit of the Nusselt analogy applied at Rm.

Compufafions
As a brief review, the conduction limit is the dimensionless 

Nusselt number, Nu, equal to 2, where

hD
Nu = 2= — , 

k
D = 2 Rm
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is the diameter of a sphere, h is the overall heat-transfer coeffi­
cient, k is the thermal conductivity of the medium (helium or 
the membrane), and all terms are in consistent units.

For the numerical computations, an initial DT ice distribution 
is set. The DT solid/vapor interface is defined by several radial 
nodes equally spaced between the pole and the equator. The 
ice/container interface is defined by Rx. The refrigerant, helium, 
is divided radially into two regions. Helium in region 1 is in con­
tact with the outer surface of the fuel container at /? = /?0 and 
with the fin-like surface of the membrane. The outer radius of 
region 1 is equal to the outer radius of the membrane Rm. Re­
gion 2 comprises the rest of the helium refrigerant and is an in­
finite heat sink. The DT ice has internal power generation by 
(3-heating. Heat transfer within the ice, glass, and membrane oc­
curs by conduction. Heat transfer across the DT solid/vapor 
boundary is prohibited. (The objective of this first computation 
is to determine the DT ice distribution that results in an isother­
mal solid/vapor interface within the cryogenic target; for an 
isothermal DT solid/vapor interface, there is no net sublimation 
anywhere in the target.)

At the outer edge of region 1, the overall heat transfer gra­
dient is related to the Nusselt number. For that portion of the 
surface area corresponding to helium, the thermal conductivity 
of helium is used in the Nusselt number; for that portion of the 
surface area corresponding to the membrane, the thermal con­
ductivity of the membrane is used in the Nusselt number. The 
model incorporates temperature-dependent properties. In the 
Nusselt number, then, the thermal conductivity is an average of 
that at the outer boundary of region 1 and that of the bulk ma­
terial.

The Computer Code for Solving the Problem

To solve this heat equation, we have acquired a two-dimen­
sional finite-element code called PLTMG. It uses an optimal 
speed multigrid method3 to solve a class of nonlinear two- 
dimensional equations that includes our heat equation model. 
The code contains an automatic triangulation subroutine 
that divides the region of interest into triangular elements. It 
then solves the equation using a finite-element method that ap­
proximates the temperature distribution by piece-wise linear 
functions on the triangles.

To increase accuracy without increasing computer time any 
more than necessary, the code automatically refines the triangu­
lation in areas where the solution changes abruptly. The code 
has several refinement levels; higher levels increase both com­
putational requirements and the accuracy of the results.

Solving the Problem

As stated above, Fig. 2-2 shows the target at the beginning of 
the computation. The target was coated on the inner surface
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12.33

MEMBRANE OUTER RADIUS (cm)

Fig. 2-3. For the heat-transfer computa­
tions, a value was needed for membrane 
radius Rm that would yield accurate re­
sults without requiring excessive computer 
time. A fairly thick (fm = 50 pm) mem­
brane was chosen in this initial calculation 
so that it would have a discernible effect 
on temperature and DT ice distribution. 
The value of Rm was varied from 0.6 to 
1.0 cm. The resulting temperatures at the 
base of the fin are shown here. From 
these results, a value of 1.0 cm for Rm 
was selected. (Target dimensions are as in 
Fig. 2-2, and the Nusselt number is 2.0.)

with an initially uniform layer of DT ice, and the helium sink 
temperature was 10K.

Our first objective was to find a value for the outer radius Rm 
that would satisfy our accuracy requirements and, at the same 
time, not be so large that we would use excessive computer time. 
Our second goal was to investigate the effect of varying the 
thickness of the membrane tm.

We chose a fairly thick membrane (fm = 50 /xm) for the mem­
brane outer radius study; 50 /xm was selected as a worst-case 
value, which would have a discernible effect on temperature 
and DT ice distribution. We varied the outer radius from 0.6 
to 1.0 cm. The resulting temperatures at the base of the fin are 
shown in Fig. 2-3. From the results, we selected a radius of 
1.0 cm for Rm for this portion of our studies.

Using an Rm value of 1.0 cm, we then varied the thickness of 
the membrane from 1.8 to 50 /xm. The resulting temperature 
profiles along the solid/vapor interface of the uniform ice layer 
are shown in Fig. 2-4. The temperature profile is not affected by 
the presence of the 1.8 /xm thick membrane. The 5 /xm thick 
membrane, however, does have a slight effect on the tempera­
ture profile. As the thickness of the membrane is increased, the 
overall temperature of the target decreases and the temperature 
profile along the solid/vapor interface becomes more and more 
nonuniform. The most significant point is that, for an actual 
tent membrane of 1.8 /xm, a minimal effect on DT ice distribu­
tion occurs for our standard target.

However, anticipating that some target-diameter/membrane- 
thickness scenarios may be less favorable, we developed a proce­
dure to determine the DT ice distribution that corresponds to a 
solid/vapor interface isotherm. For this procedure, an initially 
uniform DT ice thickness is assumed, and the temperature distri­
bution at the solid/vapor interface is determined. A logic has 
been developed to modify this ice distribution iteratively, based 
upon deviations of the actual temperature profile from average 
temperature (sine weighted).

For this analysis, we chose the target described above but with 
the 50 /xm thick membrane because of the significant departure 
from a uniform temperature profile along the solid/vapor 
boundary. This was done to give us confidence in both the code 
and procedure; that is, that the process will converge to an ice- 
layer shape that results in a uniform temperature (within some 
small error) along the solid/vapor interface. The results of the 
analyses to date are shown in Figs. 2-5 and 2-6. Although we are 
close to converging to a uniform temperature profile, we have 
not yet done so: The bulge in Fig. 2-6 corresponds to a nonuni­
formity of the ice layer, (fFmax — Wmin)/lVavg, of about 18%.

We are encouraged by the modeling results obtained thus far. 
For the first target-mounting system evaluated, which is the 
worst case for a membrane support (Fig. 2-2), it appears that 
the mounting system can be made to have almost negligible ef­
fect on the DT ice uniformity (Fig. 2-4). A 1.8 /xm thick mem­
brane of Formvar® should be usable for large-diameter targets.
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For the target in this model, the calculated temperature nonuni­
formity induced by this thickness is not perceptible within 1 mK.

We plan to continue these modeling studies and will investi­
gate the effects of a target material other than glass. Low atomic 
number materials under consideration include polystyrene and 
beryllium. Beryllium is the lowest atomic number metal that is 
usable for this purpose; it has a much higher thermal conduc­
tivity than glass and should allow a more uniform ice layer to be 
achieved, independent of the mounting method. It will also af­
fect the rate of DT ice redistribution.

During 1987 we will investigate the effect of the thermal con­
ductivity of the shell material on the rate of DT ice redistribu­
tion in the shell.

Fig. 2-4. Using the value of 1.0 cm for 
membrane radius Rm we varied the thick­
ness of the membrane tm from 1.8 to 
50 /tm. The resulting temperature profiles 
along the solid/vapor interface of the uni­
form layer are shown. As the thickness of 
the membrane is increased, the overall 
temperature of the target decreases and 
the temperature profile along the solid/ 
vapor interface becomes more and more 
nonuniform. (Target dimensions and Nus­
selt number are as in Fig. 2-3.)
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b) Temperature profile for nonuniform ice layer 

(nonuniformity = 18°/o)

Fig. 2-5. A procedure was developed to determine the DT ice distribution that corresponds to an isothermal solid/vapor (S/V) 
interface. An initially uniform DT ice thickness is assumed (a), and the temperature distribution at the solid/vapor interface is 
determined. The ice distribution is then modified iteratively, based upon deviations of the actual temperature profile from aver­
age temperature (sine weighted), yielding the intermediate temperature profile for a nonuniform layer (b). Target dimensions 
and Nusselt number are as in Fig. 2-3, and tm = 50 /tm.
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Glass

DT Ice

Membrane

50 /^m

Fig. 2-6. The ice layer shapes shown here (broken and doited lines) correspond 
to the DT solid/vapor interface temperature distributions shown in Fig. 2-5. 
The initial conditions (Fig. 2-5a) are represented by the broken line; intermedi­
ate conditions (Fig. 2-5b) are represented by the dotted line. The figure is out 
of proportion so that the distortion of the DT solid/vapor boundary (corre­
sponding to an ice layer nonuniformity of about 18%) caused by the presence 
of the membrane support is more apparent.

For additional information, please contact Mr. A. J. Martin

1986 KMSF Annual Technical Report 99



TARGET FABRICATION TECHNOLOGY

SECTION 2.2

Fabrication and Analysis of Polymer Shells

Poly(vinyl alcohol) (PVA) and polystyrene (PS) are the lead­
ing candidates for use as low atomic number (low-Z) inertial 
confinement fusion (ICF) targets. If the choice were made on 
the basis of plasma physics and fusion diagnostic considerations, 
PS would be the preferred material because carbon (Z = 6) is its 
highest-Z element, whereas oxygen (Z = 8) is the highest-Z ele­
ment in PVA. Although the atomic numbers of these two mate­
rials differ by only two, the effect on radiative processes is 
large, since, for free/bound interactions, the emission rate is 
proportional to the fourth power of the atomic number.

Certain engineering or material-property considerations also 
figure importantly in the choice of polymer, however. These in­
clude how easily the polymer can be formed into shells, how 
readily a desired size or wall thickness can be achieved, how well 
the shells retain hydrogen, and how resistant they are to damage 
from /3-particles produced by radioactive decay of the tritium in 
the fuel. Poly(vinyl alcohol) is preferred on all but the last of 
these grounds.

Exposure to tritium degrades the permeation barrier proper­
ties of PVA but not PS.4 However, even irradiated PVA is a bet­
ter permeation barrier than is PS. Further, the conditions under 
which PVA shells are exposed to tritium can be made suffi­
ciently mild that fuel gas retention by PVA is acceptable (i.e., 
retention times should be long enough to conduct a fusion ex­
periment).

On balance, then, engineering considerations favor the use of 
PVA shells.5 Poly(vinyl alcohol) shells were consequently chosen 
for our 1986 Low Preheat Implosion Campaign. (This campaign 
is discussed in Section 1.1 of this report; most of the develop­
ment work on these shells was done last year and is discussed in 
the 1985 Annual Technical Report.5) In accordance with size 
specifications determined by code simulations, the shells sup­
plied for these experiments ranged in diameter from ~ 110 to 
~140 /xm; their walls ranged from 3.0 to 6.5 /xm thick. The wall 
nonuniformity of shells delivered for this campaign was gener­
ally less than 20%, with a small fraction of the shells less than 
10% nonuniform.

Most of this year’s development efforts were devoted to the 
production of larger PVA shells, which will be needed for future 
low-preheat implosion experiments. Because of difficulties pro­
ducing target-quality PVA shells in the size range of interest, we 
conducted a systematic analysis of PVA shell production and de­
veloped a physical model of PVA shell formation. The model, 
which simulates the evaporation of methanol and water from a 
hollow drop of dissolved PVA, will provide insight into the tem­
perature profiles that are required for the production of PVA
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shells. In general, the simulated results from the model were 
consistent with experimental results.

As shell diameters become larger, identification of means to 
increase shell strength becomes even more important. We have 
known for some time that heating PVA shells increases their 
strength; several different heat treatments were compared this 
year to identify the conditions that produce the greatest increase 
in compressive strength. Of the treatment conditions examined, 
heating between 170 and 180°C in air for 15 min was most ef­
fective. Shells exposed to radiation suffered an ISVo decrease in 
compressive strength.

The ideal polymer shell would combine the best attributes of 
both PVA and PS. Consequently, work on hybrid shells is also 
underway. This year we conducted investigations of the fuel per­
meation behavior of PVA/PS composite films and PVA-coated 
PS shells fabricated at Lawrence Livermore National Laboratory 
(LLNL). We found that the fuel retention of the shells ap­
proached that predicted for pure PVA shells of comparable 
dimensions.

An Analysis of the Production of PVA Shells

Most of our efforts were focused on the production of PVA 
shells with dimensions of 400 x 5 /xm (diameter x wall thick­
ness). Such shells will be required for future low preheat implo­
sion experiments at the University of Rochester’s Laboratory for 
Laser Energetics (LLE). Initial attempts to produce target- 
quality shells (i.e., shells with walls less than 10% nonuniform) 
were unsuccessful; consequently, we undertook a systematic 
analysis of the operation of our shell-production process. This 
system is based on a hollow droplet generator and droplet­
drying column.

Hollow Droplet Generator. The hollow-droplet generator 
(HDG) incorporates a concentric-orifice nozzle that allows us to 
produce hollow drops of a specified size. It has been reported 
that the primary operating parameters for an HDG are the gas 
pressure and flow rate used to generate the bubble in the drop­
let, the liquid pressure and flow rate, and the vibrational ampli­
tude and frequency of the acoustical excitations that are used to 
break up the liquid jet.6 Our experiments confirmed this. 
Although there were simple relationships between most of the 
parameters and the hollow drop that was produced, the effect of 
the acoustical excitation (provided by a ceramic piezoelectric 
plate for our work) was very complicated.

Three control regimes were identified in experiments where 
the vibrational amplitude (piezoelectric voltage) and frequency 
(function generator) were independently varied. At low applied 
voltages (less than 10 V), the drop-formation frequency did not 
follow the frequency produced by the function generator. There 
appeared to be a natural frequency that governed the formation 
of hollow drops. This phenomenon is analogous to the capillary 
jet instability that was first mathematically described by Ray­
leigh.7 The natural drop-formation frequency was controlled
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only by the positions and sizes of the inner and outer orifices 
(for a given set of gas and solution parameters).

When the applied voltage exceeded ~40 V, the drop forma­
tion was synchronous with the frequency produced by the func­
tion generator. We were apparently able to override the natural 
frequency and (within limits) produce any drop-formation fre­
quency we desired. There was an intermediate range (—10 to 
40 V) in which the controlling parameters were not as obvious. 
There does not appear to be a relationship between applied volt­
age and wall uniformity.

The size of the outer orifice was found to be an important pa­
rameter. Using a variety of outer orifices (125, 275, and 320 ^m), 
we observed that collapsed shells or “pancakes” resulted when 
the size of the bubble that was produced exceeded the outer ori­
fice diameter. Evidently, the shear stress present in squeezing a 
large bubble out of a small outer orifice caused some drops 
eventually to burst. Current practice is to limit the bubble to 
— 1.2 times the diameter of the outer orifice. Nevertheless, we 
were unable to improve shell quality significantly by varying the 
operating conditions of the HDG.

Droplet-Drying Column. Primary process parameters for the 
drying column (a 15 cm o.d. tube with ten 61-cm heating zones) 
were the temperature profile and gas flow rate. For our experi­
mental conditions, the temperature profile of the drying column 
had a slight effect on the uniformity of the shells. Temperature 
profiles that peaked in the second or third zone and then gradu­
ally decreased appeared to produce the best shells. However, 
these shells did not satisfy the uniformity criteria for target- 
quality shells.

Gas-flow patterns were established by either a spiral inlet ring 
near the entrance of the column (laminar plug flow) or a gas jet 
tumbler that could be positioned along the axis of the column 
(turbulent mixing flow). Although these produced significantly 
different gas dynamic environments, there were no significant 
improvements in shell wall uniformity using either device.

Effect of Varying Precursor Solution. We observed a signifi­
cant difference in the nature of the PVA shells when we varied 
the properties of the PVA shell precursor solutions. For histori­
cal reasons, ordinary tap water has been used to make PVA so­
lutions. We repeated some experiments using distilled water 
instead of tap water as the solvent. Large droplets (>300 /xm
o.d.) of the solution made from distilled water were much more 
difficult to dry than those made from tap water. Smaller shells 
made from solutions containing distilled water were, on average, 
more uniform in wall thickness. These differences were due 
either to rheological or chemical effects. Since solution viscosi­
ties were almost identical, we did not think that rheological dif­
ferences between the solutions were significant. On the other 
hand, our tap water contained significant concentrations of 
alkali (sodium and potassium) and alkali earth (manganese and 
calcium) metals, which may have affected the formation of PVA 
shells.

There are two possible explanations for the observed drying
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behavior. First, dissolved ions or particulate matter may have 
catalyzed or facilitated PVA polymer crosslinking reactions. 
Crosslinking could occur during preparation of the solutions, 
where the reaction temperatures approach 100°C. Because cross- 
linked polymers would be easier to dehydrate (less soluble), we 
expect the tap water solution to be easier to dry. Crosslinking 
should affect the solution viscosity, but this was not observed. 
Second, dissolved ions have a tendency to inhibit hydrogen 
bonding of PVA molecules with water.8 Since hydrogen bonding 
with water helps make the PVA more soluble, we expect dis­
solved ions to decrease the solubility of PVA. During the evapo­
ration of a drop of PVA in tap water, the degree of hydrogen 
bonding should decrease significantly as more solvent evaporates 
(and the concentration of ions increases). At some point, PVA 
might be “salted out” of a tap water solution. If spatial (alkali) 
concentration gradients exist within the drop, “salting out” may 
occur earlier in some portions of the drop, leading to the forma­
tion of a nonuniform shell. We expect this phenomenon to be 
more significant for large shells. Future experiments will address 
in greater detail the effect of solution chemistry on the produc­
tion of uniform PVA shells.

Shell Formation Model. In parallel with our experiments on 
PVA shell formation, we have developed a model of the major 
physical processes involved in the drying of hollow drops. To 
gain a better insight into the temperature profiles that are re­
quired for the production of PVA shells, we attempted to simu­
late the evaporation of methanol and water from a hollow drop 
of dissolved PVA. Because we were only interested in an esti­
mate, a simple physical model was employed. We completely 
neglected the skin-over phenomenon that has been postulated 
for the production of PVA shells.9

Three balance equations describe the evaporation of a falling 
drop. Mass transport from the drop is accomplished primarily 
by convective motion of material from the drop surface, S, to 
the bulk gas, B. The balance equation governing the evaporation 
of methanol, MeOH, and water, W, is

dM
dt — A (A^eOH + Aw)

where M is the mass of the drop, A is the surface area of the 
drop, and N is the mass flux. These mass fluxes may be approx­
imated using mass transport coefficients, The symbols y/jB 
and y, s denote the mass fractions of the /th components in the 
bulk gas and at the surface of the drop, respectively,

A(,-— A:,(y/jB — y^s) .

A generally accepted correlation10 for convection from a single 
sphere is

k, = 2.0 (2.0 + 0.347 Sc0 31 Re0 62) ,
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where D, is the molecular diffusion coefficient of the /th compo­
nent, Rg is the gas constant, PT is the bulk gas pressure, Dp is 
the drop diameter, T is temperature, Sc is the Schmidt number, 
and Re is the Reynolds number. An equilibrium constant was 
used to relate the concentrations of methanol and water at the 
drop surface.

The energy balance is coupled to the material balance,

,£=-X«
at 2

where Cp is the heat capacity, X is the heat of vaporization, and 
h is the heat transfer coefficient. The bulk gas temperature 
could be predicted with the following equation,11

Tb ~ 7w 
T’o — Tw

V ------  ------
n=\ anJx{an) Jo tf n _ exp

—2a„x
PeR

where T0 and Tw are the gas inlet and wall temperatures, r and x 
are the radial and axial coordinates, R is the heating zone ra­
dius, Pe is the Peclet number, and an satisfies JQ{an) = 0. /, is 
the Bessel function of the first kind of order /'.

Finally, we need to satisfy the momentum balance so that the 
drop position can be determined,

d(Mv>> _ 1fr , «PDh , W n2r , *PDl dv 
—'sr -~Ms+^^ + ^rD',Ci+~ir7t ■

where v is the drop velocity (relative to the gas), g is the acceler­
ation due to gravity, and Cd is the drag coefficient. The coupled 
equations were solved numerically. We should note that the 
model allowed for the expansion and contraction of the drop 
while the PVA was still dissolved. The derivation of the follow­
ing cubic equation was based on the Young-Laplace and the 
ideal gas equations,

2MqRgT
4irMWcPT

where R0 is the radius of the bubble, y is the surface tension, 
Mg is the mass of the bubble, and MWq is the molecular weight 
of the bubble’s contents.

Given the wall temperature profile and the initial conditions 
of the drop, the model estimated the drop position, velocity, 
diameter, mass, temperature, and composition as well as the di­
ameter of the bubble.

In general, the simulated results from the model were consis­
tent with the results of experiments. Both the final shell diame­
ter and the approximate thermal history were similar to those 
determined from experiments. For example, if the model pre­
dicted that the shell would experience excessively high tempera­
tures, we observed collapsed shells and raisin-like shells in the
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product. On the other hand, if the model suggested that the 
drop would not dry, we noticed wet product in our experiments. 
Figure 2-7 illustrates the results of a typical simulation. The 
shape of the wall temperature profile was determined experi­
mentally. We noticed that the best quality shells were produced 
when the temperature of the second zone was greater than that 
of the first zone. The drop temperature was fairly constant at 
the wet-bulb temperature until the shell dried completely. Subse­
quently, the temperature of the shell approached the tempera­
ture of the carrier gas.

