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The State of the Laboratory 1 
In his annual State of the Laboratory address. Director Roger Batzel 
announced that, in a difficult budget year for the nation, the Laboratory 
fared fairly well; our operating budget for the 1983 fiscal year will be down 
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Nat ional De fense 7 
Our defense-related commitment includes the design and development of 
advanced nuclear weapons as well as research in inertial confinement 
fusion, nonnuclear ordnance, and particle-beam technology-
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To the task of weapons development, 
the Laboratory applies a wide spectrum 
of resources and skills drawn from 
scientific, engineering, and technical 
disciplines. 

The energy produced in thermo
nuclear weapons derives, in large part, 
from the energy of thermonuclear 
fusion. We can produce and study 
fusion react* jns in a controlled environ
ment by bringing a tiny deuterium-
tritium fuel pellet to very high tempera
tures and densities in such a short time 
that the thermonuclear fuel will ignite 
and burn before the compressed core 
disassembles. This technique, known as 
inertial confinement, relies upon a 
driver (e.g., a laser) to deliver the ex
tremely high-power, short-duration 
burst of energy required. Our inertial-
confinement fusion program has both 
civil goals, for producing electricity, and 
military goals, for obtaining data on 
nuclear weapons physics and creating a 
source of radiation to simulate the ef
fects of nuclear weapons on military 
hardware without conducting an actual 
nuclear test. 

There are other ways of controlling 
fusion reactions. One approach is to 
rely upon specially shaped magnetic 
fields to confine the thermonuclear fuel 
while heating it to fusion temperatures 
and densities by some external means. 
LLNL is conducting a vigorous mag
netic fusion research program, with the 
goal of developing the technology 
needed to harness thermonuclear 
fusion for power production. Successful 
development of a fusion reactor would 
give us practical access to fuels— 
deuterium (from water) and lithium— 
that will last for millennia. This pro
gram, which achieved several important 
goals during the past year, reflects our 
continued efforts to help meet future 
energy needs while maintaining the 
quality of the biosphere. 

We are also exploring the use of 
lasers for separating one particular iso
tope of an element from other isotopes 
of that same element; this year, the 
atomic vapor laser isotope separation 
process, which we have been develop
ing for the separation of uranium 
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isotopes, was selected by the Depart
ment of Energy for large-scale develop
ment. Other energy-related programs 
focus on suc'i applied energy technol
ogies as coal gasification and high-
performance electric batteries that could 
power motor vehicles. 

Our biomedical and environmental 
sciences programs explore sources of 
energy-related pollutants (both nuclear 
and nonnuclear), their methods of 
transport, and their effects on plants, 
animals, and humans. Studies range 
from investigations of the mechanisms 
of cellular change to extensive surveys 
of entire ecosystems and the safe, long-
term storage of radioactive wastes. 

The major research programs at 
LLNL can call upon a pool of special
ized professionals and a constantly 
evolving supply of supporting technol
ogies that are provided by a variety of 
internal support groups. These depart
ments are defined for the most part in 
terms of areas of technical specializa
tion (chemistry, physics, engineering, 
computations, etc.) and keep pace with 

developments in the various disciplines. 
The sophisticated theoretical and ex
perimental projects these support de
partments carry out have applications 
that serve not only the major LLNL 
programs but also the interests of the 
broader technical community. 

The timely availability of pro
grammatic resources in personnel and 
material is supported by various 
administrative departments that are 
coordinated through five managers 
under the aegis of an associate director 
responsible for administration. 

This issue of the Energy and 
Technology Review explores the 
technical horizons being defined by 
LLNL researchers in support and pro
grammatic roles. Featured first is a 
summary of the annual State of the 
Laboratory address presented by the 
Director, Dr. Roger Batzel, on budget
ary trends and the prospects for the fu
ture. Next is a sampling of Laboratory 
achievements, grouped under the three 
headings of national defense, energy 
and the environment, and supporting 
technologies. 13 
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Director Roger Batzel presented his 
State of the Laboratory address on 
June 9, 1982, reporting a currently esti
mated $706 million total budget and a 
$515 million operating budget for fiscal 
year 1983. When the impact of inflation 
is taken into account, this represents a 
purchasing power almost equal to that 
of last year (see Tables 1 and 2). Batzel 
emphasized that these figures are sub
ject to approval by Congress. 

The largest single budget item from 
the Department of Energy (DOE) is for 
weapons research, embody'ng the big
gest dollar increase in programmatic 
funding for the 1983 fiscal year. In.ertial 
confinement fusion remains the second 
largest project at the Laboratory, with 
funding approximately equal to last 
year's. The overall laser isotope separa
tion program will receive about the 
same dollar funding as in fiscal year 
1982; magnetic fusion energy will re
ceive a boost in funding that should al
most offset the impact of inflation. This 
funding reflects the excellent technical 
results achieved by these two programs 
during the past year. Funding for most 

other Laboratory programs approxi
mately equals that of fiscal year 1982, 
although some programs, notably those 
concerned with fossil fuel energy and 
with conservation and renewable 
energy, have been cut substantially. 

Dr. Batzel commented on how some 
specific programs will fare under the 
proposed 1983 budget. Inflation will 
blunt most of the impact of the funding 
increase in the weapons program. He 
feels that the Laboratory's weapons 
effort remains undersupported and 
underfunded. Said Batzel, "We still do 
not have the level of support needed to 
meet our weaponization and advanced 
development commitments to the 
Federal government." 

Batzel expressed satisfaction with the 
scientific achievements of the Labora
tory's two la::er isotope separation pro
grams. Our program for the special iso
tope separation of plutonium made 
significant progress this year toward 
the achievement of its primary goals. 
The atomic vapor laser isotope separa
tion (AVL1S) process for uranium, de
veloped at LLNL, was recently chosen 
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over two other processes for full-scale 
development. Although funding for the 
uranium process of laser separation is 
down in fiscal year 1983, Batzel expects 
increased support in years to come. 

The reduction in funding for the de
fense waste management program re
flects a decision by the DOE to proceed 
with the borosilicate glass matrix rather 
than the LLNL-developed SYNROC for 
storage of defense nuclear wastes. 
However, support is continuing for our 
program in the use of SYNROC for 
commercial nuclear waste management. 

The considerable funding decreases 
in our fossil fuel energy and conserva
tion programs are the result, said 
Batzel, of Federal decisions to curtail 
government research in these areas. 
The administration believes that it is 
time for private industry to assume 
most of the responsibility for research 
and development in these technologies. 

Dr. Batzel was gratified to see con
tinued support for the Laboratory's 
magnetic fusion energy program. The 
program has demonstrated that the 
magnetic mirror approach to plasma 
confinement is definitely a viable op
tion, and it should continue to be one 
of the two major thrusts in the nation's 
magnetic fusion effort. 

The cuts in funding for the biomedi
cal and environmental science pro
grams for fiscal year 1983 reflect an ad
ministrative decision to "deemphasize" 
these areas. However, Batzel staled that 
it is his considered opinion 'hut in the 
near future (perhaps as soon as 1984) 
there will be redress of these cuts and 
that funding will return to the 1982 
level. 

Regarding the liquefied gaseous 
fuels project, Batzel said that although 
much work is needed in this area— 
work that the Laboratory is well suited 
to perform—future funding is highly 
uncertain. Funding for reimbursable 
projects and work for others will re
main about constant in terms of real 
dollars, the largest commitments being 
charged-particle-beam work and non-
nuclear ordnance projects for the De
partment of Defense and licensing and 
safety studies of civil reactors for the 

Table 1 Total LLNL financial activity, millions of dollars. 

Revised 
FY 1982 

Estimated 
FY 1983 

Operations 
Equip fi*nl 
General plant 
Const ruction 

Total 

$480.5 
.16.7 
5.9 

139.3 

$662.4 

$514.9 
43.7 
5.0 

142.8' 

$706.4 

''Represents iin eslimaled $99,2 
forward from FY m82. 

million in now funding and $43 6 million in funds carried 

Table 2 LLNL program Funding, millions of dollars. 

Revised Estimated 
FY 1982 FY >983 

Defense programs $293.6 $325.3 
Weapons 2111.0 236.4 
Inertia! confinement fusion 51.7 52.0 
Verification and control 8.6 10.5 
Safeguards and security 1.1 I.I 
Isotope separation 10.6 Z5.1 
Defense waste management 2.6 0.3 

Fossil fuel energy 8.5 4.9 
Coal gasification and gas recovery 3.6 2.0 
Oi l shale 3.5 2.1 
Gas stimulation 1.4 0.8 

Conservation and renewable energy 4.2 2.7 
Solar technology and application 0.1 — Transport energy conservation 11.3 0.3 
Energy storage systems 3.5 2.4 
Geothermal 0.3 -

Energy research 61)5 67.4 
Magnetic fusion 38.0 41.7 
Magnetic fusion computer center 11.3 13.B 
Energy sciences and nuclear physics 4.0 6.0 
Health and environmental research 7.2 5.9 

Nuclear energy 29.4 25.7 
Advanced isotope separation technology 24.5 20.0 
Commercial nuclear waste 4.6 5.4 
Conventional reactor system 0.3 0.3 

Environmental protection, safety. 6.6 6.1 
and emergency preparedness 

Environmental activities 3.3 3.1 
Liquefied gaseous fuel 3.3 3.0 

Other work for the Department of Energy 15.1 12.3 
Reimbursable projects and work for others 62.6 70.5 

Total $480.5 $514.9 



Table 3 Ll NL reimbursable projects and work for others, millions of dollars. 

Revised Estimated 
FY 1982 FY 1983 

Department of Defence S36.6 $48.7 
Nuclear Regulatory Commission 12.8 13.1 
Department of Human Health Services 0.7 0.5 
En-Zropmental Protection Agency 3.3 3.0 
Department of Transportation 0.6 o.s 
Other Federal agencies 4.4 1.3 
Non-Federal agencies 4.2 .1.4 

Total S62.6 $70.5 

Table 4 LLNl. program manpower, full-time equivalents (FTEs). 

Defense programs 
Weapons 
Inerlial confinement fusion 
Verification and control 
Safeguards and security 
Isotope separation 
Defense waste management 

Fossil fuel energy 
Coal gasification and gas recovery 
Oil shale 
Gas stimulation 

Conservation and renewable energy 
Transport energy conservation 
Energy storage systems 
Geotherma! 

Energy research 
Magnetic fusion 
Magnetic fusion computer center 
Energy sciences and nuclear physics 
Health and environmental research 

Nuclear energy 
Advanced isotope separation technology 
Commercial nuclear waste 
Conventional reacts: system 

Environmental protection, safety, 
and emergency preparedness 

Environmental activities 
Liquefied gaseous fuel 

Other work for the Department of Energy 
Reimbursable projects and work for others 

Total operations 

Total construction and equipment 

Total Laboratory 

Re vised 
FY J 982 

3221 
6(>5 
129 
17 

m 

Estimated 
l:Y J 983 

3193 
6M> 
143 
16 

213 

4 % 470 
132 149 
70 S9 

139 99 

312 293 
75 73 

196 153 
801 973 

6799 6729 

595 431 

7394 7160 

Nuclear Regulatory Commission (see 
Table 3). 

Dr. Batzel noted that funding for con
struction at the Laboratory is promis
ing, particularly for completion of the 
Special .aotope Separation Facility, (or 
fi'rtlier construction of the Weapons 
Material Research and Development 
Facility, and for limited acquisition of 
land adjacent to the Laboratory. The 
funds proposed for the construction of 
the Nova laser facility and the Mag
netic Fusion Test Facility-B are less 
than required to keep the programs on 
schedule, but, said Batzel, there is a 
possibility that Congress will approve 
additional funding. 

In summary, Batzel noted that the 
Laboratory's overall budget is holding 
steady at a time when other federally 
funded institutions are suffering severe 
cutbacks. In terms of manpower, the 
hardest hit programs are those in fossil 
fuels and in conservation and renew
able energy, which face cuts in FTEs of 
about 30% (see Table 4). However, we 
will be able to absorb these personnel 
in other Laboratory projects. The Lab
oratory as a whole musi reduce its staff 
by about 250 persons to about 7000 by 
the end of fiscal year 1983. These re
ductions will be achieved via normal 
attrition, Batzel emphasized; with tight 
control on new hiring, we can avoid 
layoffs and begin the next fiscal year in 
a conservative and secure position. All 
things considered, Batzel said, we have 
fared pretty well, given the overall 
budget strictures facing the country. 

Dr. Batzel then discussed some other 
issues facing the Laboratory. Regarding 
collective bargaining, he said that there 
probably will be an election for LLNL 
scientists and engineers some time this 
fall. He restated his belief that collec
tive bargaining is not in the best inter
ests of the Laboratory. Because we de
pend on technical expertise to conduct 
our programs, produce successful re
sults, and thus obtain support for our 
work, anything that hinders this pro
cess, as he believes collective bargain
ing would, is detrimental to the Labora
tory. We compete successfully with 
other research institutions, said Batzel, 
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because we are not only good, we are 
better than most. "If, for any reason, 
you lose the fine edge of technical ex
cellence, you cannot compete." As illus
trated by the selection of our AVLIS 
process, competition is playing an 
increasingly important role at the 
national laboratories. 

Batzel also discussed demonstrations 
against LLNL, noting that much effort 
has been devoted to working out ways 
to protect Laboratory people and prop
erty and to developing plans to handle 
any potentially explosive situations that 
might arise. He stressed that it is im
perative that Laboratory employees are 
not exposed to situations in which they 
might be injured. Said Batzel, we just 
cannot have any violence to or by Lab 
people; it would do great harm not 
only to the individuals but also to the 
Laboratorv as a whole. 

Regarding the demonstrators' protest 
against nuclear war, Batzel made the 
following statement: "There is general 
agreement that we want to avoid 
nuclear war and live in a peaceful 
world. The major argument centers 
around the wav in which the country 

goes about maintaining peace in the 
world. As far as the U.S. is concerned, 
from the point of view of major world
wide conflict, we have avoided it, I be
lieve, as a direct consequence of the 
fact that the U.S. has had a strong de
fensive military posture (a posture that 
must be maintained). Nuclear weapons 
are an important and integral part of 
our defensive structure, and we have a 
continuing and even increasing respon
sibility to the country to mair.iain this 
technology for the United States." 

Dr. Batzel also mentioned that in this 
era of tight Federal funding and the 
scrutiny faced each year by every Lab
oratory project, we have been conduct
ing an ongoing and comprehensive 
long-range planning effort. We are as
sessing the potential of new areas of re
search in terms of the country's future 
research needs and the Laboratory's ca
pabilities and expertise. Batzel empha
sized that such efforts are vital to the 
continued success of the Laboratory; af
ter all, he said, "We cannot just sit still 
and wait and hope that somebody will 
take care of us; we are going to have to 
look after ourselves in this world." L9 



Ever since its founding thirty years 
ago, LLNL has been predominantly a 
nuclear weapons design laboratory. 
However, the expertise we have devel
oped in performing this task has also 
proved valuable in other areas of 
defense research such as inertial 
confinement fusion, laser isotope sepa
ration, nonnuclear ordnance, and 
particle-beam technology. Our nuclear 
weapons, inertial-confinement fusion, 
and isotope separation programs are 
funded by the U.S. Department of 
Energy (DOE); our nonnuclear projects 
are conducted under the auspices of the 
Department of Defense (DOD). 

DOE Programs 
The Laboratory's nuclear weapons ef

fort for the DOE involves three pro
grams: nuclear design, nuclear testing, 
and military applications. The nuclear 
design program explores advanced 
weapons concepts and pursues research 
in weapons physics. The nuclear test 
program conducts device tests at the 
Nevada Test Site, designing, construct
ing, and fielding the downhole canister 
and diagnostic equipment. The military 
applications program is responsible for 
developing and maintaining a modern, 
reliable nuclear stockpile and for 
analyzing and evaluating the uses 
of nuclear weapons. 

Nuclear Weapons Design 
The trend in nuclear weapons design 

is toward smaller warheads with im
proved safety and security. The im
proved accuracy of the newer delivery 
systems makes it possible to achieve 
the same military effectiveness with a 

Table 1 Performance enhancements ob
tained with different versions of a represen
tative two-dimensional hydrodynamics code. 

Computer Relative performance 

CDC 7600 1.0 
Original Cray 1 2.3 
Vectorized Cray 1 4.3 
Optimized Cray 1 8.0 

significantly reduced warhead yield and 
weight. Other nuclear design efforts in
clude reducing the collateral damage of 
nuclear weapons and tailoring nuclear 
effects for specific purposes. It is also 
important to maintain an expertise in 
areas where potential new develop
ments could significantly alter the 
status of the nuclear deterrent. 

