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NAI’s Mission

LLNL’s Nonproliferation, Arms Control, and
International Security (NAI) Directorate enhances
national and international security by providing
technology, analysis, and expertise for the U.S.
government to use in preventing the spread or use
of weapons of mass destruction.

The Threat

Ten years ago, the consuming national security
threat to the U.S. was the nuclear arsenal of the
Soviet Union. The energies, talent, and resources of
the national security laboratories were dedicated to
checkmating the Soviet threat. That world no
longer exists. The Soviet Union has collapsed, and
the direct Russian nuclear threat is greatly
diminished.

Today, the most serious threat to national security
arises from the proliferation of nuclear, chemical,
and biological weapons (collectively known as
weapons of mass destruction or WMD). Political
and economic instabilities plaguing Russia have
given rise to new concerns, particularly as related
to Russia’s role as a supplier, unintentional or
otherwise, of weapons-usable nuclear materials and
weapons know-how. India’s and Pakistan’s
emergence from the "nuclear closet" has shaken the
foundations of the global nonproliferation regime.
Regional conflicts continue to erupt, and 20-some
countries (some of them hostile to the U.S.) are
suspected of or known to be developing nuclear,
chemical, and/or biological weapons. The nerve-
gas attacks on the Tokyo subways raised the specter
of terrorist use of weapons of mass destruction.

The proliferation threat is extremely complex.
There are myriad routes to weapons of mass
destruction-- many different starting materials,
material sources, production processes, and
deployed weapons. There are many possible
proliferators--threshold countries, rogue states,
state-sponsored terrorist groups, domestic
terrorists, and even international crime
organizations. Motives for acquiring and using
weapons of mass destruction are similarly wide
ranging--from a desire to change the regional
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military balance, deny access to a strategic area, or
alter international policy to extortion, revenge, or
hate.

Securing Peace in the 21st Century

U.S. national security rests on the twin pillars
of threat reduction--by preventing the spread or
use of weapons of mass destruction--and
deterrence--through military strength, treaties, and
diplomacy. Both national security thrusts involve a
complex combination of policy and technology.
Indeed, the strength of arms reduction,
nonproliferation, and test ban treaties is based, in
large part, on technical capabilities for detecting
and evaluating evasion attempts and for monitoring
and verifying compliance.

We apply expertise in nuclear weapons,
developed through the Laboratory’s historical
weapons program and its continuing stockpile
responsibilities, to the challenge of nuclear
nonproliferation. Because the proliferation threat is
not limited to nuclear weapons, we build on
LLNL’s large investment in the chemical and
biological sciences to develop technologies and
expertise to stem the spread of chemical and
biological weapons.

At Livermore, we have implemented an
integrated program to address the WMD
proliferation problem from end to end---prevention,
detection and reversal, and response, while
avoiding surprise at all stages. In addition, our
Center for Global Security Research provides a
bridge between the technology and policy
communities, bringing them together to explore
ways in which technology can enhance national
and international security.

Preventing Proliferation

The best way to stop weapons proliferation is
at the source. Because the materials required for
nuclear weapons do not occur naturally and are
difficult to produce, the most effective way to
prevent the spread of nuclear weapons is to protect
and control nuclear materials. However, we cannot
prevent the proliferation Of chemical and biological
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weapons by controlling materials because the
materials for these weapons are ubiquitous and
have many legitimate uses. For all types of
weapons, arms control agreements--and verified
compliance with the agreements--are an essential
element of proliferation prevention.

We have provided technical and analytical
support to U.S. arms control efforts for more than
40 years. Over the years, we have contributed to
the SALT treaties, the START agreements, the
Limited, Threshold, and Comprehensive test ban
treaties, and the Chemical and Biological weapons
conventions. We assess the impact of proposed
treaty provisions in terms of U.S. ability to monitor
other countries and to protect sensitive information
during inspections of U.S. facilities. We also
develop monitoring technologies and data analysis
methods and participate in field trials to prepare for
inspections in the U.S. and abroad.

The breakup of the Soviet Union raised serious
concerns about the security of Soviet-legacy
nuclear materials. We are working with Russia and
the other former Soviet republics to upgrade the
protection, control, and accounting of weapons-
usable nuclear materials stored or processed at
dozens of research and manufacturing facilities. We
are also working with the Russian nuclear navy and
the Murmansk icebreaker fleet to enhance the
protection of fresh and spent fuel for their nuclear-
powered vessels.

Large quantities of surplus nuclear materials
are resulting from the dismantlement of thousands
of nuclear weapons, both in the U.S. and Russia.
We are collaborating with the Russians to develop
suitable technologies for the permanent disposition
of excess nuclear materials as well as mutually
acceptable detection methods for increased
transparency during the dismantlement process.

We are also working with our counterparts in
Russia on cooperative projects to adapt their
weapons-related technologies and facilities to
civilian and commercial applications. These
activities address concerns about a potential "brain
drain" of former Soviet weapons workers to
proliferant countries.

Detecting and Reversing Proliferation

In order to reverse the proliferation of weapons
of mass destruction, we must first detect and
identify proliferation-related activities. Weapons
development, testing, and production each have
unique indicators that, if measured, can provide
clues as to the intent and status of a country’s
weapons program. Because the clues are
fragmentary and often ambiguous, we must tap
many sources of information-- satellite imagery,
industrial activity, import records, materiel and
personnel movement, chemical analyses of water,
soil, and air--to assemble a reliable overall picture.

If weapons-related activities are detected, the
next step is to evaluate options for reversing
proliferation. We provide U:S. policy makers and
military planners with the tools and information
needed to evaluate the implications of various
actions. We have developed a powerful and
comprehensive system for analyzing weapons
proliferation activities of foreign countries,
identifying critical facilities, and evaluating the
consequences of possible interdiction options.

We are developing technologies to remotely
monitor weapons proliferation activities and to
protect critical U.S. facilities and troops from
attack. For example, we are developing various
remote sensing systems that can identify trace
chemicals released into the atmosphere from
industrial facilities. This is an extremely difficult
challenge, requiring significant advances in remote
detection instrumentation and data analysis
techniques. We are also developing new types of
sensors, incorporating cutting-edge advances in
nanoengineering and communications, as well as
various techniques for integrating networks of
sensors.

Responding to Threats or Use of WMD

Despite all attempts to prevent the spread of
weapons of mass destruction and to reverse
proliferant weapons programs, we must also be
prepared to respond to the threatened or actual use
of a nuclear, chemical, or biological weapon. We
provide expert personnel and technical capabilities
for the nation’s nuclear incident response groups,
including the Radiological Assistance Program, the
Accident Response Group, and the Joint Technical
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Operations Team. Our Nuclear Threat Assessment
Program provides technical, operational, and
behavioral evaluations of nuclear extortion threats
and assessments of cases of illicit trafficking of
alleged nuclear materials.

We are a major participant in the Department
of Energy’s Chemical and Biological Weapons
Nonproliferation Program. We lead the program’s
thrusts in biofoundations and modeling and
simulation. We have also made breakthroughs in
field-portable DNA-detection instruments,
including a miniature flow cytometer suitable for a
field laboratory, a ten-chamber advanced nucleic
acid analysis (ANAA) that functions autonomously
from sample preparation through detection and
reporting of results, and a battery-powered, four-
chamber, handheld ANAA suitable for first
responders that can routinely perform DNA
analysis and identification in less than ten minutes.

Our Forensic Science Laboratory develops new
technologies for ultratrace chemical and isotopic
analyses of nuclear, inorganic, and organic
materials (chemical warfare agents, drugs, etc.) and
biological materials (toxins, DNA, etc.). We also
design and construction of new field-portable
analytical instrumentation and sample collection
methods for use by the law enforcement and
intelligence communities.

Avoiding Surprise about Proliferation

Underlying proliferation prevention, detection
and reversal, and response is the need to avoid
surprise regarding the weapons programs of foreign
countries. We conduct analyses and research related
to the development and deployment of weapons of
mass destruction by countries, states, and groups
hostile to the U.S. Our assessments provide
important input to policy makers and diplomats as
they develop strategies for U.S. responses to events
affecting national and international security.

We evaluate nuclear proliferation risks in key
areas of the world. Of particular concern are the
threshold states (countries developing or producing
nuclear weapons for near-term deployment), states
with difficult or hostile relations with the U.S., and
those located in politically unstable regions of the
world. We also analyze the status of the nuclear
weapons and weapon materials in Russia and China

and the nuclear proliferation threat they pose.
Russia’s economic and political instabilities put
severe stress on controls for safeguarding nuclear
material and weapons inventories. China is of
concern because of its uneven history related to
arms control and nonproliferation and its often-
strained relations with the U.S.

We conduct assessments of chemical and
biological weapons programs as well. Nuclear,
chemical, and biological weapons programs are
interrelated in some countries of concern, whereas
other countries are pursuing chemical or biological
weapons in lieu of more costly and more complex
nuclear weapons.

In addition, we are addressing the national
security implications of the U.S.’s rapidly growing
reliance on critical networked infrastructures and
the need to ensure the integrity of information as it
is transmitted through national and international
telecommunications links serving government and
industry. LLNL has become a leader in information
assurance technology and has formed partnerships
with the agencies chartered to deal with such issues
for the U.S. government.

The Policy-Technology Interface

Our Center for Global Security Research brings
scientists and technologists together with analysts
and others from the policy community to
investigate ways in which technology can enhance
international security. Among the various centers
within the U.S. and abroad that study international
security, our Center for Global Security Research is
unusual in its affiliation with a national security
laboratory. LLNL is only one of two laboratories in
the nation authorized to work on all aspects of
nuclear weapons and weapons technology. The
Laboratory’s broad and deep base of science and
engineering expertise, developed in the course of
its national security work, can be tapped for Center
studies. By supporting independent research that
explicitly considers the integration of technology in
defense, peacekeeping, arms control, and
nonproliferation policy, the Center makes important
contributions to national and international security.



This Publication

The articles in this report highlight our work in
nonproliferation, arms control, and international
security. The majority of these articles describe our
proliferation prevention and our response
programs. These activities involve extensive
collaborations outside the Laboratory, with
international organizations on the one hand and
with federal, state, and local law enforcement

agencies on the other. Our work in the detection
and response area and in avoiding surprise involves
close partnerships with the defense and intelligence
communities, respectively, and thus does not lend
itself to much publicity. However, the collection of
articles presented here gives an indication of both
the complexity of the nonproliferation challenge
and the range of LLNL’s programs to achieve this
critical national security objective.
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U. Russian  Programs  Are  Vital 
,to US. and  Global  Security 

T HE end  of  the  Soviet  era  dramatically  altered  the  political 

Empire”  disintegrated, and  for  the  first  time  in  history,  Russia 
landscape. In less than a  year, Resident Reagan’s  “Evil 

was not ruled by an  autocracy.  However, the former  Soviet 
republics had virtually no experience  with  constitutional 
government.  Neither  did  they  have  the  economic  prosperity or 
political  stability  that  are  the  foundation  of  Western-style 
democracy. 

As Russia  struggles to turn the  idea  of  democracy  into 
reality, we cannot  forget that it  is the  only country with  a 
nuclear  weapons  stockpile  capable of annihilating  the United 
States. Even  though  the  Russian  Duma  ratified  the  bilateral 
Strategic Arms Reduction  Treaty I1 in  April 2000, stockpile 
reductions will take years to achieve.  Clearly,  we  must 
continue to address  the  Russian  nuclear  reality.  But  instead  of 
the  Cold War  approach  of  developing  more  nuclear  weapons 
in  response to the  threat,  today’s  approach  is one of 
engagement  and  assistance. 

collaborative  experiments  in  the  late 1980s by US. and  Soviet 

Department  of Energy and  its national laboratories. Over the 
scientists,  coupled  with  forward-lodring  planning by the 

past  decade, D O E S  Russian  programs  have  grown  from a 
handful of informal  lab-to-lab  contracts to a  portfolio  of  formal 
activities to reduce nuclear  threats and prevent  proliferation. 

multilayered  nonproliferation strategy. They  address the  heart of 
These programs are an integral component of our nation’s 

proliferation preventim- reduction, protection of 
weapons-usable  nuclear  materials,  and  nonproliferation  of 
weapons how-hw. 