In conclusion, we have gained a better understanding of the 
production of PVA shells using the HDG system. Incremental 
improvements in shell wall uniformity were demonstrated by 
varying the drying column temperature profile. While we still do 
not produce a significant quantity of target-quality shells, inves­
tigations into the effects of solution properties on the formation 
of shells hold promise in significantly improving shell wall uni­
formity. Finally, the development of a numerical model of the 
drying of an aqueous PVA drop will be valuable not only in pre­
dicting the results of a particular experiment, but also in evalu­
ating the limitations of our drying column.
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Fig. 2-7. We have developed a simple 
physical model of a hollow drop as it 
passes through a drying column. The pa­
rameters used in this simulation are typi­
cal of our experiments. Initial conditions 
are: composition 14.7 wt.% methanol,
2 wt.% PVA, 83.3 wt.% water; drop tem­
perature 25°C; drop velocity ~260 cm/s; 
carrier gas (nitrogen) velocity 20 cm3/min. 
The model predicts the temperature and 
velocity changes of the drop as it passes 
through the column (a), the change in 
drop diameter and mass when the drop is 
heated to its saturation temperature (b), 
and the fractionation of the solvent in the 
drying drop (c). The drop should be com­
pletely dry 250 cm from the top of the 
column.
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For additional information, please contact Dr. L. T. Thompson
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Shell Strength Tests

Effect of Heat Treatment on Compressive Strength. We have 
known for some time that heat-treating PVA shells increases 
their strength, probably by increasing the number of crystallites 
in the polymer matrix. Using a procedure described previously,12 
we investigated various heat treatments to identify the condi­
tions that produce the greatest increase in the compressive 
strength of PVA shells.

Poly(vinyl alcohol) shells were heated in air at various temper­
atures for varying amounts of time and then their diameters and 
wall thicknesses were measured (diameters ranged from 145 to 
170 ^m, wall thicknesses from 3.0 to 4.0 /xm). These shells were 
then exposed to increasing pressures of nitrogen gas at 50°C un­
til the shells collapsed (as verified with a microscope). Using 
these data and the following formula, the Young’s modulus for 
PVA was calculated for each treatment temperature,

p = 8£[3(i -j’2)r1/2(^-)2

where P is the external pressure when the shell collapses, E is 
Young’s modulus, v is Poisson’s ratio, w is wall thickness, and 
o.d. is outside diameter. The results are depicted graphically in 
Fig. 2-8. Maximum strength is observed when shells are heated 
between 170 and 180°C for approximately 15 min.

The data for shells heated above 180°C for longer than 20 min 
were very scattered and were not reproducible (unlike data ob­
tained below this temperature), suggesting that the polymer was 
degraded. Shells heated for these longer times at higher tempera­
tures developed a distinctive brown color; this also indicates 
degradation.

We subjected a second batch of PVA shells to the conditions 
identified above as producing the greatest increase in compressive 
strength (175°C for 15 min). These shells were then exposed to 
increasing pressures of nitrogen gas at different temperatures un­
til they collapsed; the results are depicted graphically in Fig. 2-9. 
As was done for the first batch of shells, the Young’s modulus 
was calculated from the collapse pressure and physical (geomet­
rical) measurements of each shell. Each point in the graph in 
Fig. 2-9 is an average modulus value for approximately 30 shells.

It can be seen that the strength of PVA shells falls rapidly 
with increasing temperature. This temperature dependence must 
be taken into account in developing any protocol for filling PVA 
shells with the hydrogen isotopes used as fuel. High-pressure 
fills above room temperature must be staged in fairly small steps 
to avoid shell collapse; data from the graph allow a reasonably 
accurate calculation of optimal pressure step sizes for a given fill 
temperature.

For comparison, some data for PS shells are also displayed in 
Fig. 2-9. These shells were tested with water rather than nitrogen 
gas because they are permeable to nitrogen. Higher temperatures 
were not investigated because the polymer softens.
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Fig. 2-8. Several heat treatments were investigated to identify the conditions 
that produce the greatest increase in the compressive strength of PVA shells. 
The shells represented in this figure were exposed to the temperatures indicated 
for 5, 10, 15, or 20 min. The Young’s modulus was then measured at 50°C; it 
is shown to be highly dependent upon previous heat treatment of the shells. 
Shells heated between 170 and 180°C for 15 min showed the greatest increase 
in strength.

Effect of Radiation Exposure on Compressive Strength. Radi­
ation damage is known to reduce the strength of polymer shells. 
To measure the effects of exposure to radiation on PVA shells, 
we divided a batch of unirradiated shells into three groups. One 
group was filled to 50 atm DT at 110°C for 7.5 h, then emptied. 
A second group was filled to 50 atm H2 under the same condi­
tions and then emptied. The third group was subjected to 100 h
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of high humidity at 50°C, then heated at 175°C for 15 min. Af­
ter these treatments, the compressive strength of all three groups 
of shells was tested. All samples were maintained at 50°C during 
the test.

Results from this test are listed in Table 2-1. There is a mod­
erate loss of strength (about 18%) from radiation damage that 
cannot be attributed to filling conditions nor to a possible reduc­
tion in strength by absorption of water vapor into the PVA.
The calculated radiation dose from this experiment was 
2.5 x 10* rads.

Tests of Tensile Strength. We also tested the tensile strength 
of a sample of PVA shells that had been heated at 175°C for 
15 min. The results of these tests were less quantitative than our 
tests of compressive strength, as we were unable to identify the 
exact pressure at failure in the tests of tensile strength. In our 
procedure, we filled shells with hydrogen, then slowly reduced 
the pressure outside the shells, thereby producing a pressure dif­
ferential that should have caused the shells to burst. However, 
rather than bursting at the failure pressure, many shells merely 
stretched, forming oblong shapes. Furthermore, some shells 
fractured hours after the test was finished. Under ambient con­
ditions (1 atm external pressure, ~25°C), most shells in a test 
batch with nominal dimensions of 160 x 3.3 /^m (o.d. x wall 
thickness) withstood 20 atm internal pressure. They began to 
yield at 30 to 40 atm and all shells burst open at 50 atm internal 
pressure.

Conclusions. Identification of the treatment conditions that 
produce the greatest increase in PVA shell strength will enable us 
to bring all of our PVA shells reproducibly to a condition of 
maximum strength. Unfortunately, filling shells with fuel will re­
main a slow, cumbersome process since the shells are so much 
weaker at filling temperatures than at room temperature and be­
low. This may be compounded for fills that involve tritium, 
which further reduces shell compressive strength. Future work 
will focus on strength measurements on coated PVA shells, and 
measurement of radiation damage to such shells.

Poly(vinyl alcohol)

Polystyrene

0 20 40 60 80 100 120
TEMPERATURE (°C)

Fig. 2-9. The Young’s modulus for PVA 
drops rapidly wilh temperature, but is 
much higher than that for PS even at 
100°C. These shells were treated at 175°C 
for 15 min, then their compressive 
strength was tested by exposing them to 
gaseous nitrogen at the temperatures indi­
cated. Each data point is an average value 
from approximately 30 shells.

Table 2-1. Compressive Strength of PVA Shells After Various 
Treatments

Shell Treatment Mean Value of Young’s Modulus (109 N/m2)

H2 fill 1.941 ±0.026
DT fill 1.582 ±0.032
Humidity 1.874 ±0.050

For additional information, 
please contact Dr. R. G. Schneggenburger
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Measurement of Gas Permeation Coefficients 
for PVA and PVA/PS Composites

Permeability is a very important characteristic of any material 
that is to be considered as an ICF fuel container. The material 
must be sufficiently permeable at elevated temperatures to be 
filled with fuel and/or diagnostic gases in a reasonable time, but 
must become sufficiently impermeable at reduced (room) tem­
peratures to retain the fill gases long enough to be used in exper­
iments. It is known that the room-temperature permeation rate 
of PVA is reduced by heat treatment. This year we tried to find 
the best treatment temperature for PVA/PS composite films and 
shells. We also conducted a separate effort to measure the per­
meability of untreated PVA to neon.

Three techniques are routinely used at KMS Fusion (KMSF) 
to measure permeability. These are (1) the thin planar film 
method,13 (2) the gas entrapment by a viscous fluid (GEVF) 
method,14 and (3) the bulk shell sample method.4,15 Each of 
these methods is based on the application of Pick’s first law to 
give a general permeation expression. Because all were used to 
obtain the data discussed below, a brief review of each method 
is presented first. The comparability of the values derived from 
the different methods is also addressed.

The permeability of planar films is measured in a stainless 
steel permeation cell that supports a 1 in. diameter film on a po­
rous sintered plate. The film is sealed by a flat Teflon® gasket, 
and a pressure difference is set across the sample thickness. A 
diaphragm-type pressure transducer measures the pressure in­
crease on the low-pressure side as the permeant gas diffuses 
through the film into a receiver of known volume.

The GEVF test is a destructive method of measuring the pres­
sure of the gas in individual shells. A shell is immersed in a gly­
cerin bath and its inside diameter is measured. The shell is then 
broken and the diameter of the released bubble (which expands 
to equilibrate with the atmospheric pressure) is measured. The 
pressure of the gas is then calculated according to Boyle’s law.
To determine a permeability coefficient using this method, a 
number of shells are filled with gas and the internal pressure is 
measured immediately (by destroying a sample of the shells).
This yields the internal driving pressure at time zero. The inter­
nal pressure of other samples is measured after the shells have 
been allowed to “out-permeate” for designated periods at desig­
nated temperatures.

The bulk shell permeation method is a nondestructive method 
developed to measure the permeation coefficient of a bulk sam­
ple of shells. A sample of shells is loaded into a constant-volume 
chamber, which is then pressurized with gas and held at the fill 
temperature until a constant fill pressure is assured. Residual gas 
is then quickly evacuated from the chamber, and the rise in 
chamber pressure (as gas permeates from the filled shells) is 
measured at a chosen outgassing temperature at known time in­
tervals. The natural log of the outgassing rate is plotted as a 
function of time; the permeability coefficient is calculated from 
the linear slope of this graph. For this method to yield valid
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results, the product of inside diameter and wall thickness must 
fall within a narrow range, since the statistical significance of 
the slope decreases as the range of this product increases.

Permeation coefficients of similar materials have been mea­
sured using combinations of these techniques to verify the con­
sistency of results. Film and bulk shell measurements have been 
shown to vary as little as 3% for PS samples. Polyfvinyl alco­
hol) permeation coefficients determined by the GEVF method 
agreed within about 30% with those calculated from the bulk 
shell test.

Hydrogen and Deuterium with PVA/PS Composites. The per­
meability of PVA/PS composites was measured on selected films 
and shells provided by Lawrence Livermore National Labora­
tory (LLNL). The PVA coatings on the PS films and shells were 
examined optically with a microscope. The PVA was doped with 
green dye to distinguish the coating from the substrate. The 
coatings appeared to be of high quality, with no apparent 
defects.

The permeabilities of three LLNL film samples were measured 
in the planar film permeation cell before and after a heat treat­
ment. These values were compared to permeabilities of two 
KMSF sample films of pure PVA (measured only after treat­
ment). The results are reported in Table 2-2.

The pre-treatment permeabilities of samples LLNL-1 and 
LLNL-2 were comparable. The results for LLNL-3 were unex­
pectedly low; a lower molecular weight is generally associated 
with a higher permeability,16 all other parameters being the 
same.

For heat treatment, sample LLNL-1 was removed from the 
permeation cell housing and heated for 15 h at 80°C.* When it 
was returned to the cell housing for post-treatment measure­
ment, the equipment malfunctioned and this measurement could 
not be obtained. Treatment of samples LLNL-2 and LLNL-3 
consisted of in situ heating: The cell was immersed in a constant- 
temperature bath and maintained at 78°C for 22.5 h (LLNL-2) 
and 100 h (LLNL-3).

Post-treatment permeability coefficients showed a nominal 
factor-of-two decrease for LLNL-2 compared to its pre-treatment 
value. ITowever, its value was higher than the permeability for 
samples KMSF-1 and KMSF-2. On the other hand, the post­
treatment permeability of LLNL-3 is in excellent agreement with 
the values for samples KMSF-1 and KMSF-2.

*Because PS softens at ~100°C, 80°C was selected as the highest safely achiev­
able temperature. This is considerably below the 180°C heat-treatment temper­
ature normally used for PVA at KMSF; however, it is reasonably close to the 
lower limit (100°C) of tests performed by Carstens and Ehart.17 They mea­
sured the permeability of PVA films over the temperature range of ~25 to 
100°C after heat treatments of 100°C for 24 h, 120°C for 24 h, and 140°C for 
2 h. Overall, they report no appreciable difference in permeability as a result 
of the temperature or duration of the heat treatments. Carstens and Ehart’s 
lowest film heat treatment (100°C) yielded permeabilities lower (by factors 
ranging from 5 to 28) than any of the PVA or PVA/PS film samples listed in 
Table 2-2. It must, however, be noted that Carstens and Ehart’s films have a 
higher molecular weight (126,000) than the PVA we have tested (see Table 2-2).
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Table 2-2. Room-Temperature Permeation Coefficients of PVA Films and PVA-Coated PS Films

PVA Permeation

Sample
Coating
Material

Substrate
Material

Thickness
(/xm)

Molecular
Weight

(kg/gmol) Permeant

Coefficient
(10-18 mol• m/m2-s-Pa) 
Untreated Treated

LLNL 1 PVA PS 7.5 78 h2 5.0 _
LLNL 2 PVA PS 7.5 78 h2 6.7 2.8
LLNL 3 PVA PS 2.7 25 d2 1.9 0.54
KMSF 1 PVA — 51 115 h2 — 0.47-2.4
KMSF 2 PVA — 55 115 h2 — 0.50-2.73

Note: Composite films were heat-treated at 80°C; pure PVA films were heat-treated at 180°C.

The permeability of PVA/PS composite shells was measured 
by both the bulk shell and GEVF methods. The PVA coating 
thickness and the nominal shell diameter were reported to be 2.5 
to 3.0 ^itn and 475 /tm, respectively.18 The PVA had a molecular 
weight of 25,000. There was -4 /xm of PS. As part of our 
GEVF measurements for these composites, we determined the 
inside diameters of 17 shells. The average diameter was 487 /un, 
with somewhat bimodal distribution centered around -460 and 
— 514 /xm.

The information on total shell wall thickness and PVA coating 
thickness was supplied by LLNL; we made made no indepen­
dent measurements of these dimensions. Overall, these diameter 
and wall thickness distributions are wider than desired for the 
accurate assessment of permeability using the bulk shell method. 
Thus, greater care in interpretation is important. These shells 
were heated for 100 h at 80°C. Sets of these shells were filled 
with D2 at 80°C (by pressurizing in three steps) to a fill pressure 
of 50 psig. Then sets of shells were permitted to outgas at se­
lected temperatures in the range of 41.5 to 83°C. Additionally, a 
separate determination of permeability was done at room tem­
perature by the GEVF technique. Using data from four of the 
five composite shells individually evaluated using this method, 
room-temperature permeation coefficients were calculated that 
ranged from 2.1 to 2.6 x 10-19 moLm/m2-s-Pa. Results for the 
fifth shell gave a permeation coefficient of 4.4 x 10-19 
mol • m/m2 - s-Pa.

The permeation coefficients calculated for the composite 
shells range from factors of 2.3 to 8.5 higher than the calculated 
results for the PVA shells. The GEVF results, for which individ­
ual shells are measured, have the smaller ratio (2.3). These mea­
surements were also made at the lowest temperature. The 
permeability ratio increases up to 8.5 as the outgas temperature 
is increased.

Figure 2-10 shows the permeability results for the PVA/PS 
shells. For comparison, selected results from Carstens and 
Ehart17 and earlier data calculated for two PVA shell batches
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Fig. 2-10. The bulk shell and GEVF techniques were used to measure the per­
meability to deuterium of PVA layers coated onto PS shells. Data were taken 
at several temperatures. These values were then compared to those for shells 
and films of pure PVA. A change of slope is observed in the curve for the 
PVA coated on the PS shells as well as for the pure PVA. (PVA film data from 
Ref. 17.)

made at KMSF with our HDG (mean deviation of 1.5°7o in di­
ameter, molecular weight 115,000, heat-treated at 180°C) are 
also shown in the figure. These data, coupled with the heat 
treatment findings reported by Carstens and Ehart, indicate that 
PVA permeability may be more dependent on molecular weight 
than temperature for heat treatments greater than 80°C. Overall, 
however, the current results are not completely consistent and 
lead to unresolved questions. The agreement between the various 
results is not what was expected, based on our understanding of 
the roles of PVA molecular weight, the temperature of the heat 
treatment, and the duration of the heat treatment. Further work 
will be needed to resolve these issues. One aspect that will be 
clearly evaluated is the role of a wide distribution of the product 
of diameter and wall when the bulk shell method is used. It may 
well be that a sizeable portion of the disagreement of batch per­
meation results is directly related to this factor.

Neon Gas with PVA Shells. Because of the possibility of using 
neon as a diagnostic gas, some work was done to measure the 
permeability of PVA shells to neon gas. The test batch was pro­
duced by the droplet generator and had a narrow range of diam­
eters (158.0 ± 3 /xm) and wall thicknesses (3.3 ± 0.2 /xm) as 
determined optically and interferometrically.19

Shells were loaded into the bulk shell sample chamber, from 
which residual air was evacuated. The chamber was then filled
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to 50 psig with neon and held at 90°C for at least 8 h. The cham­
ber was again evacuated and its temperature was brought to 
(and held at) the desired outgassing temperature. Permeation co­
efficients were determined in this manner for five temperatures, 
ranging from 61.5 to 100.7°C. The results are shown in Fig. 2-11.

The data show a behavior similar to that for deuterium in 
PVA: there is an apparent discontinuity in the slope in the range 
from 70 to 80°C (Ref. 20). This is a temperature range that is 
associated with a glass transition.4 The two higher-temperature 
(90.5 and 100.7°C) data points fit the equation,

10549
T

11.88

and the lower-temperature (61.5 and 70.5°C) data points fit the 
equation,

In A" =-------- - - 20.28 ,
T

where T is the absolute temperature (degrees Kelvin) and perme­
ability (K) is expressed as mol-m/m2-s-Pa. (A fifth data point, 
at 81.5°C, lay very near the discontinuity and was not used in 
the calculations.)

The values for the activation energy of permeation, Ea, are 
20.9 and 15.0 kcal/mol for the higher and lower temperature 
ranges, respectively. The lower value is somewhat questionable, 
since the low permeability at the lower temperatures was close to 
the detection limits of our apparatus. An attempt to measure 
permeability at 50°C was unsuccessful; the outgassing could not 
be detected above the system noise level.
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Fig. 2-11. The bulk shell technique was used to measure the permeability of 
PVA shells to neon at five temperatures. The plot of these data shows two lin­
ear regions, similar to those observed with deuterium.211 The discontinuity is in 
the range of 70 to 80°C, a temperature range that is associated with a glass 
transition.

For additional information, please contact Mr. L. A. Scott
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SECTION 2.3

Fabrication and Analysis of Glass Shells

The original fuel containers for inertial confinement fusion 
(ICF) research were made of glass, and glass shells continue to 
be important to the ICF program. Currently, most of our glass 
shell fabrication efforts are focused on the production of macro­
spheres that range from 2 to 10 mm in diameter. It is these 
larger shells that will be required for commercial energy pro­
duction.

We are also continuing to expand our basic knowledge of 
glass shell characteristics. Tensile strength data, while increas­
ingly important, are relatively lacking. This year, we evaluated 
the factors that affect the tensile strength of large (450 to 750 gm 
in diameter) glass shells. This resulted in a statistically valid 
predictive model, which is being used to determine fuel pressure 
limits for shells of given dimensions.

Fabrication of Macroshell® Spheres from Vycor® Preforms

The two-step technique that we have developed to produce 
glass Macroshell® spheres was described in detail in previous 
reports.21,22 Briefly, a glass rod or partially formed shell (the 
“preform”) that contains a nonspherical cavity is heated in a 
horizontal tube that rotates in a furnace. Ultimately, surface 
tension forces overcome viscous forces and cause the cavity to 
become more nearly spherical. Then the rod or shell is cooled 
and the glass around the cavity is ground and polished into a 
sphere. A three-point lapping device is used that allows the cav­
ity to be centered within a wall of desired thickness and surface 
finish. [This latter procedure is currently performed at Los 
Alamos National Laboratory (LANL).]

We are currently seeking to identify appropriate glass compo­
sitions and to identify and control the forces that affect the 
sphericity of the final cavity. We have worked with several dif­
ferent glasses, including soda-lime21 and borosilicate22 glasses. 
Although early results were promising, both of these glasses 
have major shortcomings that make them unsuitable for this ap­
plication.

The best glass would probably be fused silica (Si02) because 
of its permeability and chemical durability. However, it has a 
very high working temperature (~2000°C). Consequently, this 
year we chose to use Vycor® (96*70 Si02, 4*7o B2O3), which has a 
permeability similar to that of fused silica, but an appreciably 
lower working temperature (<1800°C). This lower working tem­
perature makes it possible to use a furnace that can be operated 
in ambient air.

Experiments with Vycor® Glass. The Vycor® preforms used in 
these experiments consisted of core-drilled disks capped at each
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end with blank disks. (Sample 19 was the only exception; it was 
a new type of preform made of two sections, each of which con­
tained a hemispherical cavity.) Before assembly, each disk was 
cleaned in a chromerge acid solution to remove machining fluids 
and other contaminants. The Vycor® disk “sandwich” was then 
loaded into a molybdenum mold, which held the preform during 
heating.

