


In contrast to the postwar era in which the

United States (blue) and Russia (yellow) were

the two dominant powers, the rapid growth in

technological, economic, and perhaps military

power of Japan (green), China (red), Western

Europe (brown), and other regions is making

those nations into world powers as well. A

conference sponsored by the Laboratory on

“The Future of Nuclear Weapons—The Next

Three Decades” explored this theme as well as

the impact on nuclear weapons policy of pub-

lic opinion (top), economic trends (upper left),

military needs (left and bottom), and science

and technology (right). The last theme is rep-

resented by a seismic recording of an actual

underground nuclear test, a technology of key

importance to verification. (Cover art by Gloria

Sharp.)



L
os Alamos is known worldwide
as the birthplace of the atomic
bomb. For the last forty-six years

the Laboratory has remained the leader
in development of nuclear weapon tech-
nology—leadership meant to guarantee
a world safe from global conflict. The
paradoxical role of nuclear weapons
(peacekeeping through the threat of mu-
tual assured destruction) is hard for any
one to fathom without developing a sim-
plistically polarized viewpoint. As the
world grows more complex it appears to
many that world stability must come to
rest on other limits.

What will be the future of nuclear
weapons? Will the public continue to
support their role as a peacekeeping
force? Are there any immediate alterna-
tives? If not, can the Laboratory main-
tain its preeminence alongside grow-
ing perceptions that nuclear weapons
may become irrelevant or too difficult to
maintain?

When Sig Hecker became Director of
Los Alamos in 1986, he faced the chal-
lenge of guiding the Laboratory through
an evolving political climate. To under-
stand that climate and to forge an appro-
priate and necessary role for the Labora-
tory, Sig created the Center for National
Security Studies. The Center is a mini
think tank that will help to shape tech-
nological decisions through careful con-
sideration of changing political realities.
One of the early projects of the Center
was sponsorship of an unprecedented
conference whose title, “The Future
of Nuclear Weapons—The Next Three
Decades,” states the major concern of
this institution. In the article “Debating
the Future,” members of the Center re-
port on the conference with a spirit of
objectivity reflecting the seriousness of
the issues. They do not attempt to pre-
dict the future. Rather they set before
us the many ambiguities, diverse opin-
ions, and conflicting changes that make
decision-making difficult. In response
to the conference report, Sig Hecker

offers his view of the role of the Lab-
oratory-a view that will undoubtedly
evolve along with the rapid changes we
must all somehow adapt to. Sig empha-
sizes the need to maintain nuclear com-
petence and explains in simple terms
what such competence entails. We can-
not take for granted the delicate fabric
of working scientists and stored expe-
rience that this Laboratory represents.
It has undoubtedly been a mainstay of
our sense of security, and the continued
health and vitality of its programs are
crucial to the future of our nation.

Solving urgent national problems is
the living heritage of those who work
at the cutting edge of nuclear weapons
technology. Among those problems is
a particularly difficult one: How do we
redesign nuclear weapons with the nec-
essary confidence in performance in a
time of reduced, restructured, or pro-
hibited nuclear testing? We hope such
questions will stimulate our readers to
rethink the complex issues and choices
presently before us.

One of the major changes occurring
right now is a decreased reliance on nu-
clear weapons as tactical alternatives
and a greater reliance on conventional
weapons. The Laboratory has been
involved in conventional weapons for
many years, but that role is now in-
creasing. In this issue we report on one
of the areas in which the Laboratory is
making a significant contribution—the
area of conventional tank warfare. It is
well known that the Soviet Union relies
heavily on the strength of its armored
forces and invests heavily in modern-
izing those forces at regular intervals.
In contrast, the United States lags be-
hind in deploying the technology de-
veloped at research laboratories such as
Los Alamos. Don Sandstrom, the inven-
tor of a new type of ceramic armor, re-
ports here on the major advances in the
development of materials for armored
vehicles and for the projectiles that pen-
etrate armor. In “Armor/Anti-Armor—

Materials by Design,” Don explains the
technology, computer simulations, and
diagnostic techniques used to develop
the new materials. In a follow-up ar-
ticle Phyllis Marten and Richard Mah
describe a unique collaboration between
industry and the Laboratory that will
facilitate the movement of those tech-
nological advances from the labora-
tory bench into the field. This effort
is just one among a number of pro-
grams in conventional and non-nuclear
weapons development in which the
finely tuned expertise developed in the
nuclear weapons program is being used
to great advantage.

Since the topic of this issue is na-
tional security, we should point out
that the concept of national security en-
compasses more than just weapons but
rather the health of the nation. As such
the Laboratory sees its role as being
much broader than weapons develop-
ment and includes in that role the ap-
plication of science and technology to
many national problems and challenges.
In that vein, Laboratory scientists are
tackling such topics as high-temperature
superconductivity, supercomputing, the
human genome, and even the AIDS epi-
demic, the topic of our next issue. ■
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THE FUTURE OF NUCLEAR WEAPONS—THE NEXT THREE DECADES

An Introduction

In today’s complex and changing strategic environment, a new Center at Los Alamos will help
focus the long-term direction of technical programs through objective studies of national security
issues.

The Center for National Security Studies

Debating the Future

Political, technological, and military trends will influence the future of nuclear weapons over the
next three decades. A recent conference chaired by Brent Scowcroft, John Foster, and Joseph
Nye explored a continued but changing role for nuclear weapons as the world’s balance of power .
comes to rest on not two dominant nations but on many.

The Laboratory View

Nuclear weapons cannot be designed from first principles alone. Even if the nuclear stockpile
were substantially reduced, the maintenance of a credible deterrent would require a significant
research and development effort, including the continuation of nuclear testing and increased
initiatives in non-nuclear and conventional weapons.

CURRENT RESEARCH ON CONVENTIONAL WEAPONS

Armor/Anti-Armor—Materials by Design

Materials-by-design is the key phrase to describe the development and dynamic testing of new
materials for the armor and the bullets of conventional warfare.

ATAC and the Armor/Anti-Armor Program

A unique environment, linking private contractors, the military, and the new Advanced Technol-
ogy Assessment Center at Los Alamos, has been established to push developments in conventional
weapons off the laboratory bench and into the field.

A Comment by General Starry.

Studying Ceramic Armor with PHERMEX by Ed Cort

Modeling Armor Penetration by Ed Cort

1







Future of Nuclear Weapons 

An Introduction 
by Paul C. White 

s ome forty-six years ago many 
of the best scientists in the 
world assembled on a mesa 
top on the eastern slopes of the 

Jemez Mountains of northern New Mex- 
ico. They arrived in a steady stream, 
carrying secret military orders, often 
traveling under code names to conceal 
their identities. Many of them did not 
know the real nature of the project they 
came to work on until after they had ar- 
rived. But, coming as they did from a 
United States and a Europe gripped in 
the throes of the Second World War, all 
of them firmly believed that they were 
there to undertake a scientific challenge 
characterized by great technical diffi- 

culty and tremendous political urgency. 
They had been assembled to develop a 
nuclear explosive, an "atomic bomb," 
and they absolutely had to be the first 
in the world to do it. If they failed and 
Germany developed a nuclear weapon 
first, then Hitler would win the war. If 
the New Mexico scientists won the race, 
then the United States and the Allies 
would save the world from Nazi domi- 
nation. 

The scientists faced an enormous set 
of technical challenges. To begin with, 
neither the physical nor the nuclear 
properties of the fissionable isotopes 
of uranium and plutonium were known. 
These materials wouldn't even exist, in 
other than laboratory samples, until they 
could be produced in the nuclear reac- 
tors and the isotope separation plants of 
the Manhattan Project. The necessary 
data had to be verified by experiments 
often conducted on minute quantities 
of the rare materials. Neutron transport 
models had to be devised, fission cross- 
sections had to be measured, and new 
diagnostic techniques and instrumenta- 
tion had to be developed. To produce a 
nuclear explosion, the fissionable mate- 
rials had to be acted upon by chemical 
explosives. In the case of the implosion 
device, the timing of explosive detona- 
tions and the focusing of the detonation 
waves were new hurdles that had to be 
overcome. These and other challenges 
were met by teams of dedicated sci- 
entists, working often under makeshift 
conditions and certainly under extreme 
time pressures. 

One of the most significant aspects 
of this massive undertaking was that a 
successful outcome was by no means 
certain. No one knew for sure that 
a nuclear explosion could be gener- 
ated, and success would come only if 
a whole series of technical problems 
could be solved. Even if solutions were 
found, it was not clear until late in the 
war whether the Germans might find 
them first. This uncertainty created both 
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Center for National Security Studies 

T he Center for National Security 
Studies exists at Los Alamos to 
provide the Director and the Se- 

nior Management with insight into the 
connections between national security 
policy and technology issues. Inrecent 
yea? the relationships between the Lab- 
oratory and its programmatic sponsors 
have become more and more complex. 
Paperwork and layers of bureaucracy 
interfere with clear communication and 
direction about national priorities. Bud- 
get actions often seem remote from the 
technical requirements of the Labora- 
tory's traditional missions. The missions 
themselves are even being scrutinized 
and, in some cases, are being broadened 
to include technological applications 
in whole new arenas. In this chang- 
ing world the Center tries to provide a 
broad perspective on policy issues re- 
lated to national defense. It is hoped 
that this perspective will better equip 
the Laboratory to make decisions about 
technical priorities and directions. 

The Center approaches this objec- 

tive in a number of ways. The staff is a 
mixture of professionally trained policy 
analysts and scientists drawn on rotating 
assignments from the Laboratory's tech- 
nical divisions. Consultants and contract 
personnel experienced in the assessment 
of national policy issues multiply the 
effect of the Laboratory staff. The Cen- 
ter uses its collective resources to study 
and analyze themes similar to that of 
the Future of Nuclear Weapons project 
described in the accompanying article. 
This research does not attempt to make 
technical assessments: such assessments 
are the responsibility of the technical 
programs. Rather the Center seeks to 
take a broad, long-range view of the 
ways in which policy trends at the na- 
tional and international level may affect 
program choices. The Center uses brief- 
ings and reports to communicate the re- 
sults of its studies to Laboratory person- 
nel, and it circulates the results among 
the wider policy analysis community 
in government, military, and academic 
circles, as well as private industry. The 

Center also sponsors seminars, work- 
shops and conferences designed to bring 
Laboratory personnel into contact with 
outside experts and to improve the Lab- 
oratory's understanding of defense pol- 
icy issues. Finally, the Center acts to 
enhance communication between Los 
Alarnos and other organizations, such as 
colleges and universities, that are study- 
ing issues of interest to the Laboratory. 

In an increasingly complex world, the 
Center is seeking to provide the broad 
background that will enable the Labora- 
tory to make the best possible technical 
decisions. The Center stands as a link 
bekeen the internal technical commu- 
nity of Los Alamos National Laboratory 
and the external policy community that 
can have such a profound effect on the 
Laboratory's mission and programs. rn 

For further information, call or write to: 
Center for National Security Studies, 
Los Alamos National Laboratory, P.O. 
Box 1663, MS A1 12, Los Alamos, NM 
87545. 

a universally shared sense of politi- have w e d  whether this use was ul- 
cal urgency and a heightened feeling timately necessary to end the wai, but 
of technical challenge. The first Los no one could doubt either the magni- 
Alamos scientists were charting new tilde of the technical accomplishment or 
scientific territory, and a special combi- its significance for the future of conflict 
nation of scientific and political motiva- between nations. . 

tions drove them to be first 
Their spectacular success wasbril- 

liantly apparent one July morning in the 
The Present 

New Mexico desert. Later that summer, Los Alamos National Laboratory, 
the first nuclear weapons were used to along with its sister laboratories of Liv- 
devastating effect at Hiroshima and Na- errnore and Sandia, today stands as a 
gas&, the first and last time nuclear symbol of the continuing role played by 
weapons were ever used in war. Many nuclear weapons in international rela- 

tions. Time and again in the years since 
World War 11, the nation has called on 
its nuclear weapons laboratories to pro- 
duce new technologies in support of the 
national security policy of deterrence. 
Today great nations do not use nuclear 
weapons to end wars but to prevent 
them. For example, the United States 

- 

can threaten the possible use of our nu- 
clear weapons against any adversary 
contemplating aggression. The threat 
is intended to be sufficiently credible 
and to suggest such unacceptable con- 
sequences that no potential adversary 
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THE EVOLUTION OF THE NUCLEAR STOCKPILE 

would risk a significant attack against 
the United States or one of its allies. 
For nearly forty-five years this policy 
has been highly successful, at least to 
the extent that no nuclear weapons have 
been used since their first use, and no 
major conflict has erupted between the 
major powers. 

To support the policy of nuclear de- 
terrence, the national weapons labora- 
tories have worked with the Depart- 

ments of Defense and Energy to design 
and develop nuclear weapons with a 
wide ranging set of characteristics. The 
stockpile of today (Figure) consists of a 
large variety of weapons with different 
designs, sizes, weights, delivery modes, 
and yields. Such variety is intended, in 
part, to ensure that the deterrent forces 
are survivable, deliverable, and effec- 
tive. Using delivery vehicles that range 
from submarine-launched ballistic mis- 

siles to air-launched cruise missiles, 
helps ensure that enough forces will 
survive to make a retaliatory strike cred- 
ible, regardless of the circumstances of 
an attack. The spectrum of weapons 
yield and nuclear effects helps ensure 
that a nuclear strike can inflict damage 
that is unacceptable to a potential adver- 
sary. Over the last four decades specific 
requirements to meet these objectives 
have changed, both as national policy 
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- - 

has evolved and as the characteristics of 
potential targets have shifted. 

Providing the technical resources nec- 
essary to respond to such changing re- 
quirements is one of the principal rea- 
sons for the existence of the national 
nuclear weapons laboratories. The labo- 
ratories support national policy, however 
it adapts to changing circumstances, by 
serving as unique sources of scientific 
capability. In particular, the weapons 

laboratories offer a broad technology 
base out of which new requirements can 
be met. Such requirements continue to 
include applications directly related to 
weapons design and effects, such as the 
ability to defeat newly hardened targets. 
There is also a continuing and, indeed, 
growing demand for the application of 
defense science insight to improved ver- 
ification of arms control agreements. To 
respond to all such issues in a timely 

fashion, the laboratories are finding they 
must determine technical program pri- 
orides well in advance of the stated 
requirements, and in the context of a 
complex and changing national and in- 
ternational security environment. 

The Future 
The Center for National Security 

Studies was established in 1986 to help 
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the Laboratory properly interpret the 
national security policy environment 
within which it must make technical 
program decisions (see "The Center 
for National Security Studies"). The 
Center undertakes research and analy- 
sis projects that explore the long-term 
relationships between broad national se- 
curity issues and the Laboratory's most 
important technical programs. The nu- 
clear weapons program is clearly one of 
these, and a project known as The Fu- 
ture of Nuclear Weapons was one of the 
first studies undertaken by the Center. 
As noted above, many consider that the 
special combination of deterrence pol- 
icy and nuclear weapons systems has 
for several decades provided a stable 
relationship among the major nuclear 
powers. However, the world has not 
remained static, and a number of fac- 
tors have combined to raise important 
questions about the future of nuclear 
weapons and the role they will play in 
the world. 

In the Soviet Union, for example, 
pressures for economic restructuring 
appear, at least for the near term, to 
be reducing the emphasis on strategic 
competition with the West. The re- 
suiting general appearance of reduced 
tensions, combined with such specific 
consequences as the Intermediate-range 
Nuclear Forces (INP) Treaty, are lead- 
ing to a new debate in Western Europe 
about future requirements for Alliance 
security. Some of this discussion also 
derives from the increasing political and 
economic multipolarity of the world. 
Emer@ng economic powers in East Asia 
and the growing military potential of 
other nations are straining old alliance 
relationships and broadening the focus 
of concern about international security. 
Finally, public opinion, particularly in 
Europe and the United States, is forc- 
ing a new look at the roles of nuclear 
weapons and the resources required to 
support them. 

If there are major changes in the 

way the world and the country think 
about nuclear weapons, such changes 
would have a profound effect on the 
Los Alamos National Laboratory. The 
Laboratory has a long and distinguished 
history of providing the technical basis 
for the design, manufacture and mainte- 
nance of nuclear weapons that support 
the country's national security policy. 
About two-thirds of the nuclear weapon 
types in the U.S. stockpile were de- 
signed at Los Alamos, and much of the 
innovation that provides for improved 
stockpile safety and meets new stock- 
pile requirements continues to originate 
here. The Laboratory has also been a 
source of new ideas that have enriched 
the scope of thinking about future nu- 
clear weapons policy. Nuclear weapons 
and related programs comprise a sigmf- 
icant fraction of the total Los Alamos 
budget and involve about half of the 
total Laboratory work force. 

The possibility that national thinking 
about the role of nuclear weapons may 
change must, therefore, be an important 
part of the Laboratory's planning. In 
fact, this possibility prompted the Center 
for National Security Studies to under- 
take the Future of Nuclear Weapons 
project. It is hoped that the project will 
provide the Laboratory with the cru- 
cial background information needed to 
make decisions about the future charac- 
ter of the nuclear weapons program at 
Los Alamos. The questions that must be 
asked include: 

How will the deterrence policy of 
the U.S. evolve over the next several 
decades? 

How will any shifts in that policy 
affect the requirements of our nuclear 
force structure? 

What technical demands will be placed 
on the nuclear weapons laboratories to 
support those future requirements? 

D How can the laboratories best pro- 
ceed now to ensure that they retain the 

technical capability necessary to support 
future U.S. nuclear policy? 

A recent conference sponsored by 
the Center addressed some important 
aspects of these questions. A number 
of national experts were asked to as- 
sess major factors that help shape U.S. 
nuclear policy. They presented their 
preliminary analysis to a distinguished 
audience gathered from government, 
academic and military circles, and the 
nuclear weapons laboratories. Exten- 
sive discussion then helped to refine the 
thinking, and some preliminary con- 
clusions are examined in the following 
article. In a third article, Dr. Siegfried 
Hecker, the Director of Los Alarnos Na- 
tional Laboratory, responds to issues 
raised by the conference about the fu- 
fure role of Los Alamos. He also dis- 
cusses changes that may be necessary 
to position the laboratory to support the 
national security requirements of the 
future. Ultimately, the Center will pub- 
lish the results of the Future of Nuclear 
Weapons analysis as a volume in its 
book series Issues in National Security. 

The early Los Alamos scientists, 
working under wartime pressures, clear- 
ly recognized the significance of their 
technical work to the nation's security. 
The leaders of the project, including 
its director, Robert Oppenheimer, met 
directly with the highest government of- 
ficials to determine priorities and the al- 
location of resources. Interactions with 
government and with the national se- 
curity environment have become more 
complex in the decades since. How- 
ever, the importance of the Los Alamos 
nuclear weapons program to national 
security policy has in no way dimin- 
ished. The Center for National Security 
Studies hopes that programs such as the 
Future of Nuclear Weapons study will 
help the leaders of Los Alamos to con- 
tinue providing the best possible techni- 
cal resources in support of the national 
interest. 
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Paul C. White is currently the Acting Director 
of the Center for National Secwity Studies at 
Los Alamos. He earned his Ph.D. in physics in 
1970 from the University of Texas at Austin, 
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Future of Nuclear Weapons 

T 
he past decade has seen a 
number of significant chal- 
lenges to the role of nuclear 
weapons and to the security 

policy of nuclear deterrence that these 
weapons support. 

Five years ago President Reagan an- 
nounced his goal of making nuclear 
weapons "impotent and obsolete" by 
creating defenses against the threat 
posed by intercontinental ballistic mis- 
siles (ICBMs) armed with nuclear war- 
heads. This goal has engendered within 
the United States an intense and con- 
turning battle over the proper role of 
offensive strategic nuclear systems in a 
policy of deterrence. 

Thus, a spirited debate has risen in 
the Congress, the press, and the pub- 
lic over recent proposals for strategic 
modernization, in which older nuclear 
weapons that are frequently obsolete 
and not fully capable of meeting new 
mission assignments are to be replaced 
with newer weapons. Such proposals 
raise a number of vexing questions. Are 
deterrence and strategic stability best 
served by moving to a single-warhead 
"Midgetman" missile, or should the 
United States invest in a new, land- 
based ICBM with the multiple warheads 
of a MIRV system? Should we continue 
to rely on fixed-silo ICBMs, or should 
we adopt a new generation of mobile 
missiles? Are cruise missiles a stabi- 
lizing or a destabilizing development? 
How should cruise missiles be armed? 
What should be done with the potential 
of stealth bombers? 