The arms-reduction programs are  the  largest effort 
(approaching  a  billion  dollars per year). Conducted  primarily 
by the  Defense  Department,  they  implement  formal  treaties  and 
agreements  aimed at reducing  the  number  of  delivery  systems, 

usable  nuclear  material (including  material  from  dismantled 
weapons,  and  warheads and  eliminating  stockpiles  of  weapons- 

warheads). L i v m r e  is  involved  in  work  associated  with  the 
secure  storage  facility at Mayak,  in  monitoring  the  Highly 
Enriched  Uranium  (HEU) Purchase Agreement,  and in joint 
activities  for  plutonium  disposition. 
Rograms that  address the threat posed by  weapons-usable 

nuclear  materials  comprise  the  next  level  of effon (hundds of 
millions of dollars a year).  Vast quantities of  nuclear materials 
are located, sometimes under less than adequate protection, at 

The U.S.-Russian programs grew  out  of  reciprocal  visits  and 

many sites  across  Russia.  Together with our sister  laboratories, 

place  and to prevent  nuclear  material  from  leaving Russia 
we are  working  with  the  Russians to secure these materials in 

At  the third level  of effon (tens of millions of  dollars 
annually)  are programs that  address the human aspect of 
nonproliferation.  Lawrence  Livermore  was  insaumental  in 
initiating programs to engage  former  Soviet  weapons  scientists 
in nonweapons research, contributing to tbeii decisions to 
remain in Russia rather than possibly  emigrating to find 
employment  with  proiiferators. orher programs provide 
assistance in creating commercially  viable  regional 
employment  and  market  oppoaunities. 

has become an even rime effective parher with  Russia as both 
In the  decade  since these programs  were initiated,  the US.  

countries  develop  a  much  more  complete understanding of 
each  other’s  nuclear  complex.  Joint  planning  and  execution  of 
projects has led to increased  trust  between US. and  Russian 
personnel. As a result,  we  are beig granted access to 
increasingly  sensitive aspects of the  Russian  nuclear  enterprise, 

by the Russians. The downside  of this increased openness is 
and  previously inwnceivable  joint projects  are being proposed 

the  revelation that securing Russia’s  at-&  nuclear materials 
and  assisting in redirecting  the  Russian  nuclear  weapons 
complex  are  much  larger  undetraldngs  than  previously thought. 

In the U.S., the programs are either lauded as an u n p h e n t e d  
Views  of  the  value  of these Russian programs vary widely. 

oppormnity to gain access to Russia’s  nuclear  facilities  and 
essential  for  national  and global security or reviled as 
excessively  expensive  and  ineffective  welfare  for  Russia. 

for  economic assistance m s  counter to fears of  spying, 
Views in Russia  are  similarly  wide-ranging,  where the desire 

exploitation,  and loss of  national  prestige. 

beginning to have a  real  effect in Russia.  Large  quantities of 
Despite  rhetoric to the contrary, these  programs  are 

at-risk  nuclear  materials  have been secured.  Thousands of 

Transparency  is  coming into oncedark corners of the  Soviet 
weapons  workers are turning to peaceful  projects. 

nuclear  enterprise.  Most  important,  a  foundation  of  trust has 
been laid  between  the U.S. nuclear  laboratories and their 
Russian counterpam-mst that  can  help  address  both 
nations’  vital  security  concerns,  today  and  in  the  future. 

W Wayne S h m  is Associate LXrefror, Nonproliferation. Ams contml, 
and International Security. 
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The Post-Cold War 
women  spend  long  weeks  away f r m  
home  helping to make  nuclear  matdrials 
and  weapons  know-how  more  secure. 
Despite  occasional  setbacks-and 
sometimes  difficult negotiations4heir 
progress is a  testament  to  the  strong 
professional  relationships  they  have 
established  with  their  colleagues in, 
the  former  Soviet  Union. 

One  telling  mark  of  progress 
appeared in March  when  Lawrence 

between  a  DOE  laboratory  and  a 
Livermore  signed  the  first  contract 

Russian  nuclear  weapons  manufacylring 
plant.  The  partnership  with  the 
Avangard  Foundation,  an  independbnt 
Russian  business  that  is  the  commetcial- 
projects-gathering arm of the  Avangard 
production  plant,  contracts  for  the 
manufacture of kidney  dialysis 
equipment  in  the  closed  city  of S a w .  
Until the 1990s, Western  researchets 
were  not  allowed to visit  the  highly, 

dedicated  to  nuclear  weapons  activities 
secure  city:  it  and  other  cities  like ir 

were  not  even  on  maps. 

currently  take one of  two  thrusts. 
Livermore's  Russian  programs 

The first is enhancing  the  protection. 
control.  and  accounting  of  weapods- 
usable  nuclear  materials  and 
technologies.  The  second  is  helpilig 
to find new  nonweapons job 
opportunities  for the former  Soviet 
weapons  scientists.  Taken  togethet. 
these  programs  address  two of the key 
proliferation concerns in  Russia. 

Countering Nuclear Theft 
In 1993, the US. in partnership 

formed  a  first  line  of  defense  against 
with the  newly  independent  states 

the  theft of  nuclear  materials.  The  threat 
is particularly  acute in Russia  because 
the  Russians  have  a  large  number  of 
nuclear  storage  facilities  and  nuclear 
materials  producers  and  exporters  but 

lack  an  overall  system to track or 
control  these  materials. 

Minatom civil and  weapons 
complexes, the independent  Russ' 

and  reactor  and  fuel  facilities. Th 

and outsider theft with  a  host  of 
physical  security  measures  and 

materials.  Enhancements  range fro 
the  installation  of new  fences  and 
modern locks to sensitive  radiati 

alarm  systems. 

experts Iwk for  vulnerabilities  suc 
In  analyzing  a  site,  Livermore 

inadequate  access  control  systems 
poorly  protected  building  perimete 
For  example,  doors to vaults  holdin 
nuclear  materials  may  have  been 

be no metal or radiation  detectors  a 
entrances to and  exits  from  sensiti 

nces  and  sensors. 

ice many similarities to 

cases, wergmwn and 
pmtected by f e w  

nuclear  material, 

seals  to detect unau 
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facilities containing  nuclear  material. 
‘We’re  helping the Russians update 
their old  system  of ‘guards, guns, and 

systems,” McAUiter says. 

currently in place  at  many of the more 
than 300 buildings located at over 
50 sites included in the  program. 
These sites include some of the most 
important  nuclear institutes in Russia, 
such as the All-Russian Scientific 
Research Institute of  Technical  Physics 
in Snezhinsk ( f o m l y  known as 
Chelyahinsk-’lO),  a  facility similar to 
Loa A l m s  or  Livermore. 

NonkmandPacificfleasoftheRussian 
Livnmon people also work  with the 

Navy to suengthen the protection of 
highly  enriched reactor fuel for nuclear- 
p o w d  vessels. This work  involves 
direct interactions  with the Russian 
Ministry of Defense to charaaaize the 
sits. deb the necessary impmvements, 
and help implement upgrades. a situatioo 
that would  have been incooceivahle  only 
10 years  ago.  Livennore also manages 

gatcs’ with more sophisticated  technical 

Livennore-aided  upgrades are 

development and implementation of the 
Federal Information System projea 
a  comprehensive  system for !ncking 
Russia‘s  nuclear material inventory. 

A b o n d  Line of  Defense 

Customs Committee must deal with 
The Russian  Federation State 

20,oOO kilometers of horder to 
14 d o n s ,  including Iran and  Nonh 
Korea However.  authorities  have 
insufficient funds for equipping customs 
sites with modem technology to detect 
illicit  nuclear  materials traffcking. 
Since 1997, WE’S Second  Line of 
Defense  program has been providing  an 
additional layer of assurance  by  helping 
to protect the most  impoaant customs 
conbol s i t s  and horder points in Russia 
Says L i v m m  project manager Jeff 
Richardson,  “We’re  establishing  one 
more layer  of  defense  that  did  not exist 
until very  recently.” 

T l l e ~ s u p p o n s t h e  
development  and  installation of Russian- 

equipment  and  provides better eaining 
manufactmed nuclear -on 

for front-line  customs officers. 

deteaion and f d c  science am central 
to these effotts; a team of Russian 
customs officials and other g o v m t  
qresentatives visited Livnmon in 
Novemher  1998  and Lkcemher 1999 for 
a series of workshops on preventing the 
smuggling of  nuclear materials. 
The pmgram has M y  achieved 

several key milestones. In 1998,  a 
US-Russian team led by Loa Alamos 
National Iahoratory quipped Moscow’s 

with radiation detection equipment, 

Livermon’s capabilities in radiation 

SheremetyvoIntematiOnalAilport 

including pedestrian portal monitors for 
depcuting passengers. -Y 
commissioning the equipment  was pt 
of the US.-Russia  presidential  summit 
in sepember 1998. Fuhm airport 
upgrades will include  a cargo monitoring 

of  shielded  nuclear matedals, and 
system,  a  system for impmved duection 

teclmicattrainingforcustolllp~. 

Livermore effori to install pedestrian 
Also completed in 1998  was the 

and  vehicle  monitoring p n t a l s  at 
Astrakhan.  a  major sew on the 
Caspian Sea for shipments to Iran and 

1 I 

. 

(a) Uvemre scientis!s and wginsers W e d  to w i n  a hardened m x  to an edsting 

sys temsasaccesscwnrd~.  
Russian nudear  material storage bunksr. (b) Upgraded facilities otten i n d u d e  such modem 
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! 
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beyond.  The  following  year,  systems 

and  the  development  of  new training 

surveyed  customs  inspection posts at 
The  Second  Line  of  Defense has 

Vladivostok,  Vostcchniy,  Olya,  Rostov. 
and Novorossiysl41 cities situated 
along  Russia's  southem  and  eastern 
borders-for future equ ipmt  
upgrades. In 1999,Livemore 
completed  a  study  prioritizing the 
remaining  customs  points  and border 
posts, including  those  on the Black Sea 
and the Caspian Sea and those 
bordering North Korea and Kazakhstan. 

cooperation  with  Russian  Customs 
In addition,  Livennore experts,in 

Academy  colleagues are developing  a 

Under this program,  Russian technical 
experts will instruct students and 
inspectors on how to use radiation 
portal monitors and  handheld detectors, 
how to spot  anomalies in export 
documents  and  manifests,  and how to 
examine  containers that might  hide 
nuclear  material. 

technical challenge is detecting and 
Richardson  says  a particular 

identifying  weak  nuclear  radiation 
~ w c e s  such as highly  enriched 

for monitoring rail cars were  installed, 

Programs  began. 

training program for customs officers. 

uranium. This year  saw the initial 
development of Russian  equipment 
employing  what is known as active 
neuhon  interrogation. The equipment 
will  bombard suspected cargoes  with 

uranium  shipments. 
neutrons to detect illicit highly  enriched 

Warheads Pose Challenges 
Ironically, the success  of  nuclear 

compounded the problem  of  monitoring 
arms reduction  agreements has 

nuclear  materials. Both Russia  and the 
us. are dismanding  thousands  of 
nuclear  warheads. In April 2000, 
Russia's  Duma  rarified the Strategic 
Anns Reduction Treaty  (START) Il that 
cuts each side's saategic nuclear Blsenal 
to between 3,000 and 3,500 warheads, 
down  from  the 6,000 level under 
START I. (The. U.S. Senate  ratified 
START II in 1W.) Future treaties 
could  present several challenges to the 
West,  such as verifying that warheads 

dismantlement is irreversible,  and  that 
are in fact being  dismantled,  that the 

the nuclear materials separated from the 
weapons are accounted for and secure. 

