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. B Environmensal Priorities in the Southern Urals

Universits of California: Lowrence Livermore National Laboratory

Prepared for DOE under contract
No. W-7405-Lng-48
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About the Cover

A TS0 year-old church that once served the
vitlage of Methino stands abandoned on the edge of
a radioactive reservoir (hackground image). Young
women from the nearby village of Muslyumove

tupper photography watch as ULS. environmentalists
measure radiation levels in the nearby Techa River,
An outmoded metallurgical plant in the industrial
city of Chelyvabinsk dower photography releases
effTuents into the environment.

Between 1949 und 1956, 76 mitlion cubic
mieters ot high-level nuctear waste were draimed
from the Mayak plutonium facility. near the city of
Chelvabinsk. into the Techa River. Medino.
settlenment of 2000 inhabitants. was located 7 km ta
little more than 4 mi) from the point of release. By
the carly 1950s. radioactive and chemical
contamination had become so severe that the
inhabitants of Metlino and 19 other villages were

About the Journal

forced to evacuate. and the river was subsequentls
dammed and tenced of . Untortunately . the donage
was done. Today lakes, rivers. and aquifers in the
southern Urals contaim unprecedented amounts of
radivactive aind chemical waste.

In an attempt to deal with these ccological
issues, scientists from LENT and the Russtan
Institute of Technical Physics are setting up a
collaborative project to assess the region’s
cenvironmental priorities. Their plan is o survey
sources of pollution in a limited arca and to suggest
measures to prevent further pollution. Their goal is
to minimize waste and emissions and to improve
food and water supplies. For more information on
this project. see the article on p. 15

(Photographs courtesy of Robert Del Tredici.
Montreal. Canadan)

The Lawrence Livermore National Laboratory, operated by the University of California for the United

States Department of Energy. was established in 1952 10 do rescarch on nuclear weapons and magnetic

fusion energy. Since then, we have added other major programs., including taser fusion and laser isotope

separation, hiomedical and environmental science. strategic defense, and applied energy technology. These
programs, in turn. require rescarch in basic scientific disciplines, including chemistry and materials science.

computer science and technology. engineering. and physics. The Laboratory also carries out a variety of

projects for other Federal agencies. Energy and Technology Review is published monthly to report on
unclassitied work in all our programs. Please address any correspondence concerning Energy
and Technology Review to Mail Stop L-3, Lawrence Livermore National Laboratory, P.O. Box 808,

Livermore, CA 94551,
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Tailoring the Properties of
Organic Aerogels

We have established simple, empirical relations
among the various characteristics of organic
aerogels that will enable us to tailor the unique
properties of these versatile materials to specific
applications. We have found that in several
applications, the permeability of these aerogels is
crucial to their performance.

A EROGEL materials are
characterized by a microcelular

structure that conters low density (less
than 0.1 g/cm¥)alarge surface arca-
to-mass ratio (400 to 1000 m2/g). and
high porosity (3010 981, Such
materials have unigue and fascinating
properties — optical. thermal. acoustic.
clectrical. and mechanical - that give
them superior performance v many
industrial and commercial
applications. For example. the high
porosity of acrogels makes them
excellent insulators, with a thermal

conductivity about one hundredth the
conductivity of the fully dense solid.
Because of the nanometer size of
their pores and their transparencey.
acrogels can also be used to collect
cosmic dustin space experiments.
Traditional inorganic acrogels are
formed from alkoxides of metals
such as silicon. tantalum. and
titanium. We have recently succeeded
in producing a new class of these
materials - organic (or carbon)
acrogels ~whose electrical.
mechanical. and other properties are
superior to those of the metal

alkoxides. By tailoring these
properties to specific applications, we
hope to achieve acrogels with even
better performance. We have already
tested carbon acrogels for use in
inertial-continement fusion targets
and are currently studying
applications to other technologies.
such as battery electrodes. catalyst
supports. and gas filters. Inseveral of
these applications. the permeability
of the new carbon acrogels - that i
their resistance to fluid flow s
crucial to their performance. Here.



Carbon Aerogels

we describe briefly the synthesis of
organic acrogels and present the
results of our permeability studics.

Synthesizing Organic Aerogels

Organic acrogels are synthesized in
four basic steps.! First. resorcinol
(1.3-dihydroxy benzene) and
formaldehyde (H>CO) are dissolved
in deionzed. distilled water, and
sodium carbonate (Na,COy) is added
as a base catalyst. Next. the
resorcinol-formaldehyde (RF)
solution is poured into glass vials that
are sealed and heated at 85 1o 90°C to
form the gel, a process that can take
from several hours to a few days.
During this curing process. the
resorcinol and formaldehyde reuct to
form numerous molecular species that
condense into polymerized “clusters™
that crosslink to form a jelly-like
mass. the RF gel. The gel is then
removed from the vials and washed
with pure acetone to replace the water
that fills its pores. Finally, the gel is
flushed with carbon dioxide and
subjected to supercritical drying to

produce the dry foam. or RF acrogel.
The purpose of supercritical drying is
to reach the point of the phase
diagram where surface erosion is
zero, thus preventing the collapse of
the gel structure from capillary
forces.

Transmission electron
micrography (TEM) reveals that RF
aerogels consist of a porous network
of minute. interconnected pasticles
that are derived from the clusters
formed during polymerization
(Figure la). It is the size of these
particles that determines the density.
surface area, and mechanical
properties of the acrogels and hence
their suitability to specitic
applications. The principal variable
governing particle size is the ratio of
resorcinol to the sodium carbonate
catalyst used during synthesis (the
R/C ratio). When this ratio is high,
the particles have a diameter of 11 to
14 nm and are connected like a string
of pearls. When the ratio is fow. the
particles vary from 3 to 5 nm in
diameter and are joined by large
necks. giving the acrogel a fibrous

(b)

50 nm

Figure 1. Transmission electron micrographs of (a) RF aerogel and (b) carbon aerogel.
Both aerogels were synthesized at an R/C ratio of 200, and both have densities of about
0.05 g/cm3. Note that the interconnected particle structure is retained even after pyrolysis at

1050°C to form the carbon aerogel.

£%]

appearance. Because of the highly
aromatic (ring-like) structure of this
network. RF aerogels can be heated in
an inert atmosphere at 1050°C o0 form
pure-carbon aerogels. As shown in
Figure 1b. the carbon aerogel retains
its network structure after heating.

Measuring the Permeability of
Carbon Aerogels

The usefulness of carbon acrogels
in some applications depends on their
permeability. The most important
properties determining a material’s
permeability are its porosity and
microstructure. Porosity. in turn. is
a function of density. To give us a
reliable means of predicting the
permeability of carbon aerogels.
we sought to establish a direct
relationship between porosity and
density.”

Structural examination of organic
aerogels by TEM and gas adsorption
techniques show that they are highly
porous, having pores of two basic
sizes. The mesopores range between
2 and 50 nm in diameter and are
surrounded by interconnected
particles that are 20 nm in diameter.
Residing within the particles are
smaller pores, or micropores, with a
diameter of less than 2 nm. Since a
permeating gas or liquid tends to take
the path of least resistance as it
traverses the material, it therefore
passes through the larger pores.
Permeability measures the speed of
this process.

There are many ways to express the
permeability of a material, depending
on the physical model. equation, and
unit selected for data analysis, We
used nitrogen gas as a perimeant to
measure the flow resistance of thin
specimens of carbon aerogel. We
assumed linear flow in a capillary
model. and Darcy’s law, to deduce
permeability.



E&TR May 1993

The Experimental Procedure

To obtain the experimental
materials, we first prepared carbon
aerogels with densities ranging from
0.05 to 0.44 g/cm?. The samples were
synthesized at an R/C ratio of 200 to
ensure that the particle size and
specific surface arca remained constant
after heating. Finally. we machined the
samples into disks measuring between
1.4 and 2.2 cm in diameter and 0.2 o
0.5 ¢m thick.

The sample disks were sealed into
a sample holder and placed in a
chamber in the measuring apparatus.
The apparatus (which was designed
and built at LLNL) consists of the
sumple chamber. inlet and outlet
precision needle valves to control the
amount of gas entering and feaving
the sample, and detection devices.
These detection devices include a
flow transducer to measure the
volumetric flow of gas exiting the

1x 108

5
8x10 r—

0.333 g/em®
0.435 333 9/

6 x 10°

4x10°

Sample permeability [(APIL)(Prearn! Pin)], 9/cm?s?