Similar questions are being asked in 
Western Europe, the principal overseas 
location of U.S. nuclear weapons. In 
1979 NATO made a "dual-track" deci- 
sion to replace aging U.S. nuclear sys- 
tems in Europe with newer, more effec- 
tive weapons-Pershing 11s and ground- 
launched cruise missiles-while simul- 
taneously pursuing negotiations with 
the Soviet Union to reduce or eliminate 
the need for such systems. However. 

deployment of these systems became 
the focus of massive street demonstra- 
tions and parliamentary debates. Such 
conflict challenged the basic NATO pol- 
icy of relying on nuclear weapons to 
keep at bay aggression from the War- 
saw Treaty Organization. Although 
the NATO modernization program was 
begun, it has since been reversed, as 
President Reagan and Soviet President 
Mikfaail Gorbachev, in May 1988, ex- 
changed instruments of ratification for 
the Intermediate-range Nuclear Forces 
(INF) Treaty. The treaty eliminates all 
Soviet and American ground-launched 
missiles with ranges between 500 and 
5,500 kilometers and has been widely 
hailed as a major breakthrough in the 
superpower arms control process. 

I ference was that we 
should expect changes, 
perhaps significant ones, to 
occur in the roles played by 
U.S. nuclear weapons over 
the next three decades. 

And we now seem to be entering an 
era with the potential for real rduc- 
tions and restrictions of nuclear arms. 
The INF treaty may be followed by an 
even more significant agreement to re- 
duce substantially long-range offensive 
weapons. The current negotiations in 
this later area are known as the Strate- 
gic Anns Reduction Talks (START). At 
the same time. the United States and 
the Soviet Union have been engaged 
in extensive talks about how to verify 
limits set on nuclear testing. The Nu- 
clear Testing Talks resulted in two Joint 

Verification Experiments in August and 
September of 1988 that allowed weap- 
ons scientists of both sides to visit the 
nuclear test sites of the other and to de- 
velop methods for verifying compliance 
with test restraints. In addition, talks 
continue in Geneva on "Defense and 
Space" arms control-talks that consider 
the issue of defenses against ballistic 
missile attack, including defensive sys- 
tems based in space. 

A different kind of challenge to nu- 
clear weapons policies arose in 1988 
when safety and environmental prob- 
lems began to emerge from the complex 
of facilities that produce weapons ma- 
terials. Some people have used these 
incidents to question whether the U.S. 
can continue to support even current 
levels of activity in the nuclear weapons 
program. 

We are clearly at a crucial point in 
the history of nuclear weapons technol- 
0gY. 

A Public Forum at Los Alamos 

The turmoil over these issues reflects 
a worldwide reconsideration of inter- 
national security, including the role of 
nuclear weapons in deterring war. Thus, 
the time is ripe for a thorough review 
of the role of nuclear weapons in the 
defense of the United States and our 
Allies. 

To consider the full range of political, 
military, and technological influences 
on U.S. national security policy-and to 
explore possible "nuclear futuresm-the 
Los Alamos Center for National Secu- 
rity Studies (CNSS) sponsored a major 
conference in June 1988. One hundred 
and fifty persons from government, the 
military services, academia, industry, 
and the Department of Energy labora- 
tones met in Los Alarnos to review the 
past and to consider the future of nu- 
clear weapons. The participants were 
chosen to provide the best expertise and 
a wide range of political views, includ- 
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ing those of former government officials 
from Democratic and Republican admin- 
istrations. 

This essay attempts to capture the 
essence of the discussion at the confer- 
ence. We do not intend here to predict 
the future definitively or to ascribe a 
particular viewpoint to any, or all, of 
the conference participants. Rather, the 
purpose is to begin to think through our 
basic assumptions about nuclear weap- 
ons and their likely roles in the next 
century. 

The central theme that emerged from 
the conference was that we should ex- 
pect changes, perhaps significant ones, 
to occur in the roles played by U.S. 
nuclear weapons over the next three 
decades. To be sure, the conference 
participants acknowledged that nuclear 
weapons are almost certainly here to 
stay, in some form and in some num- 
bers, for the indefinite future. As in the 
past, the United States will continue to 
use its nuclear capability to deter major 
hostile actions by the Soviet Union and 
possibly by other states that may them- 
selves possess nuclear (or chemical or 
biological) arms. This deterrent role ap- 
pears to be the essential and irreducible 
role of nuclear weapons in American 
national security policy. 

At the same time the conference dis- 
cussion pointed toward future arms con- 
trol agreements and unilateral U.S. de- 
cisions that will most likely lead to sig- 
nificant reductions in the nuclear stock- 
pile over the next few decades. In addi- 
tion to numerical reductions, the United 
States may gradually place less political 
and military reliance on its long-range, 
or strategic, nuclear forces (Fig. 1). 
Finally, the United States might de- 
cide to reduce greatly or even phase 
out certain types of nuclear weapons. 
This possibility applies most notably 
to the so-called tactical nuclear weap- 
ons, such as antisubmarine weapons and 
nuclear artillery shells-weapons that 
have been designed for local use on the 

US AND SOVIET STRATEGIC NUCLEAR FORCES 

Approximate numbers 
of delivery systems. 

United 
States 

Soviet 
Union 

ICBM's 

Submarine 
Launched 
Missiles 
(SLBM1s) 

Strategic 
Bombers 

Fig. 1. A comparison of U.S. and Soviet strategic nuclear forces in 1987, which includes inter- 
continental ballistic missiles (ICBMs), submarine-lauched ballistic missiles (SLBMs), and heavy 
bombers. The numbers were taken from "The Military Balance, 1988-1989" (published by the Inter- 
national Institute for Strategic Studies, London: 1988) and "Soviet Military Power: An Assessment 
of the Threat 1988" (published by the U. S. Department of Defense, 1988). 

military battlefield. 
To understand the meaning and im- 

plications of these themes, we will first 
review the current U.S. view of nuclear 
deterrence and the political and mili- 
tary utility of nuclear weapons. This 
background will then help us explore 
the critical questions examined at the 
conference: What roles might nuclear 
weapons play in future U.S. national 
security policy? Will these roles resem- 
ble those of the past decades, or are we 
moving into a different era? And what 
are the potential changes in the politi- 
cal, technical, and military environments 
that might bring about significant shifts 
in U.S. nuclear-weapon systems and de- 
ployments? 

U.S. Nuclear Weapons: 
Today9s Roles and Requirements 

Discussions of the role of U.S. nu- 
clear forces in American foreign pol- 
icy and military strategy invariably in- 
voke a single word: deterrence. The 
United States seeks to deter war by per- 
suading a potential aggressor that the 
costs and risks of hostile action exceed 
any possible benefit. Because nuclear 
weapons are so incredibly destructive 
and relatively inexpensive~compared 
with other instruments of warfarethe 
United States has come to rely heavily 
on nuclear systems to drive home the 
idea that war is futile. 

To back up this relatively simple con- 
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ecause nuclear weap- 
ons are so incredibly 

u destructive and rela- 
tively inexpensive-com- 
pared with other instruments 
of warf are-the United 
States has come to rely 
heavily on nuclear systems 
to drive home the idea that 
war is futile. 

- - -- - 
-- --- - - 

cept of deterrence, the United States has 
deployed thousands of nuclear weapons 
on a variety of missiles, aircraft, and 
other delivery systems. Some weapons 
are based in the United States, others 
on ships and submarines at sea, and still 
others on the territory of allies. These 
weapons vary considerably in yield 
(explosive power), range? and age (the 
oldest weapons now in stockpile were 
designed and built approximately thirty 
years ago). Some nuclear weapons are 
designed for long-range use against im- 
portant political and military targets in 
the Soviet Union; others are intended 
for shorter-range employment against 
hostile forces in or near the actual bat- 
tlefield. The U.S. military has devised 
elaborate plans for peacetime storage 
and training, crisis deployment, and 
wartime use of these nuclear systems. 

Why has such a simple goal, deter- 
rence, led to such a large and complex 
nuclear organization? The answer is 
that, under the general framework of 
deterrence, the United States makes con- 
siderable and specific political-military 
demands on its nuclear forces. For in- 
stance: 

Nuclear weapons must deter the So- 
viet Union, or any other hostile power, 
from attacking military targets and pop- 
ulation centers in the United States. To 
ensure such deterrence the United States 
must be equally capable of destroying, 
or "holding at risk," critical military tar- 
gets and urban-industrial centers in the 
Soviet Union. 

Nuclear weapons, in conjunction with 
forward-deployed land, sea, and air- 
forces, must help deter the Soviet Union 
from attacking vital overseas allies and 
interests. The United States has explic- 
itly or implicitly linked its "nuclear um- 
brella" to Western Europe, Japan, and 
U.S. interests in the Middle East. To 
ensure such extended deterrence, U.S. 
tactical and strategic nuclear forces must 
hold at risk the critical military targets, 
both fixed and mobile, that might sup- 
port a Soviet campaign in the theater. 

Nuclear weapons must also reassure 
U.S. allies of American seriousness and 
responsibility with respect to allied de- 
fense. From the allies' perspective, the 
U.S. nuclear guarantee should be good 
enough to deter the Soviets but not so 
good as to frighten their publics or raise 
the prospect of "limited" nuclear wars 
fought on their soil. 

rn Nuclear weapons must not themselves 
be the cause of war. That is, the nurn- 
ber, type, and peacetime operation of 
U.S. nuclear forces should not encour- 
age or panic the Soviets into attacking 
because they must "use or lose" their 
own nuclear weapons in a crisis. This 
requirement for American nuclear forces 
is generally referred to as crisis stabil- 
ity. 

Nuclear weapons must be able to per- 
form specific military operations if de- 
terrence should fail-especially those 
missions that are not well suited to other 
types of weapons. For instance, enemy 
installations that have been strongly re- 
inforced, or hardened, can only be de- 

stroyed with a nuclear explosion that 
is close to the target. Policy makers 
and military planners believe that such 
operational capabilities make deterrence 
more credible and hence less likely to 
fail. 

Given these extensive and sometimes 
contradictory demands, American pol- 
icymakers have sought to develop nu- 
clear forces that satisfy a number of 
criteria. The criteria are survivability, 
flexibility, military effectiveness, afford- 
ability, discrimination, and safety and 
security (see box). 

These attributes of U.S. nuclear forces 
have become very controversial over 
the past decade. The controversy is 
especially true for the characteristics 
that suggest the purpose of Ameri- 
can nuclear weapons is to fight rather 
than deter war, that is, flexibility, mil- 
itary effectiveness, and discrimination. 
U.S. political and military officials in- 
sist, however, that deterrence and war- 
fighting capability are complementary, 
not contradictory. Deterrence is said 
to be strengthened by capable nuclear 
forces that can meet aggression flexibly 
and effectively-without threatening to 
destroy enemy cities unless, of course, 
American cities are themselves attacked. 

f uture American presi- 
dents will place rela- 
tively more emphasis 

on the stabilizing aspects of 
nuclear forces and relatively 
less emphasis on extended 
deterrence, that is, on using 
nuclear weapons to reas- 
sure and protect allies. 
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The apparent tension between the ev- 
ident capability for warfighting and the 
concept q f  deterrence is, in fact, a nec- 
essay condition for maintaining a de- 
terrent relationship. To be effective, de- 
terrent forces must not only be capable, 
but simultaneously the opponent must 
think it credible that the forces could 
be used effectively in the event of war. 
Credii'ility is provided precisely by the 
characteristics mentioned above required 
of nuclear weapons and by the detailed 
preparations for their potential use. This 
paradox-that for a deterrent force to 
deter wars, it must appear ready to fight 
them-is inherent in the very concept 
and practice of deterrence and will not 
change as a result of arms control, mi- 
lateral force reductions, or policy shifts, 
short of abandoning the concept of de- 
terrence altogether. 

U.S. Nuclear Weapons: 
Tomorrow's Roles and Require- 
ments 

How will U.S. nuclear roles evolve 
over the next thirty years? The sense of 
the conference, although by no means 
unanimous, was that the United States 
will tend to reduce the number and 
scope of demands placed on nuclear 
weapons. It is most likely that future 
American presidents will place relatively 
more emphasis on the stabilizing aspects 
of nuclear forces and relatively less em- 
phasis on extended deterrence, that is* 
on using nuclear weapons to reassure 
and protect allies. 

What would this shift mean, in turn, 
for future U.S. nuclear requirements? 
The growing emphasis on stability will 
c a m  the United States to place rela- 
tively more emphasis on the survivabil- 
ity, safety', a d  securify of its d e a r  
weapons ww.2 le3s on their military ef- 
fectiveness and flexibility. In particular. 
less emphasis would be placed can those 
nuclear weapons that could target So- 
viet nuclear forces. (The United States. 

NUCLEAR FORCE CRITERIA 

Survivability: Nuclear forces must be survivable so they cannot be easily or promptly 
destroyed by an enemy attack. For instance, missiles can be made more survivable by 
making them mobile or placing them aboard submarines. Surviiable weapons do not 
invite or pressure an enemy into striking first, and they do not tempt us to use them first 
because of a fear of losing the weapons in a preemptive attack. 

Flexibility: Nuclear forces must be flexible so we can deter or respond to a wide variety 
of enemy actions, including aggression against U.S. allies. Flexibility can be enhanced, 
say, by designing weapons with a full range of yields and designing carriers capable of 
delivering those weapons to a variety of targets. 

Military effectiveness: Our nuclear forces must be militarily effective so they can be called 
upon to destroy critical enemy targets if necessary. Effectiveness includes successful 
delivery of the weapon to the target as well as crippling the target once the weapon 
arrives. 

Affordabillty: The forces must be affordable so that the United States can deter war 
without bankrupting the country. 

Discrimination: Nuclear forces must be discriminate to minimize unwanted damage to the 
civil population while effectively destroying military targets. This may require tailoring the 
yield or the weapons effects to the particular military mission of the weapon. 

Safety and security: Nuclear forces must be safe and secure so that we may deploy 
the forces without fear of damage from accidents or their use by terrorists or others for 
unwanted purposes. 

however, is unlikely to abandon all such 
military capability for a very long time, 
if ever.) It is not clear how much this 
prospective shift would affect the re- 
quirements for affordability and discrim- 
ination, although one might predict a 
decreased level of funding for nuclear 
weapons programs and somewhat less 
attention to discrimination. 

If this apparent trend toward stabil- 
ity and away from military utility and 
flexibility does prove out, how will the 
United States reflect such changes in 
its deterrence policy? Two possible ap- 
proaches were discussed at the confer- 
ence: mixed deterrence and countereom- 
hatant deterrence. 

A policy of mixed deterrence would 

deter aggression using a mixture of 
nuclear and conventional weapons. 
The United States would retain small 
numbers of survivable, sea-based nu- 
clear weapons to deter attack against 
its homeland by threatening the urban- 
industrial base (cities) of the Soviet 
Union and other hostile nuclear powers. 
Advanced conventional systems would 
then take over military missions for- 
merly assigned to nuclear weapons, es- 
pecially those involved in the extended 
deterrent role. Conventional rather than 
nuclear weapons would hold at risk the 
critical enemy military assets needed to 
support a campaign, such as airfields, 
troop concentrations, bridges, and com- 
mand and control centers. 
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A policy of countercombatant de- 
terrence would, the same as for mixed 
deterrence, reduce the mission of the 
U.S. long-range nuclear forces to hold- 
ing the enemy's urban-industrial base 
at risk. However, a limited number of 
discriminate tactical nuclear weapons 
would be deployed in or near the proba- 
hie theaters of military operations (such 
as Europe) to hold at risk the military 
assets needed to support a conventional 
invasion. The purpose of these theater 
nuclear weapons would be to compli- 
cate the enemy's military planning in 
the theater and thus enhance extended 
deterrence. The weapons would not be 
designed to fight and win a local nuclear 
war. 

It is significant that no one at the con- 
ference explored the conditions under 
which the role of nuclear weapons in 
U.S. national security policy might in- 
crease. Even though the declining de- 
fense budget was discussed, no one 
suggested a return to a deterrent pol- 
icy based on massive nuclear retalia- 
tion, which the Eisenhower administra- 
tion adopted in the 1950s in response 
to its perceived fiscal problems. There 
was also no explicit discussion of the 
resumption of old nuclear missions, 
such as a new generation of tactical 
atomic mines, nuclear ship-to-ship or 
air-defense weapons, or nuclear antitank 
weapons. Nor, with the exception of the 
possible role of nuclear weapons in a 
future strategic defense initiative (SDI) 
system, did anyone raise the prospect 
of new nuclear missions. Only one sug- 
gestion went against this overall trend. 
Several participants suggested that if 
hostile regional states acquire nuclear or 
chemical-biological weapons, the United 
States may need to revise its nuclear 
doctrine and forces specifically to deal 
with issues raised by such proliferation. 

It is important to note that the trend 
to de-emphasize the effectiveness and 
the flexibility of nuclear weapons could 
shift rapidly. Many of these same sen- 

timents about fundamental changes in 
U.S. deterrence policy were also widely 
expressed at the beginning of the Carter 
administration, only to be altered dra- 
matically by events at the end of the 
seventies, such as the unexpected So- 
viet invasion of Afghanistan in 1979. 
Most U.S. nuclear requirements are 
determined by considering how much 
weaponry is enough to deter the Soviet 
Union. Thus, the future of U.S. nuclear 
weapons is inherently dependent on the 
future direction of the USSR-a direc- 
tion that no one can confidently predict. 

The apparent trend toward survivabil- 
ity and away from military effective- 
ness, coupled with the possibility of a 
sudden reversal in priorities, represents 
a considerable challenge to the U.S. nu- 
clear weapons complex. Los Alamos 
and the other parts of that complex are 
necessarily committed to excellence in 
preserving and improving our technolog- 
ical base in nuclear weapons. However, 
if the role of nuclear weapons in U.S. 
national security policy is perceived 
as declining, public and political sup- 
port of a vigorous nuclear-weapons re- 
search and development program could 
well decline, as public interest grows in 
'turnmg off the arms race." 

The potential for politically imposed 
constraints on weapons research and 
development is particularly visible to- 
day in the international and domestic 
pressures for limitations on nuclear test- 
ing. Testing limits, it is argued, are a 
necessary complement to arms control 
because they would prevent the devel- 
opment of new nuclear-weapon tech- 
nologies. From a different perspective, 
however, conference participants cited 
how the need for technical excellence, 
and therefore testing, will increase as 
the numbers of weapons are reduced 
and the need to avoid technical surprise 
increases. 

However, a new and potentially show- 
stopping factor emerged during and after 
the conference-severe safety and envi- 

ronmental problems within the nuclear 
material production complex. A series 
of reports about radioactive leaks to the 
environment and production facilities 
that are possibly damaged, as well as 
claims of inadequate operating proce- 
dures and management practices, have 
led to a virtual shutdown of critical el- 
ements of the nation's production com- 
plex. Continued uncertainty about the 
reliability of the operation of this vital 
system is sure to conflict with the need 
for excellence within the nuclear weap- 
ons system. There is a clear priority for 
technical and political action at both the 
national and the laboratory levels. 

Political Influences 

The most important trends indicat- 
ing a gradual shift in U.S. nuclear roles 
and requirements are largely political 
in character. One session at the confer- 
ence, for which Joseph Nye's opening 
remarks set the tone, explored the polit- 
ical influences on the future of nuclear 
weapons. 

For instance, the current U.S. ap- 
proach to nuclear deterrence-with 
its stress on flexibility and military 
effectiveness-was formulated in the 
context of the particular international 
and domestic environment that existed 
after World War 11. The international 
environment was then dominated by a 
Soviet-American bipolar conflict, an en- 
vironment in which U.S. allies and neu- 
tral states were economically and rnili- 
tarily weaker. The domestic American 
environment was marked by a biparti- 
san political consensus that the Soviet 
Union was an aggressive, expansionist 
power that needed to be contained, but 
the United States could not afford to de- 
ter Soviet aggression with non-nuclear 
defenses. 

Many experts contend that this post- 
1945 pattern has changed substantially 
over the past twenty years and that i t  
may be altered, perhaps beyond recog- 
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nition, over the coming three decades. 
For example, if the threat of aggres- 
sion is reduced or becomes less Soviet- 
centered, or if the pattern of U.S. over- 
seas allies is significantly altered, or 
if nuclear systems become compara- 
tively more expensive, then U.S. nuclear 
doctrine and force structure may focus 
increasingly on stability as opposed to 
military utility. There is no certainty 
that any, much less all, of these dra- 
matic changes will occur, but the United 
States certainly should not assume that 
it will be "business as usual" through 
the year 2020. 