Many  of  Livennore's  warhead 
dismantlement activities support the 
1997  Helsinki  summit accords. 
Presidents Clinton  and  Yeltsin declared 

then that each  counny  would  remove 

nuclear  weapons  program  and emure 
50 metric tons of  plutonium  from its 

that the material  could  never  again be 
used in weapons.  The  June 2000 
U.S.-Russian  Moscow  summit builds 
upon the Helgiuki  agreements  by 
specifying the plans,  schedules,  and 

plutonium inaccessible for use in 
nuclear  weapons. 
The International Atomic Energy 

Association (L4EA) is expected to 
have responsibilities for monitoring 
this plutonium. Livemore experts are 
helping to establish the US.-Russian- 
IAEA inspection  system for the 
plutonium that is scheduled to be 
stored at the Mayak facility m the Ural 
Mountains. The US. is pv id ing  
$400 million in goods  and services 
toward  construction ofthis storage 
facility, which is scheduled for 
completion in 2003. The, U.S. has 

systems that will verify,  without 
revealing classified information, 
that the plutonium arriving at Mayak 
came  from  dismantled  nuclear 
weapons.  Jim  Morgan, leader of 
Livennore's  Radiation  Technology 
Group,  says that the detection  system 

methods for making 34 rnetric  tons of 

proposed  using  advanced detection 

I 
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will be demonstrated to RussiQn expert8 
at h Alamos  National  Laboratory 
this fall.  The  meeting  will be 4 ollow 
up to a joint workshop that w& T , -  eld at 
Livermore  in 1997 to demonsqrate  high- 
resolution  gamma-ray specttu~tq for 
analyzing  weapons-grade p~ut+Num. 

Livermore  scientists also ppicipate 
in DOES Lab-@Lab  Warhead 
Disinantlement Transparency bmgram. 
This effm encourages  Russia$  and 
~merican dismanflement expirts to 
discuss  ways to improve  transparency 
through measures increasing Cpniihce 
that agreed-to actions are talrilig place. 
Livermore is responsible for dtveloping 
tylsparency measures f a t h e  
conversion in Russia  of 500 n+%ric tons 
of highly  enriched uranium frc)m 
dismantled nuclear  warbeads to low- 
enrichment  uranium. The U.S.’is 
purchasing  the cunveaed M u m  to 
fuel its civil nuclear  power yktors.  
The  highly  enriched  uranium 6ffort is 
currently managed by L i v w s  
Energy Programs Directorate In close 
cooperation  with  the NAI Di-rate. 

in  negotiations  with  Russia to convert 
its three rehaining weaponcg@de 
plutonium  pmduction reacto~s~to civil 

Laboratoy ex- are also~involved 

use (the US. has ceased pmducing 

the US. is allowed to monitor  the 
weapons-grade  plutonium). In rehun, 

14 metric  tons of weapons-grade 
plutonium  oxide  pmduced at the 
reactors fmm January I, 1997, u n t i l  
the reactors are converted. 

Disposing of Plutonium 

grade plutonium  recovered  from its 
intermediate  products  and  wastes to 
be mo important  a  national resoure 
for  permanent  immobilization,  which 

be used for  weapons. Their standard 
would  ensure  that it could  never  again 

practice is to reprocess all plutonium- 
containing  wastes  and  recycle  the 
plutonium for their  weapons pmgram or 
as mixed oxide (MOX) fuel for reactors. 

In contrast,  the US. has decided on a 
dual-hack  approach.  Relatively  clean 
plutonium will be used for MOX reactor 
fuel while impure plutonium  will be 
i m  
approach,  plutonium is one constituent 

“ . In the imnmbWon 

of  a  ceramic  waste form,  with a  neutron- 
absorbing material added to the  ceramic 
to prevent  a  nuclear  chain reaction 
during long-tmn storage in  a  geologic 
repository. The plutonium-containing 

Russia has long  considered  weapons- 

ceramic  is sealed inside  cans, the cans 
are placed  in  a stainless-steel canister, 
and the canister is filled with molten 
glass containing  high-level  defense 
wastes to further increase  the 
plutonium’s  inaccessibility. 

the DOE pgram to develop US. 
Livermore  scientists are leading 

irmwbilization talmology. They have 
also teen encawaging their Russian 

. s o m e  of  their  plutonium.  Russian 
colleagues to wnsider immobilizing 

scientists are familiar  with the concept 

toured Livermore’s  plutonium  facility 
Since 1995, Russian scientists have 

on six occasions (most  recently  in 
July 2000) to learn  more about 
immobilization techniques. 

LedbyengineerLesJardine,a 
Laboratotyteamhassuccessfully 
enwuraged Minatom officials to 
proceed with research and  development, 
engineering,  and  system  analysis  for 
immobilizing a portion of its plutonium 
inventory. This plutonium  would corn 
from materials, residues,  and  wastes 
with  concentrations  higher than 
200 paas per million. ‘We showed  the 
Russians that it makes more esonomic 
sensetoimmobilizeratherthan 

says  Livermore’s Lee M a c h .  
reprocess some of  their  plutonilun,” 

The cumnt objective is to develop  a - Russian  capability f a  industrial-de 
immobilization  of  plutonium  by 2005. 
over 30 contracts have bem placed 
with  Russian institutes. The contrxts 
include engineexkg feasibility studies 
at the Krasnoyarsk  and  Mayak 
industrial sites and research efforts at 
Russian  scientific institutes to develop 
glass and  ceramic  immobilization 
forms.  Russian  and US. scientists 
have also &tined the nonpmlifaatioll 
safeguards needd to prevent termis% 
from retrieving the plutonium froln its 
immobilized  form. 

In May, Lawrrna Livemore 
&ved a  plutonium  oxide seltwssha 
it had purchased fmm the  Russian 

wemore exgem are helping to qpgrade the training of ~ussian cu61om8 ommrs to dew illicit Scientific  Research Institute of  Atomic 
trallicidng in nudear materials or llslated wipmenr Reacaxs. Once adapted to U.S. electrical 

6 
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staedards, the  machine will be tested at 
Livermon’s  plutonium  facility,  wbere  it 
is  expected to provide  a more efficient 

I ~ o n .  

“shows that their  technical  people are 
extremely  competent  and are capable 
of efficiently handling  plutonium 
fissile  materials.” 

Test Ban T W  Collaborations 

in a  bost of interactions with Russia in 
Livennore scientists are involved 

the context  of the Comprehensive Test 
Ban Tmty  (CTBT). Livermore  teams 
suppolt the US.-Russian CIgT  
Monitoring  and  Verification  Working 
Group  and  collaborate  on  research 
projects related to the treaty, including 
on-site  inspection  measures. 

Although not  yet ratified by all 
paaicipants, the treaty,  which  forbids 
all nuclear detonations, creates an 
international  monitoring netWMk to 

nuclear  explosions. Livennore  and 
search  for  evidence of clandestine 

Russian  scientists are documenting bow 
regional  geology  would a t k t  the 
transmission  of  seismic  signals from 
low-yield undcrgrwnd nuclear tests. 
They are also working to diffemtiate 
the seismic  signals  of  a  clandestine 
underpound nuclear  test from those 
of  a  mining  blast M earthquake. 

Inspection program, which supports 
An allied effort is the On-Site 

the CTBT Prepratmy Commission in 
Vienna  by defining the technologies. 
p ” d u n s ,  and  equipment that would 
guide on-site inspedons. Undcr terms 
of the treaty,  a  nation suspecting another 
of conhrcting a  nuclear test may  request 
an on-site inspectiod to determine the 
nature of an  ambiguous  event. Tbe 
inspections must be conductal quickly 
in order to collect  information  about 
sbolt-lived phcnomna, such as seismic 
aftershocks, that are pmduccd by  an 
undergrwnd nuclear  explosion. 

A major  milestone occltmd in 
OctObrr 1998 when a joint on-site 

IlEfhOd for Preparing U.S. PhtOIlhl fM .. . 
According to Jardine,  the  equipment 

inspection  exercise  was conducted at 

out the first 15 days of a  hypothetical on- 
Smzbinsk, Russia. Tbe exercise  played 

site inspection. In the exercise, separate 
US. and  Russian  inspection teams 
analyzed  simulated data from visual, 
seismic,  and  radionuclide sources. 

completed  in April 2000. again in 
Snnhinsk. Livermore  geologist  Jerry 
Sweeney says that this exercise  was  even 
morecooprativethanthefustbecause 

Russians  and Americans. ‘ W E  exercise 
was  valuable  because  we saw how  an 
international  inspection team might 
function,” he says. 

Livennore is also collaborating on 
several  CTBT-related  research  projects 
sponsored by the International  Science 
and  Technology  Center.  One P jed  is 

A second exercise  was  successfuUy 

inspection teams were composed of both 

investigating  electromagnetic  signals 

explosions as a way to enhance the 
accompanying undergrwnd chemical 

discrimination between chemical  and 
nuclear  explosions. 

Another prow is using pownful 
mechanical  seismic  viblalol8 to poduce 

at distances  of up to Mo kilometers. The 
1- to 8-hera waves that can be detected 

gnalistodetemune 
vibrators  (essentially  a railroad tank car 

. ifthesendpatable 

placed  on  end, combined with an air 
bladder to shift water at a  given 
frequency) cau cost-dfectively substilute 
for large explosion sources that are 

CTBT monitoring stations. 

Keeping Expertise at Homo 

commonlyusedtoc&~rrgiooal 

Two DOE programs, the  Initiatives 
for hliferation Prevention  and the 

Lawrence Livermore National Laboratory 
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Nuclear  Cities  Initiative,  focus  on 

knowledge  and expehe  from the former 
Soviet  nuclear  weapon  complex to other 
nations or terrorist orgauizations. Both 
propuns attempt to develop self- 
sustaining  nonweapons-related  work  for 
former  nuclear  scientists,  engineers, and 
technicians and inmduce the basic 
principles  of  market  economics  and 
Westem  business prdces. 
Founded in 1994, the  Initiatives for 

Proliferation  Prevention (JPP) promotes 

preventing the movement  of  technical 

- 

collaborative  projects  among D O E S  

national  laboratories, US. industry 
parmers,  and 170 institutes in the  newly 
independent  states.'?he  goal is to attract 
investment  by US. companies  that  will 
lead to self-sustaining business ventures 

opportunities for former  Soviet 
and  provide  long-term  employment 

weapons w d m .  

First, Livennore works  with  weapons 
The approach  involves three steps. 

scientists  and  institutes to identify  and 
evaluate the commercial  potential  of 

1 

research  and  development  activities  at 
the  institutes.  Second. partnmhips are 
formed with US. industry,  and DOE 

the final phase, US. industry  and  the 
shares the investment costs. During 

institutes  continue  the  commercial 
relationship withwt DOE participation. 

Project l e a d e r  Ted Saito says that 

knowledge of those institutes, its people. 
and their capabilities makes the 
Laboratory an  excellent facilitator for 
US. companies. Livnmon scientism 
and enginem bridge  communication 

Lawrence L i v m ' s  longstanding 

gaps &d contribute to the evaluation 
of technical and economic potential by 
US. companies that umsider creating 
ventures  with  Russian p"tners. 