Using Cray 1 computers for 
nuclear design. Ona of our principal 
tools in nucleir design is our high
speed computing system, \vhich con
sists of seven large computers (four 
Cray Is and three CDC 7600s) intercon
nected by the Octopus network. The 
Crays perform calculations in more effi
cient ways (by vectorization, for ex
ample) than the older 7600s. Since the 
first of the Crays arrived in 1979, we 
have been engaged in a program to 
convert our many design codes for op
eration on the Crays to reap the bene
fits of this increased efficiency. 

Within the past year, we have fin
ished converting about 20 of our major 
nuclear design code systems, represent
ing roughly 1.5 million lines of code. In 
doing this, we used many of the latest 
software engineering developments to 
enhance the reliability, maintainability, 
documentation, and portability (the 
ability to move from one computer to 
another with minimal conversion) of 
our codes. 

The actual performance improvement 
obtainable from this conversion de
pends, in each instance, on the numeri
cal algorithms used and, among other 
variables, on the size of the problem. 
Table 1 gives the range of performance 
improvements obtainable, using as an 
example four different versions of a 
representative code. 

Flash X-Ray facility. Another facet 
of our nuclear design effort is the test
ing of computer codes to see how 
closely they predict what will happen 
in a real implosion. To do this, we 
build full-scale (but nonnuclear) models 
of nuclear devices, detonate their high 
explosive, and take high-speed pictures 
of the explosion-implosion process. Be
cause the vital components we wish to . 
study are deep inside the model and 
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are surrounded by metal shells, the 
' only practical way to obtain such pic

tures is with high-energy x rays. 
To get a good picture of something 

moving fast, we must use a very brief 
x-ray flash. To get enough x rays 
through the device to form an image on 
the photographic plate, we must use 
very penetrating x rays and make the 
flash very bright. 

We have been generating such x-ray 
pulses by accelerating intense beams of 
electrons to high energy and stopping 
them in a metal target. However, at this 
stage in our research, we need even 
clearer pictures than this equipment can 
provide. To meet this need, we de
signed an even more powerful electron 
linear accelerator for our Flash X-Rav 
(FXR) facility. 

We recently finished building this 
20-MeV high-current electron accelera
tor (Fig. 1) and are now in the process 
of testing and tuning it for operation. In 
preliminary measurements, the FXR has 
already produced close to the design 
dose of 500 R at 1 m in a 60-ns burst, 
even though it has not yet reached the 
design current of 4 kA. When this facil
ity becomes operational later this year, 
it will be the most advanced hydro-
diagnostic facility in the free world. 

Nuclear Testing 
Nuclear testing involves far more 

than just burying a device in a hole 
and detonating it. There are many sci
entific and engineering challenges, 
large and small, associated with the de
vice design and the emplacement of a 
multi-tonne canister (containing the 
nuclear device and its associated di
agnostics package) hundreds of metres 
below the surface. We must go to great 
lengths to guarantee the integrity of the 
mechanical and electronic systems of 
the test device and diagnostics as they 
are lowered into the emplacement hole. 
Furthermore, we must carefully backfill 
the hole to ensure the containment of 
radioactive debris underground after 
the device is detonated. There is also 
the problem of transmitting data, as the 
device explodes, from the diagnostics 
instruments to the recording equipment 
on the surface, all in minute fractions 
of a second. Once the device has been 
detonated, we must find ways of col
lecting and analyzing samples of the ra
dioactive gas and solid debris from the 
explosion to determine how the device 
performed. 

New cable emplacement system. 
We have found a way to make a sub
stantial saving (about $2 million/y) in 

* * Mum w 
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Fig. 1 
Recently finished 20-MeV high-current 
electron accelerator for the Flash 
X-Ray (FXR) facility. In preliminary 
measurements, this FXR accelerator 
has produced ciote to its design dote 
even though it has not yet reached its 
design current. When operational later 
this year, the FXR will be the most ad
vanced hydrodiagnostic facility in the 
free world. 
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our nuclear testing effort by improving 
the efficiency with which we empkce 
the devices to be tested. We sometimes 
use as nnny as 200 cables to fire a de
vice and transmit explosion diagnostic 
data to the recording instruments. 
While we lower the package cciifaining 
the device and diagnostic canisters 
(anywhere from 200 to 700 m down-
hole), we must gather the cables into 
bundles and attach them at frequent in
tervals to the emplacement pipe to sup
port them and to prevent stemming 
stresses (associated with backfilling the 
emplacement hole with sand and 
gravel) from breaking the cables. To 
prevent the formation of channels in 
these cable bundles, along which radio
active gases might travel after the 
nuclear explosion, we fan the cables 
apart from time to time to allow the 
stemming to sift in around each one. 

All this manipulation involves many 
crafts and much hand labor, and it 
takes time. We have now built and 
tested a ten-cable demonstration mod
ule of a new computerized cable 
downhole emplacement system that 
will automatically control the tension 
on each diagnostic cable to just support 

the weight of that portion which is 
!:-:".ging in the hole (Fig. 2). Thus, each 
cable is supported independently from 
the ground surface, the stemming mate
rial can fill in around the cables with
out forming channels, and the device 
ran be lowered by fewer workmen. 

The chief advantage of this new 
cable downhole system, however, is 
speed. With the old system, at least 
80% of the emplacement time is spent 
waiting for the various hand opera
tions. With the new system, the device 
can be lowered almost continuously, 
reaching its proper depth in about two 
days instead of two weeks. 

The new system may also make it 
possible to recover the emplacement 
pipe for reuse, allowing another large 
saving. This pipe is expensive; it is 
made of special steel and extensively 
pretested to make sure it is strong 
enough to support the device and di
agnostic canisters (which can weigh 
hundreds of tonnes). In the old system, 
this pipe had to stay in the hole and be 
destroyed because all the diagnostic 
cables were connected to it. With the 
new system, we may be able to free it 
as soon as the stemming locks the 

Fig. 2 
Ten-cable demonstration module of 
our new computerized cable down-
hole emplacement system. This sys
tem automatically controls the tension 
on each diagnostic cable to just sup
port the weight of that portion that is 
hanging in the emplacement hole. This 
cable downhole system allows us to 
lower the test device and diagnostics 
package using fewer workmen and in 
a fraction of the time previously re
quired (two days instead of two 
weeks). 
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device canister in place and use the 
pipe over again. 

Downhole refrigeration. To make 
sure that our nuclear weapons will 
function properly through the range of 
environmental conditions defined in 
the military specifications, we must be 
able to simulate these conditions un
derground during testing. We have long 
been able to maintain low humidity 
and high temperatures underground 
{electric heaters are easy to install, and 
the earth is an excellent insulator). 
However, maintaining the low tem
peratures for the long period required 
for some tests is a more challenging 
assignment. 

We have developed a two-stage me
chanical refrigeration system that can 
chill the device to -54 ± 2.8°C. The 
refrigeration system is self-contained 
and includes a large volume of water as 
a circulating cooling medium for the 
system. The water serves as the heat 
sink for the heat extracted from the de
vice and that generated by the mechan
ical equipment of the refrigeration sys 
tern itself. At present, however, the 
system has a limited operating life; it 
quits when the water gets too hot. 
Therefore, for a longer lived refrigera
tion system, we enlarge the ivater tank 
(heat sink). 

With additional development and 
testing, it might be possible to improve 
this downhole refrigeration system by 
circulating cooling water from the sur
face to obtain unlimited operating life. 
We might also add another stage of 
refrigeration for even lower tempera
tures. Neither of these improvements 
is required at prer^nt, however, 
because we can meet anticipated low-
temperature requirements with our 
present design techniques. 

Collecting nuclear test data with 
optical fibers. We are developing the 
use of optical fiber cables for improved 
diagnostic-data collection. The Fiber
optic Research Experiment (FOREX) 
we installed in a recent nuclear test col
lected light from radiating materials 
near the nuclear device and transmitted 
it several hundred metres to a record
ing station located on the surface. 

These measurements provided new in
formation about material properties at 
extreme temperatures and pressures. 

Optical fiber cables are significantly 
smaller, lighter, and less expensive than 
coaxial cables. They also provide a 
faster response time than can be ob
tained with coaxial cables over com
parable distances. We feed the output 
of these fiber-optic cables into a com
pact 30-channel streak camera, thereby 
replacing 30 oscilloscopes and saving 
space in the restricted quarters of the 
recording trailer. The result is a high-
capacity, wide-bandwidth system that 
can be fielded at relatively low cost in 
manpower, equipment, space, and 
materials. 

Sampling radioactive gases after a 
test. Another development to save time 
and improve accuracy in diagnosing de
vice performance is our system for ci-l-
lecting and evaluating samples of radio
active gas from a nuclear explosion. 
One method of obtaining gas samples 
involves drilling back into the explo
sion debris, a process that is too slow 
to recover samples of short-lived radio
isotopes. Our prompt gas-sampling sys
tem includes a pinch-off-proof tube 
that enables us to draw samples imme
diately. With a recently added, newly 
developed field mass spectrometer, we 
can now determine the chemical com
position of the flowing sample gas. 
This enables us to make sure that only 
relevant samples are diverted for addi
tional detailed analysis. 

With this gas-sampling system, we 
were able to study the vexing problem 
of fractionation, that is, the possibility 
that some unknown underground pro
cess was changing the composition of 
the debris gas before we could sample 
it. Such studies are needed to help us 
determine how fractionation works and 
how to prevent or predict its effects. 

In some of our experiments, we col
lected gas samples simultaneously from 
several locations in the debris column. 
Our measurements showed that frac
tionation can, indeed, change the ratio 
of heavy gases to light gases without 
changing the ratio of one light gas to 
another or of one heavy gas to another 



Fig. 3 
Direct evidence of gas fractionation 
in nuclear test rubble over a 43-day 
in te rva l : data obta ined with the 
prompt gas-samplHg system (O) and 
by postshot drillback ( A ) , (a) The 
helium-4 helium-3 ratio remains con
stant (light gases), (b) The xenon 
krypton ratio also remains relatively 
constant (heavy gases) , (c) The 
krypton helium-3 ratio, however, var-
>RS over a wide range (heavy vs light). 
Fractionation has long been sus
pected, even without such direct evi
dence We will now be able to study 
the causes of fractionation and either 
preven t it or compensate for its 
effects. 
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(Fig. 3). These results indicate that, until 
the fractionation phenomena are better 
understood, we should use helium-3 as 
a tracer for fusion-produced helium and 
krypton or xenon as a tracer for fission-
produced gases. 

Military Applications 
The work of the military applications 

program is exceedingly diverse. It in
cludes feasibility studies, development 
engineering, a bit of specialized produc
tion, and a planning and evaluation 
program. 

Feasibility studies of new 
weapons. We are conducting feasibility 
studies of (1) a future nuclear warhead 
for an air-to-air missile (Phoenix) to de
fend carrier battle groups against cruise 
missiles launched by enemy aircraft, 
(2) a replacement nuclear warhead for 
the Air Force's air-to-ground short-
range attack missile (SRAM) that would 
use insensitive high explosive for en
hanced safety in handling and deploy
ment, (3) a nuclear warhead that would 
be used as a replacement for three anti
submarine weapons systems (ASROC, 
SUBROC, and B57 depth bomb), and 
(4) a new ground-to-ground missile sys
tem for the Army capable of delivering 
conventional, chemical, and nuclear 
weapons beyond the ranges of cannon 
or tactical rocket systems. We contin
ued a warhead feasibility study and 

preliminary warhead weaponization en
gineering work for the low-altitude de
fense (LoAD) system for protecting 
prime targets against ballistic missiles. 
We also began a feasibility study of a 
warhead for the new Trident D5 
missile that will enable it to attack 
hardened targets. 

Weapons in development. The 
LLNL warhead projects that are cur
rently in development engineering are 
illustrated in Fig. 4. Each poses a 
unique challenge to the designers. The 
B83 strategic bomb must be structurally 
rugged because it must survive being 
dropped from a low-flying aircraft onto 
a hard, irregular target. The W82 artil
lery shell must be capable of with
standing the enormous stress of gun 
launching and rr e similar in flight 
characteristics to i' onventional round 
(so that the artillery can use nonnuciear 
shots to determine beforehand where 
the nuclear round will go). The W84 
warhead for the Tomahawk ground-
launched cruise missile must incorpo
rate many recently developed safety 
and security features to make it accept
able for deployment in Europe. The 
MK 500 ballistic reentry vehicle, de
signed for the Trident submarine-
launched D5 ballistic missile, must be 
able to survive the multiple stresses of 
launch, passage through water, ejection 
into air, and ignition, and still reach its 
target. 

The W87 warhead for the advanced 
ballistic reentry vehicle, to be used in 
the MX missile, is the latest of our 
development engineering assignments. 
This will be the first strategic reentry 
vehicle to incorporate insensitive high 
explosive (IHE), an enhanced-safety 
detonator to minimize the chance of an 
accidental explosion, and a fire-resistant 
feature to prevent dispersal of the fis
sile material even if the IHE should 
burn. These features combine to pro
vide a warhead that can meet safety 
requirements even for a mobile 1CBM 
system, allowing a wide variety of 
basing options for the MX missile. 

Present development schedules for 
the W87 warhead call for an unusually . 
short development engineering phase. 
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The early shift from development engi
neering to production engineering is 
possible because we have been work
ing with the Air Force and its contrac
tor, AVCO Corporation, for the past 
two years. Even with this head start, 
however, it will take a sizable effort to 
obtain and evaluate the needed test in
formation (making sure that the war
head and the combined warhead/ 
reentry vehicle can withstand transpor
tation handling, powered missile flight 
environments, reentry conditions, and 
hostile nuclear effects, for example) be
fore making production commitments 
on long-lead-time items. 

Other DOE Work 
A number of other national-defense-

related projects are also sponsored bv 
the DOE. These include the inertial-
confinement fusion (ICF) program and 
the laser isotope separation program. 
The DOE also supports our work on 
the regional seismic test network, 
which combines the latest electronic 
and communications technologies to 
obtain comprehensive earthquake data 
for both research and treaty 
verification. 

Inertia! Fusion 
The energy of a modern nuclear 

weapon derives, to a large extent, from 
the energy of thermonuclear fusion. 
One way of producing and studying 
fusion in a confined environment is to 
use lasers to bring, in a very short time, 
a pellet of deuterium and tritium to the 
very high temperatures and densities at 
which the target nuclei will fuse. This 
technique, known as inertia! confine
ment fusion, has potential for civil 
applications in producing electricity and 
for military applications directed to
ward studying nuclear phenomena and 
simulating nuclear weapon effects on 
military hardware without fielding an 
actual nuclear test. 

Novette. During the past year, we 
designed and began to build Novette, a 
two-arm laser system for both laser and 
target experimentation. It is being as
sembled relatively inexpensively, in the 
Argus laser building, from Shiva and 

Argus parts, a special frame, and bor
rowed large-aperture Nova laser com
ponents. When completed later this 
year. Novette will deliver about 10 k) of 
green laser light (0.527 ̂ m) in pulses 
ranging in length from 1 to 40 ns. For 
shorter pulses (down to 20 ps), the 
foaisabie laser power will be more 
than 10TVV. 

Novette is designed to provide a flex
ible test bed for a wide range of laser 
studies, for irradiating special targets to 
acquire weapons physics data, and to 
support the Nova target program. The 
dominant incentives for assembling 
Novotte are to gain experience with the 
Nova hardware and to improve our un
derstanding of target irradiations with 
green light at 10 kl, a hundred times 
more energy than was available for 
previous short-wavelength target ex
periments. Experiments with Argus and 
Shiva indicate that substituting short-
wavelength light for the infrared funda
mental laser wavelength will improve 
the laser-target interaction and fuel 
compression by reducing detrimental 
nonlinear optical processes in the 
plasma. 

Turning red light into green or 
blue light. Neodymium-glass lasers 
such as Nova have a fundamental 
wavelength of about 1.053 <̂m (in the 
near infrared). To produce green or 
blue light (0.527 and 0.351 |jm. respec
tively) with such a laser system, we 
hid to develop large-aperture fre
quency converters to double or triple 
the frequency. Properly aligned crystals 
of potassium dihydrogen phosphate 
(KDP) will perform the frequency con
version. However, the largest single 
crystals of KDP currently obtainable 
measure 27 by 27 cm, less than half the 
aperture of the 74-cm-diameter Nova 
beam. 