2x10°

l |

0.047 g/cm®

I | 1

0 0.02 0.04

0.06

0.08 0.10 0.12

Flow rate, cm/s

- Figure 2. Flow behavior of nitrogen gas in carbon aerogels of various densities.
Measuremenis were made at inlet pressures of about 7, 14, 28, and 55 kPa (1, 2, 4, and

8 psig), not all of which are shown here. Results for the carbon aerogel sample with a
density of 0.162 g/cm? are shown for all four pressures. On the y axis, AP is the pressure
drop in the injection chamber, L is the length of the sample, P, is the mean pressure of
inlet and outlet, and Py, is the injection pressure. When piotted against flow rate in the
laminar regime, the linear slope of this expression gives a measure of a sample’s
permeability. Note the deviation from linearity above a rate of 0.04 cm/s for the 0.162-g/cm?3
sample, an effect we attribute to the onset of turbulent flow.

Carbon Aerogels

chamber. a differential pressure
transducer to measure the pressure
drop across the test sample. pressure
transducers to measure the inlet and
outlet pressures. and a thermocoupie
to record temperature. Both the flow
and differential pressure transducers
were precision-calibrated. and we
used the calibration equations to
convert transducer output voltage

to volumetric flow rate and

pressure drop.

The apparatus is designed to
measure permeability as reflected
both in the flow rate of the injected
gas through the sample and in the
resulting pressure drop as the gas
passes from one side of the chamber
to the other. By varying one while
measuring the change in the other,
we were able to infer the sample’s
permeability. In a typical
measurement, we injected nitrogen
gas into the sample chamber at four
different pressures: 7, 14, 28, and
55 kPa (1. 2. 4, and 8 psig). Each
time, the pressure was allowed to
reach the steady state, a process that
took from half an hour to several
hours. Pressure drop and flow rate
were controlled by adjusting the input
and output valves. To prevent either
the pores or the sample from
breaking. we used very small
increments of pressure drop during
the adjustment.

The Results

We found that the much finer cell
structure of carbon acrogels makes
them less permeable than other open-
cell microcellular foams. As Figure 2
shows, even under a high pressure
gradient, nitrogen gas permeates
carbon aerogels at a very low rate.
For this sumple. the data are linear up
o a flow rate of 0.04 cm/s, above

LU
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which the flow apparently starts to
become turbulent, and the valid data
cannot be collected above these flow
rates. Since we found that flow
remained laminar (sheet-like.
essentially nonturbulent) for inlet
pressures of less than 14 kPa. we
used that as a common inlet pressure
for our study. Under these conditions,
every sample we tested showed the
same linear behavior regardless of its
density or thickness.

Performing a regression analysis
on the data, we found the
empirical relationship

K=8.86*0.61x10-13
X polAR 004 ()

for permeability K as a function
of density p (in grams per cubic
centimeter). The reliability of the
regression is 0.998. Figure 3
compares, on a logarithmic scale.
experimental data obtained at an
inlet pressure of 14 kPa with the
curve predicted from Equation 1.
The slope of such curves increases
at higher sample densities. reflecting
the lower permeability of the
denser materials.

Figure 3. Relation 10°°

between density and
permeability in
carbon aerogels
predicted from
Equation 1 compared
with data from a
sample obtained for
nitrogen gas at

14 kPa.
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Figure 4. Relation
between permeability -
and pore size in
carbon aerugels with
pore sizes in the
mesopore range.
These
measurements
enabled us to derive
the simple
relationship between
pore diameter and
sample density
shown in Equation 3.
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A comparison of our results with
the findings of others for silica
(inorganic) aerogels? indicates that
Equation 1 can be used as a universal
flow relationship to predict the
permeability of materials with cell
structures similar to those of organic
aerogels. In addition, we have found
that similar power-law relations
apply to the mechanical behavior of
organic and silica aerogels as well as
to the solid thermal conductivity of
silica aerogels. These results prove
again that silica and organic aerogels
have similar structures and that
permeability, mechanical properties,
and thermal conductivity depend
strongly on structure and density.

Other researchers have shown that,
so long as a foam has open pores,
permeability depends only on pore
diameter, a relationship described by

K=cd?,

where c is a proportionality constant
and d is the pore diameter in
nanometers. Accordingly, data
reported for urethane and rubber
foams® show that their permeabilities
are larger by many orders of
magnitude (1074 to 10-6 ¢cm?) than
those of carbon aerogels, reflecting
the much larger pore sizes of the
former.

To see whether the same
relationship holds for carbon aerogels,
we measured the average pore
diameter as a function of the sample
density using gas adsorption
techniques. We have combined the
pore size and permeability data and
show a plot of their relation in
Figure 4. A regression analysis shows
that the permeability of carbon
aerogels is related to their pore
diameter by

K=132+0.10x 10-13
X dl.-ll + ().()5‘ (’))
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From Equations | and 2, we deduce
that the average large pore size is
related Lo the density of the sample

by
d =3.86+0.40 p=1.05 005 (3)

where, as above, d is the pore
diameter in nanometers and p is
density in grams per cubic
centimeter.

Future Work

Equations 1 and 2 describe simple
relationships among the crucial
variables that determine permeability
in organic (carbon) aerogels with
pore sizes of 2 to 50 nm. In future
studies, we will attempt to establish
the universal nature of these
expressions by applying them to
silica aerogels and to other foam
materials with different pore sizes.
We expect that as we learn more
about these promising and versatile
new aerogel materials. we will be
better able to extend their range of
usefulness and to improve our ability

to tailor them to specific applications.

Key Words: acrogels—carbon. organic, synthesis:
material characteristics—porosity, density.
permeability.
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omputer Detection of

Features In

Biomedical Images

We are applying two algorithms that mimic
human visual skill to detect fluorescent spots
on the chromosome and small objects in

ROPERLY trained human beings

have a remarkable visual ability
to locate and identify small details
against a complex and irregular
background, as demonstrated by
microscopists and photo interpreters.
However, this skill has several
limitations that reduce its
effectiveness for certain tasks. It can
be seriously affected by dim light, for
example, or by fatigue, mental
distractions, or optical illusions. It
would therefore be useful if this
ability could be computerized for

digitized mammograms.

tasks in which a massive body of data
must be scarched or for those that
demand high reliability. Such a
capability is particularly desirable in
medical and biological rescarch,
where large collections of data often
must be analyzed quantitatively.

To mimic the human ability to
locate and identify details against a
complex background, a computer
must be able to allow for all possible
backgrounds against which small and
often variable features may appear in
different images. Interpretation of
biological and medical imagery is

especially challenging in this respect
(as compared. for example. with
Sdustrial settings). Sinee typically we
have little or no «a priori information
about the features of interest.
describing them mathematically is
difficult. Natural variation yields a
broad range of sizes. shapes., and
intensities for similar ¢bjects, both
within a single image and between
images. Furthermore, the background
of the in vivo or in sitn environment
can change dramatically in different
parts of the same image. In fact.



Biomedical Images

Fluorescence in situ hybridization

Fluorescence in sitit hybridization (FISH)
is a technique used to map segments of DNA
on the human chromosome. Although of
coarser resolution than genome sequencing,
it can be helpful in locating chromosome
segments of biomedical interest. One method
for achieving hybridization is shown in the
diagram. (a) The process begins by isolating
the same strand of DNA in identical
chromosomes; one is the probe DNA and the
other becomes the target DNA. (b) The probe
DNA is snipped into smaller segments by a
restriction enzyme, and the target DNA is
denatured, causing the double helix to
“unzip”. (c¢) The segment of interest in the
probe DNA is extracted, cloned, and
chemically modified to bind to a tluorescent
reagent. (d) The probe DNA is denatured,
causing the double helix to unzip. (e) Finally,
the unzipped target DNA strands and
segments of probe DNA are mixed. The
probe DNA segments bind to the matching
(complementary) region in the target DNA
strands to form the fluorescent hybrid
molecule.

Probe DNA

Target DNA

E&TR May 1993
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virtually the only thing such objects
have in common is that they often
consist of “spots” with a smooth
profile of continuous intensity that
contrasts with their irregular
background. (One such profile, where
a spot is bright in the center and fades
away toward the edges, is known

as a two-dimensional Gaussian
distribution.)

Two projects under way at LLNL
require the detection of spots in
biomedical images. The first is
physical mapping of deoxyribonucleic
acid (DNA) in chromosomes, for the
Human Genome Project. The second
is finding microcalcifications, which
may be an early sign of breast cancer,
in mammoyrams. We describe here
the different computational
algorithms we have developed to
analyze these two kinds of images.