The molybdenum mold consisted of a tightly fitting molybde­
num tube with molybdenum end disks. The end disks were 
pressed inside the tube, directly against the Vycor® sample; once 
the preform and end disks were in place in the mold, the end 
disks were TIG-welded (tungsten inert gas) to the tube in an ar­
gon/helium atmosphere. Molybdenum was selected because it 
withstands the high temperatures needed for Vycor® and does 
not react with the ceramic processing tube of the furnace. To 
minimize oxidation of the molybdenum mold, the processing 
tube of the furnace was flushed with nitrogen throughout the 
heat treatment.

The furnace used in these experiments has a 10 in. long hot 
zone; the hot zone contains a horizontally mounted ceramic pro­
cessing tube (inside diameter = 1 in.) that is surrounded by six 
lanthanum chromate heating elements. Ceramic radiation shields 
are located in the processing tube on either side of the sample.
A 1/4 in. diameter tube runs along the length of each cylindrical 
shield (6 x 3/4 in. o.d.) to allow passage of inert flushing gas. 
The processing tube is driven by a high-torque motor at one end 
and is mounted on a freely moving tailstock at the other. The 
tailstock is coupled to the nitrogen line that purges the process­
ing tube throughout the heat treatment cycle. The furnace is 
linked to a DEC PDF-11/34 computer that controls both tem­
perature and time functions.

Results. Thirty-two Vycor® samples were treated in the high- 
temperature furnace. Information about the best 19 of these 
samples is summarized in Table 2-3, which lists treatment con­
ditions, final cavity diameter, and percent noncircularity for 
orthogonal planar views. Treatment conditions refer to tempera­
ture, duration (time), and furnace tube rotation rate (RPM). 
Samples 1 (which contained two cavities) through 4 were deliv­
ered to LANL for processing (lapping) into shells.

Samples 1 through 4 were heated with the radiation shields in 
place (~2 in. from the molybdenum mold). The extreme temper­
ature cycling degraded the shields after only four treatments. 
Several subsequent treatments (samples 5 through 13) were per­
formed without radiation shields. The cavities from these treat­
ments showed axial displacement. This was discernible by both 
the microscopic air bubbles that “trailed” the displaced cavity 
through the glass and by the actual cavity displacement. Cavity 
displacement was presumably the result of temperature gradients 
across the molybdenum mold and within the molten glass that 
allowed the cavity to migrate. The sphericity induced in a cavity 
by surface tension cannot compete effectively with bulk flows, 
such as the cavity movement of samples 5 through 13, especially 
as cavity volume is increased.
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Table 2-3. Characterization Data for Cavities Produced in a Vycor® Matrix

Sample No. Temperature
(°C)

Time
(h)

RPM Tube No. Diameter
(mm)

% Noncircularity 
Axial Radial

1A 1700 4.0 14 NRa 2.01 2.17 2.23
IB 1700 4.0 14 NR 1.41 1.42 4.50
2 1700 8.0 14 NR 1.94 0.37 0.89
3 1725 6.0 14 NR 1.92 0.57 3.29
4 1725 2.0 14 NR 2.08 1.42 3.29

5 1725 4.0 14 NR 2.22 3.88 8.60
6 1700 2.0 14 NR 1.82 1.19 0.82
7 1700 8.0 14 1 2.06 0.68 1.61
8 1700 6.0 14 1 1.76 1.12 0.77
9 1700 3.0 14 1 3.78 2.00 5.96

10 1700 1.0 14 1 2.90 0.49 24.40
11 1700 2.0 14 3 3.53 0.83 2.30
12 1700 2.0 4 2 2.71 0.87 1.49

13 1700 9.5 4 2 2.78 0.47 1.13
14 1700 8.0 4 2 6.92 4.05 —
15 1700 2.0 12 2 6.68 0.33 1.99
16 1700 2.0 12 2 6.56 1.31 5.29
17 1700 4.0 4 2 6.44 0.77 1.26
18 1750 1.0 10 3 — 0.64 1.12
19b

a. Not recorded.

1750 2.0 10 4 5.89 3.59 3.58

b. Samples 1-18 consisted of core-drilled disks (7/8 X 1/4 in. or 7/8 x 3/8 in., o.d. x thickness) capped at each end with blank disks 
(7/8 X 1/4 in., o.d. X thickness). Sample 19 was a new, experimental configuration (see text).

We replaced the damaged radiation shields with shields made 
of high-temperature insulation board. These were used for sam­
ples 14 through 19. With these radiation shields in place, cavity 
movement was not observed. However, the circularity of the or­
thogonal views was unacceptable and apparently random.

Conclusions and Future Research. Although it is relatively 
early in this research program, we have reached some prelimi­
nary conclusions and identified topics for future research.

1. The temperature of the furnace we use is adequate for work 
with Vycor®. We plan to determine if this furnace can be 
used effectively with fused silica.

2. A treatment temperature of ~1700°C seems satisfactory for 
Vycor® glass. Although, as stated above, the degree of cir­
cularity achieved is still poor, the cavities do become more 
spherical, especially in the radial direction referred to in 
Table 2-3. Initial optimization will focus upon temperatures 
in the range of 1650 to 1700°C.
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3. The role of gas trapped in the preform volume must be eval­
uated. At some stage in the heat treatment, the Vycor® disks 
become sealed, trapping the enclosed gas. If this happens at a 
relatively low temperature, the gas will be at a higher pres­
sure than the ambient pressure. This has two possible effects: 
First, a driving pressure will exist for cavity expansion. Sec­
ond, dissolution of gas in the Vycor® matrix will occur. This 
latter effect, which can decrease the cavity gas pressure, has 
been documented by Greene and Gaffney23 and by Brown 
and Doremus.24

4. The reason that the cavity volume of treated preforms has 
been smaller than predicted, based upon the volume of the 
untreated preform, must be investigated. Cavity volume 
reduction has been as much as 60%, but results have not 
been repeatable. We have not yet unambiguously identified 
the cause of this reduction.

The cause of this reduction is of paramount importance. If 
it is due to a continuously operating phenomenon, then the 
associated bulk motion may override the increased sphericity 
induced by surface tension effects. At worst, this could ren­
der this approach useless.

It may be, however, that the volumetric expansion of 
Vycor® is greater than that of molybdenum over the tempera­
ture range investigated so far. If this is the case, the molyb­
denum cavity would become overfilled and cause the preform 
cavity volume to decrease and the molybdenum end caps to 
bulge. The bulk flow of the glass to fill this cavity would be 
resisted by the viscosity of the Vycor®. The details and repeat­
ability of the arc welding of the molybdenum end caps and 
cylinder would affect this reduction in volume. For example, 
if the end cap is not completely welded shut, an avenue for 
fluid glass escape would exist and the resistance of the mo­
lybdenum to deformation would be compromised.

On occasions, we have observed bulging of the molybde­
num end caps and/or flow of Vycor® out of the molybde­
num cavity. This cause will be evaluated and a methodology 
developed to compensate for the differences in volumetric 
expansion.

During 1987 we will continue our investigations of both 
Vycor® and fused silica. The role of relative volumetric expan­
sion and reproducibility of methods of joining the molybdenum 
parts will be carefully evaluated. Heat-treatment cycle studies 
will focus on achieving maximum sphericity and effective sealing 
of the glass disks in a reproducible manner. The reproducibility 
of the procedures/processes is considered crucial to achieving 
repeatable production of large spherical cavities and, ultimately, 
spherical Macroshell® targets.

For additional information, please contact Mr. L. A. Scott
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Evaluation of Tensile Strength in Alkali Silicate Shells

Glass shells used as ICF fuel containers must withstand ex­
treme external and internal pressure. A shell’s resistance to ex­
ternal pressure (compressive strength) determines how rapidly it 
can be filled with fuel by permeation; its resistance to internal 
pressure (tensile strength) determines how much gaseous fuel it 
can ultimately hold.

The compressive failure of glass shells has been identified as a 
buckling failure mode.25 It is characterized by Young’s modulus, 
which is dependent on composition. The buckling strength of 
glass shells has been determined for several compositions.26,27

Tensile strength data for glass shells are not as plentiful and 
are incomplete.28,29 Glass tensile strength is difficult to study be­
cause it is a function of the history of the glass and does not 
have an inherent value. While the theoretical strength of glass is 
on the order of 1.38 x 1010 to 3.44 x 1010 Pa, the actual (practi­
cal) strength of a particular glass object is usually several orders 
of magnitude lower, and is determined by the condition of its 
surface. Furthermore, tensile failure can occur in one of two 
modes: by brittle fracture, caused by stress intensification at the 
tips of surface flaws and defects, or by crack growth induced by 
stress corrosion (also known as delayed failure or fatigue). Con­
sequently, since flaws are generally produced in a random man­
ner on the surface of glass objects by handling and exposure to 
an abrasive or reactive environment, glass fracture is highly ran­
dom in nature.

These considerations have caused increasing concern in target 
fabrication, as target sizes have steadily increased and the target 
specifications have become increasingly stringent; greater target 
reliability (or predictability) has become increasingly desirable as 
the failures have become more costly. We have therefore re­
sumed a program to determine the effective tensile strength of 
glass shells.

The objectives of this program are as follows:

1. To determine the effective tensile strength of glass shells by 
evaluating the effects of glass composition, glass aging or 
corrosion, and shell geometry (i.e, wall thickness and diame­
ter). Of particular importance is finding whether the fracture 
stress (which varies randomly from sample to sample and 
which depends on the probability of the existence of a fatal 
flaw) is a function of the surface area or the volume of the 
glass under stress.

2. To determine the effects of the shell processing conditions on 
tensile strength. Conditions under investigation include the 
pressure and temperature used during permeation filling, the 
composition of the permeant gases, pressure and thermal 
stress cycling, and exposure of the filled shells to ambient 
moisture.

3. To determine the effectiveness of several remedial methods in 
restoring glass strength or retarding weakening.
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In this report, we discuss our findings concerning the effects of 
the permeant gas, geometric characteristics, surface area, and 
volume.

Experimental Procedure. The shells used in these experiments 
were alkali silicate glass with a nominal 95 mol% silica composi­
tion. Randomly chosen shells were individually characterized for 
diameter and wall thickness by optical microscopy and interfer­
ometry. The diameters of the selected shells varied from 450 to 
750 /xm, the wall thickness from 1.2 to 8.6 /xm, and the aspect 
ratio from 55 to 590. Between 160 and 250 shells were used in 
each experiment; the characterized shells were arrayed in alumi­
num or brass “egg crates” to preserve their identities during the 
experiment.

To ensure that buckling failure did not occur as the shells 
were filled with gas (hydrogen or helium) in preparation for the 
tensile tests and obscure the tensile strength data, the crated shells 
were subjected to 30 atm buckling pressures prior to permeation. 
Further, the permeant gas was added in stages (<25 atm) to 
avoid the development of excessive buckling pressures. These 
stages generally involved repeated pressure increments of 20 atm 
at 260 to 360°C, with permeation times between pressure incre­
ments long enough to achieve >90% pressure equilibration.
(The permeation times were calculated from published glass 
composition/permeation correlations;30 glass composition was 
determined by atomic absorption spectroscopy.)

The tensile strength of the shells was evaluated every 25 atm 
as the room-temperature pressure in the shells was increased 
stepwise from 25 to 285 atm (helium) and 25 to 250 atm (hydro­
gen). As described in the preceding paragraph, the shells were 
pressurized (in a Parr bomb) at elevated temperatures. The 
20 atm pressure increases were repeated as many times as neces­
sary for the room-temperature pressure to increase by 25 atm. 
Then the Parr bomb was cooled and vented, and failures aurally 
and visually inventoried.

The actual gas pressure in the shells at each step was verifed 
only for hydrogen-filled shells because helium permeated from 
the shells too rapidly at room temperature to yield reliable data. 
The hydrogen fill pressure was determined by breaking individ­
ual shells in an evacuated PVT volume fitted with a Baratron 
10 Torr pressure transducer. The sensitivity and resolution of 
this method are good, especially for large shells with high gas 
pressures. The method yielded very good gas fill data with a 
very narrow pressure distribution, generally with a standard 
deviation of 2%.

The final pressures were limited by the pressure and tempera­
ture limits of the Parr pressure apparatus and the permeation 
rates of the glass; to achieve these high pressures, the final per­
meation steps had to be conducted at reduced temperatures 
(<360°C) to remain within the pressure limits of the Parr bomb. 
The experiments were terminated when 90% (helium) and 86% 
(hydrogen) of the shells had failed.

Data Analysis. The fracture stress of the failed glass shells
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was calculated from the shell diameter, wall thickness, and fill 
pressure at failure, using the hoop stress equation,

AP =
AR

where AP is the tensile load on the glass wall, S is the fracture 
stress, and AR is the aspect ratio (o.d./wall thickness) of the 
fractured shell. Because of the random nature of failure, these 
experiments produced failure stress data with very broad distri­
butions.

If the distributions are normal, the characteristic failure stress 
(tensile strength) for the sample can readily be calculated from 
histograms, cumulative failure probability curves, or from the 
slope of a least-squares regression function fitting a scatter plot 
of the individual shell data (hoop stress format). We elected to 
use the Weibull statistical treatment, a more versatile method 
that can accommodate skewed distributions, and that can also 
be used to predict the probability of failure as a function of the 
applied stress and the shell geometry.

In the common form of the Weibull expression, failure proba­
bility is a function of applied stress and a function of some vol­
ume (or surface area) characteristics of the sample,31,32,33

and

F= 1 - exp [-(S/Son 

F=n/(N+ 1) ,

where F is the failure probability or the fraction of the sample 
that failed below the measured sample failure stress, S; m is the 
Weibull modulus; S0 is a scaling factor or the characteristic 
strength;31 n is the rank of the sample in order of increasing 
measured failure stress; and N is the total number of tested sam­
ples. The Weibull modulus m is an indication of the spread of 
the distribution. As m approaches zero, the spread of the failure 
stress distribution increases and the probability of failure at any 
stress S < S0 increases. As m increases, the spread of the data 
decreases, indicating greater homogeneity in the sample, and the 
probability of failure is significant only for S ~ S0 (Ref. 31). In 
addition, when m * 3, the sample distribution is considered to 
be a normal distribution.32

In practice, the data are plotted in the double logarithm form 
of the above equation,

ln[—ln( 1 — T7)] = /« In S — m In Sq •

Since the Weibull expression is now a linear function, the 
Weibull modulus m and scaling factor S0 can be obtained from 
the slope and intercept of the least-squares regression fit to the 
data. The median failure stress Sm can be calculated from the 
relationship,

Sm = S0(0.693)l/m .
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The Weibull equation is also useful for predicting the proba­
bility of shell failure as a function of fill pressure and aspect ra­
tio of the shells. Using the Weibull expression together with the 
hoop stress equation gives

P= — [ —ln(l -F)],/m .
AR

Consequently, for known values of So and m, one can plot fail­
ure probability, F, contours as a function of fill pressure and 
shell aspect ratio.

Results and Discussion. We expected to encounter brittle frac­
ture of the stressed shells during the rapid venting of the gas 
from the Parr bomb (when the shells were exposed only to dry 
gas). However, in none of the many fill-and-vent cycles could 
any bursting of shells in the dry gas atmosphere be detected 
through the walls of the Parr bomb with a stethoscope. Instead, 
upon opening the Parr bomb to the ambient air (at 75 to 85% 
relative humidity), there invariably commenced a staccato of 
bursting shells. Detectable bursting usually ceased within 30 min. 
The audible count of these bursting shells agreed to within 10% 
with the subsequent visual inventory; the discrepancy is proba­
bly due to the detection error (coincident bursts) in the audible 
count. Thus these losses must be attributable to failure by stress 
corrosion by the ambient moisture, rather than to brittle failure 
in the dry gas environment of the Parr bomb. This conclusion 
is supported by the fact that the observed delayed failure time, 
tU2 ~ 5 min, is similar to the t{/2 fatigue time typical for 
stressed glass.33

The helium experiment was terminated when the cumulative 
shell failures reached 90% of the original shell population. The 
distribution of the failure stress data for the sample was broad 
and nearly normal, ranging from 1.58 x 108 to 2.04 x 109 Pa. 
The mean and median failure stress of the actual sample data 
were 8.20 x 108 Pa (a = 2.82 x 108 Pa) and 7.99 x 108 Pa, re­
spectively. The Weibull modulus m and the median failure stress 
Sm were 3.31 (standard error = 0.043) and 8.27 x 108 Pa, re­
spectively. They were calculated from the least-squares fit to the 
Weibull plot of the sample data, and are shown in Fig. 2-12.
The contours for 5% and 50% probability of failure for these 
shells, calculated as described above, are shown as a function of 
helium fill pressure and shell aspect ratio in Fig. 2-13.

Milewski and Marsters28 reported a mean tensile strength of 
5.17 x 108 Pa (a = 3.03 x 108 Pa), obtained by bursting helium- 
filled glass microspheres. However, their results pertain to a 
brittle fracture mode of failure, since in their shell-bursting ex­
periments the shells failed in a dry helium environment during 
the controlled venting of the pressurization system. Our results, 
on the other hand, pertain to stress corrosion failure, since 90% 
of our observed failures occurred upon exposure of the stressed 
shells to ambient humidity. Thus we would expect the mean and 
median tensile strength of the shells used in our experiments to 
be significantly higher in a brittle failure mode.
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Fig. 2-12. The Weibull distribution of tensile failure stress is shown for 
helium-filled (lower line) and hydrogen-filled (upper line) glass microspheres. 
There is only a slight difference in the slope of the two lines, which indicates 
that the data distributions were similar in shape. However, there is a signifi­
cant difference in intercept, which indicates a difference in median strength.

a) 50% Failure with Fie
b) 50% Failure with FI2
c) 5% Failure with Fie
d) 5% Failure with H2

20 cl

100 150 200 250 300 350 400 450 500
ASPECT RATIO

Fig. 2-13. Contours for 5% and 50% probability of failure for hollow glass 
shells, calculated using Weibull parameters, are shown as a function of fill gas 
pressure and shell aspect ratio. The 5% failure probability contours for the 
two fill gases are similar; the difference in the 50% failure probability contours 
is modest. There is a 95% level of confidence that the means of the two data 
sets differ by 1.55 x 108 + 5.53 x 107 Pa.
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The hydrogen experiment was terminated when the cumulative 
shell failures reached 86% of the original shell population. The 
distribution of the failure stress data for hydrogen was broad 
and normal, similar to that of the helium data, with failure 
stresses ranging from 1.38 x 108 to 1.23 x 109 Pa. The mean 
and the median failure stress of the hydrogen sample data were 
both 6.64 x 108 Pa (a = 2.09 x 108 Pa), significantly lower than 
the helium values.

The comparison of the least-squares regression fits to the 
Weibull plots of the helium and hydrogen data in Fig. 2-12 
shows only a slight difference in slope, indicative of a similarity 
in the shape of the data distributions, but a significant differ­
ence in intercept, indicative of a difference in median strength. 
The Weibull modulus m and the median failure stress Sm, calcu­
lated from the slope and intercept of the regression function, are 
3.50 (standard error = 0.02) and 6.82 x 108 Pa, respectively. 
Nevertheless, the 5% failure probability contour for hydrogen is 
similar to that for helium; the difference in the 50% failure 
probability contours is modest, as shown in Fig. 2-13.

As shown in Table 2-4, the mean and median failure stress 
values for hydrogen sample population were both about 20% 
lower than the corresponding values of the helium data. The 
large sigma values for the mean values of these broad data dis­
tributions would suggest that the difference is not statistically 
significant. However, since the confidence intervals at the 95% 
level for the two means do not overlap, as shown by the data in 
Table 2-4, the difference between the two mean failure stress 
values is indeed statistically significant. Furthermore, there is a 
95% level of confidence that the means of the two data sets dif­
fer by 1.55 x 108 ± 5.53 x 107 Pa (see Fig. 2-13).

There are at least two mechanisms that may account for the 
reduction of glass strength by hydrogen. Hydrogen may react 
with the glass, reducing the silica to form SiH and SiOH 
moieties34,35 in the glass, or hydrogen may react with the resid­
ual C02 (a blowing gas) in the shell.36 This reduction reaction 
could result in the production of as much as 0.2 atm water va­
por pressure (at room temperature) in the shell. This water 
vapor could react with the inner glass surface to cause 
corrosion-induced flaws to form on the internal surface.

Table 2-4. Failure Stress Values for Gas-Filled Glass Shells

Failure Stress from Sample Distribution (108 Pa) Weibull Characteristics
Fill Pressure a 95% Confidence m Sm
Gas Median Mean Interval (108 Pa)

He 7.99 8.20 2.82 7.72-8.68 3.3 8.27
H2 6.64 6.64 2.08 6.34-6.96 3.5 6.82

Difference between mean (95% confidence interval) = 1.55 x 108 ± 5.53 x 107 Pa.
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Spectroscopic evidence of the silica reduction reaction has 
been reported for reaction temperatures greater than 500°C 
(Refs. 34 and 35). Shelby34 has also implied that the reaction 
may proceed at lower temperatures. If this is indeed so, then the 
extent of reaction and the reaction rate are expected to be highly 
dependent on the gas pressure, temperature, and cumulative re­
action time. Thus one would expect the average failure stress 
value to decrease steadily as the fill progressed, as a consequence 
of the increasing hydrogen pressure and reaction (fill) time.