To circumvent this difficulty, we 
have developed a way to assemble the 
crystals in an array to provide the nec
essary large aperture. To further reduce 
the cost of frequency conversion, we 
have devised a way to use the KDP 
crystals and lenses to generate and 
focus either of the shorter light 
wavelengths (0.527 or 0.351 urn). The 
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security features. (d)The W87 war
head for the MX missile will Incorpo
rate insensitive Mgh explosive snd 
fire-resistant component* to minimlz* 
the possibility of Plutonium disptraal 
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gun capable of firing a projectile 
armed with the W82 warhead. The 
W82 must withstand the extreme 
stresses of gun launching. (I) The 
MK 500 ballistic reentry vehicle, now 
In preengtneerlng development. Is de
signed for the Trident submarine-
launched D5 ballistic missile. 
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Fig. 5 
Cut-away view of the large-aperture 
frequency converter (multilayer com
ponent in the foreground) for chang
ing the infrared light from the Novette 
or Nova laser system into green or 
blue light for more efficient laser-
target coupling U: inertial-confinement 
fusion experiments. 

cutaway drawing in Fig. 5 shows the 
size of ti » optical components; 'he 
frequency-converter crystal array .̂  the 
multilayer element in the foreground. 

Time-resolved x-ray imaging. 
Inertial fusion is, in many ways, a 
study in contrasts: huge machines am
plify beams of light into brief pulses of 
energy, concentrating enormous power 
on microscopic targets. At the other 
end of the scale from the large fre
quency converter above, we have de
veloped a time-resolved x-ray micro
scope with unprecedented spatial and 
temporal resolution to picture what 
happens in ICF targets under laser 
irradiation. With this equipment, we 
have measured accelerations of 
35 Tm/s : and velocities of 120 km/s. 

This x-ray microscope represents a 
remarkable feat of technology. X rays 
reflect from a metal surface only when 
they strike it very obliquely, at a graz
ing angle. For efficient reflection, the 
surface roughness must be less than 1 
to 1.5 nm. For high resolution, the 

cylindrical mirror surface must conform 
to the ideal curvature within 3 nm over 
the several centimetres of its length, 
with slope errors of less than 5 jirad, 
and have curvature to better than 
100 nm in a 2-cm radius. We have 
achieved these tolerances, using our di
amond turning equipment and special 
polishing techniques, and have demon
strated a resolution of about 1 iim. 

The x-ray microscope focuses its 
image, enlarged 22 times, on the slit of 
an ultrafast streak camera (also devel
oped at LLNL), which records a slice of 
the image and sweeps it in time. The 
present version of this streak camera 
has a resolution of 150 urn, which pro
duces a combined microscope/streak-
camera resolution of 6 to 7#m and a 
temporal resolution of 20 ps. The sys
tem images x rays ranging in energy 
from about 100 eV to more than 
3.2 keV. 

As an example of this instrument's 
capabilities, we conducted a joint ex
periment with the Naval Research Lab
oratory in which we investigated the 
ablative acceleration of matter. We used 
direct-il'ive laser irradiation under con
ditions approaching those anticipated 
for inertial-fusion-reactor targets. We ir
radiated an ultrathin carbon film (about 
7 urn thick) with 10 of Shiva's 20 
beams, overlapped to provide fairly 
uniform intensity over a 1-mm-
diameter spot, in a 100-TW/cm" pulse 
lasting 3.5 ns. As the carbon ablated, it 
generated a pressure of 600 GPa and 
accelerated the foil at 30 Tm/s 2 . Several 
nanoseconds later, the accelerated foil 
collided with a second foil of nearly 
equal mass, which then recoiled at 
nearly 100 km/s. 

To backlight this violent action, we 
used the other 10 Shiva beams to pro
duce a burst of 2.9-keV x rays from a 
palladium source. These beams were 
overlapped in a spot 800 um in diame
ter for a concentrated intensity of 
200 TW/cnr. A beryllium shield 75 jim 
thick allowed the 2.9-keV x rays to pass. 
through but protected the target foils 
from scattered laser light, soft x rays 
(less than 1 keV), and low-energy 
electrons (less than 50 keV). 
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Special Isowpe Separation 
Early in 1981, we undertook to dem

onstrate the technology of laser separa
tion of plutonium isotopes. This effort 
includes several major activities: 

• Construction of a 1-km evacuated 
beam tube 50 cm in diameter to carry 
light underground from the laser build
ing to the plutonium building (Fig. 6). 

• Construction of the optics and 
control elements required to maintain 
laser beam quality. 

• Construction of an integrated 
plutonium-hanaling module to ailow 
the vaporization, irradiation, separation, 
and collection of plutonium and its 
isotopes. 

In addition, we have received sup
port to construe. « Special Isotope 
Separation Laboratory, now being built. 
This facility, scheduled for completion 
in 1983, will be used to demonstrate 
the equipment required for a full-
scale plutonium-isotope-separation 
plant. 

Seismic Verification of Test 
Treaties 

The Regional Seismic Test Network 
(RSTN) is a prototype for the national 
seismic stations (NSS) that could be de
ployed in host countries under the 
terms of a comprehensive test ban 
treaty. The NSS form a network of 
broadband, digital, borehole seis
mometers and associated recording and 
transmission equipment that would 
be deployed at spacings of thousands 
of kilometres and would involve satel
lite telemetry of data in near real 
time. 

The purposes of the NSS network 
include: 

• Deterrence of evasive testing by 
restricting the locations and times at 
which it would be possible. 

• Monitoring large areas and 
highlighting suspicious events, thereby 
making it possible for other national 
technical means, less well adapted to 

. broad-area surveillance, to focus their 
attention on specific areas and 
times. 
. • Reducing false alarms by lowering 
the detection threshold, thereby assur

ing that the remaining unidentified 
events (there will always be unidenti
fied events) will be below the range of 
suspicious events. 

• Providing the host country with 
a set of common, verified data (that 
can be combined with data obtained 
from other stations within the host 
country) with which to mount a 
defense against a false charge of 
evasive testing. 

The primary purpose of the RSTN is 
to provide a demonstration of the engi
neering readiness of the equipment and 
the seismological quality of the data 
necessary for in-country monitoring of 
a test ban treaty. The RSTN also pro
vides an opportunity to carry out a 
number of other valuable tasks. For ex
ample, with the RSTN, it will be pos
sible to demonstrate the verification ca
pabilities of such a network using 
teleseismic techniques applied to re
gional data, and to determine the prop-
f -ties of regional seismic phases and re
late them to the properties of the crust 
and upper mantle. This, in turn, will 
provide the understanding needed to 
permit prediction and rapid implemen
tation of seismic monitoring stations in 
new locations. We will also be able to 

Fig. 6 
Construction of an evacuated b&am 
tube 50 cm in diameter and 1 km long 
to carry light underground from the 
laser building to the plutonium build
ing. This is part of our effort to demon
strate the feasibility of laser separa
tion of plutonium isotopes. 

17 



use the RSTN to record nuclear explo
sions, analyze these data, and develop 
a catalog of well-characterized events 
that could be used as an historical basis 
for responding to challenges under 
present and future test ban treaties. In 
addition, the RSTN will make possible 
basic seismological studies of the mech
anisms of intraplate earthquakes and of 
the structure of the North American 
continent. 

As presently configured, the RSTN is 
a set of five unmanned, automated re
cording stations located throughout 
eastern North America and linked by 
geosynchronous satellite communica
tions to a control station at Albuquer
que, New Mexico. We specified much 
of the equipment that is being installed 
in the RSTN, and we are also partici
pating in the data reduction and analy
sis for the system. Several criteria gov
erned the selection of RSTN station 
sites. Stations had to be located in 
shield and/or platform tectonic prov
inces, and at least one station had to be 
within 1500 km of an intraplate seismic 
area such as the New Madrid region or 
the St. Lawrence-New England region. 
Station-to-station separations of less 
than about 3000 km were required. 
Also, there could be no nearby sources 
of seismic noise, such as heavy con
struction or heavy-vehicle traffic. 

Each RSTN station consists of a seis
mometer package at the bottom of a 
borehole about 100 m deep, covered on 
the surface by a fiberglass dome con
taining the elftronics equipment and 
an antenna for satellite transmission of 
the seismic data. The seismometer 
package contains two sets of three-
component seismometers (a short-
period set and broadband set covering 
frequencies from 0.01 to 10 Hz), a data 
authenticator to assure a tamper-proof 
system, and associated electronics. The 
dome also contains more electronics 
plus a generator to power the 
equipment. 

Even though the RSTN is still in the 
shakedown phase of its development, 
there is generally good data transmis
sion and acquisition. During a period of 
more than 4.6 Ms (about 1270 h), from 

November 27, .1981, to January 20, 1982, 
we achieved a data-acquisition success 
rate, for the entire chain from the sta
tion in South Dakota to the control 
center in Albuquerque, of about 97.5%. 
During this interval, there was one ten-
day period of continuous operation 
without the loss of a single data bit. 

It should be emphasized that the 
radiofrequency equipment was devel
oped only a few months ago and is still 
being debugged. We expect the data-
loss rate to decrease as equipment 
problems and operator interruptions 
decline during the shakedown period. 
In the months to come, as the RSTN 
system moves into full operation, the 
data-acquisition success rate should im
prove, more nearly approaching 100%. 

DOD Projects 
The Laboratory conducts selected 

projects for the Department of Defense. 
The expertise we have developed for 
the nuclear weapons program enables 
us to help the DOD improve the per
formance of nonnuclear weapons. Also, 
as a result of our fusion energy re
search, we have facilities and experi
ence needed for charged-particle-beam 
research. 

Nonnuclear Ordnance 
Velocity-augmented munition. We 

successfully completed a flight test of 
the fuzing, deployment, and dispensing 
systems of the velocity-augmented 
munition (VAM). The VAM is a 
submunition we are developing to pro
vide the medium-range air-to-surface 
missile (MRASM) with an effective tool 
for breaking up airfield runways. Each 
VAM contains three charges: a shaped 
charge in front to punch a hole in the 
concrete surface, a velocity augmentor 
to drive a main-charge projectile 
through the rubble left by the first 
charge to bury it under the runway 
where it explodes at some later time, 
forming a crater and disrupting an area 
of the runway. Each MRASM will carry 
about 40 VAMs, which will descend by 
parachute after launch. 

We fired 18 VAMs (filled with mock 
explosive) from mortar tubes in a 



modified wing tank of a T-33 jet air
craft flying at MRASM delivery alti
tudes and airspeeds. The tests showed 
that a mortar-tube launch is feasible 
under operational conditions and that 
the parachute will deliver the munition 
to the target with the proper angle of 
attack. We also proved that the safing, 
arming, and fuzing (SAF) system func
tions properly under these conditions. 

To confirm the SAF results, we 
packed miniaturized, self-contained, 
shock-hardened data recorders on 
board several of the inert munitions. 
These recorders, designed to survive 
and function throughout the mortar-
tube launch and target impact, used 
low-power solid-state memories to 
store the test data. They recorded the 
timing and event sequences within the 
SAF and parachute systems. 

We are also adapting a new shock-
hardened in-line SAF system, which we 
developed for Air Force modular w-eap-
ons. as an alternate fuzing system for 
the VAM. To do this, we must pack 
about one third of the former energy-
storage capacity in about one tenth the 
former volume. The new SAF system 
will contain a variable delay of up to 
several hours, providing a buried-mine 
capability to frustrate airfield damage-
repair efforts. The time delay for each 
VAM would be programmed, ju-t be
fore launch, by an arming module 
aboard the missile. 

Railgun. In collaboration with the 
Los Alamos National Laboratory, we 
have made significant progress in 
railgun technology during the past 
year, advancing from a single-use ex
perimental device capable of launching 
only small plastic cubes to a multishot 
device capable of firing complex projec
tiles consisting of a plastic shell sur
rounding a metallic part (anything from 
a thin disk to a slender rod). Our 
railgun uses a plasma arc to accelerate 
the projectiles. This past year, we tested 
a variety of rail and rail-spacer materi
als to find a combination that success
fully resists erosion by the plasma arc. 

No explosively driven projectile can 
.ever outrun the velocity of sound in the 
propulsive gas. Hence, the limiting 

mui_;i.» velocity of a conventional rifle 
or cannon is on the order of 1 to 
2 km/s, and of a two-stage light-gas 
gun is about 8 km/s. However, this 
limitation does not apply in the case of 
an electromagnetic launcher (like the 
railgun). This year, with our advanced 
railgun we demonstrated launch veloci
ties of about 11 km/s and expect to 
exceed this with future designs. 

To power the railgun, we experi
mented with two different sources, our 
400-kJ capacitor bank and a magnetic 
flux compression generator provided by 
Los Alamos. The capacitor bank pro
vided an average current of about 
700 kA for a pulse length of about 
250 *is; it ivas used mostly for develop
ment tests of round- and square-bore 
launchers for projectiles ranging in di
ameter from 8 to 24 mm and in mass 
from 2.8 to 93 g. The lightest of these 
was a tantalum disk 1 mm thick and 
9 mm in diameter that reached a launch 
velocity of 2.9 km/s in a railgun only 
40 cm long. 

We used the magnetic flux compres
sion generator to power a 12-mm-bore 
railgun 5 m long. The average current 
was about 700 kA, as with the capacitor 
bank, but the pulse lasted about twice 
as long (about 500 us). With this equip
ment, we launched a tantalum disk 
similar to that mentioned above at 
about 11 km/s. Figure 7 is a color-
enhanced shadowgraph of this projec
tile in flight, made with flash x-rav 
equipment; the timing data in this 
photograph enabled us to infer the 
projectile's velocity. 

We have recently begun develop
ment work on a railgun specifically for 
equation-of-state research at extreme 
pressures. Our modeling applications 
frequently require us to extrapolate 
equation-of-state curves into the 
terapascal pressure range, but experi
mental limitations have prevented us 
from experimentally verifying these ex
trapolations. With an projectile impact 
velocity of 12 km/s, we could obtain 
pressures of more than 1 TPa in high-
density targets, about twice the pres
sures attainable with projectiles from 
the two-stage light-gas gun. 



Fig. 7 
Short-pulse x-ray shadowgraph of a 
tantalum disk traveling in air at about 
11 km s (more than 3 0 t imes the 
speed of sound) after leaving the muz
zle of our 5-m-long electromagnetic 
railgun. (Color added by computer to 
enhance the visual contrast.) Origi
nally 1 mm thick and 9 mm in diame
ter, the disk has been eroded by 4 m 
of fl ight through the air. Railguns offer 
the means to explore the states of 
matter at extreme pressures (around 
l TPa. ^boul twice the pressure previ
ously attainable experimentally). 

Extrudable high explosives. An
other recent contribution to weapons 
technology is our development of two 
new classes of high-energy cxtrudable 
explosives whose putty-like consistency 
allows them to he molded to precise 
shapes. Those in one class (extrusion 
cast explosives, or ECXs) contain a 
polymer system that hardens on curing; 
the others (paste extrudable explosives, 
or PEXs) obtain their system stability 
from a gelling agent. 

These explosives are formulated from 
HMX and an energetic binder to 
achieve about 95% of the energy of 
I.X-IO. In addition to HMX, the main 
ingredient, each of our extrudable ex
plosive;, contains about 25% of a 92/8 
mixture of FEFO and a stabilizing 
agent. FEFO is a liquid explosive as en
ergetic as nitroglycerin but much less 
sensitive and more stable. These new 
extrudable high explosives have several 
advantages over conventional plastic-
bonded explosives (PBXs) of the same 
energy class: 

• They can be formed at pressures 
of only 1.4 MPa instead of the 140 to 
200 MPa needed for PBXs. 

• They can be molded at room 
temperature rather than at the 80 to 
120°C required by PBXs. 

• They conform to the mold so 
closely that they require little or no 
machining to final form. 

• They are less sensitive than con
ventional PBXs to mechanical stimuli. 

• They are more uniform and 
homogeneous than PBXs. 

To form an ECX, we blend all the in
gredients in a high-shear vertical mixer 
until the consistency is very soft, about 
like that of toothpaste. We then de-
aerate it in a vacuum vessel to remove 
air bubbles and cast it under vacuum. 
The resulting castings are void-free to 
x radiography and are at 99.7% of the 
theoretical maximum density. Several 
variables in the polymer can be ad
justed to change somewhat the me
chanical properties of the finished 
product after curing. 