Detecting Fluorescent Spots in
Human Chromosomes

When we use a hybridization probe
(a DNA interrogative molecule), a
specific target sequence of DNA,
called a hybridization domain, can be
made to fluoresce under a microscope
with a biochemical technique called
fluorescence in situ hybridization or
FISH (see the box on p. 8). The two
panels at the upper left of Figure | are
photographs of digitally acquired
microscope images of two different
DNA sequences highlighted with
FISH. Although shown here in black
and white, one sequence was tagged
with a red fluorescent probe and the
other with a probe that fluoresces
green. The two panels at the lower left
of Figure 1 are computer-colored
results of detecting the hybridization
domains, and the panel at the right
shows their location within the human
chromosome.

The size and brightness of the
usually round {luorescent domains
depend on the extent of the region
targeted by the probe, the nature of

the turget, and the hybridization
procedure. We have developed a
dynamic regional threshold (DRT;)
algorithm to automatically detect such
domains. Several different fluorescent
probes may be used in the same
experiment, thereby producing
domains with ditferent characteristics
in the same image. Accordingly. the
DRT algorithm divides the image into
round regions that are likely to contain
one object and analyzes each such
region individually. Since each region
is analyzed independently of the
others, the algorithm yields consistent
and repeatable results for a given
object, regardless of the size or
brightness of other objects in the
image.

The DRT is so named tecause it
dynamically computes a ditferent
combination of analyses based on
fluorescence brightness threshold
and morphological (shape) processing
for every region of interest and
applies the analysis only to that
region. (A region of interest is
an irregularly shaped area with a
contrast value that marks it as likely
to contain at least one object.) As a
result, many different thresholds
can be applied to many different
areas within a single image. By
applying morphological processing
to the different regions, the algorithm
can segment (separate from the
background) a small, bright dot as
well as a dimmer, more diffuse one
(see Figure 2).

Biomedical Images

Figure 1. We used the dynamic regional
threshold (DRT) algorithm to find the
hybridization domains in this
chromosome, where each domain was
hybridized with a probe of a different
color. Once the domains are identified,
we can measure their location along the
chromosome.

Figure 2. As
seen in these
digitized images,
hybridization
domains ori the
same image can
appear dramatically
different. Here, two
domains of unequal
intensity have been
located by the DRT
algorithm.

9
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(a) Original image

~&—— First region

-— Second region

ll<€— Third region

Opening

X2

Opening
__>
x1

Figure 3. The four major steps in the DRT algorithm. (a) The original image is divided into
three regions of interest. (b) The algorithm computes a conservative threshoid value (one
that is likely to include all object pixels). This is followed by a step to remove spurious
signals left by the conservative threshold. (c) Next. the algorithm computes another
threshold for each region: this time it uses a specific ar.  strict threshold value that is likely
to include only object pixels. This step leaves objects with a diameter greater than two
pixels. eliminating any remaining spurious noise pixels. (d) Finally. the algorithm combines
the results of steps (b) and (c) with a fogical “or™ operator. which adds the images together.
to yield the final re+it.

10

E&TR May 1993

Although in principle itis
desirable to threshold™ an image at
every intensity fevel and use the
value that is best for each object
found (1.c.. to segment an image so
that all potential objects are given an
cqual vihue and evervthing else is
given a value of zero).in practice this
approach is computationadly
intensive.! To reduce computation
time. the DRT uses only two different
threshold values, combined with
morphological processing. to detect
objects inevery region of the image.
Figure 3 summarizes the four major
steps in the DRT algorithm.,

To test the DRT algorithm. we
used computationally generated
images. One tmage contained eight
two-dimensional Gaussian spots. all
with the same variance but with
different peak intensities. The
intensities varied. on a scale of 0 to
255, from 30 for the dimmest to 240
for the brightest. Despite the presence
of other spots and the intensity
differences. the DRT produced
virtually the same segmentation for
cach of the cight spots. This result
contrasts with those of other
nondynamic algorithms. such as the
isodata algorithm. which statistically
selects one threshold value for the
whole image. Figure 4 compares
results from our dynamic (DRT)
algorithm to those from a static
gsodatay algorithm.

In another test. we modeled a eell
nucleus emitting fluorescent signals.
This image shows @ huge Gaussian
spot over the top of the eight test
objects (Figure 5). Again. the DRT
segmentation of the test spots was
Fairly consistent despite the
background and the presence ot other
SPots.

Figure 6 shows test results for
cight Gaussian spots with the same
peak intensity but different variances.
The eve sees this as a “good™ resalt.
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Computationally, however, the
DRT segmentation results are not
mathematically predictable, as the
DRT does not invariably select a
certain fraction of any given object.
Theretore, these results cannot be
used to compare the relative sizes
of objects but are excellent for
comparing their centers, or
“locations.”

The DRT algorithm has proved
itself a useful tool for locating spots
in several applications, especially
biomedical images in which there is
little a priori knowledge of the
objects sought. The DRT operates
dynamically on local information
for each potential object. and
consistently and repeatedly produces
the same segmentation for a given
object, regardless of the presence
of other objects or noise in the
same image. Although the DRT
algorithm segments objects
consistently. the fraction of an
object to be enclosed by DRT
segmentation cannot be predicted a4
priori because of the dynamic nature
of the algorithm. The algorithm is
relatively fast and can be
embellished to function specifically
for a focused application.

Finding Microcalcifications in
Digitized Mammograms

Microcalcifications are small grains

of calcium-rich mineral that are
formed naturally by the body in
response to some irritation, and they
are sometimes associated with cancer.
Because the mineral attenuates X rays
slightly more than the soft tissue it is
visible on mammograms. Since
microcalcifications are often an early
indicator of malignancy, it is critically
important to detect them:; if they are
missed, the result can be misdiagnosis
of a cancer patient.

Biomedical Images

To reduce the number of such false-
negative diagnoses. we have developed
a computational algorithm to detect
all kinds of microcalcifications in
digitized mammograms. Since this
algorithm must allow for the striking
background produced by breast tissues

and glands. it is different from the
DRT algorithm described above. In
the first step. the microcalcification
algorithm performs two types of high-
frequency analysis of the digitized
mammogram image. It then combines
the results so that high frequencies
common to both analyses are
enhanced, and those that appear in
only one are de-emphasized.

(a) Original images

(a) Original images

(b) Isodata result

Figure 4. Results from our dynamic
(DRT) algorithm compared with those from
a static (isodata) algorithm. (a) The original,
unprocessed computer-generated
Gaussians, (b) the isodata resuit, and

(c) the DRT result. Since these spots
(generated as two-dimensional Gaussian
objects) all have the same variancz, they
should be of the same “size.” If taeir sizes
appear to vary, it is because of ‘he limit of
human vision. Note that the D'{T segments
vary consistently, whereas the isodata
results are sensitive to aifferences in
intensity.

Figure 5. Model cell nucieus emitting
fluorescent signals. (a) Originai,
unprocessed, computer-generated data,

(b) isodata result, and (c) DRT result. Again,
the DRT segmentation of the test spots was
fairly consistent despite the background
and the presence of other spots.
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intensity and is larger than several
pixels in size. It highlights streaks or
thin lines in the image as well as
bright spots. However, it does not
emphasize small, textured detail that
does not contrast sharply with its
surroundings.

Texture gist (Figure 7¢), on the
other hand, emphasizes small and
textured detail in the image. Spatial
frequency is the governing criterion.
Texture gist does not accentuate lines
or streaks. Rather, it highlights larger,
brighter spots in addition to the flecks
that make up the texture of tissue or
other substances.

Adding together the results of these
two analyses (Figure 7d) produces
an image that is brightest in areas
containing detail common to both.
The result is a gray-scale image like
the original image but with low-

" fr guency detail subdued.

The next step (Figure 7e) is to
segment the image so that all potential
objects above a certain threshold
intensity are given an equal value and
everything else is given a value of zero.
This process is called “thresholding.”

_ To automate thresholding, we must

il

determine some of an image's
statistics that are then inputto a
mathematical method that computes a
threshold value. We use a technique,
known as the isodata method. that
selects from a histogram of the data
(number of pixels vs. intensity) a value
that divides the histogram in such a
way that its two halves are “balanced™
around the chosen value. Once an
image has been segmented, regions
that contain likely calcifications are
known. These can then be extracted
from the image and either
computationally analyzed in greater

- detail or highlighted for diagnosis

by a doctor (Figure 7f).
To evaluate the performance of
our algorithm, we used a set of

mammograms to compare our
computational results with those
obtained by visual inspection by an
experienced radioclogist (Dr. Robert

Boroff of Valley Memorial Hospital.