About 1,100 scientists from the 
former  Soviet  Union have bem or 
are currently  working on Lawrence 

m a t n i a l s  science  and  manufacturing, 
optics  and lasers, environmental , 
remediation,  biotecbnology, 
computation,  insmunentation, petroleum 
geology, and software development 
Many  individuals at research institutes 
make use of telemmrnunications 
capability installed through Livermm 
contracts to communicate  with meir 
US. colleagues  and the outside  world. 

Saito cites a  promising  candidate 
for full-scale  commercialization that 
involves aluminum-lithium alloys 
and  thin-walled superplastic forming, 
a  manufacturing  technique used 
extensively by the Russian military. 
Livermore  materials  experts are 
working  with  Boeing to evaluate the 

several components  of intenst to theii 
commercial aircraft and  launch vehicle 
business.  Livermore experts are also 
working  with  industry to evaluate the 
cost-effectiveness  of  automotive  wheels 

operation from ultrahigh-strength 
formed  in  a  single  hydmproccssing 

aluminum  alloys. 

is helping to commercialize these 
Don Lesurr. a Livennore engineer, 

Russian  manufacturing  techniques.  He 

Liveramre IPP projects in the areas of 

technology's commercial potential for 

'1 
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says, ‘The Russians are sharp technical 
people  and their processes offer a lot 
to Western  companies.”  He  notes, 

industry  must overcome  a  weak  Russian 
however, that collaborations with US. 

business infrastruaure and  export 
controls that make  shipping  materials 
in and  out of Russia  difficult. 

Nuclear Cities Focus 

commercial  developments  with  institutes 
in several countries of the former Soviet 
Union. thc Nuclear  Cities  Initiative 
(NO, formed in 1999, is helping former 
weapons  experts in Russia’s 10 closed 
nuclear  cities make the transition to 
civilian  employment The closed  cities 

designed and manufactured) were 
(where  Soviet  nuclear  weapons  were 

completely supported by the  old Soviet 

lhmughout Rwia,  these cities currently 
n a i v e  litde government support 
What’smore,theirnuclearinstitutesare 

whereasthePPfocuseson 

system. Because of economic hardship 

b e i n g d o ~ ~ b y M i M t o l n  

on three cities: S m v ,  Snezhinsk, 
The program’s initial focus is 

and zheleplogorsk. Livennore is 
concentrating much of its efforts at 
Snezhinsk, home to Russia’s sewnd 
nuclear weapons design l a b o r a t o r y  
and sister city to Livennore,  California. 

Livemore experts are working to 

including  medical  technologies  and 
businsses OT enhance existing industries. 

to develop business approaches that have 
a reasonable  chance of success  with  a 
modest NCI invshm~~t,” says Livenmre 
NCI leadex Paul Herman. 

A parallel goal is to create businesses 
that meet the needs of the global 
marketplace.  Success requires the 
active participation of foreign industrial 
parmers, for whom  Livermore  provides 
an  important link to Russians cut off 
hum cumnt trade practices in 
democratic countries. 

mate jobs by helping to form new 

optid-fibcrpmduction. ‘%e goal is 

I 
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begin production  of  kidney  dialysis 
equipment is only one of several 

momentum. Livennore also signed two 
success stories as the  program gains 

NCI  contracts  in Moscow last  March. 
The first  is for  developing explosive 
charges for oil  well casings to allow oil 
to flow  effectively  at  selected depths. 
The second is for  manufacturing a type 
of  multiple  mode  optical fiber that is 
used in  local area networks. 

Research Institute of Technical 
Livermore and the All-Russian 

Physics have also agreed to form an 
open computer center at Snezhinsk 
for commercial software contracts 
for Western companies. 

relationship, teams of Laboratory 
Building  on  the sister-city 

scientists and  potential private-sector 
partners have visited Snezhinsk to 
explore new health-care business 
proposals. Possible  areas of research 
include remote electrocardiograms. 

ultrasound for kidney stones and 
x-ray tomography, laser  surgery, 

prostate treatment. ultraviolet blood 
treatment and neutron cancer therapy. 

California Representative Ellen 
Tauscher visited Snezhinsk in  August 
1999 to  explore ways in which 
Laboratory and business leaders  in 
the  greater San Francisco Bay Area 
could help Russia’s closed cities 
create  sustainable jobs. “People here 
in Russia acknowledge that the way 
for Russia to emerge as an economic 
force is to build on the shoulders of 
these very  talented  and experienced 
scientists.” she says. 

The well-publicized  contract to 

The Right Thing to Do 

Soviet weapon  scientists and enhancing 
By engaging thousands of  former 

the saurity at  dozens  of  nuclear 
materials  facilities, Livennore programs 
have made important progress in 
helping to prevent  nuclear  proliferation. 
M o p  says that much  of  that  progress 
has been  built  upon  strong  professional 

relationships  with  colleagues in the 
former Soviet  Union. In nurturing 
increasing  and  effective dialogue with 
scientists and government  officials, 
Livemore people are also  helping to 
develop the more open atnmphere that 
is the  hallmark  of a democratic  society. 

TheRussianRogramsAssesrment 
Committee. headed by former Air Force 

task of reviewing  the dfativeness of 
secntary Thomas  Reed.  was  given the 

Livennore’s Russian programs. ‘The 
Russian prop at Lawrence 
Liv- National Labxatory are the 

rrpottedinitsMay2000rrporL‘The 
possibility of  nuclear weapms, materials, 

governmnt control  is  one of the m t  
and expertise  leaking out of  Russian 

honifying threats facing  mankind today. 
Inworkingtocontainthatthreat, 
Lawrence Livennore National 
Labommyiseamingtherespxtofthe 
national dty community.” 

programs are  beginning to have  an 
impact  in Russia Materials have been 

rightthingstod0,”thecommittee 

The committee concludes  that ‘‘these 

secured. nuclear  experts are Nming to 
peaceful work, and  transparency is 
coming  slowly into once-dark corners 
of the Soviet nuclear  empire. M a e  
importantly,  however,  these programs 
have created a foundation  of  trust 
between the U.S. weapons laboratories 
and their Russian counterparts that can 
help address both  nations’  vital  national 
security  concerns  in the future.” 

4 m i e  HeIIer 
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The proliferution of nuclear  materials is a  threat  to 

nul security and world peace.  This  threat 
vafeguarding and rnanagement offss i le  
we  become  surplus  since  the  end of the 
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Plutonium  Disposition 
Aftex a  series of studies,  including 

technical  work for a  preliminary 
environmental  impact  study, W E  
selected three reasonable  plutonium 
disposition  alternatives  for  further 
study:  using  plutonium as reactor 

thereby  immobilizing  it  and  making 
fuel;  encasing it in other material, 

it  inaccessible;  and  burying  it in a 
deep  borehole. 

required to prepare  plutonium  for 
studying  the  fmnt-end pmcesses 

disposition  and is performing  research 
and  deveiopment  on  two of the  three 
specific  disposition  methods to 
determine  their  viability.  Specifically, 
Lawrence Livetmm is working  with 
Los Alamos National Laboratory on a 
system for disassembling  weapon  pits 

recovering  the  plutonium  in them,  and 
(or  cores,  where  detonation takes  place), 

converting it into  a  disposable  form. 
Livemre  has also led the two t e a m s  
studying the immobilization  alternative 
and  the  deep  burial alterwive. Oak 
Ridge  National  Laboratory is studying 
the  reactor-fuel  alternative. 

The P r o g r m t i c  Environmental 
Impact  Statement  for  plutonium 
disposition  was  published  in Decembn 

its Record of Decision on  plutonium 
1996. In January 1997, DOE announced 

disposition,  recommending  a  dual 
disposition path: immobilize  low-grade 
plutonium  materials  and  use  high-grade 

The  alternative of burying surplus 
plutonium  materials to fuel  reactors. 

Lawrence  Livermore is involved  in 

plutonium  in  a  deep  borehole  ran  into 

eliminated  from  consideration,  despite 
siting  and  licensing  difficulties  and  was 

the fact that  Livermore  studies  proved it 
to be as technically  feasible as the  other 
two  alternatives. 

Recovery  and  Conversion 
Lawtence  Livermore  and Los 

Alamos are designing  a  plutonium 
recovery  and  conversion  system,  the 
Advanced  Recovery  and  Integrated 
Extraction  System (ARIES). ARIES has 
five modules,  which  are used for:  pit 
disassembly,  converting  plutonium into 
an oxide (for disposition),  converting 
plutonium  into  a  metal  (for  long-term 
storage),  packaging  plutonium for 
storage,  and  performing  nondestructive 
assay to account for plutonium 
quantities.  Lawrence  Livermore  is 
focusing  on  the  first two modules. 

Pit  Disassembly 

module,  consists  of  a  glovebox  in  which 
The  pit  disassembly, ARIES‘ first 

the  weapon  pit is received; r e m a  
handling  devices  that  transfer pits onto 
a  scale for weighing  and  then  move 
them  on to be  inspected  and  have  any 
appurtenant  devices removed;,  and a 
bisector  (Figure 1) that  separates  the 
pit  into two half-shells  by  using  a 
cbipless  cutting  wheel. The bisector 
framework  remains  stationary  while  the 
pit is mtated. 

account  the  dimensions,  encapsulation 
The bisector  design takes into 

methods,  construction  materials,  and 

Science & Technology Review April 1997 
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Figure 1. The  prototype bisector was 
designed  and  tested  at Livermore. Using a 
chipless wning wheel, it can separate 
weapon pits imo two half-shelis  in less than 
30 minutes so that the  plutonium  in  them 
ran be recovered  for  disposition. 

manufacturing  techniques  of  these  pits 
in  order to incorporate the 
representative  configurations  that will 
be  processed  through  ARIES. It also 
calls for a  “no-hands-on”  process to 
keep  radiation  exposures to the 
operator  within  acceptable  limits. 

Bisector  improvements are being 
made  and  will  be tested during 1997. 

Producing  Plutonium Oxide 

disposition  methods,  plutonium  must 
To be  suitable for m s t  of  the 

first  be  converted  into  plutonium 
oxide,  the job of ARIES’S second 
module.  Lawrence  Livermore has been 
developing pynxhemical techniques to 
accomplish  this  conversion  using 
various  hydriddoxidation (HYDOX) 
reactions. Three such  processes are 
being  researched,  all based on 
reactions  in  which  pure  hydrogen  gas 
is used to remove  plutonium from a  pit 
by forming  a  plutonium hydride. The 

plutonium to break up into small  
formation of the hydride  causes the 

particles  and  separate from the other 
pit  materials. The plutonium  hydride is 
collected  and  then  converted to 
plutonium  oxide  either  directly or after 
conversion to plutonium  nitride. 

processes seek to minimize production 
The experiments on the HYDOX 

cycle  times  and  maintain  safety  while 
pmducing  oxide p h c l e s  to the 
required disposition  specifications, 
particularly  the  more  stringent 
specifications for oxide fuels used 
in  reactors. 
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been  designed,  assembled,  and  installed 
ApmotypeHYDOXfurnacehas 

and  is beiig used to test  the  varicus 
process options. An additional unit 
(Figure 2) is being  assembled in a 
glovebox  and  will be installed  and 
operated at Los A l m s  as part  of the 
ARIES demonstration. 