The conference identified and ex- 
plored four significant political factors 
that will, in part, drive future U.S. nu- 
clear requirements: 

an international environment that is 
increasingly multipolar in political, mili- 
tary, and economic terms, 
m the limits that U.S. and international 
public opinion may place on nuclear 
policy, 

the importance of arms control in U.S. 
national security policy, and 

the long-term effects of General Secre- 
- tary Gorbachev's domestic reform pro- 

gram of perestroika (political, economic, 
and social restructuring) on Soviet mili- 
tary doctrine and on U.S. perceptions of 
the Soviet military threat. 

An increasingly complex world. By 
the year 2020 various nations, includ- 
ing Japan, China, and several West- 
ern European nations will, in all like- 
lihood, command relatively more eco- 
nomic and political power than they do 
today. Japan, whose economy is the 
second largest in the world, will con- 
tinue to exercise its influence. China's 
economy will continue to expand and 
may indeed rival that of Japan thirty 
years from now. By 1992 the twelve 
countries of the European Economic 
Community are scheduled to form a 
barrier-free market. They will thus coa- 

m 

MR. 

the same problem that we see today. 
In addition, we are going to be faced 
with proliferation. The proliferation of 
nuclear warheads, missile capability, 
and biochemical capabilities to other 
countries (and possible terrorists) is 
going to create a series of defense 
and security problems that could 
make today's Soviet threat pale into 
insignificance. I think the greatest 
prospect of a nuclear weapon going 

e should also recognize that, 
as the world changes over 
the next thirty years from the 
familiar post- World War I1 

pattern, our views of the utility of 
nuclear weapons may change as well. 
1 think that U. S. -Soviet relations will 
remain a problem over time - 
whenever you have great powers you 
are going to have to manage a 
balance of powerÃ‘bu it will not be 

off inside the United States comes 
from the proliferation chain rather than 
through the U.S. -Soviet relationship .. . 
1 see the United States in the year 
2018 as still the dominant power in 
the world, a power not in decline, but I 
see us facing much greater problems 
of a much more diverse sort. In that 
world nuclear weapons will play a role, 
but lesser a role than they have 
played thus far. 

front the United States with an internal 
market of great strength. 

Conference participants emphasized 
that, in light of these economic changes* 
the U.S. military alliance structure- 
including the American nuclear guaran- 
tee, or extended deterrence-will likely 
be affected in significant respects over 
the next thirty years. If American nu- 
clear forces cease to be the central polit- 

-Joseph S. Nye, Jr., Director, Center for 
Science and International Affairs, Harvard 
University, and the former Deputy to the 
Under Secretary of State for Security 
Assistance, Science and Technology, opened 
the session on political influences. 

ical and military element, in NATO strat- 
egy, the most dramatic change could 
be in the relationship between the U.S. 
and Western Europe. This shift might 
be brought about by unilateral Arner- 
ican decision, the preference of more 
nationalistic European governments (of 
either the right or the left), the creation 
of a European defense organization with 
its own independent nuclear force, or, 
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THE NUCLEAR CLUB 

r t rani 

D States that h s v ~  exploded 
a nuclear devioe 

States with advanced nudear 
techno/ogy 

A number of states have the technology 
to develop a nuclear device but have chosen 
not to do so. 

Fig. 2. Nuclear powers (red) are countries that both possess nuclear weapons and the means to deliver them to distant targets. Other 
countries are known to have detonated a nuclear device but have no significant stockpile and no sophisticated delivery vehicles (blue) or 
are states that possess advanced nuclear technology (tan). Still other countries possess the technology to build a nuclear weapon but 

have apparently not done so yet. 
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in an extreme case, the West German 
acquisition of nuclear weapons. 

In Eastern Asia the nations of Japan 
and China have the potential to become 
regional military powers with strategic 
ambitions that may not coincide with 
the interests of each other, the USSR, or 
the United States. The most extreme 
change in this region would be the 
Japanese acquisition of nuclear weap- 
ons. 

United States policy toward this more 
differentiated world will be complicated 
immensely by the likelihood that at least 
some second-tier states-such as. Iran. 
Taiwan, Indonesia, India, and others- 
may attempt to acquire nuclear weapons 
(Fig. 2). (We already have evidence 
that "proliferation" is taking place in 
the form of ballistic missile technolo- 
gies and in submarine capabilities.) The 
spread of major military systems among 
second-tier states will pose increasingly 
difficult problems for U.S. foreign and 
defense policies and for the continua- 
tion of extended deterrence as we have 
known it for the past several decades. 

In short, the United States will find 
itself in an increasingly complex inter- 
national environment where U.S.-Soviet 
competition will only be one of several 
fronts that will demand American atten- 
tion. 

Some conference participants did not 
believe that the political utility of U.S. 
nuclear weapons would necessarily de- 
cline despite the increasingly multipo- 
lar character of international politics. 
The thesis that U.S. nuclear forces do 
offer indirect support to U.S. regional 
actions-for instance, the current Per- 
sian Gulf operations-and will continue 
to offer such support in the future was 
actively debated. Another thesis sug- 
gested that U.S. nuclear forces will con- 
tinue to mark the United States as the 
only true military, political, and eco- 
nomic superpower, thus distinguishing 
it from all other states even thirty years 
from now. 

Public opinion. A major shift in U.S. 
nuclear policy would occur if, as some 
suggest, nuclear weapons become "dele- 
gitirnized'-that is, if the public refuses 
to support any policy or military deploy- 
ment that involves nuclear weapons. 

Analysis of public opinion data in- 
dicates, however, that there continues 
to be support for the concept of nu- 
clear deterrence in the United States 
and NATO countries. By the mid-fifties 
American public opinion had come to 
accept the notion of international stabil- 
ity through mutual deterrence, or the 

II nited States policy.. . 
will be complicated 
immensely by the 

likelihood that at least some 
second-tier states such as 
Iran, Taiwan, Indonesia, 
India, and others may at- 
tempt to acquire nuclear 
weapons. 

ability of both the United States and the 
USSR to inflict unacceptable destruc- 
tion upon each other. This acceptance 
continues today. But it is also true that 
other aspects of deterrence-especially 
the so-called nuclear warfighting, which 
involves military effectiveness, flexibil- 
ity, and discrimination-has never had 
clear public acceptance. 

Looking ahead thirty years, analy- 
sis indicates that there is no compelling 
reason why, if governments make the 
proper case for deterrence, Western 
publics will not continue to support 
nuclear weapons. Conference partic- 
ipants disagreed, however, over what 
constitutes a proper public case for 

nuclear weapons. A critical question 
arises in this regard. What circum- 
stances might lead to a significant and 
permanent shift in the public perception 
of nuclear weaponeto the point that 
Western publics might reject a policy 
of nuclear deterrence altogether? Some 
at the conference suggested that a seri- 
ous accident involving a nuclear weapon 
might trigger such an adverse public 
reaction. This danger makes it all the 
more important for nuclear weapons de- 
signers and operators to take the safety 
and security issue seriously. 

Arms control. Many of the partici- 
pants agreed that a strategic anns con- 
trol agreement that would cut the num- 
ber of long-range nuclear systems will 
be reached within the next several years. 
Over the longer term the case was made 
at the conference~not without opposi- 
tion-that the arms control process will 
most likely support, and possibly drive, 
the shift from warfighting capabilities 
toward an emphasis on nuclear stability. 

If this view is correct, future arms 
control policy would be aimed at re- 
structuring nuclear forces to emphasize 
their survivability, thereby reducing per- 
ceptions of their possible use as weap- 
ons. This shift would be partly by de- 
sign (it has been an objective of U.S. 
arms control policy for decades), partly 
by the force of technological change 
(the growing capabilities of non-nuclear 
weapons and possibly defensive sys- 
tems), and partly by changing global 
circumstances. If long-range nuclear 
weapons are to be further reduced over 
this period, negotiations will have to in- 
clude all important nuclear powers-at 
least France, the United Kingdom, and 
the People's Republic of China, in addi- 
tion to the United States and the Soviet 
Union. 

There was strong agreement at the 
conference that arms control, like nu- 
clear weapons, is here to stay. Differ- 
ences did emerge, however, concerning 
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the rate at which substantial nuclear re- 
ductions might take place (decades or 
much sooner?) and over factors that 
might cause the arms control process to 
take a significantly different path. 

The Soviet military threat. The per- 
ception of any significant change in 
the Soviet military threat has histori- 
cally had a great influence on U.S. nu- 
clear doctrine and weapons develop- 
ment. There was a consensus b o n g  the 
speakers that, in the near to mid-term, 
Soviet President Gorbachev will try 
to gain a breathing space in the strate- 
gic competition with the West to free 
resources for his economic restructur- 
ing program. To the extent that he can 
maintain a focus on domestic policy, the 
Western perception of the Soviet mili- 
tary threat will undoubtedly decline- 
with a predictable decline in the U.S. 
defense budget and nuclear weapons 
programs. 

But will the threat really decline? 
Will Soviet leaders actually move to- 
ward a military doctrine (as they have 
promised) based on "reasonable suffi- 
cieney" and defensive emphasis? As- 
sessing these questions will be difficult, 
if for no other reason than because the 
Soviets, even if sincere, will retain for 
many years a very large and capable 
military structure. 

Unfortunately, we have not yet de- 
veloped a set of key indicators that will 
provide solid evidence of any significant 
shift, or lack thereof, in the Soviet mili- 
tary posture. In other words, we are not 
certain what information can be taken as 
evidence of a real shift from an offen- 
sive to a defensive Soviet strategy. In a 
speech before the United Nations Gen- 
eral Assembly in December 1988, Gor- 
bachev announced significant unilateral 
cuts in the number of Soviet forces in 
Eastern Europe and in the Soviet Union, 
but military experts still disagree as to 
the actual military significance of these 
announcements, in large part because 

the cuts have not yet actually occurred. 
Even more uncertain is the long-term 

prospect for the success of Gorbachev's 
perestroika and the impact on Soviet 
foreign and military policy. We do not 
understand the relationship between So- 
viet capabilities and Soviet impulses. 
Would continuing Soviet economic 
weakness, for instance, lead to interna- 
tional adventurism or to retreat? Would 
the success of domestic economic, po- 
litical, and social restructuring result in 
greater Soviet maturity or bellicosity? 

If the conference discussion provides 
any indication of the U.S. judgment 
about these questions, the United States 
will probably operate, at least in the 
near to mid-term, on the assumption that 
the Soviet threat will decline. Still, the 
political uncertainties about Soviet be- 
havior and goals must temper any pre- 
diction about the future of U.S. nuclear 
weapons and, particularly, about any 
decline in the roles of those weapons. 

Technological Influences 
A second session at the conference, 

opened by John Foster, was concerned 
with the technological influences on the 
future of nuclear weapons. Compared 
to the consensus obtained on policy in- 
fluences. this session was less definite 
about the impact of future technology. 
The lower degree of consensus was true 
both of nuclear weapons technology it- 
self and of the non-nuclear technologies 
of weapons guidance and control and 
weapons delivery systems that might 
complement or substitute for nuclear 
weapons missions. There was no clearly 
identified nuclear "technology impera- 
tive" that would substantially increase 
or decrease the role of nuclear deter- 
rence in U.S. national security policy- 
although there might be one or two po- 
tential imperatives in the wings. 

This emphasis differs from the past. 
During the first twenty-five years of the 
nuclear era, steady advancement in both 

nuclear and non-nuclear weapons tech- 
nologies allowed very significant shifts 
in fundamental national security policy. 

The history of nuclear weapons 
technology. The earliest nuclear de- 
vices were relatively crude affairs, in- 
volving large physical assemblies and 
inefficient use of fissile material, and 
they produced relatively small yields, or 
weapons effects. One of the first post- 
World War I1 research and development 
goals was to build physically small fis- 
sion devices of greater efficiency with 
more flexibility in yield. Small fission 
devices resulted in a much wider choice 
of delivery systems than the strategic 
bombers required for Little Boy and Fat 
Man (the weapons used against Japan). 
Eventually, smaller warheads allowed us 
to deploy a number of battlefield nuclear 
systems, such as mines, artillery shells, 
missile warheads, and gravity bombs. 
The main deployment area for these 
tactical nuclear weapons was Europe, 
where they became a critical element in 
the adoption by the U.S. of an extended 
deterrence defense policy for our NATO 
allies. Also, small fission weapons de- 
ployed on short-range missiles became 
an early form of air defense for U.S. 
military forces. 

A vigorous program to engineer large- 
yield thermonuclear weapons occurred 
in parallel with the effort to develop tac- 
tical weapons. Because these large-yield 
strategic weapons were also very large 
in physical size and mass, they required 
delivery by large, dedicated bomber air- 
craft. However, the successful design of 
such weapons allowed the United States 
to adopt a strategy of massive retalia- 
tion as the principal element of its early 
deterrence policy. 

During the 1960s and 1970s both nu- 
clear and non-nuclear weapons technol- 
ogy continued to develop. In particular, 
we developed fairly accurate ballistic 
missiles and medium-yield, medium- 
size warheads. These warheads were 
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here are some inventions and 
needs in the nuclear weap- 
ons field that do look attrac- 
the from a technical-military 

point of view: 

that the three nuclear weapons labora- 
tories are not leaning into these oppor- 
tunities as aggressively as they can or 
as they should. If we do not pursue 
them aggressively, the laboratories of 
other nations are likely to do so, 
perhaps without our knowledge. 
These nations could then take advan- 
tage of new capabilities and put them 
in the field, at which time we would be 
at a considerable disadvantage. So I 
would urge the three laboratories to 
get together and find ways to pursue 
these known opportunities more 
aggressively and competitively, as well 
as to assign teams of talented, 
creative individuals to explore new 
opportunities. 

-penetrating warheads delivered by 
aircraft or by cruise or ballistic 
missiles that could penetrate, to one 
degree or another, into water, ice, and 
ground; 

Ã‘directiona warheads that focus 
either mass or energy in a particular 
direction with extraordinary eflective- 
ness, which could include an x-ray 
laser capable of delivering intense 
energy on targets at great distances in 
space, a nuclear assembly that could 
deliver solid matter in intense beams 
preferentially in one direction, or the 
use of a nuclear explosive to create 

- J o h n  S. Foster, Senior Vice President, TRW 
Corporation and the former Director of 
Lawrence Livermore National Laboratory, 
opened the session on technological infl~~ences. 

intense electromagnetic waves.. . 
Unfortunately, it is my perception 

deployed on a wider array of aircraft, 
and they provided an early capability 
for both air defense and ballistic-missile 
defense. Further development of small- 
diameter thermonuclear warheads, cou- 
pled with accurately guided ballistic 
missiles, allowed the U.S. to create a 
much more survivable deterrent force. 
Survivability was assured by locating 
a significant number of the weapons 
on ICBMs in silos and on long-range 
submarine-launched ballistic missiles 
(SLBMs) in submarines, which are ex- 
tremely difficult to locate and attack. 
These developments brought about a 
period of strategic stability, since both 
the major nuclear powers could back up 

their deterrence policies by assuring re- 
taliation against any nuclear attack with 
a triad of strategic forces: bombers, 
ICBMs, and SLBMs. 

This basic strategic stability has en- 
dured for a number of years now, but it 
has not meant that nuclear technology 
has stood still. Research and develop- 
ment has been devoted to extracting 
specialized effects from nuclear explo- 
sives so that, in some circumstances, 
they could be used in a more discrimi- 
nating fashion. One well-known exam- 
ple was the development of a device, 
popularly known as the neutron bomb, 
that emphasizes the weapon's radia- 
tion output while reducing effects of 

the blast. Such a technology, for ex- 
ample, makes for a more feasible nu- 
clear defense by NATO against massive 
armored attacks by the Warsaw Pact. 
However, political reasons have kept 
the Alliance from deploying weapons 
in Europe armed with such enhanced- 
radiation devices. 

For more than two decades now, 
research and development of nuclear 
weapons technology has also concen- 
trated on making nuclear weapons in- 
creasingly safe and secure to deploy 
and use operationally. To insure that 
no terrorist or other unauthorized use 
of a nuclear weapon occurs, physical 
and electronic protection systems called 
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Fig. 3. Test photographs of a warhead designed to penetrate the ground before detonating. In 
this particular test the warhead penetrated a foot of concrete over hard dirt and came to rest 
almost nine feet below the top surface. In subsequent tests, an Improved warhead penetrated the 

concrete completely. 

permissive action links, or PALS, were 
developed that require a unique set of 
instructions from the correct command 
authority before a nuclear weapon can 
be used. Other safeguards and security 
measures have also been developed in 
recent years, such as warheads designed 
to insure that they are one-point safe, 
that is, that there is no danger of nuclear 
explosion even if, for example, they are 
dropped accidentally. 

However, as important as these tech- 
nology developments have been, they 
are not the kinds of changes that in turn 
create key changes in national strate- 
gic policy. As mentioned before, the 
sense of the conference was that no 
technology development seemed im- 
minent within the field of nuclear weap- 

ons per se that would call for funda- 
mental policy shifts. Similarly, no non- 
nuclear technology development, strate- 
gic defenses included, was identified 
that would alter the fundamental role 
of nuclear weapons in supporting a pol- 
icy of deterrence. The feeling was that 
strategic defenses might alter the form 
of deterrent relationships but would not 
destroy them altogether. 

The future of nuclear weapons tech- 
nology. The identification of future 
technology directions for nuclear weap- 
ons development activities included fur- 
ther bolstering of the safety, security, 
and flexibility of nuclear weapons, thus 
supporting the requirements that they 
are safe, survivable, and effective. 

Three additional areas of research were 
mentioned that should prove fruitful to 
pursue in the three-decade time frame 
examined at the conference. 

First, a number of targets in the So- 
viet Union already assigned to nuclear 
missions have become increasingly dif- 
ficult (some might say impossible, in 
certain cases) to threaten with existing 
nuclear systems. This difficulty is true 
for many fixed military targets and for 
mobile missiles. Also, a number of the 
emergency command centers for the 
political and military leadership of the 
Soviet Union have been moved to sites 
deep underground, which makes them 
difficult both to locate and to attack. 
These trends indicate the utility of a 
"hard-target kill" capability for nuclear 
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forces, which, if the U.S. elects to pur- 
sue the option, will probably be gained 
through a combination of new warhead 
designs (Fig. 3) and different delivery 
systems. 

Next, continued work on ways to 
channel the output of nuclear weapons 
into forms of directed energy is still 
useful, particularly for ballistic missile 
defense or anti-satellite applications. 
The popular press has focused almost 
exclusively on the attempts to create a 
nuclear-driven x-ray laser, but there arc 
other possible ways to use the unique 
power and energy forms available from 
nuclear explosions. 

The third suggestion is related to the 
use of special nuclear effects. Military 
forces, and the civilian societies and 
economies they are designed to protect, 
are becoming increasingly dependent 
upon electronic components. Finding 
ways to use the effects of nuclear weap- 
ons against these capabilities may be an 
increasingly interesting role for the nu- 
clear weapons research and development 
community. 

An important note here is that while 
these potential developments in nuclear 
technology could greatly enhance mil- 
itary effectiveness, they would, at the 
same time, tend to reduce the surviv- 
ability of nuclear forces on both sides. 
Such technological trends work against 
the emphasis on stability indicated by 
the political trends. 

The past history of nuclear weap- 
ons technologies constitutes a steady 
evolution in capability, military effec- 
tiveness, and special-purpose applica- 
tions. Presently, directed energy is a 
discontinuity in that evolution and a 
technology in search of a policy niche. 
As such, it has the potential for mak- 
ing major differences in strategy. In 
the future we may expect to see fur- 
ther such technological discontinuities 
emerge. The conference also explored 
the technological future of other types 
of military systems. Many of these ad- 

vances may be dramatic, especially 
those in the areas of missile and air- 
craft propulsion, automation, sensors, 
guidance, c3! (command, control, com- 
munications, and intelligence), stealth, 
and protection and countermeasures. 
The overall trend is clearly toward non- 
nuclear standoff weapons with auton- 
omy, long range, high accuracy, and 
high lethality; toward systems with 

irected energy has the 
potential for making 
major differences in 

strategy. 

long-range, accurate, all-weather capa- 
bilities; and toward computer-assisted 
decision making for both manned and 
autonomous systems and command 
centers. These changes in non-nuclear 
weapons technologies, over time, will 
revolutionize the conventional battle- 
field-a revolution that involves not 
just a single breakthrough but rather the 
steady development of many advanced 
technologies. 