Livermore, California). The initial
evaluation was encouraging. In
some cases, the algorithm
performed superbly, identifying
microcalcifications that a radiologist
might have missed. In other cases,
however, the texture of the tissue
was grainy and of the same
frequency as the microcalcifications
so that the algorithm yielded too
many false alarms. We are currently
developing a classification method
for distinguishing between artifacts
and suspicious and benign
micrecalcifications.

Our initial results suggest that
further development may
produce a useful “computerized
mammographer’s associate.” We
are currently developing object
classifiers that will help distinguish
between suspicious and innocuous
microcalcifications as well as normal
structures or artifacts so as to reduce
the number of false alarms without
rejecting any potential malignancies.

Summary

The methods described above
reflect only a few of the
computational challenges presented
by biomedical images. In contrast to
industrial settings, microscopy and
biology are characterized by
enormous variation and vast aumbers
of unknowns. To avoid biasing our
findings while exploring these
unknowns, it is important that we not
assume too much about the features
of the target objects. Accordingly,
both detection methods described
above use morphological imaging
techniques to obtain shape, size,

Biomedical Images

texture, and other information
inherent in an image without trying to
fit the data to a rigid mathematical
model.

Our computerized mammography
work is still in progress, and we hope
eventually to transfer the technology
to a medical imaging company. The
spot-finding algorithm has been
incorporated into a DNA mapping
tool for chromosomes in the
metaphase of cell division (see
Figure 1). It is heavily used by
researchers in the Department of
Molecular Cytometry at the
University of California, San
Francisco, and may soon be
distributed to other universities.

Key Words: algorithm—dynamic regional
threshold (DRT): chromosome —human,
hybridization domain: computer detection—
biomedical features: mammography —digitized:
microcaleification.
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An Environmental
Priorities Assessment of
the Southern Urals
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The end of the Cold War has enabled National Laboratory
weapons scientists and engineers to expand the application of
their knowledge and expertise to other national priorities.
Addressing environmental concerns is clearly both a national
and an international priority, and many LLNL scientists and
engineers have responded by researching and successfully
demonstrating the latest approaches and technologies for
preventing and remedying environmental contamination and

relatively new approach has

been successfully applied to
LLNL's Defense Systems Program
operations.! In addition to other
projects initiated through
environmental programs at LLNL.
weapons scientists have begun a
project to assist Russian scientists in
assessing their environmental

waste management problems.

priorities in a limited area of the
southern Ural Mountains—a region
contaminated with large amounts of
radioactive and chemical waste. The
project focuses on immediate
pollution problems from current
operations. with the aim of curbing
toxic air and water discharges.
minimizing waste generation. and
improving food and water supplies.

Background

In 1989, the Soviet government
began disclosing information about
severe environmental contamination
in the southern Ural Mountains.
Lakes and rivers that were being
used for drinking water. fishing. and
swimming were contaminated with
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Figure 1. The southern Urals region. which includes the cities and towns of Chelyabinsk, Kasli, Kyshtym, Karabash, Magnitogorsk, and
Ekaterinburg, to name a few, is home to Russian mining and metallurgy and a center for the production of nuclear materials. It is situated at
the junction of three major waterways—the Ural River, which falls into the Caspian sea; the Ufa River, which enters the Volga Basin; and the
Tobol River. which flows into the Ob River Basin, a major outlet to the Arctic Ocean. All of these waters ure contaminated with organic matter
(nitrates, petroleum products, etc.) and nuclear waste. The supply of uncontaminated water in the southern Urals is extremely limited.
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both radioactive and chemical waste.
Three years later, the post-Soviet
(Russian) government confirmed that
the contamination in the southern
Urals—a highly industrialized region
and a center for Soviet nuclear
weapons production—was the result
of three major accidents at the
Mayak facility (a Russian nuclear
weapons and plutonium production
plant) and the outgrowth of the
antiquated practices of Soviet
industry. !

The Mayak Facility

Retween 1949 and 1956, liquid
radio.\ctive waste was routinely
drained from the Mayak facility,
near the town of Chelyabinsk, and
pumped into the nearby Techa
River.2 The Techa river system
includes the Iset’ and Tobol Rivers,
both of which flow into the Ob
River, the region’s major outlet to
the Arctic Ocean (Figures | and 2).
In September 1951, when traces of
cesium and strontium-90 began
appearing in the Arctic Ocean. nearly
1000 miles away. the Mayak facility
began instead to pump its nuclear
waste into Lake Karachay, a
100-acre body of water with no
outlet.” After ten years of pumping,
the cumulative activity of the lake
was 1.2 billion Ci, which is about
25 times the amount of radiation
released (50 million Ci) by the
Chernobyl reactor accident in April
of 1986. Radionuclides in the lake
- also migrated underground,
~ contaminating subterranean aquifers
and tributaries of the Ob River.?

In September 1957, a chemical
explosion occurred in one of the
Mayak facility’s nuclear waste
storage tanks. spreading 20 million Ci
- of radiation over a 23,000-km? area.>
The strontium-90 contamination
- density for the area was more than
- 0.1 Ci/km?, and approximately
272,000 people were exposed to
radiation from this event.2

Ten years after the explosion at
Mayak, the area was parched by
drought. High winds spread
radioactive soil and dust from Lake
Karachay over 43 southern Ural
settlements (some almost 50 .niles
away from the lake), populated by an
estimated 41,500 people.?

Chemical Contamination

The chemical contamination in the
southern Urals can be attributed to the
uncontrolled growth of the regional
industry—that is, the mining and
processing of rare-earth elements,
coal, and iron ore, which are used in
the production of heavy machinery.
The region’s vast mining and
metallurgical combines are outmoded;
most have escaped modernization and
still look and function as they did in
Stalin’s time (Figure 3). For decades,
they have been releasing chemical
effluents and compounds to the
environment that have purportedly
caused serious respiratory, endocrine,

Environmental Assessment

and blood disorders in the population.2
Presently, the pollutants generated by
these combines (for example, carbon
oxides, nitrogen oxides, sulfur
dioxide, phenol. mercury, hydrogen
sulfide, and lead) exceed Russian
maximum permissible limits.

Russian Efforts to Control
Environmental and Health
Problems

In an initial effort to bring the
region’s environmental and health
problems under control, the Russian
government has allocated funds to set
up programs in environmental
monitoring and computer modeling.2
Systematic environmental monitoring
of the region will enable Russian
scientists to determine the content and
distribution of chemical and
radioactive pollutants in air, water,
and soil. Computer modeling will
alfow them to simulate and study all
environmental processes, ranging
from the generation of nuclear and

Figure 2. The Techa River near Muslyumovo in the Chelyabinsk region of Russia, 78 km
downstream from the Mayzk facility. Over a period of four years, the Mayak facility dumped
some 76 million cubic meters of high-level nuclear waste, containing nearly 3 million Ci of
radioactivity, into the Techa River. It has been reported that the contamination became so
severe that settlements were evacuated and the river was fenced off. The remains of the
fence are visible on the horizon. (Photograph by Robert Del Tredici, Montreal, Canada.)
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chemical contaminants to the effect of
such contaminants on ecology

and human health. The Russian
government has also allocated funds
for epidemiological and demographic
studies to define the relation between
environmental contamination and
adverse health effects in the regional
population.

An Environmental Priorities
Assessment

Although these programs and
studies are important steps toward
environmental remediation, their
effectiveness may be minimal in light
of the damage to the southern Urals.
Knowing this, Russian scientists and
engineers from the Institute of
Technical Physics (ITP) at
Chelyabinsk-70, together with
regional public health and
environmental specialists, have called
on the international scientific
community for help.?

Marjorie Gonzalez, an
environmental engineer and
assurance manager in LLNL’s
Defense Systems Program, and
Ronald Ott, a weapons design
physicist in the Nonproliferation,
Arms Control, and International
Security Directorate, became
interested in responding to this call
for help upon reading a report written
by six Russian weapons scientists
from the ITP.2

Gonzalez and Ott are the
primary scientists developing the
environmental priorities assessment
project. In a proposed collaborative
effort, Russian project scientists
would survey the sources of
continuous discharges of pollution in
a limited area of the southern Urals
and identify the priorities for air.
water, and soil pollution prevention.
The goal of this project would be to
minimize waste and emissions, and to
improve the quality of food and water
supplies to reduce adverse health

Figure 3. A metallurgical plant in the industrial district of the city of Chelyabinsk. This
combine, like most of the huge mining and metallurgical combines in the area, is outmoded
and looks and functions much as it did in Stalin’s time. For decades, these plants have been
releasing chemical effluents into the environment, including carbon oxides, nitrogen oxides,
sulfur dioxide, phenol, mercury, hydrogen sulfide, and lead. (Photograph by Robert Del
Tredici, Montreal, Canada.)
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effects in the population and increase
industrial productivity.

