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FOREWORD

As we near the end of the 1980s, we are becoming more aware 
of the environmental problems we are creating for ourselves. 
Hardly a day goes by without some mention in our newspapers 
of the increased pollution about us. From massive oil spills to 
the greenhouse effect, to acid raid, to the destruction of the 
ozone layer, to the pollution of the atmosphere over our cities, 
to nuclear reactor accidents, all of these portend a monumental 
disaster in the coming decades. Our continued population 
growth, coupled with our demand for more conveniences and 
labor-saving devices, requires an ever-increasing expenditure of 
energy. Because our energy economy is based upon fossil fuels, 
most of the environmental problems will only continue to get 
worse. Yet none of us wishes to return to the lifestyle of a cen­
tury ago, in which the motor car was only a dream and air 
travel thought to be impossible. We must find a solution that 
will allow continued energy production while minimizing the 
impact on our surroundings. As we prepare to enter the last 
decade of the century, we must take an active role in making the 
earth a better place for future generations to live. KMS Fusion 
(KMSF) has been striving for more than 17 years to accomplish 
one purpose: the development of a clean, safe, and abundant 
source of energy—fusion energy.

More than one year ago, we set in motion a plan to 
strengthen KMSF’s participation in the federally funded inertial 
confinement fusion (ICF) program sponsored by the Department 
of Energy. We have increased our research into target fabrica­
tion technology while maintaining a high level of effort in our 
fusion experiments. With this strategy, we have become closely 
integrated into the mainline fusion efforts at the national labo­
ratories. KMSF is enlarging its responsibility for a broader 
development of advanced targets for future experiments and for 
producing the precision targets needed for today’s experiments. 
This has resulted in a wider range of technical tasks and 
programmatic responsibilities being assigned to KMSF. With 
this increased participation in the national program have come 
increased resources, some of which we expect to devote to on­
site support at the national laboratories during the next year.

The national ICF program has achieved some remarkable suc­
cesses during the past two years. Technical accomplishments 
have given us the confidence to develop plans for the next step 
toward demonstrating the production of fusion energy. The ICF 
program began to address the issues and requirements for the
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next fusion facility, dubbed the Laboratory Microfusion Facil­
ity, in 1985. A comprehensive planning period was initiated. The 
first phase of that effort was completed in the summer of 1988, 
and defined the issues and parameters associated with the target 
chamber area. The second phase, to be completed in 1990, will 
address the driver issues. After completion of both phases, a 
plan will be put forth for the construction of the facility, which 
would be the forerunner of a demonstration power plant.

This Annual Technical Report summarizes the unclassified 
components of our ICF research activities for the period begin­
ning October 1987 through September 1988. The report is orga­
nized into three main technical sections: the first is devoted to 
our progress in materials development and target fabrication 
technology, the second describes our research in laser technology 
development, and the third covers laser/plasma interaction 
experiments.

In the coming years, we look forward to continued technical 
achievements. These successes will lead to the eventual demon­
stration of unlimited clean energy production. The realization of 
our goal will be accomplished only by many hours of experi­
ments, trials and errors, accompanied by the heartbreak of fail­
ure and rewarded by the joy of success. The researchers at 
KMSF are brought together by this challenge; these researchers 
have made the commitment to provide a better environment for 
future generations.

Jon T. Larsen
Vice President, Fusion Programs



TARGET FABRICATION 
TECHNOLOGY
SECTION ONE Scientific Editor, Dr. R. E. Downs

Introduction

One of KMS Fusion’s materials and target research functions 
is to provide program-wide support for inertial confinement fu­
sion (ICF) target experiments. We provide this support in a vari­
ety of areas. In addition to supplying targets for the program, 
we conduct research and development work in target fabrication 
techniques, coating processes, and characterization methods to 
ensure that these targets meet today’s and tomorrow’s needs. We 
also maintain a significant research effort in cryogenic technol­
ogy, since targets with liquid or solid fuel are essential to future 
progress in ICF. Finally, we have increased our level of effort in 
developing the technology for fabricating and characterizing 
multimillimeter-diameter shells, which have near-term applica­
tion in cryogenics research and long-term application for use 
with large ICF drivers.

Cryogenic Technology

Beta-Heating Modeling Studies. The use of thermal energy 
from /3-particles (produced in tritium decay) to sublime DT ice 
in a large fuel capsule and generate a uniform ice layer con­
tinues to be an important area of research. During the course of 
this year, our mathematical (computational) model describing 
this process was refined and expanded to improve its predictive 
capabilities for the behavior of frozen fuel in a realistic (non­
ideal) experimental cryogenic environment.

Beta-Heating Equipment Modification and Capabilities. Last 
year we built a cryogenic apparatus and tested the jS-heating 
model’s prediction that ice redistribution could occur in a rea­
sonable time. The isothermal nature of the system was demon­
strated by showing that frozen HD in a 1 mm glass shell does 
not move over a three-day period, even when exposed to optical 
documentation illumination. Using the same shell with DT, we 
have now shown that the structure of a thin frozen fuel layer 
undergoes spontaneous change over a period of hours that 
can be attributed only to sublimation induced by /3-heating.

After modifying the apparatus to accommodate larger shells 
with low aspect ratios (<20) and incorporating a “tent” (poly­
mer film) mounting scheme for the shells, we conducted ex­
periments with a 3 mm shell that contained sufficient fuel to
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TARGET FABRICATION TECHNOLOGY

produce an approximately 30 /xm uniform ice layer. For record­
ing the movement of the condensed fuel, we incorporated “sand­
wich” holographic interferometry, a technique first developed 
“on the bench,” into the /3-heating apparatus.

Cryogenic DT Pressure Intensifier for Los Alamos National 
Laboratory. The DT pressure intensification module we 
designed for Los Alamos National Laboratory (LANL) was 
fabricated at LANL and we assisted in its installation and initial 
testing. The results of our work on this and the other cryogenic 
topics is described in Section 1.1.

Polymer Shell Technology

Stripping Gas Droplet Generator. Using a double-nozzle strip­
ping gas droplet generator and a vertical drying column, we 
have produced thin-walled polystyrene (PS) shells in size ranges 
suitable for all current target needs. This simple method has 
proven so successful that it has replaced our previous fabrica­
tion method.

Effect of Molecular Weight on Polystyrene Shell Formation. 
With our acoustically destabilized single-orifice droplet genera­
tor, we explored the effect of polymer molecular weight on PS 
shell properties and discovered that the production of thin- 
walled PS shells was restricted to a fairly narrow “average” mo­
lecular weight of the polymer, achieved by blending high and 
low molecular weight components.

Statistical Experiments. In addition to examining the effect of 
polymer material properties on shell characteristics, we began a 
series of statistically designed experiments to identify and then 
optimize the effect of shell blowing conditions on shell charac­
teristics. All of our progress in polymer shell technology is de­
scribed in Section 1.2.

Glass Shell Technology

Development activities, reported in Section 1.3, continued 
in three areas: Macroshell® targets with diameters greater than 
2 mm and low aspect ratios (for use in /3-heating experiments), 
shells with diameters from 1 to 2 mm and very thin walls (for 
Nova experiments), and shells with submillimeter diameters and 
thick walls (also for Nova). Several approaches are being investi­
gated to fabricate this wide variety of shells.

Macroshell® Target Development. We continued development 
work on the two-step process for producing Macroshell® tar­
gets. This process involves formation of a spherical void in a 
glass cylinder and subsequent machining into a shell on a three- 
point lapping apparatus. We built and installed a lapping device, 
patterned after one in use at LANL, and used it to make shells 
from borosilicate glass cylinders. A sample of these shells was 
tested for compressive and tensile strength. Since two of the 
three shells subjected to high pressure failed the tensile strength 
test, a development effort was initiated to enhance the strength 
of the shells.
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TARGET FABRICATION TECHNOLOGY

Permeant Gases in the Furnace Ambience. Most of our glass 
shells are still fabricated in drop tower furnaces. We have found 
that replacing air in the furnace with a gas that can rapidly dif­
fuse through the shell wall results in much larger shells. Use of 
such a gas allows the blowing gases present in the starting mate­
rials to expand the shell to much larger sizes than would other­
wise be produced. The phenomenon is well established for water 
vapor as the diffusing gas and it has also been shown qualita­
tively for helium. This year, more quantitative measurements of 
this phenomenon with helium and neon were taken. We hoped 
that helium and neon would be alternatives to water for produc­
ing large, thin shells from metal-organic gel starting materials. 
These gases might make larger shells and would not corrode the 
inner shell surfaces as does water vapor. A few such shells were 
produced, but the quality was poor. When used in the absence 
of water vapor, the dry gases promoted severe fragmentation of 
the starting material. Yields of large shells were extremely low, 
and serious doubts were cast on the utility of this approach to 
produce thin-walled shells with diameters from 1.5 to 2.0 mm.

Gel Composition Study. A current high priority for ICF ex­
periments is shells that are less than 1 mm in diameter, have 
moderately thick walls, and are of higher quality than has previ­
ously been available. To increase the quality of these shells, we 
investigated the effect on shell size and wall thickness uniformity 
of total alkali concentration in a sodium-, potassium-, and 
rubidium-containing borosilicate glass. Using a fixed alkali ra­
tio, optimized in previous experiments, we varied the total alkali 
oxide ratio from 5 to 35 mol% and identified a maximum in 
shell wall thickness uniformity at 20 mol% total alkali oxide. 
Subsequent statistically designed experiments identified the best 
processing conditions for highest quality shells with a given size 
and wall thickness.

Coating Technology

Development of CH(GDP) Polymer Coatings. We attained a 
significant improvement in the surface smoothness of CH coat­
ings deposited by glow discharge polymerization (GDP) onto 
glass. The reduction (and, in some cases, elimination) of surface 
mounds and a dramatic reduction in background texture were 
accomplished through a series of modifications of the coating 
apparatus. Complete elimination of the background texture was 
finally achieved with the use of a helical resonator coater of 
Lawrence Livermore National Laboratory design. Density and 
refractive index measurements were made on the CH(GDP) 
films.

Using an RF-excited oxygen-argon plasma, we successfully 
etched (thinned) both CH(GDP) coatings on glass shells and 
free-standing parylene films.

Development of Target Diagnostic Layers. A combination of 
several techniques was required to meet requirements for targets 
with special features useful for diagnosing the implosion pro­
cess. A thin Ait coating of KC1 was produced by evaporation
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TARGET FABRICATION TECHNOLOGY

onto glass and plastic shells. Since water vapor attacks the KC1 
coating rapidly once the coating system is opened to the atmo­
sphere, we modified the coater to incorporate an RF coil and in­
troduced a hydrocarbon gas to produce a thin, protective 
coating (in situ) of a CH(GDP) material on top of the KC1. To 
provide shells with perturbations or bumps of specified dimen­
sions, we developed a technique to deposit aluminum through a 
carefully designed mask. Bumps of low-atomic-number material 
were produced by heating and attaching PS beads to a CH- 
coated shell.

Measurement of CH(GDP) Properties. We have begun work 
to determine the density and the index of refraction of 
CH(GDP) films. This is important in shell characterization, 
which is critical to the correct interpretation of ICF experiments. 
Details of this work, as well as the other areas of coating tech­
nology mentioned above, may be found in Section 1.4.

Characterization Technology

Measurement of the Thickness and Uniformity of KCl Coat­
ings. Radiography is being developed to determine the unifor­
mity of KCl-coated PS shells and, in combination with weighing 
a batch of shells before and after coating, it has also been used 
to establish shell-to-shell coating variation from a batch average 
coating thickness.

Corrections for Radiographic Image Analysis. Distortions 
arising from the fast Fourier transform (FFT) of radiographic 
images of ICF targets have been identified through a detailed 
examination of the whole analysis procedure. Systematic errors 
have been corrected and the magnitude of random errors estab­
lished.

Characterization of Macroshell® Targets. The geometrical 
properties of transparent multimillimeter glass shells, or the 
spherically shaped cavities in glass matrices that are precursors 
to the shells, are being determined by FFT of their optical 
images. These images are obtained with a newly purchased 
optical profile projection instrument, from which shape contour 
data can be automatically acquired and subsequently analyzed 
by computer. This results in a greatly accelerated analysis pro­
cess. Using this system, we believe that the uncorrectable proce­
dural errors for noncircularity measurements are less than 0.1%.

Characterization work is reported in Section 1.5.
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SECTION 1.1

Cryogenic Technology

Heat generated by the radioactive decay of tritium (/3-heating), 
for a sufficient amount of tritium, will cause DT ice inside a 
spherical shell to sublime. The thicker regions of a nonuniform 
layer are slightly warmer than the thinner regions, so the net 
effect of sublimation from the warmer regions to the colder 
regions is to produce a uniform ice layer. Since 1985, we have 
been working to develop a model of this process. We have made 
considerable progress in modeling both the rate of DT ice redis­
tribution and the final ice configuration, and have accounted for 
realistic enclosure designs and temperature distributions.

On the experimental front, significant progress has been made 
at both Los Alamos National Laboratory1 (LANL) and KMS 
Fusion2 (KMSF) in the demonstration of this process in the lab­
oratory. Selected experimental results have been incorporated in 
the model to increase the accuracy of its predictive capability for 
DT ice redistribution rates.

1.1.1 Production of Uniform Solid DT Layers by /J-Heating: 
Modeling Studies

Analytical and computational modeling permits us to address 
three questions: (1) How rapidly will the DT ice in a fuel capsule 
redistribute itself? (2) What will be the final configuration of 
this ice? (3) What experimental constraints or system design cri­
teria must be emphasized to ensure an acceptable rate of redis­
tribution and final ice uniformity?

We know from previous work that, for a spherically symmet­
ric enclosure, there exist realistic methods of positioning and 
holding a cryogenic DT target that would cause less than a 1 % 
ice layer nonuniformity.3 We have just completed a new mathe­
matical/numerical formulation to model those features of the 
experimental hardware that can affect this achievable ice distri­
bution.

The new formulation incorporates a two-dimensional repre­
sentation of the mass/energy transfer in calculating the rate of 
DT ice redistribution. It is based upon a combination of selected 
experimental results, a diffusivity representation for the DT 
mass transfer, and a pseudo-thermal conductivity to describe the 
transfer of energy across the gas/vapor phase (where “gas” re­
fers to 3He and “vapor” to gaseous DT) of the cryogenic target. 
Consistent with the results of our one-dimensional modeling,4 
the important physical parameters are target temperature and 
dimensions, the 3He background pressure in the target (related 
directly to the target age), and total DT content in the target.

The redistribution of DT ice is a transfer of mass that is 
driven by the local deposition and transfer of energy produced



TARGET FABRICATION TECHNOLOGY

in the radioactive decay of tritium. For targets relevant to near- 
term experiments, this /3-energy is deposited primarily in the ice 
layer. Eventually, this thermal energy must be removed from the 
target. It is transported by the following mechanisms:

1. Sublimation and condensation associated with DT ice redis­
tribution.

2. Gaseous conduction across the gas/vapor volume.
3. Radial and tangential conduction through the ice and the tar­

get wall.
4. Conduction along the target support.
5. Conduction/convection through the exchange gas that cou­

ples the target to the enclosure.

The heat transfer, in reality, is quite complex and multidimen­
sional. However, because of geometric symmetry, two dimen­
sions, in either spherical or cylindrical coordinates, are sufficient 
to evaluate this redistribution. Our formulation is in cylindrical 
coordinates.

Conclusions and Approximations. The solution of the general 
problem is complex, and the computational resources necessary 
to solve these mathematical descriptions numerically are signifi­
cant. Based on our previous work, certain conclusions and/or 
approximations appear realistic, which simplify the mathemati­
cal description of the temporal behavior of the DT ice/vapor 
interface.

First, except for the nominal cool-down period for the cryo­
genic DT target, heat effects that result in spatial and temporal 
temperature changes in the target can be neglected. Although 
the position of the ice/vapor interface will vary with time, the 
temperature distribution in the ice and shell wall is essentially 
constant. In the vapor phase, the thermal capacity is very small 
and can be ignored. Thus, a steady-state approximation to the 
heat-transfer computations in the ice and vapor phases is appro­
priate. This gives “snapshots” of the target and permits an esti­
mate of the heat-transfer and associated ice-redistribution rates.

Second, consistent with our original one-dimensional descrip­
tion of DT ice redistribution, we have chosen to describe the 
two-dimensional mass transfer as diffusive also. However, we 
use a multiplication factor on the diffusivity (calibration factor), 
which is determined by comparing predicted time constants with 
experimental time constants. In this manner, the model’s perfor­
mance allows us to interpolate between different experimental 
conditions with confidence. The driving force for this mass 
transfer is the DT concentration gradient within the gas/vapor 
volume. At the DT ice/vapor interface, the concentration of DT 
in the vapor is set by the ice/vapor equilibrium behavior (phase 
rule).

Third, for the targets of interest, the temperature differences 
that are predicted to occur across the gas/vapor phase between 
the opposing ice/vapor interfaces, even for appreciable ice layer 
nonuniformity, are small, especially for shell materials that have 
high thermal conductivity.
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TARGET FABRICATION TECHNOLOGY

Because the concentration of DT in the vapor at the ice/vapor 
interface is set only by the temperature, and because the temper­
ature difference across the DT vapor volume is small, we assume 
the concentration is in ice/vapor equilibrium, just as it is at the 
ice/vapor interfaces. The advantage of this approach is that a 
complex heat- and mass-transfer problem is reduced to one of 
only apparent heat transfer (as long as an appropriately defined 
heat-transfer coefficient is used). This modified heat-transfer 
problem in the gas/vapor phase couples naturally to the heat 
transfer within the ice layer.

Heat-Transfer Problem. The question is how to represent the 
effective thermal conductivity. This conductivity must account 
for the heat transfer associated with the DT mass flow, and the 
heat transfer by normal thermal conductivity.

For normal thermal conductivity kn we use the mole fraction 
average of the gas/vapor phase constituents DT and 3He,

= ^DTJdT +

where ki is the thermal conductivity of the /th component, and 
i is either DT or 3He; yDT is the fractional DT partial pressure 
and the total pressure is PT = PDT + P3He, giving yjHe = 1 - 
yDT; and PDX is the vapor pressure of DT.

The equivalent thermal conductivity due to the energy carried 
by the diffusing DT is expressed as

)=,dt=A//MO £=f (f) -
where kma&% is the effective thermal conductivity due to mass 
flow, A/Y is the heat of sublimation, D is diffusivity, C is con­
centration, x is generalized distance, T is temperature, M is the 
calibration multiplier, and dC/dT is given by

d Pm d \Ae~B/T^ _ A e~B/T

l------
1

1

C
Q

1____
1dT RT ~ dT RT ~ R T2

where Pdt = Ae~B/T is the standard vapor pressure expression.
Based upon £mass and kH, we chose to express the effective 

thermal conductivity as the sum of the two. This gas/vapor 
phase heat transfer is coupled at the ice/vapor/gas interface by 
two relationships, equal temperatures and equal heat flux, re­
spectively, as

T — T -* ice 1 vapor

and

kKc
dT

dmicey/i -I
^effective

dT
dnvapor v/i

where n is the normal direction.
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The mass transfer due to sublimation and condensation is 
determined by evaluating, at the ice/vapor/gas interface, the 
quantity,

A TTd8(d>) (dT\ ( ^mass
Pice A// —T— = kice — --------- —r-

dt \ dft /ice V^mass

over the range of 0, where 4> is the angular coordinate of the 
two-dimensional system of this effective heat-transfer problem.

Modeling Computations. We have conducted computations of 
the /3-heating phenomenon for selected target designs and condi­
tions, and compared them to experimental results* reported by 
Hoffer and Foreman.5 For our computations, the nominal tem­
perature within the target was held at 19K (just under the triple 
point for DT). Our preliminary results of predicted time con­
stants, compared with Floffer and Foreman’s measured time 
constant, yielded a calibration factor of 2.6.

Figure 1-1 shows the predicted time constants as a function of 
the calibration factor. The thermal conductivity used for copper 
is equal to 318 times that of glass. The log-log plot is surpris­
ingly linear, which allows for a reasonably accurate estimate of 
the calibration factor. Additional modeling runs were conducted 
with this calibration factor.

Measured

DIFFUSION MULTIPLYING FACTOR

Fig. 1-1. The diffusion multiplying factor used in our two-dimensional model 
is determined by comparing predicted time constants with measured time con­
stants. Input parameters for the model were based on the LANL experiment to 
which it is compared: A copper target 5 cm X 2.02 cm (o.d. X wall) that con­
tained a DT ice layer formed from 16-day-old DT gas. The measured time con­
stant for the experiment, 219 min, corresponds to a diffusion multiplying 
factor of 2.6.

*Hoffer and Foreman’s experiments were conducted with a cylindrical cham­
ber with a length-to-diameter (L/D) ratio of 1 and a diameter of 5.74 mm. 
This chamber was within a copper block that had a maximum diameter of 
28.7 mm. The L/D ratio of 1 gives a reasonable approximation to a sphere.
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TARGET FABRICATION TECHNOLOGY

Figure 1-2 shows how the time constant is predicted to change 
with the product of the thermal conductivity and thickness of 
the shell material. A thin-walled glass shell, with its low thermal 
conductivity, is projected to have a smaller time constant than a 
thick-walled shell of a material with a much higher thermal con­
ductivity. This type of behavior is expected, since the target wall 
is an alternative path for the /3-energy to escape the target. This 
path does not lead to DT ice redistribution.

Figure 1-3 shows the variation of time constant with tritium 
age of the target. As the tritium undergoes /3-decay, the 3He by­
product builds up in concentration, which impedes the transport 
of DT vapor from one area to another. The calibration factor 
used in the calculation is 2.6 and the target has the thermal con­
ductivity of copper. Since the model has been normalized to one 
experimental point, the validity of the predictions is expected to 
be excellent for future experiments using aged tritium.

Fig. 1-2. The excess heat generated in thicker portions of the DT ice can reach 
the external surface of the shell in several ways; the thermal conductivity of 
the shell material is an important factor in determining the rate of heat trans­
fer. In our model, the thermal conductivity of the shell material has been nor­
malized to that of glass. The thermal conductivity of a shell material other 
than glass is obtained by the use of a multiplying factor Nk. Here the shell 
conductance is defined as the product of the thermal conductivity and thick­
ness Nk ■ Icg| • t, where kgl is the thermal conductivity of glass and t is the thick­
ness of the shell. For ease of analysis and evaluation, however, the time 
constant is plotted as a function of the product Nk-t.

220 -

Z 200

AGE (days)

Fig. 1-3. Because the huild-up of 3He im­
pedes the transport of DT vapor from one 
area of the target to another, the time 
constant increases with increasing tritium 
age of the target. The input parameters 
for the analysis depicted here are the same 
as those given in Fig. 1-1, except that the 
diffusion multiplying factor is set to 2.6 
and the tritium age is varied.

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

1988 KMSF Annual Technical Report 17



TARGET FABRICATION TECHNOLOGY

1.1.2 Production of Uniform Solid DT Layers by j8-Heating: 
Equipment Modification and Capabilities

The design of the apparatus built for |3-heating experiments 
reflects a compromise between our needs to (1) produce an 
isothermal environment for the fuel capsule and (2) be able to 
document the fuel layer.6 The original design proved successful 
for shells approximately 1 mm in diameter with a high aspect 
ratio (ratio of diameter to wall thickness) but was inadequate for 
larger shells (2 to 7 mm in diameter) with low aspect ratios.

The limitation in the original system is due to the diameter of 
the sapphire windows in the experimental chamber (see Fig. 1-4).

Target Insertion TubeImaging Tube

Illumination Tube

Windows

Dewar Flange

Lens
(200 mm focal length)

Lens
(200 mm focal length)

Lens
(500 mm focal length)

Lens
(125 mm focal length)

Cold Windows

45o-45o-90° Prisms

Fig. 1-4. In the initial /3-heating experimental apparatus, the cold sapphire 
windows acted as apertures in the optical documentation system.
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Since glass shells act as slightly divergent lenses, the information 
collected by any optical system is limited by the effective aper­
ture of the first lens or by an aperture in the system prior to the 
first lens. As the aspect ratio of the shells decreases, the diver­
gence increases, causing the Macroshell® fuel capsules to exceed 
the divergence limits required for an adequate evaluation of the 
fuel layer.

We replaced the sapphire window on the imaging side of the 
optical system with a larger, thicker window that had a 15.8 mm 
clear aperture, which ensures that the refractive information lim­
its are set by the aperture of the first imaging lens.

Figure 1-5 shows the limits of the modified and unmodified 
systems. For any target whose diameter and aspect ratio place it 
to the right of one of the curves, the refractive limitations are 
set by the first optical lens. For targets that fall to the left of 
one of the curves, the limitations are set by the window aper­
ture. The largest and thickest target that the modified system 
can handle is 7.8 mm in diameter with an aspect ratio of 23.6. 
The 7.8 mm value is set by the size of the target mount; the 
limiting aspect ratio is found from the figure.

HD Experiments. Our initial experiments using a 1 mm 
diameter glass shell filled with FID established that the experi­
mental apparatus did indeed produce an isothermal environment 
for the target.6 In these experiments, a shell was suspended from 
a long, thin, insulating fiber inside the experimental chamber 
(see Fig. 1-6). The steady-state temperature of this target is de­
termined by a balance between four thermal mechanisms: (1) the 
generation of energy by /3-decay, (2) conduction of energy out of 
the target by the fiber, (3) convection of energy through the ex­
change gas, and (4) radiation exchange between the target and 
the environment. (Radiation exchange can either cool or heat 
the target. Cooling occurs when the target is at 20K, but this 
mechanism is only approximately 10% of the cooling by con­
duction through the fiber. Heating occurs if there is residual ra­
diation leakage through the sapphire windows.) Using HD as the 
condensed fuel layer eliminates any source of energy within the 
capsule since no tritium is present. A high vacuum within the 
chamber eliminates convection through the exchange gas. As a 
result, absorption of any radiant energy leaking into the cham­
ber is balanced by conduction through the fiber.

Figure 1-7 illustrates the results for these experiments. A 
1000 pm diameter glass shell that contains 50 atm of HD is 
suspended from a 1 cm long, 28 pm diameter glass fiber. Fig­
ure l-7a shows the shell immediately after the solid layer was 
formed; there is a considerable amount of detail in the crystal 
structure of the fuel layer. Figure l-7b shows the same shell 
three days later. A one-for-one comparison of the details shows 
that the fuel layer did not change in this time. Lack of any sub­
limation over three days leads us to conclude that any residual 
radiation leaking into the experimental chamber was negligible.

DT Experiments. With the assurance that thermal radiation is 
negligible, the behavior of DT fuel can be evaluated under the 
same environmental conditions. Figure l-8a shows a 980 pm
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Upper Limit of Target Size

New Region of Acceptable Targets

Old Region of Acceptable Targets

w 4000

ASPECT RATIO

Fig. 1-5. Increasing the aperture of the sapphire window on the imaging side 
of the documentation system greatly increases the range of usable shells in the 
experimental apparatus.

diameter glass shell that contains 50 atm of gaseous DT and is 
suspended from a 1 cm long, 36 ^im diameter glass fiber. Fig­
ure l-8b shows the shell at low temperature (>20K) in the ex­
perimental chamber when the exchange gas pressure is a high 
(<0.1 mTorr) vacuum. At this temperature, the fuel is liquid 
and the dark band shows that gravity has caused the liquid to 
pool at the bottom of the shell. To freeze the fuel, helium ex­
change gas is added to the experimental chamber. Figure l-8c 
shows the shell with the fuel frozen into a solid layer.

The need for some exchange gas to freeze the DT fuel demon­
strates that the jS-decay energy within the shell is sufficient to
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overcome the cooling through the fiber and the small amount of 
radiative cooling, and still keep the fuel in the liquid state. Com­
paring these results to those for the HD shell shows that the ap­
paratus is sensitive enough to control the effects of /3-decay 
energy within shells with diameters as small as 1 mm.

Figure 1-9 illustrates the /3-heating effect in such small shells. 
Although the addition of a small amount of exchange gas to the 
experimental chamber keeps the fiber-mounted, DT-filled shell 
below the triple point of the fuel, the fiber is a significant per­
turbation on the symmetry of the thermal environment. The 
fiber acts as a conduit to improve the extraction of heat at the 
site where the fiber is attached. Over a period of time, a fuel

Helium
Exchange
Gas

Glass Fiber

Isothermal 
Enclosure 
at 4.2K

DT Ice Layer 
Inside Target

Fig. 1-6. Mounting the shell on the end of a long, thin glass fiber allows us to 
control the thermal mechanisms occurring within the experimental chamber.

Fig. 1-7. Experiments with HD-filled shells show that any radiation leakage into the experimental chamber is negligible. The 
solid HD layer formed on day 1 (a) is identical to the solid HD layer on day 3 (b).
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Fig. 1-8. Without the helium exchange gas, the /3-heating 
energy keeps the shell temperature above the triple point 
region for DT. In the absence of helium exchange gas, the 
DT is gaseous (a); at low helium pressure, the DT is liq­
uid (b); at higher helium pressure, the DT fuel freezes (c).

layer that is initially somewhat uniformly distributed on the shell 
wall will eventually sublime toward the area of fiber attachment.

Figure l-9a shows the DT fuel layer at the start of the experi­
ment and Fig. l-9b is the same shell three days later. A compari­
son shows that the fuel layer has changed considerably. Clearly, 
the fuel layer has sublimed between various points within the 
shell volume.

The fuel mobility illustrated within the DT target above, and 
the lack of fuel mobility within the HD shell, shows that the 
j8-heating effect will occur even for very thin fuel layers. The 
fuel layer within this DT shell would only be 7 /xm thick if the 
fuel were distributed uniformly.

The mean free path of the j8-particles within DT ice is more 
than this thickness, which means the low-energy end of the 
/3-particle spectrum is being deposited and providing the heat 
source. Even for thicker fuel layers where more /3-energy is
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Fig. 1-9. The /8-energy deposited within a fuel layer approximately 7 pm thick causes the fuel to migrate within the shell. This 
is evident in the change in the solid DT layer between day 1 (a) and day 3 (b).

deposited, the few inside micrometers will be heated sufficiently 
to affect the sublimation process.

As mentioned earlier, the glass mounting fiber acts as a point 
contact cooling fin. The shell will have a temperature gradient 
across its volume. Although this was advantageous for the 
experiments described above, it is intolerable for experiments 
designed to measure the uniformity limits of the /3-heating 
effect. We desire a mounting system that minimizes the pertur­
bation. An acceptable mounting configuration is illustrated in 
Fig. 1-10. The shell is captured between two thin (—0.1 /xm) 
films of Formvar® mounted on a metal washer. The shell will 
be uniformly cooled over its entire 4r surface area.

Figure 1-11 illustrates an important point that we observed 
using this mounting configuration. Figure 1-lla is an interfero­
metric image of the liquid pool within a 890 jum diameter shell 
filled at room temperature with 66 atm of DT. Figure 1-1 lb is 
an interferometric image of the same shell just below the triple 
point of the DT fuel. The solid layer is considerably more uni­
form than the liquid pool from which it grew. As energy is 
slowly and uniformly extracted over the entire 4tt surface area 
of these DT-filled shells, a redistribution of fuel takes place as 
the shell passes through the triple point region of the fuel. This 
is observed consistently for DT fuel layers, but is not seen in 
HD fuel layers. Although these results leave many questions 
unanswered, they indicate that slow cooling through the triple 
point region may be the preferred operational sequence for all 
/6-heated targets. It may be possible to start out routinely with a 
relatively uniform solid DT layer by cooling slowly through the 
triple point region and then using the /3-heating effect to im­
prove or complete the formation of the uniform layer.
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a) b)
Washer

Target

Formvar®

Fig. 1-10. Mounting the shell between two thin Formvar® films ensures that 
the shell will be uniformly cooled over its 4ir surface area. The target and 
mount are shown here in a side view (a) and a front view (b).

Fig. 1-11. Slowly cooling the shell through the triple point region allows a fairly uniform solid layer to grow out of the liquid 
pool.

For additional information, please contact Dr. D. L. Musinski
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Sandwich Holography. For shells larger than 1 mm in diame­
ter, the shell wall can easily dominate most documentation tech­
niques. The optical phase shift due to the glass thickness 
becomes so large that standard interferometric techniques for 
evaluating the fuel layer become insensitive to fuel layer uni­
formity.

We are developing a holographic interferometry technique for 
evaluating targets containing liquid or solid cryogenic fuel 
layers.7 This technique, which requires superimposing two sepa­
rate holograms, is the most sensitive optical method, and the 
resultant interferometric image is due only to the condensed 
fuel. The technique effectively cancels the phase shift due to 
the transparent container and images only the fuel layer uni­
formity.8

The basic problem with the traditional technique is alignment 
of the two holograms on the same film, requiring that the total 
optical and experimental system remain stable between expo­
sures. Laser systems such as Nova or Omega have inherent natu­
ral vibration spectra that limit the stability of any optical 
target-documentation system. For such systems, the probability 
is high that the two images will be offset, with each exposure 
catching the system at a different point of the vibration cycle. 
The (8-heating process requires long times (hours and possibly 
days) between holographic exposures, and it is unlikely that the 
system can be kept stable enough.