Of particular interest are the non- 
nuclear weapons that might eventually 
be substituted in some, if not all, mil- 
itary missions now requiring nuclear 
weapons. For example, rather than us- 
ing a nuclear weapon to destroy a large, 
fixed target complex, such as an air- 
field, extremely accurate guidance and 
advanced non-nuclear munitions could 
be used to selectively destroy critical 
nodes within that complex. However, 
the technical problems associated with 
the effective use of long-range conven- 
tional systems on mobile targets, such 
as a column of tanks, may remain in- 
tractable for decades. Also, advanced 
conventional weapons will never be able 
to duplicate the political and psycholog- 
ical effects caused by the sheer destruc- 

tiveness of nuclear weapons~effects 
that presumably enhance deterrence. 
The question of the cost effectiveness of 
such non-nuclear alternatives to nuclear 
weapons is also unresolved and may be 
significant. 

Strategic defenses, such as those pro- 
posed under President Reagan's SDI 
program, were not discussed extensively 
at the conference. This lack of discus- 
sion is itself significant, because SDI 
was initially proposed to change dra- 
matically, and even eliminate, the future 
requirement for nuclear weapons. The 
consensus from the discussion that did 
occur was that strategic defenses, if de-' 
ployed over the next several decades, 
will probably not play a leading role in 
the long-term evolution of U.S. nuclear 
policy and forces. Rather, any defenses 
are likely to be limited because they 
would be intended to enhance a deter- 
rence policy based, as it is today, on the 
threat of nuclear retaliation. 

Thus, technological trends were not 
seen to have as clear and as significant 
an impact on future national policy as 
political trends. This feeling appeared 
true even for SDI technology and ran 
counter to the previously strong histori- 
cal impact of technology on policy. 

Military Influences 

A session opened by Brent Scowcroft 
dealt with the military influences on the 
future of nuclear weapons. To under- 

ethnological trends 

I were not seen to have 
as clear and as signifi- 

cant an impact on future 
national policy as political 
trends. 
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A new phase in the military 
evolution of nuclear weapons 
could be driven by ongoing 
improvements in weapons 

system accuracy. Improved guidance 
holds out the promise of accomplish- 
ing the same missions with smaller 
nuclear weapons so as to avoid 
collateral effects. It also raises the 
issue of whether it will be possible to 
use conventional weapons for some 
targets that have previously required 
nuclear weapons . . . I certainly agree 
we should attempt to avoid unneces- 
sary collateral damage, and I think 
that substituting non-nuclear for 
nuclear warheads probably has a 
good deal of utility, especially in the 
European context. But it is not at all 
clear that this represents a truly 
significant development in our views 
about nuclear weapons and deter- 
rence.. , 

Arms control is likely to have a 
major military impact on nuclear 
weaponsJ requirements. Since about 
1950, we have been trying to bolster 
the credibility of deterrence in Europe. 
By stationing battlefield weapons in 
Europe, changing to flexible response, 
deploying the INF forces, and so on, 

our consistent purpose has been to 
make deterrence as strong as pos- 
sible. It seems to me, however, that 
many of the arms control schemes 
being advanced today have the 
opposite intent-their purpose is to 
determine how much we can "shave 
off  deterrence without getting to the 
point that it fails. That is my principal 
complaint about the INF Treaty: not 
that it is a disaster in itself, but rather 
that it takes us in the wrong direction. 

Arms control reductions may force 
us to think seriously about how we 
wish to target the remaining forces. If 
we really do limit the number of 
nuclear weapons significantly, we may 
have to look at targeting from a rather 
different perspective than we have 
over the past several decades. The 

target planners would have to return 
to first principles and ask themselves 
what they absolutely must be able to 
hold at risk to make deterrence as 
strong as possible-and, if deterrence 
fails, what they must strike to achieve 
U. S. objectives. 

If both sides continue to develop 
survivable nuclear force structures, 
this will also raise similar questions 
about targeting. For example, the 
continuing Soviet deployment of 
mobile, survivable ICBM forces will 
challenge our traditional notions of 
counterforce. What do we target 
then? Are we thrust back to an 
assured destruction targeting policy? 
Should we target the Soviet leader- 
ship and, if so, at what stage of a 
conflict? Should we try to separate 
the leadership from the control of its 
military forces by a flacking the 
command and control systems? 
Should we concentrate more on 
targeting conventional forces, such as 
army units moving out of garrison? 
These will be critical issues for at least 
the next ten to fifteen years, if not 
beyond. 

-Brent Scowcroft, former Chairman, 
President's Commission on Strategic Forces, 
opened the session on military influences; he 
more recently has become Assistant to the 
President for National Security Affairs. 
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stand what some of those influences 
are, one must first understand how the 
military itself views nuclear weapons. 

The American armed forces, quite 
reasonably, approach the issue of nu- 
clear weapons from a military perspec- 
tive: how can these weapons assist the 
military in achieving the peacetime and 
wartime objectives required of them 
under American national security pol- 
icy? Such attributes as effectiveness, 
flexibility, and, to some extent, discrimi- 
nation thus rank high when the services 
consider deploying nuclear weapons sys- 
terns. 

In addition, the particular services 
have vested institutional interests in 
maintaining certain types of weapons 
systems. The Air Force and the Navy 
devote significant portions of their bud- 

T he U.S. military sup- 
ports nuclear deter- 
rence and the deploy- 

ment of nuclear weapons 
because the services have 
neither the resources nor 
the plans to fight a massive 
global conventional war with 
the Soviet Union. 

gets to what might be called national, or 
strategic, nuclear forces-the Strategic 
Air Command (SAC) and the Navy's 
strategic missile submarine force. Both 
services are committed to maintain- 
ing their "fair sharev of those forces, 
whatever unilateral force structure 
decisions or arms control agreements 
the U.S. government might make. Fi- 
nally, the U.S. military supports nu- 
clear deterrence and the deployment of 

nuclear weapons because the services 
have neither the resources nor the plans 
to fight a massive, global conventional 
war with the Soviet Union. The Army, 
in particular, has no interest in fighting 
a replay of World War 11, which might 
be the only realistic alternative military 
strategy if nuclear weapons did not ex- 
ist. U.S. nuclear weapons, by deterring 
the Soviet Union, eliminate this possi- 
bility. 

Over the past thirty years, however, 
parts of the U.S. military have bad dif- 
ficulties attempting to integrate nuclear 
weapons into their operational concepts 
and plans. This is especially true for 
the tactical (short-range) nuclear weap- 
ons. The services-fortunately-have 
no "leal world" experience with nuclear 
weapons, and they find it difficult to 
predict the course and outcome of any 
war in which such weapons are used. 
The Navy, for instance, is particularly 
reluctant to plan for any limited nuclear 
warfare at sea, having concluded that 
enemy use of nuclear weapons would 
make traditional surface naval missions 
impossible to carry out. 

What implications do these ambiva- 
lent military perspectives~implications 
which could not be explored fully in the 
conference-have for the future roles 
and requirements of nuclear weapons? 
Judging from the views of the speakers, 
who were not official representatives 
of the respective services, some of the 
implications are the following: 

The U.S. Air Force will likely be in- 
terested in maintaining a strategic nu- 
clear force structure very similar to 
that in place or planned today. This 
structure is a mix of fixed and mobile 
ICBMs and of bombers that penetrate 
enemy territory or that stand off outside 
the borders and release missiles directed 
at the targets. The Strategic Air Com- 
mand will likely attempt to develop a 
significant non-nuclear role beyond its 
current nuclear assignment that would 

use long-range bombers, such as the B- 
52, to deliver conventional bombs and 
standoff missiles. 

a The U.S. Navy will probably continue 
to support the deployment of submarine- 
launched ballistic missile forces but will 
tend to resist and decrease other nuclear 

T he services-fortu- 
nately-have no "real 
world" experience with 

nuclear weapons, and they 
find it difficult to predict the 
course and outcome of any 
war in which such weapons 
are used. 

roles that interfere with normal fleet 
operations. For instance, the shipboard 
and submarine deployment of tactical 
nuclear weapons for use at sea makes it 
very difficult for the Navy to conduct its 
more traditional missions, such as sea 
control. The future nuclear role of naval 
aircraft also remains uncertain. 

The U.S. Army is not likely to change 
its view of the importance of nuclear 
weapons as a deterrent over the next 
several decades. The Army anticipates 
a decrease in the number of stockpiled 
nuclear weapons and will likely sup- 
port significant increases in the military 
effectiveness of nuclear warheads with 
the same or better level of discrimina- 
tion. The Army will have an interest in 
developing farther options for its nu- 
clear artillery systems and will support 
the modernization of air-carried theater 
nuclear systems. 

The conference discussions begged a 
critical military (and technical) question 
that seems to be at the heart of our cur- 
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rent strategic uncertainty about nuclear 
weapons: whether and how to target 
Soviet nuclear forces? Such targeting is 
called the counterforce mission. 

With respect to its long-range nuclear 
forces, the United States, at present, 
places highest priority on their counter- 
force mission. We have already noted 
the long-term political trends that, in the 
name of stability, work against a con- 
tinuation of the counterforce mission, 
but there are also legitimate military and 
technical reasons to question the via- 
bility of that mission. Soviet nuclear 
forces are becoming ever more difficult 
to locate and destroy promptly because 
they are being made mobile on land and 
in the air or are being concealed aboard 
submarines. If the United States con- 
tinues to target Soviet nuclear forces, 
it must invest considerable resources to 
discover and deploy a military -technical 
solution to this problem. 

Any move away from counterforce 
targeting, whether mandated by political 
or technical pressures, would represent 
a significant shift in military emphasis 
for nuclear weapons. In this case, would 
the United States be forced to empha- 
size nuclear roles and requirements 
based solely on attacking enemy cities? 
Or are there other missions-for in- 
stance, targeting general purpose forces 
or command said control centers-that 
might redefine the military effectiveness 
criteria for long-range nuclear forces? 
To further complicate the issue, although 
effective counterforce operations do not 
appear technically feasible for either 
side in the foreseeable future of five to 
fifteen years, such a judgment may not 
hold over the thirty-year period of this 
study. 

Thus, a certain amount of ambiva- 
lence clouds our view of the military 
trends and influences. In part, this is 
due to the fact that all forces bearing on 
the future of nuclear weapons-whether 
they be of a political, technological, or 
military nature-are intertwined, the 

one with the other. Some of the ideas 
expressed at the conference about how 
the various facets of this global prob- 
lem will unwind were controversial. 
Such controversy was expected and en- 
couraged because, above all, the confer- 
ence was designed to stimulate the right 
kinds of questions about the future of 
nuclear weapons. 
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Q How does a conference on the future of nuclear 

weapons, a conference that looks forward to potential 

changes in nuclear weapon requirements, affect your 

thinking and planning about the future of Los Alamos and 

the nation's nuclear weapons complex? 

A The primary job of the Laboratory is to provide the 

technological foundation for a credible nuclear deterrent. 

Deterrence is a broad and dynamic concept-for one 

thing, an effective deterrent must be technically viable 

and politically credible. 

Experience shows us that maintaining such a deterrent 

requires frequent technical revisions and adaptations of 

the nuclear stockpile. These changes meet shifting chal- 

lenges, including new nuclear weapon missions mandated from time to time by the 

national leaders. In other words, the Laboratory must not just maintain today's 

stockpiled weapons but must provide what I call nuclear competence. Competence 

implies a readiness to meet new challenges, a flexibility to respond in new technical 

directions, and a far-reaching technological vision that assures 

the nation won't be caught unprepared by technological sur- 

prise. To do this, we must maintain the highest level of scien- 

ific and technological excellence in our weapons and basic 1 
research programs. Only then can our leaders be confident of 

our ability to meet our nation's requirements. 

a', 
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But we also know that future nu- 
clear weapons requirements-the re- 
quirements that provide technical di- 
rection for the weapons program-will 
depend greatly on developments in na- 
tional security policy and the politics 
that surround that policy. The Confer- 
ence helped us examine that technology- 
policy interface. It focused attention on 
the emergence of a world with multi- 
ple power centers and brought to the 
fore many questions about the role of 
nuclear weapons. We can't predict the 
future, but the Laboratory must be pre- 
pared to face any changes that might 
occur. Technological developments re- 
quire long-term planning, a difficult task 
in the context of a changing political 
climate. Understanding the important 
but complex links between the weap- 
ons technology on the one hand and the 
security policy on the other helps our 
long-term planning for the Laboratory. 

Q Is nuclear testing an important part 
of nuclear competence? 

A Nuclear weapons testing is one of 
the critical elements of maintaining a 
credible nuclear deterrent. Such testing 
is current U.S. policy, and the reasoning 
behind it is well known. For example, 
testing is required if we are to ensure 
nuclear deterrence in a changing strate- 

gic environment. Also, testing assures 
us of the reliability of the stockpile and 
allows us to improve the safety and se- 
curity of nuclear weapons with confi- 
dence. 

What's sometimes missed in our po- 
sition regarding the need for testing 
of nuclear weapons is that it's no dif- 
ferent than the position taken by any 
other high-technology activity-that is, 
component and product testing are uni- 
versally considered indispensable. In 
the auto industry car frames are shaken 
through millions of cycles of simulated 
road tests; in the aviation industry wind 
tunnel tests help shape new designs; 
in the aerospace industry almost ev- 
ery component is thoroughly tested be- 
fore being accepted for flight use. The 
Government, taxpayers, and consumers 
alike consider it a crime, or, at the very 
least, a breach of professional ethics, to 
place untested consumer and industrial 
products on the market. And although 

nuclear weapons have important differ- 
ences from other complex technical sys- 
tems, the need for testing is fundamen- 
tally the same and the impact of error is 
considerably greater. From a technical 
perspective it makes sense to depend on 
nuclear testing for as long as we con- 
tinue to rely upon our nuclear deterrent 
for security~especially if nuclear arms 
are reduced as a result of arms control. 

Q Can't nuclear weapons be devel- 
oped simply by using our current knowl- 
edge of the physics involved? Why do 
we need to carry out explosive nuclear 
tests? 
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A The events that ~ c c u r  in a nuclear sures like those inside a star and cannot 
explosion are so complex and insuffi- be simulated in a laboratory. Thus, we 
ciently understood that even today we must use an iterative design process in- 
still cannot design weapons from first volving theory, computer modeling and 
principles of physics or from computer calculation, non-nuclear laboratory tests, 
simulations alone. Further, nuclear ex- and underground nuclear tests. Ulti- 
plosions produce temperatures and pres- mately, nuclear tests are essential in cal- 

ibrating our theoretical design models, 
which undergo continuous development. 

The same holds true for the engineer- 
ing problems. Nuclear tests provide the 

The Nevada Test Site is the location of all U.S. 
underground nuclear weapons tests. Here, a 
ring of dust rises as the underground cavity 
formed by a nuclear explosion collapses. In- 
set: in preparation for another underground 
test, this diagnostics rack will be lowered into 
a bore hole, giving instruments attached to it 
a line of sight to "ground zero," the location of 

the nuclear device. 
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Two research effort9 at Los Alamos that could 
have an impact on directed-energy weapons 
technology are the neutral particle beam and 
the free-electron laser. Right: the objective 
kens of the Laboratory's large-bore magnetic 
telescope for a neutral particle beam was test- 
ed recently at Argonne National Laboratory. 
Left: graziw reflections, which spread out a 
beam's "footprint," allow the intense light of 
a free-electron laser to be redirected without 
damaging the optic surface of the mirror. The 
technique, simulated here using the red light 
of a helium-neon laser, also reduces the ef- 
foots of mirror aberration and sQSOter. 

clear weapons. Nuclear testing has 
taken on great symbolic significance, 
and some people believe that curtailing 
testing will end, or at least slow down, 
the arms race. 

In the end the nation% policymakers 
must look at the trade-offs between po- 
tential benefits of increased restraints on 
nuclear testing and die technical risks 
and consequent military penalties. Our 
job is to objectively evaluate the techni- 
cal risks of further testing restraints. 

final proof of warhead engineering and 
the packaging of components. The sub- 
tle effects of many engineering changes 
on warhead performance are often more 
difficult to predict than changes in the 
physics design. 

Q Then are you opposed to a compre- 
hensive test ban treaty? 

A I have already stated that nuclear 
testing is critical to maintaining a cred- 
ible nuclear deterrent. We believe that 
under a comprehensive test ban our nu- 
clear design and engineering expertise 
could erode, and erosion could under- 
mine the nation's nuclear competence. 

Yet I recognize that there are other 
considerations in the debate about nu- 

Q In most projections nuclear weap- 
ons are expected to remain the center- 
piece of U.S. deterrent forces, although 
some experts foresee fewer o f  them and 
some narrowing o f  their role. In that 
case, how can Los Alamos prevent a 
decline in the quality of the nuclear 
weapons science and technology base? 



Future of Nuclear Weapons 

A First, I think we have to keep in 
mind that even in the midst of the cur- 
rent enthusiasm for reducing nuclear 
weaponry, nuclear deterrence remains a 
critical element of our defense posture. 
Even if the number of U.S. nuclear war- 
heads were substantially reduced, there 
would still be a continued need for sig- 
nificant research and development at the 
nuclear weapons laboratories. Smaller 
nuclear stockpiles that continue to sup- 
port deterrence would likely require 
changes in the kinds of weapons as well 
as changes in nuclear designs. 

Furthermore, the size and the diver- 
sity of the current stockpile provide 
some insurance against both surprise 
attack and the sudden emergence of un- 
foreseen technologies by another nation. 
If large numbers of nuclear weapons 
are eliminated, the weapons laborato- 
ries will be continually called upon to 
assure the survivability and technical 
robustness of the remaining stockpile. 
We must also continue to inform the na- 
tion of technological possibilities on the 
horizon that we may be forced to defend 
against. 

We seek to complement our direct 
nuclear weapons programs with other 
kinds of scientific and engineering re- 
search that will help us remain at the 

cutting edge of scientific knowledge. 
We strive to maintain a world-class sci- 
entific institution staffed with some of 
the best professionals in the nation. In 
this way we will continue to serve a vi- 
tal national function by retaining our 
ability to solve large, complex scientific 
and engineering problems. In the past 
the base of nuclear weapons science and 
technology at Los Alarnos has given rise 
to numerous nonweapon technologies; 
in the future we will count on challeng- 
ing programs at the forefront of research 
and development to help maintain the 
knowledge and personnel base required 
to assure nuclear competence. 

Along these lines I would point out 
that about one-fourth of the current Lab- 
oratory budget is spent on research for 
imaginative and powerful non-nuclear 
defense concepts, including the neu- 
tral particle beam and the free-electron 
laser. Another one-fourth of our effort 
is directed toward fundamental research 
in areas such as high-temperature su- 
perconductors, supercomputing, map- 
ping the human genome, and in energy 
and other civilian technologies. These 
scientific programs may not only have 
tremendous long-term payoffs to the na- 
tion, but they contribute to the Lab's ex- 
panding scientific and technical base and 
form a natural part of the Laboratory's 
mission-to offer creative solutions to 
problems of national ureencv. These ef- 

Advanced techniques and diagnostic capabili- 
ties developed for nuclear weapons programs 
have frequently been adapted for use in a num- 
ber of other applied technologies, including 
the design and testing of conventional weap- 
ons. Here a warhead developed by Physics In- 
ternational is being dynamically tested using 
the Laboratory's high-speed, monorail rocket 
sled. After having been accelerated along the 
track from left to right, the warhead detonates 
at the target, which, in this case, is "pro- 
Jected 1995 Soviet armor." Surrounding the 
target area are a variety of diagnostic instru- 
ments, including intense x-ray machines that 
record the interaction of the warhead with the 
target (see "ATAC and the ArmorIAnti-Armor 
Program" and "Studying Ceramic Armor with 
PHERMEX). 
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Future of Nuclear Weapons 

The Soviet and U.S. flags flying from a derrick at the Soviet's underground test site at Semi- 
palatlnsk symbolize the milestone reached when scientists of both countries participated in joint 
verification experiments at their respective underground nuclear test sites. These experiments 
allowed both groups to calibrate their detection techniques against controlled, baseline events. 
The effort does much to ensure that either country can verify compliance with nuclear test treaties 
by the other. 

forts are .in support of our attempts to 
broaden our concept of national $ecurity 
to include economic strength and energy 
security. 

Q Some policy and technology devel- 
opment trends seem to be going in dif- 
ferent directions. Is there any conflict 
here? For example, why is Los A l a m  
developing technologies such as the 
earth-penetrating warhead when we are 
trying to negotiate reductions in nuclear 
arms? 