After hardening, parts cast from an 
ECX can be handled and assembled 
like PBX parts. A PEX, on the other 
hand, will retain its plasticitv indefi
nitely so that loading into the weapon 
may be delayed until just before use. 
This arrangement could reduce the 
damage caused by an accident in which 
the detonators of a weapon exploded; 
the PEX would be elsewhere in the sys
tem and would escape initiation. 

Before we can design an adequate 
transfer mechanism to exploit the last-
minute-fill optiun of PEXs, we xvill 
need to understand thoroughly the 
rheological properties of the PEX being 
used. For the formulations studied so 
far, the material's viscosity is high at 
low stress levels but becomes fairly low 
under high shear stress. This property 
keeps the material stable during storage 
but permits easy, rapid transfer when 
needed. 

Advanced Test Accelerator 
Construction work on our Advanced 

Test Accelerator (ATA) facility at Site 
300 is on schedule for completion in 
October 1982. Designed to be the 
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world's most advanced high-intensity 
electron accelerator, the ATA, together 
with its associated program of experi
mental and theoretical physics, is the 
keystone of the Defense Advanced Re
search Projects Agency's particle-beam 
technology program. The ATA's pri
mary purpose is to determine whether 
propagation of an intense electron 
beam through the air can be.made 
stable and controllable and, if so, to 
answer questions about the potential 
military applications of such a beam. 

During the past year, we have begun 
to install the accelerator and its associ
ated power supply systems in the 
newly completed ATA building. When 
the ATA is finished, this system will 
have higher power and will pulse more 
rapidly than any comparable system in 
the U.S. So far, we have completed the 
installation of the main power system 
and the power conditioning equipment 
that shapes the short high-voltage 
pulses for the accelerator units (Fig. 8). 
To ensure reliability and acceptable 
component lifetimes, we extensively 
pretest all parts before they are 
installed. 

The hierarchically organized network 
of mini- and microcomputers we will 
be using for control and monitoring of 
the ATA is a refinement and extension 

> the computer technology developed 
'01 .: ' magnetic fusion program, with 
inn cased data-handling speed and ca
pacity. Extensive on-line data process
ing and graphical display should expe
dite our bringing the ATA to full 
operational status during the 1983 fiscal 
year. 

The most difficult technical problem 
in achieving the ATA's design goal of a 
10-kA beam of 50-MeV electrons is to 
suppress potential radiofrequency insta
bilities (high-frequency oscillations of 
the beam about the accelerator axis) 
that arise from interactions between the 
high-current beam and the periodic 
structure of the accelerator. Such an in-

. stability, if uncontrolled, can amplify 
until it swings the beam aside into one 
of the accelerator modules or the wall 
•of the experiment tank. One of our ma
jor research activities with the smaller 

Experimental Test Accelerator (ETA) 
has been to characterize and suppress 
these instabilities. The suppression 
techniques we have developed and 
demonstrated during the past year have 
enabled us to operate the ETA beyond 
its original design goal of 10 kA. We 
have incorporated these techniques into 
the ATA accelerator modules. 

In developing associated basic tech
nology for future upgrades of the ATA, 
we have demonstrated a megawatt-
class magnetic switch capable of op
erating at a rate of up to 10 MHz. These 
switches have ready application in such 
high-speed devices as electron-beam-
pumped lasers, flash cine-radiograp! y 
(x-ray motion picture equipment), and 
intense-beam accelerators. By extending 
this technology to the gigawatt, kilo-
hertz range of the ATA, we should re
coup capital costs with operating sav 
ings within a few years while greatly 
improving accelerator performance and 
reliabilitv. 13 

Key Words: Advanced Test Accelerator (ATA): 
atomic vapor laser isotope separation (AVf.fS): 
beam weapons; table downhole emplacement 
svstem: Crav I computer; downhole refrigeration; 
Hash X-Kay facility (IXR); FOREX: gas sampling 
diagnostics: inertial confinement fusion (ICI); 
laser fusion: Novelte laser svstem: optical fiber: 
railgun; regional seismic test network (RSTN); 
velocity-augmented munition (VAM). 

Fig. 8 
Power-conditioning equipment being 
installed fot the Advanced Test Accel
erator (ATA), scheduled for comple
tion this fall and for operation in the 
1983 fiscal year. The ATA will explore 
the production of intense electron 
beams (10kA of 50-MeV electrons) 
and the means for controlling and 
p r o p a g a t i n g them through the 
atmosphere. 
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Our nation's success in coupling con
tinued economic growth with environ
mental protection will require, among 
other things, the availability of abun
dant and nonpolluting sources of en
ergy. Developing the technologies to 
resolve this multifaceted problem is a 
complex and lengthy process involving 
many disciplines. The largest o( the 
Laboratory's energy projects seek to 
harness the energy generated by ther
monuclear fusion. One avenue to this 
goal is magnetic confinement fusion, 
which uses a powerful magnetic field to 
confine a hot gas. Our magnetic fusion 
energy program recorded several im
portant achievements during the past 
year. The Tandem Mirror Experiment 
Upgrade was completed on schedule 
and will soon begin experiments that 
will guide planning for the operating 
parameters of the large tandem-mirror 
MFTF-B machine. Our Mirror Fusion 
Test Facility project successfully com
pleted a series of technology dem
onstration tests to verify hardware and 
software technology for the MFTF-B 
machine, including operation of the 
superconducting yin-yang magnet sys
tem. During this time, we also tested 
the facility's computerized control and 
diagnostics system. 

We are applying laser technology to 
the complex task of separating one iso
tope of an element from other isotopes 
of that same element. Our atomic vapor 
laser isotope separation process, devel
oped on a laboratory scale for the sepa
ration of uranium isotopes, was se
lected recently by the DOE for 
large-scale engineering development. 

We are also developing high-
performance electric battery cells that 
eventually could power the nation's 
fleet of motor vehicles. In addition, this 
country's substantial coal reserves are 
an important energy resource; we are 
experimenting with techniques to pro
duce, in fiiu, clean gaseous fuels from 
coal deposits. 

To ensure the safe, long-term storage 
oi radioactive wastes, we are develop
ing synthetic materials for immobilizing 
liquefied radioactive wastes in a form 
suitable for underground storage. 

Another potential hazard to the bio
sphere is the increasing global level of 
atmospheric carbon dioxide; we have 
developed a highly accurate sensor that 
allows us to measure the carbon di
oxide flux in remote areas. Because the 
worldwide transport and storage of 
liquefied gaseous fuels raises complex 
safety issues, we are conducting com
puter modeling studies and field experi
ments to better understand spill 
behavior and combustion physics. 

The effects of biological cell damage 
caused by chemical and radiological 
agents in the environment are another 
source of concern. Our biomedical 
studies are aimed at a better under
standing of the mechanisms of cellular 
change and the efficient identification 
of potentially damaging agents. These 
include studies of morphological 
changes in sperm cells, of processes 
that repair damage in genes, and of 
chromosome changes caused by 
damage to a cell's DNA. We have also 
developed techniques for quickly 
screening mutagens. 

Magnetic Fusion Energy 
The Laboratory's magnetic fusion 

energy (MFE) program is developing 
technologies that could unlock virtually 
unlimited resources to help meet the 
nation's energy needs. When two light 
nuclei combine, large amounts of 
energy are released. Creating the condi
tions to trigger and extract useful 
energy from this process is a complex 
and exacting technical problem. In our 
MFE program, we use intense, specially 
shaped magnetic fields to confine a 
plasma (a hot, ionized gas) while heat
ing it to the high temperatures neces
sary to ignite a fusion reaction. 
(Progress in inertia! confinement fusion, 
another approach to this source of 
energy, is reviewed on p. 13 of this 
issue.) 

TMX Upgrade 
Our Tandem Mirror Experiment 

(TMX) was operated from late in 1978 
to early in September 1980, when it 
was shut down and disassembled. Dur-. 
ing its roughly two years of operation. 
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the TMX yielded a wealth of invaluable 
physics information, confining the hot 
plasma better than previous devices 
and confirming our theoretical predic
tions.1 On the basis of our experimental 
results and theoretical insights, we de
veloped a more advanced design—the 
TMX Upgrade—to extend and refine 
the knowledge gained from the TMX. 

During 1981, we enlarged the existing 
facility to house the TMX Upgrade, 
completed fabrication of machine com
ponents such as magnets and tanks, 
and finished assembly and installation. 
Only 17 months elapsed from the time 
the DOE authorized construction to 
completion of the machine. The TMX 
Upgrade was built at its original budget 
of $14.5 million. 

The TMX Upgrade incorporates two 
new features of our tandem mirror pro
gram: thermal barriers in the end cells 
and injection of neutral beams at sev
eral oblique angles (Fig. 1). The thermal 
barriers isolate the electrons in the end 
cells from those in the central cell, 
making it possible to heat them inde
pendently with microwaves. This inno
vation should produce a large potential 
gradient in the end plugs using lower 
magnetic fields and neutral-beam ener
gies. The TMX Upgrade is also de
signed to use beam injection angles as 
an experimental parameter. We expect 
angles other than 90 deg to produce a 
plasma with improved microstability. 

The neutral beams, consisting of en
ergetic hydrogen atoms, deliver 10 MW 
of power at 20 kV distributed over 24 
beams to heat plasma in the end-plug 
regions. Beams can be aimed at the 
plasma in several combinations of 
angles: 18, 45, 59, 65, 70, or 90 deg. We 
t an apply another 800 kW of power to 
tr-e plasma by heating it with micro
waves generated bv four gvrotrons at 
28 GHz. 

The water-cooled copper magnets in 
the TMX Upgrade produce the same 
20-kG peak fields generated by the 
TMX. In the Upgrade, however, the 
magnet set is 14.2 m long, 50% longer 
than in the TMX, and the magnets have 
a larger inner diameter (40 cm in the 
end cells and up to 60 cm in the central 

cell) to accommodate a larger diameter 
plasma. The nexv magnet system com
prises 24 magnets connected in 17 sepa
rately controlled circuits. The field is 
generated by 24 MW of dc power. Be
cause of its greater length and 
diameter, the magnet system weighs 
100 tonne, twice as much as in the TMX. 

The vacuum chamber that houses the 
entire apparatus contains surfaces that 
pump out cold hydrogen gas, which 
would contaminate the plasma. The 
540 m : of surface in the TMX Upgrade 
are covered with titanium atoms (subli
mated from hot titanium wires) and are 
cooled with liquid nitrogen. These sur
faces can pump hydrogen gas at a rate 
of 6 X 104 nvVs. 

Our first experiments with the TMX 
Upgrade will investigate the micro-
stability of the plasma in the new 
geometry. Later work will study the 
generation of the thermal barriers in 
the end cells. The results of these 

Fig. 1 
The TMX Upgrade, which features a 
thermal barrier in the end cells and in
jection of neutral beams into the end 
plugs at various oblique angles. The 
thermal barrier isolates end-cell elec
trons from those in the centraf celf 
and makes it possible to use micro
waves to heat them independently. 
This produces the necessary end-plug 
potential gradient without a large den
sity gradient, reducing the magnetic 
field and neutral-beam energy require
ments. In addition, oblique injection of 
the neutral beams is expected to im
prove the microstability of the plasma. 
The overall length of the machine is 
22 m. 
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Fig. 2 
One of the two yin-yang magnets in 
the tandem-mirror MFTF-B machine, 
shown during installation. The metallic 
covering is the liquid-nitrogen heat 
shield, cryogenically cooled with liq
uid helium, required to insulate the 
magnet against heat loss. 

experiments will guide us in planning 
Ihe operating parameters of the 
MFTF-B machine. 

MFTF-B Technology 
Demonstration Tests 
During 1981, the Mirror Fusion Test 

Facility (MFTF) project successfully 
completed a series of technology dem
onstration tests. Using original MFTF 
elements, the tests verified the technol
ogy for the hardware and software to 
complete the large tandem-mirror 
MFTF-B machine, scheduled for startup 
in late 1985.: Three technical milestones 
highlighted the test series. First, we op
erated the superconducting yin-yang 
magnet system (Fig. 2) at a current of 
5775 A, its design level. The super
conducting magnet performed as ex
pected, with all peak fields, case 
stresses, and conductor strains accu
rately meeting predicted values. The 
341-tonne two-coil magnet operated at 
full design level less than eight days 
after power was first applied. We also 
verified the design of the external 
vacuum system, the cryogenic system, 
cryopanels, controls, and plasma di
agnostics. Cryogenic pumping tests 
fully confirmed the design-base 

vacuum pressure of 1.064 /tPa. All 
vacuum and cryogenic subsystems 
tested leak-free under thermal shock, 
and pumping speeds for the external 
vacuum system were verified. 

During the technology demonstration 
tests, we also began (and completed 
early in 1982) tests of the MFTF com
puterized Control and Diagnostics Sys
tem (CDS), to be expanded for use with 
the larger MFTF-B. This control system 
embodies a hierarchical computer struc
ture that enables us to collect, commu
nicate, process, and display information 
at the appropriate stages of an experi
mental cycle. The CDS monitors and 
controls preparations for an MFTF ex
perimental shot (up to one every 5 min 
during two 8-h shifts per day), main
tains the operating environment during 
the experiment, synchronizes test 
events, monitors instrumentation, ac
quires diagnostic data on performance, 
and controls the complex procedures 
necessary to prepare the machine for 
maintenance during the shift following 
a series of experimental plasma shots. 

The control system actually com
prises two distinct but interacting sys
tems: the Supervisory Control and Di
agnostics System (SCDS) and the Local 
Control and Instrumentation System 
(LCIS). The LOS provides interfaces 
between the operating/monitoring 
equipment and the SCDS, transmitting 
and translating data and control signals 
between the SCDS and each major 
operating and monitoring point. 

During initial operation, the CDS op
erated the magnet system, the vacuum 
vessel, the external vacuum system, 
cryopanels, and the cryogenic system of 
the MFTF-B. We used the color displays 
and touch panels to control this inte
grated set of systems hardware. Data 
were transferred from consoles to local 
computers and thence to operating 
points through the fiber-optics links. 
Our hierarchical control system demon
strated the hardware and software 
capabilities necessary to operate the 
MFTF-B facility. 

Initial operation confirmed the gen
eral architecture and design of both the 
SCDS and LCIS portions of the control 
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system. Although some problems oc
curred, we rectified most without diffi
culty. Some of our solutions took ad
vantage of the system's data-rerouting 
capability. A more serious problem was 
memory crowding in the SCDS. In cer
tain circumstances, this caused longer 
response times and occasionally 
blocked control functions. It is now 
clear that the CDS memory needs up
grading to accommodate the systems 
added for MFTF-B. To this end, we are 
expanding memory and increasing pro
cessor speed with improved equipment 
that is compatible with our existing 
software. 

Laser Isotope Separation 
Lasers can be used for the complex 

process of separating one isotope of an 
element from another isotope of the 
same element. The elemental metal is 
first melted and then vaporized to form 
an atomic vapor stream. The vapor 
stream is illuminated by laser light of a 
previously selected, precisely tuned 
wavelength. The atoms of the desired 
isotope absorb the laser light and are 
excited, but the atoms of the undesired 
isotope do not. By absorbing more laser 
light, the now-excited atoms become 
ionized and are deflected by an electro
magnetic field into the product collec
tor. The uncharged atoms pass through 
the collecting section and into the tails 
collector. 

In April of this year, the atomic 
vapor laser isotope separation (AVL1S) 
process, which we have been develop
ing on a laboratory scale for the separa
tion of uranium isotopes, was selected 
by the DOE from among several com
petitors for large-scale engineering 
development. To bring our process to 
this point, we had to demonstrate: 

• A mass balance between product 
and tails, showing consistent process 
physics and reliable operation of the 
fully integrated laser and atomic vapor 
system. 

• A laser-system availability of at 
least 50% over weeks of operating time. 

• A scaled-up atomic vapor system 
capable of producing high-quality 
uranium vapor. 

• High-throughput materials 
handling for extended operating times. 

With this selection of the AVl.IS pro
cess, we are proceeding with large-scale 
engineering development and dem
onstration of the process in a pilot facil
ity. Completion of this pilot program 
will provide a firm basis for building a 
uranium-isotope-separation production 
plant that should be able to produce 
nuclear fuel at a fraction of its present 
cost. 

The Aluminum-Air 
Power Cell 

Current supply uncertainties in im
ported petroleum and the prospect of a 
long-term decline in world petroleum 
production have stimulated the search 
for alternative fuels and technologies to 
power the nation's fleet of motor ve
hicles. To capture an appreciable share 
of the automotive market, an alterna
tive power source must both compete 
economically with the interna! combus
tion engine and roughly match its per
formance with regard to range, accel
eration, and rapid refueling. 