An analysis of the failure data did not reveal such a trend.
The failure stress data for hydrogen do not show any relation­
ship to cumulative reaction time or to hydrogen pressure, as 
shown in the hydrogen scatter plot of Fig. 2-14. This is more 
readily apparent when only the median failure stress values for 
each data group at the various pressures are considered, as indi­
cated by the arrows in the figure. The best straight-line fit to 
these median failure stress values has zero slope, indicating that 
there is no relationship of failure stress to fill time or hydrogen 
concentration. (The first three data groups at the lower pres­
sures were not considered in this analysis. These initial data, 
which comprise only a small fraction of the total, probably in­
clude some buckling failures, and represent the lower extreme of 
the total distribution.)

The present data are more consistent with the residual C02 
reduction mechanism, which is thermodynamically more favored 
than the silica reduction. Furthermore, this reaction is expected 
to have a much higher reaction rate and is expected to go to 
completion rapidly because of the limited concentration of the 
residual C02. The total reaction time is expected to be consider­
ably less than the cumulative fill times used in these experiments, 
and the effects of this reaction should manifest themselves early 
in the fill cycle. ITowever, we have no conclusive evidence to 
support these speculations. Therefore, the exact mechanism for 
the reduction of the median tensile strength is still unidentified.

The effects of surface area and glass volume were also evalu­
ated. One consequence of an increase in shell surface area (due 
to increasing shell diameter) is a probable increase in the number 
of flaws per shell and an increased probability that a shell will 
have a fatal flaw. Therefore, one could expect that the observed 
failure stress will decrease with an increase in shell surface area. 
ITowever, a detailed analysis of the two sets of failure data has 
shown no dependence of tensile strength on shell surface area.

There is, however, an apparent relationship between failure 
stress and glass volume. As shown in Fig. 2-15, plots of failure 
stress as a function of glass volume show a pattern of decreasing 
tensile strength with increasing glass volume, both in the hydro­
gen and the helium data. A portion of this trend may be the re­
sult of error in experimental measurements [i.e., error in the 
method of measurement of shell diameter (o.d. ± 10 /*m), shell 
wall (±0.25 ^m), and fill pressure at failure (±6.89 x 105 to 
2.41 x 106 Pa)]. In addition, there is also a strong probability of 
systematic error, particularly in the measurement of the wall
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Fig. 2-14. The failure stresses in a population of helium-filled (a) and 
hydrogen-filled (b) glass shells are shown as a function of the gas concentra­
tion (i.e., fill pressure) at failure. Arrows indicate the median failure stress 
value in each data group. The line, equivalent to the mean failure stress, ap­
proximates the best fit to the data (the first three data groups at the lower 
pressures may have involved buckling failures and were not included in this 
analysis). The best fit to both data sets can also be approximated with a zero 
slope function, indicating that the median failure stress is not a function of fill 
time or gas concentration.

thickness of the shells (e.g., a constant bias of —0.25 /xm in the 
wall thickness determinations) that would have a greater effect 
on the calculated failure stress values at small values of wall 
thickness. However, the result of our error analysis reinforces 
our confidence in the validity of the relationship between glass 
volume and tensile strength.
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Fig. 2-15. If tensile strength is an intrinsic material property, then the observed 
failure stress will remain constant, independent of glass volume. Our results, 
however, suggest that tensile strength decreases with increasing glass volume 
for both helium-filled (a) and hydrogen-filled (b) glass shells.

In principle, if the tensile strength were truly an intrinsic ma­
terial property, one would expect the observed failure stress to 
remain constant, independent of glass volume (i.e., wall thick­
ness and shell diameter). However, the complete Weibull equa­
tion, as originally formulated,37 postulates the relationship of 
increasing glass volume V to decreasing glass strength,

F = l — exp[ — V(S/S0)m] .

128 1986 KMSF Annual Technical Report



TARGET FABRICATION TECHNOLOGY

As before, m and S0 can be obtained from the slope and inter­
cept of the least-squares regression fit. The median failure stress 
now depends on m, S0, and V,

S,„ = So(0.693/F)l/m •

Including the volume term in the Weibull equation results in a 
much better fit of the calculated probability contours to our 
data. As shown in Fig. 2-16, excluding the volume term from 
the Weibull treatment fits our data poorly since the predicted 
failure stress is independent of the glass volume; including the 
volume term in the Weibull treatment fits our data well since the 
predicted failure stress decreases with glass volume.

Further experiments should also test the volume effect. Al­
though the original, complete Weibull model relates increasing 
glass volume to decreasing failure stress, our data do not show 
the relationship unambiguously. For the shells tested, the glass 
volumes are highly correlated to wall thickness and inverse 
aspect ratio. Further work is needed to clarify that volume, 
rather than wall thickness or inverse aspect ratio, is causing the 
decreased failure pressure.

— Fit With Volume Term 
—- Fit Without Volume Term

h- 10

(# 0 00

GLASS VOLUME (106 /an3)

Fig. 2-16. Calculated 10% and 90% failure probability curves are shown super­
imposed on the data of Fig. 2-15a (failure stress as a function of glass volume 
for helium-filled shells). The straight lines result from Weibull calculations 
from which the volume term was excluded. The curved lines represent calcula­
tions in which the volume term was included; this results in a much better fit 
to our data, since the predicted failure stress decreases with glass volume.

For additional information, please contact Mr. M. A. Ebner
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SECTION 2.4

Development and Analysis of Shell-Coating Techniques

The variety of targets that we can provide to our own labora­
tory and to other participants in the national inertial confine­
ment fusion (ICF) program is increased by our ability to apply 
different types of coatings to targets. We are now able to apply 
organic and metal coatings to glass and polymer shells. The cur­
rent needs of the program are for plastic coatings with ultra­
smooth surface finishes, and so this year we concentrated on 
improving our understanding of glow discharge polymerization 
(GDP) and completing construction of a new parylene coating 
system that incorporates a plasma-assist capability.

Glow Discharge Polymerization

Glow discharge polymerization is used at KMS Fusion 
(KMSF) to deposit CH coatings onto shells. In this process, hy­
drogen and an organic gas are introduced into a plasma tube, 
where they are maintained at a specified pressure. The tube is 
surrounded by a radio-frequency (RF) coil, which induces an 
electric field that ionizes the gases to form a plasma (evidenced 
by a visible glow). Energetic electrons from the plasma break the 
organic gas molecules into fragments that attach themselves to 
the surfaces of shells bouncing in a pan at the bottom of the 
tube. The fragments then bond to one another through many 
crosslinks, forming a uniform, polymer-like film on each of the 
shells.

CH-Coatings on Glass Shells. There are three primary areas 
of persistent difficulty in the application of GDP-CH coatings 
to glass shells: (1) reproducibility of the coating rate, (2) achieve­
ment of target-quality surface finish, and (3) adhesion of the 
coating to the target.

Our difficulties in achieving a reproducible coating rate may 
have been solved by the discovery (and replacement) of a faulty 
gas flow controller in the GDP system. The faulty system al­
lowed the pressure references to shift slowly during deposition 
times of many hours. A new flow control system was acquired 
and will be operational in early 1987.

Improving the surface finish is more difficult. Recent analysis 
of the coating surfaces suggests that the surface roughness is 
caused by spherical CH particles, created in the gas phase, that 
attach themselves to the surface and are subsequently coated. 
Figure 2-17 shows several phases of particle attachment and 
overcoating. The simplest way to reduce the formation of these 
spheres is to reduce the deposition pressure and/or RF power 
input to the system. However, this also drastically reduces the 
deposition rate and leads to unacceptably long deposition times.
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Fig. 2-17. Some surface roughness in GDP-CH coatings is caused by spherical CH particles that are created in the gas phase, 
attach themselves to the surface of the shell, and are subsequently coated along with the shell. These photomicrographs of such 
shells illustrate the steps (a through c) in the incorporation of these particles in the coating.

Minor adjustments to the deposition parameters of pressure and 
RF power result in only marginal improvements in surface fin­
ish. Our goal is to find a power and pressure regime in which
(1) formation of these gas-phase particles is eliminated and
(2) deposition rates are adequate for the desired coating thick­
nesses.

Another contributor to surface roughness is deposition onto 
the shells of debris from the retention screen installed in the 
shaker cups used to bounce the shells during coating. In our 
present system the shells must be bounced to a height of about 
an inch to achieve a good coating rate. To avoid losing the 
shells, a retaining screen is installed at the mouth of the cup. 
This screen becomes coated with the same CH that is deposited 
on the shells, and tiny flakes peel off and fall into the cup. 
These flakes also become attached to the CH film on the shells 
and contribute to the surface roughness. To solve this problem, 
the new parylene coating system (described below) has been 
modified by the introduction of a shell bouncing system. This
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system is being used to develop a more suitable shaker or shell 
bouncer for the GDP system.

Separation of the coating from the shell surfaces is probably 
caused by stress in the coatings; consequently, we are trying to 
solve this problem by eliminating or reducing stress. A prelimi­
nary approach to reducing stress has been to increase the flow 
of hydrogen during CH deposition. Since we began increasing 
the hydrogen flow by a factor of 10, separation of the coating 
from the glass shell and fracture of the glass shells during coat­
ing has been eliminated. However, only a few such runs have 
been performed to date; work in this area is continuing.

Improved adhesion of the CH film to the glass shells has also 
been achieved by changes in the treatment of the glass shells be­
fore coating. A major change was to maintain the argon glow 
discharge, used to sputter-clean the shells, during introduction 
of the reactive gases to the coating chamber. Previously, the 
glow discharge was shut off after cleaning and turned back on 
after introduction of the reactive gases. Based on the limited 
number of runs so far, these changes seem to have solved the 
adhesion problem. Although stress is still present in the films, 
evidenced by the occasional stress-induced fracture of the coated 
shells, adhesion is so good that no separation of the film from 
the shells has been observed (see Fig. 2-18).

Fig. 2-18. Improved adhesion of (he CH film to the glass shells has been achieved by changes in the treatment of the glass 
shells before coating. A major change was to maintain the argon glow discharge, used to sputter-clean the shells, during intro­
duction of the reactive gases to the coating chamber. Previously, the glow discharge was shut off after cleaning and turned 
back on after introduction of the reactive gases (a). Although stress is still present in the films, adhesion is so good that no 
separation of the film from the shells has been observed (b).
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As part of this work, we are developing a method to measure 
stresses in the coatings. We have used a metal strip of known 
elastic properties as a GDP coating substrate and coated one 
side with a very thin film of silicone grease while keeping the 
other side very clean. This ensures that CH will adhere well to 
the clean side and not at all to the greased side. Due to the 
stresses induced at the CH/metal interface and the absence of 
CH stress on the opposite side, the metal strip is bent. The ex­
tent of deformation is a measure for the stresses in a deposited 
film of known thickness.

Preliminary experiments were very encouraging. A significant 
bending of the metal strip occurred under normal coating condi­
tions, indicating that stress is normally present in the GDP coat­
ings and that this technique should be a sensitive measure of 
stress. We expect that this approach will enable us to evaluate 
stresses in situ (using witness foils during deposition) and also 
allow us to evaluate the influence of gases or moisture on the 
stresses in CH films after deposition. Environmentally induced 
post-coating stress development in the films will be investigated 
by filling the deposition system with selected gases after the 
deposition is complete.

Effect of Substrate Curvature on Coating Rate. We previ­
ously reported that the deposition rate of the GDP coating pro­
cess showed a dependence on the curvature of the substrate.38 
Substrates with a small radius of curvature (i.e., shells with 
small diameters) were coated faster than those with a larger ra­
dius of curvature (larger diameters) when exposed to identical 
coating conditions. Since the differences in coating thicknesses 
were significant, a model was developed to explain this phenom­
enon, and further experiments were conducted to investigate the 
phenomenon in greater detail.

The model is based on a spherical dielectric substrate in a 
plasma. It will assume an electrical charge Q,

Q = kTQ~ ,

where k is Boltzmann’s constant, Te is the electron temperature, 
and Rq is the substrate radius. This charged sphere has an elec­
trical field E,

E = o •

It is this electrical field that attracts the positive ions formed in 
the glow discharge to the surface of the sphere, where they col­
lect to form a coating. The rate of ion deposition or coating 
should therefore be inversely proportional to the radius of the 
spherical shell substrate.

The rate can be described more quantitatively as follows. We 
assume that the velocity v of the ions is a product of the ion 
mobility a in the plasma and the electrical field E of the sphere,

v = aE .
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The rate at which ions arrive at the surface of the sphere is then 
equal to the number density TV of the ions in the plasma times 
the velocity v. The mass deposition rate per unit area M is given 
by

M=vNm ,

where m is the mass of the ion. If the resulting density of the 
deposited film is p, then the rate at which the film grows, as a 
function of the ions in the plasma, is

, akTcNm
dr = --------------

2p(T?0 + f)

where r is coating thickness. It is reasonable, however, to as­
sume that there is also a contribution to the film growth from 
nonionized but reactive species in the gaseous coating environ­
ment that are not attracted by the electrical field.

To account for this contribution, we write a generalized dif­
ferential equation describing the GDP growth mechanism in the 
form

dr _ a 
dt Ra + r (1)

where a — akTeNm/2p and b is, so far, an unknown constant 
representing growth from nonionized species and is presumed to 
be independent of substrate radius. Since a contains the electron 
temperature and the number density of the ions, it is obvious 
that it depends on both the RF power used to sustain the plasma 
and the partial pressure of the starting gas in the system. The 
nonionic reactive species account for the b portion of the coat­
ing rate. They arise either from former ions that recombined 
with an electron or simply from fragments of the original mole­
cule, possibly in excited states. Either or both species are thus 
also attributable to the RF power and the partial pressure of the 
starting gas in the system. Integrating Eq. (1) gives a relation­
ship between R0, r, and coating time t,

, 1 + r b(bt — r)-In---------- = ------------  . (2
a + bR0 a

On the basis of these relationships, coating of spherical sub­
strates can be used to gain some insight into the composition of 
the plasma in a GDP system.

Experiments were conducted to measure the rate of film 
growth as a function of the substrate radius. In previous mea­
surements, our data were so scattered that we could establish 
only a qualitative relationship between Eq. (2) and the data.
This scatter was, in part, the result of large uncertainties in film 
thickness measurements on the hollow microsphere substrates. 
Subsequently, a technique was developed at KMSF that permits
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us to measure coating thicknesses on microspheres with an accu­
racy of about ±0.2 /rm in the range of 1 to ~20 /rm (Ref. 39).

We also reported previously that there was considerable dif­
ference in the deposition rate between different locations inside 
the deposition system, with the rates changing measurably over 
distances of a few millimeters.38 To circumvent this problem, we 
mounted the glass shells on fibers and arranged them on a ca­
rousel that rotated at a speed of 1 rpm; thus, during a run of 
several hours, the location-dependent differences in deposition 
rates were averaged.

The measurements reported here were taken from experiments 
using a 3:2 mixture of trans-2-butene and hydrogen at a total 
pressure of 13.3 Pa. The RF power input ranged from 1 to 9 W 
and was held constant throughout any one run. The results of a 
typical run are shown in Fig. 2-19.

The results of the experiments were curve-fitted with Eq. (2) 
by choosing the best fitting combinations of a and b. A plot of 
ln(tf) versus b (Fig. 2-20) produced a linear relationship suggest­
ing that a function of the form

a = a0 exp (x^)

exists, where 5 is a constant. This expression shows quantita­
tively the relationship between the contributions of charged and 
uncharged species to the coating rate in the GDP process. It also 
confirms the intuitive expectation that the higher the RF power, 
the smaller the relative contribution to the coating rate by non­
ionized species.

The ultimate objective of this work is to find a quantitative 
correlation between the stress conditions in the deposited film

150 200 250 300 350
SHELL RADIUS fam)

Fig. 2-19. The rate at which GDP coatings are deposited depends on substrate 
curvature. Here, the variation in CH thickness is shown as a function of shell 
radius, where feed-gas pressure and RF power are held constant. The results of 
the experiments (dots) were curve-fitted with Eq. (2) by choosing the best fit­
ting combinations of a (95.64) and b (0.84).
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GDP DEPOSITION PARAMETER b (cm/s)

Fig. 2-20. Both the ionized and the nonionized (but reactive) species present in 
the gaseous GDP environment contribute to the GDP coating. The relative 
contributions of the two species to the GDP coating rate are given by an equa­
tion of the form a = an exp(sft), where s ~ 1, and a and b are deposition param­
eters that represent the contributions of the ionized and nonionized species, 
respectively. The higher the RF power, the smaller the relative contribution of 
the nonionized species.

(indicated in the extreme by fracturing of the films) and the 
composition of the gases in the glow discharge, as a function of 
the RF power input and the partial pressures of hydrogen and 
the precursor gas (in this case trans-2-butene). The analysis is 
not complete, but the first results show that the model does de­
scribe the physics of the GDP process very well. We hope that 
this research, used together with mass spectrometry, will provide 
detailed insight into the chemistry of GDP.

Construction of a New Parylene Coating System 
with Plasma Assist Capability

The coatings produced by GDP are hard, strong, and tough. 
For applications requiring a soft, elastic coating, parylene is 
used. In 1986, we constructed a new parylene coating system 
that is more efficient, easier to operate, and capable of coating 
larger substrates than our old system. This new system also in­
corporates a plasma-assist capability. It is shown schematically 
in Fig. 2-21.

The basic parylene coating system consists of a sublimation 
furnace, a pyrolization furnace, and a reaction chamber. The 
parylene dimer, paracyclophane, is transformed from a powder 
to a gas in the sublimation furnace. The gaseous dimer is then
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Pyrolization Furnace

RF Generator

IControl Panell Reaction ChamberParylene Sublimation 
Furnace

Vacuum Pump

a) Parylene deposition system with plasma assist 
capability

Fig. 2-21. A new parylene deposition system was con­
structed that incorporates a plasma-assist capability (a). 
With this system, coatings can be produced that combine 
characteristics of parylene and those of glow discharge 
polymerization. Because a stagnant gas condition produces 
more uniform coatings, the reaction chamber (b) contains 
baffles that prevent the development of gas flow patterns.

Plasma Chamber (Glass)

Flange to Furnace

Outer Chamber

Inner Chamber

-Removable Lid

Baffle 

Baffle
Cooled Substrate 
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Electrical 
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Cooling Water 

To Pump
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b) Parylene reaction chamber with plasma assist 
capability

“cracked” into two di-radicals in the pyrolization oven. These 
organic radicals are then deposited as a partially crystalline poly­
mer film on cold surfaces downstream under reduced pressure.

The new sublimation furnace affords better temperature con­
trol, which permits us to use higher parylene dimer sublimation 
temperatures. Consequently, we can achieve higher coating 
deposition rates, while still accomplishing efficient pyrolysis of 
the dimer. The new three-zone pyrolization or tube furnace 
(which replaces a single-zone furnace) permits increased control 
over the rate of parylene pyrolysis and thus control over the 
parylene deposition rate. Replacement of the narrow-bore glass 
tubing used in the old system with larger-bore metal tubing has 
increased vacuum pump conductance, simplified cleaning proce­
dures, and minimized the hazards of working with pressure 
differentials. Substrate size limits have been increased from 35 
to 165 mm.

The plasma-assist capability is provided by the plasma cham­
ber and the RF generator. This is a new technique, in which ad­
ditional molecular excitation (in excess of that achieved by 
thermal cracking of the parylene dimer), is achieved by RF elec­
tromagnetic radiation that is coupled into the system by an in­
ductive coil or capacitive plates. This additional energy produces 
a plasma, which results in further bond breaking of the parylene 
monomer radical.

The phenomenon is very similar to GDP. The characteristics 
of the coatings that are produced are likewise similar to those 
produced by GDP. By pulsing the signal of the electromagnetic 
energy source, we hope to produce a composite of soft, elastic
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parylene with hard, tough GDP-type films. A harder coating 
may permit bounce-coating of shells, a technique not possible 
with pure parylene, since the soft coating tends to promote 
clumping of the shells when they are bounced.

With this system, we can now produce alternating layers of 
pure parylene and plasma-assisted, modified parylene, or homo­
geneous films with various degrees of GDP-like characteristics 
by operating in a continuous plasma-assist mode. Figure 2-2lb 
shows the details of the components inside the reaction cham­
ber. The baffles are necessary to prevent gas flow patterns, as a 
stagnant gas condition produces more uniform coatings. Our 
new system can be run in both the plasma-assisted and conven­
tional modes without any modifications.

Pinhole Experiments. We first used the new system to perform 
a systematic study of operating conditions to produce pinhole- 
free conventional parylene films (i.e., without the plasma-assist 
feature operating). The parameters varied were the parylene sub­
limation and pyrolysis temperatures, system pressures, substrate 
temperature, and deposition time. These parameters affected the 
total flux of radicals through the system (flow rate) and the resi­
dence time of the organic species in the critical elements of the 
system. The films were deposited onto brass disks.

To detect the presence of pinholes, the coated disks were im­
mersed in a copper sulfate solution and a voltage applied across 
the disks. The presence of pinholes could be detected by observ­
ing current passing through the system. The location of pinholes 
could be observed by the deposition (plating) of copper on and 
in the pinholes.