A The long-term trend appears to be 
toward reduced nuclear arms. But in 
the short term there are well-recognized 
deficiencies developing in our deterrent 
posture that may require new technolo- 
gies or concepts. For example, our mili- 
tary planners are becoming increasingly 
concerned about our ability to hold at 
risk a number of high-value Soviet tar- 
gets, such as mobile missiles and deeply 
buried or super-hard structures. The 
earth-penetrating warhead and other 
Laboratory weapons concepts provide 
technical options to U.S. military plan- 
nets. 

But the issue is more general than 
that specific example. Long-term trends 
in nuclear weaponry may very well re- 
sult in different technical requirements 
in the future, and we must be able to 
meet them. For instance, improvements 
in the safety and security of nuclear 
weapons are clearly desirable, regard- 
less of the size of the nuclear arsenal. 
Improvements of this kind are made 
possible by research and development. 
Finally, we need to build a technology 
hedge- hedge against breakthroughs 
in weapons technology that could place 
the nation's deterrent at risk. Such 
breakthroughs would have a greater im- 
pact in an environment of significantly 
fewer weapons. 

Q There was a suggestion at the Con- 
ference that over time advanced conven- 
tional weapons m y  play an increasing 
role in the U.S. deterrent. What would 
be the implications for Los Aiams? 

A The Laboratory is already contibut- 
ing very significantly to conventional 
weapons. This year we are conduct- 
ing over $200 million in research on 
non-nuclear technologies that include 
concepts that may be truly revolution- 
ary, such as particle beams, lasers, and 

Los Alamos Science Summer 1989 



Future of Nuclear Weapons 

high-powered microwaves. We are also 
involved in more evolutionary tech- 
nologies, such as those pertinent to the 
armor/anti-armor balance of tank war- 
fare. In this case we are using diagnos- 
tic capabilities and other advanced tech- 
niques developed in the nuclear weap- 
ons program to assess the effectiveness 
of a broad variety of applied technolo- 
gies. 

Although the Lab plans a vigorous 
program of activities in conventional 
weapons, we are not assuming that these 
technologies will replace nuclear weap- 
ons. Rather it is our view that they 
will be used to augment and comple- 
ment nuclear deterrent forces. There 
is considerable controversy whether 
even extremely accurate conventional 
weapons, including the so-called zero- 
CEP weapons, can ever serve as an 
effective deterrent by themselves. Not 
only are there some military missions 
that can only be accomplished with nu- 
clear weapons, but non-nuclear strategic 
weapons lack the psychological impact, 
and thus the full deterrent effect, of nu- 
clear weapons. Accurate conventional 
weapons can serve as effective comple- 
ments to nuclear weapons, providing a 
greater range of conventional altema- 
tives before nuclear use must be con- 
templated. 

Q The nation faces a major problem 
in cleaning up and modernizing the nu- 
clear weapons production complex. Can 
we do that and still maintain the tech- 
nology base at the Laboratory? 

A The cleanup and modernization of 
the Department of Energy weapons pro- 

duction complex is one of the excep- 
tionally difficult problems facing the 
new administration. Everyone recog- 
nizes that the situation is unacceptable 
now and that we must single out the 
worst problems and attack them head- 
on. This effort is going to require the 
commitment of new financial and tech- 
nical resources if it's to succeed. We 
think the Laboratory can play a signif- 
icant role in the development and ap- 
plication of advanced technologies that 
may efficiently, and at reduced overall 
cost, assist with the cleanup. In other 
words, the bulldozer-and-asphalt ap- 
proach won't work, and it's too costly. 
We have to do "smart" cleanup with 
advanced technologies. 

The Laboratory can also help design a 
modem production complex that will be 
both more reliable and environmentally 
benign. Many of the applicable tech- 
nologies are spinoffs from the Lab's 
weapons technology base. The im- 
portant considerations of environment, 
health, safety, security, safeguards, and 
materials accountability have to be in- 
tegrated into process and plant design, 
not added sequentially in layers. The 
laboratories can help. 

Q What is the single most important 
contribution that Los Alamos can make 
to the nation's security in the future? 

A Los Alamos and the other weapons 
laboratories are themselves a critical 
part of this nation's ability to deter war. 
A policy of mutual deterrence depends 
upon the belief of national leaders, be- 
yond a reasonable doubt, that their own 
and their adversaries' nuclear forces 
are survivable, are deliverable, and will 
function as intended. This belief does 
not rest upon the technical knowledge 
of our national leaders but upon assur- 
ances those leaders receive from scien- 

tists and engineers and upon the ere& 
ibility that the scientists and engineers 
have with their leaders. Unlike nm- 
nuclear weapons-which have a tech- 
nical base of a thousand or so defense 
contractors, almost one hundred service 
laboratories and many universities- 
the nuclear weapons technology base 
and the resulting competence rests prin- 
cipally with the three Department of 
Energy weapons labs. Their combined 
technical expertise forms the backbone 
of nuclear deterrence as it evolves over 
tame, regardless of the specific policies 
or technical directions the nation might 
choose. 
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magine tank armor that 
chews up a high-velocity 
projectile on impact . . . or 
composites of tungsten and 

grains aligned in a sheet of ura- 
nium that allow it to stretch into a 
long, lethal jet of unbroken metal. 
These examples illustrate how 
Los Alamos is using its knowl- 
edge of materials to design and 
fabricate new and stronger com- 
ponents for both armor and pene- 
trators of armor. 

Our interest in applying ma- 
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uranium that lend an antitank 
penetrator rod the stiffness of 
the tungsten, the density and py- 
rophoric property of the uranium, 
and the surprising strength of 
their mixture . . . or tiny crystal 



tive process of theory, design, 
fabrication, and testing used to 
develop nuclear weapons serves 
as the basis for a similar process 
in developing conventional ord- 
nance. The attention to detail in 
material properties required for 
nuclear weapons is, perhaps, even 
more important for conventional 
weapons. 

There is also a complementarity 
between the applications of mate- 
rials in conventional and nuclear 
weapons-one that has a syner- 
gistic effect on both programs. A 
nuclear weapon releases so much 
energy so rapidly that materials 
behave much like isotropic fluids 
and can usually be described by 
hydrodynamic equations. In addi- 

terials research to conventional 
weapons has its origins in the 
Laboratory's nuclear weapons 
program. To deal with the unique 
materials used in nuclear weap- 
ons, such as actinides, special ce- 
ramics, polymers, and so forth, 
the Laboratory had to develop 
significant expertise in materi- 
als research. Further, the itera- 

Los Alamos Science Summer 1989 



tion, the performance of a nuclear de- 
vice is more dependent on the nuclear 
and atomic properties of its constituents 
than on material properties. In contrast, 
a conventional munition subjects ma- 
terials to less severe deformation rates, 
and the deformation processes are more 
dependent on the chemistry and prior 
fabrication history of its constituents. 
For example, the behavior of an armor- 
piercing projectile is strongly affected 
by variations in the chemical composi- 
tion, processing history, microstructure, 
and mechanical properties of the materi- 
als from which it was formed. 

Further, nuclear reaction times are 
extremely short, whereas the reaction 
times for conventional munitions are of 
the order of microseconds-sufficiently 
long to allow for many types of mea- 
surements. And generally, very little, if 
any, material is recoverable from a test 
of a nuclear weapon, whereas a test of a 
conventional weapon frequently leaves 
a considerable amount of material for 
post-mortem analysis. 

The philosophy underlying the design 
of nuclear weapons at Los Alamos is 
traditionally conservative (in the most 
positive sense), especially in regard 
to reliability and ease of production. 
Our approach to conventional weapons 
follows the same philosophy and pays 
the same close attention to detail. We 
strive to use well-characterized, well- 
understood starting materials, we care- 
fully control the synthesis and manu- 
facturing processes, and we work to 
develop a complete understanding of the 
experimental results. Only in this way 
are we able to relate the performance of 
armor and anti-annor systems to slight 
and often subtle variations in material 
properties or device design and fabri- 
cation. I will point out many of those 
subtleties as I discuss advances made 
at Los Alamos in the design of armor 
penetrators and armor, including some 
surprising properties of a new type of 
ceramic armor. 

A KINETIC-ENERGY PENETRATOR 

Fig. 1. These x-ray pictures are orthogonal views of the U. S. Army's M-833 standard round (a fin- 

stabilized, sabot-discarding projectile for tanks) taken after the round had traveled about two and a 
half meters from the muzzle of the tank gun. The central rod, or core, is a kinetic-energy penetrator 
made from a dense, hard alloy of depleted uranium and titanium, and the tip is hardened steel. 
The sabot is a device that allows the pressure of the expanding gas from the burning propellant 
to accelerate the core and sabot assembly out the barrel of the gun. The sabot is discarded after 
the core exits. These pictures show the beginning of the sabot-core separation. Also, note that 
the lower view reveals a bent fin on the core. 

Two Orthogonal Views 

mi Tip I 

Kinetic-Energy Penetrators 

Weapons designed to penetrate armor 
generally fall into two classes: kinetic- 
energy penetrators and chemical-energy 
penetrators. I will discuss the first class 
now and return to the second later. 

A kinetic-energy penetrator is a solid 
projectile, usually fired from a gun, that 
uses high-velocity impact (typically, at 
about 1 to 2 kilometers per second) to 
defeat the armor. Examples range from 

the simple spin-stabilized slug of a 30- 
mm cannon to fin-stabilized projectiles 
that consist of a long, steel-tipped pen- 
etrator rod and a sabot that falls free of 
the penetrator after it is fired (Fig. 1). 
If the material strength and kinetic en- 
ergy of the projectile axe sufficient, it 
penetrates the armor. In addition, the 
shock wave generated by the impact 
may travel through the armor plate and 
blow off a portion of its backside. Frag- 
ments both from this spa12 and from the 
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penetrator itself can cause considerable 
damage to people and equipment behind 
the armor. 

Depleted uranium. Materials research 
has made particularly noteworthy con- 
tributions to the design and develop- 
ment of the kinetic-energy penetrator. 
The most effective armor-piercing ma- 
terial to date is an alloy developed at 
Los Alamos-an alloy of depleted ura- 
nium (most of the fissionable isotope 
has been removed) and a small amount 
of titanium (0.75 per cent). 

Depleted uranium was considered an 
attractive material for kinetic-energy 
penetrators for a number of reasons. Its 
high density (almost twice that of steel) 
makes it easy to produce a penetrator 
that delivers high momentum and ki- 
netic energy to a small volume of target 
armor. Uranium is highly pyrophoric, 
and its impact against steel targets at 
velocities as low as 30 meters per sec- 
ond produces burning fragments that can 
ignite fuel or propellants. In addition, 
depleted uranium is readily available 
in large quantities and is considerably 
cheaper than alternative materials. 

Uranium, however, is more reactive 
than most other penetrator materials, 
and its reactivity can result in corro- 
sion problems, particularly in moist 
air. In addition, some uranium alloys 
are susceptible to delayed cracking due 
to residual stresses induced by fabri- 
cation and heat treatment of the rods. 
The cracking can be avoided if care is 
taken in the heat treatment to reduce 
such stresses and to reduce entrapped 
hydrogen gas to levels less than a few 
parts per million. 

Extensive testing at Los Alamos of 
uranium alloyed with various metals at 
different concentrations and processed in 
a number of ways showed that the alloy 
with 0.75 per cent titanium had the best 
combination of properties. The alloy 
has both reasonable corrosion resistance 
and high penetration effectiveness. It 

can be heat-treated easily (by water- 
quenching and subsequent aging in a 
high-vacuum furnace) to eliminate the 
cracking problem, and its properties are 
not sensitive to precise composition. 
These last two features help give the 
alloy low manufacturing costs. 

The alloy was originally developed 
and evaluated at Los Alamos for the 
U.S. Air Force's GAU-8 system, a 30- 
rnm gatling gun system mounted on the 
A-10 close support aircraft. The gun 
can fire a thousand armor-piercing pen- 
etrator rounds per minute and is said to 
be the most effective antitank system 
in the world. The uranium-titanium al- 
loy was so successful that it has been 
adopted as the standard for large-caliber 
penetrators (such as the one shown in 
Fig. 1). 

Dynamic Deformation 
and Fracture 

The penetrating ability of armor- 
piercing rounds improves with the hard- 
ness and strength of the material used. 
Mechanical properties of this nature are 
normally determined from the stress- 
strain curve for that material (Fig. 2). 
Stress is the force per unit area applied 
to a sample, and strain is the relative 
deformation of the sample as a result 
of that stress. Various kinds of defor- 
mation can occur (elongation, compres- 
sion, bending, etc.) depending on the 
nature of the applied force. If stress to 
the material is kept below the so-called 
yield point, or proportional limit, the 
material will spring back to its origi- 
nal undeformed state-in other words, 
the response is elastic. Once this yield 
strength has been exceeded, however, 
plastic flow occurs, and the material re- 
mains permanently deformed. The slope 
of the initial elastic region, called the 
elastic modulus, is a measure of the ma- 
terial's stiffness; the slope of the later 
inelastic region is a measure of work 
hardening (since it is the amount of 

STRESS-STRAIN CURVE 

Permanent Deformation n 
20 

Strain (per cent) 

Fig. 2. Many material properties, such as hard- 
ness and strength, are determined from the re- 
lationship between stress (the force per unit 
area applied to the material) and strain (the re- 
sulting deformation of the material). The ini- 
tial, approximately linear part of a stress-strain 
curve is called the elastic region because ma- 
terlal stressed in this region will not suffer any 
permanent deformation when the stress is re- 
laxed (in other words, the stress-strain curve 
returns to the origin). The point at which the 
curve leaves the elastic region by bending to- 
ward the horizontal indicates the onset of per- 
manent deformation and is a measure of the 
material's yield strength. Beyond that point 
is the inelastic, or plastic-flow, region of the 
curve. The slope of the curve in the elastic re- 
gion is the elastic modulus, a measure of the 
material's stiffness. The slope in the plastic- 
flow region is a measure of work hardening 

since a steeper slope means more stress must 
be applied to create a given amount of defor- 
mation. 

stress needed to achieve a given amount 
of plastic flow). 

Generally, it is desirable for a pen- 
etrator to have a high elastic modulus 
(high stiffhess), high yield strength, and 
high work hardening. For instance, any 
energy lost to plastic flow in the pene- 
trator is unavailable for destruction of 
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the armor. Similar considerations are 
also true of armor materials. 

The values of these material prop- 
erties, however, depend on the rate at 
which the material is strained, and real- 
istic analyses of armor-penetrator impact 
require knowing both static and dynamic 
material properties. Static properties are 
easily measurable. Moreover, they can 
serve as a starting point for an analysis 
of the material since dynamic proper- 
ties often scale in the same direction 
as the static properties. Nevertheless, it 
is the dynamic deformation and failure 
processes that are of paramount inter- 
est, and these can only be understood by 
measuring properties at high strain rates. 

The Materials Science and Tech- 
nology Impact Facility at Los Alamos 
includes a wide variety of test equip- 
ment for determining material properties 
over a broad range of extreme condi- 
tions. Several gas guns are used for 
high-velocity impact research, and two 
split Hopkinson pressure bars (Fig. 3), 
measure the stress-strain behavior of 
materials at strain rates up to lo4 per 
second. 

Figure 4 is illustrative of the influ- 
ence of strain rate on the strength and 
behavior of a material-in this case, 
of depleted uranium. Comparing the 
high (dynamic) and low (static) strain- 
rate curves of Fig. 4 shows that at high 
strain rates the material has significantly 
higher yield strength and higher ini- 
tial work hardening. But as strain in- 
creases the material thermally softens- 
the slope of the curve, in this case, ac- 
tually becomes negative. Such factors, 
of course, must be well characterized 
if one is to folly understand the per- 
formance of a material during ballistic 
impact. 

Shock waves. Another factor of great 
interest for the design of armor and pen- 
etrators is the response of materials to 
imposed shock. It turns out that shock 
waves generated by the ballistic im- 
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Fig. 3. (a) The split Hopkinson pressure bar can measure the stress-strain behavior of materials 
4 up to strain rates of about 10 per second. Such measurements are performed, as shown 

schematically in (b), by placing the sample between two pressure bars made from high-strength 
steel, then firing a striker from the gas gun on the left. The impact of the striker with the 

incident bar generates an elastic compression wave that travels into the sample, causing plastic 

deformation of the softer material. A strain gage in the incident bar measures the strain due to 

the incident and reflected waves, and another gage in the transmitter bar measures strain due to 
the wave that passed through the sample. These measurements are used to calculate the strain 

rate within the sample and the stress-strain curve, such as the one show in red in Fig. 4. This 
Hopkinson bar facility is unique in that it can test samples at temperatures as high as 1 0 0 0 " ~ .  
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Strain (per cent) 

Fig. 4. Stress-strain curves for depleted ura- 
nium at strain rates of 5000 (red) and 0.001 
per second (black). The dynamic, or high- 
strain-rate, curve shows a higher yield point 
and, initially, higher work hardening, followed 
by lower work hardening as the material ther- 
mally softens. As such, the curve illustrates 
the Influence of strain rate on the strength and 
behavior of the material. Both samples were 
initially at room temperature (300 kelvins), but 
the dynamically deformed specimen reached 
a temperature of 470 kelvins at 100 per cent 
strain. 

pact affect the microstructure and the 
strength of the components-that is, the 
"as fabricated" properties of the mate- 
rials are altered by the passage of the 
shock waves. The massive structural 
deformations that occur during armor 
penetration take place in shock-deformed 
material with transformed properties. 

To study those changes, we use an 
80-mrn-diameter gas gun (Fig. 5) to 
shoot a projectile called a flyer plate 
at a target of the same material. After 
impact the shock-deformed sample is 
recovered, examined for microstructural 
changes with a transmission electron 
microscope, and tested for changes in 
material properties. 

Figure 6 displays static stress-strain 
curves for an aluminum alloy in its 
as-received state and after being shock 

deformed at 2, 8, and 13 gigapascals. 
All four curves were measured using 
a slow strain rate (0.001 per second). 
The data show that yield strength in- 
creases with increasing shock deforma- 
tion, but work hardening decreases. By 
the time the sample has been strained 20 
per cent, the decrease in work harden- 
ing has compensated for the higher yield 
strength, and the curves for as-received 
and shock-deformed material intersect. 

As it turns o@, the effect of shock 
deformation on this alloy is relatively 
small. Other materials, such as uranium 
and copper, show much larger changes 
in their stress-strain curves. In general, 
we find some materials are very rate 
and shock sensitive, whereas others are 
not. Shock-induced changes to materials 
properties illustrate why it is important 
to characterize materials carefully and 
thoroughly. 

Dynamic fracture. Fracture at high 
strain rates is another important consid- 
eration in armor and anti-armor perfor- 
mance. Although fracture is generally 
detrimental to penetrators, certain types 
of armor may, in fact, turn fracture to 
an advantage. 

Because dynamic fracture is a com- 
plex process dependent on structure, 
processing history, strain rate, and stress 
state, it cannot be fully characterized 
by a single parameter or measurement. 
Our approach to a more fundamental 
understanding is a combined experi- 
mental and theoretical effort based on 

computer modeling. We incorporate into 
the models the factors influencing dy- 
namic fracture, and then compare code 
predictions of deformation and fracture 
with those that actually occur during ar- 
mor penetration (see "Modeling Armor 
Penetration"). 

We are currently studying the dy- 
namics of how voids are initiated, how 
they grow, and how the generation of 
such voids leads to ductile fracture-for 
example, spall failure in armor plate. 
Using the 80-mm-diameter gas gun, the 
spall strength of a material can be de- 
termined from axial stress (measured 
by noting changes in the resistance of 
manganin gages embedded in the back 
of the target) or from particle motion at 
the back surface of the target (by mea- 
suring Doppler shifts with a recently 
installed laser interferometer). Several 
metals have been studied, including cop- 
per, rolled homogeneous armor, and 
carbon steel. Now that we have mas- 
tered the experimental techniques, an 
investigation of dynamic brittle fracture 
in ceramic materials is under way. 

Fig. 5. One of the test devices of the Materials 
Science and Technology Impact Facility at Los 
Alamos, an 80-mm-diameter, single-stage, gas 
gun. In this gun, pressurized gas shoots a pro- 
jectile, or flyer plate, down the launch tube at a 
stationary target in the experimental chamber. 
The flyer plate and target are typically made of 
the same material, which is the material being 
tested for changes due to imposed shock. 