An alternative technique is to expose the two holograms on 
separate film plates at different times and then mechanically 
align the two plates during reconstruction. Called “sandwich 
holography,”9 the technique circumvents the stability problems 
described above. Our experiments showed that sandwich holog­
raphy is practical. By proper selection of a fiducial within the 
images, accurate alignment of the two holograms can be 
achieved and the fuel layer uniformity evaluated. Since exposure 
times required for each plate can be kept short enough to elimi­
nate vibrational effects, this technique can be applied directly to 
systems such as the Nova and Omega laser systems.

Sandwich holography is also an excellent documentation tech­
nique for (3-heating experiments. Single holograms of the target 
can be exposed at regular time intervals. These holograms can 
then be reconstructed in various pairs to obtain a complete rec­
ord of the fuel layer evolution. A hologram of the target with 
gaseous fuel can be reconstructed with holograms of the same 
target with either liquid or solid fuel. Two liquid-layer holo­
grams can be reconstructed to follow the condensation process, 
or two solid-layer holograms can be reconstructed to follow the 
solid layer migration.

When the two exposures are taken on separate plates, they 
must be aligned mechanically. If the two holograms are not pre­
cisely aligned, then extraneous phase shifts complicate interpre­
tation of the image. The use of background phase information is 
a way to measure the degree of misalignment between the two 
holograms. The background field of view contains phase infor­
mation generated by all of the path length variations in the
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optical system. This means that, during reconstruction, if precise 
alignment is not achieved, the background field of view will con­
tain a phase pattern due to alignment errors. Adjustment is made 
to the relative position of the two holograms until the back­
ground field of view exhibits a zero phase gradient. Then the 
interferogram is due solely to the change in state of the fuel be­
tween the two exposures. Interpretation of that image is identi­
cal to that for classical interferometric images of cryogenic 
targets.

Figure 1-12 illustrates the results. Figure l-12a is the holo­
graphic image of the target with the fuel in the vapor state, and 
Figure l-12b is the holographic image of a target with the fuel 
condensed as a liquid layer. Note that the liquid layer in this 
image is thicker at the 7:00 position. Figure l-12c is the first 
image of the holographic interferometry reconstruction. The 
phase gradient (fringes) within the background field of view 
clearly shows that the alignment of the two holograms is slightly 
off. Figure l-12d is the holographic interferometry image with 
nearly zero phase gradient in the background field of view. By 
comparing Figs. l-12c and l-12d one can see that, as the phase 
gradient in the background field of view is removed, the center 
of the interferometric pattern within the shell is translated later­
ally along the direction of the phase gradient. This observation, 
which is identical to that observed for classical interferometry, 
confirms that the use of zero phase gradient within the back­
ground is the correct fiducial to use for determining alignment 
between the two holograms.

Figure 1-13 is a sketch of the exposure fixture we used in our 
experiments.10 The two 1 in. x 3 in. film plates are supported on 
three points at a compound angle. The three point supports and 
basic design of the fixture allow gravity to align the plates accu­
rately. During the first exposure, only one plate is used, with the 
emulsion facing away from the imaging beam. The second expo­
sure is taken with a spacer plate between the beam and the holo­
graphic plate. The emulsion on this second plate faces the beam. 
During reconstruction, the two emulsions are placed face to face 
in the fixture. Alignment is achieved by allowing the two plates 
to settle into their equilibrium positions due to gravity.
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Fig. 1-12. Combining a vapor (a) and a liquid-layer (b) hologram results in a holographic interferometric image of the change 
in fuel state (c). If the two holograms are not precisely aligned a phase gradient appears in the background field of view (c). 
When the two holograms are precisely aligned, the background has a zero phase gradient (d). With a zero background phase 
gradient, the image can be interpreted.
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Fig. 1-13. The fixture used for sandwich holography is very simple; it relies on 
gravity to register the film plates properly. The technique ensures that the two 
emulsions are in intimate contact during reconstruction.

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

1.1.3 Cryogenic DT Pressure Intensifier for Los Alamos 
National Laboratory

This year the staff at LANL fabricated and assembled the 
cryogenic pressure intensifier that KMSF designed for their facil­
ity. We conducted numerous cryogenic experiments using the 
system, determined the operating characteristics, and worked 
out operational modifications and procedures.

Figure 1-14 is a schematic of the cryogenic pressure intensifier 
system. Figure 1-15 is a photograph of the system as constructed 
at LANL. Half of the insulating G-10 clamshell assembly is re­
moved for clarity in the photograph. The finned, copper heat- 
transfer plate is at the top of the photograph. This plate keeps 
the top of the condensation tube at room temperature. The slen­
der neck of the stainless steel condensation tube is the portion 
along which the natural temperature profile is established during 
low-temperature operation. The lower portion of the tube, the 
larger cylindrical region, is the condensation volume. This re­
gion is cooled by liquid helium flowing through a spiral channel 
cut into the surface of the condensation tube and sealed with a 
cylindrical sleeve. Liquid helium is introduced through the short 
tube on the bottom of the system and the vapor is exhausted 
through the longer tube that loops out of the top portion of the 
condensation volume. The two bellows on the helium transfer 
lines allow the condensation tube to contract freely during cool­
down. They prevent stresses from building up between the con­
densation tube and the containment vessel (not shown in the 
photograph).
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Fig. 1-14. All of the major components of the cryogenic-based DT pressure in­
tensifier system are shown in this schematic diagram.

Our testing procedure for the system was designed to measure 
the dynamic thermal characteristics and the operating response 
of the hardware under normal operating conditions. We needed 
to ensure that the system would cool down in a reasonable time, 
consume a limited amount of liquid helium, and return to room 
temperature relatively quickly. The cool-down times averaged 
approximately 15 min, and liquid helium consumption averaged 
16 1 per run. The system’s temperature rise back to room tem­
perature exhibited the exponential tail typical of all thermal sys-

Fig. 1-15. The pressure intensifier system 
is shown with half of the G-10 insulation 
removed for clarity. The components of 
the system are identified in Fig. 1-14.
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terns approaching equilibrium. The time constant of this profile 
was approximately 11 min. This implies that after three time 
constants (33 min) the pressure of the gas in the condensation 
vessel is 95% of its final value. We also found that we could 
accelerate the warming process by circulating warm gaseous 
nitrogen through the apparatus.

An important safety feature we designed into the system is an 
inherent limitation on the amount of isotopic hydrogen that the 
system can condense. Limiting the amount of condensation lim­
its the ultimate pressure that the system can attain. This pre­
cludes the possibility of overpressurizing the vessel.

We found that, as fabricated, the system was limited to a 
working volume of 6 cm3 at a pressure of 100 MPa. The opera­
tional characteristics are illustrated in Fig. 1-16. The pres­
sure/volume experimental range that the intensifier system can 
service covers nearly of of LANL’s requirements. The starting 
point of 6 cm3 at 100 MPa is shown as the single point. Expand­
ing that mass of fuel into various load volumes (volumes in ad­
dition to the starting point volume) results in the curve labeled 
“single condensation.” Thus, the system can service any point 
below this curve in a single condensation. The curve labeled 
“double condensation” results from isolating the system from 
the load volume, performing a second condensation, and ex­
panding that additional mass into the load volume. The system 
can service any point below this curve with two condensations. 
The third curve results from adding additional mass to the load 
volume from a third condensation. The initial performance was 
less than the design specifications, and two condensations would

Starting State 
100 MPa, 6 cm:

LOAD VOLUME (cm3)

Fig. 1-16. The starting state volume (6 cm3 at 100 MPa) can be expanded into 
various load volumes by undergoing one or more serial condensations. These 
three curves illustrate the final volume/pressure combinations that can be 
achieved by one, two, or three sequential condensations.
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be required to meet the maximum design point specified by 
LANL. A simple modification to increase the capacity of the 
system was devised. This was to slightly ream and deepen the 
gun-drilled hole in the condensation tube to increase the capac­
ity for condensation. However, it was decided that the system, 
as fabricated, met LANL’s revised requirements, so the modifi­
cations were not made. The system is now available for testing 
and tritium qualification.

For additional information, please contact Mr. M. T. Mruzek
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SECTION 1,2

Polymer Shell Technology

The size and aspect ratio of polystyrene (PS) shells that can be 
routinely produced were significantly increased this year. Shells 
with diameters in excess of 500 and wall thicknesses in the 
2 to 4 (in\ range can now be fabricated in large quantities. Tech­
nical developments in several areas expanded our production 
capabilities.

The stripping gas droplet generator technology, transferred 
here from Lawrence Livermore National Laboratory (LLNL) 
last year as a shell coating technology, has been successfully 
adapted to shell fabrication. Because of its simplicity, the strip­
ping gas droplet generator has replaced the concentric-orifice 
hollow droplet generator for fabricating PS shells. While the 
stripping gas droplet generator, as currently configured, does 
not produce a monodispersed droplet stream, the product 
obtained using this device can be sieved into size ranges that 
supply all of our current needs for PS shells.

Polystyrene with a molecular weight around 100,000 (100 K) 
was found to be the best material for forming high-aspect-ratio 
shells. A number of commercially available resins were tested, 
with intermediate molecular weights (such as 100 K) obtained by 
blending commercial resins with higher and lower molecular 
weights.

We are beginning to use statistical methods to study all of our 
shell forming processes. Statistical design is a powerful tool for 
characterizing complex processes with many interrelated vari­
ables, and has been highly successful at predicting the behavior 
of our glass shell forming processes. Successful application to 
polymer shell fabrication should allow us to respond more 
quickly to changes in shell specifications.

1.2.1 Stripping Gas Droplet Generator

The stripping gas droplet generator, which was built and 
tested last year for coating shells with poly(vinyl alcohol) (PVA), 
was adapted for the production of PS shells. The PVA coating 
technology was transferred from LLNL, where this technique is 
also used for the production of PS shells.11

Several different solvents were tested to determine their effects 
on the shell forming process with this droplet generator. A com­
mercially available PS with a molecular weight of 200 K was 
used for these initial experiments. Methylene chloride seemed to 
form shells most easily, so we used it for subsequent experi­
ments. Tetrahydrofuran (THF) was tested as a blowing agent, 
but was only marginally effective.

These experiments were conducted on our 6 m drying column, 
with the top half of the column at 200°C, and the bottom half
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at room temperature. Larger shells (>400 ^m) that had a dent in 
the wall were formed with this profile. The dents were appar­
ently formed by adiabatic contraction of the gas inside the shell 
(which was still in a fluid state) as the shell passed through the 
steep temperature gradient between the last 200°C section and 
the first room-temperature section. This problem was eliminated 
by setting one 0.76 m heating section just below the last 200°C 
zone at 50°C. When the temperature gradient is reduced, gas 
diffusion into the shell becomes effective in reducing the pres­
sure gradient across the shell wall.

We also tested this system with a PS that had an average mo­
lecular weight of 88 K. It was formed by blending 22 K PS and 
300 K PS in solution. This material had excellent shell forming 
properties. Shells in excess of 550 fim in diameter, with wall 
thicknesses in the 4 to 6 /xm range, can be produced with good 
yields. Shell wall uniformity is adequate for the present appli­
cation.

A number of experiments have been conducted to characterize 
the performance of the stripping gas droplet generator. The two 
most important variables for operation of the stripping gas 
droplet generator are the stripping gas flow rate and the solution 
injection rate.

First, an automatic injection device was constructed to quan­
tify the solution injection rate. This device used a stepper motor 
to drive a syringe plunger, which injects droplets into the drying 
column at a controlled rate. The stripping gas droplet generator 
with the automatic injector in place is shown schematically in 
Fig. 1-17.

Quantitative control of the stripping gas flow rate allowed us 
to fully characterize the droplet generator’s performance in 
terms of the two most important process variables, solution and 
stripping gas flow rates. Figure 1-18 is a representative plot of 
some of the data obtained from these experiments. It shows the 
median values of shell outside diameter (o.d.) obtained for vari­
ous droplet generator operating parameters. It is evident that 
maximum shell size is obtained at a stripping gas flow rate of 
1.2 1/min and a solution flow rate of 8.5 /xl/s. Also, it can be 
seen that shell size is affected by both the stripping gas flow rate 
and the solution flow rate. Statistical experiments are currently 
underway to study the shell forming process in more detail; they 
are described in Section 1.2.3.
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Fig. 1-17. Addition of the automatic solution injector to the stripping gas 
droplet generator allowed us to characterize the droplet generator’s perfor­
mance in terms of solution injection rate and stripping gas flow rate. Precise 
control of these rates is required to produce shells with the desired qualities.

Stripping Gas Flow Rate: 
a 2.0 l/min
• 1.2 l/min
♦ 0.8 l/min

500 -

400 -

300 -

SOLUTION FLOW RATE (jills)

Fig. 1-18. The PS solution injection rate and the stripping gas flow rate influ­
ence the diameters of PS shells formed by drops from the stripping gas droplet 
generator.

For additional information, please contact Dr. T. P. O’Holleran
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1.2.2 Effect of Molecular Weight on Polystyrene Shell 
Formation

Early experiments with the stripping gas droplet generator 
suggested that the molecular weight of the PS used to prepare 
the feedstock might have a significant influence on the charac­
teristics of the final product. Polystyrene of two different aver­
age molecular weights was tested to determine the effect of 
molecular weight on the shell formation process. Our “standard” 
PS (XP6065 from DuPont) has an average molecular weight of 
200 K. The new materials had molecular weights of 300 K and 
22 K. Unfortunately, both the 300 K and 22 K molecular weight 
materials exhibited inferior shell forming properties. We wanted 
to test a PS with molecular weight around 100 K, but such a 
material was not commercially available. We also wanted to re­
strict our choices to commercially available material to avoid the 
expense associated with custom synthesis. A PS with an average 
molecular weight of 88 K was formed by blending the 300 K and 
22 K molecular weight materials in solution. The resulting PS 
was actually 24% (by weight) 300 K molecular weight PS, and 
76% 22 K molecular weight PS.

This material had excellent shell forming properties. Shells in 
excess of 550 fim in diameter, with wall thicknesses in the 4 to 
6 jum range, were produced with good yields. Shell wall unifor­
mity was adequate for present requirements.

The acoustically destabilized droplet generator was used to 
investigate the effects of polymer molecular weight on the 
shell forming process. This droplet generator was chosen largely 
because of its excellent control over droplet size. Five commer­
cially available polystyrenes were used in this study. Their mo­
lecular weights (according to the manufacturers) were 45 K,
200 K, 192 K, 250 K, and 300 K. In addition, the highest and 
lowest molecular weights (300 K and 45 K) were blended in solu­
tion with methyl ethyl ketone (MEK) to give molecular weights of 
105 K, 200 K, 192 K, and 250 K. Shell forming experiments were 
performed in the 3 m drying column, using several different tem­
perature profiles and drop sizes.

Polymer molecular weight had the most striking effect on 
shell wall thickness. Figure 1-19 illustrates this effect for shells 
formed from two different drop sizes. The dramatic reduction in 
wall thickness at 105 K molecular weight is obvious. Neither 
shell diameter, wall uniformity, nor process yield showed such a 
remarkable effect. While no explanation of this phenomenon 
can be offered at this time, it does agree with the observations 
of Grens and others at LLNL.12
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Fig. 1-19. Polymer molecular weight has a noticeable effect on the wall thickness of PS shells produced by the acoustically 
destabilized (single-orifice) droplet generator. The numbers in the legend to the right of the chart indicate the diameters (in pm) 
of the droplets from which the shells were formed. “Blend” indicates that the molecular weight was obtained by mixing the 
45 K and 300 K molecular weight resins.

For additional information, please contact Dr. T. P. O’Holleran

1.2.3 Statistical Experiments

The previous sections make clear that our modifications of 
equipment and our exploratory research have resulted in two 
systems for making PS shells. Both systems are complicated; 
many experimental parameters are present. However, the sys­
tems are not fully explored and need to be optimized for shell 
production.

We have begun optimizing the systems using statistically based 
experimental designs. The optimizing experiments are of two 
types, screening experiments and response-surface experiments. 
Screening experiments are used to identify the experimental pa­
rameters with significant effects on resulting shell characteristics. 
Response-surface experiments relate the significant experimental 
parameters to the resulting shell characteristics. Screening exper­
iments were completed this year using the Plackett-Burman13 

design. Response-surface experiments are underway.
Eight parameters were examined by the screening experiments 

for the stripping gas droplet generator system. Each parameter 
was tested at two values. If confidence levels were below 90% 
but still fairly high, we have noted that a given effect “may” be 
present.

Parameters examined for stripping gas droplet generator 
system:
Tower Temperature Profile

Two profiles were examined, one with 180°C at each end 
and 250°C in the middle and another with a constant 217°C.
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Past experience had led to the varying profile. The experi­
ments showed that the varying profile leads to significantly 
higher shell wall uniformity and shell yield.

Polymer Concentration
Examined at 2% and 10% by weight using a blend of 76% 
22 K and 24% 300 K PS. The experiments showed that the 
higher concentration increased shell diameter and shell 
yield.

Blowing Agent Concentration
Examined at 0% and 10% THF. The experiments showed 
that the presence of this higher concentration of THF re­
sults in smaller shells!

Solvent Type
Two solvents were examined, methylene chloride and MEK. 
Methyl ethyl ketone may increase shell yield.

Solution Injection Rate
Examined at 2 jul/s and 18 /xl/s. The shell diameter de­
creases at the higher injection rate.

Stripping Gas Rate
Examined at 1.2 l/min and 2.0 l/min. In contrast to earlier 
results, the experiments detected no statistically significant 
effects.

Stripping Gas Type
Argon and nitrogen were compared. The diameter may in­
crease with argon.

Downdraft
Examined at 0 and 12 l/min downdraft flow rate. The ex­
periments detected no significant effects.

The acoustically destabilized droplet generator system had 11 
parameters examined by screening experiments. Actually many 
more experimental parameters exist, but they are not indepen­
dent of each other. For instance, in order to obtain a particular 
working drop size, adjustments are made to flow rate, acoustic 
intensity, frequency, pulsed voltage, and deflection voltage. Our 
choices were limited to the 11 independent experimental param­
eters, as required by the statistical technique. Each parameter 
was tested at two values.

Parameters examined for acoustically destabilized droplet gen­
erator system:

Polymer Molecular Weight
Examined at 45 K and 250 K. The experiments show only a 
possible increase in shell diameter as molecular weight in­
creases.

Polymer Concentration
Examined at 2% and 10% PS by weight. Increasing concen­
tration definitely increases shell diameter. The yield and 
wall uniformity may also be affected.
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Solvent
Examined 100% MEK and 50:50 MEK:methylene chloride. 
The wall thickness may increase slightly with 100% MEK.

Blowing Agent Concentration
Examined 0% and 10% styrene. The shell diameter and 
yield may increase slightly with the presence of a blowing 
agent.

Solution Cooling
Examined cooling or not cooling the solution before inject­
ing into the tower furnace. The experiments detected no sig­
nificant effects.

Drop Size
Examined 400 /xm and 500 /xm drop sizes. Increasing drop 
size increases the diameter and possibly wall uniformity.

Tower Temperature
Examined 370/270/370°C and 300/300/300°C. Shell diame­
ter increases with the straight profile, but wall uniformity 
may increase with the varying profile.

Downdraft
Examined at no flow and 10 l/min. A downdraft may in­
crease yield.

Vessel Pressure
Examined at 8 psi and 25 psi. Shell diameter increased as 
vessel pressure decreased.

Vessel Pressurizing Time
Examined at 15 min and 12 h. Yield may increase slightly 
with short vessel pressurizing time.

Run Time
Examined at 3 min and 12 min. At longer run times, shell 
diameter decreases and yield may decrease.

The screening experiments give a statistical probability that a 
particular parameter has a truly significant effect on shell prop­
erties. Table 1-1 shows the parameters that have at least a 90% 
probability of a significant effect on a shell property. No param­
eters had a strongly significant effect on wall thickness.
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Table 1-1. Experimental Parameters with >90% Probability of a Significant Effect on a Shell Property

Outside Diameter Wall Uniformity Yield

DG Tower Temperature SG Tower Temperature SG*t Tower Temperature
SG*,DG*T Polymer Concentration SG*t Polymer Concentration
SG* Blowing Agent SG Solvent
SG Solution Injection Rate DG Downdraft
DG* Drop Size DG Run Time
DG* Vessel Pressure
DG* Run Time

*: >95% probability of significance
t: > 99% probability of significance 
SG: Stripping Gas Droplet Generator 
DG: Hollow Droplet Generator

For additional information, please contact Mr. W. J. Miller
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SECTION 1.3

Glass Shell Technology

The size, wall thickness, and uniformity requirements for 
glass targets for the inertial confinement fusion (ICF) program 
have been increasing steadily in recent years. The present and 
future specifications for glass shells for ICF work can be 
grouped in distinct categories by diameter and wall thickness:
(1) multimillimeter, thick-walled glass shells (Macroshell® tar­
gets) for the study of uniform DT ice layer formation (18- 
heating); (2) 1 to 2 mm, thin-walled shells for Nova or PBFA II 
targets; and (3) submillimeter, thick-walled shells for Nova 
targets.

The sizes of these targets are dissimilar enough to require 
three separate development efforts with significant departures 
from or advancements of current shell fabrication technology 
(which is based on a sol-gel/drop tower furnace system). Be­
cause of their mass and size, the Macroshell® targets could not 
be produced in our vertical drop tower furnaces. Instead, during 
the last few years, we have been developing the technology and 
methodology for forming multimillimeter spherical voids in glass 
preforms for subsequent machining to produce uniform hollow 
spheres.

The fabrication of 1 to 2 mm glass shells requires an advance­
ment of our vertical drop tower furnace technology. Glass shells 
1 to 1.5 mm in diameter can be made from sol-gel feedstock 
with our present furnace systems, using >0.95 atm water vapor 
in the furnace ambience to help expand the forming shells. The 
yield of acceptable shell quality in this size range is very low. 
Furthermore, these shells often contain detectable quantities of 
water, resulting in large corrosion features on the internal sur­
faces. Thus, we have not been able to make shells with accept­
able qualities in the 1.5 to 2 mm diameter range by this method. 
We have investigated the efficacy of the permeant gases helium 
and neon as substitutes for water vapor for making large shells.

Finally, we have been investigating the effect of the composi­
tion of the gel feedstock on shell formation. The motivation for 
this investigation is to develop better control and reliability of 
the process, and specifically to increase the shell size range and 
wall uniformity for the thick-walled shells of current interest.

1.3.1 Macroshell® Target Development

We are investigating methods of fabricating and characterizing 
Macroshell® targets for ICF experiments. Large diameter (2 to 
10 mm) glass Macroshell® targets are essential for the study of 
DT ice layer formation by /3-heating (see Section 1.1) and are
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potentially useful for neutron production experiments for ICF 
drivers like Nova or PBFA II. The technology developed to 
fabricate these fuel containers may also be useful in the fabrica­
tion of polymer shells that could be targets for the proposed 
Laboratory Microfusion Facility.

Shells for (3-heating require high sphericity, medium aspect 
ratios (diameter-to-wall ratio ranging from 25 to 100) to meet 
strength requirements, and high permeability for fuel diffusion 
through the relatively thick walls. Because of the large shell 
mass and the high viscosity of the glass during shell formation, 
conventional fabrication methods, such as the vertical drop 
tower or torch spray methods, have not been successful in pro­
ducing shells that meet the stringent requirements necessary for 
cryogenic experiments. Therefore, we have developed an alterna­
tive target fabrication method to provide research quantities of 
highly spherical shells with uniform wall thicknesses.

The fabrication process is a two-step procedure. First, a glass 
preform containing a nonspherical cavity is heated to high tem­
peratures to make the cavity spherical. The cavity is rotated in a 
horizontal tube furnace14 to counterbalance the buoyant forces 
acting on it. Second, excess glass surrounding the spherical cav­
ity is removed by a mechanical lapping and polishing process. A 
three-point lapping device (shown in Fig. 1-20) allows the cavity 
to be centered within a wall of desired thickness and surface fin-

Motor

Lapping
Mandrel

Fig. 1-20. This three-point lapping system is used to fabricate a uniform shell 
wall around a spherical cavity suspended in a glass matrix. The shell wall is 
formed with a succession of diamond slurries of decreasing grit size, followed 
by a final polish with cerium oxide powder.
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ish. This lapping technique was transferred to KMS Fusion from 
Los Alamos National Laboratory in the fall of 1987.

High-Silica Glass. High-silica glass is the preferred material 
for Macroshell® targets because of its high hydrogen perme­
ation rate, which minimizes fueling times, as well as its high wall 
strength and high degree of chemical durability. For initial ex­
periments, Vycor® glass (96% Si02 + B2O3) was preferred for 
its low working temperature, but it proved to be inferior to 
fused silica (99+ % Si02). Fused silica glass was substituted for 
Vycor® because the heat treatment produced microscopic air 
bubbles throughout the Vycor® glass. Bubbles at the cavity/ 
glass interface are potentially troublesome since they prevent the 
formation of a uniform wall, reduce optical clarity, and weaken 
the shell wall.

The high working temperature of fused silica glass has made 
production of spherical cavities in fused silica preforms difficult. 
Our current furnace is capable of generating temperatures near 
1800°C. The viscosity of fused silica glass at this temperature 
necessitates long processing times to produce spherical cavities. 
Consequently, glasses with lower silica content (lower viscosity) 
were used while this cavity treatment method was being devel­
oped.15 The first cavities formed in a fused silica glass were pro­
duced this year. The cavities have a nominal 3 mm diameter and 
vary in levels of sphericity.

Wang and Day16 have shown that a succession of heat treat­
ments results in measurable improvements in cavity sphericity 
for some glass compositions. We have applied a serial heat treat­
ment procedure to cavities suspended in a fused silica matrix; 
our results substantiate Wang and Day’s findings. The initial 
processing temperature is set as close as possible to the working 
temperature of the glass for several hours. Each of the subse­
quent processing temperatures are incrementally decreased by 
25° to gradually reduce the surface tension forces at the cav­
ity/glass interface. This procedure allows the sample to cool at a 
slower, more uniform rate, which minimizes the temperature 
gradient across the sample mass. Optimal processing tempera­
tures and times are still under investigation. However, in recent 
experiments, cavity noncircularity values have improved from 
levels greater than 10% to 1.5%.

Boro silicate Glass. Until highly spherical fused silica shells 
can be provided on a regular basis, borosilicate glass shells will 
be used in the /8-heating studies. Five cavities formed in a boro­
silicate glass matrix were processed into shells. Each shell was 
fabricated using the three-point lapping system (Fig. 1-20). The 
shell wall was formed with a succession of diamond slurries of 
decreasing grit size, followed by a final polish with cerium oxide 
powder. Following the polish, all shells, excluding shell 1 of 
Table 1-2, were annealed at 565°C for 30 min. Some properties 
of these shells are listed in Table 1-2. Sample characterizations 
were performed using the optical profile projector (OPP) sys­
tem, which is described in Section 1.5.3.

Three of these samples were subjected to compressive and ten­
sile strength proof tests. The shells were individually pressurized
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Table 1-2. Characterization Data for Borosilicate Shells Lapped on the KMSF 
Three-Point Lapping System

Avg.
Shell I.D. Wall 
No. (/-nn) (jitm)

. , Tensile TestAnneal
Time Temp. Pressure
(min) (°C) (atm)

Buckling Test

Temp. Pressure 
(°C) (atm)

Cavity Noncircularity (%) 

View
1 2 3

1 3850 108 _ 348 186 25 184 1.0 1.6 _
2 2900 57 — — — — — 0.6 0.7 0.4
3 4000 131 30 354 183 25 200 0.4 0.6 0.7
4 3340 130 30 350 100 350 25 0.3 1.3 0.5
5 2650 124 30 — — — — 2.8 2.6 —

with helium to twice the anticipated DT fuel pressure. The com­
pressive strength test consisted of pressurizing the shell exterior 
to the indicated pressure level (Table 1-2) at room temperature. 
The tensile strength test involved the permeation-filling of each 
shell to a designated pressure (Table 1-2) at a nominal tempera­
ture of 360°C. Once the gas fill was complete, the gas external 
to the shell was vented from the sample chamber at temperature.

Shells 1 and 3, pressurized near 180 atm, survived the com­
pressive strength test; however, both failed the tensile strength 
test. The tensile test failure reduced both shells to powder, 
which suggests a high failure stress for the shells. The failures 
are attributed to imperfections on the outer shell surface, 
formed during the lapping operation. Shell 4 survived both tests; 
however, the fill pressure was reduced to a 25 atm differential 
for the compressive test and 100 atm for the tensile test.

Shell 4 received an acid etch not performed on the other 
shells. The acid etch was designed to limit stress intensification 
at the tips of surface flaws, which originate during lapping. 
However, the etch caused the shell to become opalescent. A mi­
croscopic examination revealed submicrometer surface pits, 
which are indicative of selective leaching of the borosilicate 
phase in this phase-separated glass. The use of an acid etch to 
relieve stress and the need to maintain shell transparency will 
require the use of a single-phase glass such as fused silica.

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

1.3.2 Permeant Gases in the Furnace Ambience

The partial displacement of air with permeant gases (gases 
that diffuse through the shell material) in the furnace ambience 
during shell blowing can produce a significant increase in the 
diameter of shells. This effect is the basis of our long-standing 
practice of using a high partial pressure of water vapor in the 
furnace ambience to produce shells of large diameter. A simple 
model describing this effect has been formulated from basic
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principles by Anderson and Miller.17 However, the utility of this 
effect for making large-diameter shells and the general validity 
of this model have not been tested quantitatively.

There is an advantage to using other permeant gases, such as 
helium or neon, for making shells of large diameter. These un- 
reactive gases, unlike water vapor, will not corrode the glass sur­
faces or weaken the shells. We seek to quantitatively verify the 
model with these gases.

Preliminary results from experiments with helium in an 
unsealed two-piece process tube, which required a continuous 
make-up flow of helium to maintain a steady-state helium con­
centration, agreed only qualitatively with the model;17 we were 
unable to measure the helium concentration in the furnace 
ambience directly. In addition, the aerodynamic drag on the 
sedimenting glass shells due to the helium flow significantly 
increased the residence time of the shells in the furnace.

During the past year, we conducted further shell-blowing ex­
periments in a sealed furnace with a one-piece process tube that 
contained static, uniform permeant gas mixtures with known 
concentrations of water vapor, helium, or neon. From this 
work, we concluded that the permeant gases cause an increase in 
shell size that is consistent with the predictions of the Anderson- 
Miller model. The model fails at high concentrations (>0.9 atm) 
of permeant gas, probably because the high levels of permeant 
gas produce a significant fraction of large shells that are too 
thin to survive, so that the product consists primarily of the 
remaining smaller, thick-walled portion of the shell population. 
Furthermore, we found that gel fragmentation was severe in dry 
permeant gas mixtures. Even though permeant gases cause an 
increase in shell size, the extensive fragmentation of the gel, by 
producing low-mass particles, limited the effectiveness of the dry 
permeant gases for making shells of large diameter. Even low 
levels of water vapor in the furnace ambience dramatically 
decreased gel fragmentation.

Experimental. Shell-blowing experiments were conducted on a 
vertical 1 m, 1500°C furnace that was equipped with a one-piece 
sealed process tube, a sealed gel injector, and a gas inlet system 
for the controlled addition of permeant gases to the static fur­
nace ambience. The permeant gases were helium, neon, or water 
vapor; the nonpermeant gas in the furnace ambience was air or 
oxygen. The air or oxygen concentration in the gas mixture in 
the furnace was determined with an oxygen monitor; since the 
system was leak-tight, the remainder was equivalent to the par­
tial pressure of the permeant gas. The equipment and proce­
dures were described previously.18

Results. The effect of an increase of the partial pressure of a 
permeant gas in the furnace ambience is an increase in the shell 
radius. As shown in Figs. 1-21, 1-22, and 1-23, the three per­
meant gases produced similar trends of increasing shell size with 
increasing partial pressure of permeant gas, for permeant gas 
concentrations up to 0.9 atm. Between 0.9 and 1 atm permeant 
gas pressure, where the model calculations display a significant 
curvature, the data invariably were significantly lower than the
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• Actual Radius

PARTIAL PRESSURE OF HELIUM (atm)

Fig. 1-21. At concentrations greater than 0.85 atm, the effect of helium in the 
furnace ambience deviated significantly from the predictions of the model.

• Actual Radius

PARTIAL PRESSURE OF NEON (atm)

Fig. 1-22. The neon data fit the model predictions only for partial pressures 
less than 0.9 atm, where the model has a relatively flat response slope. As was 
the case with the helium data, the shell sizes were significantly less than the 
model predictions for neon concentrations greater than 0.9 atm.

model predictions. The greatest deviation was in the data for 
neon, the least permeant of the three gases, for which the shell 
radius decreased with increasing neon pressure beyond 0.9 atm. 
The reason for this deviation is not clear. However, the large 
number of thin-walled shards that are produced in high partial 
pressures suggest that these levels of permeant gas rapidly ex­
pand and rupture the large, thin-walled shells, while the smaller, 
thick-walled shells survive.