The Spent  Fuel  Standard 
Because  most nations and  even  some 

terrorist p u p s  are technically  capable 
of  converting surplus plutonium  into 
nuclear  weapons, the ideal  disposition 
method eliminates the possibility  of 

wmpons.  If  a  disposition  method is  not 
available  within  a  reasonable  time  frame, 
the  growing  volume of plutonium surplus 
will make pliferation easier  and render 
arms-reduction  agreements  meaningless. 

practical  objective,  a  National  Academy 
Because total  elimination is not  a 

of Sciences  study,  commissioned by 

surplus plutonium  being used for 

DOE’S office of Nuclear  Energy, 
proposed  the  next  best  thing: minimized 
accessibility. Dubbed the  “spent fuel 

plutonium  disposition efforts by the 
U.S., Russia,  and the seven  other 
stakeholder nations, it defines 
‘minimized accessibility” as equivalent 
to the  accessibility  of  the  plutonium 
found in spent  reactor fuel. The spent 
fuel standard is a  reasonable goal 
because  the  technology to accomplish it 
appears  achievable  within 10 years  and 
implementation  can be completed 
within 25 years. It is  also  a  practical 
goal  because,  by  detinition, it excludes 
spent  fuel plntoniurn--which comprises 
the larger part of the surpluses--from 
disposition  and  concentrates  on 
weapons-grade  plutonium. 

standard” and accepted as the goal  of 

The lmmobillzatlon Task 
Lawrence Livernme is researching 

plutonium  immobilizstion  with the 

L 

Savannah  River  Technology  Center, 
Argonne  National Laboratory, and 
Pacific  Northwest  National Laborstory. 
Several U.S. universities and private 
industries are also partners, as are 
several  other nations (including 
Australia,  the  United  Kingdom, France, 
and  Russia)  with  interest  and  experience 
in immobilization. 

Immobilization  technology  achieves 
the spent  fuel standard by encapsulating 
plutonium  inside  a  waste form 

adding  a  radiological  barrier to increase 
inaccessibility to the plutonium and 
sealing  the  resulting  material  inside  a 
stainless-steel  canister. Like spent 
reactor fuel, these  canisters  would be 
stored for an  interim pedod before 
being  placed  inside  a  geologic 
repository.  The size, weighs 
composition,  and  radiation  barrier  of the 
filled canister are intended to make the 
plutonium  in it roughly as diftidt to 
steal and  recover as the  plutonium  in 
spent fuel. 

can be fuUy developed and implemented, 
Before  the immobilization alternative 

threedaisionsneedtobemade: 
*Whatwasteformistobewedfa 
encapsulating the plutonium  and  what 
tecbnology is to be used f a  
encapsulation? 

that  is,  mixed  with  the plutonium,~~ 
extemal,inaseparatecontainerthat 
slumunds the plutonium container? 
* Where will  the  plutonium 
immobilization  take  place? 

specifically tailored for this function, 

Is the radiological  barrier to be internal. 

Immobilization  Options 

stabiiizing radioactive material by 
A great deal of  information  about 

embedding  it in another  material has 
been  published. An extensive 
literature search identified 45 forms 
considered  previously for 
immobilizing radioactive waste. 

These45formsweresubjectedtoa 

derive top candidates  for wmprekm 
technical evaluation. The two top 

’ve 
formal, tw*step d g  process to 
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Plutonium Dspositioo 

ranking forms w e  borosilicate glass and Three Glass Variations a plutonium-neutron-absorber-glass frit 
Synroc (synthetic rock), a  ceramic Variation 1: Internal Radiation (Figure 3a). First, 4 kilograms or less of 
maierial  developed  by  scientists at the Barrier. In this two-stage process, 
Australian  National Univasity, Lawrence plutonium  oxide reacts with glass frit combined with neutron absorber and 

plutonium as plutonium  oxide are 

containing a neutron absorber to prepare glass frit to form plntoniumglass frit. Livennore,  and  Savannah  River. 

evaluated  in  five  variations  of the 
immobilization  process to look at 
various  permutations of forms, 
radiological barrier concepts.  and 
facilities  in  which the work  could be 
done. As in all other disposition 
methods, the plutonium  must  first be 
converted  into  an  oxide,  and  then a 
neutron  absorber  mixed with it for 

The glass and ceramic forms were 

criticality  control. 

p VatiaUta 1 

“Srialm 2 
msepmte 
SMelded 

Variation 2 am IWLW@S 
Flgun 3. Variawn 1 and hol dls 

vilrification poeesses. (a) In h fiml 
stage, plutonium (Pu) OXME Is mixed 
with glass hit and a neutm absorber to 
c m m  ~ u t o n i u ~ ~ a s s  hit (b) In me 
second stage of Variation 1. that frit is 
b l e w  with additid glass hit 
mntaining n e u m  absorber and wilh 
newly made cesium-137 (797Cs). a 
radiologid berrler. (e) In Um 88cond 
stage of Variation 2. tlm ceaium-137 
canes fnnn DOEr Savannah River 
Defense Wasts Procassing Fdlity. (d) 
In bom variatim, the mulling mdten 
@as produd is poured into a canister, 
which is shut. decontamirmted, 

disposal. 
and stored to await pennarmnl 

Pu oxide. n e u m  T 

LA 

R lling 

Neutron absorber and 
glass frit __ - - 
Slurry mi 
wvawra! 

-\ 
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The second step (Figure 3b) blends 
batches  of 50 kilogram or less of 
plutonium as plutoniumglass hit with 
additid nelltKm-*~taining 
glass frit  and  cesium-137,  where the 
cesium is used as a radiological harrier. 
The resulting molten glass pmduct is 
poured into a  canister,  which is welded 
shut, decontaminated, and stored until 
permanent dispal in a high-level  waste 
repmitory (Figure  3d). 
Variation 2: Intend Radiation 

Bprriu. lhis nuo-stage pmcess i s  similm 
to Variation 1 tut would use existing, 

modified facilities. The first-stage  melt 
of plutonium oxide and  borosilicate frit 
(containing a  neutron absaber) is made 
in an existing facility at Savannah  River, 
and the second-stage  melt (Figure 3c), 

radiological harrier, will be done at a 
which incorporates the  cesium 

new  melter to be built  next to Savannah 
River's  Defense waste plocesshg 
Facility. The  high-level-waste fission 
pmduct cesium-  137 will come from the 
Savannah  River tank fanns. 

Barrier. lhis is a "can-in-canister" 
Variathn 3: External Radiation 

t Shielded  hol 

Glas 

canister 

concept in which  plutonium is 
immobilized in homdicate glass that 
containsaneutronabmrher.Thenthe 
mixture i s  poured into cans, which are in 
tum placed in canisters into which 
molten  high-level-waste glass is pound 
(Figure 4). The high-level-waste glass 
comesfromtheDefensewastc 
Recessing Facility at Savannah  River. 

Two Ceramic Variation8 

Barrier. Plutonium  oxide is first 
Variation 9: Internal Radiation 

converted to plutonium nitrate and then 

I 
emote handling 

'recessing Facility) 
(Defense Waste 

flgun 4. (a) Vitrification Variation 3 is a "can-in-canistef wncept in  which plutonium (Pu) 
immobilized  in  borosilicate glass is poured into a can. which  is then placed in (b) cBIrS18D 

into  which  molten  high-level-waste glass f r m  the Defense Waste  PmcssSing Faality at 
savannah River is poured. me cuter  canister pmvides an extemal radiam b & r .  

Wince & Tccbndogy Revicw April 1997 



Plutonium Disposition 

blended  with  mineral-forming  oxides 
(ceramic precursors). a neutron 
ah&, and  a  titanate that contains 

but not fused), loaded into  bellows,  and 
cesium.  The  mixture is calcined eeated 

Twenty  of  these fonns are loaded into a 
hot pressed  into  a  dense  form ( F i w  5). 

canister  and packed with  titanium  oxide 
granules. The canisters are stored until 
they  can be sent to a  high-level-w@te 
repository. 

Variation 5: External Radiation 
Barrier. This is a  can-in-canister 
approach similar to Variation 3. The 

ceramic  form  is  made by blending 
plutonium  oxide  with  ceramic  precursor 
materials  and  a  neutron absorber. The 
mixture is calcined,  cold  pressed,  and 
sintered  (heated  but  not  melted) into a 
dense  form  that is l o a d e d  into  small 
cans.  The small cans are put  inside  a 
storage  canister,  where  they are 
smunded by glass made  with high- 
level  waste  (Figure  6). 

Progress Report 
For  the five process  variations, the 

task team  developed  process  flowsheets 

Pu oxid%. 
Shielded hot cell 

Ceramic 

absorber 

precursors 
with neutron F Load  and  weld 

canister 

I 

I 
7-7 

. 

Hot pressing Load canister 

smote handling I 

and  preconceptual  plant  designs; 
gathered  the required environmental 
data;  and  determined  the  workforce, 
cd t ,  and  schedule  requirements for 
implementing  them. 

At the  end  of  these tasks, the  team 
recommended  the  can-in-canister 
concept to DOE and has proceeded to 
the  research  and  development  stage to 
determine  whether glass or ceramic 
should be the i m m o h i l i o n  form. 
Research on vitrification  forms is being 
done  with  Savannah  River, Pacific 
Northwest,  and  Argonne  laboratories, 

flgun 6. (a)  Variation 4 is  a  ceramic process using an internal radation 
b a r n .  Plutonium  (Pu) omde is convened to plutonium  nitrate and then 
blended with mineral-lorming om& (caramic pnuxlt6cis). a neutmn 
absorber, and a titanateanmining d u m  (Cs). The mixture is heated, 
loaded imo  beliami,  and hot pressed into  a dense form. The hot pregq is  in 
the photo. upper  right:  the denseform product is pictured l m r  fight 
Twenty 01 thasn products will be loaded into @) a  canister, Packed with 
titanium (Ti) omde granules,  and  sent,  uilirnateiy. to a permanent ha- 
ievei-waste  repositmy. 

,Cs+pu- 
loaded 
m i c  in 
becows 

,now 
granules 
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Plutonium Disposition

while the Australian Nuclear Science
and Technology Organisation
(ANSTO) and Savannah River are
Lawrence Livermore’s partners in
ceramic form research.

Desirable Glasses
All the ways to use glass to

immobilize plutonium require further
research into improving the solubility
of plutonium in the glass melts,
determining the most effective neutron
absorber, understanding solubility
interactions between the neutron
absorber and plutonium, and analyzing
how impurities affect the quality of the
waste form. Glass-forming chemicals
must be formulated to dissolve the
greatest amounts of plutonium oxide,
neutron absorber, and any uranium and
other impurities present. Moreover,
these chemicals should have the best
processability and chemical durability
characteristics. Finally, to prevent
leaching, the glass product they form
should ideally be homogeneous, with
no separated crystalline or amorphous
phases.

Two new candidate glasses have
been formulated. The first, an alkali-tin-
silicate (ATS) glass formulated 
Argonne National Laboratory, was to
be used in the process in which cesium
would be an internal radiation barrier.
However, because the preferred
immobilization process appears to be
the can-in-canister concept, work on
this glass stopped.

A second glass formula, proposed
for use in the can-in-canister process
variation and now the preferred
formulation for vitrification, produces
glass similar to commercial Lrffler
optical glasses that contain 55% by
weight or less of rare-earth oxides.
(Because this glass requires a very high
operating temperature, highly volatile
cesium cannot be used as an internal
radiation barrier.) The chemistries of
actinides (the chemical family of

plutonium) and rare-earth elements are
similar, so the solubility of plutonium is
expected to be comparably high in this
formulation. In the latest experiments,
this glass has dissolved greater than
10% by weight of plutonium. Now it is
being optimized and further
characterized for plutonium solubility,
the influence of required additives such
as the neutron absorber, tolerance to
process variations, processability,
resistance to radiation damage, and
long-term chemical durability.

Ceramic Forms and Processes
Since the late 1970s, ceramic waste

forms have been considered for use in
immobilizing high-level waste. But no
industrial experience base exists for
this technology, so it is not as mature
a technology as the borosilicate
glass forms.

Like glass, ceramic forms must be
characterized for plutonium solubility,
the influence of required additives such
as a neutron absorber, tolerance to
process variations, processability,
resistance to radiation damage, and
long-term chemical durability.