The best results were obtained when substrate surfaces were 
very clean. Variation of pyrolysis temperature between 600 and 
740°C had very little effect on the number of pinholes in the 
films, as long as the flow rate was low enough to permit effi­
cient pyrolysis of the dimer material. (The extent of pyrolysis 
was empirically checked by optical microscopy of the resulting 
films. Dimers that pass through the system and condense with­
out being pyrolyzed produce a crystalline appearance in the 
film.)

Film thickness, which is determined by the deposition time, 
was the most important parameter affecting the number of pin­
holes. The thicker the film, the fewer the pinholes. The number 
of pinholes ranged from 0/in.2 to 5/in.2.

Film thickness was also the most important factor affecting 
the “breakdown” time of the films in the copper plating experi­
ment. (Pinholes can be contorted and convoluted, winding 
through the coating. In thick films, it can take a long time be­
fore electrical contact is established with the brass disk. This 
sudden electrical contact is called “breakdown.”) Breakdown 
time varied from several seconds to several days, and some films 
showed no breakdown for test times of up to a week. No break­
down was observed for films thicker than -6 /xm. There was no 
apparent loss of adhesion of the films after soaking in the cop­
per sulfate solution for several days.
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Surface Roughness Experiments. Another set of experiments 
was conducted to observe the effects of varying the same param­
eters (parylene sublimation and pyrolysis temperatures, system 
pressures, substrate temperature, and deposition time) on sur­
face finish. The best coatings, which were optically clear and 
had the smoothest surfaces, were produced with substrates at 
room temperature, a parylene sublimation temperature of 120 to 
130°C, a pyrolysis temperature of 710 to 730°C, and a deposi­
tion rate of 0.5 gm/h. Variation of substrate temperature was 
found to have a visible effect on the surface roughness of these 
films: Minor blistering occurred at 140°C; a seemingly crystal­
line surface was produced at 135°C. The films with very few 
surface defects were also nearly optically clear. When deposition 
rates were increased by raising the parylene sublimation temper­
ature, less clear films resulted (milky, but still transparent), 
which also seem more brittle than films formed at lower deposi­
tion rates. We again observed that parylene deposition accentu­
ates imperfections on the substrate surface, a phenomenon also 
associated with GDP coatings.

Plasma-Assisted Deposition Experiments. We conducted a 
small number of plasma-assisted parylene depositions. During 
depositions at high (e.g., 200 mTorr) chamber pressures, rela­
tively large quantities of fine fibrous material, reminiscent of 
foam, were created. This material seems to be a gas-phase prod­
uct similar to that seen in GDP. Experiments at pressures lower 
than 90 mTorr resulted in a surface covered with 2 to 3 gm 
spheres, a phenomenon also seen in GDP work. We will con­
tinue to investigate plasma-assisted deposition in 1987.

For additional information, please contact Mr. H. K. Lintz
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SECTION 2.5

Target Characterization Development

Computer Simulation of Interferometric Fringe Patterns

Classical interferometry has historically been the method of 
choice for determining the wall thickness uniformity of transpar­
ent fuel containers40 and cryogenic fuel layers.41 Double-pass 
(Twyman-Green) interferometers are routinely used to determine 
wall thickness, to analyze wall defects (particularly wall thick­
ness uniformity), and to verify fuel fill. Single-pass interfero- 
grams produced by a lateral shearing interferometer are used to 
evaluate cryogenic (liquid or solid fuel) targets.

During 1986 we extended the capabilities of our three-dimen­
sional ray-trace computer code for the analysis and prediction of 
classical interferometric fringe patterns for shells. Both single- 
and double-pass interferograms can be simulated with this code. 
The code handles transparent hollow spherical fuel containers, 
either empty or filled with gaseous DT. The ability to model 
filled shells is important, since interferometric images can 
change dramatically when fuel is present in a shell. The code can 
also generate fringe patterns corresponding to single-pass inter­
ferograms of shells containing DT layers that are contiguous 
with the inner surface of the shell.

Two types of defects can be modeled: nonconcentricity defects, 
in which the centers of the inner and outer surfaces do not coin­
cide, and nonsphericity defects, in which the inner surface of the 
shell is spheroidal rather than spherical. Nonconcentricity defects 
can be in any direction, and combinations of nonconcentricity 
and nonsphericity defects can be modeled, provided that the 
outer shell surface and the inner surface of the liquid or solid 
DT layer (if present) are spherical.

The defining equations for nonconcentricity NC and non­
sphericity NS are

NC = e/Wavg

and

NS = 1 - ct/b ,

where e is the offset of the centers of the inner and outer spheri­
cal surfaces, Wavg is the average wall thickness, and a and b are, 
respectively, the semi-minor and semi-major axes of the spheroi­
dal surface.

The fringes of the simulated interferograms arise from the cal­
culated differences in optical path lengths between rays that tra­
verse the shell and a reference ray. The code uses the ray along 
the optical axis of the system, which passes through the center 
of the shell, as the reference ray. If the path lengths differ by an
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integral number of wavelengths, constructive interference (a 
bright fringe) occurs. The code plots points of destructive inter­
ference (dark fringes), which occur when the optical path length 
difference equals an odd integer multiple of half-wavelengths.

In practice, for a particular application, the code is used to 
predict the fringe patterns as a function of selected values of 
shell diameter, average wall thickness, and selected values of NS 
and NC. The program also calculates the maximum and mini­
mum wall thicknesses of the shell, along with the wall nonuni­
formity Nil which is defined by

yyjy _ If^tnax Ikmin

— w ’rr avg

where Wmax and lVmin refer to the maximum and minimum wall 
thicknesses, respectively.

The ability of the code to generate interference fringe pat­
terns, given various values of NC and NS, provides an extremely 
valuable visual guideline for establishing the boundaries of shell 
acceptability in the fuel shell selection process. Figure 2-22 
shows computer-generated double-pass interferometric fringe 
patterns (535 nm light source) for empty 600 o.d. glass shells 
having selected NC and NS values.

For these representative calculations, the nonconcentricity 
defect is an offset to the right along the horizontal axis. The 
patterns are shifted in the direction of the offset. Note that the 
fringe pattern is quite sensitive to the nonsphericity of the inner 
surface. For a shell with a 3 gm thick wall and an NS value of 
0.002, the fringes are highly elliptical; at NS = 0.005 they are 
convoluted. The number of fringes increases as the thickness of 
the shell wall is increased. As the fringe spacing becomes smaller 
(due to increasing wall thickness), those fringes nearer the edge 
of the shell may become indistinguishable from each other.
Those near the center of the fringe pattern remain visible, how­
ever, and the offset of the center of the fringe pattern, due to 
nonconcentricity, appears constant as the shell wall thickness is 
increased from 3 to 7 /^m. This is fortunate in view of the effect 
of nonconcentricity on wall nonuniformity and the maximum 
wall thickness variation.

For a given shell, a diameter and average wall thickness are 
determined in a straightforward manner by optics and inter­
ferometry. The shell’s interferometric fringe pattern is compared 
with the computed patterns. The normal procedure is to esti­
mate an NC value for the shell from the actual pattern first, 
then to find the set of predicted patterns that bound this pat­
tern. By interpolation, values for NC and NS are determined. 
From these values, NU is calculated.

If the fringe pattern indicates no asphericity of the shell, then 
NU = 2 NC. If an elliptical pattern exists, NU is a function of 
both nonconcentricity and nonsphericity defects; use of the code 
is then essential to provide a single NU, or a (fVmax — Wmin) 
value, from the determined values of NC and NS. Either NU or 
(^max — ^min) is reported for a completely characterized fuel
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Fig. 2-22. The ability of the computer code to generate interference fringe patterns, given various values of NC and NS, pro­
vides an extremely valuable visual guideline for use in selecting fuel shells. The shell selection technician can choose a shell hav­
ing a bull’s eye pattern no worse than that given by a computer-generated reference pattern. These computer-generated 
double-pass interferometric fringe patterns represent empty glass (index of refraction n = 1.475) shells 600 pm in outside di­
ameter, with the NC and NS defects indicated. The wavelength of the light used is 535 nm.
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shell that will be used in a target shot, depending on the target 
specifications.

For a requested target set, normally there are limits specified 
as either a maximum NU or a (Wmax — Wmin). These specified 
limits translate to consequent limits on both allowable NC and 
NS for the target selection process. The maximum NC, NCmax, 
occurs when NS is zero. Similarly, the maximum NS, NSmax, 
occurs when NC is zero. NCmax and NSmax are expressed as

NC —1 v '-"max
NU Kmin

2 W,,avg

and

NSmax
^max ^rnin _ [\JJJ ^avg

^ — JT'avg R — fFavg

Thus, for targets having both nonsphericity and nonconcentric­
ity defects, NS < NSmax and NC < NCmax. These bounds for NS 
and NC are chosen to set the limits for the computations.

For additional information, please contact Mr. A. J. Martin

Image Analysis for Macroshell Spheres

The production of spherical cavities in glass preforms, cylin­
ders, or fused hemishells is the first step in one promising method 
for the production of large (>2 mm diameter) shells42 (see also 
Section 2.4). Sphericity requirements for the cavities depend 
upon the specifications for shell aspect ratio (diameter/wall 
thickness) and wall thickness uniformity. For example, a shell 
with an aspect ratio of 100 and a wall nonuniformity of less 
than 10% requires an inner cavity with a sphericity better than 
99.8%. The ability to measure cavity sphericity accurately is 
therefore essential.

Radiographic43 and photographic methods have been used to 
measure cavity sphericity. Since x-ray scattering blurs the radio- 
graphic image of the cavity, we have used white-light photogra­
phy. Sphericity is characterized by photographing the cavity 
from orthogonal directions and then evaluating the circularity of 
the two-dimensional cavity images using Fourier analysis.

A dual-aperture system (Fig. 2-23) is used to photograph the 
sample. One aperture is placed directly over the light source, 
and a second aperture is placed 11 cm above the light source, 
just below the sample. This aperture system sharpens the image 
of the cavity/glass boundary by minimizing the amount of non­
parallel light reaching the sample. Orthogonal photographs of 
the cavity are obtained by immersing the sample in index­
matching fluid, photographing it, rotating the cavity so as to 
view it along an axis orthogonal to the first, and photographing 
it again. The photographic negatives are formed on glass plates 
rather than plastic film to eliminate image distortions resulting

Camera

Index-Matching
Fluid

Cavity
Preform

Aperture
Aperture

Light Source

Fig. 2-23. Dual-aperture white-light pho­
tography is used to measure cavity sphe­
ricity in Macroshell''" targets. The dual 
apertures sharpen the image of the cav­
ity/glass boundary by minimizing the 
amount of nonparallel light that reaches 
the sample. The sample is immersed in 
index-matching fluid, photographed, ro­
tated so it can be viewed along an axis or- 
thogonal to the first, and photographed 
again. The circularity of the two two- 
dimensional cavity images is then evalu­
ated using Fourier analysis.
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from shrinkage of the negative. The negative images are en­
larged and printed on high-contrast paper to maximize the con­
trast at the cavity/glass boundary.

The enlarged images are then digitized. For each image, 128 
perimeter coordinates are input by means of multiple passes 
around the image contour using an electronic data tablet.

The image analysis code finds the circle best fit to the coordi­
nates using a least-squares fit analysis. The image is analyzed 
using a fast Fourier transform (FFT) to yield the types, magni­
tudes, and positions of the nonuniformities.44 The code also 
gives a single figure of merit for the uniformity, the percent 
noncircularity NC, which is calculated using the expression,

NC
2RMS

r
x 100%

where r is the average radius and the RMS (root mean square) 
value is given by

RMS =
4

0.5 2 (mode amplitude,- — average noise amplitude)2
(=2

1/2

As standards, the image of a high-precision machined steel 
ball photographed in the same index-matching fluid used for the 
samples and a compass-drawn circle were digitized using the 
data tablet, and analyzed. The noncircularity values obtained 
were less than 0.2% for the steel ball image and less than 0.1% 
for the circle.

The stringent sphericity requirements for cavities demand 
greater accuracy in our noncircularity measurements. We plan to 
design and build an image-analysis system that will digitize the 
photographic negative directly, thus eliminating errors intro­
duced during image printing and manual data entry.

For additional information, please contact Mr. L. A. Scott

Holography Development for Solid Fuel in Macroshell1® Spheres

Evaluation of the cryogenic fuel layer (liquid or solid) in large 
or thick-walled targets will require a diagnostic technique that is 
less sensitive to the effects of the fuel container than is classical 
interferometry. Results from Lawrence Livermore National 
Laboratory45 and the Soviet Union46 indicate that holographic 
interferometry is both more accurate and more sensitive than 
classical interferometry. Development work is underway at KMS 
Fusion to produce a holographic interferometry system for fuel 
layer characterization.

Classical interferometry does not work well with thick-walled 
shells, such as the poly(vinyl alcohol) (PVA) shells used in the 
Low Preheat Implosion Campaign. Because the thick walls add 
many fringes to the interferograms, their interpretation is very
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difficult. This is illustrated by measurements done on computer- 
simulated classical interferograms of a cryogenic fuel layer 
within a perfect, 125 x 5 jum (o.d. x wall) PVA shell.47 The off­
set of the center of the interferometric fringe pattern from the 
center of the shell was only about 3% of the shell image for a 
fuel layer nonuniformity of 20%. Determination of nonunifor­
mities of less than about 20% is therefore severely hampered by 
the uncertainty in the location of fringe maxima. In addition, 
polymer shells tend to be more nonuniform than thin glass 
shells, making determination of the uniformity of the cryogenic 
layer much more difficult.

Holographic interferometry significantly lessens this problem 
by allowing us to observe fringes due to the fuel layer alone.
The holographic interferogram of a cryogenic target is formed 
by making two holograms, one of the target with its fuel in the 
gas phase, and one of the target containing liquid or solid fuel. 
These holograms are superimposed to form an interferogram, 
either by making the two holograms on the same holographic 
plate, forming a double exposure, or by making them on sepa­
rate plates and superimposing them upon reconstruction. Only 
changes in the object (in this case, the cryogenic fuel layer) con­
tribute to fringe formation.

Apparatus and Procedure. The apparatus used in develop­
ing our cryogenic holography system is shown schematically in 
Fig. 2-24. A beam from an argon ion laser is used to form the 
holograms. Immediately after the beam leaves the laser, 5% is 
split out to a spectrum analyzer (scanning interferometer). The 
output of the spectrum analyzer is used to tune an etalon to the 
desired bandwidth. The beam transmitted by the first beamsplit­
ter then enters a variable beamsplitter, which can vary the ratio 
of powers of the reference and object beams from 1:1 to about 
20:1. The variable beamsplitter is set so that the power of the 
reference beam is 10 times that of the object beam. The expo­
sure of the holographic plate is controlled by two shutters, one 
in each beam, which are operated simultaneously by a shutter 
controller. Both beams pass through spatial filters. The object 
beam then passes through the target to a focusing lens that im­
ages the target on the film plane of the holographic camera. The 
reference beam goes directly to the holographic camera. The an­
gle between the beams is 24°, the angle required to give opti­
mum resolution with the film used in the holographic camera. 
Because this film can be reused (up to 300 times) a Polaroid 
camera is used to photograph the holographic interferogram.

The target is mounted on a post that is attached to a cryostat 
extension in the target chamber. A heating laser allows us to 
manipulate the fuel layer within the shell while the cryostat is 
cold. Since this system employs conduction cooling using one 
cryostat, only liquid layers have been holographed so far. (A 
more elaborate cryogenic system is required to produce solid 
layers.)

A photograph of a holographic interferogram of a liquid layer 
formed using this system is shown in Fig. 2-25. The shell in the 
figure is a glass shell with an outside diameter of 680 /xm and a
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Fig. 2-24. Holographic interferometry is being developed to document fuel layers in cryogenic targets. The target is mounted 
on a cryostat extension and held in a vacuum chamber; a heating laser makes it possible to manipulate the fuel layer within the 
shell while the cryostat is cold. A beam from an argon ion laser is used to form the holograms. Five percent of the beam is 
diverted to a spectrum analyzer to tune an etalon; the remainder is split into reference and object beams. A Polaroid camera 
creates a permanent record of the holographic interferogram.

wall thickness of about 5 ^m. It contains about 50 atm of HD.
It has been coated with a colorless transparent polymer to give 
an additional wall thickness of about 20 /zm. The liquid layer 
(which would be ~6 /xm thick if uniform), is thicker at the top 
of the shell due to the inversion phenomenon, as expected with 
conduction cooling.48 The fringes seen are attributable to the 
fuel layer alone. The only effect of the thick wall of the fuel 
container is the refraction of light out of the entrance pupil of 
the viewing optics, which produces the shadows at the edges of 
the shell image.

There are several technical challenges when using holographic 
interferometry to document the condensed layers formed in our 
cryogenic apparatus. The object and reference beams paths must
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be equal to within the coherence length of the laser. Vibration, 
both during and between holographic exposures, must be elimi­
nated. Also, the laser power required to expose a plate may af­
fect the fuel layer within the target. This problem may be most 
severe when using holographic interferometry to document the 
fuel layers produced by /3-heating (see Section 2.1).

Our efforts to date have addressed the first two of these prob­
lem areas. The need for nearly equal path lengths for the refer­
ence and object beams was first addressed by making the path 
lengths equal to within a few millimeters. Later, insertion of an 
etalon into the cavity of the laser increased the coherence length 
of the laser from about 2 cm to about 3 m, thus lessening the 
need for path-length matching considerably. The spectrum ana­
lyzer used with the etalon enables us to monitor the stability of 
the laser output continuously. Vibration of the holographic sys­
tems was controlled by mounting the laser, the target chamber, 
the cryostat, the holographic camera, and all associated optics 
on a vibration-isolated lab bench (Newport GS-34).

Future Work. The next step in our development program is 
to mount the system on our simulated target chamber in the 
cryogenics laboratory. This will enable us to make holographic 
interferograms of solid layers. We intend to use holographic in­
terferometry to measure the uniformity of layers formed in our 
planned |8-heating experiments. The possibility of disturbance of 
the fuel layer by the documentation beam may be a problem in 
this application. We will introduce the beam normal to the 
direction of the effect that we wish to observe (using a horizon­
tal beam when observing an antigravitational effect) and, if nec­
essary, use pulsed holography. Use of the pulsed mode will not 
eliminate the effect of the illumination beam on the fuel layer, 
but it will allow us to form an image of the target before it can 
respond to heating by the illumination beam.

For additional information, please contact Mr. T. R. Pattinson

Fig. 2-25. The holographic inierferometry 
system was used to produce this image of 
an inverted liquid layer within a 680 /im 
polymer-coated glass shell. The liquid is a 
1:1 mixture of hydrogen and deuterium. 
The fringes are attributable only to the 
fuel layer. The only effect of the thick 
wall of the fuel container is the refraction 
of light out of the entrance pupil of the 
viewing optics, which produces the shad­
ows at the edges of the shell image.
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SECTION 2.6

Cryogenic System and Apparatus for 
the University of Rochester

In 1984 KMS Fusion (KMSF) agreed to assist the University 
of Rochester Laboratory for Laser Energetics (LLE) prepare for 
a series of cryogenic experiments using their Omega laser. Our 
part of this project consisted of building a simulation chamber 
(using a vacuum chamber, called Zeta, supplied by LLE), and 
cryogenic equipment and ancillary hardware that could be used 
for training and testing on Zeta or for target experiments with 
the Omega chamber. This year we finished the project, deliver­
ing the system in September. Acceptance tests conducted both 
at KMSF and at LLE verified that the system functioned as in­
tended.

The design of the system is based on the “fast-refreeze” 
technique1 for the formation of solid (frozen) fuel layers in gas- 
filled spherical targets. This technique calls for cooling the tar­
gets so rapidly that gravity cannot cause the condensing liquid to 
sag before it is frozen in place. This results in the formation of a 
highly uniform frozen fuel layer.

Forming the frozen fuel layer in the target is but one of the 
tasks that must be accomplished by a cryogenic-experiment ap­
paratus. There are a number of distinct subsystems in the Zeta 
simulation system that are dedicated to specific functions. Each 
is discussed individually below; most are shown in Fig. 2-26.

Vacuum Chamber. The vacuum chamber provides the appro­
priate low-pressure target environment and serves as a mounting 
site for hardware and diagnostics. Part of this hardware is used 
to place and hold the target in a precisely specified location to 
simulate laser irradiation experiments. The Zeta chamber has 
been modified with flange extensions to mimic the critical dimen­
sions of the Omega system.

Pumping System. The pumping system that maintains vacuum 
in the chamber comprises a mechanical pump and a diffusion 
pump. It is a standard configuration and has sufficient inter­
locks, accessible on the control panel, to make it easy to operate 
and prevent inadvertent misuse.

Refrigeration System. The Zeta system uses two helium cryo­
stats to cool the target below the triple point (~18K) of the hy­
drogen isotopes used as fuel. Commercially available cryostats 
were modified for this application; they are shown in Fig. 2-27. 
One of the cryostats is part of the target-mounting apparatus; 
the other, mounted at 180° from the first, is part of the cryo­
genic shroud that surrounds the target until just before it is irra­
diated.

The target is mounted on a thin fiber or held in a thin Form- 
var® tent that is glued to a target post. The post, in turn, is
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mounted on the end of a cryostat extension. This configuration 
ensures that all shrinkage and stress relief of the target mount 
occurs before the start of the experiment. The target can then be 
held rigidly at the focal point of the chamber.