Breech Flyer Plate 
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THE 80-MM DIAMETER GAS GUN 
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SHOCK-DEFORMED ALUMINUM 
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Fig. 6. The static stress-strain curves of 6061-T6 aluminum alloy as received (black) and after 
having been shock-deformed (red) at 2, 8, and 13 gigapascals with the gas gun in Fig. 5. The 
shock-deformed samples show higher yield strengths but less work hardening. The strain rate 
for all samples was 0.001 per second. 

One of our main goals in the work on 
dynamic processes is to develop consti- 
tutive relations that describe the stress- 
strain behavior of materials over a wide 
range of strain rates, strains, and tem- 
peratures. Such relations will increase 
our ability to predict the behavior of 
particular systems at a variety of condi- 
tions. 

As an example, to model deformation 
and plastic flow we need relations for 
yield stress and work hardening. The 
yield stress (TY at any instant can be 
described by using an equation of the 
form 

where s is a function of strain rate k ,  

42 

temperature T, and pressure p and 8 is 
a parameter (or combination of param- 
eters) that represents the current state 
of the material. This equation reflects 
the fact that a material's yield stress 
changes, both because of what is hap- 
pening to the sample (s) and because of 
the state of the material (a), which can 
have been affected, say, by the previous 
history of stress loading. 

We can then go further by describing 
work hardening d u d e  with an equation 
of the form 

where Qo is an initial work-hardening 

rate and F is a function of the ratio of 
the current yield stress to a saturation 
value Ss that would be obtained by con- 
siderable working of the material at a 
particular strain rate and temperature. 
In other words, the slope of the stress- 
strain curve beyond the yield point de- 
pends, among other things, on the cur- 
rent stress history of the sample com- 
pared to a state in which further stress 
loading of a particular type has no ef- 
fect. 

The advantage of the above type of 
analysis is that the kinetics of work 
hardening are separated from the con- 
ditions that determine the yield stress 
for a given state. This procedure allows 
predictions for complex strain-rate and 
temperature histories, such as are typi- 
cally found in dynamic impact events. 
We have developed constitutive relations 
for model metals and are now extend- 
ing this work to armor and penetrator 
materials. 

Composite Penetrators 

The Department of Defense has a 
need for gun-launched kinetic-energy 
penetrators with length-to-diameter ra- 
tios sufficiently high that the rods will 
penetrate modem armor steel configu- 
rations. However, such rods must have 
high stiffhess (that is, high elastic mod- 
ulus) to resist bending during launch 
and flight because slight bending may 
lead to yaw during flight and a glanc- 
ing blow off the target. The uranium- 
titanium alloy described above is a 
marginal candidate for use in the pro- 
posed penetrator rods because its elastic 
modulus is not high enough. Design 
analysis shows that composites of de- 
pleted uranium and of tungsten (whose 
elastic modulus for bending is three 
times that of uranium) improve the stiff- 
ness of the rod and thus, potentially, its 
performance. The stiffhess of the com- 
posite rod is directly related to the ge- 
ometric placement of the high-modulus 
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material in the rod. It is possible to ar- 
range the composite so that maximum 
stiffening is achieved with the least 
change in penetrator density, 

Early in the development of the com- 
posite penetrator, we realized that the 
difference between the coefficients of 
thermal expansion of the two materi- 
als was sufficiently large that the tung- 
sten either fractured or buckled slightly. 
causing it to lose collinearity with the 
penetrator axis. Both these effects, of 
course, are detrimental to the properties 
of the composite as a penetrator. We 
added various metal powders to the ura- 
nium component and found, for some, 
that the coefficients were matched more 
closely. In fact, both the therrnal-expan- 
sion coefficient and the elastic modulus 
were altered according to the "rule of 
mixtures" (the value of a property of a 
mixture is the sum of component values, 
each weighted by the relative concentra- 
tion of the component). 

We tested tungsten-uranium compos- 
ite rods in which the uranium was re- 
inforced with metallic particles. There 
was both an expected slight increase 
in elastic modulus (25 per cent) and an 
unexpected but significant increase in 
yield strength. For example, the ten- 
sile (stretching) yield strength increased 
from the 25,000 psi (pounds per square 
inch) typical of cast unalloyed uranium 
to 110,000 psi in the cast composite, an 
increase of more than 400 per cent. 

The significant jump in yield strength 
was an exciting bonus. Penetrators cast 
from the uranium-titanium alloy are brit- 
tle and therefore must be heat treated, 
but heat treatment is expensive, time 
consuming, and prone to formation 
of voids in the uranium. Composite 
penetrators can simply be cast with- 
out heat treatment, producing rods with 
yield strengths in the same range as for 
uranium-titanium alloy penetrators that 
have been heat-treated. The results to 
date have identified an optimum compo- 
sition of metallic powders that produces 

rods with both high strength and high 
stiffness. 

Another alloy. Our research on these 
composites has concentrated on devel- 
oping material with the highest strength 
compatible with a low enough pow- 
der content to preserve ease of cast- 
ing. Optical micrographs of both the 
original powder and a cast uranium- 
metallic powder material (Fig. 7) show 
that part of the powder, after casting, is 
present in the uranium as a dispersion 
of coarse particles. However, the par- 
ticles are smaller and less angular than 
those found in the starting powder itself, 
which indicates that part of the metal 
dissolves in the uranium, forming an- 
other alloy. Significantly, regions of fine 
particles are also observed; apparently, 
some of the dissolved metal reprecip- 
itates during the cooling process. Our 
studies indicate that the precipitation is 
the principal cause of the strengthening 
of the material. 

The addition of metallic powder to 
uranium has been so effective in mini- 
mizing the mismatch of thermal expan- 
sion coefficients in the composite that 
fabrication of full-scale penetrators have 
yielded crack-free rods that require no 
further heat treatment before machining 
(Fig. 8). The simplicity of processing is 
a significant advantage for manufacture. 
Further, subscale ballistic tests have 
shown that uranium-tungsten composite 
rods can penetrate targets at relatively 
low velocities, whereas pure uranium 
rods failed to penetrate the same targets 
at any velocity. 

Our work to date on the mixtures 
of uranium and metallic powder also 
hints at the possible development of a 
new high-strength uranium alloy with 
other highly desirable features not pos- 
sessed by, say, the heat-treated uranium- 
titanium alloy. Weldability of the mate- 
rial is quite good, and bend tests show 
it to have significantly enhanced ductil- 
ity (the ability to be deformed without 

METAL-POWDER 
MORPHOLOGY 

1 Starting Metal Powder I 

Cast Uranium-Metal Powder I Ã 

Fig. 7. These optical micrographs show the 
changes in morphology that occur when metal- 
lic powder Is mixed with uranium and then cast 
at about 1 3 5 0 ~ .  The fact that the occasional 
sharply angular regions in the original powder 
have disappeared in the cast material indicates 
that part of the metal dissolved in the uranium, 
and the presence of finer particles in the cast 
material indicates that part of that dissolved 
metal reprecipitated on cooling. 

fracture). 
Among the many aspects of the alloy 

that are of interest and that need to be 
studied are the following: 

confirmation of the alloy phase dia- 
gram, especially the solid solubility of 
the metal in uranium; 

determination of the precipitation 
mechanism; 

variation of the metal grain size with 
thennomechanical processing; 

effect of size and size distribution of 
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particles in the powder on mechanical 
properties; 
m dependence of fracture toughness and 
other mechanical properties on tempera- 
ture; 

large-strain behavior and work-harden- 
ing characteristics; 

resistance to chemical and stress-in- 
duced corrosion; and 
rn relationships between the microstruc- 
ture and material properties. 

Low-pressure plasma spray. Cost is 
a major consideration in the develop- 
ment of any armor or anti-armor corn- 
ponent. Generally, but not always, the 
cost of the raw material is only a small 
fraction of the overall cost of a com- 
ponent, and significant savings can be 
realized by reducing fabrication costs. 
In general, we have found that simple 
materials coupled with reliable engineer- 
ing and assembly lead to cost-effective 
components. With that approach in 
mind, we have investigated low-pressure 
plasma spraying as a possible fabrica- 
tion technique for such things as com- 
posite penetrators. 

The plasma-spray process that we 
have developed uses a DC-arc plasma- 
spray torch in a chamber filled with in- 
ert gas at a low pressure (Fig. 9). A 
high-velocity stream of high-temperature 

plasma melts injected powder particles 
and propels the molten droplets against 
a substrate. The result is a rapidly solid- 
ified deposit of fine-grained material. 
Our facility features a single DC-arc 

plasma-spray torch with two powder- 
feed inlets. The two inlets allow us to 
deposit two materials simultaneously. 
Four axes of manipulation are available 
between the spray torch and the sub- 
strate. Plasma spraying should prove 
to be faster and cheaper than any other 
means of fabricating composite penetra- 
tors. 

Chemical-Energy Penetrators 
As mentioned earlier, the second class 

of penetrators is the chemical-energy 
penetrator. This weapon defeats ar- 
mor by using the chemical energy of 
a shaped explosive charge, ignited on 
impact, to propel a metal liner at the 
target. Typically, the liner is a conical 
shell bonded to a machined hollow in 
the charge opposite the detonator with 
the base of the cone pointing outward 
toward the target (Fig. 10). The shape 
of the charge focuses much of its expio- 
sive force onto the metal liner, turning 
it inside out and stretching it to form a 
long jet of solid material. (In other ver- 
sions of the weapon, a compact, high- 

Fig. 8. Crack-free composite penetrator rods of tungsten and uranium have been successfully 
formed by more closely matching the thermal coefficients of the two materials. The match was 
achieved by adding metal powder to the uranium. 

velocity slug is formed.) In effect, the 
liner becomes a kinetic-energy penetra- 
tor but with typical impact velocities 
of about 7 kilometers per second com- 
pared to 1 or 2 kilometers per second 
for normal kinetic-energy penetrators. 
Although a kinetic-energy penetrator 
travels from gun to target at high ve- 
locity, a chemical-energy weapon can 
work even if the device is simply placed 
against the armor and ignited. 

Los Alamos has applied much of its 
knowledge about materials to the devel- 
opment of liners for the chemical-energy 
weapon, and liners made from unalloyed 
uranium represent the most effective 
such penetrator currently available. The 
fact that the physical and mechanical 
properties of materials are important 
determinants of the performance of a 
munitions component is nowhere more 
evident than in the case of those lin- 
ers. For example, the ability of a liner 
to form a long, stable jet depends in an 
extraordinary way on both the physi- 
cal properties of the material and the 
process-induced mechanical properties. 

To achieve ideal performance, a prek 
cisely fabricated shell of depleted ura- 
nium bonded into the machined cavity 
of high explosive must, upon detonation, 
produce a long, thin, unbroken jet of 
metal traveling at a high velocity. The 
jet elongates in flight and must have 
sufficient dynamic ductility to prevent 
breakup before striking the target. Such 
ductility depends strongly on the metal- 
lurgical history of the liner. 

When we recognized that jet breakup 
was highly dependent on the material's 
process history as well as on its phys- 
ical properties, we undertook a pro- 
gram, sponsored primarily by the Air 
Force Armaments Laboratory at Eglin 
Air Force Base, to gain a better under- 
standing of how metallurgy affects jet 
formation. To achieve this understand- 
ing, we studied uranium and other met- 
als with different crystal structures. A 
number of metallurgical factors emerged 
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that have an important bearing on liner 
performance. 

The key to these desired mechani- 
cal properties is the production of an 
appropriate crystalline microstructure 
in the formed liner blanks. To achieve 
the correct microstructure, we first se- 
lect a material whose properties are 
highly sensitive to mechanical defor- 
mations and then subject that material 
to a series of carefully manipulated de- 
formations and heat treatments. To learn 
more about formation of the preferred 
microstructure, we monitor our materi- 
als carefully during the various stages 
of deformation. Mechanical properties 
of the fabricated sheet are measured in 
three orthogonal directions in the rna- 
terial, crystallographic orientation of 
title grains are determined using x-ray 
diffraction, and the development of the 
microstructure is followed using various 
metallographic techniques. 

In addition to our success with de- 
pleted-uranium jets, we have shown that 
liners with reproducible characteristics 
can be formed from other metals. In 
fact, some of our experimental metal 
liners produce particularly long ductile 
jets with very late breakup times. The 
same careful attention to processing his- 
tory and development of the appropriate 
crystalline microstructures are critically 
important for these metals also. 

Ceramic Armor 

The opposite side of the coin from 
penetrators, of course, is armor. Here 
also knowledge of material properties is 
of critical importance to the design of 
armor packages that will defeat a wide 
range of penetrators. 

Any material used to defeat a high- 
velocity projectile must deal with the 
kinetic energy and momentum of that 
projectile with some combination of 
three mechanisms: 1) absorption of the 
energy as heat and deformation in the 
target material, 2)  rebound of the pro- 

PLASMA-SPRAY DEVICE 

40 - 200 torr Argon 
I -- 

Chamber 
80 kW - _ +  - 

Power Supply 

Fig. 9. This schematic depicts the major components of a low-pressure plasma-spray device being 
used at Los Alamos to explore the low-cost fabrication of such objects as composite penetrators. 
An 80-kilowatt arc is generated in a mixture of argon and helium gases by applying a DC voltage 
across the gap between a tungsten cathode and a cylindrical water-cooled copper anode. The 
arc creates a high-temperature, high-velocity plasma stream moving to the right. Powder fed into 
this region collides with the stream, melts, and is propelled as molten droplets onto a substrate, 
where it quickly solidifies, producing a fine-grained deposit. A second powder feed (not shown) 
allows one to run the feeds simultaneously, producing a layer of mixed material. The whole device 
operates under a reduced pressure of argon, and the powder feeds operate by being pressurized 
with argon. 

jectile, which is how steel armor deals 
with a steel projectile, and 3) gross de- 
formation of the projectile. The last 
mechanism is the most efficient way 
for armor to defeat projectiles because 
most of the kinetic energy is absorbed 
in the destruction of the projectile itself 
and, with little rebound of the projec- 
tile, momentum transfer to the armor is 
minimized. Unfortunately, conventional 
steel armor is not capable of defeating 
high-hardness projectiles, such as annor- 
piercing bullet cores and tungsten rods, 
in this way. 

As a result, a variety of armors have 
been developed, including multilayered 
composites and reactive armor. (Re- 
active armor has a layer of explosive 
material that ignites on impact, blowing 
a facing plate outward to deflect or de- 

stroy the projectile.) However, one of 
the key problems facing armor designers 
is weight-a well-armored tank may, 
in the end. be too heavy to move. As a 
result, there is a need for armor systems 
that are light but difficult to penetrate. 

One approach to weight reduction 
has been the use of ceramics, which of- 
fer exceptional protection for very light 
weight. Some of the relevant ceramic 
materials are aluminum oxide (A1203), 
silicon carbide (Sic), boron carbide 
(B4Q, and titanium diboride (TiBa), all 
of which have high hardness with an as- 
sociated abrasiveness, high compressive 
and tensile strengths, and good elastic 
properties to high stress values. 

Microwave processing. High cost is 
currently one of the disadvantages of 
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ceramic armor, and, as pointed out ear- 
lier, cost is a major consideration in the 
development of any weapons compo- 
nent. A significant portion of the cost 
of ceramic armor lies in the fabrication 
of monolithic ceramic plates with the 
required high density. Here, again, we 
have attempted to reduce fabrication 
costs-in this case, by using microwave 
radiation to process the ceramic. 

The ceramics of interest for armor 
materials are currently processed us- 
ing hot pressing (in which graphite dies 
apply high uniaxial pressure while the 
material is slowly heated) or using hot 
isostatic pressing (in which an inert gas 
applies high isotropic pressure to the 
material in a heated chamber). These 
techniques generate the high densities 
needed for ceramic armor but are expen- 
sive and slow. 

Microwave processing, using the 
commonly employed frequency of com- 
mercial microwave ovens (2.45 giga- 
hertz), achieves the required high den- 
sities by starting with cold-pressed ce- 
ramic powder and rapidly sintering it 
(heating without melting until the mate- 
rial forms a dense homogeneous mass). 
Microwave processing is much faster, 
and therefore less energy-consumptive, 
than conventional hot pressing, and the 
equipment needed is considerably less 
expensive. 

Microwave processing also produces 
a superior material because the heating 
occurs rapidly throughout the entire vol- 
ume of material. Traditional processing 
methods, which depend upon conduction 
from surface to interior, promote growth 
of large crystal grains in the material 
because of prolonged heating, much as 
overbaking creates a rough, crumbly 
texture in bread. Microwave sinter- 
ing couples energy rapidly throughout 
the material and thereby favors den- 
sification of the material over grain 
growth. The end result is a ceramic 
with a finer grain size, fewer voids, 
and fewer stress cracks and thus better 

mechanical properties, such as greater 
strength and higher resistance to ballistic 
penetration. 

Microwave processing also offers ad- 
vantages in the final fabrication steps. 
Hot pressing can produce only simple 
shapes that must then be machined into 
the desired forms. Depending on the 
density and eventual application of the 
ceramic, the machining may require 
many extra hours and the use of ex- 
pensive diamond-tipped cutting tools. 
Microwave processing can be applied 

THE CHEMICAL-ENERGY 
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to shapes close to those required for the 
ultimate use. 

Although microwave sintering of ce- 
ramics is not new, we took the process 
a step further by combining precise po- 
sitioning in the microwave oven with 
insulation techniques that reflect and 
concentrate the radiated energy on the 
sample, much as snow or sand reflect 
sunlight back to the skin. The resulting 
greater thermal efficiency of the pro- 
cess improved the sinterability of diffi- 
cult materials such as aluminum oxide, 
boron carbide, and titanium diboride. 
We have, for example, been able to sin- 
ter boron carbide to 95 per cent theoret- 
ical density (Fig. 11). The time required 
to heat the material from room temper- 
ature to over 2000 degrees centigrade is 
under 12 minutes, whereas conventional 
hot pressing takes several hours. The 
capital costs for the Los Alamos mi- 
crowave facility were less than $35,000, 
whereas a 3-inch-diameter hot press, the 
equipment needed to densify a boron 
carbide sample of the same size, costs 
between $120,000 and $200,000. Fur- 
ther, energy costs were cut about 18 per 
cent. 
We are also working on a new com- 

Fig. 10. (a) The conical shape of a typical 
chemical-energy penetrator Is designed to fo- 
cus the explosive energy of the charge onto a 
metal sheet (red) that lines the conical hollow. 
(b) Because the explosive force in the charge 
reaches the center of the liner first, this region 
is accelerated before the outer regions. (c) As 
a result, the liner turns inside out, stretching 
into a long jet of material. If the metal liner 
has the proper materials properties, it will form 
an unbroken jet and will Impact the target at 
a velocity much higher than that of a typical 
kinetic-energy penetrator. (d) This doubly ex- 
posed radiograph of a chemical-energy pen- 
etrator shows the shaped charge on the left 
with, in this case, a hemispherical liner. The 
Image to the right is the solid Jet formed when 
the charge was fired. 
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posite .material for armor applications- 
aluminum oxide reinforced with platlets 
of silicon carbide. The platlets, being 
single crystals, have exceptional tensile 
strength and can be used to increase the 
fracture toughness of ceramics, metals, 
and perhaps even polymerics. Less than 
10 minutes of microwave processing are 
required to produce the new composite 
at 94 per cent of theoretical density, and 
we expect that material to have very 
good resistance to ballistic penetration. 

Ceramic-Filled Polymer Armor 
Ceramic armor for, say, lightweight 

fighting vehicles and armored personnel 
carriers currently consists of an out- 
side layer of high-density ceramic tile 
bonded to a backing plate. Conventional 
wisdom about such armor had suggested 
that the ceramic should have high im- 
pact strength and hardness so it can 
help break up a sharp, hard projectile. 
That requirement implies the ceramic 
should possess high elastic impedance 
combined with high hardness and high 
compressive strength. 

Another property that had been felt to 
be important for ceramic armor is high 
tensile strength. The impact load trans- 
mitted through the ceramic produces 
compressive stress on the backing plate 
and a corresponding tensile stress on the 
rear surface of the ceramic tile. The re- 
sult is plastic yield in the ceramic and 
the development of a fracture conoid. A 
ceramic with high tensile strength would 
resist such fracture. 

However, research by Mark Wilkins 
at Lawrence Livermore National Labo- 
ratory indicates that the most important 
mechanism for defeat of a projectile by 
ceramic armor is abrasion. The frac- 
ture conoid in the ceramic spreads from 
the point of impact and generates sharp 
fragments that are instrumental in help- 
ing to abrade or erode the projectile. 