The most advanced ceramic
formulation to date is Synroc. ANSTO
initiated development of Synroc in 1978
and completed a demonstration plant in
1987 that operated at a commercial
scale of approximately 10 kilograms per
hour and produced more than
6,000 kilograms of Synroc.

Fabrication processes for ceramic
forms also determine how much
plutonium may be incorporated into the
forms. The best demonstrated process
for ceramic fabrication, especially
ceramic with an internal radiation
barrier, is hot pressing. The process has
been demonstrated full-scale with high-
level-waste surrogates, but only on a
laboratory scale with plutonium. At
Livermore, a hot press capable of
producing about 0.5-kilogram ceramic
in a 7.5-centimeter-diameter bellows

has been built and installed and has
produced ceramic product containing
about 60 grams of plutonium.

Repository Performance
An immobilization form is judged

acceptable for disposal in a federal
geologic repository according to a
fitness-for-purpose criterion that
includes regulatory, licensing, and
long-term performance factors. The
main long-term, post-emplacement
performance considerations are
criticality safety and the potential of
the form to contaminate the biosphere.
In the U.S., the regulatory performance
period for high-level waste and spent
fuel in a geologic repository has been
specified as 10,000 years. (The
pertinent regulations are currently
under review and may change.)
However, the emplaced plutonium and
its uranium-235 decay product remain
fissile over much longer periods
(hundreds of thousands of years for
plutonium and billions of years for
uranium-235), over which criticality
safety may need to be assured.

Scenarios for criticality events can
be divided into three categories of
criticality safety: safety of the
essentially undisturbed emplacement
waste package, safety of disrupted
waste packages, and safety of disposed
fissile materials released from the
disposal form followed by possible
transport within the repository or in the
geosphere. In general, the criticality
safety of the first category of scenarios
can be assured with very high
confidence, but assuring the safety of
the latter two categories is more
difficult and will depend on such
factors as the fissile material content of
the disposal form, canisters, and waste
package; the geometry of the disrupted
configuration; and the degree of
degradation of the disposal form and
its interactions with surrounding rock
and water.

Science & Technology Review April 1997
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the  problem,  key  propelties of disposal disw forms,  physical  and  chemical 
Notwithstanding  the  complexity  of compositional  and  thermal  stability of Science to End Cold War 

The surplus weapons  plutonium 
forms  that affect criticality  safety  have  homogeneity of disposal  forms,  and  disposition program is but one of 
been identified.  They are fissile  radiation  effects  (damage in disposal 
loading of disposal  forms,  form  and  radiolysis in water). 

several  programs to help  implement 
political  agreements  and  maintain 

concentration of the  neutron absork,  Researchers are particularly  concerned  safeguards  and security for  the  nation. 
and  neutron absorption properties of about the  susceptibility  of  the  disposal  In  light  of  the  complexity  of  the 
the  immobilization maaix. Other  form to cracking  during  fabrication  and  disposition  program, both in terms  of 
factors are resistance of disposal  form  after  emplacement  and to the  scope  and required scientific  expertise, 
constituents to release  and transport by  development  of  permeable  channels  declaring  the  Cold War over  was 
groundwater  and  the  rates  and  relative 
timing of  releases  of different 

within  the  disposal  form  caused  by  simpler than implementing its end. At 

components.  Cbaracteristics of - phases or along grain boundaries.  progress is being  made to contribute to 
elemental  release  from 
disposal  forms  may be very 
different  for  different 
disposal  forms  (especially 
glass and  ceramic)  and are decision,  expected by 
affecied  by  compositions  of 
water  and  disposal  form,  they  will  have  defined standard, S y m ,  vitxification,  waste forms 
solubility of the 
constituents,  active 
surface areas available 
for r e d o n  with  water, 

preferential  dissolution  of certain Lawrence  Livermore, scientific 

Lawrence  Livermore  and its that  end. 
pamers are providing  needed -Gloria Will 
information for WE's final 
i,,,,,,~lkdOn tec,,,o~ogy Key Words. ceramics,  deep bonholes, 

fissile  materials,  immobilization. nuclear 
waste  repository,  plutonium  disposition. 

*~ tembr  1997. BY then* plutonium  oxide  processes,  spent bel 

formulations  for  the glass w e w n  pits. 
and  ceramic  immobilization 
forms,  characterized  them 
for proliferation  resistance For hwfher /nfom?atlon contact 
and  performance in the LWMKI Grny (S10) 422-1551 
geologic  repository,  and 
developed  the  information 

( ~ y s o f f n / . g o v ~  

needed to evaluate  concepts 
for production  processes. 

A 
Leonard Gray. Um chief scentist fw Lawreme Uvemre's Excass 

canister, which is 3 meten (10 feet) tall and 60 &meters (24 irides) 
Fissile Materials D(Sp0sition Pmgram. with a pmtaype StainlesS-steA 

in diameter and weghs 1,680 kilograms (about 2 tons). 
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Members  of  Livermore’s  Fissile 
Materials  Disposition Propram 
team (clockwise  from  lower  left): 
MARK BRONSON  holds  a  B.S. 
in  metallurgical  engineering  and 
811 M.S. in  metallurgy  from the 
Universih, of Utah. In addition to 

heiug ”. ”.- ,.,nse-related projects in  the Isotope 
Separation  and  Advanced  Manufacturing Program at 
L i v e m ,  he leads  the  plutonium  pymchemistry  work  of  the 
Fissile  Materials  Disposition Propram. Particular 
accomplishments are development  of  the  pit  splitter for 
recovering  excess  plutonium  from  the cores of  nuclear 
weapons  and the hydriddosidation process that converts 
plutonium to plutonium  oxide  prior to immobilization.  He 
came to the  Laboratory  in  1988  by  way  of WE’s Rocky Flats 
facility  in  Colorado,  where  he cwcentrated on  research  and 
development  in  the field of plutonium  pymchemical 

BARTLEY  EBBINGHAUS  joined  the Laboratoty in 1991 
after earning his doctorate in chemistry at the  University of 
California,  Berkeley.  He is currently task leader for 
Livermore’s  ceramic  immobilization  work  on DOES Fissile 
Materials  Disposition Program. He codesigned the  formula 

technology. 

and  fabrication  process for the proposed  ceramic form (a 
variation  of  a &al called Synroc) that is able to 
incorporate  and  immobilize  excess  plutonium.  He has also 
demonstrated  the  successful  preparation  of  a  large  plutonium- 
bearing  ceramic pellet that meets preliminary  design 
expectations. 
GUY ARMANTROUT joined the Laboratory in 1%5. He 
holds  a doctaate in elecaical engineering  and  physics from 
Purdue University.  He is a  project leader in the Fissile 
Materials  Disposition hgram responsible for the 
development  and  demonsoation of production-scale 
processing  systems for theimmobilization  of  plutonium  in 
glass  and  ceramic in preparation for disposal  in  a geologic 
repository. 

heen a pan of WE’s Fissile  Materials Disposition Rogram 
LEONARD  GRAY (Ph.D., University of  South  Carolina) has 

since its inception  in  1990,  when he was  asked to organize 
and  lead  an  international team responsible for developing the 
immobilization  portion  of  the program. After  a  2&year  career 
as a staff chemist at D O E S  Savannah  River  Site, he joined 
the  J.aboratory  in  1988 as a  section  leader for plutonium 
process  development in the  Special Isotope Separation 
Program. He is currently  chief  scientist for Livermore’s 
contributions to the Fissile  Materials  Disposition Program. 
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.' flgun 1. A Gamma-ray  imaging  spsctronmter (GRIS)  amfigured 
gaseous  diffusion pants. On the  lek, the GRIS imager  head has fo 
gamma-ray  imagers. On the right is irs data-acquisition  syslem 



Gamma-Ray Imaging Spectrometry

Laboratory scientists have developed an imaging instrument for locating and

identifying nuclear materials by taking "photographs" of the gamma rays emitted

by these materials. This instrumen~ the gamma-ray imaging spectrometer, has

many potential applications as wide ranging as treaty verification, environmental

cleanup investigations, gamma-ray astronomy, and nuclear medicine.

advances in position-sensitive detector
technology, coupled with advances from
gamma-ray astronomy, have allowed
researche~ to design and build a
gamma-ray camera capable of taking
gamma-ray !!photographs,’ that quickly
c~ctedze iadiating materials. When
the, n made with invisible
radiation i with visible-light
imageSi ~ey dearly show the exact
locati0n 0f the g~ma:ray emitting
materials,

Looking at Gamma Rays

The gamma-ray imaging
spectrometer (G~S)we have
assembl~ comprises four coaligned,
independen~ imagersl each with its own
deteCt0r ~d eoded;ape~re mask
(Figure D: Each detector "sees"
incoming gamma rays only through its
mask, which serves as the imaging optic
for the gammarays (see box, pp. 26-
27): This mask is mounted on 
movable mask plate in front of the
detector plane; moving the plate
provides different levels of zoom for the
gamma-ray images.

At the back of the housing are the
electronics that take the relatively
weak signals from the detectors and
amplify them before they are sent to
the data-acquisition system, which can
be located remotely. Our system
currently consists of a commercial

¯ electronics module, whose data are
read out by a notebook computer
(Figure 1). Coaligned with the gamma-
ray imagers is a video camera. Images
from this provide both a visual aim
point and visible light images that can
be overlaid with the gamma-ray
images to pinpoint the location of the
radioactive material.

Applications and Results

Although the spectrometer was
developed to control the special
nuclear material (SNM) associated
with nuclear weapons, there are a
myriad of applications in other areas,
including environmental cleanup,
astronomy, medicine, the nuclear
power industry, and any other
enterprise where radioactive sources
are used.

Arms Inspection
GRIS was initially designed for use

in arms inspections called for by the
Strategic Arms Reduction Treaty
(START)--r-specifically, to count the
number of warheads on board a missile
without requiringeither close access to
the missile or its disassembly.
Inspections would be conducted
remotely, based on the l~remise that the
gamma-ray signature from the on-board
warheads, although weak, is strong
enough to be detected through the top
of the missile. GRIS was constructed
with four detectors to decrease the time
it takes to obtain a good image
approximately 10 m from the source.
Figure 2 shows GRIS being used to
inspect a Peacekeeper missile in its silo;
the missile’s ten warheads in the GRIS
image are easily seen in Figure 3.

Confidence through Transparency
As the U.S. and Russia strive to

reduce their respective nuclear
stockpiles, each must have the ability to
identify and verify the location of the
other’s weapons components
throughout the demolition process. Each

Science & Technology Review October 1995
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must  have  confidence that the SNM in 
the other’s  storage  vessels is associated 
with  nuclear  weapons  components  but 
must be able to develop that confidence 
without  performing an inspection  that 
is sufficiently detailed to raise 
classification issues. This ability, or 
confidence, is called transparency. 

In a  recent joint US.-Russian 

data with  a  conventional,  nonimaging 
demonstration at LJ.,NI, we obtained 

data were collected from  a radiodve 
gamma-ray  detector and with GRJS. The 

source hidden  inside  a  typical  weapons 
component storage container. Both 
detectors possessed similar energy 
resolutions and c d d  identify the type ’ 
of material present However,  in  a  single 
measmemat, the non-imaging deteaor 

I 
I 

d 
ngum 3. mis enhancad could  not verify the  quantity of SNM 
gamma-rayimageisfrom presentorthelikelihoodthatthe 
an emplaced Peacekeapr material was  a  weapons compment 
missite. The wakeads  are Such  information cwld only be obtained 
shorminaringofnine. 
with Ihe tenth inside the 

hmthenonimagingd*eftorby 

ring at the 10 o’clock 
scanning it acms the storage  vessel  in 
smallsteps.Althoughthisgcnuatcda 

poslaon. The C O h  d e  image of the object that allowed 
represent radiation 
i ~ m n t o u r s .  

identification. it also requid most of a 

theinspectionwithGRIStmkhdfan 
morning to complete. By conpiscm, 

lmor-a tim which  could be easily 
ducedtoafewminutcs.TheGRIS 
images@mfmmtwodirsfians 
90 d e w s  apart (Figure 4) clearly 
showthatadiskofplutoniumand 
notaweaponscomponmtisinthe 
storage  container. 