The shell size distributions in these experiments broadened 
markedly with increasing permeant gas pressure. This effect was 
least for water vapor, and worst for dry helium and dry neon.
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• Actual Radius0.04 -
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WATER VAPOR PRESSURE IN FURNACE 
____________AMBIENCE (atm)____________

Fig. 1-23. The data for water vapor are consistent with the predictions of the 
model. These data corroborate results obtained from earlier experiments that 
used an open furnace process tube.

In addition, the quality of the shells (sphericity, wall uniformity, 
intrawall bubbles) decreased precipitously with increasing pres­
sure of dry helium and dry neon. At high levels of dry permeant 
gas, many of the large, thin shells were partly collapsed or puck­
ered, while the smaller, thicker shells had poor wall uniformity 
and intrawall bubbles. Few, if any, acceptable shells were found 
in shell batches produced in dry helium or dry neon. Water 
vapor (which reduces glass viscosity) markedly improved shell 
quality.

A comparison of the median shell mass for the various 
batches in these experiments, normalized to the mass of glass 
formers contained in the gel, indicated that extensive gel frag­
mentation dominated these experiments and may have obscured 
the true effect of permeant gases on the blowing of shells. In 
addition, despite the efficacy of dry permeant gases in increasing 
the size of shells, the fragmentation of the gel effectively limits 
the ultimate attainable size of the shells.

As shown in Fig. 1-24, the effects of helium and neon on 
fragmentation of the gel or the forming shell in the furnace were 
similar. Both gases produced shells with similar radii and similar 
mass. However, the median shell mass was less than 5% of the 
glass mass contained in the gel feedstock, and was identical for 
helium and neon, indicating that the greater thermal conduc­
tivity of the helium gas was not a significant factor in gel frag­
mentation. Moreover, even though there is a relationship 
between shell radius and partial pressure of the gas, the normal­
ized mass was essentially constant for all values of partial pres­
sure of helium or neon.

The normalized mass of shells produced in water vapor was 
significantly higher than for dry helium and neon. While every
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♦ Helium
■ Neon
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PARTIAL PRESSURE OF PERMEANT GAS IN

THE FURNACE (atm)

Fig. 1-24. The permeant-gas shell-blowing experiments were dominated by 
fragmentation of gel feedstock in the furnace. Dry air, helium, and neon pro­
duced shells whose median mass was less than 5% of the glass mass of the gel 
feedstock. Water vapor produced thick-walled shells whose median mass 
ranged from 30*70 to 70% of the glass mass of the gel, depending on the water 
vapor pressure.

batch from the water vapor experiments contained some small 
shells with diameter, wall thickness, and shell mass that were 
comparable to those in the helium and neon experiments, these 
shells represented the lower tail of the mass distribution of the 
shell batches. The major portion of the mass of each batch con­
sisted of very thick-walled, massive shells, whose radii were 
comparable to the shells produced with helium and neon. Fur­
thermore, as shown in Fig. 1-24, the normalized shell mass of 
the batches made with water vapor was not constant, but was 
related to water vapor pressure. The normalized shell mass in 
the control batches made in dry air was less than 0.05, equiva­
lent to that of the dry helium and neon experiments. By compar­
ison, 0.1 to 0.5 atm water vapor yielded a constant normalized 
shell mass of 0.3; increasing the water vapor pressure beyond 
0.5 atm monotonically increased the normalized shell mass.

Thus these data indicated that the moisture content of the fur­
nace ambience is a critical variable in gel fragmentation. It may 
be that the water vapor rapidly reacts with the surface of the 
gel, and may thus reduce the gel viscosity at the gel surface suf­
ficiently to minimize spalling.

Conclusions. The displacement of air in the furnace ambience 
with permeant gases causes an increase in shell size that is con­
sistent with the predictions of the Anderson-Miller model. The 
model fails at high concentrations (>0.9 atm) of permeant gas, 
probably because the high levels of permeant gas produce a sig­
nificant fraction of large shells that are too thin to survive and 
consequently rupture. The product thus consists primarily of the 
remaining smaller, thick-walled portion of the shell population.
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Furthermore, we found that gel fragmentation was severe in dry 
permeant gas mixtures. Even though permeant gases cause an 
increase in shell size, the extensive fragmentation of the gel into 
low-mass particles limited the effectiveness of the dry permeant 
gases for making shells of large diameter. Even low levels of wa­
ter vapor in the furnace ambience dramatically decreased gel 
fragmentation. In addition, high levels of dry helium or dry 
neon yielded shells with a very broad size distribution and ex­
tremely poor quality that were unsuitable for ICF targets.

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

1.3.3 Gel Composition Study

The ICF program uses glass shell targets of ever larger diame­
ters and wall thicknesses. Our glass shell fabrication technology 
must be able to produce shells with increased diameters and wall 
thicknesses, as well as to improve the average wall uniformity 
over the entire size range.

Using our drop tower technology we are pursuing two ap­
proaches: (1) optimization of the key experimental processing 
parameters, and (2) optimization of the feed-stock gel composi­
tion. In the early 1980s we emphasized the processing param­
eters, achieving greater control and reliability over the process 
as well as extending the shell size range. More recently we have 
concentrated on the gel feedstock.

Determining an Optimal Alkali Concentration. Previously we 
reported the results of experiments designed to find the optimal 
alkali ratio in an alkali-borosilicate gel.19,20 Keeping the total 
alkali oxide content (i.e., total oxide equivalent molar percent­
age) at 15%, we systematically determined the optimal Na:K:Rb 
ratio to be 1:1:4.

Our next step was to find the optimal alkali content in the gel 
for the optimal alkali ratio. We examined gels ranging from 5% 
to 35% alkali oxide. Each gel was tested, by varying known pro­
cessing parameters, under conditions to make smaller, thin- 
walled shells (=100 to 600 jum diameter x =0.5 to 8 /xm walls) 
and also under conditions to make larger, thick-walled shells 
(=200 to 800 fim diameter x =2 to 14 ptm walls). Five different 
shell runs were performed under each set of conditions with 
each gel. Since cesium was not included in the earlier experi­
ments to determine optimal alkali ratios, we also examined a 
15% cesium oxide gel.

Shell diameters slowly decreased and shell wall thicknesses in­
creased as the alkali oxide content increased. The most impor­
tant trend is shell wall uniformity, measured by the percentage 
of class A shells in a batch. (A class A shell has less than 10% 
nonconcentricity in a single-view interference photograph.) As 
shown by Fig. 1-25, class A increases with gel alkali oxide con­
tent for the thinner, smaller shells, but attains its maximum at 
about 20% for the thicker-walled shells. Cesium did not im­
prove wall uniformity in the 15% gels.
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■ Large, thick shells with Cs

10 15 20 25 30 35
ALKALI OXIDE (mol %)

Fig. 1-25. The percentage of class A shells in a batch is affected by the alkali 
concentration in the feedstock gel. Each symbol represents the median of five 
batches run under different processing conditions.

Since larger, thicker shells are of greater interest, the 20% gel 
was selected for further study.

Modeling the 20% Gel. Further study of the 20% gel required 
the development of an empirical model quantitatively relating 
the key processing parameters to the resulting glass shell charac­
teristics. Two sets of experiments were performed, screening 
experiments to identify the key processing parameters and 
response-surface experiments to quantitatively relate the key 
parameters to the resulting glass shell characteristics. This type 
of experimentation was previously discussed.20,21,22

The screening experiments examined 11 parameters, which 
consisted of five gel parameters and six environmental param­
eters. The gel parameters were gel size and four gel pre­
treatments (exposure to humid air, autoclaving, vacuum oven 
drying, and pyrolysis). The environmental parameters were fur­
nace temperature, shot size, shot interval, number of shots, wa­
ter vapor pressure, and the use of a portal to partially close the 
top of the vertical furnace tube. Of these, four were found to be 
key parameters worthy of further study: gel size, autoclaving, 
pyrolysis, and water vapor pressure in the vertical furnace tube.

Response-surface experiments were completed for the four key 
parameters using a Box-Behnken23 experimental design. How­
ever, the resulting polynomial equation did not reliably predict 
the results of shell batches run at the extreme values of the pa­
rameters. We added some extreme points to the design. The new 
polynomial equation is reliable.

The calculated response surfaces show that this gel produces 
good quality shells over a large range of shell sizes. Figure 1-26 
shows the response surface for diameter. The calculated overall 
size range extends to 1100 /xm diameter and 14 /xm thick walls, 
shown by Fig. 1-27.
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Fig. 1-26. Experiments were conducted to establish a relationship between gel 
size, water vapor pressure, and the diameters of the final shells. These curves 
were calculated from an empirically derived polynomial equation. Any com­
bination of gel size and water vapor pressure that lies on the line labeled 200 
will result in a batch of glass shells that have a predicted median diameter of 
200 pm. The curves show that increasing the water vapor pressure and/or gel 
size increases the diameter of shells produced from a given gel size.

200 -

WALL THICKNESS (pm)

Fig. 1-27. The range of shell sizes from the optimal gel is 
very large. The darkened area shows the calculated median 
batch diameters and wall thicknesses that can be obtained 
over the entire range of the four key parameters.

Large Shells with the 20% Gel. The response-surface experi­
ments were performed using gel sizes up to 425 pm. In order to 
extend the shell size range further, we examined shell fabrication 
using our largest gel sizes, 425 to 500 pm and 500 to 600 pm. We
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performed a pseudo-response surface design using gel size, fur­
nace temperature, and water vapor pressure as variables. The 
results were fit to a simple four-parameter polynomial. The cal­
culated shell size range is shown in Fig. 1-28. The tower fur­
nace temperature has a strong effect on diameter, as shown in 
Fig. 1-29. We have not observed this trend with smaller gel sizes.

The percentage of class A shells is low in this size range, but 
the class B shell percentage is reasonably high. Class B shells 
have greater than 10% nonconcentricity in a single-view interfer­
ence photograph, but do not have other defects [i.e., Class B

WALL THICKNESS fcm)

Fig. 1-28. Shells of very large diameter can be prepared using 
the largest gel sizes of the optimal gel.

1-1550

625 675
WATER VAPOR PRESSURE (Torr) WATER VAPOR PRESSURE (Torr)

Fig. 1-29. For gel sizes from 425 to 500 pm (a) and 500 to 600 pm (b), the tower furnace temperature, along with gel size and 
water vapor pressure, has a strong effect on diameter. This effect has not been observed with gels of smaller size. Any combi­
nation of tower temperature and water vapor pressure that lies on a line labeled 900 will result in a batch of shells that have a 
predicted median diameter of 900 pm.
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shells have Pj defects (nonconcentricity) but not P2 (ellipticity) 
and greater]. However for some implosion experiments, this 
level of nonconcentricity is acceptable.

Conclusions. We are increasing the size range and wall uni­
formity of our glass shells. We have found and quantitatively 
explored a superior gel containing 20% alkali oxide in the ratio 
of Na:K:4 Rb. The new gel produces shells over a large size 
range with very good wall uniformity.

For additional information, please contact Mr. W. J. Miller
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SECTION 14

Coating Technology

During 1988 the main coating activity was in the improvement 
of the glow discharge polymerization (GDP) coatings in terms of 
surface finish and deposition rate, and the development of new 
coating procedures necessary for the fabrication of complex di­
agnostic targets. The improvement of the GDP coatings was ac­
complished by a redesign of the existing coating system and 
ultimately by copying the Lawrence Livermore National Labora­
tory (LLNL) design that has been tested over a number of years. 
The development of “Gaussian’’-bump targets involved a consid­
erable amount of exploratory work since there was no precedent 
for these tasks. Also, the deposition of KC1 and NaCl over 4-w 
of the surface of 350 ^m diameter spheres was a “first” and re­
quired solving challenging problems. The following section ad­
dresses each one of these topics in detail.

1.4.1 Development of CH(GDP) Polymer Coatings

Study of Deposition Parameters. Many of the requests for 
composite glass/polymer fuel shells are satisfied by depositing a 
coating of CH onto a glass shell by GDP. Before this year, such 
coatings were typically marred by cauliflower-like surface tex­
tures with superimposed mound-like structures (see Fig. 1-30). 
The severity of the features on the coated shells is a function of 
processing parameters (including deposition chamber geometry,

Fig. 1-30. Before improvements were made to the coating system, shells exhibited surface features that were dominated by a 
cauliflower-like structure and occasional mounds. This is apparent in SEM photographs of a 350 pm diameter glass shell coated 
with 20 pm of CH(GDP) at magnifications of 500 X (a) and 10,000 X (b).
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gas composition and flow rates, reaction pressure, and RF 
power and input configuration). In an effort to improve the sur­
face finish of our CH(GDP) coatings, we performed experi­
ments that varied some of the deposition parameters. While 
more work is still needed, we are now able to produce much 
smoother coatings.

At the outset, we determined that it was indeed the deposition 
parameters, and not the shell substrates, that were responsible 
for the roughness of the coated surfaces. Some of our glass 
shells were coated in the helical resonator plasma generator 
GDP deposition system developed at LLNL. This generator can 
produce coatings with ultrasmooth surface finishes24 (although 
it, too, has idiosyncrasies that are not fully understood and 
therefore warrant investigation). We found that, for a narrow 
range of operating conditions, the helical resonator system did 
indeed produce GDP coatings with no discernible surface fea­
tures. The glass shell surface cleanliness in our process was ade­
quate and, under certain operating conditions, surface mounds 
and cauliflower-type background structures do disappear.

To investigate the influence of the operating parameters on 
the surface finish, we built a developmental system (GDP system 
3) that was able to simulate the running conditions of the helical 
resonator. The operating conditions that yielded a better surface 
finish were then transferred to our production coaters (GDP sys­
tems 1 and 2). The use of a separate development system mini­
mized production down-time.

The initial configuration of GDP system 3 is shown schemati­
cally in Fig. 1-31. The shells were rolled and bounced on a metal 
pan (driven by a piezoelectric transducer) under the glow near 
the end of the tapered plasma tube. The gas, typically a mixture 
of hydrogen and butadiene, entered at the top. The plasma was 
excited with 7.5 W of 13.56 MHz RF energy.

Figure 1-32 is a scanning electron microscope (SEM) pho­
tomicrograph of a typical GDP coating on a 350 ^m glass shell. 
The cauliflower-type background and mound-like structures are 
still there, but reduced in size. The “debris” visible in this pic­
ture represents gas-phase nucleated polymer that has dropped 
onto the surface of the shell. We believe that the deposition of 
these particles leads to the mound-like structures seen on the 
earlier GDP coatings. The growth of such surface imperfections 
has been described by Letts.25

The first modification of this system was the addition of a 
“skirt” below the plasma tube. This was done to divert the gas 
flow directly onto the bouncing, rolling shells (Fig. 1-33). Typi­
cal GDP coatings on glass shells produced using this new deposi­
tion configuration are shown in Fig. 1-34. The new configuration 
resulted in the complete disappearance of mound-like structures 
on the surface. Use of the skirt below the plasma tube appears 
to have changed the flow characteristics of the gas such that gas- 
phase nucleated particles could not stay long enough to grow to 
significant size. The cauliflower-like background surface texture 
was also improved, but was still not as smooth as was seen with 
the helical resonator.
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Fig. 1-31. To investigate the influence of the operating parameters on the sur 
face finish of coated shells, we built a developmental system that was able to 
simulate the running conditions of the helical resonator. The initial configura­
tion of our system is shown here. The plasma is created by a 13.56 MHz RF 
source.

Our next modification, also inspired by the LLNL helical 
resonator, was to add a fan to cool the plasma tube. This was 
done to keep coating material from flaking off of the wall of 
the tube and the bouncer pan, since such flaking limited the RF 
power intensity to a maximum of 7.5 W. The addition of the 
cooling fan did reduce flaking and resulted in much improved 
coatings, although the cauliflower-like texture was not com­
pletely eliminated. However, we were still not able to operate 
successfully above 7.5 W since flaking occurred at higher RF 
power.
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Fig. 1-32. The system depicted in Fig. 1-31 was used to deposit a 39 pm CH(GDP) coating onto a glass shell. The coated shell 
is shown here at magnifications of 500X (a) and 10,000X (b). Operating conditions were 76 mTorr pressure, 0.3 seem buta­
diene, 7.0 seem hydrogen, and 7.5 W of 13.56 MHz RF power. The apparent deposition rate was 0.41 pm/h.

The LLNL helical resonator is equipped with forced-air cool­
ing and can operate at 20 W. When we used a helical resonator 
on our production GDP coater system 1, CH coatings were pro­
duced with featureless surfaces (Fig. 1-35). Operation at reduced 
power levels with the helical resonator composite system led to a 
recurrence of a cauliflower-like background surface finish. This 
suggests that higher RF power (—20 W) is required to eliminate 
cauliflower-like background features.

We therefore conclude that mound-like growth structures in 
CH(GDP) coatings can be reduced by adjusting gas flow condi­
tions to deter the growth of gas-phase nucleated particles. We 
also conclude that the background cauliflower-like surface finish 
appears to be affected by plasma parameters, including RF 
power. More work is needed in this area to identify the mecha­
nism responsible for the reduction of the cauliflower-like surface 
texture.
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Fig. 1-33. A “skirt” was added to the GDP coating system depicted in 
Fig. 1-31 to divert the gas flow more directly onto the bouncing shells. This 
appears to have changed the flow characteristics of the gas such that gas-phase 
nucleated particles cannot stay long enough to grow to significant size.
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Fig. 1 -34. The system depicted in Fig. 1-33 was used to deposit a 39 fi\a CH(GDP) coating onto a glass shell. The coated shell 
is shown here at magnifications of 500x (a) and 10,000X (b). Operating conditions were 75 mTorr pressure, 0.3 seem buta­
diene, 7.0 seem hydrogen, and 7.5 W of 13.56 MHz RF. The deposition took place at an apparent rate of 0.6 /im/h.

Fig. 1-35. Very smooth coatings can now be produced, as shown in this SEM photograph. This shell was coated with 30 pm 
(CH)GDP using a composite helical resonator (KMSF GDP coating system 1) operating at 72 mTorr pressure, 0.4 seem trans-2- 
butene, 10.0 seem hydrogen, and 20 W of 42 MHz RF. The apparent deposition rate was 0.57 pm/h.

For additional information, please contact Dr. R. L. Crawley

Surface Improvement and Thickness Adjustment by Plasma 
Etching. The need to improve the surface finish of polymer 
shells and to reduce the wall thickness of some shells led us to 
investigate the use of a plasma etching technique. In this pro­
cess, we use an RF-excited oxygen-argon plasma to etch polymer 
shells. Etching occurs when the radicals or ions (namely, oxy­
gen) from the plasma react chemically with the polymer material 
to form a gas (which is then pumped out of the system). We suc­
cessfully applied this etching process to polystyrene (PS) shells, 
CH(GDP) coatings, and parylene coatings.

The surface finish resulting from these experiments varied 
with the type of polymer being etched. Etching of PS, whose
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structure contains long chains of high molecular weight, yielded 
a post-etch surface with some sub-micrometer size particle 
clusters. CH(GDP) coatings produced in the helical resonator, 
on the other hand, showed no visible change from the originally 
smooth surface. Experiments with much rougher CH(GDP) 
coatings on glass shells showed a marked improvement in the 
surface quality after etching. A “smoothing” effect reduced the 
larger domes and cauliflower-like background so effectively that 
the final surface finishes began to approach those made by the 
helical resonator. In fact, the results achieved on CH coatings 
from GDP were so good that we used the process to thin 
CH(GDP) coatings that had inadvertently been made too thick.

The surfaces of etched parylene films were featureless and 
comparable to the best etched GDP shells. More than 30 pary­
lene thin films were etched for a KMS Fusion (KMSF) laser/ 
plasma interaction experimental campaign. During this cam­
paign specifications were changed, and etching was done “on the 
fly” to adjust the already fabricated targets to the new thickness 
requirements.

Differences in the surface finish between these three etched 
polymers are caused by differences in their molecular structures. 
It has been reported that the noncrystalline portion of a polymer 
is more easily etched than the crystalline phase.26 Studies also 
show that long-chain polymers with adjacent functional groups 
bonded to the backbone etch at different rates in localized 
areas.27 Aromatic structures especially are known to fragment, 
forming free radicals which are open for reaction. Polystyrene, 
which has a long chain and a benzine-ring functional group, 
may present areas that are crystalline in structure and, more im­
portantly, show fragmentation processes. The CH coating pro­
duced by GDP, however, is highly crosslinked due to the glow 
discharge process and therefore has virtually no crystallinity. 
Parylene is also a long-chain polymer but, unlike PS, its benzene 
ring is a constituent of the carbon backbone and not a dangling 
side group. This structure could explain its relatively homoge­
neous etching, producing a surface much like that of etched 
GDP.

In an attempt to improve the finish of an etched polymer sur­
face further, we performed a few experiments with a pure hy­
drogen plasma. Post-etch surfaces of PS were devoid of any 
cluster formation, an improvement over the oxygen process. 
There was evidence, however, of sub-micrometer craters that 
were very faint and shallow. The etch rate was also appreciably 
reduced. A two-part run using the oxygen etch to reduce the 
shell wall thickness quickly, followed by a short hydrogen etch 
to remove the cluster formation, produced a finer surface finish 
and provided information for further improvements.

For additional information, please contact Mr. J. C. Daukas

1.4.2 Development of Target Diagnostic Layers
KCl Layers. Targets designed to measure the hydrodynamic 

stability of an imploding shell require an embedded layer of KCl
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as an x-ray emitting source. Evaporation is the simplest method 
for producing films of KCl since it has a fairly high vapor pres­
sure (10~4 Torr) at a temperature easily accessible using simple 
tantalum evaporation boats. The cohesive energy of KCl is high 
(7.0 eV) and therefore the molecule is stable at evaporation tem­
peratures.

For materials like KCl the films produced are generally poly­
crystalline. The film structure depends on the flux of evaporated 
material, the directionality in the flux (with respect to the grow­
ing film surface), substrate and background gas cleanliness, and 
the mobility of the molecules on the film surface.

The objective was to uniformly coat spherical glass and poly­
mer microspheres (shells) with KCl. This is accomplished by 
shaking or bouncing the shells in a cup with the evaporant flux 
streaming from above in a fashion similar to that used for 
CH(GDP) coatings. A schematic of the deposition chamber ap­
pears in Fig. 1-36. The background pressure in the evaporator 
before deposition is near 6 x 10~7 Torr. The source is a baffled 
tantalum boat for downward evaporation and the shaker pan is 
a stainless steel cup attached to a lead zirconium titanate (PZT) 
crystal as a transducer. The source-to-substrate distance is 15 cm. 
A shutter is placed over the cup to keep chunks of evaporant 
from falling into the pan during the initial temperature rise of

Tantalum
Evaporation
Boat

Electron
Flood
Gun

Shutter
Glow 
Discharge 
Plasma 
U. Thickness 
\ MonitorMicroshell®

Pellets
RF Power In

PZT Shaker
Electrically
Insulated

"^”"from
Chamber

Fig. 1-36. Diagnostic layers of KCl are deposited in the apparatus depicted 
here schematically. A plasma discharge maintained around the shaker pan by 
an external RF source is used to place a thin polymer coating over the KCl 
layer.
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the source. To maintain a constant deposition rate, a thickness 
and rate monitor is used.

Causing shells to bounce under high vacuum proved difficult. 
The shells picked up static charges and clumped together, mak­
ing it impossible to coat them uniformly. This problem was 
solved with the addition of another tungsten filament with a 
small bias (10 to 50 V) to flood the shells with electrons. With 
proper adjustment of the electron current into the cup, the shells 
actually repelled each other slightly and shell clusters did not 
form.

In this way, we were able to bounce-coat both glass and PS 
shells. The large (300 fim diameter) and thick (10 /xm walls) 
shells bounce best. By preparing the shells properly, we can also 
coat smaller and thinner shells.

During the course of this study it became apparent that the 
deposited film texture is affected to a great degree by the ab­
sorption of water vapor. Initial KCl deposits were made on flat 
glass substrates as a thickness calibration. One of these is shown 
in Fig. 1-37. The large “salt-like” grains appear more pillow­
shaped and not as sharply angular as one would expect. We next 
coated 380 fim glass shells in the bouncer described above. A 
typical shell is displayed in Fig. 1-38. One can see that the grains 
are not as large in this case. We found that the differences be­
tween the two films were a result of different exposure times to 
water vapor.

Assuming that moisture gives rise to such differences, a 
method was needed to protect these films while they were re-

Fig. 1-37. Initial KCl deposits were made on flat glass substrates as a thickness calibration. A 0.25 pm thick KCl film on a 
glass slide is shown in these SEM photographs at magnifications of 2500X (a) and 10,000x (b). Large grains are apparent.
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Fig. 1-38. A 0.25 /im KCl film on a 380 pan diameter glass shell is shown in SEM photographs at magnifications of 200X (a), 
10,000x (b), and in cross-section at 25,000X (c). These grains are not as large as those shown in Fig. 1-37; we determined that 
the crystallite size is influenced by the presence of water vapor.

moved from the coating system, examined, and prepared for 
subsequent film deposition. To test the idea of encapsulating the 
KCl before exposing it to air, we added a layer of gold. Since 
the gold layer is only 300 A, the texture visible is due to KCl 
alone. The smaller grain sizes are less than 1 pim and are accept­
able for the required targets.

Unfortunately, the targets required for experiments cannot 
contain these gold layers since they interfere with the diagnostics 
of the experiments. It is difficult to etch away the gold since 
KCl is a grain structure. In addition, deposition of gold on 
bouncing shells presents a problem in itself. The gold layers 
“cold weld” during bouncing and tear away from the KCl. The 
deposit ends up being nonuniform and the shells pick up debris 
from the cup as well.

Ideally, it would be best to deposit the thick polymer layer 
after the KCl in the same system to avoid exposure of the salt 
to air. An alternative, which we were able to accomplish, is to 
encapsulate the KCl with a thin (0.1 /mi thick) layer of hydro­
carbon polymer in the KCl deposition chamber before transport­
ing the shells into the standard GDP deposition chamber. A 
schematic of the modification made to the evaporation chamber 
and shaker cup is also shown in Fig. 1-36. The entire PZT is 
floated off electrical ground (chamber walls) and a shielded lead 
brings RF power to the cup. The coil shown allows the cup to be 
at DC ground so that the electron flood gun mentioned above 
works properly.
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We have shown that KCl can be coated onto bouncing shells 
of both glass and polymer by evaporation and that the resulting 
graininess of the surface is acceptable for the preparation of 
diagnostic targets. The structure of this layer is very sensitive to 
water vapor and needs to be protected against water absorption. 
A technique was developed whereby the KCl can be hermetically 
sealed against moisture to maintain the film uniformity until the 
shells can be overcoated with the main GDP layer.

A deposition rate study has shown that growth rates much 
higher than 0.8 A/s yield films having coarse grain structure, 
although still much less than 1 jxm in size on average. At 
0.8 A/s the grain sizes are 0.1 to 0.2 /xm in diameter.

Work on the deposition of other salts (other chlorides, fluo­
rides, and iodides especially) is in progress.

For additional information, please contact Mr. G. B. DiMaggio

“Gaussian ” Bumps. In addition to the embedded KCl diagnos­
tic layers, we have produced localized perturbations in the thick­
ness uniformity of Microshell® target walls. These perturbations 
serve as diagnostic aids to study implosion dynamics for the ICF 
program.

The first type of perturbation is a CH “Gaussian” bump ap­
plied to the outer surface of a CH-coated PS Microshell® target. 
The second type of perturbation is an aluminum Gaussian 
bump. The bump is applied directly to the surface of a glass 
Microshell® target prior to the application of a thick CH over­
coat. The fabrication processes for the two types of bumps are 
quite different and are discussed separately below.

The CH Gaussian bumps on the surface of the CH coating 
are fabricated in the following manner. A PS bead approxi­
mately 20 to 25 fim in diameter is attached to the CH coating 
surface by static “cling.” A hot soldering gun with a tapered tip 
is then brought to the vicinity of the bead. The radiant heat 
from the gun softens the bead sufficiently for it to flow into the 
shape of a Gaussian bump. The intensity and the duration of 
the heating process control the ultimate shape of the bump. 
Bumps fabricated in this manner are reproducible and have a 
full width at half-maximum (FWHM) of 30 to 40 fim and a 
height of 7 to 10 /xm. The CH bump shown in Fig. 1-39 has a 
FWHM of 38 fim and a height of 8 /xm. The substrate is a PS 
shell that has been coated with a 0.5 /xm KCl layer followed by 
27 fim of CH by GDP.

The coating process of electron beam evaporation is utilized 
for the production of aluminum Gaussian bumps. A glass 
Microshell® substrate is placed in a pinhole mask assembly, 
which is shown schematically in Fig. 1-40. The assembly con­
tains a pinhole, approximately 35 to 40 fim in diameter, through 
which aluminum vapor passes during the evaporation process. 
The vapor condenses on the shell/substrate surface in the form 
of a bump rather than a continuous, uniform layer. The dimen­
sions of the bump are determined by the geometry of the pin-

Fig. 1-39. Localized perturbations in the 
thickness uniformity of shell walls are 
called for in some cases. One type of per­
turbation is a CH “Gaussian” bump made 
from a PS bead melted onto the shell. 
Such a bump is shown in this x-ray photo­
graph of a PS shell with a multilayered 
coating of KCl and CH. The bump has a 
FWHM of 38 /xm and a height of 8 /xm.
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Fig. 1-41. An aluminum “Gaussian” 
bump deposited onto a glass shell sub­
strate is shown in this SEM photograph. 
The bump has a FWHM of 35 fim and a 
height of 9 pm. After the bump was 
deposited, this shell was overcoated with 
a thick CH layer.

Fig. 1-40. The aperture assembly used to produce aluminum “Gaussian” 
bumps on shells requires accurate placement of the pinhole with respect to the 
centerline of the shell. The aluminum vapor passes through the pinhole, 
traverses the distance of the spacer, and is deposited on the surface of the 
spherical substrate.

hole mask assembly as well as the distance between the assembly 
and the evaporant source.

A model of the bump formation process has been developed 
to help predict the bump shape as a function of substrate diame­
ter, pinhole size, spacer distance, and evaporant source location. 
The model thus serves to minimize trial-and-error time to fabri­
cate aluminum Gaussian bumps with the requested specifica­
tions. These bumps have been repeatedly produced having a 
FWHM of 35 to 40 fim and a height of 5 to 10 /xm. An alumi­
num bump that was deposited onto a glass Microshell® target 
is shown in Fig. 1-41; it has a FWHM of 35 ^m and a height of 
9 fim.

For additional information, please contact Mr. S. R. Murrell

1.4.3 Measurement of CH(GDP) Properties

Determination of the Density of GDP Films. For the analysis 
of ICF target experiments it is important to know the density of 
the materials from which the target is made. One such material 
is CH(GDP), which is applied as a coating over other materials. 
Because its density is not well known, we undertook to deter­
mine the density of GDP films as a function of the operating 
conditions of the GDP deposition system.
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The chief obstacle to such a density determination is the diffi­
culty in obtaining samples of CH(GDP) film that are large 
enough to permit measurement of both volume and weight. Our 
approach was to coat microscope slides on one side with a GDP 
film. Each of these 1 in. x 3 in. X 1 mm substrates was set on 
top of another slide to ensure that only one side of the substrate 
was coated. The volume of the film was then determined from 
the area of the substrate covered by the film and the average 
thickness of the film. (We did not correct for deposition on the 
edges of the slide since the area of the edges is only 1 % of the 
total area, and the deposit is thinnest there.)

It was found that the thickness of the GDP film depends on 
the position of the substrate relative to the RF coil and the gas 
flow (a description of the GDP coating apparatus may be found 
in Section 1.4.1 of this report). The thickness varied consider­
ably over the length and width of the microscope slide. The 
thickness can vary up to 50% along the slide, and up to 20% 
across it. Therefore, many thickness measurements are needed 
to obtain a useful number for the average thickness.

The average density measured from the data collected is 
0.97 g/cm3 ±5%. So far, in several experiments with constant 
deposition parameters, we have not found a dependence of den­
sity on location in the deposition system. Efforts to obtain a 
deposition profile of the substrates will lead to more accurate 
density measurements. By depositing GDP on a reflective sur­
face, such as chromium-coated glass, interference fringes can be 
observed that provide a visual profile of coating nonuniformity 
and may then be compared with profilometer-measured thick­
nesses.