We recently performed a series of 
ballistic tests on a new type of armor, 

Fig. 11. A sample of boron carbide is rapidly slntered in a microwave oven to produce a fine- 
grained ceramic with a density that is close to the theoretical maximum. 

ceramic-filled polymer armor, and the 
results were exceptional. Our new ma- 
terial typically consists of a ceramic 
aggregate (about 85 per cent ceramic 
by weight) mixed with a binding poly- 
mer or other carrier. Such a material 
possesses essentially none of the me- 
chanical properties deemed important 
for ceramic armor. In fact, the primary 
mechanism for defeat-erosion of the 
penetratorÃ‘depend upon the tendency 
of the new material to fragment fully. 

Design and fabrication. The ceramic- 
filled polymer serves to illustrate the 

importance of the entire design of an 
armor package. One of the important 
properties of this material may be its 
dilatancy, that is, its tendency to read- 
ily expand into any free volume when 
fractured. But whether dilatancy works 
to advantage in the erosion process may 
depend critically on how the material is 
confined. 
The effect of packaging on dilatancy 

can easily be demonstrated by using rice 
to represent the ceramic-filled armor and 
a pencil to represent the projectile. If 
a pencil is pressed down into a beaker 
filled with rice, resistance will be slight. 

Los A l m s  Science Summer 1989 



But if the rice is confined to a flask with 
a narrow neck, resistance to the pencil 
will be much larger because the rice 
is unable to move out of the way of 
the pencil. Free volume is available for 
expansion in the first case but not in the 
second. 

Although a complete explanation of 
the excellent results of ceramic-filled 
polymer armor has not yet been ob- 
tained, it appears that dilatancy is in- 
volved. A chunk of unconstrained poly- 
mer simply blows away on impact with 
little or no effect on the projectile. A 
properly designed armor package, how- 
ever, totally constrains the ceramic-filled 
polymer (Figs. 12 and 131, say with a 
backplate and surrounding layers of a 
high-performance polymeric fiber like 
Kevlara. On impact the only free vol- 
ume is the hole generated by the pro- 
jectile itself as the armor is hit and frac- 
tures, The resulting expansion of the 
ceramic-filled composite generates a 
very large number of highly erosive ce- 
ramic particles that may be forced out 
between the sides of the hole and the 
penetrator, eroding the projectile. 

These properties, of course, are quite 
different from those usually thought of 
as ideal fir ceramic armor. In fact, the 
ultimate tensile strength of ceramic- 
filled polymer armor is limited by the 
strength of the polymer binder, which 
typically is much lower than that of 
monolithic ceramic. Another prop- 
erty of the aggregate limits compfes- 
sive strength-the polymer bonding 
agent becomes fluid at low applied 

Fig. 12. The before and after of a test of 
the stopping power of ceramic-filled polymer. 
(a) The various pieces of the test configura- 
tion in the order in which they are put to- 
gether, including polymer plates (white), the 
target holder that constrains the polymer (the 
metal pieces on the left and at the center), and 
the armor plate being protected by the poly- 
mer (the metal piece on the far right). (b) The 
same pieces after the plates have stopped a 
projectile without significant damage to the ar- 
mor plate. 

CERAMIC-FILLED POLYMER ARMOR 

Fig. 13. This sample of polymeric armor has 
been cut open to reveal the various layers 
of ceramic-tilled polymeric plates confined be- 
neath Kevlarm. The ceramic used in the front 
plate (black) Is boron carbide; the ceramic 
used in the other plates (white) is aluminum 
oxide. 
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shear stress. This phenomenon, called 
thixotropy, can be capitalized on during 
manufacture or repair of the armor be" 
cause the aggregate-filled polymer will 
flow under a constant applied forming 
pressure, allowing the armor to be cast 
or molded at low temperatures. 

Lightweight armor systems are cur- 
rently made of high-density ceramic 
tiles-a very expensive process because 
the ceramic requires high-temperature 
fabrication and extensive finish grinding. 
The polymeric armor requires no high- 
temperature fabrication or expensive fin- 
ishing steps and can be easily formed to 
any required shape, including very large 
and thick or very geometrically compli- 
cated shapes. Additionally, monolithic 
ceramic suffers from a limited ability 
to withstand multiple hits because of its 
propensity to break up, whereas poly- 
meric armor, although highly fractured 
by the impact, mostly remains in place. 

Ballistic tests on an armor package 
containing ceramic-filled polymer tiles 
have shown exceptional results. On 
an equal-volume basis the polymer- 
bonded material is almost equal to a 
high-density, high-purity aluminum ox- 
ide ceramic tile. On an equal-mass ba- 
sis the ceramic-filled polymer is better! 

Ceramic-filled polymer armor can 
offer four important advantages over 
conventional ceramic armor: 

a a reduction in weight of about 10 per 
cent since more than 10 per cent of the 
ceramic is replaced with low-density 
polymer bonding agent; 

a reduction in manufacturing cost of 
greater than 50 per cent due to low- 
temperature fabrication and elimination 
of expensive grinding steps; 

greater ease of in-field repair since 
either prefabricated, lightweight tiles or 
the ceramic and polymer constituents 
can be stored on board the vehicle: and 
1 greater ease of accommodating design 
improvements, such as incorporation of 
very hard boron carbide plates in the 

modular package to increase the capabil- 
ity of the armor to break up penetrators. 

We are currently exploring in greater 
detail both the abrasion-erosion mech- 
anism of defeat and the exact contri- 
bution of packaging constraints on ar- 
mor effectiveness. Those effects must 
be studied systematically if we are to 
exploit ceramic-filled polymers for fabri- 
cating inexpensive, reliable, lightweight 
armor for mobile fighting vehicles (see 
"ATAC and the Armor/Anti-armor Pro- 
gram"). 

A variety of other research on armor 
and anti-armor materials takes place 
at Los Alamos. Those studies range 
from investigation of other alloys for 
penetrators to the use of chemical va- 
por deposition to infiltrate "open mesh" 
composite materials. The latter has a 
particularly high potential for improving 
the properties of ordnance components 
such as gun barrels and sabots. 

We believe that materials technology 
is the enabling~or limiting-technology 
for virtually all conventional weapons 
systems. Materials science and tech- 
nology has progressed to the point that 
"tailored" properties of materials are a 
reality. The effects of microstructure on 
liner performance for chemical-energy 
weapons, the adjustment of the coeffi- 
cient of thermal expansion and the ac- 
companying improvements in mechan- 
ical properties of the tungsten-uranium 
composite penetrators, and the excep- 
tional protection offered by ceramic- 
filled polymer armor are examples of 
rather straightforward applications of 
developments in materials. These de- 
velopments, though seemingly simple, 
are grounded in a thorough understand- 
ing of materials science and technology. 
We believe the surface has barely been 
scratched and that the future in conven- 
tional munitions belongs to innovators 
and designers of new materials. 4 
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of depleted uranium alloys for penetrators and 
the development of ceramic-filled polymer armor. 

Some of the people responsible for the work 
described in this article include (from left to 
right) Anna Zurek (high-strain properties of ma- 
terials), Joel Katz (microwave processing), Phil 
Armstrong (materials properties and characteri- 
zation), Noel Calkins (development of compos- 
ite armor), Pete Shalek (ceramics processing), 
Paul Dunn (development of composite kinetic- 
energy penetrators), Paul Stanek (development 
of low-pressure plasma spraying), Don Sand- 
strom, Billy Hogan (Program Manager for the 
kinetic-energy penetrators), and Robert Reiswig 
(chemical-energy penetrators and materials char- 
acterization). 

Los A l m s  Science Summer 1989 



and the AmorJAnt i -hor  Program 1 



The Rand Corporation, E.1 DuPont de Nem~urs* Honeywell, hc., Battelle Washington Operation, Textron Defense Systems 

chief concern driving the cur- 
rent U.S. armor/&nti-armor 
program is that the Soviets 
.have a significant lead over 

the United States in tanks and antitank 
weapons (see "A Comment by General 
Starry"). Moreover, simple solutions in 
armor and anti-mor technology have 
already been implemented, so it may 
no longer be possible to find a "quick 
fix" that will catapult the conventional 
U.S. forces to a decisive lead over the 
Soviets. The problems are complex and 
the science sophisticated enough that 
we cannot depend on small, incremental 
improvements. We must base new solu- 
tions on a better scienti9c understanding 
of materials and their behavior under 
ballistic conditions. 

As a result the national AnnorlAnti- 
Armor Program, although spearheaded 
by DARPA (Defense Advanced Re- 
search Projects Agency), is also a col- 
laborative effort with the U.S. Army, 
the U.S. Marine Corps, and 130 corpo- 
rations, laboratories, and universities. 
A key element in this collaboration is 
the Advanced Technology Assessment 
Center created at Los Alamos to pro- 
vide the strong scientific base needed 
for high-tech advances in armor and ar- 
mor penetrators. ATAC serves as both a 
testing center for new developments and 
a scientific resource that all participants 
can draw upon. 

A major impetus for choosing Los 
Alamos as the Advanced Technology 
Assessment Center was history: there 
has always been a synergistic and inti- 
mate relationship between the Labora- 
tory's nuclear and conventional weapons 
technologies. In the early days of the 
Manhattan h j e c t ,  ordnance experts 
came to Los Alamos to design essential 
components of the &st nuclear devices. 
The overlap between the design of nu- 
clear and conventional weapons that was 
established then, and which continues 
today, includes the hydrodynamics of 
high explosives, firing systems (detona- 

tors a d  electronics), materials proper- 
ties (especially at high strain rates and 
extreme pressures), and computer mod- 
eling. Further, the precision required for 
nuclear ordnance has forced the Labo- 
ratory to explore these technologies at 
very detailed and precise levels. 

~ o u g h o u t  the 1970s Los Alamos 
contributed to Department of Defense 
conventional munitions. For example, 
we developed a uranium alloy to sene 
as an aor-piercing round for the Air 
Force. The material proved so effective 
it became a standard for large-caliber 
penetrators. We dso collaborated with 
industry and Navy laboratories to solve 
a propellant safety problem that threat- 
ened the Trident system. This last effort 
led to the joint development-by Las 
Alamos, Lawrence Livemore National 
Laboratoq, and the- Air For~e Rocket 
Propulsion Laboratory-of a method- 
ology for testing the safety of solid 
rocket propellant. One of our most no- 
table contributions was the long standof 
penetrator , a shaped-charge, chemkal- 
energy weapon that was tested in 1979 
and shown to penetrate more deeply into 
arinor than my other such weapn. In- 
terest in the design of this penetrator 
led to mare extensive Los Alamos in- 
teractions with Department of Defense 
munitions researchers md, ultimately, to 
the choice of Los Alamos as ATAC. 

ArmorfAnti- Armor 
Program Goals 

The long-term gods of the national 
Armor/Anti-Armor Program are to de- 
velop a broad h e  of expertise in pri- 
vate industry and make that expertise 
available to the U.S. Armed Form. On 
a short-term basis the nationd program 
also hops  to increase the rate at which 
we modernize armor a d  anti-armor 
systems until the U.S. can outperform 
the Soviet Union in the development of 
several key technologies. The strategy 
devised to accomplish both goah is to 

challenge industry b the key technolo- 
gies by making the research, develop- 
ment, test, and evaluation stages of the 
national program highly competitive. 

The strategy has been implemented 
by breaking the care of the ArmorIAnti- 
-or Program into h e  major ele- 
ments: the Blue Teams, the Red Design 
Bureau, and ATAC. The Blue Teams 
consist of contractors who are develop- 
ing armor and antitar& weapons. These 
contractors are large industrial corpo- 
rations that have enlisted universities, 
national laboratories, and other corpo- 
rations as subcontractors to help with 
heir competitive efforts. The first phase 
of the program involves a b u t  130 ma- 
jor contractors selected from an original 
field of over 400 companies. 

The Red Design Bureau-headed by 
Battelle Memorial Institute in Colum- 
bus* Ohio-was created to design a Yb- 
viet t h a t "  for the competitive stages of 
the program. The threat is based on an 
independent evaluation of available in- 
telligence data. In other words, the Bu- 
reau t ies to "think Soviet," design what 
the Soviets might be designing, and then 
fabricate actual prototypes. These fumr- 
istic Soviet m o r s  and penetrators are 
used to test and assess the Blue Team 
hardware. Members of the Blue Teams 
do not learn what tbe threat will be until 
about a month before competitive test- 
ing. 

The roles of ATAC are, first# to stim- 
ulate the entire process by transferring 
technology from Los Alamos to hdus- 
t-ry and, second$ for the Laboratory to 
serve as a neutral referee in the wmpet- 
itive stages. Specifically, ATAC helps 
the Blue Team members develop better 
products, and then it tests those products 
against the threat created by the Red 
Design Bureau. Much of the help pro- 
vided by ATAC comes fiom two major 
areas of Los N m o s  research: materi- 
als science (see "Armor/Anti-Armor- 
Materials by Design"] and computa- 
tional codes (see "Modeling Armor Pen- 
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&ration"). MAC is also responsible 
for ensuring that testing of Blue Team 
products is performed and evaluated ac- 
curately, thoroughly, and without bias. 
Ow evaluations include recommenda- 
tions for fbture funding of promising 
technologies. 

ATAC's effectiveness in the Armor/ 
Anti-Armor Program requires that Lo% 
Alamos be at the t e c h i d  forefkont of 
armor and anti-mor research. Thus 
ATAC invests a significant portion of 
its budget in research on materials sci- 
ence and technology, development of 
diapostic techniques2 and computa- 
tional research. In addition, Los Alamos 
has contracted a number of ~onsultants 
and universities for help in disciplines 
outside the ex@se of Los Mamos sei- 
entists. 

A Scientific Challenge 
The basic challenge in armor/anti- 

armor research and development is to 
understand each problem souad 
physical princ@les a& the appmpriate 
materials properties. For example? our 
thinking about the usefulness of cerm- 
ics as armor material changed   tic ally 
with an increase in our understanding 
of ceramic material properties and how 
ceramics react physically to ballistic h- 
pact. 

One of the most efficient ways for 
armor to defeat a projectile is to turn 
most of the kinetic energy back into de- 
struction of the projectile itself? say by 
hcture or plastic flow in the penetra- 
tor. Ceramics were considered possible 
as m a r  material because they gen- 
erally have high compressive strength 
and are lightweight? two qualities d* 
sirable for mobile weapons systems 
that need tough9 light amor. Unfortu- 
nately, cemics  also tend to be brittle 
and break up e ~ i l y  on impact, which9 it 
was thought2 would undermine the ma- 
terial's ability to destroy the penetrator. 
When ceramic materids were testedt 

however, they appeared much more ef- 
ficient than expected. In truth, no one 
understood how the armor worked. 

Eventually it was proposed that the 
breakup created a mass of hard, abrasive 
ceramic chips that eroded the pen&.rator. 
Detailed computational and materials 
research at both Los Alamos md Liv- 
emore confinned this hypothesis and 
made us realize how to turn the appar- 
ent disadvantage to our favor. The goal 
was then to keep fractured ceramic in 
front of the penetrator as long as possi- 
ble, causing the rod to erode as it forced 
its way through the rubble. As a result, 
how the material was packaged became 
as important as its strmgth and fracture 
characteristics. 

Only by examining defeat mecha- 
nisms in this detailed way can scientists 
optimize both the material character- 
istics (abrasive chips) md produet de- 
sign (how to confine those chips) to 
enhance the desired effects. (See both 
"horlhti--or-Mateids by De- 
signyy and "Studying Ceramic Armor 
with PHE-X' for a fuller discussion 
of ceramic armors.) 

The same challenge of undemanding 
the physics of the balli~tic event, the 
materials mv01ved~ and the effect of 
product design is true for penetratms. 
An example is the metal liner used in 
chemical-energy weapons. The detona- 
tion of a shaped charge moves this liner 
at the target i i ~  such a way that the ma- 
terial trmsfoms into a high-velocity jet 
of solid stretching material. To be ef- 
fective, the liner must have the proper 
combination of strength and ductility to 
allow it to stretch without breaking. 
If one is to achieve a desired liner 

performance, criteria-such as the ma- 
&& density, the tip velocity, and the 
coherency of the jet-must first be de- 
termined. Then the key elements neces- 
sary to those criteda must be identified. 
For instance, work at Los M m o s  has 
shown that selection of h e r  material, 
design of the charge, and the crystalline 

microstructure of the liner are critically 
important. Additionally* we have found 
that t~ specific "heat and beat" fabrica- 
tion process for each material has to 
be followed to achieve the prefemed 
crptalline microstructure. We had to 
explore a variety of these processes 
to select the correct one-an expen- 
sive> time-consuming task if done solely 
on an experimental basis. We hope to 
shorten the task considerably by us- 
ing a computer model to predict liner 
perfommce based upon various crys- 
talline micro~tructures. We will make 
this information and the modeling code 
available to others? including Blue Team 
contractors. In fach industry has been 
briefed on the prehhary work. 

We are hoping that the same process 
evolves for kinetic-energy penetrators, 
which several Blue Team contractors 
have undertaken to explore, At present* 
the idea that dominates development of 
kinetic-energy penetrators is simply that 
the heavier the penetrator and the faster 
it hits the target, the better. However, 
Blue Team contractors are asking them- 
selves several questions: What mechan- 
ical properties should be considered? 
Does fracture toughness give the pene- 
trator its ultimate strength? What effect 
does chemical composition have on this 
strength? In other wordsy a better under- 
standing of the physics of high-velocity 
impact needs to be acquired. This is the 
type of challenge facing the Blue Team. 

Current Research 

Further advances in the develop- 
ment of the chemical-energy warhead 
is a tactically urgent problem that the 
hor/Anti-Armor Program is currently 
tackling with much vigor. Before re- 
active and spaced armors were intro- 
duced, chemical-energy weapons had a 
number of clear-cut advantages. For in- 
stance, the chemical-energy penetrator 
is better at penetrating steel armor than 

continued on page 56 
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Comment 

General t? 
Starry * 

'W e are behind the Soviets to catch up and frequently as long as fif- 
in both armor and bullets. teen years to apply the same technology 
That simple declarative in our fielded systems. 

sentence is what makes the ratification "This is not an indictment of our in- 
of the Intermediate-range Nuclear Force telligence system. We do gather suf- 
(INF) treaty a provocative action. It is ficient idormation on which to make 
the raison d7Etre for the new national in- fairly reliable estimates. In fact, three 
terest in armor and anti-armor technolo- years ago we had the intelligence corn- 
gies. And it was the principal finding of munity make some estimates of what 
the 1985 Defense Science Board Task was in the 'bathtub;' to no one's sur- 
Force on Armor/Anti-Armor, of which I prise, those developments are now be- 
was the chairman. ginning to appear. 