Related applications that take 
advantage of GRIS’s ability to “‘see” 

flgun 2 Rendering d the oon&uraaOn used for behind shielding occur in nuclear WMW 
gsmma-my  imaging of a Peacekeeper missile. The disposal and in the c 

dom ard generales an imrgs fmm the racnauon dven OW 
ORIS imaging rodule is suspeended above the open sib nuclear  weapons.  Figurc 5 illustrates 

bythewarh+atthetopotIhemispile. rectangular shape made from plutonium 
such an applicdch Here,  we  placed  a 

kkm BLTeebnolOgy Review onoba 1995 
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rods inside a storaee  drum. To simulate 
shielding, we placed a depleted  uranium 
plate  about 3 mm thick  outside the 
drum. The uranium serves as shielding, 
as a source of confusing radiation, and 
as a different  radioactive isotope. 

Figure 5 indicates both the  energy 
resolution of the  system and how 
images  using data from different 
spectral regions  can  show  the locations 
of different  materials.  The  image 
obtained  using  only  the data in the 
region of the speceum shaded blue is on 
the  left. This image  represents  emission 

- 

from uranium and shows only the large 
uranium  plate. On the  right is the b g e  flgun 4. Overlaid on a video p4cUre. a cdor gamma-ray 
obtained using data in the region of the image shows the differenca between a fam-m (left) and M 

speanrm shaded pink. These data are 
characteristic of plutonium  and  reveal 

edgeon (right)  image of a plutonium disk. The images Wre 

the rectangular figure behind  the 
obtained at  a dlstanca of 1.8 m and a  posillm resolution at the 

uranium  inside  the container. 
swrm of 3.8 an. Black ”p””ts he nghest  radiallm 
intensity. 

Safaguarding Weapons 
When nuclear arms and  their Boo0 

components are secund and stored, the 
primary wncem  is to verify that m 
material is removed from a storage F 

4Ooo 

area ~n addition to armed guards, an 3 
inventory  control  system  that w n u t l y  
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How the Gamma-Ray Imaging Detector Works 

gamma rays for about 30 years.  Although cosmic sources of 
Asfmmmers have  worked on the problem of  imaging 

gamma rays are extremely bright, they are also exceedingly far 

relatively large backpund. In  principle, a pinhole camera 
away, so the problem is how to image dim sources in  a 

could be used.  but  only  a small fiaction of  the available 
radiation  would  reach  the film or detector.  In the late 1960s. it 

punching more holes in the blocking sheet. Each hole projects 
was  recognized  that one could improve the pinhole camera by 

its own image on the detector, and the different images overlap. 
If the hole pattern is h w n ,  one can  mathcmatically recreate a 
faithful reprcduction of the scene. 

theyalsoshowedthatthe~hadtobeselectedcarduuy,or 
Although  initial attcmpb showed thaI the techniiue worked, 

false sources wculd appxr in the image. The research on paaan 
effects WBS largely  completed in the l'llos when a class  of patterns 

possess a  unique pmpny: the information prstnt  in  the ShaQw 
called  uniformly  redundant  arrays  was mared. These patterns 

patMlfromanyone~intheimageisnotaffencdbythc 
presence of gamma-ray sources in other parts  of the image. 

assume  that  radiation is coming from a very distvlt source. The 
light  rays from this source are parallel, so a  shadow  of the mask 
is projected on the  &tector  much  the way it would bc projected 
by the sun. Each pixel (the smallest picture element) in the image 
is  repesented by parallel  gamma rays incident from one 

onto the detector. The paaern is  selected  such  that  each 
direction that project  a d e w - s i &  portion  of the mask pattern 

projection is unique and indepcndent  of all ofher pjections. 
The image is recreated by a msscorrelation technique: the 

complete detector pattern  is summed against  each  unique mask 
position by adding counts to the sum if the mask is open at this 
position  and  subtracting thcm if it is closed. physically, cWnU 
are added if they muld have come from that direction and 
subtracted if they could not. If no source is present, any dctcctor- 
sized portion  of  the  mask paaern has the same fraction of  open 

In  the  schematic  of the imager (see the illustration  below),  we 
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and closed area relative to all othr pations of the mask of thst 
same size. so the sum i s m  (except f a  statistical fluctuations). 
If a soune exim at the &cular,location being summed, then 
e v ~ t i m t h c n i s a n o p m n g ~ w i U b e c o u n t s , a n d t h e s ~  
will IEcnsfe the me flux (amount of signal per unit time) fmm 
thesounr. 

is exposed to each of the sources in the field of view. Thc rest is 
Thc advantage of this technique is that half the detector area 

behind closed mask clemmts. Camparc this with a pinhole 
camma, in which thc open area is only one pixeh worth. F a  a 
point €nlmx, the signal-to-& mi0 imreases as the square mot 
of N, when N is the number of open bales. For ow system. N is 
approximately 200. meaning a ~bfimes-greater signal sangth 
and signiiicantly dad datgacquisition time. 

Unfortunately. bewse dl the ccunts in the duector am used 

view, the less one gains fmm this technique. It rev& to one 
~ c a c h i m a g e l o c a t i ~ t h e m n e ~ s ~ a r c i n t h e f i e l d o f  

of view glows at the same intensity. 
with the same sensitivity as a pinhok camera if the whole k l d  

' h e  .resolution of a coded-apCrmn camera is just what  it 
would be for a pinhole camera. For each pixel. the angular 
offset in incoming radiation is IUe basic hole size divided  by 
the focal length (detedor-twnwk spacing). To obtain thc 
resolution at the source. one must multiply  this  angle by thc 
distancctothesouree. 

PoclitiorrS.*D.t.ctor 
nsolution must be wmpsrpble to the mask hole 
a positioo-sensitive detector. M m v a ,  the position 

converting thc si& to a visnal  image requires 

com~sys~m.Inthcsehematicofthedctcctorattheicfta 
position-sensitive photomultiptia tube is combined with a 
thin cedum-icdide crystal. When a gamma ray bits the 
crystal, it causes a bricf flash of tight, which is mnvatcd to 
an electronic signal by the photomultiplier tube. lk tube is 
u ~ i n t h a t i t a l ~ w s t h e b e p o s i t i o n o f t h c l i g h f  
determined fmm its fow output signals Thc amount of tight 
ispopottonaltotheemrgyofthcgammarayandisalso 
mcBsurcd by tbe pbotomultiplia tube. lk 6 x k m  acIive 
area of thc duector yields about 40 pixels l ~ o s s  its fsch 
allowing fa a mask paaem about 20 x 20 pixels  (ideally, one 
ovusampks by a f s n a  of two.) 
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Flgun 6. Video (right) and 
mmpsite gamma-rayMdeo 
overlay  (left) of a contaminated 

diffusion  plant  at Oak Ridge. 
pipe at me K-25 gaseous 

The  gamma-ray  image deatiy 
shws which of the pipes 
overhead is mntaminated. 

monitors  the  radiation from each 
radioactive  component is desirable. 
However,  such  a  level of security is not 
always  possible.  Particularly  in 
establishing  an  interim  storage area, the 
costs  and  time  required to make 
individual  security moiitors for each 

the  need  for  such  facilities will be 
location  can be prohibitive.  However, 

of  the  former  Soviet  Union  dismantle 
particularly  important as US. and states 

nuclear  warheads. In t h i s  case,  a GRIS- 
type  imager  can be a  relatively 
inexpensive  and  very  rapid way to 
establish  inventory  control. 

Although  we  have  not  fielded  such 
an application,  the  implementation is 
straightforward.  The  gamma-ray  imager 
is  installed so that  it  can  “see”  all 

Then,  the  imager  is  set on a  timer to 
sources,  and  a  baseline image is taken. 

take that image  over  and  over  again. 
A mathematical  comparison of each 
successive  image to the  original  can 
be used to sound an alarm  should 
something be moved;  we  developed 

suitable  algorithms to do t h i s  in the 
course of analyzing  the  Peacekeeper 
data. The  advantages of using an imager 
in  this case are that it can be set up very 
quickly,  personnel  need  not  leave  the 
m m ,  and  visible  light is not  required. 

Locating SNM in Process Plants 
GRIS has been demonstrated at two 

U.S. gaseous  diffusion,  uranium- 
enrichment plants-K-25 at Oak Ridge, 
Tennessee,  and  the  Portsmouth  plant 
near  Portsmouth. Ohio. The  images  we 
obtained  from  these  plants  demonstrate 
the  utility  of  gamma-ray  imaging in a 
number  of  complex  situations. 

Gaseous  diffusion is used to separate 
the  useful  uranium-235  isotope from the 
predominant  uranium-238  isotope 
present  in natural uranium.  Uranium- 
235 is the  fissionable  material used 
both as nuclear  fuel  in  reactors  and as 

diffusion  process,  uranium  metal is 
weapons  components. In the gaseous 

combined  with  fluorine to make 
uranium  hexafluoride  (UFs),  which is a 

__ . . . . .- . _, . . . . , A g e  Video image 
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gas at elevated  temperatures.  Separation 
takes  advantage of the  fact that the  gas, 
composed  of  the  lighter  uranium-235 
isotope, diffuses at a  slightly  higher  rate 
than the  gas  containing  heavier 
uranium-238.  The  UF6 is enriched in 
heated  equipment  and  piping  contained 
within  insulated  housings. 

wet air or envimnmentabchanges m the 
Occasionally,  because of leakage of 

housing,  solid UF6 deposits  develop. 
Such  deposits  routinely occur in  an 
operational plant  and  must be located 
and  identified. This task is not  trivial. 
Many  different  pipes share the  same 
heat  shielding in the miles  of  pipe 
galleries. To enter  these enclosires, 
workers  must  don  protective gear to 
avoid  radioactive  contamination  from 
possible  residual leaks from more than 
30  years of operation. In addition, some 
facilities-including  those  going 
through  decontamination  and 
decommissioning-contain highly 
enriched  uranium,  which  could  cause  a 
criticality  accident  if  a  deposit  of 
uranium-235  becomes too large. 

Current  characterization of the 
uranium  deposits  in  these  plants  is 
performed  primarily  using  sodium- 
iodide-based  radiation  detectors. These 
are carried through the plant,  and 

region is found,  workers must either 
map the  radiation  fields. If a  “hot” 

enter the  heat-shield-enclosed area or 
take many measurements with  a 
c o l l i m a t e d  version ofthe detectors to 
txy to locate  the deposit Both are time- 
consuming.  expensive.  and  potentially 
hazardous tasks. GRIS avoids the= 
problems  by  generating  images  from 
outside  the heat shielding  that 
definitively  locate the hot  material. 

envinmment  was  at  the  idled K-25 plant. 
Our first use of GRIS in  this 

GRISwasmountedonacarttolookup 

readings are taken at tixed intervals to 

some 4 m at  the  pipe  galleries  overhead 
that  range  in  width  from  a  few  meters to 
more than 12 m m s .  Each  gallery, 
enclosed  in  heat  shielding.  contains 
pipes  ranging in size from  a  few 
centimeters to more  than  a  meter  in 
diameter. The  building had been entirely 

under  and  on  top of the galleries  using 
scanned hy K-25 personnel  walking 

results  from this survey  were used to 
an uncouimated radiation  detector;  the 

the GRIS imager. The first  image  was  a 
select  sites of interest for application  of 

pipe used to exhaust  the  building’s  many 
vacuum  pumps.  We  selected this pipe 
because the lack  of  heat  shielding 
allowed us to verify that the  gamma-ray 
and video images  identified  the hot pipe 
figure 6). 

more representative  location  where  an 
A second  exposure  was  taken  of a 

isolated  deposit  of  material  was known 

I 
5.2- x 4.5m field of view 

to exist After  an initial wide-field 
image was taken to see the complete 
deposit, we  moved  the  imager  under the 
hot spot and  zoomed  in  on this region. 
Figure 7 shows  a  deposit  in  a  1.2-m- 
diameter  pipe,  where  an  expansion joint 
exists. The deposit is probably  uranium 
oxide,  formed  when  a  leak  developed  in 
the  expansion  joint. 