For additional information, please contact Ms. A. R. Soltis

Measurement of Index of Refraction of GDP Films. Knowl­
edge of the index of refraction of GDP films is important for 
the determination of coating thicknesses by interferometry. Ob­
servations in the past led to the suspicion that the index of 
refraction might change from coating run to coating run. It is 
our objective to determine a possible dependence of index of 
refraction on the operating parameters of the GDP system. 
Samples of GDP film were fabricated with trans-2-butene or 
1,3-butadiene as the precursor organic gas. The index of refrac­
tion of the GDP films was measured by ellipsometry. These 
measurements indicate that the index of refraction for GDP 
films fabricated from 1,3-butadiene ranges from 1.58 to 1.54, 
and for trans-2-butene it ranges from 1.53 to 1.49. In addition 
to the dependence on the precursor we also noticed a depen­
dence on the position of the sample substrate in the GDP reac­
tion chamber. The lower values of the index of refraction 
numbers occur downstream from the RF excitation coil. The 
sample substrates were silicon chips (10 x 5 mm) that were ultra- 
sonically cleaned and rinsed with filtered isopropanol alcohol. 
The sample substrates were placed in three different locations
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along the axis of the reaction chamber. Before deposition, they 
were plasma-etched in argon gas for 40 min. The GDP deposi­
tion runs were 2 min when using 1,3-butadiene and 5 min when 
using trans-2-butene. These deposition runs were timed so that 
about 1000 to 2000 A of GDP were deposited on the substrates. 
This thickness range was chosen because it permits precise mea­
surements of thickness and index of refraction with ellipsometry.

The index of refraction and the thickness of the GDP films 
are measured under dry nitrogen within a few minutes after 
removal from the deposition chamber to avoid uptake of water 
vapor from the ambient laboratory air. Although our measure­
ments of the index of refraction show a distinct trend with re­
spect to the location in the reaction chamber we feel that the 
method can be improved by providing samples with more uni­
form films than the ones used in these experiments. Efforts to 
produce such films are in progress. Measurements to investigate 
the dependence of the index of refraction on the other operating 
parameters (e.g., power and gas flow) will be conducted in the 
future.

For additional information, please contact Mr. T. E. Alberts
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SECTION 1.5

Characterization Technology

We have expanded and refined radiography and Fast Fourier 
Transform (FFT) techniques both for a broader range of mea­
surements and improved accuracy. A new procedure combining 
densitometry and FFT of radiographs can characterize inorganic 
salt coatings on shells. A careful analysis of FFT procedures has 
yielded techniques for greatly improving the accuracy of radius, 
thickness, and nonuniformity measurements in routine radio- 
graphic shell analysis. We have adapted FFT to projected optical 
images of Macroshell® spheres, and expanded it to three dimen­
sions. We can now determine the best-fitting ellipsoid for a void, 
and locate it precisely in three dimensions in a Macroshell® 
sphere.

1.5.1 Measurement of the Thickness and Uniformity 
of KCl Coatings

Targets for specific experiments often have structural require­
ments designed to elucidate a particular physics issue. Such a 
target is one that has a coating of KCl on a polystyrene (PS) 
shell, as discussed in Section 1.4.2. We are developing a method 
to characterize such a coating, for both average mass per unit 
area (areal density) of KCl on each shell and coating uniformity. 
This method involves both gravimetric and radiographic tech­
niques. While this work is still in progress, one batch of coated 
shells has been characterized by gravimetric/radiographic meth­
ods. As more operational experience is gained, we anticipate im­
provements in the methods.

A batch of 25 selected PS shells, nominally 310 pcm in diame­
ter with 10 /um thick walls, was weighed, then coated with KCl 
and a few hundred angstroms of CH(GDP) polymer (this was 
done to protect the KCl from atmospheric attack; see Section 
1.4.2). After coating, the 25 shells were weighed. The mass 
change was 6.3 fig. Twenty of these coated shells and a similar 
set of uncoated PS shells were then characterized radiographi­
cally. For the radiographic characterization, these sets of shells 
were placed upon a high-resolution optical plate (image detector) 
and exposed to an x-ray source (accelerating voltage in the range 
of 5 to 6 kY). After plate development, the images were digi­
tized by an Eikonix-digitizer/Leitz-Laborlux-microscope system 
and analyzed.

Three types of image analysis were performed. For the first 
type, the Eikonix was used as a ruler. In this mode, edge- 
detection schemes were employed to determine shell inside and 
outside diameters and wall thickness. The outside diameter was 
used in the determination of average coating areal density.
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Based upon the outside diameters of the coated shells and the 
total KCl mass deposited, the average areal density for all the 
shells was calculated as

C/Kci — /(ttIjD^) — 7.4 x 10 ^ g/cm^,

where AMKci is the total mass of KCl deposited, pro-rated for 
20 shells; A is the individual shell outside diameter; and E is the 
summation over all shells.

To determine the individual shell average coating, we used the 
radiographic image pixel intensity in both the center region and 
the background of each shell, for both the coated and uncoated 
shells. Figure 1-42 shows the behavior of this intensity ratio (as 
intensity ratio minus 1) for these two types of shells as a func­
tion of the polymer shell thickness, as already determined with 
the edge detection logic (the thickness of the coated shells had a 
small contribution, about 0.4 /xm, due to the coating). The data 
for the uncoated shells was least-square-fitted to a line through 
the origin, the best data point. This slope was also used for the 
coated-shell data. This is an excellent approximation. Calcula­
tions using x-ray attenuation data for the polymer (and the KCl 
coating) for the areal densities involved predict linearity between 
intensity ratio and polymer areal density. Thus, the same slope 
is used to show this variation of intensity with polymer 
thickness.

Because of the greater x-ray attenuation of the KCl compared 
to the polymer, the intensity ratio data for the coated shells is 
significantly displaced from that of the uncoated shells. For 
these combined sets of data, the average difference in intensity 
ratios corresponds to the average areal density of the KCl coat­
ing of 7.4 x 10~5 g/cm2 (a small correction was made for the

WALL THICKNESS

Fig. 1-42. Transmitted x-ray intensity ratios are shown for uncoated (filled cir­
cles) and KO-coated (open circles) PS shells. Because the x-ray attenuation of 
the KCl is greater than that of the PS, the intensity ratio data for the coated 
shells is significantly displaced from that of the uncoated shells. The lines are 
linear least-squares fits.
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difference in average shell wall thickness). The scatter in this in­
tensity ratio data for these coated shells is due to both the shell- 
to-shell variation in average coating thickness and the noise in 
the data. These combined data sets are equivalent to one piece 
of data for the calibration of intensity ratio as a function of KCl 
areal density. Thus our analysis of the variation of intensity ra­
tio to determine coating areal density is restricted to a linear be­
havior.

In summary, for the 20 shells that were radiographed, seven 
shells had an average coating within 5%, an additional three 
shells were within 10%, and an additional five shells were within 
20% of the batch average coating. Five shells had a larger devia­
tion from the batch average coating.

To determine the uniformity of the KCl coating, a comparison 
is made between the intensity variation along the maximum in­
tensity contours for the coated and the uncoated shells. (One of 
the edge-detection schemes that is very useful in our image anal­
ysis is the maximum intensity contour. In an actual shell radio- 
graphic image, this contour is normally quite circular, readily 
determined, and very close to, but just inside, the inside diam­
eter of the shell.) Figures 1-43 and 1-44 show, respectively, the 
intensity variation along this maximum intensity contour and the 
wall thickness variation for a particular uncoated shell.
Although the wall thickness varies approximately ±20%, the in­
tensity varies slightly, but does show the expected behavior

Mode # Mode Amplitude
0 2951.93
1 36.65
2 10.26
3 2.61

ANGLE (radians)

Fig. 1-43. To determine the uniformity of the KCl coating, the intensity varia­
tion along the maximum intensity contours of the coated and uncoated shells is 
compared. The intensity variation along these contours for the image of an un­
coated PS shell is shown here. The intensity values of the light transmitted 
through the radiographic plate range from zero (no light reaching photodiodes 
during digitization) to 4095 (photodiodes saturated). The first four FFT mode 
values of the intensity around the shell are shown. The intensity nonuniformity 
represented by modes 1 through 3 is small compared to the average intensity 
(mode 0).
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(thicker PS gives a higher intensity ratio). Figure 1-45 shows the 
intensity variation along the maximum intensity contour for a 
KCl-coated shell. Here the intensity variation is much more sig­
nificant than for the uncoated shell. In order to conserve space,

Mode # Mode Amplitude
0 24.87
1 5.12

ANGLE (radians)

Fig. 1-44. The variation in wall thickness was determined from an image of 
the same uncoated PS shell depicted in Fig. 1-43. The first four FFT mode val­
ues of the thickness are shown. The thickness nonuniformity, dominated by 
mode 1, is a relatively large fraction of the average thickness, mode 0, indicat­
ing a highly nonuniform shell.

Mode # Mode Amplitude
0 3178.02
1 115.44
2 3.73

2900

ANGLE (radians)

Fig. 1-45. The intensity variation at maximum intensity contour was deter­
mined for a KCl-coated PS shell. The first four FFT mode values of the inten­
sity variation around the shell image are shown. The intensity nonuniformity, 
dominated by mode 1, is a much larger fraction of the average intensity, mode 
0, than for a similar uncoated shell image, indicating a nonuniform KCl 
coating.
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the corresponding wall thickness variation for the coated shell 
has not been reproduced. However, the high-intensity portions 
of the maximum intensity contour match very well with the thin­
ner portions of the PS shell. Based upon the comparison of in­
tensity variations for the coated shell and for the matching PS 
shell, the KCl coating thickness variation for the measured shell 
is just under ±30%.

Radiography is clearly a useful procedure for this type of 
coating characterization. As our efforts continue, we expect to 
develop procedure improvements for this or other similar de­
mands. The use of the combination of gravimetry and radiogra­
phy was necessitated by the absence of appropriate KCl-on-PS 
standards. The measurements made thus far on this character­
ization correspond to a single KCl standard, thus requiring that 
the variation of intensity ratio with coating mass/area be treated 
as linear. (Computations based upon reported attenuation coef­
ficients lead us to expect at most a slight nonlinearity of inten­
sity ratio with mass/area, although measurements have not been 
made to show the degree of nonlinearity.)

For additional information, please contact Mr. S. C. Welch

1.5.2 Corrections for Radiographic Image Analysis

Various instrumental distortions interfere with the correct 
analysis of radiographic images used to characterize the geomet­
ric properties of ICF targets. To improve the accuracy of our 
measurements, we have developed a method to correct for the 
distortions in the resulting FFT28 output, without the need of 
pixel-by-pixel operations on the original image that consume 
computer time and memory. As a demonstration of these cor­
rections, we use the analyses of the images of one particular 
type of target of current interest. These targets are glass shells 
overcoated with CH(GDP). A typical shell has a diameter of 
about 380 /xm with a glass wall thickness of 10 /xm and a coating 
thickness of 30 /xm.

Characterization Method. For the first step in the character­
ization, shells are radiographed with x-ray energies tailored to 
show the edges of interest clearly. Typically these are the inner 
edge of the glass wall, the outer edge of the plastic coating, and 
the interface between the glass and plastic. The shells are in 
close proximity to the photographic plates, resulting in 1:1 scale 
profiles of the shells.

The radiographs are digitized by an Eikonix linear array 
digitizer in conjunction with an optical microscope. The result­
ing digital images have up to 2048 x 2048 pixels.

Once the image is digitized, the first computer routine of an 
FFT procedure detects the maximum intensity contour, line by 
line, and then determines the image center accurately. The out­
ermost edge of the shell image is found using a threshold tech­
nique and an accurate center is found for this contour. Using
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one of these two image centers, the FFT software converts a 
portion of the overall image information to polar coordinates. 
The FFT software then performs edge detection on the polar co­
ordinate data.

We use several detection methods, tailored for the various 
edges encountered. The innermost shell surface is characterized 
by a ring of high intensity on the images, as it represents the 
contour of the greatest projected material thickness and hence 
the least exposure on the plate. To locate this edge, the software 
scans radial traces of the image for the point of the highest in­
tensity value. Such information is called the maximum intensity 
contour.

Both the outer surface of the glass and the outer surface of 
the plastic coating create sharp contrasts in the radiographic im­
age (see Fig. 1-46). The FFT software can detect these edges 
along radial traces by looking for maximum slopes in the 
intensity-versus-radius function. The contours so found are 
called the maximum slope contours.

A preferable method for measuring the outer plastic radius 
takes advantage of the ideal intensity profile for the outer edge. 
This profile can be approximated by a square-root function, 
with a proportionality constant calibrated using an approxi­
mately determined edge on the image. The result is a template

Fig. 1-46. The radiographic image of a GDP-coated glass shell is shown at magnifications of 400x (a) and 200x (b). The gray 
margin of the shell image corresponds to the coating. (The glass wall in this image is overexposed because the appropriate expo­
sure for the coating was chosen.) Computer analysis of these images yields coating thickness and uniformity.
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that the program matches to radial traces to locate the outer­
most edge.

The edge-detection portion of the FFT package calculates a 
number of points (typically 128) along an image contour. The 
points are then subjected to an FFT. In a plot of radius versus 
angle, this analysis is a curve-fitting to a series of sinusoidal 
curves of varying frequencies, or modes. An example of such a 
curve fit is shown in Fig. 1-47. These curves are described by 
complex mode values calculated by the FFT program. The real 
and imaginary components of these values contain both phase 
and amplitude information.

Of particular interest are modes 0, 1, and 2, as these relate to 
the best-fit ellipse for the shell. Mode 0 corresponds to the ra­
dius of a shell image. Mode 1 is especially important for the 
wall thickness of a shell, as it describes the nonconcentricity of 
two shell surfaces. Mode 2 describes the ellipticity of a shell im­
age. Both nonconcentricity and ellipticity have directions that 
can be found using the components of the complex mode values. 
Higher modes are also calculated, but due to the high quality of 
these shells, they are primarily due to measurement noise and do 
not significantly affect shell evaluation.

The first three modes are critical for assessing shell quality, 
yet all are subject to random and systematic errors. The large 
number of points examined, together with consistent exposure 
and development conditions, keep random errors to a minimum. 
But there are also systematic errors in all three mode measure­
ments introduced by the radiographic process, the optical trans­
fer of the images to the digitizer head, and the digitization 
process. All three steps degrade (blur) the edges of interest, and

562.5

561.5

560.5

559.5

ANGLE (radians)

Fig. 1-47. Radiographed glass shells show radius variations (in pixels) as a 
function of angle, based upon the template edge detection method. FFT of 
this data gives an equation, r {0) = 560.76 = 0.3763 cos0 = 0.3322 sin# — 
0.0411 cos(20) — 0.1485 sin(20), derived from the first three terms of the 
Fourier series.
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all but radiography introduce some amount of geometric distor­
tion. The image analysis system requires some corrections to 
deal with these physical problems, and to produce the most ac­
curate results possible.

Mode 0: Radius Correction. There are two processes that in­
troduce error in measurements of radius values. The first is geo­
metric “pincushion” distortion introduced by the optical 
microscope. This is manifested qualitatively by a variation of 
image scale with distance from the image center. This is cor­
rected for by determining a variable scale function and using 
this to convert radius values from pixels to micrometers.

The second problem is the blurring of edges in various stages 
of image acquisition. This affects edge-detection schemes in var­
ious ways. Analytical study, for example, shows that edges de­
tected by the maximum slope method are displaced inward by an 
amount dependent only on the final image resolution. In order 
to study the effects of blurring on radius value, we created a 
synthetic image with known radii and intensity profiles resem­
bling those of actual shells. We then blurred the images in con­
trolled increments. Finally, actual digitized plate noise was 
added to ensure a realistic simulation. Figure 1-48 illustrates the 
radius errors introduced by varying degrees of blurring.

Because the template and maximum slope detectors are af­
fected very differently by blurring, the difference in values they 
give for the outer radius is a clue for selecting the blurred image 
most like that of a real shell. A typical difference is on the order 
of 0.6 to 0.7 fim. A 4 x 4 pixel blurring simulates this well.

At this level of blur, the template-matching detector per-

• Template
GDP Slope

□ Glass Slope

-.4 -

-.8 -

SQUARE ARRAY BLUR SIZE

Fig. 1-48. Blurring affects edge detector accuracy. We analyzed a synthetic 
shell image with exactly known dimensions. Blurring, simulated by averaging 
filters, introduces errors in radius measurement. Template measurements are 
affected only slightly. Maximum slope measurements display measurable errors 
with realistically blurred images. Figures based on the maximum slope for the 
outer surface of the glass and the outer surface of the coating show similar 
deviations. Their difference is a good indicator of true thickness.
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formed very well in measuring the outer radius, while the maxi­
mum slope detector consistently underestimated both the outer 
edge radius and the glass/plastic interface radius, as expected. 
Because of the consistency, the maximum slope method gave an 
accurate coating thickness. Subtracting this accurate coating 
thickness from the accurate template outer radius yields an accu­
rate glass/plastic radius. Due to the nonlinearity of the x-ray 
plate response in the high-intensity innermost edge region, ques­
tions of inside diameter must be dealt with using interferometric 
measurements of glass wall thickness.

The corrected radius values are still subject to a random error 
of about 0.25 /xm, as shown by repeated measurements of indi­
vidual shells.

Mode 1: Nonconcentricity. The Eikonix digitizer suffers from 
slight asymmetries in its contributions to blurring, and imperfect 
alignment of the optical axis of the microscope with the image 
center can introduce slight asymmetrical distortions. These ef­
fects are too small to be measured directly, but their effects on 
nonconcentricity measurements can be seen and corrected.

Because shells are radiographed without regard to the orienta­
tions of their flaws, one would expect randomly oriented non­
concentricities. When the mode 1 values are expressed as 
vectors, or, equivalently, complex numbers with real and imagi­
nary components, one would expect a large number of randomly 
oriented vectors with an average value of zero. Yet the average 
value is nonzero, and is similar for a number of batches. Fig­
ure 1-49 is a combined plot of mode 1 values from shells of 
three shell batches of comparable characteristics. The average 
complex mode 1 value is marked with an X.

This average, with a magnitude of about 0.2 fim, can be sub­
tracted from the individual nonconcentricity values to give a 
more symmetrical range of mode 1 values, reflecting the random 
orientation of shells. We conclude that this represents the suc­
cessful correction of systematic error in mode 1. This procedure 
is being used for coating analysis using maximum slope edge de­
tectors.

Mode 2: Ellipticity. The Eikonix digitizer does not contain a 
2048 x 2048 square detector array, but rather a linear 2048- 
detector array that scans 2048 steps. If these steps are not of the 
same spacing as the horizontal array of photodetectors, the im­
age will be distorted vertically. If the motion of the array is not 
exactly perpendicular to the length of the array, the image will 
be distorted diagonally. Both will distort a circle into an ellipse, 
and thus affect the mode 2 value for a shell. In addition, a di­
rectional component to blurring can affect the edge detectors 
and introduce a false mode 2 component.

Geometric distortion can be measured directly, but the effects 
of directional variations in resolution are subtle, varying be­
tween edge detectors, and only visible in the actual FFT results. 
Because of this, we chose to evaluate corrections in a manner 
similar to that described in the case of mode 1.

We expect the elliptical shells to be randomly oriented on the 
photographic plate. Thus, when the orientations are represented
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REAL

Fig. 1-49. Measured mode 1 values, in pixels (1 /tm = 2.6 pixels), are shown 
for several shells. Without systematic error, these values would be randomly 
distributed about the origin. Mean mode 1 shows a systematic error, indicated 
by X, of about 0.5 pixels, or 0.2 pm.

as vectors, we would expect them to be distributed randomly 
about the origin. There is one caveat here. Because a vector 
describing ellipse orientation can be drawn in either of two di­
rections, we must use vectors redefined to work as if there were 
180° in a circle, thus allowing only one unique vector. Fortu­
nately, the complex mode 2 value acts in just this way. Again, 
we would expect the average of complex values for a large num­
ber of shells to be zero. Figure 1-50 is a plot of mode 2 values 
measured from a single high-quality shell batch, indicating 
orientation angles. The actual average is not zero, and this 
value, derived separately for each edge detector, is considered to 
be the systematic error in mode 2. The measured geometric dis­
tortion of the digitizer accounts for most of this error. Because 
the effects of this distortion are proportional to image size, a 
percentage correction is used. The magnitude of the error is 
about 0.15% to 0.2% of the shell radius. The mode 2 systematic 
error is routinely subtracted from mode 2 values reported. By 
comparing corrected mode 2 values of duplicate measurements 
of the same edge, we estimate a residual random error of about 
0.05% of radius.

By careful application of mode 2 corrections, it is possible to 
reduce uncertainty in mode values to 0.05% of mode 0, or 
about 0.2 fim. This corresponds to an ellipticity (defined by
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Fig. 1-50. FFT of a batch of randomly oriented glass shells shows systematic 
tendency toward 0.2% ellipticity in the 20° direction. The general displacement 
from the origin signals a systematic error, mainly due to image distortion.

1 — A/B) of 0.1%. Similar corrections for mode 1 (nonconcen­
tricity) errors have reduced uncertainty to 0.4 ^m. By carefully 
choosing edge detectors, radius errors can be reduced to about 
0.25 /on.

For additional information, please contact Mr. P. C. Alway

1.5.3 Characterization of Macroshell® Targets

We continue to investigate methods for characterizing large 
diameter, low and high aspect ratio (diameter/wall thickness) 
Macroshell® targets for ICF experiments. Wall uniformity and 
the sphericity of the inner and outer shell surfaces are the qual­
ity characteristics of primary interest. For the process currently 
being used for manufacturing the Macroshell® targets (see Sec­
tion 1.3.1), cavity sphericity is the first property to be deter­
mined. We do not have a method to measure sphericity directly. 
Instead, sphericity is inferred by comparing the circularity of the 
cavity in several different projections. We developed a method 
to evaluate cavity image circularity based upon an FFT algo­
rithm to analyze a set of contour data.29

For the transparent (glass and polymer) Macroshell® targets 
we are producing, we use an optical profile projection (OPP)
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system to collect the contour data for the cavities and for the 
final shell. This optical system replaces the electronic data tablet 
(EDT) system30 previously used. The OPP measures the cavity 
or shell diameters directly from an image projected onto a 
screen. The sample image is scanned and its contour located by 
an optical sensor that distinguishes a differential in screen light 
intensity between the silhouette image of the sample and the 
bright screen background. The contour coordinates outlining the 
sample image are recorded in a data file for use in an FFT using 
the capability previously developed for the EDT data.

The OPP-based method offers two main advantages over the 
EDT method. First, the OPP reduces operator-related errors, 
since the sample contour is optically evaluated by an optical sen­
sor, and not visually determined by the operator.31 Second, the 
OPP offers significantly faster data acquisition and circularity 
determinations (30 min per contour) compared to the EDT (two 
or more days elapsed time per contour). This second advantage 
is crucial for the machining operation, which requires several 
sets of contour determinations during this procedure.

In normal use, a best guess of an image contour on the OPP 
is made by the operator. From this best guess, the OPP deter­
mines a nominal contour center, and automatically continues the 
detailed contour determination, starting with the digitization of 
a pre-selected number of uniformly spaced contour coordinate 
pairs. Currently this number of coordinate pairs is 50. These 
points are converted to polar coordinates using the estimated 
circle center as the origin. Next, 128 equally spaced perimeter ra­
dius values are interpolated from the input points. These values 
are analyzed using the FFT to yield magnitudes and orientations 
of various mode contributions to nonuniformity. The results of 
the FFT are a set of mode amplitudes corresponding to sinusoi­
dal deviations from a circle centered on the origin. Mode 0 is 
the radius of a best-fit circle. Mode 1 is the offset of the best-fit 
circle from the origin. This value must be zero for a single­
contour evaluation. However, if both inner and outer shell con­
tours are measured in one view with the same origin, the mode 1 

value is a measure of the nonconcentricities of the centers of the 
two contours.

Mode 2 describes the elliptical component of the sample’s 
shape. Higher mode values describe components of nonunifor­
mity with frequencies corresponding to the mode numbers. 
Modes 5 and higher are currently regarded as noise, useful only 
in establishing contributions from random scatter and isolated 
spikes in the radius. The results of the FFT give a single figure 
of merit for percent noncircularity NC, which is defined by the 
expression,

%7VC =
2

4
0.5 2

i=2
(mode amplitude, — average noise amplitude)

1/2
2

average radius
x 100%.

The percent noncircularity factor was chosen to represent the 
deviation in shell and cavity contour circularity. The FFT
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minimizes the consequences of the uncertainty of individual data 
points and gives the most significant contour nonuniformity, 
i.e., lower order and deviations from circularity. We estimate 
that the contribution of uncorrectable procedural errors to non­
circularity values is less than 0.1%.

Individual views of a void or shell do not allow characteriza­
tion in three dimensions. Depending on the level of detail re­
quired, a number of views are needed. Two views are adequate 
to characterize center offset, while three views are needed to fit 
a sample shape to a three-axis ellipsoid. Offset of inner and 
outer shell surfaces can be computed as an ordinary vector in 
three dimensions, whose components are measured in two or 
three orthogonal planar views.

We are developing a software package to construct a three- 
dimensional characterization of a Macroshell® target based on 
the FFT of three orthogonal views of a shell or cavity. In this 
program, we have abandoned the conventional parameters used 
to describe an ellipsoidal form, the lengths of the principal axes 
and a set of orientation angles. In their place, a set of three- 
dimensional modes, each representing a type of deviation from 
spherical shape, was selected. Combinations of these six modes 
can describe an ellipsoid of any orientation, whether prolate, 
oblate, or three-axis. The modes were chosen so that two can be 
evaluated from FFT results of each of three orthogonal views. 
We have characterized inside surfaces in this manner and are 
now extending the technique to map the wall thickness of shells.

This method of approximating shell geometry through use of 
ellipsoidal modes has applications for a wide range of shells that 
can be approximated by ellipsoidal geometry, and that are mea­
sured by radiography, interferometry, or other image-based 
techniques in which a limited number of views are possible.

For additional information, please contact Mr. L. A. Scott
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LASERS
SECTION TWO Scientific Editor. Dr. N. K. Moncur

Introduction
Focused laser light that illuminates a target surface uniformly 

is desirable in most laser/matter interaction experiments. Uni­
form illumination has been difficult to achieve, primarily be­
cause of the imperfections in high power laser systems. Small 
amplitude and phase aberrations introduced by the many optical 
elements in a multistage laser can produce large intensity 
nonuniformities at the output, which tend to be mapped onto 
the target when it is placed in the quasi-near field. At the focal 
position, the coherence of the laser light is responsible for a 
large part of the nonuniformity of illumination.

We are exploring two methods to achieve optical smoothing. 
One, pioneered by the Naval Research Laboratory, is called 
induced spatial incoherence. The other, now being developed at 
KMS Fusion, is called the second harmonic aberration correction 
system. This latter technique corrects for phase aberrations by 
phase conjugation and Type II frequency doubling.

1=

\ A U% f V
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SECTION 2.1

Induced Spatial Incoherence Capabilities

Induced spatial incoherence (ISI) is a technique for overcom­
ing the nonuniformity of illumination that is attributable to the 
coherence properties of laser light. The ISI technique employs a 
wide bandwidth laser beam that is divided into a large number 
of beamlets, each focused onto the target at a slightly different 
time. The interference among the overlapped beamlets disap­
pears when averaged over a period that is long in comparison 
to the laser coherence time, and a very uniform intensity focal 
pattern is generated.

The Chroma laser oscillator has been modified to generate a 
wideband pulse, which is then amplified and frequency-doubled 
to produce a high-power, wideband 2co (0.53 jim) beam for ISI 
experiments. A pair of transmission echelons at the laser output 
divides the beam into one hundred 2 cm x 2 cm beamlets that 
are focused on target with a single lens.

Optics. Each of the transmission echelons consists of 10 plates 
of BK7 glass of varied thickness. Because the echelon plates are 
of different thicknesses, the beamlets experience different de­
lays. The time delay increments At are chosen to be larger than 
the optical coherence time tc = l/Av, where Av is the bandwidth 
of the laser beam. The first echelon consists of ten BK7 plates, 
each 200 mm long x 20 mm wide, with thickness changing from 
plate to plate in 0.5 mm increments. The second echelon also 
has ten BK7 plates each 200 mm long x 20 mm wide, but the 
plate-to-plate thickness change is 5.0 mm, the total sum of the 
thickness change of the first echelon. The end result of a beam 
passing through the two echelons is 100 beamlets with a time de­
lay of At = 0.83 ps from beamlet to beamlet. These beamlets are 
all then focused on target with a single lens (Fig. 2-1).

The echelon plates were fabricated with very strict tolerances 
so that the wavefront is not distorted by more than A/6 in trans­
mission and so that deviation of the beamlets due to wedge will 
be less than diffraction effects or the natural divergence of the 
laser. To prevent reflective losses, the entrance and exit faces 
of the plates were coated with a dual-wavelength (w, 2to) anti- 
reflective (AR) coating, so they can be used for either infrared 
(IR) or frequency-doubled green-light experiments.

Transmission echelons were chosen over reflection echelons 
for these initial experiments because they are more easily oper­
ated and fabricated than the reflective type used by the Naval 
Research Laboratory.1 The holders for the transmission echelon 
plates are very simple and do not require individual alignment 
controls, as do holders for reflection echelon plates. The trans­
mission echelon can be inserted or removed from the beam with­
out disrupting beam alignment. This makes it easy to conduct 
experiments that compare the effect of ISI techniques with stan­
dard narrowband operation.
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Wideband Oscillator. To implement ISI,1-6 the bandwidth of 
the laser must be sufficient to ensure incoherent superposition of 
many beamlets on target. Our approach was to use a Q-switched 
and modelocked Nd:glass oscillator, as shown in Fig. 2-2. Mode­
locking was chosen in lieu of a fast Pockels cell switch because 
we could obtain a shorter pulse with a higher contrast ratio be­
tween the main pulse and the background. The problem with 
prepulse energy [typical in inertial confinement fusion (ICF) ex­
periments] was thus eliminated and a 500 ps pulse was obtained 
that could be used with a pulse-stacker to generate shaped 
pulses.

Fig. 2-1. A pair of transmission echelons divides the wide bandwidth nonuniform laser beam into 100 beamlets, which are then 
focused onto the target by a single lens. The time-averaged intensity is greatly smoothed.

64 MHz 
Amplifier

Attenuator & 
Phaseshifter

Ml ML Q-SW

RF Input 
from Old 
Oscillator

Fig. 2-2. A new optical resonator was built for use in a wideband oscillator. The output is synchonized to the old narrowband 
oscillator, which is required for the diagnostic instruments used in experiments. In the figure, Ml is a 5 m, 100% reflective rear 
mirror, ML is an acousto-optic modelocker, Rod is an Nd:glass laser rod, Q-SW is an acousto-optic Q-switch, and M2 is a 
75% reflective output mirror.
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As opposed to the previous quasi-continuous-wave mode- 
locked and Q-switched Nd:YLF oscillator, which gave a 100 ps 
pulse that was transform-limited in bandwidth, the new oscilla­
tor could not be operated with a prelase period to stabilize it. 
Any significant prelase period would narrow the bandwidth too 
much. A Nd:glass laser rod (Kiger Q-98) was used to increase 
the gain bandwidth to about 140 A (effective full width at half­
maximum) from 11 A for the Nd:YLF previously used. The 
spectral bandwidth is later narrowed by the large gain required 
to build up the laser pulse from spontaneous emission. The spec­
tral narrowing factor (the ratio of the output bandwidth to the 
initial spontaneous emission bandwidth) is given by

a/ _ n~
A/sp v InG ’

where A/is the bandwidth and G is the total gain undergone by 
the laser pulse in the laser rod during the buildup time. Any 
losses or extra passes that require additional gain cause more 
narrowing of the spectral bandwidth.

During this buildup time, the modelocker is narrowing the 
temporal width of the modelocked pulse by

where r0 is the steady-state pulse width that would be reached in 
an infinite amount of time and t0 is the time required to get 
within 15% of the steady-state value. The steady-state pulse 
width t0 and buildup time t0 for an amplitude-modulated (AM) 
modelocked homogeneous laser is given by7

TO
= -V2V!h!$

IT Vs V/Aa/;sp

and

t = _L_ Ms
° 8VF0S /m ’

where g0 is the round-trip amplitude gain, 5 is the modelocker 
modulation index,/m is the modulation frequency, and A/sp is 
the laser medium bandwidth. For the wideband oscillator,

g = exp(52), 
go = 0.34,
8 = 1.0,

A/sp = 3.78 X 1012 Hz, 
fm = 64 x 106 Hz, 
t0 = 18 ps, 
t0 = 194 [is.
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For a buildup time of 0.6 /ts for the Q-switched pulse, the width 
of the modelocked pulse from the above theory is 334 ps and 
the spectral bandwidth is 19.4 A. The measured pulse width is 
about 350 ps and the measured bandwidth is about 20 A. Fig­
ure 2-3 shows the spectral distribution of the ISI oscillator at 
buildup time of 0.62 ^s.

The bandwidth can be decreased or increased with a 50 jj.m 
thick uncoated quartz etalon in the resonant cavity. The etalon 
can change the effective bandwidth of the resonant cavity,

and

AAeff —
1

AA^p +
1

AA

-1/2

2
EC J

AAec —
2 In 2 

F
A2

2irnd

150 -

100 -

10 20 30 40 50
WAVELENGTH (A)

Fig. 2-3. At a buildup time of 0.620 ps, 
the spectral bandwidth of the mode- 
locked, Q-switched, Nd:glass ISI oscillator 
with no etalon is a nearly Gaussian-shaped 
curve with a FWHM of 20 A.

where AAEC is the effective bandwidth of the etalon at the crest 
of its transmission curve, F is the finesse of the etalon, and nd is 
the optical thickness. Alignment of the 50 pm etalon with the 
crest of the laser emission line center gives a narrower effective 
bandwidth of 85 A.