The second cryostat is equipped with a helium shroud that is 
an extension of the cryostat. The shroud carries cold helium gas

Documentation
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(Interferometer 
Output)

Cryogenic 
Shroud

Vacuum
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Pump

Cryogenic
Shroud
Retractor

Target 
Positioner

Fuel
Vaporization 
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Cryogenic 
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Fig. 2-26. Several separale subsystems are incorporated into the Zeta chamber 
simulation system. Together these systems produce and document a nearly uni­
form layer of frozen fuel in a spherical target.

TargetCryogenic Shroud 4.0 cm

Target
PostCommercial

Cryostat
Cryostat
Extension

Orifice S;>PPl*e 
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Fig. 2-27. Two helium cryostats are used to cool the cryogenic target below the triple point of the hydrogen isotopes used as 
fuel. One of these cryostats is part of the target-mounting apparatus; the other, mounted at 180° from the first, is part of the 
cryogenic shroud.
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from the cryostat reservoir through a pinhole orifice into the 
target region, and then into the vacuum chamber. The size of 
the pinhole is chosen so that the pressure in the vacuum cham­
ber can be kept below 10-4 Torr by the vacuum pumps during 
the experiment.

Target Positioner System. The target positioner, which holds 
and positions the target and mounting assembly described 
above, is bolted directly onto the vacuum chamber. This affords 
it the rigidity necessary to hold the target in place (the chamber’s 
focal volume is an imaginary sphere with a 5 /xm radius) for the 
extended periods required by cryogenic experiments. The posi­
tioner incorporates an airlock, a ball valve, and X, Y, and Z 
axis positioners.

The target and its mount are moved along three axes via 
computer-controlled microstepping motors that are controlled 
from the master control console. Speed controls are available 
for all three axes. There are adjustable limit switches on each 
end of travel for all axes to prevent mechanical damage to the 
target or internal components of the insert.

The positioner incorporates an airlock and ball valve assembly 
that allows the target to be replaced without disturbing the 
chamber vacuum. The airlock is the critical component in the 
achievement of a rapid target-turnover rate. The buffer volume 
of the airlock can be sealed and pumped to high vacuum or air 
can be admitted to raise the pressure to atmospheric pressure. 
The motorized ball valve is controlled by computer command. 
Interlocks to prevent catastrophic failure modes exist in the con­
trol software. The ball valve has limit switches mounted on it to 
indicate the full-open and full-closed positions. The travel time 
required to open or close is approximately 90 s.

Cryogenic Shroud and Retractor. The shroud/retractor mech­
anism is also bolted directly to the vacuum chamber. The shroud 
performs the dual function of shielding the target from IR radi­
ation and refrigerating the target with a cool stream of helium 
vapor. In an inertial confinement fusion (ICF) experiment, the 
retractor removes the shroud from the vicinity of the target 
(without disturbing the position of the target) just before irradi­
ation by the laser. The extreme sensitivity of cryogenic targets to 
room-temperature radiation requires millisecond timing and a 
fast retraction rate.

In addition, the shroud is equipped with four sapphire win­
dows. These provide two orthogonal views of the target for the 
fuel vaporization system and the target documentation system 
(both described below) while effectively blocking the 300K 
room-temperature radiation that can heat the target.

Like the target, the cryogenic shroud must be positioned accu­
rately relative to the focal volume of the chamber. The 4 cm 
overlap of the shroud and target positioner (refer to Fig. 2-27) 
and the 2 mm annular spacing between the shroud and the tar­
get post are both critical design features. To maintain these pa­
rameters, the shroud must maintain stable X and Y coordinates 
and have long travel on the Z stage.
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The shroud cryostat rides in a carriage constructed from a 
heavy walled tube and cross roller slides. The mounting struc­
ture is designed to allow mechanical motion of the shroud along 
three axes.

The retraction mechanism is operated pneumatically to retract 
the shroud quickly (as for an ICF experiment) or manually to 
retract it slowly.

Fuel Vaporization System. An argon laser is used to vaporize 
the fuel in the target after the helium shroud has been moved 
into position around the target. The shroud must be moved into 
position slowly, which causes the target to be exposed to a non- 
uniform thermal environment. Slow, nonuniform cooling of the 
target allows the fuel to condense nonuniformly and freeze as a 
nonuniformly thick layer. This “heating laser” illuminates the 
target through the sapphire windows in the helium shroud, vapor­
izing the condensed fuel. Because the helium shroud is now in 
place around the target, blocking the heating laser beam with a 
shutter allows the target to refreeze quickly, forming a uniform 
solid layer.

The heating laser for the Zeta system is an argon ion laser that 
is normally operated at the 514.5 nm line. The power output at 
this line can be as high as several watts. Since glass targets ab­
sorb visible light very inefficiently at 10K (the temperature to 
which the target is cooled), this high power output may be nec­
essary for complete vaporization of the fuel within Omega 
targets.

Figure 2-28 shows the heating laser optical system as installed 
on the Zeta chamber. The heating laser system is provided with 
a shadowgraph imaging system to aid in aligning the laser with 
the target. An image of the target is projected onto a ground- 
glass screen in front of a closed-circuit television (CCTV) cam­
era. By observing the camera monitor, an operator can quickly 
align the laser and the target using panel controls for X, Y posi­
tioning and focus. The size of the beam and its position relative 
to the target are controlled by moving the steering lens and may 
be observed on the shadowgraph of the target on the ground- 
glass screen. The image on the screen is recorded by the CCTV 
camera and relayed to a monitor at the control station.

Documentation System. The target-image documentation sys­
tem incorporates an argon ion laser, a Murty shearing-cube in­
terferometer,49 a TV camera, and a 35 mm single-lens reflex 
camera. A beam of visible radiation from the argon ion laser is 
brought into the chamber at 90° to both the shroud axis and the 
heating laser axis. The beam passes through the target, is 
formed into an interferometric image, and is then focused on 
both photographic film and the CCTV camera. Thus, for actual 
target shots, an operator can observe the target as the fuel layer 
is formed and evaluate the uniformity of the final solid layer 
prior to irradiation with the Omega laser.

The wavelength of the documentation laser is usually the 
488 nm line of an argon ion laser because short wavelengths 
give better resolution than longer wavelengths (e.g., a FleNe 
laser).
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Fig. 2-28. An argon laser is used as a heating laser to vaporize the fuel in the 
target after the cryogenic shroud is in place. Blocking this laser with a shutter 
allows the target to refreeze quickly, forming a uniform solid layer. The 
shadowgraph imaging system (ground-glass screen, CCTV camera, monitor, 
and associated optics) aids in aligning the laser with the target. The size of the 
beam and its position relative to the target are controlled hy the steering lens 
and displayed by the imaging system.

Zeta Chamber Control System. All control equipment and 
functions for the Zeta system are interfaced through CAMAC 
and CAMAC-compatible circuits. A microcomputer, CAMAC 
crate controller, and control software were provided with the 
system. The Zeta system also affords a manual mode of control 
for all components.

The configuration of the electronic control system is shown in 
Fig. 2-29. There are three control consoles. The master control 
console contains the computer and CAMAC controller, an 
X, Y,Z position control for the target positioner, X, Y,Z motor 
power and drivers for the shroud retractor, and controls for the 
heating laser and a 35 mm camera that is part of the documenta­
tion system. Separate control consoles were provided for the tar­
get positioner and the shroud/retractor mechanism so that the 
control consoles could be placed close to the hardware. Many of 
their functions can be activated from the master control console.

The various functional subsystems of the Zeta system are 
operated by a combination of panel, keyboard, computer, and 
manual controls.

The target positioner assembly is designed to be controlled en­
tirely by computer command. For the Zeta system, however,
X, Y,Z motion of the target positioner is controlled through a 
separate panel on the master control console. The circuitry of 
the panel simulates the signals that the computer will provide on 
the Omega system. All other electronic features on the target
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Fig. 2-29. Electronic control on the Omega system will be accomplished en­
tirely by computer. For the Zeta system, panel, keyboard, and computer con­
trols are combined to simulate Omega system functions.

positioner are activated by keyboard commands. These activate 
the circuitry located in the local control console for the posi­
tioner. The target cryostat is operated directly from the local 
control console.

The shroud retraction assembly is designed with a combination 
of manual and computer control functions. The X, Y positioning 
of the retractor is manually controlled. The Z positioning can be 
controlled either manually or by computer, as determined by a 
switch on the local control console. Fast retraction of the shroud 
assembly can only be activated through the computer. The com­
puter keyboard commands activate the circuitry located in the 
local control panel. The shroud cryostat is operated directly from 
the shroud control console.

The intensity and X, Y,Z focusing control for the heating laser 
are designed for computer control. For the Zeta system, how­
ever, these are controlled by circuitry in the master control 
panel. Safety shutters for both the heating laser and the illumi­
nation laser are controlled by keyboard commands; a second 
shutter on the heating laser is controlled remotely.

All of the equipment to control the vacuum environment of 
the chamber is controlled independently. This equipment is con­
trolled through the pump station console and includes the diffu­
sion and mechanical pumps, all vacuum valves, associated 
vacuum gauges, and control sensors.
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Execution of a Cryogenic Experiment. To prepare for a cryo­
genic experiment, a fuel-filled target is mounted on a target 
post, which is then affixed to the end of a target cryostat. This 
unit is placed in the target positioner system, with the target in 
the middle of the airlock. The airlock is evacuated and the cryo­
stat cooled (as the target cryostat is cooling, the shroud cryostat 
can also be cooled). The cryostat extension and target are then 
moved through the ball valve to the focal volume of the 
chamber.

When the two cryostats are cold and aligned to the focal vol­
ume, the shroud is moved into place over the target post (as 
depicted in Fig. 2-27). At this point, the interferometer system is 
adjusted for background phase and phase gradients.

A uniform solid fuel layer is formed in the target by focusing 
the heating laser onto the target and increasing the intensity un­
til all the fuel is vaporized. (It usually takes only a few heating- 
laser cycles until a uniform solid fuel layer is formed within the 
target.) When a satisfactory layer is formed, a 35 mm photo­
graph of the interferometric image is taken.

The cryogenic shroud must then be retracted. To prepare the 
shroud for its fast retraction cycle, the shroud transfer line must 
be secured to the central cylinder, foreign objects must be 
cleared from the path of the central cylinder, and personnel in 
the area must be alerted. When the area is cleared, computer 
control of the shroud retraction is activated, and the system is 
armed. For the Zeta system, the automatic retraction sequence is 
initiated by an operator through a computer keyboard. For the 
Omega system, this sequence will be controlled by the main con­
trol computer.

For additional information, please contact Dr. D. L. Musinski
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SECTION 2.7

Targets Delivered in Support of the National ICF Program

During 1986 we delivered inertial confinement fusion (ICF) 
targets and target components to Lawrence Livermore National 
Laboratory (LLNL), Los Alamos National Laboratory (LANL), 
and the Laboratory for Laser Energetics (LLE) at the University 
of Rochester. While most requests were for spherical glass shells 
filled with D2 or DT at pressures of 5 to 100 atm, other materi­
als, geometries, and fill gases were also requested.

Lawrence Livermore National Laboratory received a total of 
13 separate shipments of glass shells. One type of target was 950 
to 1050 fim in diameter, with walls between 1 and 3 thick, 
and filled with 14 atm of DT. These targets were used to pro­
duce a high neutron yield to aid in the development of new diag­
nostic equipment for the Nova laser. Another type of target 
prepared for LLNL was 350 to 390 /xm in diameter, with walls 
8 to 10 /tun thick, and coated with polymeric materials. Because 
of the nature of the experiments for which these targets were 
designed, stringent specifications had to be met in their manu­
facture. Especially for wall thickness uniformity criteria, a ma­
jor expenditure of effort in fabrication, characterization, and 
selection was required.

Los Alamos National Laboratory received six shipments of 
glass shells. For five of these shipments, a variety of diameters 
and wall thicknesses were required. The shells were filled with 
argon at pressures ranging from less than 0.5 to 2.1 atm.

Eight shipments of glass shells and one shipment of poly(vinyl 
alcohol) (PVA) shells were prepared for LLE. Specifications for 
the glass shells included diameters in the range of ~140 to 
—750 /xm, walls from —0.6 to -5.0 /xm, and shell aspect ratios 
(diameter/wall thickness) from -28 to -640. The dimensions of 
the PVA shells were (nominally) 340 x 3.0 /tm (diameter x wall).

From these batches, LLE selected specific shells, which they 
loaded and sealed in containers (called “eggcrates”). These egg- 
crates were returned to KMS Fusion (KMSF) to be filled with 
gaseous fuel. Eighteen such eggcrates were processed. Sixteen 
were filled with DT at pressures ranging from 10 to 100 atm. 
Two eggcrates were filled with D2, one at 20 atm, the other at 
50 atm.

We also supplied a variety of targets for KMSF experiments. 
These included D2-filled PVA shells and aluminum disks (for 
x-ray backlighting) for the Low Preheat Implosion Campaign 
(discussed in detail in Section 1.1), “spot” and “slab” targets of
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materials such as magnesium, silicon, aluminum, CaF, etc., for 
the x-ray spectroscopy series (see Section 1.6), and targets for 
five different classified experiments. The targets for each of 
these programs required us to develop new procedures and de­
signs. This resulted in the overall extension of our target-support 
capabilities.

For additional information, please contact Mr. A. J. Martin
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SECTION THREE Scientific Editor, Dr. N. K. Moncur

Introduction
KMS Fusion (KMSF) has been active for 15 years in develop­

ing lasers and laser components for inertial confinement fusion 
(ICF) research. In addition to operating the Nd:glass laser, 
Chroma, for our ICF experiments, we are participating in the 
search for an efficient, high-energy laser driver. Other partici­
pants in the national ICF program have devoted many years of 
research and development to high-power, electrically driven glass 
lasers and gas lasers. We are currently completing a series of 
measurements on a type of chemically driven laser, the chemical 
oxygen-iodine laser (COIL). The COIL has the potential to meet 
many of the requirements for an ICF driver: It is an efficient, 
high energy-storage-density laser; it is capable of a high pulse 
rate; and its output can be converted into visible light.

The conditions required for operating the COIL as a pulsed 
fusion driver differ significantly from the conditions required 
for continuous-wave operation of COILs studied previously.1 
To study the kinetics of the COIL under these different condi­
tions, a laboratory was constructed that includes a peroxide/ 
chlorine singlet-oxygen generator and a fast-flow gas-handling 
system for mixing iodine vapor with flowing singlet oxygen. A 
variety of diagnostic instruments have been developed and as­
sembled, and the kinetics of chemical reactions under varied 
conditions are being examined. Our work on the COIL for 1986 
is reported in Section 3.1.

The results of laser-driven ICF experiments indicate that the 
wavelength of a fusion driver will most likely be in the visible or 
near-ultraviolet region. Consequently, if high-power solid-state 
lasers are to be used as drivers, their output will have to be con­
verted to shorter wavelengths. This can be done by placing crys­
tals in the beam path that double or triple the frequency of the 
laser output. Currently, harmonic frequency-conversion methods 
require high laser powers with low beam divergence to achieve 
high efficiency. A new approach has been developed at KMSF 
that uses multiple crystals with the optic “Z” axes reversed. 
Called the alternately reversed crystal axis (ARCA) technique, 
this approach, which is described in Section 3.2, signif­
icantly reduces the stringent requirements on laser power and 
beam divergence for efficient conversion. Although this tech­
nique was developed for laser pulses on the order of micro­
seconds in duration, it may be possible to extend it to the 
nanosecond regime.
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SECTION 3.1

Chemical Oxygen-Iodine Laser Project

During 1986, the chemical oxygen-iodine laser (COIL) experi­
mental facility became fully operational, and several notable 
milestones were achieved. We produced continuous-wave lasing 
in the chemical laser amplifier, implemented computer control 
of the chemical reagent delivery and data-acquisition systems, 
and demonstrated highly reproducible pulsed singlet-oxygen gen­
eration. Reaching those milestones required us to assemble the 
iodine vapor injection system, code the process control logic, 
calibrate the optical detection elements, and develop the data- 
reduction software.

A remarkable amount of information on the operation of our 
oxygen-iodine laser has been collected and analyzed. Such laser 
system parameters as pressure, temperature, flow, and status 
conditions are all digitized directly from the analog transducer 
signals, then stored in an IBM® PC-AT (AT). Nonspatially re­
solved spectral data are first captured in a digitizing storage os­
cilloscope (DSO) and then transferred to a magnetic disk in the 
AT. Spatially resolved data are acquired via video camera and 
stored on magnetic tape for later digitization and image pro­
cessing.

System Operation

The COIL at KMS Fusion (KMSF) is based on the standard 
basic hydrogen peroxide (BHP)/chlorine reaction to produce the 
excited oxygen,

H202 + 2KOH + Cl2 -> 2KC1 + 2H20 + 02('A) . (1)

This reaction produces the highly metastable 02('A) from chlo­
rine and an aqueous mixture of base (KOH) and hydrogen per­
oxide (H202). The mixture of H202 and KOFI must be maintained 
at sub-zero temperatures to remain stable to catastrophic spon­
taneous decomposition of the BHP. In our COIL system (shown 
in Fig. 3-1), this is accomplished by cooling the solution via 
evaporation of water, which is then recondensed in the liquid- 
nitrogen-cooled facility cold trap. Further, for the solution to be 
stable against spontaneous decomposition, the molar ratio of 
H202 to KOH must always be greater than about 2 to 1.

To ensure the correct molar ratios, the liquid reagent delivery 
system first delivers a metered amount of 50 wt. % H202 in 
aqueous solution to the singlet-oxygen generator vessel. The gen­
erator is a borosilicate glass vessel fitted with ports for reagent 
delivery and with pressure and temperature sensors. The com­
puter monitors the temperature of this solution until it drops
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Fig. 3-1. In the KMSF COIL system, singlet oxygen is generated from the reaction of basic hydrogen peroxide (BLIP) and chlo­
rine. The BHP solution is cooled by the evaporation of water, which is recondensed in the facility cold trap. Because the reac­
tion produces a great deal of heat, which decreases system efficiency, an in-line cold trap has been built in the laser duct. The 
trap consists of twenty 1-cm2 channels. After the oxygen leaves the cold trap, it passes through a diagnostic duct that measures 
the amount and species of the excited oxygen produced, and then into the iodine injector and gain duct, where iodine vapor is 
transversely injected into the oxygen flow.

to less than — 10°C and then begins adding 100 ml increments of 
45 wt. % KOH in aqueous solution. After each addition, the 
computer waits until the solution temperature has again dropped 
below — 10°C before it adds more KOH. The computer con­
tinues to add KOH until the predetermined amount of solution 
has been accumulated in the generator vessel. For most of the 
experiments, the total amount of BHP loaded was 2.5 1, with fi­
nal molar ratios of about 1:2:6 of KOH:H202:H20. Using only 
evaporative cooling at a few Torr absolute pressure, the entire 
addition sequence takes about 1 h to complete. Supplementary 
cooling, coupled with active mixing of the solution, could signif­
icantly reduce this time. For our experiments, however, this is 
not critical, since various other routine tasks can proceed in par­
allel with the reagent loading. A typical load of BHP represents 
about 1 MJ of energy available for conversion to the energy of 
chemical excitation.

Once the full load of BHP has been added and cooled suffi­
ciently, chlorine may be safely added to produce singlet oxygen. 
The chlorine is introduced into the BHP through a polytetra- 
fluoroethylene sparger immersed into the liquid. This sparger 
finely disperses the gaseous chlorine throughout a region just be­
low the gas/liquid interface in the singlet-oxygen generator. 
Bubbles of chlorine form and react with the BHP as they rise to 
the surface. The chlorine is thought to diffuse into the liquid 
layer surrounding the bubble and the singlet oxygen produced 
therein diffuses back out into the BHP solution. Under typical
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BHP operating conditions near the maximum stable concentra­
tion, this reaction layer is on the order of only a few hundred 
micrometers thick.

The distance that the gas bubbles must travel through the 
BHP strongly affects the fraction of singlet oxygen that is deliv­
ered to the flow stream, since C^^A) is strongly quenched while 
it is in the liquid. Thus, the depth at which the sparger is oper­
ated affects the (^('A) yield. It is, in fact, difficult to define the 
sparger depth or the distance that the bubbles must travel in the 
BHP precisely, as the surface layer of the solution is chaotic and 
frothy when the reaction is taking place.

When they reach the surface, the oxygen and any unreacted 
chlorine are removed from the generator along with H20 and 
H2O2 at their equilibrium vapor pressures by pumping them 
through the vacuum system. Splashing liquid at the surface has 
caused problems related to the entrainment of droplets in the 
gas as it flows away from the BHP surface. This has been mini­
mized by the use of baffling above the liquid level and before 
the output of the generator. However, the baffles result in 
higher pressures in the generator, with associated greater loss of 
02('A) due to the so-called “pooling” reaction,

02(lA) + 02(1A)->02(3E) + 02(1i:) . (2)

Although it has been shown fairly conclusively that the 02(1I1) 
quenches rapidly back to (^('A), Eq. (2) is nevertheless the 
main loss mechanism for (^('A). Since the rate for Eq. (2) in­
creases as the square of the CM’A) density, the time that the la­
ser gas is at high pressure should be kept to a minimum for 
maximum C^l'A) lifetime.