"Ow Task Force study reported that, "The flaw, instead, is in our decision- 
in armor and anti-amor systems, the making process. Our system reacts 
U.S. has been behind the Soviets for positively only when confronted with 
perhaps fifteen to twenty years, and we hard evidence-a photograph of fielded 
are falling further behind at an alarm- equipment-and negatively to an in- 
ing rate (see Figure). Back in 1985, telligence community 'bathtub' projec- 
we considered the problem as one 'ap- tim. No o m  in Washington is willing 
proaching a matter of national urgency.' to make a decision until shown a picture 
Today we have crossed the threshold; of a fielded system incorporating new 
the situation is now a matter for urgent technology; then there will be all sorts 
national priority. of doomsday and 'how could this have 

"The problem is not a lack of tech- happened' reactions. 
nology or intelligence data. Scientific "So the first problem our country has 
journals and other open literature collec- is how we look at the threat. The sec- 
tively provide a fairly substantial body ond problem is one of technology field- 
of data from which we can determine, at ing. We are fighting against a naturd 
least by inference, what they are doing tendency of laboratory scientistsdven 
in research and development. at. places like Los Alamos-to keep the 

"However, over time, we find infor- technology at the workbench too long. 
mation concerning a given technology Of course% they want to keep improv- 
declining in volume or even disappear- ing the capabilities. But if you allow 
k g  fi-om their literature. Does this mean the scientists more and more time and 
that the Soviets have given up on a funds, you may end up with a wait of 
technology? The U.S. has a tendency five to ten yeas, an expenditure of rnil- 
to believe so. That may be true, but it lions or billions of dollars, and only a 
is equally possible that they have moved marginal improvement in performance. 
the technology into full-scale engineer- In other words, a laboratory has no in- 
in% development. Eight to ten years centive to get the technology out. 
may pass. Then, all too frequently, "It is vital to have a decision-making 
we ident* what we would call a new mechanism to drive the technology off 
weapon system on a test track or, in the workbench and into the field. The 
some cases, being issued to the troops- Soviets have such a mechanism: the 
a system that fields the so-called disap- five-year planning process. Relentlessly, 
peared technology. every five years the Soviets transfer 

"The Task Force called this decline of technology from the bench to the field. 
information during full-scale engineer- We have no similar system. In fact, the 
ing the Bathtub of Ignorance. Histori- Task Force examined thuty of our tech- 
cally, it has taken us at least five years nology developments and f o ~ n d  at least 



40 
Number 
af Tmb 
(tbusm& 

30 

yew 1 948 

Crew 
Combat Weight 
(metric ton) --- - --  
~ow~rhVe i~h t  Ratio 
(horsepower/metric ton) 
Maximum Road Speed 
(kilometerlhour) 
Main ~ u n  Diameter 
(millimeter\ 
?wet ~ r o i t  Armor 
Thickness (millimeters) . . 

bMet  tank d i w a t o ~ t  outpaces that of the U.S. both in total numbrs and in the i n f r o d ~ o n  of mMern mnglagy. The SQV~~ IS  regard 
8 b  @nk agj #& primafy ekmiin8 af the@ ~ r a m d  combat pow, and Soviet mHWy theory mphas&m the .hnportmce of the tank in the 
w m W + m  tpam. As a -It, the %vlets c~mmit a mrar pornon of the@ ms~umes to thdr tank hduSW8 achieving an inâ‚¬eg~te 
evolWonq progrm of b k  &wlopmt &at preuoee thowands @f main M l e  tmks eadl w. LWtgptiWl improvem@nt ~SB be Seeh 
in all i h m  Sovbl am@f s t W y ~ m s - f f r e p o m ~  p~7otedon~ m d  moMty. M-odm tanks (T'44, T-% @fad T4M) m w  m8ke up ~ r o x h a t e l y  
forty per e n t  afthe %vtei t ~ r c e  the field- (â‚¬ in fomtbn far this figure was compiled by the htmationat Techdogy V i s i o n  of the 

Los Namm t W o ~ l  ~ r a B r y . ]  



ill 

THE TOW MISSILE 

Fig. 1. A soldier, almost completely hidden 

by his ground launcher, fires a Hughes TOW 

missile during training. As the missile flies 

toward the target, the soldier tracks it optically, 

guiding it with signals transmitted through the 

wires seen spiralling out of the back of the 

missile. 

gun-fired kinetic-energy penetrators by a 
factor of at least two to one. Also, the 
destructiveness of the chemical-energy 
penetrator is not dependent on the en- 
ergy of the delivery system because the 
penetrator is formed and driven by ex- 
plosives in the warhead. No barrel i s  
required to direct the genetrator, and no 
particular velocity needs to be attained 
to make the weapon effective. Unlike 
kinetic-energy penetrators, chemical- 
energy weapons are light enough to be 
carried by a soldier or transported by 
unmechz&zfed forces. Finally, the d&- 
ployment of highly accurate weapons in 
the early 1970s~such as the TOW mis- 
sile, which is tube launched, optically 
tracked, and wife guided (Fig, 1)- 
nearly doubled the effective engagement 
range of chemical-energy penetrates 

Los Alamos Science Summer 1889 



Aluminum Company of America (ALCOA), General Motors Delco Systems Operation , A.R.A.P. Division of California Research and Technology 

But the situation started to reverse 
itself in the mid-to-late 1970s when 
the advent of spaced armor, then ce- 
ramic laminate armor, and finally re- 
active armor reduced the effectiveness 
of chemical-energy weapons. Today 
the combination of spaced or ceramic 
armor and reactive appliques has prob- 
ably made every fielded system using a 
chemical-energy warhead obsolete. 

Reactive armor-used first by the Is- 
raelis in the 1970s and now estimated 
to be on half of the Soviet tanks-is a 
formidable challenge (Fig. 2). It was 
developed primarily as a countermea- 
sure for chemical-energy weapons and 
consists of a trilayemd sandwich of 
metal, high explosive, and metal. Tile- 
like boxes of reactive armor are simply 
bolted to vulnerable areas of a tank out- 
side its existing armored shell. 

Because of the ability of reactive ar- 
mor to destroy an incoming jet, some 

I 

v Plate 
Explosive 

k 

REACTIVE ARMOR 

Fig. 2. Reactive armor typically has a layer of 
high explosive sandwiched between two lay- 

ers of armor plate. When a high-energy jet col- 
lides with the armor, the explosive detonates, 

pushing the plates into the path of the jet to 
deflect or deform it, thereby protecting the in- 
ner layer of armor. Ideally, the reactive armor 
plate will be moving at an angle to the path of 

the jet, forcing It to drill a slot rather than a 
hole through the plate and giving the plate a 
larger effective thickness. 

people in the weapons community fear 
that fielded chemical-energy warheads 
are now obsolete. However, prelimi- 
nary tests of some new chemical-energy 
warheads developed by Blue Team con- 
tractors show promising results. Signifi- 
cant improvements in performance seem 
attainable with existing technology. Un- 
fortunately, we cannot give more details 
on these developments due to the pro- 
prietary nature of the new designs. 

We can, however, talk about one 
promising concept-tandem chemi- 
cal-energy warheads (Fig. 3). In these 
weapons a small charge at the front of 
the warhead fires to activate the tank's 
reactive armor. A time delay allows the 
reactive-armor plates to move out of the 
way, then a large shaped charge further 
back in the warhead fires a metal jet to 
defeat the base armor. Weight reduction 
technologies, various time delays be- 
tween the firing of the two charges, and 
innovative designs and materials for the 
shaped-charge liners are currently being 
developed. Blast shields between the 
precursor and the main charge are being 
optimized, and the most effective stand- 
off distance-the distance to the shaped 
charge at the instant of its detonation- 
is being determined. Tandem chemical- 
energy warheads seem likely to play an 
important role in the defeat of reactive 
armor. 

The national Armor/Anti-Armor Pro- 
gram has also taken up the challenges of 
new composite materials and advanced 
processing techniques. To achieve the 
low weight and elevated mechanical 
properties needed for armors, the ideal 
material may actually be a composite 
of ceramic and high-strength reinforce- 
ments. Ceramics possess low density, 
high hardness, dilatancy (the tendency 
to expand when fractured), and high 
shear strength-all good properties for 
armor-but they lack fracture tough- 
ness, the ability to resist crack propa- 
gation, which for some purposes, such 
as multiple-hit resistance, may be im- 

portant. To improve fracture toughness 
without sacrificing the other properties, 
we are investigating the use of single- 
crystal whiskers or platelets as a rein- 
forcement in ceramics. Tailoring mate- 
rial properties for specific applications is 
one of the challenges of armor develop- 
ment. 

Interface With Industry 

How is Los Alamos helping industry 
to meet the challenges of the Armor/An- 
ti-Armor Program? A recent incident 
illustrates how ATAC's presence at Los 
Alamos allows the program to tap the 
Laboratory's experience and developed 
technology. Los Alamos has always 
performed nondestructive inspections 
of every nuclear weapon system tested. 
It was thus only natural to perform the 
same tests on the chemical-energy war- 
heads sent to us by Blue Team contrac- 
tors. The evaluations revealed hereto- 
fore undetected cracks and voids in 
some of the warheads that could have 
affected performance. We informed 
the contractors of the problems so they 
could make substitutions, thus ensuring 
that all participants had a fair chance in 
the competition. 

ATAC also provides direct help in 
solving contractor's problems. Our 
program managers, test directors, hy- 
drocode developers, and materials sci- 
entists deal on a one-to-one basis with 
our industrial counterparts. For exam- 
ple, last summer we worked with the 
company that produces the Joint Ser- 
vices hypervelocity missile to help solve 
a control problem. The missile con- 
sists of a large kinetic-energy penetra- 
tor mounted in the missile's warhead. 
Although the warhead is very heavy, 
the missile is long range and able to 
move fast-1.7 kilometers per second. 
Unfortunately, the aluminum fins on 
the missile-critical to its stability and 
control-melted during flight. We even- 
tually solved the problem by suggesting 
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Front Charge 1 

Charge 

A TANDEM WARHEAD 

Fig. 3. One concept for defeating reactive ar- 
mor is to use a chemical-energy warhead with 
two explosive charges rather than one. As the 
warhead approaches the armor (1 through 3) 

the small explosive charge at the front of the 
warhead is detonated. The resulting Impact 
activates the explosive in the reactive armor (4 

through 6), causing the plates of armor to be 

blown away. Later, the large explosive charge 
at the rear of the warhead fires (7). However, 
the angle of the armor and the gap between 
the warhead's initial and final charges causes 
the plates to miss the penetrating jet formed 
by the detonation of this second charge. 
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both a particular ceramic coating and an 
application technique for the coating. 

ATAC Facilities 

ATAC, in its role of testing and eval- 
uating the competing antitank systems 
and armors, uses Laboratory expertise, 
technologies, and capabilities. For ex- 
ample, we are testing chemical-energy 
warheads using the 1000-foot monorail 
rocket sled track at Los Alamos (Fig. 4). 
The sled can reach Mach-1 speeds, and 
the track can be extended to 2000 feet 
if higher speeds become necessary. The 
sled track is very useful for carrying 
out realistic tests of tandem-warhead 
designs. Most tandem designs have a 
significant time delay between firing the 
first and second warheads, during which 
time the second warhead moves consid- 
erably. The rocket sled can be used to 
test the effect of missile' motion under 
precisely controlled conditions. 

We are also building a new intense 
flash x-ray machine next to the sled 
track. This machine should allow ar- 
mor and anti-armor developers to "see" 
the penetration process through eight 
inches of steel (Fig. 5). The source 
in this system will operate at 8 to 10 
mega-electron-volts (MeV) and generate 
an x-ray dose greater than 500 roent- 
gens at 1 meter. This device will easily 
track both kinetic-energy penetrators 
and chemical-energy jets well inside the 
targets. 

Los Alamos also designed and helped 
develop a state-of-the-art test range in 
Socorro, New Mexico, at the Terminal 
Effects Research and Analysis (TERA) 
branch of the New Mexico Institute 
of Mining and Technology. The range 
occupies 1 square mile and features a 
highly instrumented target area that fol- 
lows the incoming trajectory and target 
response optically. A continuous record 
of the test is provided by an advanced 
video system that operates at speeds up 
to 2000 frames per second. All data are 

ROCKET SLED 

Fig. 4. A chemical-energy warhead is shown being tested on the rocket sled at Los Alamos. 
Mounted on a 1000-foot monorail, the sled can reach Mach-1 speeds and allows scientists to test 
warheads under controlled but realistic conditions. 

Warhead 

FLASH X-RAY MACHINE 

Fig. 5. A flash x-ray machine being constructed at Los Alamos capable of "viewing" ballistic 
events through eight Inches of steel. When the 8 to 10 million electron volts of energy stored in 
the Marx generator are released into the diode envelope, electrons accelerated from the cathode 
to the anode will generate an x-ray fluence greater than 500 roentgens 1 meter from the end of 
the diode. 

Marx Generator 

Diode Envelope 

X-Ray Pulse 

-+gR 

logged and processed automatically by 
computers, which allows Los Alarnos 
personnel to control the firing times 
of munitions and to measure time and 
space information relative to the arrival 
of the devices. Technical calculations 
can be done directly from the video. 
There is also a four-camera, single- 
image system with a ten-nanosecond 
shutter speed. The multiple cameras, 
combined with electronic imaging, per- 
mit Los Alamos personnel to locate the 
position of munitions within the target 
area and not interfere with the muni- 
tions control and guidance equipment. 

ATAC built the range at TERA because 
sufficient land was not available at Los 
Alamos for safe firing of full-size live 
missiles and projectiles. 

A variety of other diagnostic ca- 
pabilities are available for gathering 
the maximum data from each test per- 
formed at Los Alamos. These include 
four portable 2-MeV x-ray systems, 
twelve 450-keV flash x-ray machines, 
five rotating-mirror streak cameras with 
writing speeds of 20 millimeters per mi- 
crosecond, four image-intensifier cam- 
eras with 30-nanosecond shutter times, 
a laser velocimeter and a microwave 
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Fig. 6. One of the goals of the national ArmorIAnti-Armor program is to establish a useful flow of 
Information between the military, industry, and various research Institutions. The Interactions of 
ATAC with this network continue beyond the research phase into the testing, development, and 
perhaps even production phases of the weapon systems. 
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velocimeter to record transit velocities, 
time-interval meters with nanosecond 
resolution, 200-megahertz analog-to- 
digital signal converters, and a wide 
range of more conventional instrumen- 
tation. We also can use PHERMEX, 
a 30-MeV flash x-ray machine, and 
ECTOR, a 3-MeV machine- Both of 
the machines have access to impressive 
digital-enhancement capabilities for flash 
radiographs, and they allow us to deter- 
mine the internal structure of anti-armor 
and armor devices at the time of impact 
(see "Studying Ceramic Armor with 
PHERMEX"). 

An Evolving Process 

At ATAC we can see a new process 
evolving among industry, the military, 
and the Laboratory in which a natural 
interplay of needs, research, testing, pro- 
totyping, evaluating, developing, and 
procuring guides the development of 
armor and anti-armor systems (Fig. 6). 
To illustrate how the process works, 
consider the case of ceramic-filled poly- 
mer armor (described in "Armor/Anti- 

Armor-Materials by Designy'). When 
the military told the Laboratory about 
the need for a less expensive ceramic 
armor, our materials scientists tested 
various ideas and developed a process 
for fabricating a less expensive but 
equally effective ceramic armor. We 
then initiated transfer of the technolog- 
ical concepts to industry, and Allied 
Signal used the ideas to develop their 
own armor package. Allied Signal is 
now busy producing prototypes of the 
armor, which they will submit for test- 
ing and evaluation at ATAC. If that ar- 
mor is successful in the competition, it 
will eventually become a new product 
available for military use. 

The true value of the national Armor/ 
Anti-Armor Program may not lie in a 
simple leapfrogging of Soviet armor and 
bullets by U.S. technology. Rather it 
may lie in the way this uniquely struc- 
tured program has opened fresh inter- 
actions between our nation's military, 
industries, laboratories, and universities 
that will allow us to constantly maintain 
an edge over the Soviets. I 

Richard Mah is the director of ATAC and a former 
group leader in the Materials Science Division at 
Los Alamos. Prior to coming to the Laboratory, he 
worked as a senior research engineer at Dow Chem- 
ical and C. F. Braun & Co. He holds degrees in 
theoretical and applied mechanics and metallurgical 
engineering from the University of Illinois and has 
published over twenty papers on materials science 
topics. 

Phyllis Martell is the technical writer and public re- 
lations manager for ATAC at Los Alamos and pub- 
lishes a newsletter, The BULLET, on ArmorIAnti- 
Armor Program activities. Before joining the Lab- 
oratory, she was the public information officer for 
the Los Alamos School District. She holds a de- 
gree in French and English from the University of 
Wisconsin. 
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understand what those differences are. of four to six nominally identical shots 
The long-rod penetrator pierces a tar- produces a time-resolved penetration 

get, whether ceramic or otherwise, by -Steel history for one ceramic material and one 
depositing large amounts of kinetic en- washer set of engagement conditions (velocity, 
ergy in a concentrated region. The rod, - obliquity, and yaw) in one plane. In fu- 
which may be idealized as a right cir- ture tests, we hope to flash PHERMEX 
cular cylinder with a length typically Hole several times during impact and record a 
ten or more times greater than its di- plates for series of dynamic radiographs electroni- 
meter, is intended to strike the target Penetrator cally . 
"end on." Any yaw (deviation of the 
rod's axis from its direction of flight) \ \ \ w  
of more than a few degrees can ad- ^- Steel 

Cover 
versely affect penetration. When the CERAMIC TARGET Plate 
target thickness is greater than a few 
penetrator diameters-usually the case Fig. 3. The targets used to study the re- 
for problems of interest-penetration sponse of ceramic to impact by a penetrator 
is a complex process in which a Cav- rod were designed to keep the ceramic con- 
ity forms in the target material and the fined during the event. The penetrator rod en- 

impacting end of the penetrator erodes ters the front of the target through the hole in a 
away. If the incoming rod is yawed, steel washer and then strikes a hardened steel 
the penetrator may bend or break and cover plate. At a predetermined time after im- 
lose much of its effectiveness. Heavy pact, the PHERMEX is pulsed. 
armor that is intended to defeat long-rod 
penetrators is nearly always sloped with 
respect to the anticipated flight line of trator impact is more reproducible and 
the projectile to create oblique impact predictable, and the ceramic's behavior 
conditions. Modem armor also tries is relevant to the general problem. 
to induce yaw on impact with reactive To obtain radiographs of a rod or a 
sandwiches, tipping plates, and other jet penetrating the ceramic, we pulse 
devices. The combination of obliquity the PHERMEX once during each irn- 
and yaw presents difficult modeling and pact. These pictures reveal the residual 
experimental challenges. length of eroded penetrator, the depth 

Even non-yawed impact of long- and rate of penetration, the material's 
rod penetrators is not well understood residual velocity, and whether or not the 
when the target is confined ceramic ar- penetrator is, say, mushroomed at the 
mor. One aspect of this problem-the front, bent, yawed, or broken. The ra- 

Our current test series ranges over 
three ceramic materials (boron carbide, 
aluminum oxide, and titanium diboride), 
two impact velocities, two obliquities, 
a number of confinement geometries, 
and both kinetic-energy rods and jets 
from chemical-energy weapons. We 
also look at the flight characteristics 
of the penetrator (velocity, yaw in two 
orthogonal planes, rate of change of 
yaw, and fiducial time at impact). 

We are modeling the tests with exist- 
ing hydrocode models (see "Modeling 
Armor Penetration"). The code predicts 
that because the ceramic is relatively in- 
compressible, even when fractured, and 
because there is no free volume for the 
rubble to expand into except the pene- 
tration hole itself, the ceramic defeats 
the penetrator. Although the predic- 
tions ofthe model are reasonably close 
to actual events (Fig. 4), our material 
model for the ceramic, at the moment, is 
based more on experimental data from 
prior tests rather than on principles of 
physics. Consequently, if the rod's ve- 
locity, say, were to change significantly, 

complex way in which the confinement diographs also reveal the distribution of we would not be able to extrapolate , 

package itself interacts with the ceramic debris, the shape of the crater, and the ,,,^yith confidence. <PT + < ' . b 

" . I"*: .; k; 

during impact-has not always been presence of large cracks or distortions '~'$2 At the end of our current series of <%Ici, 
,;;;.2 

well controlled experimentally in the in the target. However, the radiograph's approximately thirty shots, an advi- 
-Ã£ ,w*~ T ~ s  7' 

past. We have built targets that are so limits of resolution coupled with strong sory panel of experts will review the :-<$!',, 
constrained by steel that confinement confinement pressure from the target tests and help interpret the data.  HOW^^^^;^;= 
is relatively constant from shot to shot holder prevent the image of the fracture ever, preliminary results confirm that +LL u.; -, 
and penetration depends on ceramic be- in the ceramic from being well defined. dilatancy (the tendency of the fractured - ::t 

. , .- 
havior entirely. We are able to study We use targets that are thick enough ceramic to expand) is an important gen- ?+-  

such thick targets by capitalizing on the to stop the penetrators in the ceramic era1 feature for the defeat of jets fired 
penetrating ability of the high-enelgy x and make a radiograph of the target from chemical-energy weapons. In this !$$ 
rays of PERMEX. Although the tar- after each shot to show the final pene- mechanism the ceramic rubble refills the :Z2z 
gets (Be- 3) donot represent a realistic (ration depth and the length of any re- impact hole, constantly forcing the jet Ã£r6$% ,-y-~,t>3 

armor design, their response to pene- maining rod or jet material. A sequence to penetrate new material, and, as the $ + $  
+A&- 
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Pig. 4, (a) A PHERMEX radiograph of a tuna- 
Hoy peneimtor colliding with the ceramic 
of Plg. 3. (b) The am@ ewnt at the 

me moment In time as simulated with the 

raph because of lack of 
ht confinement of the - 

lo by the target holder. 

tentid alterations of 
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BALLISTIC IMPACT- 
SIMULATED AND ACTUAL 

The penetration of steel plate by a kinetic- 
energy rod as photographed with x rays gen- 
erated by PHERMEX (right) and as simulated 
by the HULL hydrocode (left). Time increases 
from 25 microseconds after impact at the top 
to about 95 microseconds at the bottom, and 

95.068 microseconds 1 
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