If the etalon is aligned so the trough is on the emission line 
center, the effective bandwidth is given by

AAeff —
AA2P A A2EC J

-1/2

and

AAEt — ^ 1 n 2
1 +F2 A2

l-wnd

Here the effective bandwidth of the etalon AAET at the trough is 
wider than at the crest by a factor of (1 + F1). Use of the etalon 
at the trough tends to widen the bandwidth of the resonator. 
Furthermore, if AAEt is small enough, as it is here for the 
50 pm etalon, it will give an effective bandwidth of 249 A with 
a saddle-shaped spectral curve (see Fig. 2-4). The principal 
advantage of this shape is that it will compensate for the fall-off 
in gain of the Chroma laser amplifier away from the emission 
line center. The depth of the saddle shape decreases as the laser 
rod is pumped harder because the bandwidth of the laser rod is 
narrowed slightly by the higher gain. The asymmetrical plot in 
Fig. 2-4c is typical of a slight misalignment of the etalon off the 
emission line center. The smooth curves are computer simula­
tions based on Gaussian line shapes for laser gain and etalon 
transmission.

To do holographic interferometry on experimental targets the 
old narrowband oscillator and the regenerative amplifier have to 
be maintained in their present form. Hence, the new ISI oscilla­
tor was set up on a separate table and synchronized with the old 
oscillator through a common RF modelocking source. Figure 2-5
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a) b)
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Fig. 2-4. The bandwidth of the wideband oscillator is greatly widened by a 50 /tin thick quartz etalon aligned so its transmis­
sion trough is at the line center of the Nd:glass laser rod. Plots (a) through (d) show the power spectral density for increasing 
lamp drive current. The smooth curves are computer simulations based on the foregoing theory.

shows this complete system. The wideband oscillator is injected 
into the old pulse selector with a polarizer. With this technique, 
either a narrowband or a wideband pulse can be injected into 
the Chroma amplifier system simply by rotating waveplates that 
control the polarization. An optical autocorrelator is used to 
monitor the coincidence of the two oscillator pulses. Phase 
shifters in the RF signal to the new ISI oscillator permit fine 
control of the synchronous timing.

Chroma Amplifier Bandwidth. The same bandwidth narrow­
ing observed in the oscillator is also present in the Nd:glass am­
plifier. Since the amplifier laser glass (Kiger Q-88 and Hoya 
LHG-8) is very similar to the oscillator glass, the gain band­
width A/sp is about 140 A like the oscillator. The effective band­
width is given by

AXeff = AXip ,

88 1988 KMSF Annual Technical Report



LASERS
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for
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Fig. 2-5. The new wideband oscillator output is injected into the main optical train before the pulse selector, and the old nar­
rowband oscillator output is diverted to the regenerative amplifier for short-pulse diagnostic holography. The two oscillators 
are modelocked with the same RF source and synchronized by monitoring the cross-correlation between the two oscillator pulse 
trains.

where G is the total gain of the Chroma amplifier, which is 
about 109. The effective bandwidth is then 31 A. The cusp­
shaped spectral output from the oscillator will tend to broaden 
this, but not by much.

Frequency Conversion for Induced Spatial Incoherence. The 
bandwidth tolerance for Type II KDP is 77 A-cm. This means 
that a 1 cm thick crystal could tolerate a ±77 A deviation from 
line center before the low-power conversion efficiency would 
drop by a factor of 2. We have both 0.9 cm and 1.5 cm thick 
crystals for frequency conversion of the wideband ISI laser out­
put. Figure 2-6 shows the doubling efficiency curves for these 
Type II crystals as a function of spectral deviation from line 
center. The frequency shift from line center for a 30 A FWHM 
bandwidth is 15 A. Hence, the doubling efficiency is not signifi­
cantly limited by a simple shift in wavelength for a narrow line. 
However, a broadband laser beam has phase modulation that 
travels at the group velocity, and the differences in the group ve­
locities for the fundamental and second harmonic cause phase 
mismatch, which, in turn, reduces the doubling efficiency signif­
icantly. Use of two crystals in quadrature8 helps a great deal, 
since the second crystal independently converts the remaining 
fundamental power without affecting the second harmonic from
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Fig. 2-6. Doubling efficiency is shown as a function of the frequency shift from the line center for various input power densi­
ties. Code predictions, accounting for change of phase velocity with frequency, for the 0.9 cm thick Type II KDP crystals (a) 
and the 1.5 cm thick Type II KDP crystals (b) show little decrease in efficiency for a 30 A frequency shift.

the first crystal. With the quadrature crystals we expect to get at 
least 50% conversion efficiency.

For incoherent smoothing of the far field, the bandwidth 
should be wide enough to make the coherence length less than 
the optical path length difference between the echelon beamlets. 
With a 30 A IR bandwidth, the frequency-doubled bandwidth is 
15 A and the coherence length is 0.19 mm. Since our echelons 
have an optical path length difference of 0.25 mm, the beamlets 
will add incoherently.

For additional information, please contact Mr. L. D. Siebert
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Optical Phase Aberration Correction by Phase Conjugation 
and Type II Frequency Doubling

Optical phase conjugation has been a popular technique in re­
cent years for compensation of distortions in laser amplifying 
media. Many different techniques9 have been studied for obtain­
ing conjugate laser beams and many different applications have 
been defined; however, in most cases, the conjugate laser beam 
must retrace its path through the distorting medium to remove 
phase aberrations. At KMSF, however, we are exploring a tech­
nique in which aberrations in a laser beam can be removed after 
the beam exits the laser system.

A diagram of this second harmonic aberration correction 
(SHAC) system is shown in Fig. 2-7. The incoming laser beam

Lenses 
Mirrors 
Polarizer 
Phase conjugate 
mirror

PCM:

0.527 jtm

Fig. 2-7. The SHAC uses optical phase conjugation and Type II frequency doubling to produce a high-quality second-harmonic 
beam from an aberrated fundamental input beam. The input beam is split into two beams of orthogonal polarization. One 
beam is directed toward a Type II doubling crystal via conventional mirrors and lenses. The second beam is directed to the 
crystal by a phase conjugate mirror. The frequency-doubled output is then proportional to the product of the two beams, re­
sulting in phase cancellation.
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is split into two beams of orthogonal polarization using polar­
izer P. One of these beams is conventionally imaged with a pair 
of lenses through a quarter-wave plate to mirror Ml and then 
re-imaged to a Type II doubling crystal. The second beam is 
reflected from a phase conjugate mirror (PCM) through a 
quarter-wave plate and is coincident with the unconjugated 
beam on the doubling crystal. Equal path lengths d\ and d2 
then provide a reproduction of the input beam and its conjugate 
with orthogonal polarizations overlapped on the doubling crys­
tal. Since the electric field of the resulting second harmonic 
beam is proportional to the product of the fields of the two fun­
damental input beams (i.e., the original input beam and its com­
plex conjugate), the phase distortions in the beams cancel each 
other, producing a high-quality second-harmonic beam.

The process described here is very similar to that used by 
Yariv et al.10 to obtain optical phase conjugation by difference 
frequency mixing of a good quality second-harmonic beam with 
an aberrated fundamental, resulting in a phase-conjugated 
fundamental-frequency beam. In this case, however, the output 
beam is the good quality second harmonic, and the inputs are 
the fundamental beam and its conjugate.

This method has been tested using a relatively low-power 
Nd:YLF laser oscillator. The output pulse consisted of about 
5 mJ in 50 ns. Liquid CS2 was used as the phase conjugation 
medium and a 1.2 cm thick KDP crystal was used for frequency 
doubling. The input beam diameter was 4 mm.

A mirror was placed at the input to the system and tilted 
slightly to deflect the input laser beam, thus producing a distor­
tion. The frequency-doubled output amplitude and propagation 
direction were then monitored. It was found that, within the 
limits of the angular acceptance of the KDP crystal, the propa­
gation direction of the frequency-doubled beam was nearly inde­
pendent of the deflection angle of the input beam. Conversion 
efficiency dropped off as would be expected due to phase mis­
match in the crystal at increasing deflection angles. Relative fre­
quency-doubling efficiency as a function of incident beam 
deflection angle is shown in Fig. 2-8.

Compensation for focus in the incident beam was also demon­
strated. The far-field image of the second-harmonic laser beam 
was monitored with a charge-coupled device (CCD) TV camera 
at the focus of a 3.5 m focal length lens. Various lenses were 
placed at the input of the system without producing a change 
in the far-field spot size of the second harmonic. Lenses as short 
as +2 m focal length were used without significant loss of con­
version efficiency.

Finally, random phase aberrations were produced by inserting 
a “low optical quality” petri dish in the input beam. Results of 
this demonstration can be seen in Fig. 2-9. The unaberrated far- 
field spot of the infrared beam shown in Fig. 2-9a is nearly 
diffraction-limited. The same far-field spot shown in Fig. 2-9b 
after the aberrator was inserted is about five times the 
diffraction-limited size. On the other hand, the second-harmonic 
far-field spot size (Figs. 2-9c and 2-9d) varied less than 10%



□ Horizontal (extraordinary) 
deflection

o Vertical (ordinary) deflection

INPUT ANGLE (mrad)

Fig. 2-8. The acceptance angle of the SHAC is determined by phase matching 
in the doubling crystal. The output efficiency depends on the input deflection 
angle but the propagation direction of the output does not.

when the aberrator was inserted, indicating almost complete 
compensation for the aberrations originally induced. Similar re­
sults were obtained when aberrations were produced by flowing 
hot air past the input of the system, creating air turbulence.

In conclusion, SHAC appears to be a useful technique for 
removing laser beam aberrations. We are continuing to study the 
effects of high power and conversion efficiency, as well as the 
subtleties of operation of the system, to determine its applicabil­
ity to ICF laser systems. A future report will present a theoreti­
cal discussion of the process.
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Fig. 2-9. Nearly diffraction-limited second-harmonic beams can be obtained from severely distorted fundamentals by using the 
SHAC. The diameter of an unaberrated IR beam (a) is nearly diffraction-limited; the diameter of an aberrated IR beam (b) is 
about five times the diffraction-limited size; the diameter of a frequency-doubled (green) beam derived from an unaberrated IR 
beam (c) is nearly diffraction-limited; and the diameter of a frequency-doubled (green) beam derived from an aberrated IR 
beam but corrected by SHAC (d) is less than 1.1 times the diffraction-limited size.

For additional information, please contact Mr. R. P. Johnson
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LASER AND PLASMA 
INTERACTIONS
SECTION THREE Scientific Editor. Dr. C. J. Armentrout

Introduction

In recent years, laser/plasma investigations at KMS Fusion 
(KMSF) have been focused on the details of the interaction 
physics of processes critical to the success of inertial confine­
ment fusion (ICF). Many of our experiments address issues 
associated with the mainline indirect-drive approach; much of 
this research is classified.

In this report, we present the unclassified portion of our 
efforts. Our research program in plasma physics achieved a 
number of significant results last year. In the following pages, 
we discuss both work that confirms the theories that motivated 
it and other research that illuminated unexpected features, which 
require more experiments and/or a more detailed understanding.

High-Z Plasma Characterization

Our experimental program is the subject of Section 3.1. The 
thrust of this program has been the study of laser beam interac­
tions with plasmas of high atomic number (high-Z).

Dynamics of Bulk Plasma Behavior for Laser-Irradiated Gold 
Disk Targets. An experimental campaign was undertaken to 
examine the evolution of the absorption layer and associated 
corona produced by short-wavelength irradiation of goldjd^ksji f, \ \ 
it is reported in Section 3.1.1. The goal of this series was to j ’ 
measure bulk plasma flow and compare the results to theory ajpd 
to computer simulation. Three different* pulse shapes were used; 
a comparison between the standard “picket-fence” pulse and 1 
square pulses was of primary interest.

These experiments revealed that the dynamic behavior of 
laser-irradiated gold targets shows expected characteristics in 
gross plasma dynamics and unexpected characteristics in certain 
details. One of the unexpected results is due to laser nonunifor­
mity; it is the issuance of jets and filamentary structures when 
picket pulses are used. In an attempt to characterize these jets, 
the beam was adjusted to produce a high-intensity ring on the 
target. Controlled, large-scale jetting was observed to arise from 
the central, low-intensity region. The high-velocity material of 
the jets is cold relative to the coronal plasma and has a mass 
density much higher than that of the background corona.
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Refractive Induced Distortion of Harmonic Light Images. The 
effects of refraction on a light ray passing through plasma have 
been investigated both experimentally and computationally. The 
experimental study, which is discussed in Section 3.1.2, was 
prompted by a proposed imaging diagnostic for the two-beam 
Nova facility chamber at Lawrence Livermore National Labora­
tory (LLNL). The KMSF Chroma laser was used to identify the 
conditions that cause severe refractive modifications to the path 
of a probe beam as it passes through the target. Ten beamlets of 
0.26 fim light probed a blow-off plasma. Severe refractive 
effects were observed for the case of a large, cold, expanding 
plasma but not for the other conditions tested.

This finding is in qualitative agreement with computer simula­
tions that predicted problems when the refraction is so strong 
that the beam misses the collection optics of the detector. A sim­
ulation code has been applied here at KMSF to the problem of a 
beam of soft x-rays passing through a plasma. The code is 
directly applicable to the x-ray backlighter problem (see also 
Section 3.1.3) where the backlit image may require correction 
due to refraction. The research reported here is also applicable 
to the case of a soft x-ray beam passing through a plasma many 
times and reflecting from a mirror after each passage.

Backlighter Analysis. The efficiency with which various back- 
lighter sources emit x-rays has been studied for very high- 
intensity laser irradiation. The work discussed in Section 3.1.3 is 
an extended analysis of the previous backlighter campaign, in 
which the development of a point backlighter source was 
started. Recent experimental work will be included in the 1989 
KMSF Annual Technical Report.

Time-and Space-Resolved Dot Spectroscopic Characterization 
of Laser-Produced Plasmas. For several years, we have been 
performing spectroscopic studies of high-Z dot targets and using 
the resulting line ratios to measure plasma density and tempera­
ture. In Section 3.1.4 we present an analysis of these measure­
ments. The discrepancy between these results and non-ratio 
measurement techniques revealed the need for a more funda­
mental understanding of the time-dependent recombination and 
ionization processes that take place in the corona. We are assem­
bling a data base that we hope will lead to a more accurate 
predictive capability.

Development of Diagnostic Instruments

Accurate interpretation of our experiments requires versatile 
and sophisticated diagnostic instruments. In Section 3.2 we 
report several advances in diagnostic techniques and instrumen­
tation that were developed during the year.

Development of X-ray Diagnostic Instruments and Calibra­
tion Facility. Framing cameras, curved crystal spectrographs, 
multichannel biplanar soft x-ray diodes, and ungated VUY 
intensifiers have been added to the Chroma laser’s array of 
plasma diagnostic instruments. The effort in instrumentation is
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discussed in Section 3.2.1. Significant success has been achieved 
in the effort to use electronic imaging and computer control to 
acquire digital information that is important to experiments.

Digital Imaging for ICF Diagnostics. The video data- 
acquisition system is described in Section 3.2.2. Such a system is 
vital to successful work in advanced ICF facilities because the 
intense radiation will cause problems with diagnostic instrument 
access, and film-based instruments will not be feasible. Video 
techniques are now routinely applied to visible and x-ray streak 
cameras and are planned for implementation on the framing 
cameras.

Theoretical Plasma Physics
Theoretical work performed during the year to prepare for 

future campaigns and to interpret past campaigns is the subject 
of Section 3.3.

Modeling of Induced Spatial Incoherence. We are preparing a 
major experimental campaign to study the effects on the plasma 
of beam smoothing from induced spatial incoherence (ISI). 
Although the experimental results will be reported in the 1989 
Annual Technical Report, theoretical studies have already been 
performed to analyze the effects of an ISI-smoothed beam on 
plasma instabilities. The results, discussed in Section 3.3.1, are 
extensions to two dimensions of calculations started last year.
We conclude that (1) the laser frequency bandwidth must be 
greater than the growth rate of any plasma instability if an ISI 
beam is to be effective, and (2) that a finite spatial coherence 
length perpendicular to the beam is useful for diffractive 
smoothing of the beam.

Ultra-Strong Langmuir Turbulence in Open Systems. Realistic 
fusion targets will have coronas extending up to ten thousand 
laser wavelengths. Instabilities previously considered unimpor­
tant are receiving new attention because even small loss mecha­
nisms could become significant in these targets. Strong, 
nonlinear Langmuir turbulence, discussed in Section 3.3.2, has 
been successfully simulated. The results show a modulational 
instability in the corona and demonstrate for the first time for­
mation, collapse, burn-out, and renucleation of ion density cavi- 
tons. The collapse of these structures could enhance Raman 
scattering losses.

SRS Inhibition Due to SBS-Enhanced Density Fluctuations in 
Inhomogeneous Plasma. In Section 3.3.3, highly significant 
results are reported of stimulated Raman scattering (SRS) sup­
pression below the quarter-critical surface due to the presence of 
an enhanced level of ion acoustic turbulence from stimulated 
Brillouin scattering (SBS). This effect, which requires a realistic 
density gradient, explains recent experimental observations on 
the interaction between SRS and SBS signals.

Computational Physics
In Section 3.4 is presented the current work in computational 

physics.
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X-ray Refraction in Laser-Produced Plasmas. The RAY- 
PATH code, written to study the effects of refraction, has been 
modified to account for the effects of the mirrors that might be 
used in certain x-ray laser schemes. This is important because 
some of the x-ray diagnostic instruments used to characterize 
laser-produced plasmas are sensitive to refractive effects of the 
plasma, especially for the softer x-rays. Preliminary results of 
the calculations are summarized in Section 3.4.2.

Advances in Computational Mathematics. In Section 3.4.3, 
techniques are reported that have been implemented for the effi­
cient solution of computationally demanding problems. The 
topics discussed are implicit spectral method solutions for non­
linear wave equations, dispersion analysis of discretization 
problems of the von Neuman-Richtmyer equations, and the 
application of an efficient Abel-transform algorithm for invert­
ing spectral data and obtaining a best-fit emission profile from it.
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SECTION 3.1

High-Z Plasma Characterization

3.1.1 Dynamics of Bulk Plasma Behavior for Laser-Irradiated 
Gold Disk Targets

The evolution of bulk plasma from a laser-irradiated, high- 
atomic-number (high-Z) target can affect the generation of soft 
x-rays. Several disk experiments have been carried out in the 
past that were aimed primarily at measuring the hot electron 
fraction1,2 and the efficiency with which laser light is converted 
to soft x-rays.2 The experiments described here were done to 
measure bulk plasma flow and to compare these results to the­
ory and simulation. Two separate experimental campaigns were 
completed. In laser irradiations using green light (X = 0.53 ^m), 
135 target shots were taken. In blue light (X = 0.35 jitm), 74 tar­
get shots were taken. Data from the green-light experiment have 
been provided to Lawrence Livermore National Laboratory 
(LLNL) scientists, who are performing numerical simulations 
of the experiment, as are KMS Fusion (KMSF) researchers. Data 
from the blue-light experiment are in the initial stages of reduc­
tion. In this report, general features of the green-light data will 
be discussed.

Experimental Arrangements. Gold disk targets (22 jum thick 
and 600 jum in diameter) were irradiated using the Chroma laser 
at X = 0.53 /xm (the experimental setup is shown in Fig. 3-1).
The laser pulse shape was varied by stacking as many as 13 indi­
vidual variable-amplitude pulses, each 125 ps full width at half­
maximum (FWHM) spaced by 170 ps. The pulse shapes used, 
shown in Fig. 3-2, were the three-picket shaped pulse, 1 ns and 
2 ns square pulses, and a pulse that increased parabolically in 
time (t2). (The three-picket pulse is one proposed by LLNL 
scientists to achieve high fuel compression.)

Of primary interest is a comparison between the picket pulse 
and the square pulses. The picket pulse had power ratios nomi­
nally 1:2:3 for the pickets, with separation of 850 ps and 125 ps 
between the pickets. The first two pickets were 125 ps FWHM, 
and the third was 850 ps FWHM. Several shots were also made 
using only the first two pickets. The maximum energy on target 
was 200 J. An//6 lens was used, with the target placed either 
1200 or 3000 /xm from best focus. Thus, the peak intensity on 
target varied from 0.8 to 6 x 1014 W/cm2.

Most of the targets were shot on the divergent side of best 
focus. Figure 3-3 shows an equivalent-plane image of the inci­
dent beam on the divergent side of best focus (a) and the con­
vergent side of best focus (b). In the nominal 200 spot 
diameter on target for the divergent beam is a random pattern 
of 20 to 30 /xm regions of high and low beam intensities. The 
peak-to-valley intensity ratio is from 2 to 4. On the convergent
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Fig. 3-1. The targets (gold disks, 22 pm thick and 600 pm in diameter), were irradiated by an //6 lens using 0.53 pm light. The 
experimental setup consisted of optical and x-ray diagnostic instruments arrayed about the target. The major instruments 
viewed orthogonal to the incident laser beam.
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Fig. 3-2. Pulse shapes used in the experiment were a three-picket pulse (a), a 1 ns square pulse (b), a 2 ns square pulse (c), and 
a t2 increasing pulse (d).
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Fig. 3-3. The densitometer scan of the equivalent target plane image on the divergent side of best focus (a) showed a random 
hot spot pattern. On the convergent side of best focus (b) there was a high-intensity ring. The beam diameter was about 200 pm 
in both cases.
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side of best focus is a high-intensity ring, 50 thick, that sur­
rounds a 100 /xm diameter low-intensity spot. The intensity of 
the central spot is 5 to 10 times lower than that of the ring.
These features are independent of pulse shape, although the 
exact details may vary from shot to shot.

Plasma properties were monitored by several instruments; 
they are listed in Table 3-1.

Holographic interferograms3 were taken with up to four 
frames per shot. The frames were spaced by 400 ps and the first 
frame had a variable time delay relative to the main laser pulse. 
The wavelength of the probe beam was X = 0.26 ^m and its 
duration was 20 ps, which effectively eliminated any blurring 
due to plasma motion. Electron densities were obtained from 
the reconstructed interferograms by the Abel inversion tech­
nique. Electron densities from 1 X 1019/cm3 to 1 x 1021/cm3 
could be measured.

The 3/2 harmonic emission, which occurs at quarter-critical 
density for the incident laser wavelength, was imaged orthogonal 
to the laser beam onto the slit of a streak camera. This gives a 
one-dimensional (1-d) temporal history of the quarter-critical 
trajectory along the laser axis.

The x-ray emission was imaged with a pinhole and slit onto 
an x-ray streak camera. The sensitivity of the streak camera with 
its associated filters and photocathode response is shown in 
Fig. 3-4. The peak sensitivity is in the gold M (2.0 to 4.0 keV) 
band range. Since this emission occurs primarily near the critical 
density, the 1-d streak image provides an estimate of the trajec­
tory of the critical surface along the laser axis. Time-integrating

Table 3-1. Diagnostic Instruments and Techniques Used 
for Bulk Plasma Property Measurements

Instrument/Technique Measurement

Holographic interferometry 

X-ray streak camera

3/2 co0 optical streak camera

Kirkpatrick-Baez micro­
scope

X-ray pinhole cameras

PIN diodes

Photodiodes and calorimeter

Coronal density

Peak M-band emission trajectory 
along laser axis

Peak 3/2 co0 emission trajectory 
along laser axis

Time-integrated image parallel to 
target surface

Time-integrated gold M-band 
emission parallel and perpen­
dicular to target surface

Time-integrated gold M-band 
energy

Backscattered co0 energy
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Fig. 3-4. The x-ray streak camera response was greatest in the gold region, 2.0 
to 4.0 keV.

pinhole cameras were filtered to image the M band x-ray emis­
sion from the target orthogonal and parallel to the laser beam 
direction.

A Kirkpatrick-Baez (KB) x-ray microscope with 3 X magnifi­
cation was used with appropriate filters to image the target at 
energies from 600 to 800 eV orthogonal to the laser direction. 
Absorbed energy was determined by measuring backscattered 
energy through the focusing lens with a calorimeter and with 
photodiodes placed outside the cone angle of the lens.

A temporally and spatially averaged coronal electron tempera­
ture measurement was made using an array of filtered PIN sili­
con diodes. The diode array was placed behind the target but 
viewing the corona to minimize the collected M band emission, 
which comes primarily from regions near critical density. The 
data were fit assuming a Maxwell-Boltzmann distribution for 
electron velocities, with temperature and x-ray flux as param­
eters to be found.

Results and Discussion. Absorption measurements at X =
0.53 are in good agreement with those obtained in previous 
experiments. For / = 3 to 5 x 1014 W/cm2 (200 ^m spot), 
absorption was 75%. For / = 0.8 to 1 X 1014 W/cm2 (500 /xm 
spot), absorption was 90%. The absorption was independent of 
pulse shape. Coronal temperatures were Te = 2.4 ± 0.5 keV for 
the higher-intensity shots and 7^ = 1.5 ± 0.3 keV for the lower- 
intensity shots, which agree well with preliminary simulation 
results.

A typical interferogram for a square pulse laser shot is shown 
in Fig. 3-5. Note that the fringes are relatively smooth. For 
picket pulses, the fringes are “spikey,” particularly between the
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Fig. 3-5. Holographic interferograms for a square laser pulse show smooth fringes. The exposures for shot 8867 were made at 
800 ps (a), 1200 ps (b), 1600 ps (c), and 2000 ps (d).

first and second pickets; the fringes were smoothed before digit­
ization. The digitized images are inverted mathematically to give 
electron density profiles. Typical densities that can be resolved 
are from 1021/cm3 down to 1019/cm3, with a ± 5 fim uncertainty 
in the spatial dimension.

Figure 3-6 shows coronal electron densities produced from the 
Abel inversion for three different laser pulse shapes. Probe 
pulses were taken about 300 ps into the main pulse. The average 
intensity of the main pulse is about 5 x 1014 W/cm2. As ex­
pected, the t2 and picket-shaped pulses yield longer scale lengths 
and extend farther out than the square pulse. The high-density 
points at critical density are taken from streak camera data of
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the gold M band x-ray emissions, which occur from near the 
critical surface. Note the steepening of the profile in going from 
underdense to critical density, which is probably due to the tran­
sition from subsonic to supersonic flow.

The gold M band x-ray streak records are shown in Fig. 3-7 
for a 1 ns square pulse (a) and a picket pulse (b) as viewed by 
the x-ray streak camera. We tacitly assume that the peak emis­
sion corresponds to the position of the critical density surface 
along the laser axis. For the square pulse, the critical surface

100 200 300 4l
DISTANCE FROM TARGET (^m)

Fig. 3-6. Coronal electron densities were obtained from Abel inversion for f2, 
picket, and square laser pulse shapes. (Shots 8896a, 8869c, 8850d.) The pro­
files were taken about 300 ps from the start of the main laser pulse.

TIME (ps) TIME (ps)

Fig. 3-7. Gold M band x-ray emission moves outward along the laser axis for a square (a) and picket (b) pulse. It is believed 
that this corresponds to the critical surface trajectory. The critical surface moves linearly for a square pulse but stagnates dur­
ing the last picket of a picket pulse. The energy on target was 35.5 J (shot 8861, a), and 165.8 J (shot 8857, b).
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moves approximately linearly in time, as expected for an isother­
mal rarefaction expansion. It approaches the peak distance of 
about 50 /xm from the target surface, giving the average velocity 
of about 5 X 106 cm/s. For the picket fence pulse (Fig. 3-7b) the 
emission is seen for each of the pickets. The first picket shows 
emission from about 5 to 10 ^m from the target surface. When 
the second picket arrives, the critical density surface has moved 
out to about 50 fim, giving an average velocity of about 4 x 106 
cm/s. During the third picket, the emission peak is closer to the 
target surface than the peak was during the second picket. The 
emission peak does not appear to move for the duration of the 
third picket.

The qualitative behavior of the critical density nc surface 
trajectory is consistent with the nc/4 surface trajectory (from 
3/2 a)0 emission) as viewed with an optical streak camera. The 
3/2 o)q harmonic emission location along the laser axis is shown 
in Fig. 3-8 for a 1 ns square (a) and a picket (b) pulse. The nc/4 
surface moves out linearly for a square pulse. For the picket 
pulse, the retrograde motion of the peak emission during the 
third picket is apparent.

The expansion along the laser axis due to laser spot size is 
illustrated in Fig. 3-9. The intensities in both shots are about 
1 x 1014 W/cm2. For the smaller spot size (a), the extent of the 
underdense plasma is not nearly as great as for the larger spot 
size (c) at all four frame times. The criterion for 1-d (planar) 
expansion requires the spot size 2R » Csr. With Tc ~ 1.5 keV 
and assuming Z ~ 50, r = 2 ns, then Csr ~ 400 ^m. Thus we 
expect that the expansion for the smaller spot size is not one­
dimensional and divergence effects are important.

b) 2500a) 2500

2000 -

& 1500

Fig. 3-8. The 3/2 u0 harmonic emission along the laser axis shows linear motion of the nc/4 surface for a square pulse (a) and 
stagnation of the nc/4 surface for a picket pulse (b).
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Fig. 3-9. Holographic interferometry shows the effects of spot size on expansion. The small spot (a) has a lower density at any 
given time than the large spot (c). The probe times and power levels represented by the geometric symbols in (a) and (c) are 
identified in (b) and (d), respectively.

Time-integrated x-ray pinhole pictures also show the motion 
of the critical density surface for picket pulses. In Fig. 3-10, 
we show pinhole pictures for a square (a) and picket (b) laser 
pulse. For the square pulse, the emission originates from the 
diameter of the laser spot and extends continuously outward to 
about 200 ^m. For the picket pulse, we see a space between 
emission near the target surface and emission on the corona. 
The first burst of emission (near the target surface) comes from 
the first picket. The second burst comes from the second and 
third pickets. The space between the two bursts can be used to 
calculate the average speed of the critical density surface, yield­
ing v — 3.6 x 106 cm/s. This agrees with the speed obtained 
from the streak camera data. We note that the motion of the 
critical density surface is nearly one-dimensional.

An interesting aspect of some of the KB pictures (soft x-rays) 
is shown in Fig. 3-11. For intensities / = 3 x 1014 W/cm2, the
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Fig. 3-10. Pinhole images of the gold M band emission are shown for a square (shot 8868, a) and picket (shot 8869, b) laser 
pulse. The picket pulse image shows the motion of the emission surface between the first and second pickets.

Fig. 3-11. Soft x-ray pictures for high-intensity laser irradiation (shot 8868, a) show the same qualitative shape as the M band 
emission. For low intensity (shot 8898, b) the hot spot in the beam “burns out” the emission in the center of the plasma.

soft x-ray emission comes from a region of qualitatively the 
same shape as that of the M band emission (a). At these higher 
intensities, the soft x-ray emission region extends only about 
50 fim from the target surface. At lower average intensity, / = 
0.6 x 1014 W/cm2 (b), the emission extends farther from the tar­
get surface—due in part to the larger spot size but also to lower 
intensity. In the most intense portion of the Gaussian beam, a 
void in the emission is seen.

110 1988 KMSF Annual Technical Report



LASER AND PLASMA INTERACTIONS

We now turn our attention to a three-dimensional aspect of 
the plasma blowoff — namely, jetting of plasma.

Jets and irregular structures in laser-produced plasma have 
been observed in a number of experiments under a variety of 
experimental conditions with various diagnostics. Stamper4 
and Ripin, Stamper, et al.5 used a 0.53 ^m probe to make 
Faraday rotation measurements on low-Z targets illuminated 
by a 1.06 fim laser with intensity from 1015 to 1016 W/cm2 for 
100 ps. Although the primary aim of their experiment was to 
measure magnetic fields, much structure in the field could be 
seen in the data presented. Fine-scale jets were seen in Faraday 
rotation measurements made by Grek et al.,6 where low-Z tar­
gets were irradiated by a C02 laser with intensity of 1014 W/cm2 
in a 1.4 to 1.7 ns pulse. The jets originated from electron densi­
ties up to 16 X the critical density and were observed during the 
laser pulse. Thiell and Meyer7 took shadowgrams of jet-like 
structures emerging from either side of aluminum or gold thin- 
foil targets. The laser was either 1.06 jxm or 0.35 /xm in an 
850 ps pulse with irradiance from 1013 to 1014 W/cm2. The 
small-scale jets were present from 2 to 7 ns after the peak of the 
laser pulse.

The characteristics of these previously reported structures can 
be summarized as follows: (1) They are filamentary as opposed 
to billowing; (2) they are less pronounced for lower Z, lower in­
tensity, and shorter laser wavelength; (3) they are associated with 
strong azimuthal magnetic fields; and (4) they appear after the 
laser has shut off (except for the C02 illumination). Thermo­
electric, radiative cooling, filamentation, and Rayleigh-Taylor 
instabilities have been invoked to explain these phenomena. The 
reported jets have been associated with high-intensity “hot” spots 
in the incident laser beam. Here we present data that show jets 
and filamentary structures issuing from low-intensity “cold” 
spots in the incident beam. The material jetting off is cold rela­
tive to the coronal plasma, and has a mass density much higher 
than that of the background corona.