The reaction in Eq. (1) produces a copious amount of heat. In 
fact, the amount of heat released to the liquid in this reaction is 
about equal to the amount available in the singlet oxygen. Thus, 
at 100 mmole/s flow of (^('A), about 10 kW of energy is pres­
ent in the singlet oxygen and a like amount is released directly to 
the BHP. Any quenching of oxygen in the liquid will increase 
the heat input to the liquid, thereby increasing its temperature 
and the partial pressure of each of the solution components (in­
cluding water vapor). Although water vapor is not a strong 
quencher of 02(1A), it is a strong quencher of I* and If
the water vapor is not removed before the iodine is introduced, 
it will reduce the amount of I* available. Any diminution of I* 
directly affects the gain of the laser, and as 02(1E) is implicated 
in at least an initiator role in molecular iodine dissociation, its 
decrease adversely affects the injection kinetics.

To alleviate the water vapor problem, an in-line cold trap 
(ICT) has been placed between the singlet-oxygen generator and 
the iodine injection duct. (The details of the trap design were 
fully discussed in our 1985 Annual Technical Report.2) When 
the oxygen leaves the generator, it is steered by a valve tree 
either to bypass the laser duct and flow directly to the facility 
cold trap (FCT) or to flow into the laser duct and thence to the
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FCT. The laser duct consists of a diffuser duct, the ICT, a diag­
nostic duct, and the iodine injector and gain duct. Because the 
singlet-oxygen generator is a round tube and the ICT is a rectan­
gle, the diffuser duct effects a transition between them. This 
duct begins as a 5 cm round section and quickly becomes a 
1 x 20 cm rectangular section. The rectangular section is fol­
lowed immediately by the ICT, which consists of twenty 1-cm2 
channels. Our experience shows that the ICT becomes severely 
blocked after 15 min of flow through it. A set of capacitance 
manometers, one upstream of the cold trap in the diffuser duct 
and one downstream in the diagnostic duct, monitors the pres­
sure drop across the trap. When it has been determined that the 
trap is blocked, a warm-up cycle is initiated that raises the trap 
temperature from that of normal operation (—50°C) to 25°C. 
The ice that was condensed in the ICT is vaporized and trans­
ported to the FCT, where it remains until the experiment is com­
pleted. The entire warm-up, transfer, and recooling of the ICT 
takes about 60 min. The loading of the ICT is ameliorated by 
the pulsed singlet-oxygen flow mode (discussed in more detail 
below), because the gas flows through the laser duct only when 
data are being acquired.

When the gas leaves the ICT, it flows through a short diag­
nostic duct where its composition is evaluated. In this region, 
the flow is monitored with a 634 nm interference-filtered pho­
tomultiplier tube (PMT) calibrated for the oxygen a-state 
“dimol” emission,

202(a1A)-+202(X3i:) +/ji; (634 nm) . (3)

From time to time, a liquid-nitrogen-cooled 1.27 ^im interference- 
filtered germanium detector is used to compare the “primary” 
02('A) emission to that of the “dimol” in the diagnostic duct,

02(a'A) -> 02(X3II) + hv (1.27 ^m) . (4)

While the primary emission is generally considered more reliable 
for 02(‘A) density measurement, it suffers from a combination 
of drawbacks that have forced us to use the dimol emission in 
our experiments. The lower sensitivity and considerably longer 
time constant of cryogenic germanium, compared to a PMT, 
has required the use of the latter for measurement of 02(‘A) 
when the system is operated in pulsed mode. Pulsed mode oper­
ation is used for most experiments since we want to minimize 
heating of the BHP and fouling of the ICT. We also monitor 
the oxygen b-state emission, as the ratio of its intensity to that 
of the a-state is a measure of the water vapor density,

02(b' L) -► 02(X3E) + hv (762 nm) . (5)

The oxygen next flows from the diagnostic duct into the iodine 
injection zone of the gain duct. At the top and bottom of the 
gain duct are ceramic plates into which four rows of sonic noz­
zles have been drilled. Iodine vapor is transversely injected into
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the oxygen flow as a set of plumes formed by the sonic nozzles. 
Before the iodine is injected, it is vaporized, mixed with a car­
rier gas, and distributed at high pressure to the injector plates by 
the iodine delivery system (depicted schematically in Fig. 3-2). 
The entire system is contained in an oven maintained at 120°C.

A two-part vaporization system maintains a constant iodine 
vapor pressure during fluctuations in iodine demand. This is ac­
complished as follows: Iodine crystals are distributed over the 
surface of a brass vessel that is coated with fluoroethylene poly­
mer and plated with nickel. The vapor pressure of the iodine 
crystals is controlled by the temperature of water flowing 
through the vessel. When iodine injection begins and the de­
mand for iodine increases, a 4 kW infrared (IR) radiation source 
directed at the crystals is switched on to provide the additional 
heat of sublimation required for the increased flow. The desired 
iodine number density is regulated by an iodine densitometer 
that drives a feedback control system to modulate the vessel wa­
ter temperature and the IR lamp power. The densitometer uses a 
green HeNe laser operating at 541 nm in an absorption band of 
molecular iodine.*

Numerous diagnostic devices were brought on line during 
1986 in support of the COIL project. Generally, as a new instru­
ment is integrated into the data acquisition system (Fig. 3-3), it 
is incorporated as a standard feature for subsequent experi­
ments. Most of the kinetic measurements were made in the gain 
duct region using optical diagnostic instruments. The typical ex­
perimental configuration is shown schematically in Fig. 3-4: 
Spatially resolved excited species fluorescence is recorded with 
an IR camera, high-resolution optical spectroscopy is provided 
by a 0.6 m Czerny-Turner spectrograph and an intensified diode 
array, and iodine densitometry is accomplished with a green 
HeNe laser.

As noted above, the singlet-oxygen generator is operated in 
the pulsed mode. This is made possible, in part, by minimizing 
gas dead-volumes in the generator and chlorine delivery system 
and maximizing the chlorine valve switching speed. It has been 
especially valuable from an experimental standpoint, as heating 
of the BHP and choking of the ICT have been minimized. The 
rapid approach to peak generator output and the maintenance 
of steady-state (^('A) levels during the chlorine pulse are evi­
dent in Fig. 3-5. For this shot, the actual timed pulse to the 
chlorine valve was 100 ms, which can be seen to result in a 
150 ms full width at half-maximum (FWHM) singlet-oxygen 
pulse. The valve pulse-time is currently limited by a choice of 
computer-control system-interrupt rate of 10 Hz. Improvements

*Because the available literature values for the extinction coefficient were ob­
tained with relatively low-resolution spectrophotometers compared to the spec­
tral width of the HeNe laser, we measured the extinction and accounted for 
the molecular iodine fine structure at the wavelength and bandwidth of the 
HeNe laser, using a temperature-controlled cell. A similar densitometer mea­
sures the iodine density in the gain duct.
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Fig. 3-2. The iodine delivery system prepares iodine for injection into the oxygen flow. Iodine crystals are distributed over the 
surface of a bronze vessel; the temperature of water that flows through the vessel is manipulated so as to maintain the crystals 
in equilibrium at a desired vapor pressure. When iodine injection begins, an IR lamp above the vessel is used to provide addi­
tional heat of sublimation and maintain vapor pressure. An iodine densitometer that uses a HeNe laser drives a feedback con­
trol system to modulate the vessel water temperature and IR lamp power. The vaporized iodine is mixed with a carrier gas and 
distributed at high pressure to the injection plates. The entire system is contained in a 120°C oven. Abbreviations in the figure 
are D, detector; log AMP, logarithmic amplifier.

in chlorine valve placement and actuation time, and redesign of 
the flow system to minimize turbulent mixing, should result in 
attainable pulse lengths of the order of 50 ms. Thus, efficient 
production of C^i'A) pulses at a rate of 10 Hz would appear to 
be within the realm of engineering feasibility.

Although the COIL system was designed to operate prin­
cipally as a kinetics experiment and, as a result, has marginal 
net gain per pass, it has been set up in an oscillator configura­
tion and has achieved lasing. Typical COILs now in operation 
use mirrors mounted inside the vacuum system to minimize 
losses and thermal effects that would occur in intracavity optical 
elements. Because this system was not intended as an oscillator, 
vacuum windows were mounted directly on the gain duct to 
facilitate spectroscopic measurements. Continuous-wave lasing 
was obtained with high-reflectance mirrors and a stable optical 
cavity that yielded multi-transverse-mode oscillation.
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Fig. 3-3. Data are acquired from both (he singlet-oxygen generator and the laser duct via many diagnostic instruments. Laser 
system parameters such as pressure, temperature, flow, and status conditions are digitized directly from the analog transducer 
signals and stored in an IBM® PC-AT. Nonspatially resolved spectral data are captured in a digitizing storage oscilloscope 
(DSO) and then transferred to a magnetic disk in the AT. Most of the kinetic measurements are made in the gain duct region 
using optical diagnostic instruments. The functions of the various diagnostics are discussed in the text; abbreviations in the fig­
ure are Ge, germanium; DAS, data acquisition system; DARSS, diode array rapid scan spectrometer; GPIB, general purpose 
interface bus; PMT, photomultiplier tube.
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Fig. 3-4. The location of diagnostic instruments relative to the diagnostic and iodine-injection-and-gain ducts is shown for a 
typical experiment. The IR camera is used for observation of spatially resolved excited species fluorescence; the 0.6 m Czerny- 
Turner spectrograph and intensified diode array are used for high-resolution optical spectroscopy; and the green (543 nm) 
HeNe laser is used for iodine densitometry. The 634 nm filtered PMT monitors the oxygen a-state “dimol” emission.
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Fig. 3-5. Operation of the singlet-oxygen generator in the pulsed mode has 
minimized heating of the BHP and choking of the ICT. To achieve the pulsed 
mode operation, we have minimized gas dead volumes in the generator and 
chlorine delivery system and maximized the chlorine valve switching speed. 
The rapid approach to peak generator output and maintenance of steady-state 
02(‘A) levels during the chlorine pulse is evident in this temporal profile of 
pulsed 02(iA) production. Conditions: 634 nm PMT into diagnostic ducts; 
Ptotai = 5 Torr; 02('A) yield = 40%; FWHM = 150 ms. The timed pulse to 
the chlorine valve was 100 ms FWHM.

Chemical Kinetics Experiments

An understanding of the chemical kinetics of the various 
energy-transfer processes that occur in a COIL is crucial to the 
design of an efficient laser. When molecular iodine is injected in 
singlet-oxygen [in this sense, singlet oxygen means both the 
O2(*A) and 02(1D) species], the I2 is dissociated and the result­
ing atomic iodine is excited by energy transfer from 02('A). The 
dissociation mechanism is not yet fully understood, but it is 
probably tied to autocatalytic processes initiated by 02('i;),

I2 -i- singlet oxygen -> 21 [or I* + 02(3L)] .

Vibrationally and electronically excited molecular iodine inter­
mediates are definitely present in the injection zone and are 
thought to play a role in dissociation. Once atomic iodine is 
present, energy transfer from the oxygen proceeds at the gas col- 
lisional rate,

02('A) + I(2P3/2) - 02(3E) + r(2P1/2) .

Measurements of fluorescence spatial profiles of the various io­
dine and oxygen species in the injection zone of the gain duct
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have been made and are related to the temporal evolution of 
those species. The experiment uses a PbO/PbS Vis/IR camera 
coupled with the appropriate bandpass filters to record such 
profiles. In addition to the oxygen emissions represented in 
Eqs. (3), (4), and (5), we have observed the following for mo­
lecular and atomic iodine:

I2(B37ro) - MX'E) + hv (500 to 700 nm) , (6)

rr(2Pi/2) -+ K2P3/2) + hv (1.315 Mm) . (7)

Equation (6) represents the yellow-green molecular emission 
from iodine that is seen immediately upon injection, and Eq. (7) 
is the fluorescence that corresponds to the atomic iodine laser 
transition of interest.

Figure 3-6a shows the relationship between the emission of the 
I2(B) state given by Eq. (6) and that of I* given by Eq. (7), 
where the horizontal scale measures the distance downstream 
from the extreme upstream row of injectors. From this, and 
data at other iodine densities, it appears that the I2(B) state 
emission is a maximum near the maximum net rate of I* pro­
duction. Whether or not I2(B) is an intermediary to I2 dissocia­
tion and thus I* production, or merely a side reaction, is yet 
unclear; however, it is definitely an indicator of dissociation. 
Further investigation into the infrared bands of the I2(A), I2(A'), 
and vibrationally excited ground state, I2(X), is required before 
a definitive answer will exist.

Figure 3-6b demonstrates the correlation between I* and 
02('E) on the same horizontal scale as Fig. 3-6a. The link be­
tween I* and 02(‘E) comes through a pooling reaction similar 
to that of Eq. (2),

I* + I* + 02('A) -+I + 02('E) . (8)

As long as the 02('A) density remains approximately con­
stant, the O^'E) will track the I*. A full understanding of the 
role of the initiator effects resulting from an increase in 02(1D) 
upon injection of iodine, due to an excursion away from the 
equilibrium density established by Eq. (2) and the establishment 
of a new equilibrium based on Eq. (8), awaits a detailed, high- 
resolution study of the high-density regions at the boundary of 
the iodine injection plume.

The comparison in Fig. 3-6c illustrates the change in kinetics 
between low and high iodine densities at equivalent 02(1A) 
flows. The low density profile represents the upper end of the 
operating regime typical of a continuous-wave laser, whereas the 
high density profile is near the lower limit, at which short pulse 
extraction is considered practicable. The much later rise of the 
I* emission, and thus its density, in the latter case suggests initi­
ator effects in an autocatalytic process.

The most novel experiments performed on this COIL during 
1986 were spectroscopic measurements of the rotational temper­
ature of 02('E) in the injection zone of the laser. The spectral
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DISTANCE (mm)
a) l2 (B37r0) vs. l(2Py2) emission in gain duct

Fig. 3-6. Understanding of the chemical kinetics of the 
various energy-transfer processes that occur in a COIL is 
crucial to the design of an efficient laser. We can get some 
of that information by examining the emission spectra of 
the various species as a function of distance from the up­
stream iodine injector holes. This provides a temporal pic­
ture and allows us to infer cause and effect. Here the 
evolution of I* is shown compared to I2(B) (a) and 02(b) 
(b), and as a function of iodine density (c).

DISTANCE (mm)
b) l(2Py2) vs. 02(b1£) emission in gain duct

DISTANCE (mm)
c) l(2Py2) emission for different l2/02(1A) fractions

data are collected by an intensified diode array with 1024 chan­
nels positioned at the output focal plane of a 0.64 m Czerny- 
Turner spectrometer operated near 762 nm in second order. The 
data are recorded by a DSO and then transferred to the AT. The 
spectrograph and diode array are positioned on a large transla­
tion stage so that they may be scanned along the direction of 
flow of the laser gases. Iodine is transversely injected at two dif­
ferent molar flow rates (i.e., densities) into the 100 m/s oxygen 
flow and a spectrum is recorded for various positions of the 
spectrograph.

In typical oxygen-iodine systems, most of the energy in the 
system is carried by the oxygen, which is highly metastable, but 
consequently is unavailable for short-pulse extraction via stimu­
lated emission from the iodine. The extractable energy of the 
system is distributed between the oxygen and iodine according to
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the equilibrium reaction given originally in Eq. (8) but rewritten 
here to include the energy defect Af,
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O^'A) + I^02(3£) + I* + , (9)

where

Ai? = 279 cm-1 .

The equilibrium constant KE for Eq. (9) is given by

K = [CM^miVPi/z)] = g(3s)gd*) {AE/kT) 
E [02 ('A)] [I(2P3/2)] g( *A) e

(10)

where [ ] signifies concentration, g is the electronic degeneracy 
of the parenthetical state, the other symbols have their cus­
tomary meanings, and rotational partition function differences 
between the two oxygen states are insignificant and ignored. The 
degeneracies involved in Eq. (10) are 'A:3!):!*:! = 2:3:2:4. Thus, 
Ke = 0.75 e<-AE/kT) = 2.89 at 298K but decreases to 1.46 at 
600K. This implies that, for a given fraction of singlet oxygen, 
02(‘A)/02(3i;), there is only about half as much energy avail­
able in the iodine at 600K as at 298K.

Modeling of the COIL has suffered from the lack of temper­
ature-dependent rate coefficients. To begin to correct this prob­
lem, we have developed a method whereby the temperature of 
the laser gases can be measured nonintrusively with a spectro­
scopic technique. Specifically, we have recorded a portion of the 
pP rotational branch of the 02('i;) -► 02(3E) electronic transi­
tion at various positions and iodine densities in the laser injec­
tion region and fit the spectra to a temperature model. Major 
advantages of the spectroscopic method versus an intrusive 
probe are that the laser gas is unperturbed and that there exists 
no preferential deactivation of excited-state laser gases on the 
probe that would heat its surface and yield erroneous tempera­
ture values.

The intensity, S(J-> J'), of a pP-branch rotation line from 
an upper state, J, to a lower state, J', of the 02('D) -> 02(3E) 
transition is given by

= C(Hj)e[-JV+l)B+i2X-y)]hc/kT , (11)

where C is a constant of the optical system, Hj = (7 4- l)/2 is 
the Hohl-London factor, B is the rotational constant for the 
molecule, X and 7 are spin-coupling constants to the internuclear 
and rotational axes, respectively, and the other terms have the 
usual meanings. Equation (11) can be rearranged to give the 
temperature of a rotational spectrum in terms of the intensity of 
the lines, the angular momentum J of the upper state, and the 
molecular constants. This rearrangement is given as

X_MS/Hj)
1 E/k '
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where

E= [7(7+ \)B + (2X — 7)] he,
B = 1.43777 cm”1,
X = 1.984 cm-1,
7 = —0.0084 cm-1,

and S corresponds to the appropriate J J' transition. Thus the 
slope of a plot of \n{S/Hj) versus E/k for a set of rotational 
transitions is proportional to —1/7'. It is by this means that the 
rotational temperature of (^(’E) will be determined.

A P-branch rotational line spectrum of the 02(1E) -» 02(3E) 
electronic transition and its associated temperature plot is shown 
in Fig. 3-7. The pP-branch lines of the spectrum that are used 
for the temperature determination are denoted by the asterisks.
A least-squares method was used to find the line of best fit and, 
from its slope, the temperature T = 335K and the standard devi­
ation of 6K were calculated. Figure 3-8 plots the results of calcu­
lations of temperature versus position at two different iodine 
densities. The increase in temperature as a function of position

7636 76'
WAVELENGTH (A)

a) 02(1E) rotational spectrum—P-branch

335 + 6 K

b) 02 rotational temperature plot

Fig. 3-7. Experiments were performed in which the rotational temperature of 
(^(’E) was measured spectroscopically in the injection zone of the laser. Io­
dine was transversely injected at two different molar flow rates (densities) into 
the 100 m/s oxygen flow and a spectrum recorded for various positions of the 
spectrograph. A P-branch rotational line spectrum of the 02(1E) -> 02(3E) 
electronic transition (a) and its associated temperature plot (b) are shown here. 
The pP-branch lines of the spectrum that are used for the temperature deter­
mination are denoted by the asterisks. A least-squares method was used to find 
the line of best fit and, from its slope, the temperature and standard deviation 
were calculated.
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• 0.7 + 0.1 x 1015/cm:

o 2.8 ± 0.2 x1015/cm

DISTANCE DOWNSTREAM of l2 INJECTION (cm)

Fig. 3-8. The rotational temperature of Ozf'H) was calculated as a function of 
distance downstream from iodine injection for two different iodine densities 
(0.7 x 1015/cm2 and 2.8 x 10,5/cm3). The temperature increases with distance 
downstream from the iodine injectors for both densities, but increases more 
rapidly for the higher iodine density.

downstream of the iodine injectors and the greater rate of the 
increase at higher iodine density is evident from this plot.

After the injection of the iodine, the energy content of the 
02(‘A) is eventually converted to heat unless it is extracted as la­
ser light. The pathways for this heat evolution surely include 
direct quenching of excited species, as well as the energy defect 
of the various energy-pooling, energy-transfer, and iodine dis­
sociation processes. Over the time-scale that the heat is released 
from the excited species, the effect of thermal conduction to the 
walls of the system is negligible. It is during this same time-scale 
of energy transfer and quenching that the energy must be ex­
tracted if high efficiency is to be attained. The increase in tem­
perature will adversely affect the energy partition and equilibrium 
between the oxygen and iodine. This technique can be applied as 
a diagnostic for kinetic studies of the temperature-dependent 
rate coefficients needed to model the COIL adequately. Future 
investigations will address the effect of adding high-heat-capac­
ity buffer gas to the flow streams to reduce the temperature rise.

Conclusion

Chemical kinetic experiments on oxygen-iodine systems have 
been performed in the KMSF COIL laboratory. Our COIL facil­
ity is unique in its ability to provide pulses of singlet oxygen on 
demand at tens of millimoles per second for hours on end. The 
instrumentation and microcomputer control systems allow for 
nearly turn-key operation of the oxygen generator and reagent
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delivery systems. Measurements in the injection zone of time- 
resolved fluorescence of the various excited species have begun 
to reveal the relationships between them. The novel, nonintru- 
sive measurements of rotational temperature by high-resolution 
spectroscopy has provided new information on the evolution of 
stored energy in the laser system.