The project would address
immediate problems from current

_-operations; it would not embark on a

large-scale environmental cleanup of
legacy wastes. The results of this
effort would be used by the Russian
scientists and other Russian
representatives from governmental
agencies, academia, and special
interest groups to establish priorities
for preventing pollution, minimizing
waste, and treating food and water
supplies. The results would also serve
as the basis for follow-on pollution
prevention projects in the southern
Urals region (such as a pilot
experiment to select the best option
from several industrial process
modifications or material substitution
alternatives, and a demonstration
project to validate its effectiveness).
By participating in the project and
applying their skills and expertise
to pollution prevention, waste
minimization, and food and water
supply treatment, Russian weapons
scientists would be able to develop
new technical and project
management skills that could lead to
diverse research and development
opportunities in the civil sector. They
would also become part of the
international environmental science
community as they report on the
project at international conferences.
Russian scientists, including those
from the Chelyabinsk-70 weapons
laboratory and the Russian Academy
of Sciences, have expressed the
importance of addressing the regional |
pollution problems and have taken
steps to alert the international
scientific community of the need for
assistance in this area. They have
also expressed their understanding
of the merits of developing and
implementing pollution prevention
projects, especially those that have
the promise of increasing industrial
productivity as well as reducing
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adverse health effects. Gonzalez and
Ott are encouraged by this awareness
and interest because they believe that
it will lay the foundation for a positive
U.S.-Russian working environment,
which holds promise for their
proposal and which will ultimately
enhance the quality and usefulness of
the project results.

The Project

The broad scientific and technical
nature of the project will require
participants from a wide range of
disciplines in the physical, biological,
environmental, mathematical, and
social sciences. These individuals will
work together as a multidisciplinary
team and will interact with a broad
cross section of the Russian social and
political infrastructure (for example,
government and defense
organizations, environmental groups,
medical and academic groups, and
business and economic professionals).

U.S. participants will include the
LLNL principal investigators as well
as collaborators from the U.S.
Environmental Protection Agency’s
Oftice of Research and Development
(EPA/ORD) and Office of
International Affairs (EPA/OILA).
the Coalition for International
Environmental Research and
Assistance (CIERA).? and the Natural
Resources Defense Council (NRDC).
For a complete list of U.S.
participants, see Table 1. The
proposed Russian participants will
likely include Russian scientists from
the ITP and representatives from a
variety of government and
nongovernment organizations.

Because the project will cut across a
spectrum of Russian environmental,

- social, and political issues, it will be
established as a genuine Russian effort
led by Russian principals. Thus,

- Russian participants will be the prime
movers and decision-makers, and

- LLNL participants will be the advisors.

[T

The LLNL participants will oversee
the project survey. coordinate the
efforts of U.S. organizations
participating in the project, and
promote opportunities for technolog
transfer. They will also provide
guidance and information based on
their experience in pollution
prevention and waste minimization
programs! at facilities within the U.S.
nuclear weapons complex. Their
knowledge of the role of pollution
prevention technologies in nuclear
weapons research, development, and
production will be extremely valuable
to the project and to potential follow-
on studies.

The initial task of the Russian
participants will be to define the
project study area using environmental
data from the government, the Defense

Environmental Assessment

Ministry, academic and business
organizations, medical professionals,
public health experts, and
environmental specialists. They will
then survey, describe, and characterize
the various sources of continuing
industrial pollution in the study area
to compile an environmental register
(database). The register will specify
the type of pollutant released, the
media in which it is present, its
existing and potential sources, and
its known and potential effects on
food and water supplies, commerce
and economics, and ecological
systems. The Russian scientists will
then evaluate these eftects, rank them
according to priority, and identify
means for preventing pollution,
minimizing waste, and treating food
and water supplies. Representatives

Principal Investigators
Marjorie A. Gonzalez, Environmental Engineer and Assurance Manager, Defense
Systems Program, LLNL

Ronald L. Ott, Physicist, Nonproliferation, Arms Control, and International Security

Directorate, LLNL

Collaborators

David D. Brekke, Environmental Engineer and Health Physicist, Sandia National

Laboratories, Livermore

Thomas Cochran and Kristin Suokko, Environmental Scientists, Natural

Resources Defense Council (NRDC), Washington, D.C.

Darwin R. Wright, Special Assistant to the Director, Environmental Engineering-
and Technology Demonstration, Office of Research and Development,
U.S. Environmental Protection Agency, Washington, D.C.

Lee Pasarew, Director, NIS Technical Assistance, Office of International Affairs, U.S. EPA,

Washington, D.C.

Courtney Riordan, Director, Environmental Processes and Effects, Office of Research
and Development, U.S. Environmental Protection Agency, Washington, D.C.

William J. Lacy, Consulting Chemical Engineer, Coalition for International
Environmental Research and Assistance (CIERA), Fairfax, Virginia

James E. Evans, Deputy Associate Director for Diversity and Equal Opportunity,

LLNL
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trom other Russian governmental
agencies, academia, and non-
governmental interest groups will also
participate in the priority ranking.

Because the pollution problems of
the southern Urals require such urgent
treatment and because the project
resources are limited, investigators
will use a “triage” methodology —that
is, they will rark the problems and
then use available resources to solve
the highest-priority problems in the
most cost-effective way. To establish
priorities for the myriad pollution
problems, they will have to integrate
the requirements of applied science
and engineering (resources, methods,
and technologies) with the political,
economic, and social realities of
Russia.

Under this proposal, the U.S. and
Russian scientists will first finalize
the project plan. identify personnel
assignments, organize teams for
project studies, and coordinate
collaborative etforts (for example,
proje~ts from ITP and other technical
institutes and organizations). They
will also begin overview studies of the
southern Urals region to help define a
project study area, identify major
pollution sources and health problems,
and develop an environmental
register. A tour of the southern Urals
region will be a necessary starting
point for the project.

Then, the Russian scientists will
survey pollution sources, study the
demographics of the affected areas,
gather and analyze data, and compile
the environmental register. They will
also analyze and characterize the
pollution sources and then document
their findings.

At the end of the project, U.S. and
Russian investigators, together with

participating Russian organizations,
will develop criteria for evaluating
pollution sources and establish
priorities for improving industrial
practices. A final report on the
environmental priorities assessment
will be prepared and will become
public information.

Current Status of the Project

Now that the project has received
both State Department and DOE
approval, Gonzalez and Ott are
establishing project approaches and
discussing areas of emphasis with
their Russian collaborators. They are
also consulting with other LLNL
environmental scientists who have,
for many years, collaborated with
scientists from other countries on
environmental research projects.*
Gonzalez and Ott believe that the
experiences of these scientists, such
as assessing the impacts of the
Chernobyl accident and evaluating
contamination in the Marshall
Islands, can provide valuable
information on conducting
international environmental studies.
In addition, the extensive work
carried out at LLNL and other
DOE laboratories in the DOE
Environmental Restoration and
Waste Management Program will be
of great value in helping the Russians
determine their environmental
priorities. The prospect of reducing
adverse health effects and improving
productivity in Chelyabinsk serves as
a strong motivation factor for all
engaged in this pollution prevention
research effort.

Key Words: Chelyabinsk —environmental priorities
assessment. pollution prevention. waste
minimization: industrial pollution: Institute of
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Technical Physics (ITP): nuclear accidents—
Chernobyl, Mayak plant: nuclear waste dumping —
Lake Kuarachay, Techa river system: southern

Ural Mountains.
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High-Power Copper Vapor
Laser Heads

Through novel improvements in design,
manufacturing, processing, and laser
operation, we have increased the power output
of our copper lasers by 25% at little added cost.

F OR the past 40 years. the
uranium enrichment enterprise
of the Department of Energy has
been vital to the fuel supply of U.S.
nuclear reactors and. through sales to
overseas customers. has contributed
hatf” a billion dollars yearly to the
U.S. balance of trade. The need to
provide a secure domestic source of
fuel for nuclear energy drove
decades of research into the
development of low-cost technology
for uranium enrichment. Laser
isotope separation is one such
technology that was pioneered in
this country.