Gold M band x-ray emission from the front view of the target 
(Fig. 3-12) shows qualitatively the inhomgeneous intensity struc­
ture, as do the equivalent target plane pictures. On the divergent 
side of focus (a), we find 20 to 50 /xm regions of high and low 
intensity x-ray emission corresponding to the high and low 
intensity variations of the laser beam. The x-ray intensity ratio 
between these regions is roughly 3:1. On the convergent side of 
focus (b), the gold M band emission shows the ring structure of 
the laser beam. The intensity ratio in this case is 10:1.

The most dramatic evidence of plasma jets can be seen 
with the target placed on the convergent side of best focus. In 
Fig. 3-13, we show data for a target illuminated with a picket- 
fence pulse. Figure 3-13 shows four interferograms taken at 
320 (a), 720 (b), 1120 (c), and 1520 (d) ps relative to the begin­
ning of the laser pulse, for a picket-fence target shot. Visible in 
the second frame, 720 ps after the first picket pulse, is a large 
jet 20 to 30 jtxm wide at the outermost fringe, issuing from the 
corona. This jet lengthens out, and by the third frame extends
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Fig. 3-12. Gold M band emission for a divergent (shot 8896, a) and convergent (shot 8831, b) laser beam focus show qualita­
tively the same patterns as the equivalent plane images (Fig. 3-3).

320 fim from the target. Using the location of the first fringe, 
we estimate the velocity to be 5 x 107 cm/s. Assuming cylin­
drical symmetry of the jet and a parabolic profile, the electron 
density is about 6 x 1020/cm3 at this location. The background 
coronal density outside of the jet is less than 2 x 1019/cm3. The 
jet density is of the same magnitude as would be obtained for a 
smooth fringe system 100 fim from the target surface 300 ps into 
a square laser pulse. By the fourth frame, the second and third 
pickets have arrived and the jet is smoothed out. Time-integrated 
x-ray pictures show analogous features. The pinhole picture (e) 
taken perpendicular to the laser beam shows a thick region of 
low emission extending from the target surface out to 125 fim, 

surrounded by a region of higher emission. Film scans show that 
the jet is 125 fim FWHM at its base and narrows to 15 /xm near 
its apex. The region of low emission correlates well with the 
region of high emission measured by the KB microscope (f).
This region extends also from 60 to 130 /xm from the target sur­
face and is from 90 to 20 ^m thick.

The interferometric and x-ray pictures can be explained if the 
jets are cold relative to the coronal temperature. If the jets are 
hot initially, or heated by thermal conduction from the corona, 
we would expect the jet to thermalize and its material to expand 
uniformly into the background plasma. This appears to occur 
during the second and third laser pulses, when laser energy is 
nearly continuously being absorbed by the target. Cold material 
radiates more in the low x-ray energies, as observed with the KB 
microscope, and less in the high energies, as observed with the 
pinhole camera. We can use the relative intensities of the x-ray 
pictures to estimate the density of the jet. The M band emission 
of the corona is essentially backlighting the jet. We assume that 
the jet is cylindrical, its emission in the M band is negligible due
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Fig. 3-13. The plasma jet features for a convergent focus appear in the interferograms (a-d), pinhole image (e) and KB image 
(f). The data are from shot 8833.

to the low temperature, and the surrounding hot corona is cylin­
drical and optically thin to its own radiation. Using an average 
opacity of cold gold of 2000 cm2/g, we obtain a lower bound of 
the average mass density of about 0.02 g/cm3 50 ^m from the 
target surface and 0.09 g/cm3 100 ^m from the target surface. 
This is 1/1000 to 5/1000 of the solid mass density and corre­
sponds to a number density of gold atoms of 3 x 1020 cm-3.

Finer-scale jets are observed with the target placed on the 
divergent side of best focus. Interferograms for a three-picket 
pulse are shown in Fig. 3-14. In Figs. 3-14a and b, 20 to 30 /Am 
jets issue from the target with a velocity of 5 x 107 cm/s and 
density 5 x 1020/cm3. These jets move at an oblique angle away 
from the laser spot. When the second and third pickets arrive, 
the jets smooth out. X-ray pictures for two-picket laser pulses 
show jets corresponding to the features observed in the inter­
ferograms. As for the convergent focus, the jets emit more in 
the softer x-ray region and thus are cooler. Jets were observed
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Fig. 3-14. The plasma jet features for a divergent focus appear in the interferograms (a,b) pinhole image (c) and KB image (d). 
Images (a) and (b) are from shot 8869, (c) and (d) are from shot 8886.

by the x-ray cameras only when two-picket pulses were used. 
When the third picket was present, the x-ray signal from the 
jets, measured by the KB microscope and pinhole cameras, was 
dominated by the signal from the corona. Since these jets were 
thinner and perhaps more tenuous, they could thermalize faster 
when the main picket arrived and would tend to absorb less in 
the M band and emit less in the sub-kilovolt x-ray band.

The plasma jets were observed only for shots with the picket- 
fence pulses. For square-pulse shots with convergent focus, the 
fringes from the interferograms showed a smooth distribution— 
not the spikiness observed for the picket pulses. X-ray pictures 
showed features corresponding to the hot ring, but these did 
not extend out from the target as for the picket pulse. This 
can be interpreted in the same way as the smoothing of the jets 
observed for picket pulses. Near the ablation surface, material 
may jet out. Since the laser is on continuously, energy is depos­
ited into the jet from the laser and through radiation and ther­
mal conduction, smoothing the jet.

Low-Z targets —CH, aluminum, and titanium — also were 
shot. Jets were observed to varying degrees in each of these 
elements; they decreased in spikiness and extent as Z was 
decreased. Since thermal transport is more efficient in low-Z 
targets and the radiative emissions are much less, jets that are 
formed are expected to thermalize earlier than those for high-Z
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targets. Pinhole pictures of the front surface of the target show 
a more homogeneous emission pattern, also evidence of 
increased smoothing.

Summary. The dynamic behavior of laser-irradiated gold tar­
gets shows expected characteristics in gross plasma dynamics 
and unexpected characteristics in certain details. Absorption of 
the laser energy and the related coronal electron temperature are 
in good agreement with previous experimental results and pre­
liminary code calculations. Density profiles and nc/4 and nc tra­
jectories show expected qualitative behavior for square and t2 
pulse shots. One unexpected aspect of the nc trajectories occurs 
for picket fence pulses —namely, the surface appears close to 
the target and remains stationary during the third picket. 
Another unexpected aspect of target behavior, due to the laser 
nonuniformity, is the issuance of cold dense material from cold 
spots for picket fence pulses. If the effect of this plasma is 
deleterious to target performance, then one may conclude that 
continuous (in time) pulses should be used or very smooth laser 
illumination must be attained.

For additional information, please contact Dr. E. F. Gabl

3.1.2 Refractive Induced Distortion of Harmonic Light Images

The characterization of the electron density profile of an 
evolving plasma produced when an intense laser beam impinges 
on the surface of a solid material is of fundamental interest in 
inertial confinement fusion (ICF). The complexity of the physi­
cal phenomena taking place in laser-produced plasmas obviates 
any straightforward means of making direct measurements of 
such plasma parameters as density, temperature, or expansion 
velocity. For this reason, spatial and spectral analysis of laser 
light scattered by the plasma remains a useful technique for 
investigating high-intensity laser/plasma interactions.

Due to the high electron densities encountered in studying 
high-density plasmas, the optical emissions technique suffers 
from refraction (ray bending) of the light to be collected. This 
fact has several consequences. In experiments where the light is 
simply collected by a spatially integrating detector, some of the 
emitted light may never reach the detector. In experiments where 
the goal is to form an image of the light-emitting region in the 
plasma, refraction can distort the image to the point where little 
or no useful information can be inferred.

In the past, much has been learned about the critical and 
quarter-critical density surfaces by studying the second (2w) and 
three-halves (3/2 a>) harmonics of the laser light emerging from 
the plasma. Much of the past success was made possible by the 
fact that smaller lasers produced plasmas of small spatial extent. 
Because refractive bending of light rays is a path-integrated 
effect, the shorter the path (the smaller the dimensions of the 
plasma), the smaller the effect. However, given the capabilities
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of present-day laser technology and the relevance of large irradi­
ation spots to ICF, the dimensions of plasmas of interest can 
exceed several thousand laser wavelengths. Under such condi­
tions, it is necessary to reevaluate the effects of refraction when 
making optical measurements.

Description of Experiment. Our experiment took advantage 
of the existing 0.26 pm holographic probe beam. This beam, 
orthogonally incident with respect to the 0.53 pm main beam, 
was used to backlight an array of pinholes in a gold substrate 
(two rows, separated by 200 pm-, five pinholes per row, sepa­
rated by 100 pm) mounted outside the vacuum chamber. An 
//10 optic relayed the image of the backlit pinhole array to the 
target volume with a 1:1 magnification. The target consisted of 
a 600 pm diameter, 22 pm thick gold disk oriented face-on to 
the main 0.53 pm beam and edge-on to the 0.26 pm probe 
beam. The image of the array was positioned such that the two 
rows of pinholes were aligned along the target normal, with the 
first pinhole in each row behind the target and the remaining 
eight pinholes on the front (interaction) side. The image formed 
in the plasma volume was then relayed with an f/2 catadioptric 
reflector system to a film-back positioned behind filters, which 
gave a satisfactory signal-to-noise ratio. It is worth noting that 
this low //number system allowed even those rays that under­
went significant ray bending to be collected, and therefore to 
some extent facilitated our investigation of refraction without 
allowing its effects to limit our success.

For each of four laser shots, the 0.53 pm main (150 J, 2 ns) 
beam was allowed to fall on the target at f = 0 ns. The 30 ps 
probe pulse reached the target volume at a time determined by a 
variable optical delay path (/ = 0 to 1200 ps). Prior to each shot, 
an image of the target was superimposed on the target plane 
image of the pinhole array at the film-back. This provided a “no 
plasma” record of the relative positioning of the target and the 
array for later comparison with the image obtained when the 
plasma was present. The film-back was then translated several 
centimeters to the side in preparation for imaging during the 
shot when the plasma was present.

For the four shots taken, we investigated both low-and high- 
refraction cases by varying the 0.53 ^m laser focal spot size and 
the time of arrival of the probe pulse. Small spot sizes and early 
probe pulses can be expected to induce little refractive image dis­
tortion. For large spot sizes and late probe pulse times, the 
probe witnesses a more highly developed, planar plasma and can 
be expected to undergo significant refraction. The four shots 
taken had the following parameters:

tot No. Spot Size Probe Delay

8918 200 pm 600 ps
8919 200 /xm 200 ps
8920 200 /xm 600 ps
8921 400 pm 1200 ps
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Results. As stated above, the data for a given shot consist of 
a “preshot” vacuum image of the pinhole array superimposed on 
the backlit image of the target and a “shot” image of the pinhole 
array recorded during a 30 ps time window of the 0.53 /xm pulse 
at a time determined by the time of arrival of the probe. The 
preshot image is primarily intended as a final check on the posi­
tioning of the target with respect to the array.

To aid in the discussion of our observations, we present in 
Fig. 3-15 a labeling of the pinholes in the array, pi through plO, 
where pi and p2 lie behind the target, p3 through plO lie in 
front of the target, and the even p’s correspond to pinholes 
along the laser-axial row.

In Fig. 3-16 we present data from two shots as logarithmic 
contours of film density. One immediately notices the fact that, 
on the preshots, different pinholes have different intensities.
This is due to imperfect centering of the backlighting beam on 
the back side of the array and is a normalizable effect. Also, 
even though an image of the target was taken for each of the 
preshots, its presence is obvious only in shot 8919 due to insuffi­
cient contrast. Shown particularly well in preshot 8919 is the 
positioning of the target with respect to the array where pi and 
p2 lie about 10 to 30 /xm behind the target, p3 and p4 are within 
10 to 30 /xm of the front side, and p5 through plO are situated at 
different points in the blowoff region out to about 300 /xm (the

Disk
Target

Pinhole

0.53 /tm
Laser

Fig. 3-15. Arrays of two rows (separated by 200 /tm), each containing five pin­
holes (separated by 100 /tm), on gold substrates were used for harmonic distor­
tion measurements. The even-numbered pinholes, at the bottom in the figure, 
correspond to pinholes along the laser-axial row. Pinholes 1 and 2 lie behind 
the target, pinholes 3 through 10 lie in front of the target. The arrays were 
imaged onto a plane perpendicular to the target planes.

1988 KMSF Annual Technical Report 117



LASER AND PLASMA INTERACTIONS

apparent thickness of the target, about 50 is larger than the 
actual thickness, 22 /xm, because of imperfect target rotation 
and target curvature). The exact details of the positioning vary 
from shot to shot, as seen in Fig. 3-16.

As expected, for small irradiation spots and early probe pulse 
times (for example, shot 8919, 200 ^m, 200 ps, Fig. 3-16), dis­
tortion of the resulting image of the pinhole array is undetect­
able. The most noticeable difference between the shot and 
preshot images is the apparent reduction in intensity and size in 
the point (pinhole) sources. This effect is greater for the axial 
pinhole row (the lower of the two rows in Fig. 3-16a). However, 
the fact that this attenuation is seen both in front and in back of 
the target and does not significantly change for the pinholes far­
thest from the target surface leads us to believe that this is nei-
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Fig. 3-16. Logarithmic contours of film density are shown for two shots: (a) and (b) for shot 8919, (c) and (d) for shot 8921. 
Contours (b) and (d) are exposures taken before laser irradiation of the disk target, while (a) and (c) are taken as the plasma 
expands. Distortion of the pinhole images in (d) is indicative of refractive effects.
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ther a refractive nor absorptive effect. Similar results were seen 
for shot 8920 (no shot data were obtained for shot 8918).

For a large spot size and late probe pulse time (shot 8921,
400 ptm, 1200 ps, Fig. 3-16), refractive distortion of the image is 
readily apparent. For shot 8921, one sees that p4 is absent, and 
that p3 and p6 have apparent positions about 45 and 15 /xm 
down the density gradient from their preshot positions. Also, p7 
and p8 show significant distortions relative to their preshot fidu- 
cials. This shows that, as expected, refractive induced image dis­
tortion is worse along the laser focal axis (even p’s, where the 
density is higher and the ray optical path is longest) than on the 
wings of the irradiation spot (odd p’s). In particular, for perfect 
alignment of the array (even p’s exactly on axis and odd p’s on 
the wing), the apparent displacements of the pinhole images 
should be along +z for axial positions and along both f and z 
for wing positions. This signature is indeed seen in shot 8921 for 
pinholes p3 and p6.

Raytrace calculations in two dimensions were performed in an 
attempt to corroborate these experimental observations. The 
density profile was assumed to be cylindrically symmetric with a 
solid density in the z = 0 plane which decayed along z (exponen­
tially) and r (Gaussian with the 1/e points falling at the nominal 
diameter of the laser focal spot) and all rays were confined to 
the plane passing through the z-axis. The axial scale length was 
chosen to give a 0.53 /xm critical surface position in space and 
time that agreed with LASNEX modeling. Because this calcula­
tion does not take into account profile steepening above quarter- 
critical, it to some extent provides a lower bound on the ray 
refraction angles (which would presumably be larger in a real 
disk plasma due to the sustained density for positions farther 
from the target than the quarter-critical surface). This com­
bined modeling predicts critical surfaces for 0.26 /xm light at 
about 10 /xm at 200 ps and at about 25 /xm at 1200 ps, with axial 
scale lengths of 6 /xm and 14 /xm, respectively.

A crude estimate of the effects of refraction can be made by 
assuming that image degradation occurs when a ray, normally 
incident on the plasma with respect to the laser axis, is refracted 
out of the acceptance cone of the f/2 collection optic (for 8 > 
14°). Rays refracted out of this acceptance cone are unable to 
contribute to the recorded image. Parameters for three shots and 
their resulting calculated scatter angles (for a ray initially inci­
dent along — f at z = 50 /xm) were as follows:

Shot No. Spot Size Probe Delay Scatter Angle

8919 200 /xm 200 ps
8920 200 /xm 600 ps
8921 400 /xm 1200 ps

1°

10°

16°

These scatter angles, which obviously become more severe for 
rays initially closer to the plane of the target surface, are in 
qualitative agreement with the data based on the simple image 
distortion criteria above: The image from shot 8919 is free of
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displacements or distortions, while the image for shot 8921 quite 
clearly shows both. Although the image for shot 8920 is an 
intermediate case, no detectable refractive distortions were 
evident.

Of more specific interest is how refraction will affect 2co and 
3/2 co emissions. The densities at which these emissions are 
born, expressed as fractions of their respective critical densities, 
are quarter-critical for 2oo and ninth-critical for 3/2 co. Some 
idea of the severity of refractive distortion of the source images 
for these emissions can be gained by comparing the quality of 
the pinhole images at points along the profile that correspond 
to the same fractions of critical density for the 0.26 fim probe 
light. Based on the simple exponential fit, quarter- and ninth- 
critical occur at z = 45 jun and z = 55 fim, well within the region 
where refractive effects are observed. Clearly, within the accu­
racy of this comparison, image distortion of 2co and 3/2 a> emis­
sion sources may be severe.

We again note that, owing to profile steepening between the 
critical and quarter-critical density surfaces, the results above 
probably underestimate refractive effects because the assumed 
exponential profile falls more rapidly with z than we can reason­
ably expect. While we can expect the situation to be worse for 
even larger spot sizes than in shot 8921, in practice we image 
sources that do not depend on light having to propagate into as 
well as out of the plasma (since the source is embedded in the 
plasma). Thus, in this respect, these results tend to overestimate 
distortions.

Summary. A simple experiment was performed in an attempt 
to assess the extent to which refractive image distortion can be 
predicted and understood in situations where harmonic emis­
sions can provide information useful in the characterization of 
laser-produced plasma density profiles. The data, in the form of 
0.26 fim light images of a well defined spatial structure (pinhole 
array), exhibit the expected qualitative features in the limits of 
large and small plasma dimensions. Future work will aim to 
check parameters with 0.35 fim irradiation and to investigate the 
possibility of making use of refractive distortions as a density 
profile diagnostic.

For additional information, please contact Dr. C. Darrow 
(LLNL) or Dr. E. F. Gabl (KMSF)

3.1.3 Backlighter Analysis

X radiography provides information about high-density, high- 
opacity plasmas that can be obtained no other way. For this rea­
son, experimental work has been performed to develop and 
implement x radiographic measurement techniques. In an earlier 
article, an experimental series devoted to point-source flash 
backlighter development was described;8 in this article further 
analysis of data from that series is presented in addition to 
recent advances.
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The previous series investigated the feasibility of a point x-ray 
backlighter source. Prior to the series, backlighter measurements 
at KMSF had been done with extended sources. A comparison 
of the two techniques is shown in Fig. 3-17. Advantages of the 
point source include simplicity of alignment and accessibility to 
higher x-ray probe energies (since the laser can be focused to 
higher intensities); disadvantages include degraded signal-to- 
noise ratio and poorer spatial resolution at high magnification.
A point source can be made two ways—the x-ray emitting region 
can be limited either by the size of the target or by the size of 
the laser focal spot. This series used target-limited sources, while 
a future one will investigate laser-spot-limited ones.

Experiment. The experiment was performed using the Chroma 
laser, operated with green light (0.53 pm wavelength). During 
the series, data were obtained for two different pulse lengths —
35 and 110 ps. At the 35 ps pulse length, an//l.4 optic was 
used to form a spot size at best focus of 30 pm, which produced 
a peak intensity of 3 X 1016 W/cm2. At the 110 ps pulse length, 
using an f/3.5 optic, a spot size of 40 pm gave a peak intensity 
of about 1016 W/cm2. Equivalent-plane images of the spot at 
best focus indicated that the spot size was dominated by the 
laser divergence. For all shots the laser was operated at best 
focus.

A number of different target types and materials were evalu­
ated. Because the laser spot size was not sufficiently small, the 
x-ray source had to be delimited by the size of the target. To 
obtain a small source, wires, coated fibers, and particles 
(mounted on carbon fibers) were used. Two examples of particle 
targets are shown in Fig. 3-18. For targets made of wires and 
fibers, although a section whose length was determined by the 
laser spot size was illuminated, the effective x-ray source size

X-ray
Optic
(pinhole)

Source

Source

Fig. 3-17. Two techniques are used for producing x-ray backlighter sources. 
One technique yields a point source (a), while the other yields an extended or 
broad source (b). Broad-source backlighting requires an x-ray imaging optic.
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Fig. 3-18. Backlighter targets are formed from specific materials mounted on 
carbon fibers. A bismuth nugget (a) and a titanuim nugget (b) are shown here.

was reduced since it was viewed end-on; that is, looking down 
the axis of the fiber. Gold wires were irradiated, as were Csl-, 
gold-, and silver-coated carbon and glass fibers. In general, the 
carbon fibers were straighter than the glass ones. Appropriately 
sized particles were found in commercially available titanium 
and bismuth powders and mounted on carbon fibers with low-Z 
epoxy. Flakes of silver paint were also selected and mounted in 
the same way. Disks of titanuim, yttrium, and silver were shot 
for comparison to previous experimental work.

A variety of diagnostic instruments were used to determine 
the emission characteristics of the x-ray source. A Fresnel zone 
plate was used as a resolution grid to determine the effective size 
of the source, with images recorded on x-ray film. An x-ray 
streak camera measured the duration of the x-ray flash, while 
PIN diodes measured the x-ray yield. X-ray spectra were 
obtained with a time-integrating PET Bragg crystal spectro­
graph. The incident laser pulse length was measured with an 
optical streak camera and the energy on target with an optical 
calorimeter.

Results. X-ray source parameters were found to depend on 
laser pulse duration and target type. In the discussion that fol­
lows, the laser intensity on target was nominally 1.5 ± 0.5 x 
1016 W/cm2. We focused on determining the x-ray flash dura­
tion, apparent source size, conversion efficiency, and source 
reproducibility. In all cases the x-ray emission of interest lies in 
the band between 2 to 4 keY. For gold and bismuth targets, this 
corresponds to the M-band, while for silver and Csl it corre­
sponds to L-band emission.

The duration of the x-ray flash was found to vary linearly 
with the laser pulse length. This dependence for a number of 
shots is shown in Fig. 3-19. The data indicate that the x-ray 
flash duration should continue to decrease as the laser pulse 
length is decreased below 35 ps.

The x-ray source size does not decrease linearly with target 
size, however. Shown in Fig. 3-20 are the data points and both a
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Fig. 3-19. The duration of the x-ray pulse varies linearly with the duration of 
the laser pulse.

o Ag-coated C fiber 
• Ag nugget 
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10
TARGET SIZE (^m)

Fig. 3-20. The x-ray source size decreases linearly with target size down to 
about 10 pm. The smallest source size obtained was 7 pm for a 5 pm target. A 
quadrature fit to the data is also shown.

linear (dashed) and a quadrature (solid) relationship. Quadrature 
relationship was found by solving for the parameter A in

x-ray source size = \j A2 + (target size)2 .

The fit indicated a A of 6.7 which would correspond 
physically to the finite plasma size necessary for good laser
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light absorption to occur. The bismuth nugget points were not 
included in the fit because they had irregular surface features. 
These data indicate that the x-ray source size cannot be de­
creased indefinitely, and that there is a minimum size.

We found x-ray conversion efficiency to depend on target type 
and laser pulse duration. The data for silver/palladium disks 
and fibers are shown in Fig. 3-21. For both types of targets, 
efficiency drops with laser pulse length, indicating that some 
minimum amount of laser energy is required to produce the 
optimum plasma conditions for x-ray production. Also, the 
larger targets exhibit a much higher conversion efficiency, which 
may be due to the fact that the plasma expansion is different in 
the two cases.

With respect to source reproducibility, we found that repro­
ducibility dropped with increasing target area. This is shown in 
Fig. 3-22. This effect could be the result of two causes. First, the 
plasma coming from the target could be passing through high- 
and low-intensity regions of the laser beam. Second, alignment 
is more difficult for the smaller targets, and uncertainties in this 
area could play a role as well.

Conclusion. Results of this experimental series indicate that 
point x-ray backlighter sources can be produced. In the next 
series we will investigate laser-spot-limited backlighter sources. 
To do this we will implement an //l optic that should produce 
focal spots of about 10 /xm diameter. Thus we will be operating 
at a higher laser intensity (approaching 1017 W/cm2). Using a 
laser-spot-limited source, as opposed to a target-limited one, we 
hope to increase the x-ray conversion efficiency and improve the 
reproducibility.
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Fig. 3-21. X-ray efficiency decreases with laser pulse duration. Disk targets 
with larger masses probably create a plasma with density and temperature dis­
tributions more favorable for efficient x-ray production. (• from D. W. Phil­
lion and C. J. Hailey, Phys. Rev. A 34 (1986), p. 4886.)
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Fig. 3-22. The fluctuations of target efficiency decrease with target area.

For additional information, please contact Dr. B. H. Failor

3.1.4 Time- and Space-Resolved Dot Spectroscopic 
Characterization of Laser-Produced Plasmas

The determination of electron densities and temperatures of 
hot, dense plasmas using spectral line ratios can differ by large 
factors depending upon the assumptions used in the atomic 
physics model employed in interpreting the line ratio measure­
ments.9 Moreover, transient and nonuniform plasma distribu­
tions may contribute to ambiguous interpretations of available 
data. Using dot target irradiation techniques10 in conjunction 
with new time- and space-resolved diagnostics, we have 
reported11 previously on temperatures and densities determined 
by standard line intensity ratio techniques and compared them 
to independent temperature and density measuring methods, 
thus allowing us to make clear tests of theoretical atomic models 
upon which the line ratio methods are based.12

In this report we present an update of our analysis and inter­
pretation of the K-shell line ratio data and apply it to developing 
diagnostic techniques of L-shell spectra.

The Laser/Target Experiments. The Chroma laser facility at 
KMSF was used to irradiate dot targets of aluminum and mag­
nesium and high-Z (bromine, molybdenum, and silver) dots 
doped with K-shell emitters. They were irradiated with 10 to 
100 J of 0.53 jiun light in a 1 ns pulse. An f/2.5 lens was used 
to focus the laser beam on the target to a diameter of 250 fim, 
resulting in irradiances of 1013 to 1014 W/cm2.

Simultaneously time- and space-resolved K-shell and L-shell 
spectra were measured and compared to dynamic model predic­
tions. The electron temperatures were determined from the slope
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of the hydrogen-like free/bound continuum and the electron 
densities were measured using holographic interferometry. Tem­
poral and spatial gradients were resolved simultaneously using 
three diagnostics: a framing crystal x-ray spectrometer 
(FCXS)13,14, an x-ray streaked crystal spectrometer (XSCS) with 
a spatial imaging slit, and the four-frame holographic inter­
ferometer.

Using both the FCXS and XSCS instruments, the plasma elec­
tron temperatures were mapped out in space and time from the 
slope of the hydrogen-like ion continuum15 and from spectral 
line ratios. An example of the hydrogen-like free/bound- 
continuum temperature measurements of a 100 fim diameter alu­
minum dot target at 1 x 1014 W/cm2, with a 1 ns stacked laser 
pulse, using FCXS data, is shown in Fig. 3-23. The line ratios 
(of aluminum and magnesium) included the helium-like ls2(1S)- 
IsSp^P) to hydrogen-like ls-3p line ratio and also the hydrogen­
like ls-2p to helium-like ls2p(1P)-2p2(lD) dielectronic satellite 
line ratio. Using a steady state (CRE) atomic modeling code 
RATION/RATSHOW/SPECTRE16 (RRS), assuming an opti­
cally thin plasma, yielded dramatic differences in the tempera­
ture profiles, both in amplitude and shape, between the 
continuum slope and line ratio measurements. These compari­
sons have been presented in previous papers in a preliminary 
analysis of the data.14,17 The influence of opacity data as they 
affect the line ratio code results, and their comparison to the 
free/bound-continuum measurements, will be presented in a 
later paper.

+ 730 ps

+ 950 ps

+ 1950 ps

+ 1450 ps

400 600
DISTANCE (fim)

Fig. 3-23. Hydrogen-like free/bound continuum temperature measurements 
from FCXS data show the temperature evolution of the plasma in space and 
time. The aluminum dot target with a diameter of 100 /tm was irradiated with 
1 x 1014 W/cm2 of 0.53 /tm laser light in a 1 ns stacked pulse. Each framing 
interval was 250 ps and the effective plasma column width was assumed to be 
50 /tm.
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Electron density profiles measured using holographic inter­
ferometry were compared to densities determined spectroscop­
ically. The spectroscopic density measurements were obtained 
via the helium-like ls2(1S)-ls3p(1P) to the ls2(1S)-ls2p(3P) inter­
combination (IC) line ratio,18 again using the (RRS) model. In 
Fig. 3-24, for a 100 jam aluminum dot target at 1 x 1014 
W/cm2, with a laser pulse of 1 ns, we compare density profiles 
obtained four ways: (1) via holographic interferometry; (2) via 
the LASNEX hydrodynamics code; and by applying the RRS 
code in (3) optically thin and (4) optically thick mode to the alu­
minum He^/IC line ratio.

The profile obtained using the LASNEX code agrees excep­
tionally well with the interferometrically determined profile at 
1457 ps, and reasonably well with the profile at 1657 ps. How­
ever, for the Hea/IC ratio measurement using the RRS code, 
the optically thin case disagrees dramatically with the interfero­
metric measurement. Only when the RRS code is used in the 
optically thick mode and the effective diameter of the plasma 
plume is assumed to be 50 fim does the Hea/IC line ratio agree 
with the interferometric profile.

L-Shell Spectroscopy. In the interest of developing diagnostic 
techniques of L-shell spectra, we have investigated the use of 
K-shell diagnostics for determining plasma conditions in which 
L-shell lines occur simultaneously with K-shell lines. We have 
therefore developed targets containing elements which, under 
appropriate irradiation conditions, simultaneously produce 
K-shell spectra of one of the elements and L-shell spectra of the

a 1457 ps 
♦ 1657 ps 
o 1450 ps-thin 
O1450 ps-thick

Holographic
Interferometry

LASNEX

400 600
DISTANCE (fim)

Fig. 3-24. Good agreement was found between the electron density profiles 
obtained via holographic interferometry, the LASNEX hydrodynamic code, 
and by applying the RATION/RATSHOW/SPECTRE code to optically thick 
aluminum He„/IC line ratios. Modeling of an optically thin plasma shows 
exceptional disagreement with the experiment, however.
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other element. The element pairs we have used include magne­
sium with bromine, magnesium with molybdenum, and sodium 
with silver. Comparisons are made of electron densities derived 
from holographic interferometry with density-sensitive line ratio 
measurements of K-shell and L-shell lines as predicted by one or 
more atomic model codes.

A variety of L-shell diagnostic models and techniques for the 
element pairs tested are being examined and compared to K-shell 
measurements and will be reported in later publications. We 
report here on the comparison of experimentally measured 
density-sensitive L-shell transitions of bromine, as represented 
by an atomic model, with measurements obtained inter- 
ferometrically. The density-sensitive intensity pattern of the 
neon-like bromine lines that dominate these spectra is due to the 
existence of higher-lying metastable levels. These metastable lev­
els are also responsible for the population inversion that leads to 
lasing in neon-like ions. At low densities these states decay by 
radiative cascades contributing largely to the intensities of the 
two lowest-energy (3s-2p) bromine transitions. But as the elec­
tron density is increased, transitions due to electron collisions 
dominate the decay of these excited levels and a smaller fraction 
end up contributing to the intensity of the 3s-2p transitions. A 
simplified atomic model of the neon-like bromine ion, which 
includes the lowest 37 states but ignores other charge states, 
reproduces this behavior qualitatively. The atomic model predic­
tions can be checked experimentally via line ratio measurements. 
Previous time-integrated measurements were in good agreement 
with the model.19 However, as illustrated in Fig. 3-25, the quan­
titative comparison of the electron density profile predicted by 
the model using the density-sensitive (3s-2p)/(3d-2p) and (3s-2p)/

a 450 ps
° 840 ps
a 1230 ps

v 450 ps ) 3s-2p
o 840 ps ) 3p-2s

50 100 150 200 250 300 350 400 500
DISTANCE FROM TARGET 0*m)

Fig. 3-25. Model electron densities obtained from experimental line ratios of 
neon-like bromine resonance lines are compared with the time- and space- 
resolved densities determined from holographic interferometry. The model 
considers radiative and electron collision processes among the lowest 37 states 
of neon-like bromine.
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(3p-2s) line ratios, with the time- and space-resolved holographic 
interferometric measurements, reveals the shortcomings of the 
atomic model.

It has been noted20 that the simple model discussed above not 
only ignores other than the 37 charge states but also leaves out 
contributions to the excited state populations from dielectronic 
recombination and inner-shell ionization. These processes can 
lead to significantly different line intensities for the neon-like 
resonance lines being modeled. A calculation incorporating these 
processes has been used to fit the resonance lines in our data.21 
The resultant model electron density is compared with the inter- 
ferometrically measured profile in Fig. 3-26. The results for the 
earliest time frame are somewhat in agreement with the inter­
ferometric data; however, the trend with time does not match 
the experiment and further work is needed on the model.