Much more remains to be learned before the full potential of 
this laser is known. Understanding of the iodine dissociation 
process is of major importance to full utilization of the energy 
of the system, and thus high efficiency. Closer study of the elec­
tronically and vibrationally excited molecular iodine states in the 
near IR is indicated. Ultimately, short-pulse gain measurements 
at saturation fluences should be performed and the energy trans­
fer recovery kinetics from oxygen to iodine determined. For ac­
curate modeling of fusion driver-class COILs, the 
temperature-dependent rate constants for each reaction listed 
herein, and more, must be determined.

For additional information, please contact Dr. Geo. E. Busch

174 1986 KMSF Annual Technical Report



LASER DEVELOPMENT

SECTION 3.2

High-Efficiency Frequency Tripler 
Using the ARCA Technique*

Highly efficient frequency doubling and tripling of infrared 
laser beams has been achieved at high peak powers3,4,5 in inertial 
confinement fusion (ICF) laser systems. Power densities on the 
order of 1 GW/cm2 and beam divergences of 0.1 mrad or less 
permit conversion efficiencies of 80% or more at a wavelength 
of 1.053 /xm with nonlinear single crystals like potassium dihy­
drogen phosphate (KDP). For high-average-power lasers or long- 
pulse lasers, however, power densities are limited by energy- 
dependent damage levels, and beam divergences are set by laser 
design. The crystal lengths required for high conversion are thus 
long and the permissible beam divergence is then very low.

A multiple-crystal technique, called the alternately reversed 
crystal axis (ARCA) technique, has been developed at KMS Fu­
sion (KMSF) that significantly reduces the requirements on laser 
power and beam divergence for efficient conversion of long la­
ser pulses. In a series of tests performed with the KMSF Chroma 
laser in 1986, a tripling efficiency of 24% and a doubling effi­
ciency of 35% were demonstrated. For these tests, the laser was 
operated at 1.053 /xm with a pulse length of 1 /xs. Optical dam­
age to bare and Sol-Gel-coated KD*P crystals for 1 /xs pulses ap­
peared at a level of about 300 J/cm2. Damage to the UV 
mirrors, however, occurred at about 5 J/cm2.

Theory

Frequency-doubling efficiency for perfect phase-matching is 
given by

£//=tanh2(/n£p“L) ,

where

K\ = [7r/(nX“)] (tfeff/eo) -

A“ is the wavelength in m, n is the refractive index of the crystal, 
def{/e0 is the effective nonlinear coefficient in V-1, Ep is the 
electric field intensity of input optical beam in V/m, and L is the 
crystal length in m.

For a conversion efficiency of >58%,

K1E£L>1.0. (12)

*Work performed under TRW contract AB2775-DS6S, “Raman-Shifted Ex- 
cimer Laser Enhancement.”
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The effect of phase mismatch (at low conversion efficiencies) is 
given by

Eff = [s\n(dkL/2)/(dkL/2)]2 ,

where dk is the phase mismatch for the nonlinear crystal in 
rad/m. The half-power phase mismatch (i.e., the point at which 
the second harmonic power and the efficiency drop by a factor 
of 2) occurs at

dk L = 2.78 rad ,

where

dk = A6dk/d6 .

If the half-power phase mismatch defined above is taken as the 
maximum tolerable phase mismatch, the crystal length and the 
deviation from the exact phase-matching angle are limited to

Ad L — 2.18/DK ,

where Ad is deviation from the phase-matching angle 0m in mrad 
and DK is phase-matching angle sensitivity dk/d0 in rad/(m- 
mrad). The crystal length is then limited to

L = 2.1%/(AdDK) .

If the crystal length L is replaced in Eq. (12), the condition for 
high conversion efficiencies becomes

[2.1%K\/DK]2[Ep/Ad]2 > 1.0 .

Let

[2.1%K\/DK] be the nonlinear crystal parameter K^, and

[Ep/Ad]2 be the laser beam parameter Peff, or

Pd/Ad be the alternate laser beam parameter Peffa .

The laser beam parameter could be considered a figure of merit 
for frequency doubling. It is proportional to the power dens­
ity divided by the beam divergence squared. Note that reducing 
the beam diameter increases the power density but increases the 
beam divergence squared by the same factor; hence, the laser 
beam parameter is not a function of the beam diameter. The 
nonlinear crystal parameter is a function of the basic crystal 
characteristics and is a constant for a particular type of crystal 
doubler and a given wavelength; the values for some common 
crystal doublers are given in Table 3-1. Thus, for a given laser 
beam, the efficiency of a single crystal doubler is determined by 
the doubler material, and not much can be done to increase con­
version efficiency.
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Table 3-1. Crystal Merit Factor Keff for Several Nonlinear Crystal Doublers and Triplers

Crystal Parameters 
at 1.053

Crystal KDP KDP KDP KDP LiOj

Type of Phase-Matching Type I 
Doubler

Type II 
Doubler

Type I 
Tripler

Type II 
Tripler

Type I 
Doubler

Nonlinear Coefficient, 
d/e (pm/V)

0.39 0.39 0.39 0.39 4.7

Refractive Index at 
Phase-Match Angle

1.5 1.5 1.5 1.5 1.8

Phase-Match Angle,
Internal (degrees)

41.2 59.2 47.7 59.1 28.5

detf/e (pm/V) 0.51 0.69 0.58 0.69 4.4

K\ = P l/n (de{{/e) (1/V) 1.02 X 10“6 1.37 X IQ’6 1.15 x 10“6 1.37 x 10"6 7.4 X JO"6

Phase-Match Angle 
Sensitivity,
DK (rad/cm-mrad) 

Internal
External

-5
-3.38

-2.56
-1.73

-8.07
-5.45

-5.26
-3.51

-16.1
-8.5

Kef{ = 2.78 K1 (ext) 
(cm-mrad/V-rad)

8.39 x 10“7 2.20 X 10“6 5.87 x 10“7 1.09 x 10“6 2.49 x 10“6

The ARCA technique described here avoids this limitation by 
using multiple crystals. The optic “Z” axes of the crystals are 
reversed so that the phase-matching angles are of opposite sign. 
The phase mismatch angles and the mismatch in propagation 
vector amplitude will be of opposite sign in successive crystals. 
The magnitude of the phase mismatch due to beam divergence 
(in the sensitive direction) will then oscillate but never reach an 
amplitude that will limit the conversion efficiency.

Figure 3-9a shows the basic configuration using four crystals. 
The directions of the optical “Z” axis and the electric field vec­
tors for the first and second harmonic are shown for a Type I 
KDP crystal. Figure 3-9b shows the phase-matching angles for 
the center two crystals. The angle between the propagation vec­
tor k01 and the crystal “Z” axis determines the phase-matching. 
The crystals are initially aligned so the central ray of the input 
laser beam (A-") makes an angle of dm with the “Z” axis. Then 
a ray that is divergent by A0 will incur a phase-match angle of 
dm + A0 in the left crystal and a phase-match angle of 0m — Am 
in the right crystal. These alternately signed phase mismatches 
tend to cancel if they are less than ir/2 rad. Crystal orientation 
is important since the sign of the effective nonlinear coefficient 
can be reversed if the proper orientation is not chosen.
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a) Crystal arrangement

+ AO 
- AO

b) Angular misalignment of adjacent crystals

Fig. 3-9. The ARCA technique employs multiple crystals with the optic “Z” 
axes reversed so that the phase-matching angles are of opposite polarity. The 
basic configuration using four crystals is shown in (a). The directions of the 
optical “Z” axis and the electric field vectors for the first and second har­
monic, £“ and £'2“, are shown for a Type I KDP crystal (kw is the propaga­
tion vector and S is spacing between crystals). The phase-matching angles 0m 
and the effect of angular misalignment for the two center crystals are shown in 
(b). Phase-matching is determined by the angle AO between and Z.

This technique is applicable to Type II crystals, too; however, 
for Type II KDP, for example, it is not possible to orient the 
“Z” axes alternately as shown in Fig. 3-9 with crystals from the 
same “cut” without changing the effective sign of the nonlinear 
coefficient. This change in the sign of the nonlinear coefficient 
will produce second-harmonic light in the second crystal that is 
opposite in sign from that in the first, thus reconverting the sec­
ond harmonic back into the fundamental. To avoid this effect, 
the dispersion of the air between the crystals is used to change 
the phase of the second harmonic with respect to the fundamen­
tal by 180°.

More precisely, the phase-matching condition between the 
crystals is

(k2u - 2kOJ)S = -ir ,

where

S = (A2“/2)/(a?2“ - «“)
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and 5 is the spacing of air (or other gas) between crystals; k2o> 
and kw are propagation constants for the second harmonic and 
the fundamental, respectively; \2“ is the wavelength of the sec­
ond harmonic; and «2u and nu are the refractive indices of the 
gas for the second harmonic and the fundamental, respectively.

For a Type II KDP mixer crystal, the phase-matching condi­
tion for the material between crystals is

(A:3“ - Ar2“ - kw)S = tt .

where

S = (XV2)(3n3“ - 2«2“ - /?“) ,

/73“ is the refractive index of the gas for the third harmonic, and 
X“ is the wavelength of the fundamental.

The effect of reducing the phase mismatch by the ARCA tech­
nique is dramatically demonstrated in Fig. 3-10a for a 20 cm 
length of KDP in a Type II doubling configuration with a uni­
form power density from 0 to 10 MW/cm2. The top curve 
shows the theoretical conversion efficiency with no phase mis­
match (i.e., the phase-matching angle is exact for the whole laser 
beam and there is no beam divergence), and the other curves as­
sume no reflection losses at the crystal surfaces. For an error in 
the phase-matching angle of 0.2 mrad, a single 20-cm long crys­
tal would give a conversion efficiency of less than 3%. If that

- Ref. Ad

0.0 2.0 4.0 6.0 8.0 10.0
INPUT POWER (MW/cm2)

a) Theoretical efficiency without reflection losses
INPUT POWER (MW/cm2)

b) Theoretical efficiency for 4% reflection loss 
per surface

Fig. 3-10. The doubling efficiency of a 20 cm length of KDP in a Type II doubling crystal with uniform power density is in­
creased by the ARCA technique. The curves in (a) assume no reflection losses: The top curve shows the theoretical conversion 
efficiency of a single crystal with no phase mismatch; the other curves show the effect of a phase mismatch of 0.2 mr for one, 
two, four, and eight crystals. For one crystal, the efficiency is only 3%; for two, four, or eight crystals in the ARCA configura­
tion, the efficiency increases until it approaches the theoretical limit. When the doubler design is optimized for 4% reflection 
loss per surface, the conversion efficiencies (for the same phase mismatch) are as shown in (b). In this case, the maximum con­
version efficiency is obtained with four crystals.
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same crystal is cut into two crystals in the ARCA configuration, 
the efficiency goes up to about 20%, while four crystals give 
>50%; eight crystals reduce the effect of angular phase mis­
match nearly to zero and approach the theoretical limit for con­
version efficiency.

The number of crystals can be chosen to reduce the effective 
phase mismatch to an arbitrarily small amount for any amount 
of angular mismatch. However, the losses introduced by sur­
face reflections must be accounted for in optimizing the doubler 
design. Anti-reflection (AR) coatings are becoming available 
that can reduce the surface losses to 1% or less at both wave­
lengths. An example of this optimization for no AR coatings 
(i.e., a loss of 4% per surface) using a computer model is shown 
in Fig. 3-10b; the maximum effective conversion efficiency is ob­
tained with four crystals. Low loss, dual-wavelength AR coat­
ings will bring the conversion efficiency up significantly. This 
technique can also be used for tripling and quadrupling laser 
light where any other processes require angular phase-matching.

This multiple crystal technique is probably the only technique 
that would simultaneously provide for the wide acceptance an­
gles and heat removal required for high-average-power doublers 
and triplers. The acceptance angle becomes very low for low- 
peak-power laser beams where the nonlinear crystals must be 
very long, and consequently the heat absorption is high in long 
crystals. The basic configuration for a high-average-power dou­
bler is shown in Fig. 3-11. Helium gas would be a very desirable 
coolant, since it has a very low dispersion and a high thermal 
conductivity.

Experiment

To demonstrate generation of a third harmonic light in a 1 /rs 
pulse with the Chroma laser (operating at 1.053 /xm), the ARCA 
technique was tested with a three-crystal Type II KD*P doubler 
and a four-crystal Type II KD*P mixer. The laser beam from 
the rod amplifier of Chroma was reduced to 1.5 cm in diameter, 
passed through a vacuum spatial filter (to place the image plane 
of the laser at the position of the KD*P crystals), and into the 
harmonic conversion crystals. Figure 3-12 shows the basic test 
configuration. Photodiodes monitored pulse shapes, and calo­
rimeters monitored the IR and UY laser energies. The polariza­
tion at the input to the doubler was set with a half-wave plate 
to 35° from the ordinary direction in the doubler, as shown in 
Fig. 3-13. Etalons were used to obtain density versus log (ex­
posure) curves for the film and to provide a range of exposures 
for the far-field patterns. Ultraviolet mirrors (Ml and M2 in 
Fig. 3-12) were used to separate the UV output from the green 
and IR light. Appropriate colored glass filters were used to pass 
only the desired wavelength into the calorimeters and photodi­
odes and to control the exposure of the near-field and the far- 
field photographs.

The hygroscopic KD*P crystals were placed in acrylic covers 
that were purged with dry nitrogen to protect them from mois-
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Crystals

Window

V| ViVlV+ViV

Closed Cycle 
Helium Cooling

Fig. 3-11. The multiple crystal technique simultaneously accommodates wide 
acceptance angles and heat removal, which is required for high-average-power 
doublers and triplers. The basic configuration for a high-average-power dou­
bler is shown here; helium gas would be a very desirable coolant, since it has a 
very low dispersion and a high thermal conductivity.

ture and dirt. Since these crystals were Type II KD*P all of the 
same “cut,” the dispersion of the nitrogen had to be used to in­
troduce the 180° phase reversal to cancel the phase reversal 
caused by reversing alternate crystals. The dispersion length was 
measured by mounting one of the crystals on a precision slide 
and moving it with respect to another crystal until a null in the 
nonlinear output was obtained. This length represented a phase 
shift of 360°. One-half of this length was then used as the cor­
rect dispersion distance. For the doubler, the calculated disper­
sion distance in air was 6.07 cm and the measured dispersion 
distance in nitrogen was 6 ± 0.2 cm. For the mixer, the same 
measurement technique gave a half-wave dispersion distance in 
nitrogen of 2.3 ± 0.3 cm, compared with a calculated value of
1.9 cm for air.

Before performing the frequency conversion tests, we mea­
sured the damage level on two 1 x 1 x 1.2 cm KD*P test sam­
ples. One of the samples was a bare crystal and the other was 
coated by Lawrence Livermore National Laboratory with Sol- 
Gel AR coating. Neither sample was damaged by the 1.5 cm di­
ameter beam at 40 J/cm2. The samples were then tested in the 
converging beam of a 50 cm focal length lens at a beam diame­
ter of 0.75 cm. At this diameter, some damage began to appear
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Beam
Reducer

Vacuum Spatial Filter

CAL21----- 1 V

fi-B—B
Doubler

a) Configuration of optics used to test the ARCA technique

b) Three-crystal Type II doubler and four-crystal 
Type II tripler

Fig. 3-12. The ARCA technique was tested on the Chroma laser with a three-crystal Type II KD*P doubler and a four-crystal 
Type II KD’P mixer to demonstrate generation of third harmonic light in a 1 ps pulse. The laboratory configuration is shown 
schematically in (a); a close-up photograph of the doubler and tripler is shown in (b).

Key to abbreviations:

IRFF, UVFF CAM: infrared and ultraviolet far-field cameras 
LI,2: lenses
ET1,2: etalons used to obtain density vs. log (exposure) curves for the film and to provide a range of exposures for the far-field 
patterns
PD1,2,3: photodiodes used to monitor pulse shapes
CAL 1,2,3: calorimeters used to monitor IR and UV energies
Ml,2: UV mirrors used to separate the UV output from the green and IR light
CRN: green
X/2: half-wave plate used to establish polarization at input to doubler
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Fig. 3-13. The phase-matching configuration of Type II doubling and Type II tripling in the KD*P crystals is shown schemati­
cally. The polarization at the input to the doubler was set with a half-wave plate to 35° from the ordinary direction in the dou­
bler. The symbols are as defined in the text.

at an average energy density of 100 J/cm2. However, the beam 
intensity pattern at this position was a “bull’s eye” with a peak 
energy density of about 300 J/cm2. Both the uncoated and the 
Sol-Gel coated crystals showed about the same damage thresh­
old. Photographs of this crystal surface damage are shown in 
Fig. 3-14. These crystal samples were not perfectly clean prior to 
irradiation, and it appeared that the small amount of damage 
that did appear occurred at dust particle locations.

The theoretical conversion efficiency for a three-crystal dou­
bler and a four-crystal mixer with reflection losses included is 
shown in Fig. 3-15. The experimental efficiencies that we ob­
served in our brief tests covered the range of power densities 
from 12 to 65 MW/cm2. Conversion efficiencies reached 24% 
for real conversion with uncoated crystals. We expected to 
achieve higher conversion efficiency, but alignment of the indi­
vidual crystals to the precise phase-matching angle was not pos­
sible with the fixture used. However, the ARCA technique 
worked as expected, and the highest conversion efficiencies were 
demonstrated with well characterized calorimeters that were used 
to measure both the input IR and the output UV.

The doubling efficiency of the three-crystal doubler is shown 
in Fig. 3-16. A conversion efficiency of 35% was measured.
With better alignment, higher conversion efficiencies would be 
achieved. The lower values of conversion efficiency for both the 
doubling and tripling were attributable to misalignment resulting 
from vibration, air currents, and the inability to align each crys­
tal to the required accuracy. Early in the experiment, axial mode 
beating caused large fluctuations in the oscillator output. After 
the oscillator was mode-locked to stabilize it, the accuracy of 
crystal alignment was still insufficient to obtain optimum con­
version efficiencies. Also, the polarization angle nominally set at 
35° was not optimized.
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Fig. 3-14. The damage level on two KD*P test samples was measured before the frequency conversion tests. A bare crystal (a) 
and a crystal coated with Sol-Gel anti-reflection coating (b) were tested in the converging beam of a 50 cm focal length lens at a 
beam diameter of 0.75 cm. Some damage began to appear at an average energy density of 100 J/cm2 (the peak energy density 
was -300 J/cm2) in 1-ps pulses. Both uncoated and coated crystals showed about the same damage threshold, and the damage 
appeared to occur at dust particle locations. The entrance surfaces are shown at 50x for the bare (c) and the coated (d) crys­
tals; the exit surfaces are shown at 50x for the bare (e) and the coated (f) crystals.
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Fig. 3-15. Theoretical conversion efficiency (curves) with reflection losses in­
cluded is shown for a three-crystal doubler and a four-crystal mixer. The ex­
perimental efficiencies (circles) observed in our tests are shown for power 
densities from 12 to 65 MW/cm2. The total length of KD*P crystal was 6 cm 
in the doubler and 6 cm in the mixer. Conversion efficiencies reached 24% for 
real conversion with uncoated crystals.
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Fig. 3-16. The experimental conversion efficiency of the three-crystal doubler 
(squares) is compared to the theoretical efficiency (curves). The measured con­
version efficiency was 35%; however, the accuracy of crystal alignment was 
not sufficient to obtain optimum conversion efficiencies. Significantly higher 
conversion efficiencies should be possible with more careful alignment.
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Near- and far-field photographs from one experiment are 
shown in Fig. 3-17. The input IR near-field shows some diffrac­
tion rings and three opaque spots that were due to damage spots 
on the turning mirror just before the vacuum spatial filter. The 
UV near field shows these same characteristics with additional 
spatial noise probably resulting from the interference of the 
reflections from the seven uncoated surfaces of the KD*P crys­
tals. Etalon effects between the parallel surfaces of the crystals 
can make the reflections from these surfaces quite large (15% 
vs. 4%). This noise could be significantly reduced by applying 
an AR coating to the crystals. The full-angle beam divergence

Fig. 3-17. Near-field and far-field photographs of the input IR and output UV from the multiple-crystal ARCA tripler were 
used to document the laser beam quality. The input IR near-field (a) shows some diffraction rings and three opaque spots, 
which were caused by damage spots on the turning mirror just before the vacuum spatial filter. The small-scale variations in in­
tensity were only about ±10%. The UV near-field (c) shows these same characteristics, with additional spatial noise (±—30%), 
probably caused by interference of the reflections from the seven uncoated surfaces of the KD*P crystals. The etalon effects be­
tween the parallel surfaces of the crystals can make the reflections from these surfaces quite large (15% vs. 4%).
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inferred from the far-field photographs was 60 jurad for the IR 
beam and 80 /zrad for the UV beam. Hence, the beam spread 
was not increased significantly even with the degraded near­
field.

We conclude that the multiple-crystal ARCA technique does 
work as expected, but good broadband AR coatings and align­
ment techniques are required to optimize efficiency and beam 
quality.

For additional information, please contact Mr. L. D. Siebert
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SECTION FOUR

Introduction
Communicating our results to the scientific community is an 

integral part of our research effort. In addition to preparing 
reports such as this Annual Technical Report, KMS Fusion 
scientists also present papers at conferences and publish articles 
in technical and scientific journals. In this section are listed our 
1986 presentations and publications relating to inertial confine­
ment fusion research.
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