The Uranium-Atomic Vapor Laser

[sotope Scparation (U-AVLIS)
Program began at LLNL in 1973,
The U-AVLIS process is believed
1o be the lowest-cost enrichment
technology known. capable of
generating enriched uranium for use
in commercial power plants and
achieving significant savings over
other techniques by using far less
cleetric energy.

The U-AVLIS process consists
of three basic steps:
o First. an electron beam heats a
crucible of molten uranium to
produce atomic uranium vapor.
e Next. the vapor flows into a
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separator, through which laser beams
are pulsed. These dye lasers are tuned
1o the precise electron transitions

of uranium-235, selectively photo-
ionizing that isotope so that it can be
preferentially extracted.

e Finally, the ions of uranium-235 are
drawn by clectromagnetic fields onto
a product collector. while the
remainder of the vapor accumulates
on a tails collector.

U-AVLIS uses tunable dye lasers to
provide the exact wavelength of light
that sclectively ionizes the uranium-
235 isotope in the vapor stream. The
tunable dye lasers are optically
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S-Laser Heads

pumped by fixed-wavelength copper
lasers. We use these copper lasers not
only because they produce the
yellow-green output wavelengths that
are efficiently absorbed by the red-
orange dye-laser dyes, but also

because they provide high average
power (hundreds of watts per
amplifier) and high pulse-repetition
frequency (several kilohertz).

The: copper lasers in the Laser
Demonstration Facility at LLNL are

Figure 1.
Schematic diagram
of the copper lasers

. Copper

in the Laser
Demonstration

Facility. Three of the

twelve copper chains
are shown. The

copper oscillator
supplies a high-
quality beam to the

amplifiers.

. osclllator

E&TR May 1993

arranged as shown in Figure 1. Each
chain is comprised of a copper laser
oscillator that initiates the laser beam
and three amplifiers that amplify the
laser beam to the desired power. The
copper laser oscillator supplies a
high-quality beam to the amplifiers.
Each amplifier consists of a laser
head, the pulsed-power electronics,
utility systems, and control
electronics (Figure 2). A copper laser
system of twelve chains has been

in continuous, round-the-clock
operation in the Laser Demonstration
Facility from 1985 to early 1993.

Copper Laser Heads

The copper laser head developed
at LLNL consists of an insulated gas
discharge tube (also known as a
plasma tube) that contains low-

-+ 3 Control electronics .

Mogretioswitchesy |

. 15-kW switching power shppilés

Pu|sed-power élécgroﬁics assembly

" Gas and vacuum qo_htrolleg

Y
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' Internal beam tube -

dshutter

RN Laser enclosure

Head mount

\ High-voltage connector

S-laser head -

Figure 2. Schematic diagram of a copper laser amplifier enclosure. The enclosure contains the S-laser head and its supporting electronics,
as well as the utilities and controls for operation of the head. (Utilities available to the laser head include lines for supplying neon gas,

creating vacuum, circulating cooling water, and supplying air.) When the amplifier enclosure is aligned within a copper laser chain, the beam
enters at one end, is amplified, and exits at the other end of the enclosure.
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pressure neon and copper pellets.
These pellets are set on the bottom at
regular intervals along the length of
the tube interior. A pulsed-power
system operates at a repetition
frequency of 4.4 kHz. The electric
discharge heats the insulated plasma
tube to approximately 1500°C,
melting and vaporizing the contained
copper and exciting the lasing
transitions in the copper vapor.
Copper laser head designs of the
mid-1970s used a discharge tube 2 cm
in diameter and | m long to generate
5to 10 W of optical power. Since an
AVLIS plant requires tens of kilowatts
- of copper laser power, we increased
the size of the copper lasers to achieve
~ higher output powers. From 1978 to
1983, we scaled the laser heads up to
8 cm in diameter and 2.5 m in length,
thereby producing amplifiers with
150 to 2C0 W of output power and a
thermal loading of 10 kW in the head.
Early analytical models! predicted
" that these large-diameter laser heads
would suffer from a loss of effective
gain (and therefore output power)
_ because the center of the 8-cm
discharge would overheat and
thermally populate the lower copper
lasing states. Later experimental
measurements verified this
prediction. It was clear that to
improve the output power from
these 8-cm laser heads. or to
consider building them to even
larger diameters, we had to reduce
the gas temperature at the center of
the discharge.

The New S-Laser Head

We decided to test the concept of
radiatively cooling the center of the
discharge by placing a septum along
the length of the plasma tube. This
design is known as the S-laser head

(S as in septum; see Figure 3). The
septum is constructed of axially
spaced plates and operates slightly
above the temperature of the plasma
tube wall (to which it radiates heat).
Since the septum plates have far
greater emissivity than the gas, they
improve heat transport. The septum
cuts the heat conduction path through
the discharge to the nearest “cool”

S-Laser He~s

surface in half (from 8 cm to 4 cm).
Thus, the average gas temperature in
the discharge of an S-laser head is
significantly lower than that in a
conventional cylindrical laser head
(Figure 4). This reduction in
temperature allows us to deliver a
greater discharge power to the laser
head, resulting in a markedly
increased output power. Although the
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Figure 3. Half of an S-laser head assembly showing the septum plates lined up along the

axis of the plasma tube.
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septum blocks roughly 6% of the
optical beam, the increased
performance of the laser more than
compensates for the beam blockage.
The net increase in power is about
25% (to output powers of 250 to
300 W).

The improved performance of the
S-laser head was demonstrated in
performance tests between 1982 and
1984. However, the “engineering
details” involved in incorporating the
septum into the laser head were
sufficiently difficult that this
innovation was not successfully
deployed in our operating copper
laser system until several years later.

Design Requirements for
the S-Laser Head

The design of the S-laser head had
to meet a number of challenging
requirements. Not only did the
design have to satisfy thermal and
mechanical design requirements and
accommodate electrical and chemical
compatibility issues, but it also had to
resolve complications in fabrication
methods introduced by the septum. In
addition, the design had to show
favorable results of round-the-clock
reliability testing.

Operating Temperature
and Pressure

During steady operation of a
copper laser head, the temperature
of the plasma tube wall is about
1500°C, and the pressure of the neon
buffer gas is maintained at 66 kPa
(50 Torr). This temperature produces
the required 13-Pa (0.1-Torr) copper
vapor pressure above the molten
copper pellets. To achieve this
operating temperature, a thermal
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input of 14 kW is deposited in the
laser head. The resulting heat flux of
2 W/cm? must be tolerated by the
plasma tube material. Common
engineering materials for reiractory
use include alumina, tantalum,
molybdenum, and tungsten.

High-Voltage Discharge

The neon gas discharge is created
by applying a 60-kV electrical
potential between the cathode and
anode. Thus, the laser head materials,
must not provide electrical
conduction paths that compete with
the discharge. This requirement for
sufficient electrical isolation rules
out the use of continuous metal in the
plasma tube, the insulation, or the
vacuum tube.

Discharge Characteristics

A laser amplifier can achieve
maximum output power only with a
stable, relatively pure gas discharge.
Therefore, impurities in the laser
must be less than a few percent of
the copper vapor density. However,
it is difficult to detect low levels of
impurities in the laser head materials
that are released at 1500°C.
Furthermore, the influence of
certain vaporized matcrials on the
plasma is not necessarily well
understood. Consequently, we must
rely heavily on empirical results for
determining the behavior and
suitability of the laser head
materials. Impurities
also contribute to an unstable gas
discharge. These instabilities can
cause thermal fracture of an alumina
plasma tube as a result of non-
uniform ceramic temperatures
(which have been shown to cause
fracture).?
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The Optical Beam Path

Since amplifiers in the Laser
Demonstration Facility operate in
chains of three, the 8-cm-diumeter,
2.7-m-long laser beam must remain
aligned from one amplifier to the
next. We use the inner diameter of
the plasma tube to align each
amplifier within £1 mm of the beam
centerline at room temperature. To
maximize the tube clear aperture (the
clear cross-sectional area of the tube
assembly) and to minimize the loss
of chain output power, the plasma
tube diameter must be fabricated to a
tolerance of +0.5 mm.

The Laser Head Housing

A metal housing must encase the
entire laser head assembly to provide
essential structural integrity and to
carry the electrical pulse to the
electrodes that are located at either
end of the plasma tube. The housing
must also be capable of removing
14 kW of thermal load, which is most
easily accomplished by water
cooling.