The bromine dot/CH plasma has also been simulated using 
the LASNEX code. A comparison of the electron density calcu­
lated on the basis of initial laser irradiance with the electron 
density measured via holographic interferometry is shown in 
Fig. 3-27 as a function of space and time. As in the K-shell 
(only) experimental measurements, the measured profiles are 
mimicked by the LASNEX simulations reasonably well, even 
though, in general, the simulations are slightly steeper than the 
measured profiles. The LASNEX simulation was also used as 
input to XRASER to give a detailed picture of the x-ray emis­
sion spectra. A comparison of the calculated and measured spec­
tra is shown in Fig. 3-28. Contributions to the spectrum from 
magnesium ions are not included in the calculation. The calcula­
tion does confirm the dominance of the emission of neon- and 
sodium-like bromine ions. Again some important details are not

• Holographic 
Interferometry 457 ps

■ Model 450-700 ps
♦ Model 840-1090 ps

50 100 150
DISTANCE FROM TARGET (Mm)

>o
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OJD
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CDz0
o
E0

$
q

Fig. 3-26. Model electron densities from line ratios, considering ionization 
and recombination on neighboring charge states in addition to the radiative 
and collisional rates of the simple model, are compared with the electron den­
sities determined from interferometric measurements.
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Fig. 3-27. Electron densities derived from LASNEX simulations of a laser shot 
on a bromine-containing target compare well with those from interferometric 
measurements. The agreement between simulation and measurement at the 
high densities is poorer for a variety of reasons.

LASNEX/XRASERNe-like
Na-like

WAVELENGTH (A)

Fig. 3-28. Time- and space-resolved x-ray line intensities observed experimen­
tally are compared with a LASNEX/XRASER simulated spectrum for a time 
window from 850 to 1090 ps into the pulse and a spatial extent of 59 to 
118 pm off the target surface.

evident in the calculation, which is in a preliminary stage. The 
experimental spectrum shows evidence of a small fluorine-like 
component. In addition the relative intensities of the neon-like 
resonance lines are not reproduced. Such discrepancies are prob­
ably due to errors in the ionization balance predicted by 
LASNEX.

Summary. Space- and time-resolved K-shell spectra have been 
recorded simultaneously for the first time from laser-irradiated
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LASER AND PLASMA INTERACTIONS

dot targets. Spectral line ratio techniques for determining elec­
tron temperature and density compared to non-line ratio tech­
niques have been found to exhibit large differences. These 
differences are mitigated, in part, by including opacity in the 
simulation codes, which assume steady-state conditions. Newer 
nonstationary atomic model simulation codes that include 
recombination and ionization are currently being developed and 
will be applied to our measurements.

L-shell comparisons of the time- and space-resolved data with 
atomic and hydrodynamic simulation, though preliminary, is 
promising. Systematic discrepancies between the data and the 
simulations suggest improvements in the atomic data or calcula- 
tional procedures used to model the plasma and further our 
understanding of the important atomic processes in these 
plasmas.

For additional information, please contact Dr. G. Charatis
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SECTION 3.2

Development of Diagnostic Instruments

RESOLUTION fom)

Fig. 3-29. The x-ray framing camera has a 
spatial resolution of about 20 /ini. The 
measured (7max - Imi„)/Imax values are 
shown for a variety of resolution test pat­
terns.

2000 3000 4000
PHOSPHOR VOLTAGE

Fig. 3-30. The camera’s resolution is also 
a function of the applied phosphor gap 
voltage.

3.2.1 Development of X-ray Diagnostic Instruments and 
Calibration Facility

KMS Fusion has built an array of x-ray diagnostic instru­
ments including a microchannel-plate (MCP) based framing 
camera, a soft x-ray diode array, and a crystal spectrograph. 
These instruments have been used in a number of laser/target 
interaction studies, expanding our diagnostic capabilities. In 
addition, we have completed various crystal calibrations for 
both our own use and for other ICF program participants such 
as Los Alamos National Laboratory (LANL). These calibration 
were done on our x-ray calibration facility (XCALIBR I).

X-ray Framing Camera and Spectrograph. The x-ray framing 
camera is a strip-line gated intensifier incorporating a custom- 
designed MCP built into a microwave circuit for fast pulsing. It 
is mounted above a phosphor-coated fiberoptic faceplate. A 
high-voltage source provides a pulse of 1 kV with a 150 ps effec­
tive full width at half maximum (FWHM) into each strip line. 
Each strip is gated successively with the proper delay lines, pro­
viding a series of frames on the film that reveal the time history 
of the x-ray signal or sequential two-dimensional images. Both 
one-dimensional time-resolved spectral images on multiple strips 
and a sequence of two-dimensional image snapshots on separate 
strip lines have been obtained. The gold coating on the MCP 
acts both as a photocathode and as the electrical conductor.
Csl is sometimes used as an overcoat to the gold to enhance the 
photoconversion efficiency. Both four- and seven-frame cameras 
have been developed. The phosphor converts the electrons to 
visible light and the fiberoptic faceplate channels the light to a 
removable film cartridge or charge-coupled device (CCD) 
camera.

The spatial resolution of the intensifier was measured with a 
U.S. Air Force resolution test target placed in front of the MCP. 
The film density was converted to exposure and the spatial reso­
lution was defined using the Rayleigh criterion for minimum 
resolution from (/max - Imm)/Imax, where /max is the intensity 
maximum and /min is the intensity minimum (over background) 
between the resolving lines. A plot of the (/max — 4nin)/^max val­
ues versus resolution from the test patterns is shown in Fig. 3-29. 
Using a cut-off at 20% for the Rayleigh criterion, one obtains a 
resolution of better than 50 ^m.

The spatial resolution of these proximity-focused instruments 
is usually determined by the electron energy spread out of the 
MCP. Figure 3-30 is a plot of resolution as a function of phos­
phor gap voltage, showing an inverse square root dependence.
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A spectrograph developed at KMSF is a wavelength-dispersive 
instrument that uses a Bragg reflecting crystal coupled to the 
x-ray framing camera. Low-energy x-ray spectroscopy with crys­
tals and multilayers has been applied to relatively fast, high- 
efficiency spectral analysis of constant and pulsed sources. The 
dispersive element and the intensified camera are combined 
together into a single light- and vacuum-tight unit. Various 
reflecting crystals have been used, including KAP, PET, and 
layered synthetic microstructures.

The instruments constructed were demonstrated in experi­
ments performed on the Chroma laser at KMSF in which 
— 130 J of 0.53 ixm laser light 1 ns long was incident on a gold 
disk target. The spectrograph was set up to look at the sub-keY 
(12 to 38 A) region with 150 ps windows and 350 ps spacing 
between frames (strip lines). Only three strips were required to 
span the duration of the laser pulse. The x-ray spectrum in this 
region is a continuum, and is seen only when the laser pulse is 
on. Figure 3-31 is a digitized example of such a result.

X-ray Calibrations. XCALIBR I provides us with the capabil­
ity to measure crystal integrated reflectivities. This is an impor­
tant tool for proper characterization and calibration of x-ray 
instruments used in ICF experiments. Crystal reflectivity calibra­
tions were performed for LANL and KMSF, and included two 
large-format (1 in. x 2 in.) PET crystals, one small-format PET 
(0.5 in. x 2 in.) crystal, and one RAP crystal, also in the smaller 
format. The large-format PET will be referred to as the “large 
PET,” the small-format PET as “small PET,” and the small- 
format RAP as “RAP.”

500
TIME (ps)

Fig. 3-31. This digitized sample of soft x-ray pulsed data was derived from an 
experiment in which —130 J of 0.53 /tin laser light 1 ns long was incident on a 
gold disk target. Only three strips were required to span the duration of the 
laser pulse.
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Each of these crystals was calibrated at three energy points: 
Si-K« at 1740 eV, Ag-La at 2984 eV, and Ca-Ka at 3690 eV. The 
results of the calibration are found in Table 3-2. These values 
are typical for Bragg crystals of this type; theoretical values and 
measurements of rocking curves of other crystals fall in this 
same region of Rc — 10-4 to 10~5.

The integrated reflectivity was measured using a 0 to 20 table, 
a Manson x-ray source in XCALIBR I, and a single-wire pro­
portional counter. Both the incident and diffracted energies were 
then measured; as discussed in Ref. 22, this arrangement 
allowed us to calculate the reflectivity without factoring in the 
efficiency of the proportional counter.

Table 3-2. Rocking Curve Calibrations for Selected Crystals

m + i e Rc (radians) cElemental Energy c v 7 Error
Line (keV) Large PET Small PET RAP (%)

Si-Ka 1.740 1.15 X 10"4 6.54 X 10"5 6.62 x 10“5 ± 15
Ag-La 2.984 2.95 x ID"4 1.32 x 10~4 8.96 X 10~5 ± 20
Ca-K« 3.690 5.30 X 10“4 2.72 x 10“4 1.70 x 10“4 ± 15

For additional information, please contact Dr. Z. M. Koenig

3.2.2 Digital Imaging for ICF Diagnostics

KMS Fusion has been pursuing methods to replace photo­
graphic film in many of its ICF diagnostic instruments. This 
effort has been very successful to date in streamlining our image 
data collection and improving data reliability, while reducing 
manpower costs.

KMS Fusion has developed a video data acquisition system 
(VDAS). It is a multi-channel, real-time digitizing system based 
on the IBM® PC/AT microcomputer platform (see Figs. 3-32 
and 3-33). The low cost and expansion capability of VDAS have 
encouraged us to produce several identical systems, each of 
which currently accepts three video inputs. The computer syn­
chronizes video frame acquisition with the firing of the Chroma 
laser and transfers the digitized video frames to the VAX com­
puter over Ethernet® links.

The VDAS hardware design is based on commercially avail­
able video digitizers and CCD cameras with an extended integra­
tion feature. Software control of the video digitizers and CCD 
cameras allows a very simple method of synchronizing to pulsed 
events, yet retains maximum flexibility for accommodating new 
camera or digitizer technology.

A video source is, in general, asynchronous with respect to the 
firing of a laser pulse, so some method has to be used to syn­
chronize the two. We have developed a simple software method
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Monochrome Video Monitors

Printer Tape BackupPC Monitor

Video Copy

CCD Cameras

Camera
Control

Video MUXIBM PC/AT RGB Monitor

Video Signal

Keyboard

fusion

Green

IBM PC DOS 
Version 3.3 
C>

kms
fusion

IBM PC DOS 
Version 3.3 
C>

fusion
kms

fusion
inc.

Internal 
■ Hard Disk

Ethernet Link to VAX 8700

Fig. 3-32. The KMS video data acquisition system (VDAS) is configured for three video sources, RGB color display, and 
Ethernet connection. Other systems based on this technology are equally flexible.

Fig. 3-33. The VDAS workstation provides multiple video displays, local hard­
copy, and PC-based image analysis.
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that maximizes flexibility compared with hardware-only syn­
chronization methods. Since the frame grabber begins acquisi­
tion at the top of a frame, the VDAS control program must 
anticipate the laser pulse. Therefore, a pre-trigger signal is sup­
plied to the computer in the form of an optical or electrical 
pulse from the master control console. The VDAS software 
measures the passage of time after receiving the pre-trigger by 
polling a status register on the video digitizer. Using the video 
frame rate (as opposed to software timing loops) as the time 
base, the program times the integration period on the CCD and 
digitizes a single video frame at exactly the correct moment. 
Program timing is independent of processor speed; that is, the 
software need not be rewritten to run on a computer that uses a 
different CPU clock speed. We run identical VDAS software on 
an 8 MHz IBM® PC/AT and on 12 and 20 MHz PC/AT- 
compatibles without timing problems.

The VDAS software was written in C language under the 
Microsoft C compiler. We chose C because it generates fast 
executable code and allows close control of the PC hardware. 
The first consideration is important for attaining several system- 
design goals for VDAS. A primary goal of the design was over­
all simplicity. The critical timing tasks involved in implementing 
VDAS might have required assembly language subroutines had 
some other language been used. Not only would a two-language 
program have enlarged the burden of software support, but also 
would have had important implications for software portability, 
since assembly language is processor-specific.

Under software control, each video digitizer can acquire and 
store two complete video frames in on-board memory. Video 
data are initially stored on the PC’s local hard disk. Then, newly 
acquired data are backed up to a local streaming tape unit, and 
transferred to a VAX 8700 via Ethernet immediately following 
the experiment. DECnet DOS network software transparently 
converts the PC-DOS file format to VAX/VMS format, giving 
the scientific staff access to the digital image data within seconds 
of an experiment. Specialized analysis routines may then be 
applied to the digital image data by various investigators work­
ing in parallel.

The VDAS system is easily expanded, since each video source 
is connected to its own video digitizer within the IBM® PC/AT. 
Additional digitizers can be added until backplane space or 
power supply considerations become limiting. Currently, three 
video data channels can be accommodated in the IBM® version 
of the PC/AT. However, a large number of manufacturers pro­
duce PC/AT-compatible systems with greater add-in board 
capacities for even larger VDAS designs. The ready availability 
of inexpensive industry-standard microcomputer hardware pro­
vides dramatic cost savings over CAMAC- or minicomputer- 
based systems, with no compromise in performance levels. 
Indeed, PC/AT-compatibles based on the Intel 80386 micropro­
cessor approach or surpass the performance levels of a micro- 
VAX minicomputer at less than 20% of the cost.

136 1988 KMSF Annual Technical Report



LASER AND PLASMA INTERACTIONS

The VDAS system has been successfully applied to optical 
streak recording, equivalent plane imaging, and near-infrared 
spectroscopy in the 1 to 2 /im spectral region. Future applica­
tions include x-ray streak and x-ray framing camera imaging and 
optical interferometry.

We currently operate several types of solid-state and tube-type 
video cameras in the ICF experiments area. Two MCP intensi­
fied CCD cameras are being used to image optical streak 
cameras. Unintensified CCDs are in use on the Chroma 
equivalent-plane beam profile diagnostic. These cameras offer 
roughly 400 horizontal x 500 vertical pixel resolution with 
12 /zm x 18 jxm pixel dimensions. The resolution and dynamic 
range of these devices is well suited to our current applications, 
but we plan to incorporate megapixel-class (1000 x 1000, 7 ^m 
square pixel) cameras and digitizers, and optical disk storage for 
the more demanding requirements inherent in reconstructing 
holographic interferograms.

For additional information, please contact Dr. K. L. Marsh
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SECTION 3.3

Theoretical Plasma Pin sics

In inertial confinement fusion (ICF), lasers are used because 
they are high-powered, monochromatic, coherent sources of 
radiation that can deliver energy in a short time to a small vol­
ume of plasma. In part because of their coherence, they 
have drive instabilities that can reflect a large fraction of their 
energy. However, lasers are naturally more coherent than is nec­
essary for the diffraction spot size to be less than the target 
diameter. Thus, deliberate introduction of incoherence is one 
design option we are studying to reduce the deleterious effects 
of laser plasma instabilities.

3.3.1 Modeling of Induced Spatial Incoherence

Induced spatial incoherence23 (ISI) is a promising technique 
under consideration to smooth the spatially nonuniform inten­
sity distribution of high-power laser beams. Some such tech­
nique or improvement in laser technology is needed to achieve 
the uniformity that direct-drive ICF targets require to avoid 
Rayleigh-Taylor instabilities. A potential benefit may also result 
if the incoherence increases the intensity threshold for which 
laser plasma instabilities, such as stimulated Raman scattering 
(SRS), become a threat to ICF. Experiments at the Naval 
Research Laboratory (NRL) have shown a reduction in the scat­
tered light amplitude when ISI is used with their laser.23,24 We 
have also developed theoretical models that show how sufficient 
temporal or spatial incoherence can affect parametric instabili­
ties, of which SRS is an example.

Our previous theoretical work in homogeneous or inhomoge­
neous plasma was essentially one-dimensional.25 For a homoge­
neous plasma including damping, we find the dispersion relation 
for a parametric instability is given by

(y + J'iHt + P2 + Aco + |A/c-v2|) = To > (1)

where 7 is the growth rate, iq and v2 are the natural damping 
rates, Aco is the laser bandwidth, and | Ak-v2|, the effective spa­
tial bandwidth, is the magnitude of the inner product of the 
group velocity and the inverse of the spatial coherence length. 
Applying this result to ISI laser beams, we conclude that thresh­
old for instability (7 = 0) will be lowest when | Ak-v2| is a mini­
mum. In an isotropic medium, where the group velocity v points 
in the direction of the wavevector ic, the minimum occurs for 
backscatter because the coherence length along the direction of
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propagation of the laser beam is much larger than perpendicular 
to that direction, i.e. Akx < Ak^. However the coupled mode 
equations are not strictly valid if vy = Q and Ak =£ 0 because the 
spatial nonuniformity of the laser will induce spatial variation in 
the unstable modes perpendicular to the laser propagation 
direction.

We can account for this transverse variation by including 
diffractive effects in the equations, i.e.,

and

( d 3 ic2 d2
[at + v'* Tx + ^ ~ 2^, d? A l — 70^2

d 3 . -1 d2 \dt + V2xto + l*-'a dp)A2-7°Al

(2)

(3)

Here c is the speed of light and 70 is the coupling strength that 
depends on x, y, and t. Equation (2) describes the backscattered 
light wave of frequency oj and group velocity v{x along the laser 
propagation direction (taken to be the x-axis). Equation (3) 
describes the propagation of the associated longitudinal plasma 
wave. The constant a depends on the dispersion characteristics: 
For a Langmuir wave, a = lo^/By2 i for an ion acoustic wave, 
a = 2co2/Cs2, where vs is the electron thermal velocity and Cs is 
the ion sound speed.

A formal solution for Eq. (3) is given by

X exp[-F2(f - O - ia{y - y')2/(t - f)}

X F[x — v2(t — t'), y', t'} , (4)

where

F{x,y,t) =^l{x,y,t)Ax{x,y,t) . (5)

We substitute Eq. (4) in Eq. (2) and use the Bourret approxima­
tion that

<7o(x,f)7o(x/,f,)A1(x',f,)>

= 7o(x,07o(x,,T)><A1(x,,f)> (6)

= 7<?r(x - x', f - T)<^i(x\?)> ,

where the brackets denote a statistical or ensemble average. If 
the effective correlation time (which we subsequently define 
explicitly) is short compared to the growth rate, the form of the 
correlation function E is unimportant. We assume for conve­
nience

r(x,f) = exp(—Ak,|x,| — Aw 0 . (7)
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Once these substitutions and assumptions are used in Eq. (2), a 
Fourier-Laplace transform in space and time of the result yields 
the dispersion relation,

/ . ic2ky\
zco + ikxVix + vi + 2^..j

[Z p+oo f00 dt
= 70eTl/4^- j dy )0 6XP[/(Wr _ kxv2x)t - ikyy

- h.ky\y\ - k&t — ioty2/t] , (8)

where the inverse of the effective correlation time is

Aco = ^ V2 I Vlx I » (9)

cor = Real co , (10)

and

7 = Im(oj) .

The integrals in Eq. (8) are readily performed, with the result 
that

^—/co + ikxV\x + v\
+

where

To
(fi^ +Aco^) 1/4

2Qe*i/4 
Q2 + kj/a2

(ID

/\ is
Q = — + 2(02 + AS2)174 exp(z^ + ztt/4) ,

T = ^ tan-1 (Q/Aco) ,

(12)

(13)

and

Q = kxv2 — cor . (14)

It is easy to show that Eq. (11) reduces to the one-dimensional 
result (as it must) if ky = Ak}, = T = 0 [compare to Eq. (1)].

Examination of Eq. (11) shows that the finite ky and 0 are 
stabilizing. Thus we choose & = ky = 0 and choose kx to satisfy 
the imaginary part of the dispersion relation. The threshold 
(7 - 0) is then determined by the relation,

70 = z'i Acoi?(Aco;/Aco) , (15)

R(x) =
1 + x + V2x

1 + ^[x72 ’
(16)

and

Aco-r = Aky/oc (17)

For these diffractive effects to be important, it is necessary 
that R » 1 since, for R = 1, the threshold given in Eq. (16) is
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the same as the one-dimensional result in Eq. (1). A twofold 
increase in threshold occurs for AcoT = AcS. We look at the case 
of an ISI beam with narrow bandwidth where Akx\v2\ > Aw and 
Akx = AKy/2k0, with k() = co0/c. We conclude that diffractive 
effects yield a twofold or more increase in threshold if 2k0 > 
<x\v2x\. We choose SRS as an example where v2x =
(k0 + ||) (3 vl/<x>2) and a = 2w2/3t;e and find that this 
inequality cannot be satisfied.

These calculations show that our previous results25 that 
neglected diffractive effects were valid and included the most 
important statistical fluctuations, i.e., those along the direction 
of propagation. However those and the present theoretical 
results involved the response to random variations in the overall 
phase of the pump in space and time. We have seen in our 
numerical simulations that intensity variations are also present 
in ISI laser beams and these variations dominate the response if 
the effective bandwidth Aw is smaller than y0, the spatially and 
temporally averaged growth rate. The inherent difficulty, of 
course, with studying interactions with Aw < y0 is that there are 
large fluctuations in the growth rate about the mean calculated 
from a statistical average. Thus the average is misleading and 
difficult to compute numerically (since a large number of cases 
must be studied). As we stated in our previous reports,25 the 
experiments did not in fact have sufficient effective bandwidth 
according to the theoretical result [Eq. (1)] to suppress SRS. 
Thus, we speculate that the beneficial effects of ISI that were 
observed in experiments result from a reduction in the mean size 
and intensity of the hottest hot spots in the laser beam rather 
than any direct effect due to a stochastically varying phase. We 
anticipate presenting results on this latter problem in the near 
future.

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

3.3.2 Ultra-Strong Langmuir Turbulence in Open Systems

Intense Langmuir waves, produced in the corona of ICF tar­
gets by a number of instabilities, have long been recognized as a 
critical factor in determining target behavior and performance. 
Recent laser/plasma experiments26 confirm the importance of 
interactions between Langmuir waves from SRS and the ion 
acoustic waves from stimulated Brillouin scatter (SBS) in con­
trolling the evolution of these instabilities in the corona. Virtu­
ally all of the theoretical descriptions27-31 of the evolution of 
intense Langmuir waves interacting with ion density perturba­
tions, (i.e., strong Langmuir turbulence), can be cast in the form 
put forth by Zakharov27 more than fifteen years ago:

.dE a2E 
dt dx2

= nE

d^n _dhi_ _ d2\E\2 

dt2 dx2 dx2

(18)

(19)
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where E is the envelope of the electric field of the Langmuir 
wave and n is the ion density perturbation (in Zakharov units). 
These equations (the “Zakharov equations”) describe the cou­
pling of Langmuir waves to ion density perturbations and the 
evolution of ion density perturbations acted upon by the pon- 
deromotive force associated with the Langmuir waves. The 
behavior of the turbulence predicted by these equations is 
characterized by the formation of Langmuir solitons (nonlinear 
self-localized regions of enhanced electric field in associated den­
sity depressions). The solitons are unstable to catastrophic col­
lapse in multidimensional systems. As the solitons collapse their 
spatial extent tends toward zero and the associated electric field 
in the soliton becomes extremely intense. This collapse proceeds 
until the spatial extent of the soliton is only a few Debye lengths 
when strong wave-particle interactions dominate. At this point 
the energy in the trapped electric field is deposited in a popula­
tion of now-suprathermal electrons. Hence, this phenomenon of 
Langmuir collapse is a source of copious production of hot elec­
trons deleterious to target performance. This process is called 
“burn-out.”31 What remains of the remnant soliton is an ion 
density hole that can trap a pump field if present, thus acting 
as site for a new soliton to form, a process called nucleation.

The Zakharov model [Eqs. (18) and (19)] and those models 
derived from it28,29 incorporate several assumptions that limit 
their application to high intensities: low-frequency charge quasi­
neutrality, low wave intensity relative to thermal pressure, small 
density perturbations, and separation of time-scales (i.e., the 
electric field envelope evolves much more slowly than the high- 
frequency electron plasma oscillations). Yet the occurrence of 
the phenomena predicted by these models at small but finite 
amplitudes, localization and subsequent collapse, point to the 
breakdown of these same assumptions in the regime of interest. 
We have therefore proposed32"36 the use of full two-fluid plasma 
theory as a model for “ultra-strong Langmuir turbulence”:

—5 + V- (neVe) = 0 , dy
(20)

dt
ve + ve-Vve =

nPme VPe E -
me E0 PeV- (21)

17 + v-(fliVi) = 0 , (22)

V; + Vi-Vv; =-----— Va + — E + — E0 - J'iVi , (23)
dt nitrii mj mx

V-E = 47re(«i — ne) (24)

V/?e = Ye TeVne , 

VA = JiTiVrii ,

(25)

(26)
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where subscripts (e,i) denote variables of the electron and ion 
fluids, respectively. Here, for the first time, we include new 
terms in Eqs. (21) and (23) to model the inclusion of a pre­
scribed pump and damping mechanisms. This polytropic 
(separate electron and ion fluids) model contains none of the 
assumptions required to obtain the reduced Zakharov model and 
therefore is free from its inherent limitations. In its latest form, 
our model easily describes ultra-strong Langmuir turbulence in 
open systems as is more appropriate to real experimental condi­
tions.

We have previously designed and implemented a new com­
puter code (ESHYDRO) to solve Eqs. (20) through (26) for the 
evolution of electric fields and densities describing ultra-strong 
Langmuir turbulence.32-36 ESHYDRO has recently been modi­
fied to accommodate prescribed drivers and damping mecha­
nisms appropriate to real experimental conditions. Most 
importantly, our simulations confirm the modulational instabil­
ity of two-fluid theory as predicted in our previous work32-36 
and demonstrated in Fig. 3-34.

a) 1.2

9 1.0

yj

LL

ne

o ^
11,.

LU TJ“j ©—* rsi
LU ■—

. ©
b | 0.6
CO c,

LU >~
}|“

LU -q—' C

E

|E|2
LU co 0.2

o i i i i
3 500 1000 1500 2000 2500

DISTANCE (XD)

Fig. 3-34. Simulations performed with ESHYDRO confirm the modulational instability of two-fluid theory. Typical initial con­
ditions are shown in (a), where an electric field of value 0.4 (natural electrostatic plasma units) is applied in a uniform plasma. 
Small random fluctuations imposed about this value give rise to the intensity pattern shown (where ne is the electron density, E 
is the electric field, and |E|2 is intensity). The early (t = 160 plasma periods) onset of the modulation instability is shown in (b) 
by the small ion density depressions appearing in the trace of ion density variation (An,). The formation of solitons, character­
ized by the localization of electric field spikes in ion density holes, is evident in (c), where t = 600 plasma periods.
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Figure 3-34a shows typical initial conditions. An electric field 
of value 0.4 (in natural electrostatic plasma units, rg/eXo) is 
applied in a uniform plasma. Small random fluctuations 
imposed about this value give rise to the intensity pattern 
shown. In addition, small random fluctuations are added to the 
electron density «e about its normalized ambient value of unity. 
The ion density (not shown), however, is initialized at its nor­
malized value of unity without noise fluctuations. Figure 3-34b 
demonstrates the early onset of the modulational instability, as 
evidenced by small ion density depressions appearing in the trace 
of ion density variation AUj. In Fig. 3-34c, the formation of soli­
tons, characterized by the localization of electric field spikes in 
ion density holes, is quite evident by t = 600 a^1 (electron 
plasma periods). The similarities of results from ESHYDRO to 
results previously obtained for the driven-damped Zakharov 
system37,38 are striking. At low intensities the predictions of the 
Zakharov model are confirmed.

Figures 3-35a and b show continued evolution and saturation 
of the modulational instability. Note that the individual solitons 
continue to increase in intensity until most remaining solitons 
have intensity values well in excess of unity. At this point, the 
damping mechanism saturates further growth and many exam­
ples of burn-out are evident. Note also the ever-decreasing num­
ber of spikes. There are, however, many examples of solitons
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Fig. 3-34. “Simulations performed with ESHYRO confirm...continued.
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Fig. 3-34. “Simulations performed with ESHYDRO confirm...,” concluded.

being “reborn,” i.e. nucleation. These processes of cyclical burn­
out, nucleation, and collapse characterize the steady-state long­
time evolution of the driven-damped two-fluid theory, as 
demonstrated in Fig. 3-36 for t = 14,400 plasma periods. There 
are still fewer spikes at the saturated intensity. Note, however, 
the number of density holes that approach 50% local evacuation 
of the plasma’s density! These solutions are far beyond the 
reach of Zakharov-type models. They are, however, easily han­
dled by our ultra-strong model, which includes charge separa­
tion effects.

When driven at higher intensities, simulations of the full two- 
fluid theory indicate the onset of wavebreaking and harmonic 
generation, effects that are lost in Zakharov descriptions, but 
are important processes in competition with collapse. Because 
ESHYDRO solves specifically for the electron and ion velocities, 
the onset of these effects is easily detected. Description of the 
evolution past the onset of wavebreaking awaits the results of 
work in progress.

Our investigations give the first confirmation of the modula­
tional instability, soliton formation, collapse, burn-out and 
nucleation from exact two-fluid theory. Currently, we are
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Fig. 3-35. Expanded views of the range between 1400 and 2400 Debye lengths (a) and 1000 and 2000 Debye lengths (b) show 
that, as burn-out occurs, there are also many examples of solitons being reborn. Comparison of the range between 1400 and 
2000 \D at 4800 (a) and 6400 (b) plasma periods clearly shows the occurrence of burn-out and nucleation events.

extending this work in several important directions. Among 
these are the exploration of phenomenological damping and 
realistic driving terms to model real experimental conditions, 
solutions in two dimensions, solutions in inhomogeneous 
plasmas, and the inclusion of electromagnetic terms. A new 
code that follows the evolution beyond the onset of wavebreak­
ing is under construction. Successful implementation of these 
more general models will permit the exploration of the nonlinear 
evolution and saturation of SRS, SBS, two-plasmon decay 
(TPD), and filamentation instabilities at laser intensities of 
interest in ICF.
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Fig. 3-35. “Expanded views of the range...concluded.
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t = 14,400 w.
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Fig. 3-36. The processes of cyclical burn-out, nucleation, and collapse characterize the steady-state, long-time evolution of the 
driven-damped two-fluid theory. At t = 14,000 plasma periods, there are fewer solitons and the intensities have saturated. Still, 
ion density depletions routinely reach over 50%. Several of the depletions appear burned out.

For additional information, please contact Dr. J. P. Sheerin

3.3.3 SRS Inhibition Due to SBS-Enhanced Density Fluctuations 
in Inhomogeneous Plasma

The role of parametric instabilities in laser/plasma coupling 
has long been an area of concern in ICF research. Both simula­
tions and experiments indicate that interplay among the various 
parametric processes can play a major role in determining 
energy coupling and plasma characteristics. We report here 
numerical simulations of the competition between the SRS 
and SBS instabilities in a linear density gradient using the 
SATIN39,40 code. In these simulations, SRS is inhibited by 
enhanced SBS seeded by ~ 1 °7o backscattered laser light, but is 
unaffected by SBS growing from thermal fluctuations. In the 
case of enhanced SBS, the SRS is strongly reduced near quarter- 
critical density compared to simulations with fixed ions, but 
SRS growth is uninhibited at densities less than about 0.15 nc.
A major difference between this study and previous work41 is 
the presence of a density gradient.
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The system of equations solved by the SATIN code is

(

for the amplitudes of the high-frequency electric field compo­
nents Ey-, which include both the transverse (light) waves and 
longitudinal (Langmuir) waves oscillating at frequency The 
units in Eq. (27) are related to the pump frequency co0, wave- 
number k0, and critical density nc by the following normaliza­
tion factors: mcco0/e for the electric field components Ey ; oo0 for 
the mode frequencies nc for the background electron density 
N; c for the velocities; ko1 for the spatial coordinate x; and wo 1 
for the time variable t. The high-frequency equations are solved 
by an implicit finite difference scheme described in Ref. 40. The 
high-frequency fields are coupled to the ion density perturbation 
described by the second-order equation,

(28)

where the ion density perturbation is normalized to the local 
plasma density n, the ion damping rate is normalized to co0. 
and all other quantities have the same units as in the high-fre­
quency equations. The ion equation is solved with a second- 
order explicit upwind differencing scheme.

The coupling between SRS and SBS in a one-dimensional, 
linearly inhomogeneous plasma is considered here. Parameter 
values used in the simulations are Eq — v0/c — 0.02, 0.03 or 
0.045; ve/c = 0.044; cs/c = 0.003; k0L = 500 or 1000; and 
mi/me - 200. The reduced mass ratio allowed for obtaining 
qualitative information on the SRS/SBS interaction in a density 
gradient in relatively economical simulations. The Langmuir 
wave source for the SRS instability is initialized at the thermal 
level (j£\ ~ 10~5). Simulations were performed with fixed ions, 
with SBS from thermal fluctuations (| A/i| ~ IQ'3), and with an 
enhanced SBS source of 1 % reflected laser light (corresponding 
to about 10 times the thermal level).