An electrically powered vehicle is a 
popular candidate for this application. 
Until recently, however, most battery 
technologies have suffered from cost, 
performance, or technical limits on 
their general-purpose utility. LI.NL is 
the lead laboratory for DOE develop
ment of metal-air batteries. Our 
aluminum-air power cell is a key ele
ment in that program.1 Now under 
development, this technology has the 
potential to satisfy performance re
quirements at a cost that should even
tually compete with the rising price of 
carbonaceous fuels. Our role is to pro
vide technical direction for the project 
and to conduct research in areas critical 
to integrating the diverse technologies 
it embodies. Much of the development 
work is carried out by industrial sub
contractors with unique expertise in 
specific problem areas. 

The promise of the aluminum-air 
power cell lies in its high energy-to-
weight ratio (potentially more than 
300 Wh/kg, nearly an order of magni
tude greater than that of the lead-acid 



Fig. 3 
Refuelable. multtcell aluminum-air 
power moduie. Water and atmo
spheric oxygen react with aluminum 
anodes in the stack to yield electrical 
energy and a reaction product. In an 
operating vehicle, the aluminum an
odes must be replaced periodically. 
Last year, we successfully tested this 
subscale design. Further development 
eventually will decide the technical 
and economic feasibility of this tech
nology as a long-term replacement for 
the internal combustion engine in 
motor vehicles. 

battery) and its refueling convenience 
(fresh reactants—aluminum and 
tapwater—can be added in about 
15 niin). The major component of the 
cell is its refuelable cell stack, in which 
the energy-producing reaction takes 
place (Fig. 3). Water and atmospheric 
oxygen react with aluminum anodes in 
the stack to yield electrical energy and 
a reaction product called hydrargillite 
(aluminum trihydroxide). The alumi
num anodes must be replaced periodi
cally. A cell stack large enough to 
power a vehicle will contain about 60 
replaceable cells electrically connected 
in series, each with a working area of 
about 0.1 m : . 

Our development and testing pro
gram is progressing, step by step, to-
iv.ird its ultimate goal of vehicle-size 
batteries. Beginning with subscale sin
gle cells, we proceeded to full-size sin
gle cells and then to subscale, rapidly 
refuelable single cells. Last year, a sub
contractor successfully tested a full-size 
(0.1-nr), rapidly refuelable single cell. 
Our major achievement in 1981 was the 
testing of a subscale, rapidly refuelable 
multicell design at LLNL. These were 

the first tests of an aluminum-air 
multicell that reflected vehicle require
ments with respect to air and electro
lyte flow, electrical connections, 
refuelability, and operating conditions. 
Measurements of changing electrolyte 
composition were an important part of 
the tests, since this composition varies 
as the aluminum anode is consumed. 

The multicell design consisted of six 
167-cm : cells electrically connected in 
series. Electrolytes flowed in two paral
lel circuits though a series of three cells. 
We conducted two separate tests over a 
total operating period of 8.5 h. We 
measured the polarization characteris
tics of each cell at 60 and 70°C under 
extreme conditions of current density, 
electrolyte composition, and air and 
electrolyte flow rates. Our computer
ized data acquisition system recorded 
25 test parameters every 30 s. 

The results showed that peak power 
was 18% greater than in our previous 
25-cnr single-cell baseline measure
ments. Most of this improvement may 
be attributed to the fact that air had 
better access to reaction sites within the 
air electrode, resulting in lower voltage 
losses at high rates of discharge. We 
found that peak cell power declined as 
the dissolving aluminum anode pro
duced an increased concentration of 
sodium aluminate in the electrolyte. 
However, this effect can be mitigated 
by allowing cell temperature to track 
the concentration change. We also 
learned that shunt currents through the 
electrolyte connections do not degrade 
cell performance and cause only 
negligible power losses. 

Our next step in the program will be 
to integrate a full-scale multicell stack 
with a crystallizer unit (which controls 
electrolyte composition) and a means of 
controlling electrolyte temperature. We 
will investigate the behavior of this 
system over the range of operating 
temperatures and electrolyte compo
sition anticipated for a vehicle's operat
ing and shutdown modes. 

There remain some challenging prob
lems to solve before we can fully estab
lish the economic and technical feasi
bility of the aluminum-air power cell. 
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However, this year's progress suggests 
that the aluminum-air battery is a lead
ing candidate for a long-term replace -
ment for the internal combustion 
engine. 

Large-Block Coal 
Gasification Experiments 

Underground coal gasification may 
be the key to recovering much of the 
energy in the one-half of our coal de
posits that lie too deep beneath the sur
face to be mined economically. In this 
technique, coal deposits are burned in 
fitii to produce combustible gases that 
can then be extracted and used as fuel. 
To support the burning, oxygen and 
steam are pumped through injection 
holes drilled from the surface doivn to 
the coal seam. The product gases are 
piped up to the surface through other 
holes. For several years, we have been 
conducting field experiments for the 
DOE to investigate more effective and 
economical methods of exploiting this 
technology.1 

The controlled retraction of the injec
tion point (CRIP) technique of coal gas
ification was devised in response to the 
finding that the gases generated by m 
situ burning lose heat to inert roof ma
terials as the burn cavity expands.^ 
When coal dries, it shrinks, crumbling 
and collapsing faster than it is con
sumed by the oxygen. Gasification thus 
occurs in a packed bed of coal around 
the injection point. This situation pro
duces gas of a consistently high quality 
until the roof rock falls in and the bed 
of coal rubble is consumed. At this 
point, heat losses to the inert roof ma
terial become a significant drain on the 
energy available from combustion, and 
the heating value of the gases begins to 
fall, becoming uneconomic. 

With CRIP, we move the burn zone 
back into fresh coal by deliberately de
stroying a section of the injection pipe. 
Jn early 1981, we completed a series of 
five large-block gasification experi
ments designed to investigate the effect 
of the steam-oxygen injection ratio and 
flow rate on the shape of the burn 
cavity. The last of these tested the 
CRIP concept. 

Fig. 4 

The experiments were conducted at 
the Widco mine near Centralia, Wash
ington. In each, we drilled down an in
clined seam at an exposed coal face. 
Wo used a vertical well to observe visu
ally the burn cavity and measure its 
temperature. Our plan called for burn
ing about 25 m' of coal for each test, 
measuring the composition of the prod
uct gases, and observing burn-cavity 
shapes by excavating afterward. 

We found that variations in the 
steam-oxygen ratio (from 1:1 to 3:1) and 
flow rate had little effect on the compo
sition of the product gases. Gas qualitv 
was consistently high, averaging 
244 kj/mol in all cases. Burn-cavity 
shapes were gratifyingly similar to 
those produced in our small-scale lab
oratory experiments. All exhibited the 
same oval cross section and all were 
partlv filled with coal rubble and char 
(Fig. 4). 

The last experiment was designed to 
test the CRIP technique by starting a 
new burn zone in fresh coal (Fig. 5). 
The CRIP test lasted four days. After 
burning the first cavity for three days, 
we used a pyrophoric, silane-ignited 
propane torch to cut off a 7-m section 
of the stainless steel injection pipe. At 
this point, we established a cavity at 
the new position. The second cavity 
burned for 24 h, demonstrating the 
validity of CRIP as a means of 
enhancing gas production. 

Encouraged by these results, we are 
proposing a new series of tests to fur
ther develop the CRIP technique. The 

Cross-sectional photograph of the ex
cavated burn cavity alter experiment 
No. 5, conducted at the Widco mine in 
Centralia, Washington. The view Is at 
a point near the end of the inlection 
pipe. Grid spacing is 1 m. The injec
tion channel, lined with slag and ash. 
Is the white-circled area at the bottom 
center of the grid. The top quarter of 
(he burn cavity is open, and the lower 
three quarters are filled with char and 
ash. The extent of the char zone is 
outlined in red: the altered zone lies 
between the char zone and the outer 
area marked in white. 
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Fig. 5 Z~" 
Artist's conception of the CRIP test. 
The first cavity was allowed to burn 
for three days. A 7-m section of the 
iniectlon pipe was then cut off with a 
silane-iynited torch and a new burn 
cavity started at that point. Real-time 
thermocouple data and post-burn ob
servations verified the success of the 
CRIP technique. 

Oxygen/steam 
injection pipe 

Sitae propane pipe cutter 

first of these, called the partial-seam 
CRIP test, will use half the thickness of 
the coal seam and will allow for four or 
five withdrawals of the injection point 
during a 30-day burn period. In con
trast to earlier tests, we will install the 
production channel above the injection 
channel. As the burn progresses, the 
coal beneath the production channel 
will collapse. This should prevent the 
slag from the high-ash (14%) coal from 
plugging the channel and ensure a con
tinuous gas connection with little pres
sure drop. This geometry is also the 
simplest to link with a vertical well. 

Our second proposed test is a full-
thickness 90-day burn, which will en
able us to experiment with gas utiliza
tion. If successful, we will construct a 
small commercial-scale system by drill
ing additional holes, cleaning up the 
gas, and building a pipeline to a nearby 
power plant, where the gas will he 
used as a supplementary boiler fuel. 
Preliminary cost estimates for such a 
system give a price of about $1.42/GJ 
for raw, medium-Btu gas, making it 
economically competitive in this 
application. 

SYNROC Storage of 
Radioactive Wastes 

The permanent disposal of high-level 
reactor waste is of major import today. 

The SYNROC project at LLNL is con
cerned with the form in which liquefied 
radioactive wastes are stored.6 Repro
cessed wastes from reactor fuel consist 
of liquids and semisolid sludges of vari
ous materials. In this country, such 
wastes result from defense activities, in
cluding naval propulsion reactors and 
the production of plutonium and tri
tium for nuclear weapons, and from 
commercial power reactors. 

Current plans -ill for immobilizing 
these wastes i". borosilicate glass and 
eventually disposing of this glass in an 
underground repository. Although the 
process engineering of borosilicate glass 
is well advanced, its performance prop
erties are poorer than those of several 
newly proposed alternatives. One of 
these is SYNROC (synthetic rock). 
SYNROC was conceived in 1978 by 
A. E. Ringwood of the Australian 
National University as a medium for 
disposing of wastes from commercial 
nuclear power reactors.' In 1981, the 
DOE chose SYNROC from among eight 
other candidates as the most promising 
alternative to borosilicate glass for the 
permanent storage of high-level de
fense wastes. The current goal of our 
project is to extend SYNROC technol
ogy to demon?tuite its potential for 
large-scale production. We are also 
evaluating the potential cost savings 
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from using better waste forms such as 
SYNROC. 

We have found that laboratory-
synthesized samples of SYNROC im
mobilize the long-lived radioactive 
wastes—primarily the actinides and 
rare earths—up to 1000 times more effi
ciently than borosilicate glass. (More 
specifically, the amount of these ele
ments deposited in solution from 
SYNROC samples subjected to leach 
tests was up to 1000 times less than for 
borosilicate glass.) 

SYNROC's composition borrows 
heavily from nature. Its suite of miner
als was intended to mimic crustal rock 
with long-term stability that contains 
waste-like elements. The SYNROC host 
minerals for wastes, all having ana
logues l >und in nature, are zirconolite, 
perovskite, and hollandite. Zirconolite 
and perovskite have retained radioac
tive elements such as uranium and tho
rium in their crystal structure for as 
long as 500 million years. 

The synthesis of SYNROC is straight
forward. We combine TiO :, ZrO :, CaO, 
and A1 2 0, with an aqueous slu.ry of 
simulated Savannah River Plant wastes 
and blend the mixture. The slurry is 
spray dried at 125 to 150°C, at rates up 
to 10 kg/day. The dry powder is then 
decomposed (calcined) at 650°C in an 

Inconel rotary furnace. Finally, we 
either hot press the resulting material 
in a graphite die assembly for 1 h at 
about 14 to 28 MPa or hydrostatically 
press it at about 48 to 200 kPa. Figure 6 
summarizes the amounts of oxide start
ing materials and the final mineral 
phases that result. 

This year, we have demonstrated that 
SYNROC has excellent immobilization 
properties and can be produced on a 
pilot-plant scale. The goal of our 
process-engineering research is to es
tablish the feasibility of producing 
SYNROC on a larger scale under re
mote operation. Currently the process 
costs for defense wastes are higher for 
SYNROC than for borosilicate glass. 
However, since SYNROC can accept 
much higher waste loadings, the sav
ings in repository costs would about 
balance its higher processing costs. 
SYNROC thus promises improved 
waste immobilization at costs compara
ble to those of current technology. 
Continued refinement of the SYNROC 
fabrication process will lead to further 
reductions in processing costs. 

Studying Atmospheric 
C0 2 Concentration 

During the past century, the global 
concentration of atmospheric carbon 

Starting materials 

SYNROC additives 

Mineral products 

Inert phase 
- Fission products 

Waste sludge Radionuclide-contalning 
phases 

Fig. 6 
Summary of the starting materials and 
mineral products of our SYNROC pro
cess. The emerald green areas repre
sent the additives required to form the 
final SYNROC phases from the waste 
slurry (blue); note that this slurry con
tains a large proportion of nonradioac
tive material, primarily compounds of 
the transition metals iron, aluminum, 
and manganese. The final SYNROC 
phases can be d iv ided into two 
groups, those that contain radionu
clides (yellow green) and those that 
do not (gold). 
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dioxide has increased by 15 to 25°/. Es
calating emissions from fossil-fuel com
bustion could double concentrations by 
the second half of the next century. 
Such a trend could lead (through the 
so-called greenhouse effect) to a sub
stantial warming of the earth's climate, 
with consequences for the biosphere 
that are uncertain but potentially dis
ruptive. For example, changes in exist
ing weather patterns could cause severe 
social, agricultural, and economic dislo
cations. Computer modeling by the 
Laboratory and other organizations in
dicates that doubling the atmospheric 
carbon dioxide would increase average 
global temperatures by about 2 to 3°C, 
with even greater warming in the polar 
regions.'1 

Continuous measurements from 1958 
to the present, taken at the M<tuna Loa 
Observatory in Hawaii, show that the 
atmospheric carbon dioxide concentra
tion has increased from 315 to 
340 ppmv in little less than a quarter 
century. Similar trends have been ob
served at other stations around the 
world. To determine the fraction of this 
trend resulting from fossil-fuel combus
tion and the fraction due to alterations 
of the biosphere (such as the destruc
tion of tropical forests), it is necessary 
to understand the dynamics of the 
global carbon dioxide balance (the net 
concentration resulting from the action 
of sources and sinks). Critical to this 
balance is the magnitude and sign (plus 
or minus) of the net annual uptake of 
carbon dioxide by the oceans and the 
biosphere. 

Accurate CO :-exchange measure
ments in remote geographical areas can 
be difficult and costly. A method de
vised several years ago, called eddy 
correlation, uses sensors that can be 
carried by long-range aircraft to mea
sure fluxes of atmospheric heat and 
water vapor. The application of this 
method to measuring carbon dioxide 
fluxes has awaited a sensor that is suf
ficiently fast and accurate. During the 
past several years, we developed such a 
sensor and demonstrated its ability to 
measure carbo 1 dioxide fluxes over re
mote land and ocean surfaces. 

Our high-resolution, fast-response 
sensor operates by measuring the dif
ferences in the absorption of infrared 
energy between wavelengths cf 3.8 and 
4.25 >im for various concentrations of 
carbon dioxide. We mount the sensor 
outside the fuselage of an aircraft so 
that the airstream flows through an 
open absorption cell in which it is ex
posed to an infrared beam (Fig. 7). The 
airstream is sampled 333 times a sec
ond, a rate equivalent to collecting an 
air sample every 30 cm along the air
craft's flight path. A long absorption 
path, necessary for high sensitivity, is 
obtained by reflecting the infrared 
beam across the open sample area sev
eral times with special mirrors. Accu
rate measurement of the carbon dioxide 
flux over some ocean areas requires a 
signal-to-noise ratio of more than 4000 
to 1. The sensitivity and frequency re
sponse of our sensor meet this require
ment, and it has a performance factor 
two orders of magnitude better than 
that of commercial sensors. 

We recently confirmed the sensor's 
performance by remotely measuring, 
for the first time, carbon dioxide 
diffusion through the arctic icepack. 
Mounted on an aircraft belonging to 
the National Oceanic and Atmospheric 
Administration, the sensor collected 
nearly 10 h of detailed flux information 
over the ice and open water of the 
Bering Sea and over the ice of the 
Arctic Ocean. We have also tested it in 
a tower-mounted design to measure 
carbon dioxide fluxes over crops and 
vegetated areas. The sensor's wide
spread use should provide a wealth of 
otherwise unattainable information on 
the dynamics of the global carbon 
dioxide balance. 