Head Reliability

For the economically efficient
operation of a U-AVLIS plant
containing 200 or more amplifiers,
the components must meet standards
of durability. In our Copper Laser
Program, the laser head lifetime goal
is 5000 h (almost 7 months of
operation). The copper reload
interval goal is a minimum of 1500 h.
These standards for the laser head
lifetime and the refurbishment cycle
often mean that the effects of
engineering tests or design changes
can be determined only after many
months of operation.
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Interfaces in the L:.ser Enclosure
The laser enclosure houses the
laser head, the pulsed-power
electronics, and the utility system
(in short, the enclosure houses the
amplifier). There are several
interfaces from the laser head to this
enclosure. To reduce convection
currents on the laser head windows,
we use beam tubes to connect the end
of the laser head and the enclosure
perimeter. For exact alignment,
structural laser head mounts can
position the head by x-v translations.
Utilities available to the laser head
inciude lines for supplying neon gas.
for creating vacuum, for circulating
cooling water, and for purging air.
To maximize the voltage rise time
(the speed with which the voltage
rises to its desired peak), the laser
- head design must minimize the
- electrical circuit inductance. We must
- therefore keep the laser head shell
- diameter as small as possible and
minimize the spacing on the high-
voltage connector between high
" voltage and ground.

Septum Design Censiderations
Adding the septum to the laser
head markedly increases the
complexity of the laser head design.
The septum runs along the axial
* centerline of the high-voltage
discharge tube. To maximize beam
clear aperture, the septum must be as
thin as possible in cross section. In
addition, the septum support must
occupy as little space as pcssible
~ while keeping the septum positioned
= in a straight line. The septum makes
alignment of the laser head especially
critical since misalignment will
reduce beam cross section in the
center as well as at the tube edges.

Since the septum operates at a
temperature about 50°C higher than
the 1500°C temperature of the plasma
tube wall, it must be made of a high-
purity, thermal stress-resistant
material to ensure a stable discharge
and maximum amplifier output
power.

Engineering the S-Laser Head

The S-laser head shown in
Figure 3 is our solution to the design
requirements discussed above. The
engineering challenges centered on
the material constraints imposed by
the high operating temperature, the
high-voltage discharge, and the
stability requirements for the
discharge. Both the plasma stability
and the laser output power are
sensitive to any impurities present.

During the development of the
S-laser head, we encountered major
practical difficulties with the
fabrication of the plasma tube, with
thermal and chemical compatibility of
the septum, and with the plasma
tube’s lifetime. Below, we discuss
these difficulties and describe some
of the other, more general engineering
issues involved in the development of
copper iaser heads.

The development of a laser head is
complicated by the large number of
parameters that influence output
power and result in a normally wide
output power range. Therefore, design
effects can be difficult to determine.
Development times are also
necessarily slow since a desired laser
head cycle is 1500 h (or 2 months) and
a desired lifetime is 5000 h (or 7
months). Fortunately, 36 lasers have
operated simultaneously in our Laser
Demonstration Facility, allowing a
database to be acquired.

S-Laser Heads

Plasma Tube Engineering

Fabrication of the plasma tube has
been the focus of a major development
effort in the Copper Laser Program.
The only electrically insulating
refractory material readily available
and economical for use as a plasma
tube is high-purity alumina (which is
isostatically pressed at 35 MPa
(5000 psi) and then fired at 1700°C).
The tube is manufactured in three
sections, which are threaded together
to contain the high-temperature
discharge and copper vapor over a
2.7-m length.

Calculations show that thermally
induced tensile stress at 1500°C is
approachirg the material limit. This
is supported by handbook values?
of alumina’s tensile strength, which
drops from 200 MPa (30,000 psi)
at room temperature to 27 MPa
(4000 psi) at 1400°C.

To achieve the requisite tube length,
as well as the tolerances required for
aligning the three-amplifier chains in
the Laser Demonstration Facility, we
have worked closely with several
manufacturers of alumina tubes to
develop suitable fabrication practices.
The early cylindrical alumina plasma
tubes were slip-cast but could not be
manufactured to the required
tolerances for straightness and wall
thickness. Slip-fit joints between tube
sections also were tried, but the joints
would separate because the tube
position was not fixed, and a 2.7-m
alumina tube expands some 40 mm in
length as the temperature rises from
ambient to 1500°C.

The advent of the S-laser head
exacerbated the demands on the
plasma-tube manufacturers. The need
to insert the septum plates in a
longitudinal slot running the full
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length of the plasma tube introduced
additional demands for alignment
and straightness. Moreover, since
the tube diameter and slot features
are not machined after firing,
manufacturers had to improve their
process controls so that firing would
not distort the slot features. The
need for a 2.7-m-long slot in the
alumina plasma tube also increased
the difficulty of properly fabricating
the aluminum mandrel used in
forming the tube.

Septum Engineering

Ideally, the septum would be
fabricated as an integral part of the
plasma tube, but isostatic pressing
(the method used to fabricate the
alumina tube) is not a suitable
method for fabricating cylinders
with an internal septum. Therefore,
the S-laser septum consists of
34 molybdenum plates in a slotted
alumina plasma tube. The plates are
1.5 mm wide, 58 mm long, and
spaced 19 mri apart; the gaps
distribute the laser head voltage so
that the discharge can proceed down
both sides of the septum without
short-circuiting through the plates.

The earliest septum plates were
made of the same high-purity alumina
as the tube, but they frequently
cracked during operation because
of thermal stress. We tested the
refractory metals tantalum, tungsten,
and molybdenum. All three materials
worked at least as well as the alumina.
There was some concern that metal
plates would short the discharge
locally and experience arcing across
the gaps, but this phenomenon was not
observed. Molybdenum was chosen as
the preferred plate material by process
of elimination: tantalum demonstrated
a chemical-electric field interaction
with the alumina tube after a few
thousand hours of operation, and
tungsten is more difficult than
molybdenum to fabricate.

The plate geometry was also
deteymined empirically. A thick plate
yields a long lifetime, but a thin plate
minimizes the amount of beam areca
that is obscured. Testing determined
that 1.5 mm is the optimum thickness
for molybdenum plates.

The septum design also improves
the axial temperature uniformity ot the
plasma tube by decreasing the radia:ion
view factor out the ends of the tubc.

Figure 5. Cross-
sectional drawing of the
S-laser head showing a
molybdenum septum
plate end-on in the
slotted alumina plasma
tube. The tube is
surrounded by the

* Quartz tube
(500°C)

Alumina insulation

machinable, high-purity
fibrous alumina
insulation and the
quartz vacuum barrier.
Also shown are the
operating temperatures
of the plasma tube and
quariz tube.
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Alumina plasma tube
(1500°C)

Molybdenum septum
(1.5 mm thick)
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Vacuum Containment

To create a vacuum barrier for the
laser head, a quartz tube surrounds
the plasma tube (see Figure 5).
Between the two tubes is a
machinable, high-purity fibrous
alumina insulation. This insulation
serves two purposes: it supports the
plasma tube inside the quartz tube,
and it drops the temperature from
1500°C at the outer surface of the
plasma tabe to 500°C at the inner
surface of the quartz tube. This is
important because at temperatures
above ~500°C. the quartz reacts
chemically with the alumina
insulation. The quartz tube is
supported at each end by a double
O-ring seal.

The Laser Head Shell

The laser head shell is constructed
of double-walled aluminum, with
cooling water flowing at 10 liter/min
(3 gal/min) between the walls. The
quartz tube. operating at 500°C,
radiatively transfers 14 kW of heat
to the shell across an air gap. The
inner surface of the shell is painted
flat black to increase the emissivity of
the shell and to enhance heat transfer.

To prevent arcing through the
quartz tube. we must reduce the
electric field stress between the shell
and plasma tube. Accordingly. the
shell has two ceramic voltage breaks,
each of which drops the voltage
about 25 kV.

Since distortion of the fused silica
end windows degrades beam quality
as the beam exits a laser head. it must |
be minimized. To decrease the
heating of the windows, the end
housiags contain copper baftles that
absorb infrared heat. Quartz window
spacers are also used to thermally
isolate the windows and to create a
more uniform window temperature.
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Ceramics Processing

Impurities in the discharge gas
reduce the copper laser head’s
performance and shorten its life. For
example, volatile impurities such as
water vapor cause discharge
instabilities on initial operation.
resulting in nonuniform heating that
thermally stresses the alumina plasma
tube and leads to failure of the
ceramic. To avoid this, appropriate
preprocessing steps must be taken
during assembly of the laser head.