For SRS the scattering density is determined by the choice of 
the center frequency Qj. The numerical damping inherent in the 
difference scheme for the high-frequency equations limits the 
SRS bandwidth Aw to approximately the SRS growth rate ySRs • 
In SRS simulations with fixed ions, both absolutely unstable 
scattering from quarter-critical density (N = 0.25) and convec­
tive saturation of scattering at low densities (N < 0.15) are 
observed. Scattering from intermediate density (N = 0.2) sat­
urates convectively at low intensity (v0/c = 0.02) but becomes 
absolutely unstable at higher intensity (v0/c = 0.045).
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The favored scattering density for SBS in the simulations is 
determined by the spatial dependence of the source. In runs with 
both SRS and SBS, the SBS source was chosen so that the scat­
tering densities for SRS and SBS were the same. The ion modes 
ultimately saturate by pump depletion since no nonlinear satura­
tion mechanism for the ions is currently included in the model.

Figure 3-37 summarizes the results of simulations of SBS and 
SRS for &SRs = 0.55 (corresponding to scattering from density

Fig. 3-37. SRS amplitude is shown at / = 400 wq 1 for parameters 0SRS = 0.55, t;0/c = 0.45, and k0L = 1000. Plotted are the 
electric field amplitude ESRS of the SRS-scattered light for simulations with fixed ions (a), thermal SBS (b), enhanced SBS (c), 
and the SBS density fluctuation Nt for the case of enhanced SBS (d).
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N ~ 0.2), Vq/c = 0.045, and k0L = 1000. The amplitude of the 
SRS-scattered light at t — 400 wq1 (approximately eight instabil­
ity growth times) is shown for fixed ions (a), for thermal SBS 
(b), and for enhanced SBS (c). Simulations with fixed ions and 
with thermal SBS are virtually identical at this time, indicating 
that thermal SBS has not inhibited the SRS. In these cases, SRS 
is just beginning to deplete the pump at t = 400 coq 1. The ion 
density fluctuations from the enhanced source (d) have grown to 
large amplitude by t = 400 a>o 1, and significant pump depletion 
due to SBS has occurred. For the enhanced SBS case, the mag­
nitude of I-EsrsI is reduced by a factor of —10 below the other 
cases (corresponding to a factor of —100 reduction in the scat­
tered intensity).

Both absolute and convective SRS are reduced by enhanced 
SBS in these simulations. Stimulated Raman scattering near 
quarter-critical is more strongly affected by SBS-generated den­
sity perturbations, however, than SRS at lower densities. One 
contributing factor is that the SRS growth is weaker at lower 
density even in the absence of SBS due to gradient effects and 
stronger Landau damping; consequently the SRS growth in the 
low-density region saturates convectively early in time before the 
ion waves reach high amplitudes. Another factor is that the SBS 
instability growth rate, and hence the level of density perturba­
tions, is lower at low density. Figure 3-38 shows the fractional 
reduction in the saturated value of | E'srs | due to enhanced SBS 
as a function of scattering density for Vq/c — 0.45 and kQL = 
500. At low densities the saturation of SRS is convective. For 
N = 0.2 the SRS growth is absolute for this intensity and 
saturates by pump depletion in the absence of SBS.

Simulations with fixed, large-amplitude (Aj > vQ/c) sinusoidal 
density perturbations showed results similar to those with ion 
dynamics, while enhancing the SBS growth rate by decreasing 
the mass ratio did not further reduce SRS. It appears that these 
parameters, the size of the local density perturbations, play a 
more important role than ion dynamics in reducing SRS. The 
ion dynamics are still important in determining the spatial 
dependence of the ion wave amplitudes in the inhomogeneous 
case.

Work is currently underway to include nonlinear ion satura­
tion in the model. The SATIN code can also simulate two- 
dimensional processes such as SRS sidescatter and TPD. The 
effect of ion density fluctuations on these instabilities will be 
addressed in future simulations.

For additional information, please contact Dr. L. V. Powers
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Fig. 3-38. The ratio of SRS growth rate 
and scattered light amplitude in simula­
tions including SBS to the values obtained 
in simulations with fixed ions, is shown as 
a function of the scattering density N =
Vl — 0SRS for t>0/c = 0.45 and k0L = 500.
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SECTION 3.4

Computational Physics

Analytical tools were developed to gain insight into the behav­
ior of laser-produced plasmas. This section includes a discussion 
of the ray-tracing code that we used to simulate x-ray propaga­
tion in an ionized medium. The utility of this program is illus­
trated by the investigation of refractive effects within the gain 
region of a lasing medium. Our analysis of spectral methods for 
the solution of nonlinear wave equations answers questions con­
cerning the accuracy and stability of the numerical solutions for 
plasma instabilities. We developed dispersion relations to pro­
duce new information about the relationship between the grid 
size and the accuracy of the hydrodynamic simulations. Finally, 
we applied principles of mathematical analysis to the evaluation 
of plasma emissions from x-ray images. In each case, the work 
led to consequential results that will provide the foundations for 
further development.

3.4.1 X-ray Refraction in Laser-Produced Plasmas

Certain x-ray diagnostic instruments used to characterize 
laser-produced plasmas are sensitive to refractive effects of the 
plasma, especially for the softer x-rays. In addition, the ampli­
fication one can achieve in single-pass x-ray laser schemes is lim­
ited by refraction. The laser-produced plasmas generally have 
steep density gradients, which refract radiation out of the geo­
metrical line of sight. The RAYPTH ray tracing code was written 
to study the effects of refraction. Recently it has been modified 
to account for the effects of hemispherical x-ray mirrors with 
arbitrary foci. Such mirrors might be used in multi-pass x-ray 
laser schemes, in which the gain region is continuously replen­
ished. The code was used to track representative beams of radia­
tion for various mirror configurations. Preliminary results of 
these calculations are summarized below.

In all cases described below, a two-dimensional (axi-symetric) 
lasing medium 1 cm long was assumed. Different problem geom­
etries were set up on a coordinate system with its origin at the 
center of the medium and its x-axis along the initial axis of the 
selenium/Formvar® foil used to generate the medium. The 
width and density distribution of the lasing medium were taken 
from results generated by the HYRAD two-dimensional hydro­
code at 180 ps after the onset of illumination of the foil by 
0.53 ixm light at 3 to 5 x 1013 W/cm2. Lasing was assumed at a 
wavelength of 200 A. A maximum gain of 6 was legislated in the 
selenium at a density of « = 2.0 x 1020 cm-3, and was decreed 
to drop off linearly with increasing and decreasing density, 
reaching zero at « = 3.3 x 1020 and 5.0 x 1019 cm-3. These
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assumptions are consistent with experimental observations, 
although the details of the gain region are still not well under­
stood.

Hemispherical mirrors with a radius of curvature of 58.4 cm 
and albedo of 0.5 were assumed. The radius of curvature was 
chosen to agree with the pulse interval achievable with the 
Chroma laser oscillator. The foci of the mirrors were positioned 
at various locations above, below, and within the gain region. 
Various cases involving coincident, overlapping, and nonover­
lapping foci were modeled, as shown in Fig. 3-39. For each con­
figuration, a total of 10 beams were started at random positions 
within the gain region. Initial beam directions were chosen at 
random within 2 mrad of the axis of the medium. Ten beams 
hardly make an adequate statistical sample where thousands of 
beams must be followed to get quantitative estimates of inte­
grated beam intensities and radial distributions. Work with a

Fig. 3-39. Hemispherical mirrors were placed to the left and right of a gain 
region for computational studies of the effect of x-ray refraction. Adjustment 
of the positions of the two foci are shown for four representative configura­
tions: overlapping along original foil axis (a), coincident on original foil axis 
(b), nonoverlapping in gain region (c), and coincident above gain region (d). 
The figure is not drawn to scale.
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greater number of beams is currently being carried out; how­
ever, the limited samples described here give a qualitative idea of 
the effectiveness of the various configurations and provide us 
with guidance as to where to concentrate the future work.

In the data shown in Table 3-3, all beam intensities are nor­
malized to 1 after the first pass through the medium. Thus, the 
“beam intensities” are intended only to give qualitative estimates 
of the effectiveness of various configurations. Their actual mag­
nitudes are arbitrary, and do not take into account effects such 
as gain saturation. Mirror I is assumed to be on the right of the 
lasing medium as seen by the observer, and Mirror II is on the 
left.

The results indicate that hemispherical mirrors would be most 
effective when oriented with coincident foci at the center of the 
region of maximum gain. Moving the foci away from each other 
along an axis parallel to that of the medium does not improve 
the performance of the system. Moving the foci so that they 
overlap seems to impair system performance much more rapidly 
than moving the foci away from each other in the opposite 
direction. At the 200 A wavelength for which the Table 3-3 
results were obtained, beams started below the gain region were 
quickly refracted down and away from the gain region. At first 
glance, the results obtained for an axis above the gain region 
seem better than those for the axis below, even though the upper 
axis used was an order of magnitude farther away from the axis 
of maximum gain. However, these results are deceptive. It was 
found that the beam is directed down and out of the gain region 
on alternate bounces for the case of foci above the gain region. 
In a real multipass system, this implies that the beam would 
probably strike the solid surface from which the lasing medium 
was being regenerated for each pass.

Table 3-3. Effect on Beam Intensity of Moving Spherical Mirror Foci

Mirror I Mirror II Maximum Minimum Mean
Coordinates Coordinates Multiplication Multiplication Multiplication

(0.0, -0.5) (0.0, 0.5) 4.031 +4 1.953 -3 1.223 -2
(0.0, -0.25) (0.0, 0.25) 2.984 +3 4.327 -2 4.616
(0.0, 0.0) (0.0, 0.0) 4.388 0.771 2.399
(0.0, 0.25) (0.0, 0.25) 4.610 -3 1.953 -3 2.288 -3
(0.0, 0.5) (0.0, -0.5) 1.953 -3 1.953 -3 1.953 -3
(0.006, -0.5) (0.006, 0.5) 2.237 +4 3.853 -3 2.553
(0.006, -0.25) (0.006, 0.25) 9.837 +6 6.053 1.561 +3
(0.006, 0.0) (0.006, 0.0) 2.572 +14 7.531 +6 5.981 +13
(0.006, 0.25) (0.006, -0.25) 2.595 +14 3.879 +4 1.547 +11
(0.006, 0.5) (0.006, -0.5) 8.364 +6 2.518 -3 3.970 +5
(0.06, -0.5) (0.06, 0.5) 1.058 +1 1.105 -2 1.304 -1
(0.06, 0.0) (0.06, 0.0) 5.816 +3 1.297 1.301 +3
(0.06, 0.5) (0.06, -0.5) 1.628 +1 3.218 -2 6.058 -1

154 1988 KMSF Annual Technical Report



LASER AND PLASMA INTERACTIONS

Results similar to those given above were obtained for a hypo­
thetical 40 A laser. As expected, at this wavelength, refraction 
effects were much less severe, and the performance of the sys­
tem was less sensitive to small changes in foci location. How­
ever, once again, the most effective configuration seemed to be 
with coincident foci in the center of the region of maximum 
gain.

In conclusion, it is felt that, despite the limited size of the 
samples used to arrive at the above results, they give a good 
qualitative indication of the effectiveness of various multipass 
mirror configurations. Further work involving samples with 
thousands of beams is in progress, and is expected to yield more 
detailed information on beam intensities and radial distribu­
tions.

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

3.4.2 Advances in Computational Mathematics

Implicit Spectral Methods for the Nonlinear Wave Equation

General Form of the Equations. A central issue in inertial 
confinement fusion (ICF) is the interaction of laser light with 
normal modes (ion-acoustic or Langmuir) of the plasma.42 The 
time-dependent, nonlinear wave equations that describe these 
interactions do not, in general, have known analytic solutions 
that can be expressed in terms of arbitrary initial conditions.43 
This difficulty leads us to use numerical techniques for approx­
imating solutions to the wave equations. The general form of 
the equations is an initial value problem,

L(u) + A(u) =0 , (29)

u(x,0) = m0(x) , (30)

where u = u(x,f) is a vector of unknown functions of time t and 
of the vector of space variables x, L is a linear differential oper­
ator involving time and space derivatives, and A is a nonlinear 
differential operator involving only space derivatives.

Our general strategy for numerically approximating the solu­
tion u is to use spectral methods43,44 to discretize Eq. (29) in 
space and to employ standard methods, such as the Crank- 
Nicolson numerical integration, to advance the solution in time.

Wave Propagation Equations. There are several wave propa­
gation equations that can be effectively discretized via spectral 
methods. These include the equations of the Korteweg-de Vries 
(K-dV) type (in moving coordinates),

(31)«t F F (l( )x "T Uxxx 0 ,

and equations of the Kadomtsev-Petviashvili (K-P) type,

{tit F + UXXX)X + Uyy - 0 . (32)
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Two families of equations, one for each sign, are defined by 
various constant coefficients for the four terms in Eq. (32).45 
For example, the classical case considered in the KMS Fusion 
1985 Annual Technical Report has §{u) =3 u2.

The Fourier transform F of Eqs. (31) and (32) can be written 
in the form,

vt+f{v) + w{K)v = Q , (33)

where v := F(u) and the spectral variable is denoted by K = 
(Ki,... ,Kd) with r/ = 1 for Eq. (31) and d = 2 fox Eq. (32). 
(Note that the symbol := indicates a definition.) The function 
/ for both Eqs. (31) and (32) is of the form,

f{v){K) , (34)

where F~l 2 denotes the inverse Fourier transform and i is the 
imaginary unit.

The dispersion relations are

w{K) := -iK2 (35)

and

w{KuK2) := -iKl ± i{Ki/Kx) (36)

for the K-dV and the K-P equations, respectively.
Discretization Techniques. The use of an implicit method for 

the solution of Eq. (33) avoids severe time step restrictions.46 
The Crank-Nicolson scheme for the m + 1 time step,

ff + 1 - !>j? + y [fn{Vm + i)K + W(K)uf+ 1

+ fn{vm)K+w{K)v%}=0 , (37)

is an implicit method that involves solving a nonlinear equation 
for vm+x at each time step. Although the simplest approach to 
solving the system [Eq. (37)] is fixed-point iteration, convergence 
would require At to be of 0(Ax3); this is a severe restriction, 
similar to the time-step limitations associated with explicit 
methods.

Equation (37) can be solved explicitly for the linear terms. 
Since w(K) is purely imaginary, the r + 1 iteration,

Vk 1 + — w(K)
2

x [uf - y [fn(vm+l’r)K+fn{vm)K+W{K)V%]} ,

(38)
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has a much smaller spectral radius than fixed point iteration. In 
fact, we may write Eq. (38) in the form,

Fn{S[F^{vm+x’r)]}K + gvm + \,r+l = ^ At 1 + ^ w(K)

= z{K)Fn{$[F^{vm+hr)]}K + g , (39)

where | z | is bounded independently of n and At, and g is the 
collection of constant terms from Eq. (38).

Predictor-Corrector Schemes. From an analysis of the spectral 
radius of z{.K) (Ref. 46), one can propose efficient predictor- 
corrector schemes, based on the Crank-Nicolson discretization, 
that retain second-order accuracy for both K-dV and K-P equa­
tions. Perhaps the simplest approach involves the result from the 
previous time step as the initial guess for the nonlinear iteration. 
That is, set

vg+1’° = yf (40)

and re-evaluate Eq. (38) twice, once with r = 0 and the second 
time with r = l. Then set

uf+1 = yf+1’2 (41)

and increment m.
For the K-P (—uyy) equation, the final iterate vm+1,2 is an 

approximate solution to Eq. (37) that is accurate to 0(Af7/3), 
slightly better than second-order accuracy. The second-order 
accuracy for the K-P (+uyy) equation follows from the 
restriction,

A/< c max [«! 2, «2 s] , (42)

for some constant c. Other methods applied to Eq. (37) have 
produced better than 0(Ar2) accuracy for all three of the K-dV, 
K-P (—Uyy), and K-P {+uyy) equations.46

Dispersion Analysis of the von Neumann-Richtmyer Hydrocode 
Equations

Conservation Equations. In a hydrodynamics simulation 
code, a discrete version of the conservation laws of material 
dynamics is solved numerically on a specified mesh in the mate­
rial. The mesh size has associated with it certain dispersion char­
acteristics. That is, disturbances with different wavelengths have 
their wave speeds distorted to differing extents, depending on 
the mesh size and the stability conditions.

A dispersion analysis provides a mechanism for estimating the 
errors associated with the discretization of the continuum
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model. This is a fairly well known but underutilized approach to 
the error analysis of computational continuum dynamics.47,48

Dispersion relations for the conservation equations used in 
our simulation codes have been derived. The results provide the 
means for estimating the mesh size that will yield the desired 
resolution for the simulation of the material behavior.49 The 
analysis was developed in a manner appropriate and useful for 
other ICF simulation hydrocodes. That is, while the details were 
derived for the von Neumann-Richtmyer (vNR) differencing 
scheme for a linearized system, the results have more general 
applications.

The dispersion analysis of the differencing scheme amounts to 
a finite Fourier analysis of the wave speeds and the wavelengths 
(or frequencies) of the modes that can be represented by the 
numerical solution. The work done at KMS Fusion (KMSF) was 
for the dispersion analysis of the vNR scheme for which the 
material law is the linear p-V equation of state.

The hydrodynamic equations for the continuum model are the 
conservation of volume, momentum, and energy,

dV _ du du _ dp dE _ d(up)
dt dfi ’ dt dfJL ’ dt dfi

(43)

where V, u, and E are the specific volume, specific momentum 
(or velocity), and specific total energy, respectively.50,51 The 
independent variable fi is the mass per cross-sectional area and p 
is the internal material pressure. An equation of state (EOS) for 
p is needed to complete the system. In order to perform the dis­
persion analysis, the system was linearized with the linear p-V 
equation of state,

P ~ Po = ~a2( V— V0) . (44)

In this case, only the conservation laws for volume and momen­
tum are needed to form a complete system in conjunction with 
the equation of state [Eq. (44)].

The motion function x is related to the specific volume and 
the specific momentum by the equations,

dx
dfi

= V and (45)

In the case of the linear p- V law [Eq. (44)], the foregoing equa­
tions reduce to the linear wave equation,

d2x j d2x 
'dt2 =a dP (46)
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The vNR discretizations50,51 of the continuum Eqs. (43) for the 
conservation of volume and momentum are

i/n + l _ r/n
VJ+\n >0+1/2 

tn + l - tn

j.w + 1/2 ^,w + l/2uj+\ ~ uj
lJij+1 V-j

and

..n + l/2 _ .,ti —1/2
uj

f-n + 1/2   —1/2

r,n _ nnPj+1/2 Pj-1/2 
t^j+1/2 — My-1/2

(47)

(48)

Note that the notational convention adopted for this report uses 
integer and half-integer superscripts to indicate the location of 
the variable in time while the subscripts indicate the location in 
the material. Thus,

f”+1/2 = ^ (*" + tn+l) and pJ+l/2 = ^ {fij + nJ+l) . (49)

The discrete forms of Eqs. (44) and (45) are

P?+\/2 — Pq — a2 { Vf+y/2 - VQ) ,

Xj+l XJ _ T/«
M./+1 - Uj

Vf+in , and
v-n + l _ Yn
Zt_______ -ZL _ ..n + l/2
^fi+1 _ J

(50)

(51)

respectively.
By substituting the expressions (50) and (51) into the vNR dif­

ference Eqs. (47) and (48), we get

vn + l i vn — l
Aj ' -*/ _ 2

At2 ~a \
(x?+i - 2xf + xf-j 

A/.2
(52)

as the discretization for the linear wave equation for a mesh that 
is uniform in At and A/jl. The dispersion analysis for Eq. (52), as 
summarized below, was performed this year at KMSF.

The von Neumann-Richtmyer differencing scheme for all 
three conservation laws has been discussed by the authors in pre­
vious work.52 However, the details of the corresponding disper­
sion analysis have not yet been worked out for the various 
equations of state and material laws that are very important to 
material dynamics research.

The Dispersion Analysis. Assume that the initial conditions 
x(/u,0) and w(/x,0) are given on the interval [ju0,/tv]. The bound­
ary conditions for u or p are specified at the endpoints. For sim­
plicity in the Fourier analysis, we assume that [no,nr] = [0,27t], 
which can be achieved by a simple linear scaling. A uniform
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mesh Me was imposed on the material. The discretization con­
tains 2M subintervals of the size

A/x = tt/M with uj = JAfi (53)

for 0 < y < 2M — 1. There is an even number of points in Me 
because the periodicity requirement makes it unnecessary to 
include the node pi2M- 

Since the wavenumber is

k=2^ , (54)
A

the wavelength associated with A: = M is

X = 2Afi (55)

from Eq. (53). Equation (55) represents the shortest possible 
wavelength that can be resolved by the mesh. The characteristic 
that identifies a numerical instability is a growing oscillation at 
the noise wavelength defined by Eq. (55). It turns out that the 
wave speed distortion is most severe at this wavelength in the 
vNR scheme.

It is well known that the waves modeled by Eq. (46) all travel 
with speeds ±a. In other words, for all wavenumbers k, the 
function,

x{li,t)=eik^±at) , (56)

is a solution to the linear wave Eq. (46). Thus, the Fourier 
expansion,

=y(fi) + E bkelk<ll+at) + ckeik^-at) , (57)

yields the general solution, where yin) is a linear function satis­
fying the boundary conditions.

In a similar fashion, the solution to the discrete linear wave 
equation satisfying the initial and boundary values is derived 
using a finite Fourier analysis. That is, we now seek ak, the 
numerical wave speed for wavenumber k, such that

xn = eik(nj±aktn) (58)

is a solution to the vNR scheme [Eq. (52)]. Thus, the discrete 
linear wave equation satisfying the initial and boundary condi­
tions may be expressed in the form,

M .
Xf=yj+ E l)kelk(k-j+akt ) + Ckeik(iij-aktn) , 

k=-M

whereby =y(My).
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The deviation of the %’s from the wave speed a is an indica­
tion of the dispersion tendency. The formula for ak in terms of 
k is called the dispersion relation. If the discrete equation were a 
perfect analog of the continuum equation, then ak would be 
equal to a for all k. However, we have found that, in general, 
ak< a for the linearized vNR equations. The wave speed ak is 
equal to a only in isolated circumstances.

From Eq. (52), the vNR discretization may be rewritten as

*;+1 - 2xf +xf~1 = Ck, (xf+i - 2xf + */_!> , (60)

where the CFL (Courant—Friedrich—Lewy) number is defined by

a At
Cfl — Aju

The solution xf can be written in the form,

x? = AnBj ,

where

A = eta and B — el° , 

with the definitions,

a = — CFL& and 6 = /tAju. 
a

(61)

(62)

(63)

(64)

The domain of 6 is

0 < 0 < tt . (65)

Substituting the expression (62) for x" into the vNR discretiza­
tion (60) yields

A-l + A-^ChiB-l + B-1) (66)

or, with Euler’s identity,

cosa - 1 = CFL(cosd - 1) , (67)

for 0 < 0 < 7T. This is the dispersion relation for the vNR dis­
cretization.

Analysis of Eq. (67) has shown that, when CFL = 1,

ak = a (68)

for all k. Thus, for this case, the vNR discretization provides a 
perfect analog to the linear wave equation. This phenomenon 
for the linear p- V law (50) is called the CFL1 property.53 

Values for the ratio of the wave speeds,

r(0) = ^ , (69)
a
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were calculated from the dispersion relation [Eq. (67)] for 
0 < 0 < 7T where 0 is defined by Eq. (64). The function r(0) is 
plotted on Fig. 3-40. Nine different curves, c0, c{, ..., c8, are 
shown, where curve c, has a CFL number of j/8 for j = 0, 1,
..., 8. For ally, the Cj curve lies below the cj+i curve. In other 
words, the ak/a ratio decreases monotonically with the CFL 
number for each value of 0.

It is interesting to note that on the c0 curve at 0 = tt/2 the 
value of r(0) is approximately 0.9. For the wavelength X = 4Aju. 
(or k = M/2), the least possible (CFL = 0) value of ak/a is about 
0.9. In other words, the numerical wave speed for wavelength 
X = 4A/x is about 90% of the wave speed for the continuum 
model.

For a more complete analysis of the dispersion relation, we 
can also include various forms of the viscous stress. By follow­
ing the steps in the dispersion analysis demonstrated above, it is 
possible to redo the work for variations to the basic vNR differ­
encing scheme. We have illustrated the utility of the dispersion 
analysis with a numerical example.49

WAVE SPEED RATIO

Cn = 7/8

Co = 3/4

Co = 5/8

Co = 3/8

CF, = 1/4

Co = 1/8

DELPHI DISPERSION

Fig. 3-40. The plots of the function (69) show increasing dispersion (or 
decreasing numerical wave speed) for decreasing values of CFL and increasing 
values of 6. The dispersion relation is given by Eq. (67).
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Inversion of a First-Kind Integral Equation as a 
Plasma Diagnostic

The Plasma Diagnostic. The radiation energy emitted from a 
plasma contains information about its electron density and tem­
perature. These are important properties in many laser/material 
interaction experiments. Some of the diagnostic equipment at 
KMSF focuses the radiation from a plasma through an image­
forming x-ray slit onto a potassium acid phthalate (KAP) crys­
tal. A second x-ray slit selects a cross-section of the spectrally 
separated reflections. An x-ray camera streaks the images across 
the film. Thus, the film records time-resolved images of the 
x-ray intensities from a cross-section of the plasma.

The Mathematical Problem. From an x-ray image recorded on 
film, it is our task to calculate the radiation profile of the 
plasma. In laser-driven experiments, the radiation from a three- 
dimensional plasma is projected onto the two-dimensional (2-d) 
surface of a film. Inverting this projection for the radiation den­
sity is a classic poorly posed problem. A one-dimensional (1-d) 
slice of the data is the projection of a 2-d cross-section of the 
plasma. If the plasma is cylindrically symmetric, a slice of the 
data corresponding to a cross-section that is orthogonal to the 
axis of symmetry is a collection of discrete values of the Abel 
transform of the radiation profile.

In recent work at KMSF, an improvement has been developed 
for the computational deconvolution of the data. Using the 
techniques expounded in reports by Wing54 and by Faber and 
Wing55, a 1-d slice of real data is inverted for the radiation pro­
file in a cross-section of the plasma, based on the assumption of 
cylindrical symmetry. The solution is computed in terms of the 
singular value decomposition of the Abel transform.56 An expla­
nation of the theory of the singular value decomposition method 
is contained in the reference by Forsythe, Malcolm, and 
Moler.57

Numerical Solution — Cylindrical Symmetry. A column of 
data corresponding to a slice through an x-ray image orthogonal 
to the laser beam axis has been selected for demonstrating the 
analysis discussed in this report. It is reproduced in Fig. 3-41. 
Each point on this plot of radiation intensity represents the 
value of the integral of the power density in normalized units 
along a line of sight through the plasma. Figure 3-42 illustrates 
the mathematical model for the plasma diagnostic. Note that the 
model is based on the assumption of a refractionless plasma. 
That is, the electron density is sufficiently low for the x-ray 
energy to travel along the line of sight.

The value of 4>(y) in Fig. 3-42 is the measured intensity due 
to the power density f(x,y) along the horizontal line with coor­
dinate y. Thus, <t>(y) is the line integral of f(x,y),

^R2-y2

<f>(y)= r-.—-f{x,y)dx . (70)
J-\!R2-y2

100 120 140 160 180
PIXELS

Fig. 3-41. A densitometer trace along a 
line orthogonal to the axis of a cylindri­
cally symmetric plasma was converted to 
values of the radiation intensity in the 
plane of the film of an x-ray streak cam­
era. The curve shows the measurement 
values of the Abel transform of the emis­
sion of x- rays from the plasma.
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Domain of f

Fig. 3-42. The intensity at the “film plane” 0(.y) is the line integral of the 
radiation density / along the path through the plasma at coordinate y.

The assumption of cylindrical symmetry implies symmetry 
with respect to the origin in Fig. 3-42. Thus, the function /can 
be redefined by

f(r) =f(x,y). (71)

A change of variables converts the line integral for ^(y) in 
Eq. (70) into

[R rf(r) dr
2 12 2 > (72^

Jy irz - yz

which is referred to as the Abel transform of the function / (or 
of rf(r)). Equation (72) is a first-kind Volterra integral equa­
tion, a mathematically poorly posed and numerically ill condi­
tioned problem. The solution can be evaluated numerically by 
representing / in terms of the singular vectors of the discrete 
analog to Eq. (72).

For simplicity, y is assumed to be positive in Eq. (72) and in 
the following discussion. It is easy to generalize the mathematics 
to allow y to be negative. Indeed, our implementation for com­
puting solutions takes measurements at negative values of y into 
account.

Let

K{y,r) =

2r
4rz-y2 

0 for r<y

for r>y
(73)

Select an arbitrary partition of the interval [0,i?] defined by

0 = /•()< ^ < • • • < rN = R. (74)
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Also define

0-1/2 = ^ (0-1 + o) (75)

for j = 1, 2, ..N. For each measurement at the points

0<y1<y2< ... <yM<R (76)

the generalized midpoint quadrature rule for the Abel transform 
yields

<M.O) = - yffk_l/2

+ 2 H (^rf -yf - ^rf_i - yf)fj-l/2
j=k+l

for

rk-i ^ yt < rk ,

(77)

(78)

where fj-m is the approximate value of f{rj_\/2).
The linear system defined by Eq. (77) can be written in the 

form,

Kf=4> (79)

where

/= (/i/2>/3/2> • • • ? fn—1/2)^ and ({> = (4>i , ^2, • • • > 0m)t • (80)

For example, if the r’s and y’s are distributed between 0 and R 
such that

0 = r0 < yi < y2 < ?! < y3 < r2 < y4 < ys < rs = R , (81)

then K is the following 5x3 matrix:

2 \j r 1 - yf 2(^ri-yf - sjrf - yf) 

2yjrf -yi 2(sjr%-yl - yjrf-yi)

0 2 v - yi

0 0

2(^3 -yi - \jr2 - yf)

2(v'o2 - J22 - Vo2 -y2) 

2( Vo2 - T2 - V>22 - yi) 

I'Jri-yZ
0 0 2 Vo2 - yi

(82)

We have solved Eq. (79) twice, once with the data to the right 
of the peak in Fig. 3-41 and again with the data to the left. The 
results are displayed in Fig. 3-43. While the two solutions show 
similar qualitative behavior, they are not the same.

In the preceding analysis, only positive values of y were taken 
into account. However, the discussion requires only slight 
modifications to take into account measurements <£(.)>;) for any

(83)
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RADIUS

Fig. 3-43. The solution to Eq. (79) in normalized units was calculated for three 
sets of data: The dashed line represents the solution for the data to the right of 
the peak intensity shown in Fig. 3-41, the dotted line for the data to the left, 
and the solid for the two sets combined.

Our computer code incorporates this generalization. Conse­
quently, we solved Eq. (79) a third time using the data from 
both sides of the peak in Fig. 3-41. This result is also shown 
in Fig. 3-43.

The computer program generates the solution in terms of the 
singular vectors corresponding to the largest singular values. 
Also, the least-squares solution is computed when M> N; that 
is, when / is calculated at a smaller number of points than there 
are measurements. Thus, there are two mechanisms for smooth­
ing the solution: calculating the best value of P < N and choos­
ing N <M where P, N, and M are the number of singular 
vectors used to resolve the solution /, the number of degrees of 
freedom in the solution (the number of unknowns), and the 
number of measurements, respectively.

For the solutions shown in Fig. 3-43, there were M =22 mea­
surements from the right side of the peak in Fig. 3-41 and M = 
19 measurements from the left. The dashed curve shows the 
solution from the data to the right of the peak with P = N = 14. 
The dotted curve came from the data to the left of the peak with 
P = N = 12. Finally, the solid curve on Fig. 3-43 is the solution 
from the M = 40 measurements from both sides of the peak 
with N =26 and P = 22. For the smooth curves shown in 
Fig. 3-43, a cubic spline that respects monotonicity was used 
to interpolate the discrete data.

For additional information, please contact Dr. J. F. McGrath
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PRESENTATIONS AND 
PUBLICATIONS
SECTION FOUR

Introduction
The inertial confinement fusion (ICF) research performed at 

KMS Fusion (KMSF) is of value not only to KMSF and the 
other participants in the national ICF program, but also to the 
broader scientific community. The results of our unclassified 
research are shared via technical reports such as this, presenta­
tions at scientific conferences, and articles published in technical 
journals. This final section of our 1988 Annual Technical 
Report provides a record of the ICF-related articles presented 
and published by KMSF personnel for the reporting period, 
October 1, 1987, through September 30, 1988.

Some of these presentations and publications describe research 
projects conducted jointly with other laboratories. In these 
cases, the affiliations of non-KMSF authors are indicated in 
parentheses after their names. For reasons of space, abbrevia­
tions are used for Lawrence Livermore National Laboratory 
(LLNL), Los Alamos National Laboratory (LANL), and the 
National Bureau of Standards (NBS).
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