Liquefied Natural Gas 
Safety 

The growing volume of liquefied 
gaseous fuels transported and stored 
around the world increases the possibil
ity of very large spills from storage-
tank or ship accidents, with potentially 
disastrous effects. If such a spill oc
curred in or near an inhabited area, the 
almost inevitable ignition could cause 
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widespread destruction. Our Liquefied 
Gaseous Fuels Spill Effects Program 
was established by the DOE to develop 
and validate methods of predicting the 
consequences of such spills so that they 
can be better controlled. These conse
quences include pool spread, vaporiza
tion, dispersion, ignition, combustion, 
explosion, and damage effects. 

We are conducting experiments to 
obtain data on the atmospheric disper
sion characteristics of denser-than-air 
gases and the combustion physics of 
large vapor clouds."1 These data are 
used to develop an ensemble of com
puter models to predict spill behavior 
under conditions that cannot be experi
mentally replicated. In 1980 and again 
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Fig. 7 
Mounted on an aircraft (inset), tha cai-
bon dtoxid* flux-measuring sensor 
correlates the concentration of car
bon dioxide, temperature, pressure. 
and humidity with eddies moving up
ward and downward over a land or sea 
surface. The undisturbed airstream 
moves through the senior 's open, 
multipath absorption cell. Carbon di
oxide concentration is measured by 
c o m p a r i n g u n a b s o r b e d i n f r a r e d 
wavelengths with those attenuated by 
carbon dioxide. 



Fig. 8 
Ccmbushon of the vapor cloud formed 
when 40 m ' of liquefied natural gas 
was spilled into a man-made pond. 
The experiment, conducted at China 
Lake. California, provided a variety of 
data on spill behavior and combustion 
physics Data were recorded by a 
urge array of sensors. Note the heat-
distorted image of the hills in the 
background. 

in 1981, we conducted a series of tests 
at the U.S. Naval Weapons Center at 
China Lake. California, in which 40 m 1 

of liquefied natural gas (LNG) per test 
were spilled and ignited. The spills 
formed cold, heavv vapor clouds that 
were flammable as much as 400 m 
downwind (Fig. 8). 

To gather data on the formation, dis
persion, and combusion of the gas 
cloud, we deployed a variety of instru
ments in m extensive array upwind 
and downwind of the spill point. Ane
mometers at 26 stations mapped the 
wind field. The gas cloud was tracked 
and measured at 31 stations with a va
riety of gas sensors; some measured 
methane and higher hydrocarbons sep
arately and others sensed total hydro
carbons.1 ' Data on the burning gas 
were obtained with thermocouples, 
hum-velocity and heat-flux sensors, 
and pressure transducers. Cameras and 
infrared imagers made remote measure
ments. All experimental stations were 
battery powered and microprocessoi 
controlled. We communicated with the 
stations by computer-controlled radio 
telemetry, switching on their power 
and receiving their data by remote 
command. The trailer that housed the 
central computers and the data-
recording equipment was located about 
1200 m from the experimental area. 

Ouv results indicate that large, dense 
clouds of LNG disperse in the atmo
sphere very differently from neutral-
density clouds and may produce a 
more hazardous situation than expected 
on the basis of small-scale tests. 

Because the constituents of LNG boil at 
different temperatures, large spills also 
produce clouds containing regions en
riched in heavier hydrocarbons. These 
regions are more detonable than the 
rest of the cloud. In some tests, rapid-
phase-transition (RPT) explosions unex
pectedly occurred when a quantity of 
LNG suddenly vaporized, expanding in 
volume over 200 times, nearly instanta
neously. As many as 20 RPT explosions 
took place during one 40-m' LNG spill. 
The largest had a measured peak pres
sure equivalent to 6 kg of TNT. Our ex
periments demonstrated that RPT ex
plosions may play an important role in 
determining the outcome of an 
accident. 

In some tests, the gas cloud was ig
nited at the end of the spill with flares 
or a flame-jet igniter. The ignition point 
was about 90 m from the spill point. 
The flame front moved rapidly down
wind and upwind from the ignition 
point, enveloping an area about 100 m 
w ,de and 300 m long. We observed 
flame speeds between 12 and 19m/s. 
The vapor burn tests revealed larger 
fires and faster flames than had been 
observed previously. 

A comparison of model predictions 
with dispersion data from the tests was 
encouraging. In the next step, we will 
introduce terrain effects into the 
models. These expe iments were an im
portant step toward understanding the 
dispersion behavior and combustion 
physics of very large spills of liquefied 
gaseous fuels. Further experimental 
data from spills of 100 to 200 m 1 will be 
crucial to answering the many remain
ing questions about this hazard. 

Biomedical Sciences 
The effects of cell damage caused by 

environmental pollutants is a field of 
continuing concern. We are conducting 
a variety of biomedical studies into the 
mechanisms of cellular change and the 
identification of potentially damaging 
agents (e.g., radiation and chemicals). 
These include studies of morphological 
changes in sperm, of processes of gene 
damage and repair, and of chromosome 
changes caused by damaged DNA. We 
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are also developing techniques for 
quickly screening potential mutagens. 

S p e r m S t u d i e s 
Spermatogenesis, the production of 

sperm, is essential to reproduction in 
many biological species. Because sperm 
are exquisitely sensitive to external in
fluences, they can serve as an impor
tant dosimeter of biological changes 
caused by chemical or radiological 
agents. Advances in sperm assay (the 
process of measuring and interpreting 
these changes) require, among other 
things, a better understanding of sperm 
characteristics. At LLNL, we are devel
oping new techniques of sperm assay 
based on our own discoveries and the 
work of others and applying them to a 
variety of mammals, including man. 
During the past year, we have made 
important progress in measuring sperm 
morphology, in understanding the 
mechanism of genetic packaging in 
sperm, in identifying chromosomal 
changes, and in developing techniques 
that could lead to control of the sex 
ratio in reproduction. 

Assaying sperm morphology. For 
several years, LLNL has pioneered the 
microscopic assay of sperm shape, 
emphasizing its application to human 
studies. During spermatogenesis, sperm 
are transformed from spherical cells 
into bodies with leaf-shaped heads and 
long, undulating tails. This process, 
which is controlled by many genes, is 
highly sensitive to genetic and physio
logical conditions that can produce ab
normal cell shapes. Our population 
studies have shown that in both mice 
and men, the fraction of abnormal 
sperm found in individuals can respond 
dramatically to radiation or to chemical 
mutagens; there also is evidence that 
such abnormalities of sperm production 
in x-irradiated mice may be permanent 
and heritable. 

Detecting abivirmal sperm shapes by 
visual examination is a slow and some
what subjective process. We are devel
oping automated, quantitative methods 
of shape detection that are both faster 
and more sensitive than conventional 
techniques. In one approach, called slit-

Swiss Webster 
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Fig. 9 
Fou.r mammalian sperm profiles ob
tained by automated screening, using 
SSFCM of many sperm cells of each 
species. Sperm were stained with a 
f l u o r e s c e n t dye and p a s s e d , 
single-file, through a very narrow laser 
beam. The fluorescence profiles pro
duced were recorded and analyzed by 
computer. The insets are photomicro
graphs of corresponding sperm cells 
(the scale is about the same in all 
photographs). 

scan flow cytometry (SSFCM), sperm 
stained with a fluorescent dye flow 
single file through a very narrow 
(1- to 2-#im-wide) laser beam. Each 
sperm produces a fluorescence profile 
that is recorded and analyzed by a 
computer. Figure 9 shows typical 
SSFCM profiles obtained from four dif
ferent kinds of mammalian sperm. The 
shape of a profile, which is species-
specific in mammals, is different in 
abnormal sperm. We have used this 
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technique to detect radiation-induced 
changes in mouse sperm, with results 
equal in sensitivity to those of visual 
assessment. We have found that 
SSFCM shape measurements provide 
high-speed analysis (currently about 
100 cell/s) with a statistical precision 
greater than that obtainable with any 
other method of comparable speed. 

In another approach, we use a scan
ning microscope and computer to 
assess sperm morphology. The image 
of each sperm is digitized by the micro
scope at a resolution of 16 pixels (pic
ture elements) per square micrometre. 
The computer locates the outline of the 
sperm head and extracts from it a vari
ety of shape parameters. We find tl'.al 
the heads of mouse sperm exposed to 
increasingly larger doses of x rays be
come smaller and more circular. 

Genetic packaging in sperm. The 
ability of mammalian sperm to carry 
vast amounts of genetic information in 
a nuchms apparently large enough to 
contain only one fourth of the genetic 
material has long been a puzzle. We 
have found that the nuclei of mouse 
sperm, lor example, contain 3.3 pg of 
deoxyribonucleic acid (DNA. the mate
rial of the genes, which in turn make 
up the chromosomes). Known mecha
nisms of packing this amount of DNA 
would require twice the available vol
ume of the sperm nucleus. In addition, 
sperm nuclei contain 3 pg of protamine, 
a protein unique to these cells. To
gether with the DNA, this amount of 
protamine would increase the space 
needed bv at least four times what is 
available. 

Our biochemical studies and 
scanning-microscope measurements 
hose provided the first explanation of 
this phenomenon. The key to under
standing the tight packing lies in prot
amine. Whereas DNA carries a negative 
electrical charge, protamine has a 
strong positive charge. This enables 
protamine to bind to the minor groove 
in DNA's double helix, electrically neu
tralizing it. Chromosomes formed of 
this neutralized DNA can be so tightly 
packed that they fit the restricted vol
ume available. In a sperm nucleus. 

thousands of these DNA-protamine 
complexes join together. In doing so, 
they both effectively shut off the 
sperm's genetic machinery and simulta
neously protect it from potentially 
harmful substances. Except for certain 
regions of the human sperm, which ap
pear to be packed differently, the 
sperm of most species seem to be 
organized in this way. 

Sexing sperm. The sex of most 
mammals is determined by a specific 
chromosome in the fertilizing sperm, a 
Y chromosome producing a male off
spring and an X chromosome a female. 
As the X chromosome is larger than the 
Y, half of an individual's sperm should 
be correspondingly richer in DNA. A 
means of distinguishing and separating 
sperm cells according to DNA content 
would thus raise the possibility of con
trolling or influencing the sex of the 
fertilized egg. 

We have developed a hydrodynamic 
method of orienting flat mammalian 
sperm in flow instruments to permit 
optical measurements of the DNA con
tent of individual cells. We have re
solved the sperm populations bearing 
X and Y chromosomes in several 
mammals, including bulls, boars, rams, 
rabbits, mice, and voles. In addition, we 
have identified the relative proportion 
of X and Y sperm in samples of 
cryopreserved bull semen. 

This method should find immediate 
application in monitoring and accelerat
ing the further development of X-Y 
sperm-separation techniques. In the 
longer run, the prospect of controlling 
the sex ratio at birth by fertilizing eggs 
with selected sperm has considerable 
implications for stock breeding and 
animal husbandry. The ability, for ex
ample, to optimize proportions of males 
and females with sex-specific traits 
such as milk and egg production or rate 
of weight gain would have an immedi
ate payoff in raising the efficiency of 
food producers. 

Chromosome Damage and 
Mutations 
Physical and chemical substances in 

the environment can interact with DNA 
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in the body's cells in various ways to 
produce damage that is biologically del
eterious. Persons who are genetically 
deficient in mechanisms that correct 
DNA damage may be hypersensitive to 
cancers or heritable disorders. In the 
disease xeroderma pigmentosum, for 
example, the victim develops skin can
cer presumably because his cells are 
unable to repair the damage to DNA 
caused by ultraviolet light. It is thus 
important to understand the nature of 
the initial damage to DNA and the pro
cesses by which the damage is either 
repaired or expressed as a heritable 
mutation, a chromosomal alteration, or 
the death of the cell. During the past 
year, we have made substantial 
progress toward understanding cellular 
repair processes and have applied some 
new cytogenetic methods to detect and 
quantify damage in exposed persons. 

Repair-deficient hamster cells. As 
DNA repair processes are believed to 
be similar in most mammals, we used 
cells from the Chinese hamster, which 
can be easily grown and manipulated 
in the laboratory. By exposing the cells 
to ultraviolet light, we isolated several 
mutants that, because of defects in their 
processes that normally repair DNA 
damage, were hypersensitive to the 
cell-killing effect of this agent. More 
specifically, the cells appeared to lack 
one step in the process that removes 
the ultraviolet-caused lesion from the 
DNA. In this respect, the defect in 
hamster cells is analogous to the defi
ciency causing xeroderma pigmentosum 
in humans. 

Hamster cells sensitive to the killing 
effects of ultraviolet light are also hy
persensitive to mutations and to sister 
chromatid exchange (SCE), a type of 
chromosome damage induced by a va
riety of chemicals. In SCE, which can 
be observed through a light microscope 
(Fig. 10), DNA is exchanged between 
the two halves (chromatids) of a 
chromosome. We have found that 
ultraviolet-induced lesions that cause 
SCEs persist in repair-deficient hamster 
cells but not in cells that can repair 
-damage. Our results suggest that 
unrepaired lesions in DNA may be 

responsible for the chemically induced 
increase in both the frequency of muta
tion production and the frequency of 
SCE. 

We are using these mutant hamster 
cells to search for a human gene in
volved in the repair of DNA damage. 
To do this, we first fuse hamster cells 
with human cells to form a hybrid cell 
containing chromosomes from both 
species. Human chromosomes in the 
hybrid are preferentially and randomly 
lost when the cell divides. We then ex
pose the hybrid cells to continued 
chemical stress; those that are repair-
deficient die. The hybrids that survive 
contain one or more human chromo
somes. It appears, then, that certain hu
man chromosomes confer resistance on 
the hamster cells by supplying a gene 

Fig. 10 
Chromosomes front a human lympho
cyte, stained to demonstrate sister 
chromatid exchange {SCE). In a chro
mosome without an SCE, one arm 
(chromatid) stains dark and the other 
light. In a chromosome in which SCE 
has occurred, dark and light regions in 
the same arm reveal that portions of 
the chromat ids have been inter
changed (arrows). 
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Cigarettes smoked per day 

insult, both industrial hygiene and epi
demiology would be advanced by mea
surements of the SCE frequency in cir
culating blood lymphocytes of persons 
occupationally or otherwise exposed to 
mutagenic agents. 

We have measured SCE frequency in 
cigarette smokers, a group that is 
known to be at increased risk for devel
oping lung cancer. Our results show 
that the frequency of SCE in blood 
lymphocytes of LLNL smokers is 
higher than normal and depends on the 
number of cigarettes smoked per day 
(Fig. 11). We also found considerable 
variation among individuals, some 
smokers showing no increase. Other 
studies we have conducted indicate that 
the individual differences reflect both 
genetic factors and exposure to addi
tional agents such as medications or 
occupational substances. Preliminary 
data from a follow-up study indicate 
that increased SCE frequency persists 
for at least six months in some subjects 
who stop smoking. Our studies have 
established the utility of SCE in detect
ing exposure to human mutagens. Fur
ther research is needed to explore the 
clinical significance of these findings. 13 

Fig. 11 
Frequency of SCE measured in lym
phocytes or cigarette ?mokers as a 
function of the number of cigarettes 
smoked per day. Each data point rep
resents a single subject. Significant 
increases in SCE frequency were ob
served in smokers as a group, though 
not in every subject; some nonsmok-
e rs a l so s h o w e d a h igh SCE 
frequency. 

able to repair the chemical damage. We 
are analyzing the surviving hybrids to 
identify the human chromosome carry
ing this gene. 

Sister chromatid exchange in 
humans. As noted above, sister chro
matid exchange is an interchange be
tween the two double helices uf a repli
cated chromosome. At the molecular 
level this event indicates that the DNA 
was broken and rejoined. It is not 
known with certainty, however, 
whether the rejoining process is accu
rate, leaving the DNA sequence un
changed, or whether it might introduce 
a mutation. 

We examined the ability of different 
substances to induce both SCE and 
mutations in Chinese hamster cells. 
Our results showed a linear relation be
tween induced SCE and induced gene 
mutation. If SCE reflects mutagenic 
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The Laboratory's major programs in 
weapons, magnetic fusion energy, laser 
fusion, laser isotope separation, bio-
medicine, and environmental science 
generate constantly evolving needs for 
new research tools and techniques. 
Support departments operating through 
LLNL's matrix structure provide a pool 
of specialized professionals who can 
provide prompt and flexible assistance 
to these programs over a broad and 
diverse range of disciplines. 