Since the process for manufacturing
fibrous alumina insulation uses a gas
furnace, we bake the material in a
vacuum furnace at 1450°C for 30 h to
remove additional chemical impurities
and to ensure dimensional stability.
In addition. because the high-surface-
~area fibrous alumina insulation

absorbs water, the laser head is
_assembled inside a low-humidity
“room (1 to 2% relative humidity).

After the assembled laser head has
been installed within its aluminum
shell. it receives a final internal bake
- at 1500°C with a tungsten heater
rod assembly.

(Eventually, vendors will have to
assemble the laser heads. both for an
AVLIS plant and for other potential
copper laser applications. Therefore,
we are working to simplify these
ceramics-processing steps.)

Component Inspection

Significant quality control and
inspection efforts have aided the
development of the three critical
S-head parts: the quartz vacuum
barrier in the laser head. the
- concentric five-section fibrous
_alumina insulation. and the three-
section alumina plasma tube. We have
- created a dedicated inspection area in
AVLIS. and we apply statistical
process-control methods to the results.

We have also taught these quality-
control procedures to interested
parts manufacturers. As aresult, a
higher percentage of fabricated parts
meet the design tolerances, and
inspection requirements at LLNL
have been reduced. Our goal is to
develop a full inspection capability
at the manufacturers’ plants.

Cost

The S-laser head yields
approximately 25% more output power
than a cylindrical amplitier of the same
size. and the incremental costs incurred
for manutacturing and operating the
S-design should be consistent with that
improvement. The increased
complexity of the S-laser head plasma
tube and the fabrication of the septum
plates add about $2000 to the cost
of a laser head (which totals about
$35.000). This is only a 1% increase
in the $200.000 cost to procure an
entire laser amplifier.

Operating Results of the
S-Laser Head

Twelve chains of S-lasers. totaling
36 S-laser amplifiers. were in
continuous operation in the Laser
Demonstration Facility from October
1990 until January 1993. The design
goal of 8760 W (total power) was met
in 1990, and the system operated
routinely at or above that power level.
Peak output power in 1992 reached

just above 10,000 W.

The S-laser heads in the Laser
Demonstration Facility were
refurbished (mainly by being reloaded
with copper) on average every 1500 h.
They were rebuilt (that is. the quartz
tube. alumina insulation, plasma tube,
and septum plates were replaced) on
average every 6000 h. The longer the
refurbishment interval, the higher is
the laser chain availability. and the
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longer the laser head lifetime, the
lower are the material and labor costs
for an AVLIS plant. Rebuilding an
S-laser head required approximately
$10,000 in parts and four worker-days
of labor, and consumed an elapsed
time of one week.

The laser head life generally ends
through failure of the ceramic plasma
tube. In an S-laser head, the plasma
tube cracks typically along its length
at 3 o’clock and 9 o’clock when
viewed in cross section. Calculations
indicated that the S-laser geometry
increases thermal stress by 20% over
that of the cylindrical geometry:
therefore, we reduced the thickness of
the plasma tube wall to compensate.

We used video monitors to observe
events during startup in the S-laser
and cylindrical heads. S-laser head
discharges on startup showed a
tendency toward unstable. constricted
electrical discharges near the tube
wall, which cause local temperature
gradients that can crack the ceramic.
Conversely, in the startup of a
cylindrical laser head, any discharge
constrictions will occur in the center,
away from the tube wall.

Using what we learned from the
video monitoring, we adjusted the
startup procedure to improve the
S-laser head lifetime. Nevertheless,
the S-laser geometry is inherently
more sensitive to discharge
constriction, and further lifetime
improvements are likely to require
changing the plasma tube material.

The S-laser head design requires
more stringent alignment criteria than
does the cylindrical design. Not only
must the septum slots between tube
sections within a laser head be
aligned. but the position of the slot
in different laser heads must be
consistent for operation of the three-
amplifier chains. Misalignment either
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way reduces the output power through
beam clipping by the septum plates.
The actual optical obscuration of the
plates in an assembled laser head has
been measured to be up to 5 mm wide,
a 6% cross-sectional area

loss (see Figure 6).

Summary

Although the coppei vapor laser has
long been viewed as the opiimum
driver for the dye lasers used in atomic
vapor laser isotope separation. its
output power has beer limited by high
gas temperatures in the center of the
plasma tube. To solve this probiem, we
used the S-laser head design: we placed
a septum along the length of the plasma
tube to radiatively cool the center gas
temperature and thereby :ncrease

output power. We used empirical
methods to determine the optimum
dimensions and materials for the
S-laser head components and to
establish procedures for operating
the laser. During the course of
development, we worked with
manufacturers to devise fabrication
methods and assembly techniques
that produce high-purity, precision
tolerance components. Average
S-laser head power and lifetime have
exceeded the design goal. Twelve
three-amplifier chains have been in
continuous operation in the Laser
Demonstration Facility (~9000 W
total power). Since the copper laser
architecture is modular, the oscillators
and amplifier can be operated in
various configurations for other,
non-A VLIS applications.
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Figure 6. S-laser
beam profile, taken
by exposing blue-line
paper to the laser
beam. This is the end
view of the septum—
34 molybdenum
plates positioned
axially in the slotted
plasma tube.
Photographic beam
profiles aided the
development of the
S-laser head by
providing data on the
clear aperture during
operation.
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Tailoring the Properties of Organic Aerogels

We have recently succeeded in producing a new class of organic (or carbon)
aerogels whose electrical, mechanical, and other properties are superior to
those of the metal alkoxides. By tailoring properties to specific applications,
we hope to achieve aerogels with even better performance. We have already
tested carbon aerogels for use in inertial-confinement fusion targets and are
currently studying applications to other technologies, such as battery
electrodes, catalyst supports, and gas filters. In several of these applications,
the permeability of the carbon aerogels—that is, their resistance to fluid flow—
is crucial to their performance. Here, we describe briefly the synthesis of
organic aerogels and present the results of our permeability studies.
Contact: Fung-Ming Kong (510) 423-0603 or Cynthia T. Alviso (510) 423-8531.

Computer Detection of Features in Biomedical Images

Two projects under way at LLNL require the detection of spots in
biomedical images: physical mapping of DNA in chromosomes, for the
Human Genome Project, and finding microcalcifications, which may be an
early sign of breast cancer, in mammograms. We have developed several
computational algorithms to analyze these two kinds of images. The two
detection methods described here use morphological imaging techniques to
obtain shape, size, texture, and other information inherent in an image without
trying to fit the data to a rigid mathematical model. The spot-finding algorithm
has been incorporated into a DNA mapping tool for chromosomes in the
metaphase of cell division: it is heavily used by researchers at the University
of California, San Francisco, and may soon be distributed to other universities.
Our computerized mammography work is in progress; when completed, we
plan to transfer the technology to a medical imaging company.
Contact: Laura N. Mascio (510) 422-0924,

An Environmental Priorities Assessment of the Southern Urals

For several decades. the southern Ural Mountains have been home to a
burgeoning Russian mining and processing industry. Since 1949, this region
has also been a center for production of nuclear materials. Today, it is one of
the most contaminated places in Russia; lakes and rivers contain high amounts
of both radioactive and chemical waste.

In an attempt to deai with this problem, scientists from Lawrence
Livermore National Laboratory (LLNL) and the Russian Institute of Technical
Physics are developing a plan to assess the region’s environmental priorities.
Under this plan, Russian scientists would survey the sources of pollution in a
limited arca of the southern Urals and enact measures to prevent further
pollution. Their focus would be on immediate problems {from current
operations, not on large-scale cleanup of legacy wastes. LLNL scientists would
advise the Russians on how to make the survey and how to use the results to
set their priorities. The goal of this collaborative effort is to minimize
industrial waste and to improve food and water supplies.

Contact: Marjorie A, Gonzalez (510) 423-5630 or Ronald L. Ott (510) 423-1587.
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High-Power Copper Vapor Laser Heads

We have developed and engineered a high-power copper laser amplifier
head—the S-laser head—for atomic vapor laser isotope separation. The novel
design uses an internal septum that runs the length of the plasma tube,
lowering peak gas temperature in the laser. This design provides a 25% output
power improvement over preceding designs with little added cost and has been
subjected to extensive testing in the LLNL Laser Demonstration Facility.
Successful development of this laser head involved improvements in design,
manufacturing, processing, and laser operation.
Contact: Monya A. Lane (510) 422-1886.
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