In our matrix structure, individuals 
can work under the immediate supervi
sion of a multidisciplinary program 
such as magnetic fusion energy while 
retaining membership in a specialized 
support department such as physics, 
chemistry, engineering, or computa
tions. This structure encourages the 
pooling of expertise in special disci
plines and technologies as well as ac
tive interactions among support groups 
to solve technical problems as they 
arise in programmatic research. 

This fruitful process often leads to in
novations that have applications in the 
larger technical community as well as 
to specific problems at the Laboratory. 
1'or example, new instruments incorpo
rating fiber-optics technology that we 
developed for remotely monitoring the 
physical and chemical properties of 
highly radioactive materials may be 
useful to industries working with haz
ardous processes of various kinds. A 
new technique for increasing the accu
racy of measurements made on pre
cisely machined, contoured surfaces has 
equa'ly broad applicability. 

In addition to illustrating the success 
of our matrix approach, the sampling of 
support projects reviewed in this article 
represents important contributions to a 
variety of fields. They include remote 
analysis with optical fibers, a high
speed camera, an oil-showered preci
sion measurement machine, a small di
amond turning lathe, new instruments 
for probing hot, very dense plasmas, 
precision machining of large crystals for 
new lasers, a satellite link for the na
tion's magnetic fusion energy program, 
a cooperative effort with japan to ex
pand our magnetic fusion materials 

facility, and a study of breakdown 
mechanisms in semiconductors exposed 
to electromagnetic pulses. 

Remote Analysis with 
Optical Fibers 

Many industrial processes or other 
phenomena of interest cannot be mea
sured with conventional instruments 
because they are too hot, too cold, 
highly radioactive, or otherwise inac
cessible to direct observation. Nuclear 
wastes stored in underground reposi
tories, for example, will require moni
toring in situ. A new technology that 
uses long-distance fiber optics to trans
mit laser-excited fluorescence now 
makes it possible to remotely monitor 
such phenomena via optical fiber cables 
at distances up to a kilometre. 

We havi; put together a basic system 
consisting of a laser light source, a 
Raman-fluorescence scattering spec
trometer, and an optical fiber linked to 
a measuring device at the other end. 
Laser-generated light passes through an 
aperture and is focused on the end of 
the optical fiber by a geometric beam 
splitter (Fig. 1). The light passes 
through the fiber, interacts with the 
sample to be measured, and returns 
(now incoherent), to be reflected by a 
mirror into the computerized spectrom
eter for analysis. Measurements are 
made either at the bare fiber terminus 
or by an optrode, a complex measuring 
device coupled to the fiber and contain
ing sensitive fluorescing layers that 
interact with the sample. 

This optical fiber system for remote 
measurements should find wide appli
cation wherever phenomena of interest 
are too hazardous for direct 
observation. 

A High-Speed Image-
Converter Camera System 

Multiframe cameras, both mechanical 
and electronic, are widely used in sci
ence and engineering. At the Labora
tory, we use these cameras to record 
fine physical details of very rapid 
events such as the surface behavior of 
explosively driven materials. We have • 
found that in certain applications, 
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commercially available multiframe cam
eras have several deficiencies: an image 
size that restricts spatial resolution, an 
inflexible framing rate, and magnifica
tion that is limited to one choice per 
experiment. 

We have developed a new camera 
design, based on image conversion, that 
remedies these deficiencies and meets 
our present and projected needs for 
high-resolution, stop-action photogra
phy of high-velocity objects. At our re
quest, a U.S. manufacturer developed a 
large image-converter (IC) tube (essen
tially a high-speed electronic shutter) 
that met our specifications for size and 
performance. We incorporated this tube 
in a camera designed to: 

• Record rapidly moving objects 
(velocities up to several millimetres per 
microsecond) without blurring at expo
sures of 10 to 50 ns. 

• Provide a dynamic spatial 
resolution at the film plane of 
10 line-pairs/mm. 

• View the subject along four 
optical paths providing four different 
magnifications. 

• Expose eight frames, indepen
dently assigned within a time window 
of tens of microseconds. 

• Provide a photographic format 
75 mm in diameter. 

• Operate at a high ambient-light 
level. 

The camera is quite simple in prin
ciple, consisting of four viewing paths, 
each comprising an optical system, two 
gated IC tubes, and two frames of re
cording film. Light from the subject 
passes through an f/5 objective, a 
multielement relay lens, a beam splitter 
that sends an image to both IC tubes, 
and a field flattener at each tube that 
restores the planarity of the image. 
Each viewing path provides individual 
magnification to record simultaneously 
different details of the subject. A high-
quality image is present at the 75-mm 
proximity-focused IC tube any time the 
mechanical shutter is open. The image 
is transmitted to the recording film in 
response to a preassigned 10-kV "gate" 
pulse produced by novel electronic cir
cuitry. (In addition to rapid gating, the 

Fig. 1 

Through panel 
terminator 

IC tube provides a modest light gain.) 
The temporal width of the pulse can be 
selected for each frame independently 
within a range of 10 to 50 ns; pulse 
width is easily adjusted at the control 
panel. The positions of the gate pulses 
in time are virtually unlimited. 

The IC camera was originally de
signed to incorporate a multipulse laser 
illumination system that spectrally ex
cludes background light. However, we 
have successfully used it without a 
laser tc photograph self-luminous ob
jects such as expoding bridgewires. 

Remote-analysis fiber-optics system. 
Light from a laser source passes 
through an aperture and is focused on 
the end ol the optical fiber by a geo
metric beam splitter. The light passes 
through the fiber, interacts with the 
sample to be measured, and returns 
(now incoherent), to be reflected 
by a mirror into a computerized 
Raman-fluorescence scattering spec
trometer for analysis. Measurements 
are made at the sample by an optrode 
or by the bare fiber terminus, which 
can be coated to fluoresce In re
sponse to certain substances. 
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Fig. 2 
An exploding bridgewire photo
graphed with our high-speed, 
multiframe IC camera, (a) A front-
lighted photograph of the bridgewire 
(the narrow strip in the cor.ter) before 
detonation. The current flows upward 
in the photograph. Bridgewire dimen
sions are 254 Mm wide by 635 um 
long; the magnification Is 18:1. 
(b) Emission from a bridgewire during 
normal detonation. The exposure time 
is 10 ns. Hot spots are viable at the 
corners where the bridge ire meets 
the attaching conductor. Self-
luminance spreads laterally to about (a) 
1.8 times the width of the bridgewire. 
(c) An abnormal explosior in which 
self-luminance quickly moves laterally 
to seven times the width of the con
ductor, indicating the spread of shock 
energy over an area larger than nor
mal. Thermal cycling produces an air 
gap between the bridgewii J and the 
surface of the explosive, thwarting 
predictable detonation. 

Exploding bridgewires are widely used 
to detonate high explosives, an applica
tion that demands reliable performance. 
In certain temperature-cycling sequences 
and test geometries, however, an ex
ploding bridgewire may fail to perform 
normally. In such cases, the tempera
ture cycling has caused the explosive to 

contract, producing an air gap between 
itself and the bridgewire detonator. 
This gap prevents the energy of the 
detonator from coupling efficiently to 
the explosive. 

We have applied the IC camera to 
record visible emission from an explod
ing bru'^ewire during normal and ab
normal (tailed) operation (Fig. 2). The 
exposure time was 10 ns. During a nor
mal explosion, self-luminance covers 
the area of the conductor laterally to 
about 1.8 times the width of the 
bridgewire. Hot spots are visible at the 
corners where the bridgewire meets the 
conductor that attaches to the explo
sive. In an abnormal explosion, how
ever, self-luminance quickly moves lat
erally to seven times the width of the 
conductor, indicating the spread of 
-.hock energy over an area larger than 
ormal. Multiple-frame records suggest 
lat the velocity of the luminous front 

i. a few millimetres per microsecond. 
This recording process reveals that the 
air gap, caused by thermal cycling, 
thwarts predictable detonation. 

The IC camera's excellent image 
quality, rapid gating, and versatile 
franting time have dramatically im
proved our ability to record high-
velociiy phenomena. 

An Oil-Showered Precison 
Measurement Ma-hine 

The Laboratory has pioneered many 
diamond-turning and precison-machin-
ing technologies that are now univer
sally used. Our own two large dia
mond-turning machines are designed to 
produce contoured surfaces with great 
precision (± 0.25 urn for one and 
± 0.05 /im for the other). For some 
years, in fact, the precision of these ma
chines has exceeded the accuracy of 
available measuring devices. 

Last year, we rectified this situation 
by completing modification of a con
tour measurement machine that is ten 
times more accurate than the original. 
For the first time in several years, we 
now have an inspection machine more 
accurate than the parts it measures. We 
believe this to be the world's first 
liquid-showered, general-purpose 
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measuring machine. It has been in reg
ular use at LLNL for the past year. 

The principal problem in achieving 
accurate measurements is thermal drift 
caused by changes in the ambient tem
perature. Neither air-temperature nor 
air-velocity controls are adequate to 
check this drift. Our modification uses 
an oil shower to control temperature 
and a laser interferometer to make 
measurements. The crucial innovation, 
however, is the oil shower, as the inter
ferometer alone would be superfluous 
without effective temperature control. 
We believe the machine to be unique in 
this respect. 

During a measurement, all surfaces 
of the machine, including the part 
being measured, are showered with 
temperature-controlled oil, forming a 
flowing layer that isolates the system 
from the room ervironment (Fig. 3). 
The temperature of the oil is main
tained at a nominal 20°C; maximum 
variation is 0.006°C averaged over 30 s. 
A simple on-off system controls the 
supply of chilled water to a shell-and-
tube heat exchanger. The entire volume 
of oil is recirculated through the loop 
once a minute at a rate of 1501/min. 

The oil-shower technique reduces 
thermal drift to 0.10 nm measured over 
a period of 8 h. In contrast, thermal 
drift measured in the same room in the 
absence of an oil shower was 20 ^m. 
This accuracy enables the machine to 
make repeatable measurements within 
0.10/um. 

The presence of flowing oil is man
ageable, though the machine is not as 
comfortable to operate as a dry ma
chine. The operator must work with his 
hands in oil, and some daily house
keeping is needed to keep the work 
area safe and dean. The simplicity and 
effectiveness of this temperature-
control technique, however, more than 
compensate for these inconveniences. 

This oil-shower technique of control
ling thermal drift has also been applied 
at the Laboratory to the machining of 
large single crystals to the extremely 
close tolerances required by the Nova 

• and Novette lasers (see the section 
beginning on p. 46). 

Baby Optics Diamond 
Turning Machine 

In 1981, we were faced with an ur
gent requirement for a high-precision 
diamond lathe able to machine a vari
ety of contoured parts less than about 
10 cm in diameter to tolerances com
parable to those of our large diamond 
turning machines. Although several 
commercially available machines met 
these specifications, time constraints led 
us to design our own machine and to 
assemble it in two weeks from parts on 
hand. 

Our design criteria were: 
• To minimize sources of nonre-

peatable error, such as those arising 
from thermal effects. 

Fig. 3 
The Laboratory's oil-showered preci
sion measurement machine. Both the 
machine and the part being measured 
are maintained at a constant tempera
ture by a temperature-controlled oil 
shower that isolates the system from 
its thermal environment. 
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Fig. 4 
LLNL's baby optics diamond turning 
machine, designed and assembled in 
two weeks from parts on hand. The 
success of this effort demonstrates 
that the design of ?uch high-precision 
machine tools is a mature technology. 

• To minimize sources of random 
spindle motion, such as vibrations from 
the drive motor. 

To solve these problems within tht1 

time available, we constructed a ma
chine (Fig. 4) smaller than our existing 
diamond lathes. The baby machine has 
crossed roller slides with 15 cm of 
travel. The straightness of travel or the 
x slide is I.I /iin over 10 cm, and of the 
z slide I vm o\ ev 10 cm. The base of the 
machine is a granite surface plate 
lapped to a flatness of 0.5 /un over the 
area occupied bv the slides. Three rub
ber pads support the base to isolate the 
svstem from vibration. 

The air-bearir.g spindle has an aver
age axial and radial motion of less than 
25 nm. It is driven bv a dc servo-drive 
motor, which with our electronics pack
age can deliver up to 11 Nm of torque 
at any speed from 50 to 2000 rpm. To 
control spindle temperature, we circu
late about 20 1/min of temperature-
controlled water through the spindle 

motor housing. Ambient air tempera
ture is controlled to abou' 20 ± 0.1 °C 
In addition, we reduced thermal effects 
by minimizing critical dimensions such 
as the distance between the .v-axis 
interferometer and the tool post. 

We used a computer numerical con
troller configured to interface with the 
position-feedback system. The feedback 
system consists of a laser interferometer 
and an interface package operating at a 
resolution of 25 nm. 

Had more time been available, ive 
might have implemented a more con
ventional design, including a larger ma
chine with air-bearing slides, improved 
leadscrews, a more elaborate 
temperature-control svstem, and self-
leveling pneumatic vibration isolators. 
However, our success with the off-the-
shelf approach demonstrates that the 
design of high-precision diamond turn
ing machines is a mature technology. 
Given adequate human resources, ma
chines comparable in accuracy to exist
ing machines can be assembled from 
commercial components. In this in
stance, the size of our babv machine 
worked together with our design crite
ria to produce a system that is rela
tively immune to both vibration sources 
and temperature variations. 

Machining KDP Crystals 
We have used diamond turning tools 

to machine large single crystals of po
tassium dihydrogen phosphate (KDP) 
to extraordinarily close tolerances for 
optical components of the Nova and 
Novette lasers. These crystals convert 
infrared laser light (wavelength 
1.053 nm) to its green and blue har
monics (0.527 and 0.351 /um, respec
tively). Light at these wavelengths sig
nificantly improves laser-driven 
implosion.1 For a KDP crystal to gener
ate these harmonics most efficiently, its 
face must be machined exactly per
pendicular to the optical axis. 

In support of the Laboratory's 
inertial-confinement fusion program, 
the Materials Fabrication Division 
(MFD) has successfully machined 50 
KDP crystals, with another 15 in pro
cess. Because single crystals of KDP are 
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Fig. 5 
KDP crystal machined to extraordi
narily close tolerances. The top sur
face has an area of 5 cm 2 . Crystals 
like this will be used with the Nova 
and N o v e t t e lasers for iner t ia l -
confinement fusion research. We had 
to solve several problems to machine 
the crystal. Including a high coef
ficient of thermal expansion, brittle-
ness. low tensile strength, and change 
of optical axis with temperature. 

not available in a large enough size to 
match the 74-cm-diam laser beam of 
Nova and Novette, the aperture will be 
made up of KDP tiles positioned in an 
array. We machine three sizes of KDP 
tiles. The smallest, used for the feasibil
ity demonstration, is 5 cnr (Fig. 5). The 
largest, 27 a i r . will be used for Nova. 
The medium size, 15 cm', will be used 
for the first arm of Novette because of 
material availability: it takes nine 
months to grow a KDP crystal from 
solution. 

KDP presented a number >f machin
ing problems. It is sensitive M moisture. 
It is anisotropic, with a large coefficient 
of thermal expansion, 44 ppm/ C. or 
twice that of aluminum. The optical 
axis (the direction of maximum a m ver
sion to harmonics) changes with tem
perature. The crystal is also brittle and 
has a very low tensile strength. We had 
to solve these machining problems and 
achieve the following tolerances: flat
ness, 2 urn: thickness, ± 1 ^m from 
nominal; thickness waviness, 0.25 j*m in 
2.5 mm; optical axis perpendicular to 
face, ±29jirad; surface finish, 

0.025 **ni Ra (arithmetic average); and 
edge geometry, r 10 *im. \\v were able 
to hold these tolerances to within half 
of their allowable values, with a negli
gible scrap rate, while working two and 
a half shifts (20 h) a day to maintain 
our production schedule. 

Several techniques were used to 
achieve these results. First, KDP can be 
diamond-turned without tool wear bv 
using a 45-deg negative rake angle (a 
technique first suggested in MFD's 
Glass Machining Research Program). 
The crvstals were turned with one of 
I.I.NL's ultraprecise diamond turning 
machines, which has a repeatability of 
0.025 Mm. We reduced the temperature 
sensitivity of the KDP crvstals to a 
minor factor by controlling the tem
perature of the machines at 20 * 
0.05 C with a 150-l/min oil shower (see 
the article on p. 44 of this issue). Since 
the oil had a negligible water content, 
this technique also eliminated the mois
ture sensitivity problem. Finally, dedi
cated skill and careful handling enabled 
us to meet the extraordinary tolerances 
required in the KDP crystals. 
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Fig. 6 
Time sequence of pinhole photo
graphs showing neon x rays produced 
in a plasma with the ZAPP device. The 
exposure times and intervals between 
photographs were 2 ns. The time di
rection is to the right; the last frame is 
time-integrated. 

ZAPP Upgraded 
Our :-pinch facility (ZAPP, for 

Z-pinch Atomic Physics Project)2 has 
been upgraded by the addition of sev
eral new diagnostic instruments. ZAPP 
was designed to study in detail the 
radiation emitted by very hot, dense 
plasmas. A ; pinch (; being the axial 
direction) is a cylindrical implosion 
caused by the self-induced magnetic 
field of a heavy current flowing 
through a plasma. 

The ZAPP device consists of a large 
capacitor bank (52 k] maximum) for 
storing electrical charge, fast electrical 
switches, and a vacuum chamber into 
w hich we can inject a hollow cylindri
cal puff of gas through an annular slit 
centered in the face of a flat electrode. 
The gas crosses a gap of about 1 cm to 
a ring-shaped electrode, which is 
pulsed to a high voltage before the gas 
has time to fill the center of the puff. A 
heavy current from the capacitor bank 
ionizes the gas and then implodes it by 
interaction with its self-generated mag
netic field. Since the initial plasma is 
hollow, the final forces opposing the 
implosion are reduced, and the plasma 
can reach higher densities and tempera
tures than those in previous ;-pinch 
devices. 

At the ZAPP facility, we can consis
tently produce argon plasmas with 
electron temperatures of 1 keV and a 
density of 10" electron/cm', a regime 
that until recently has been very diffi
cult to achieve in the laboratory. These 
temperature and density conditions sig
nificantly affect the populations and 
lifetimes of the electronic states in the 
plasma. Our experimental studies of 

these plasmas have possible applica
tions in fields as diverse as astrophysics 
and laser fusion. 

We use a variety of techniques to ob
tain information on plasma conditions 
and atomic radiation in the ZAPP de
vice, including crystal, normal-, and 
grazing-incidence spectrometry, pinhole 
and Schlieren photography, interferom-
etry, and Thomson scattering. 

Last year, we built and added to 
ZAPP three diagnostic instruments that 
incorporate a microchannel plate (MCP) 
camera. In the MCP, incident photons 
produce an electron cascade across a 
voltage in a narrow channel. The 
amplification thus achieved makes it a 
highly sensitive photon detector. The 
new diagnostic instruments are a crys
tal x-ray spectrometer, a pinhole cam
era, and a grazing-incidence spectrom
eter. Together, they give us the ability 
to analyze photon emission with high 
spatial, spectral, and temporal resolu
tion in the ultraviolet and x-ray regions 
of the electromagnetic spectrum. 

We independently tested the MCP 
camera used in these instruments to de
termine its sensitivity and limits of spa
tial and temporal resolution. So sensi
tive are MCPs that they have been 
shown to be capable of counting indi
vidual photons. Under these conditions, 
sensitivity is limited only by the MCPs 
quantum efficiency. This represents an 
increase of two to three orders of mag
nitude over ordinary photographic film. 
We tested the camera's spatial resolu
tion using a grating spectrometer and a 
cold cathode line source, achieving a 
resolution of less than 50 iim at the de- -
tector. Temporal resolution was tested 
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with an 80-ps laser pulse. Although the 
test was limited by the pulse power 
supply used to activate the MCP, reso
lution was much better than 1 ns. 

Figure 6 shows a typical result ob
tained from the MCP diagnostics, in 
this case a time sequence of x-ray pho
tographs of a neon plasma imploded 
with the ZAPP device. (The time direc
tion is to the right.) The frames were 
exposed at intervals of 2 ns; the expo
sure time for each was 2 ns. The last 
frame is time-integrated. Simultaneous 
measurements of the x-ray and ultra
violet spectra with other MCP devices 
enable us to determine the temperature 
and density of the plasma as it heats 
and cools. 

With the ZAPP device, we can also 
inject a mixture of gases in the gas 
puff. For complicated plasmas, the radi
ation from a selected minor constituent 
provides a "fingerprint" that indicates 
temperatures and densities. With this 
capability and the new MCP diagnos
tics, we are advancing our understand
ing of the interactions of ions, elec
trons, and photons in dense plasmas. 

Joint U.S.-Japanese 
Neutron-Source Program 

Realizing the promise of fusion 
power will require many advances in 
materials science. Foremost is the need 
to understand the response of materials 
to irradiation with 14-MeV neutrons 
(those produced in fusion reactions). 
The Rotating Target Neutron Source 11 
(RTNS-II), a materials test facility at 
LLNL dedicated to fusion materials re
search, has operated since early 1979 in 
support of the U.S. fusion power pro
gram. Although the facility contains 
two separate neutron sources, funding 
constraints made it possible to operate 
only one source 

These constraints were offset early in 
1982, when the governments of the 
U.S. and Japan reached an agreement 
under which Japan contributes about $2 
million per year to RTNS-II operations 
and shares the neutrons available for 
experiments. This arrangement will ef
fectively double the RTNS-II budget, 
enabling us to start up the second 

neutron source. The resulting increase 
in operating hours and improved per
formance will triple the annual neutron 
output. 

At the RTNS-U, we produce neutrons 
by accelerating deuterium ions to 
400 keV and transporting the beam to a 
rotating target coated with metal tritide 
(Fig. 7). The deuterons in the beam fuse 
with the tritium in the target to create 
14-MeV neutrons. To dissipate the 
enormous power density deposited by 
the deuteron beam, we rotate the target 
at 5000 rpm. Early operations were 
done with targets 23 cm in diameter; in 
November 1981, we increased target di
ameters to 50 cm to allow the use of 
higher beam currents and to improve 
the target lifetime. 

Japan's fusion technology program is 
developing rapidly. The joint U.S.
Japanese effort will enable the two 
countries to merge their programs in 
the area of fusion neutron effects and 
will give Japan immediate access to an 
advanced experimental facility. Japa
nese scientists a'e now in residence at 
RTNS-II, conducting experiments and 
working with U.S. colleagues. Japan is 
also developing a substantial postirradi-
ation test laboratory at the facility. The 

Fig. 7 
Dr. Toshiyuki lida of Osaka University. 
Japan, preparing fiber-optics material 
for the measurement in situ of light 
transmission in the RTNS-U target 
room. Or. lida is the first Japanese sci
entist assigned to work at RTNS-II. 
The 50-cm-diameter target is mounted 
on the red cone forming the end of the 
deuteron beam line. 
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laboratory, which will eliminate most 
shipping time and unnecessary 
handling of radioactive materials, will 
be used jointly. 

A bilateral RTNS-1I Steering Com
mittee charts the course of the experi
mental program and the general devel
opment of RTNS-I1. Early in 1982, the 
committee held its first meeting at 
Monbusho, the Tokyo headquarters of 
the Japanese agency that supports the 
RTNS-1I research, to plan for the 
coming year. 

New Satellite Data Links 
for Fusion Research 

The National Magnetic Fusion 
Energy Computer Center (NMFECC), 
with headquarters at LLNL, recently 
completed conversion of its communi
cation system to a satellite service. The 
new service replaces a 50-kbit/s dedi
cated Bell System land line that had 
been in use since 1976. Satellite com
munications now link service centers 
throughout the country at a significant 
reduction in operating costs (Fig. 8). 

NMFECC supports the nationwide 
magnetic fusion energy research pro
gram by providing the large-scale re
sources of a CDC-7600 and two Cray 1 
computers.' Some 1600 MFE research
ers across the country enjoy access to 
the computer center via a data commu
nications network designed, installed, 
and operated by the NMFECC staff. 
The network consists of data links from 
NMI'ECC headquarters at 1.LNL to re
mote user sites, including Hanford En
gineering Development Laboratory, Sci
ence Applications, Inc., General Atomic 
Corporation, the Lawrence Berkeley, 
Los Alamos, and Oak Ridge National 
Laboratories, Princeton Plasma Physics 
Laboratory, the Universities of Califor
nia (Berkeley and Los Angeles), Wash
ington, Texas. Illinois, and Wisconsin, 
and Stanford, New York, and Cornell 
Universities. 

A 56-kbit/s satellite link between 
NMFECC and the Princeton Plasma 
Physics Laboratory was established in 
April 1981. The remaining three links 
(to Oak Ridge, Los Alamos, and Gen
eral Atomic) were completed on an 

accelerated schedule by January 1982. 
By freeing NMFECC from dependence 
on a land-line system, for which higher 
tariffs were recently announced, the 
new satellite service will reduce opera
tional costs to only about a half or a 
third of the increased cost of the older 
service. The annual savings to the na
tional MFE program will be nearly 
$500 000. 

The change to satellite communica
tions was based on studies that showed 
such links would be more available, 
more reliable, less expensive, and faster 
(up to 256 kbit/s) than land lines. The 
new system required some accommo
dating software changes. As the satel
lite circles in a geosynchronous orbit at 
an altitude of about 35 400 km, there is 
a delay of about 0.5 s from the time 
data are sent over the link until an 
acknowledgement is received from the 
other end. The sender must hold data 
during this time. In addition, because 
effective utilization requires that the 
link must be kept busy, the sender 
must keep 0.5 s worth of data "in the 
air" at any given time. Although the 
propagation delay must be accounted 
for in the communication protocols, this 
has not posed a significant technical 
problem. 

Before the linkup to the satellite sys
tem, NMFECC developed and installed 
two delay simulators in a local commu
nications link to test their effect on the 
software. The testing revealed some 
problems, which were corrected before 
linkup. The link to the Princeton Lab
oratory went into operation on the first 
day the service was made available and 
has remained on line ever since. 
NMFECC's experience with the satellite 
communications system to date has 
provided one of those rare occasions on 
which performance exceeded our 
expectations at reduced costs. 

Terrestrial lines for data communica
tions links shorter than a few hundred 
miles or at bandwidths lower than 
56 kbit/s are still competitive, but 
broadband communications via satel
lites currently offer overwhelming cost 
and technical advantages at longer d is- ' 
tances and wider bandwidths. 
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Modeling EMP Damage to 
Semiconductors 

Many components of both military 
and civil electronic devices are vulner
able to the sudden intense burst of 
electric and magnetic fields known as 
EMPs (electromagnetic pulses) that ac
company nuclear explosions, lightning 
flashes, and the passage of a radar 
beam. Effective protection could be 
provided in many cases by enclosing 
the components in a metal shield, were 
it not for the fact that electrical leads 
usually must be run through the shield 
to connect the electronics inside with 
other components outside. These leads 
provide a ready path for the entry of 
EMP-induced currents. An EMP can 
also be created inside the shield if 
nuclear radiation passes through it, in
ducing currents in the internal wiring. 

These considerations make it ex
tremely difficult to shield electronic 
components effectively. Any scheme 
for hardening electronic systems against 
EMPs must therefore include the com
ponents themselves. We are conducting 
a study for the Air Force to find ways 
of hardening semiconductor p-n junc
tion devices (i.e., those containing a 
permanent dipole charge layer), which 
are among the most vulnerable elec
tronic components. 

Our approach is to assess both the 
known mechanisms that can cause 
damage to p-n junction devices in an 
EMP environment and the existing 
models for these mechanisms. The ob
jective is to extend or modify existing 
models so that they can accurately pre
dict the input power threshold for 
device failure. 

When a strong current pulse enters a 
semiconductor device, the immediate 
effect (first breakdown) is an avalanche 
of electrons and holes, producing an 
abnormally high current through the 
device. It is the ensuing second break
down, however, that does the damage. 
There are two modes of second break
down. The mode thought to predomi
nate is thermal second breakdown, in 
which the current from avalanche first 
breakdown reaches a quasi-equilibrium 

that is maintained long enough to 
cause significant heating of the semi
conductor. If the heating persists be
yond the point where thermal current 
runaway occurs, the resulting rapidly 
increasing currents and temperatures 
can damage or destroy the semiconduc
tor by creating hot spots in the junction 

Fig. 8 
Parabollic antenna (one of two) re
cently installed at the LLNL headquar
ters of the National Magnetic Fusion 
Energy Computer C e n t e r . This 
satel l i te communications system 
( 5 6 - k b l t s ) links remote user sites 
throughout the country at a significant 
reduction in operating costs. 
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Fig. 9 Temperature 

Computer plots of the development of 
a hot spot and current filament during 
thermal second breakdown In the 
junction region of a diode. At 10 n i af
ter the current pulse arrives, ava
lanche breakdown begins to raise the 
current density passing through the 
semiconductor, (a) By 4 0 0 ms, the 
junction region Is being heated uni
formly over its entire surface by i uni
form current density, (b) Before a criti
cal temperature between 600 and 
BOO K is reached, heating is still uni
form, (c) After the critical temperature 
is exceeded, temperature and current 
density start to increase dispropor
tionately in the central region, forming 
the beginning of a hot spot. (d)The 
temperature and current density pro
files have both collapsed Into the cen
ter ol the device, creating a hot spot 
and a current filament. Should the 
temperature rise much further, it will 
exceed the melting point (1683 K), 
and the semiconductor will be dam
aged or destroyed. 
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region. Figure 9 shows a sequence of 
computer simulations of a developing 
hot spot and current filament during 
thermal second breakdown. 

The other type of second breakdown 
is current-mode second breakdown. It 
can occur in transistors when the cur
rent from avalanche breakdown does 
not level off at a temporary equilibrium 
but continues to increase—due to injec
tion of holes and electrons from the 
emitter and collector of the transistor— 
until it may produce damaging hot 
spots in the junction region. 

Which mode of second breakdown 
occurs is a function ot the energy of the 
EMP-induced pulse. Below a certain 
energy, the avalanche breakdown cur
rent will level off at a quasi-equilibrium 
and the second breakdown (if it occurs) 
will be thermal breakdown. Above that 
energy, the avalanche breakdown cur
rent will not reach equilibrium but will 
continue to increase, bringing on 
current-mode second breakdown. The 
two modes of second breakdown can 
be distinguished by their different rates 
of development. Current-mode second 
breakdown develops much faster—in 
nanoseconds, compared with microsec
onds for thermal second breakdown. 

Our assessment of existing models 
for second-breakdown phenomena led 
us to conclude that none of them is ac
curate enough to predict failure thresh
olds for p-n junction devices. Therefore, 
we developed two computer models of 
our own. The first is a cylindrical, 
two-dimensional, time-dependent 
model that represents a p-n junction 
operating in a strong electromagnetic 
field. It is useful for analyzing p-n 
junction diodes. The other is a one-
dimensional, time-dependent model of 
a transistor. Both models numerically 
solve the time-dependent equation for 
thermal energy transport and the non
linear, time-dependent transport equa
tions for electrons and holes. 

The results of the calculations are 
displayed as plots of current and volt
age as a function of time and as plots 
of current density and temperature as a 
'function of position. From the current 
and voltage plots, we can determine 

the input power and power duration 
required to produce failure of the de
vice in different internal and external 
environments. We will be able to com
pare these results with experimental re
sults for commercial devices, which 
should enable us to refine the models 
and develop confidence in them. 

As it stands, our model of a p-n junc
tion device is a relatively fast method 
of examining the sensitivity of thermal-
second-breakdown power levels and 
times to the various device parameters. 
This model is giving us more insight 
into the behavior of these devices in 
the second-breakdown regime. Like
wise, the transistor model is giving us 
insight into the conditions under which 
current is generated and injected to 
produce current-mode second 
breakdown. 

We plan to extend our computer 
models to three dimensions in a cylin
drical geometry and to two or three di
mensions in a rectangular geometry. 
These changes will enable us to con
sider more complex device shapes and 
to examine more accurately the effects 
of current-mode second breakdown. 
Our goal is to define the parameters 
that enhance the survivability of a 
semiconductor device during an EMP-
induced transient. U 

Key Words: electromagnetic pulse (1:MP): 
exploding hridgewire; diamond turning—optics; 
hardening—electronic, semiconductor, transistor: 
image-converter camera: laser oplics; lathe—dia
mond: National Magnetic I'usion Energy Com
puter Center (N'Mr'ECC); multichannel plate: 
Nova: Movelte; optical fiber: oplrode: potassium 
dihvdrogen phosphate (KDP); precision measure
ment: Raman fluorescence: Rotating Target Neu
tron Source [I (RT\S-II): satellite data link: Z-
pinch Atomic Physics Project (ZAPP). 
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