The  images  from  the  next location, 
although  they are nearly  featureless, 
clearly  demonstrate  the  power  of  the 
technique.  We  took GRIS to a location 
where  we  expected to find a series of 
radioactive  pipes  running the length  of 
the  area  covered  in  the  image. Two 
exposures  were  needed to cover the full 

The resulting  images (Figure 8) 
width  of  the  12-m-wide  pipe  gallery. 

revealed only a few  hot spots, not the 
contamination  expected  from  the 
standard  analysis. 

1.9- x 1.7-m  field of view 

Sciencc & Technology Review  October 1995 

29 



Gamma-Ray Imaging Spcmrnelry 

I 

Video  outline of heat shield , .  

flgun (1. A powertul example ot ltm advantages of 
gamma-ray  imaging,  this  image  shows  lime comamination 
within the heat ShieM. Inslead, tb imaga shavs Illat the 
wnlaminutiMl  is  in a neafby area. 

Mid view (10.2~17 radution) kcaliies d e w i t  

Lia - 

zmm view (3.8~17 resolution) identifies pipe 

GRIS to the diffusion  plant at 
Portsmouth. There we  made two 
measurements  of  note.  The first was 
taken to determine the exact location 
of  a known deposit  of  highly  enriched 
uranium. There were  concerns that a 
criticality accident was  possible  if  the 
deposit  was in the  main 20- or 30-cm- 
diameter pipes  of  the  gallery.  One 
image (Figure 9)  shows that this was 
not  the case and that the  deposit  was  in 
much smaller instrumentation  pipes. 
The second image  (Figure 10) shows a 
deposit  in  a diffiser cell, a large heat- 

6 m. The image,  overlaid onto a  plant 
shield-enshrouded  area  about 25 m x 

blueprint.  clearly  shows  plant 
personnel  where  the deposit is located 
before  someone enters a  cell. 

personnel  who operate and  clean  up 
In addition to its usefulness to 

these  facilities,  gamma-ray imaging also 
promises to be very useful to the 
Intemational Atomic Energy Agency’s 
safeguards programs fo tmni tohg  
reactor  fuel production facilities  amund 
the  world.  One  of the major  uncertaintics 
in inspecting such  plants is the nuclear 
material remaining in the plocess 
equipment The  ability to take images  of 
both deposits  and  gas in the equipment 
can significantly incnxse the ~ccurafy of 
the estimates  of the quantity  of  material 
present In additim, the settings of 
valves  and the flow  of gas through a 
plant  can be independently v d e d .  

Following  the K-25 visit,  we  took 

Other Applications 

Other GRIS applications  are  being 
considered. For example,  a private 
company  working for the nuclear power 
industry is studying  the  feasibility of 

imagery to direct workers  away from 
areas of  particularly  intense  radiation. 

~~ using the gamma-ray/videa  overlay 
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be  used to tind "lost" radioactive 
sources. lntense  radioactive sources 
am sometimes used for  materials 
charauerization in construction  and 
maintenance.  If tbese scurces are lost 
from tbeir holders, tbey present a 
signikant radiation hazard. 

M y ,  nuclear medicine w d d  
-tially baKfit from application  of  a 
gamma-ray imager with mpabilities 
similartomoSeofGRlS.Thegamma 
emksions of s e v d  well-known 
Iadionucli& Used in medicine fall within 
he range of mergies GRlS exploits. 

In a similar application, GRIS could 

Spectrometry and the Stars 

In addition to tbe programmatic 
imaging  work described so far, we have 
collabomted with the University of 
W o m i a  at Berkeley  and at Santa 
Barbara to combine our unique 
detectors with  a  novel  implementation 
of coded-apermre imaging to build tbe 
world's  highest angular-resolution. 
gamma-ray t e l e s c o p e  (Elgun 11). 
conshuctedwithLaboratoryDirreted 
Research and Development  funding, 
GRATIS (gamma-ray arc-minute 
tele-swpe imaging spectrometer) 
comprises 36 individud imagers 

asrmnomicaJ  energy band from 20 to 

detectors combined with a 4-m focal 
lengtb allow GRATIS to achieve an 

2 amminutes (arc-min). By  providing 
eacb of tbe 36 detectors with it%own 
one-dimensional  coded-aperture mask 
(Figure 12). we  provide better o v d  
performance at lower manufacturing 
cost than a more conventional telescope 
of similar size. Every  one of t h e  
telescopes proauceS a  one-dimensional 

spcifically tailored to work in tbe 

200 Lev. our bigJl-position-resolution 

unprrcedented angular resolution of 
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picture of the sky; the images are 
combined  mathematically to give a full 
two-dimensional  image. 

challenge because viewing  radiation 
GRATIS  pmvided  a  special 

from the cosmos requires that  the 
telescope be above dl but the most 
tenuous  portions of the atnmsphen. 
Thus, GRATIS is hung from a  helium 
balloon, and  the  pointing  system is 
operami by remote contml. To keep a 
s m e  in  the  center  of  the field of  view 

flgum 12. C h - u p  view ot the 
GRATIS mask plane. There are 36 

requires that the pointing  system  be 
stable to 1 arc-min. To reconstruct  the 

individd one-dimensional masks, images  pmperly requires that  we h o w  
eadlrotatedwimrespecrtoallthe where  the  telescope  is  pointing to an 
others. The resulting mmtsd individual even higher accuracy,  which  is  obtained 
i m a m  amtinad mamematically  by using a coaligned star camera  and  a 
to gim a Wimensionel i m e g e .  gyroscope system that allow us to 

1 1  
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reconstruct  the  pointing  after the tlight 
to appmximately 20 arc-seconds. 

in  spring 1994 from Palestine,  Texas. 
During its 11-hour flight, we observed 
three scientific  targets:  Cygnus X-1, 
Cygnus X-3, and  Her X-1; we are in the 

in Alice  Springs, Australia ready for its 
Meanwhile,  GRATIS is on the grwnd 

next tlight this fall,  when we will 
observe the center  of our galaxy. 

GRATIS  was  first flown successfully 

process of analyzing the data. 

Continuing  Development 

imaging  include improvements  in the 
Our ongoing efforts in  gamma-ray 

deteaors and  in  image-penemtion 
techniques.  We are building  a new 
de teaa  that  takes  advantage  of the 
mtated  one-diminsional  imaging used 
in GRATIS to extend the useful energy 
range  of this work and to significantly 
lower  the cost per unit m a  of detector. 
Called the  Gamma-Ray Bar Imaging 
Telescope (Figure 13). GRABIT 
achieves these advances by scpmting 
the energy- and position-resolving 
functions  of  the detector. 

onanonimagingphotomultipliatube. 
Mostofthescintillationlightfmsna 
gauuna-ray  event is collected by mis 
tuhe,thesi@fromwhichisusedto 
demminethemergyofthegammaray. 
Todeterminewhaethegammarayhits, 
wepickoffasmallfractionofthelight 
with a fiber-optic  bundle and transmit it 
toanimagingdevicesuchasthe 
photomultiplier tube used in GRIS.  By 
&serving which  fiber end glows and 
knowingitsatrangementontheimagu~ 
wecandemminewhichharishitbythe 
gammaray. 

impmves  the  system performance, note 
To understand  how this feature 

that  the GRIS detectors  determine  an 
event's  position by tinding the center  of 

AseriesofscintiUatcmharsismount83 



Gamma-Ray  imaging  spectrometry 

the  light  footprint at the input to the 
photomultiplier  tube.  However, as one 
makes the crystal thicker,  the  average 
event size will  increase  because  the 
light  spreads out more  before it reaches 
the  tube,  thus deneasing the ability to 
find the flash  location. By dividing  the 
crystal into bars. we remove this 
problem: the position  resolution  is 
limited  only  by the width  of  the bar. 
The costs are  lower because the  unit 
area of nonimaging  tubes is only  about 
one-tenth tbat of ivg ing  tubes. By 
reading out a  bar  with  a fik optic,  we 
effectively  increase  the  expensive 
imager  area  some 40 times. We are 
currently  assembling  a  laboratory 
prototyp of this detector  system. 

demonstrates  the  advantage  of 
Our previous  imaging  work  clearly 

generating  images  using  different  parts 
of  the  energy spectnun. Unfortunately, 
the  energy  resolution of the  cesium 
iodide  currently used is only about 1046, 
not  enough to distinguish  commercial 
(reactor-grade)  plutonium  from 
weapons-grade  plutonium.  Higher 
energy  resolution makes this distinction 
possible  because it separates  the 
different gamma-ray  energy  lines  of  the 
various  plutonium  isotopes. 

Another advantage  of  improved 
energy  resolution is the  ability to obtain 
information  from  a  strong  source  that 
lies behind a significant  thickness  of 
other material. In such  a  case,  the 
overlying  material acts much like the 
diffiser in  front  of  a ligbt, scaaering the 
radiation  and  blurring  the  image. 
However,  unlike  visible  lighh  the 
scauered radiation at these higher 
energies  is also shikd to a  lower 
energy.  By restricting  the  image to 
photons,  which are in  a known spectral 
line from the s m e ,  one can remove 
this type of  blurring.  With  these 
advantages  in  mind, we plan to develop 
position-sensitive,  solid-state  detectors 

such as germanium- or zinc-doped 
cadmium  telluride,  both of which 
provide  much better energy  resolution. 

Because  it was  developed for 
gamma-ray  astronomy,  the  coded- 

been applied  by others assumes tbat the 
aperture  imaging  technique as it has 

imaging  work  we  have  described, this 
source is very  far  away. In the close 

assumption does not  hold.  We have 
applied  several  techniques to 
compensate for this differma and are 
continuing to make improvements to the 
imaging  techniques. 

of  more  advanced  imaging  algorithms 
We are investigating  the  application 

to the codcd-aperture data.  These 
techniques  rely on iterative  approaches, 
based on Bayesian  logic,  that  seek  the 
best  image on the  basis of prior 

Gamma ray 

Imaging PMT 
~ 

Nonimaging PMT 1 A 
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knowledge of the s m e  and 
instrument. We are  already  applying 
one  such  technique.  known as 

dimensional  image from our sa of one- 
maximum entropy, to obtain the twc- 

dimensional  images in GRATIS data 
This technique  selects  the “ilattsz’ 
image  (the  one  with  the  least  structure) 
commensurate  with  a  statistical 
goodness-of-fit  indicator  based  on the 
known  instrument  propelties. In this 
cas=,  we  assume  that the scene  nature 
supplies  will  not  have  a lot of  rapid 
variations  in  counts  versus  position. 

Key Words: gamma raysgamma-ray arc- 
minute telescope imaging specImmeter 
(GRATIS), gamma-ray ashonomy, gamma- 
ray bar imaging telescope (GRABIT), 
gamma-ray camera, gamma-ray imaging 
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I Commentary by Wayne Shotts and  LeeYounker I 

Meeting  the  Monitoring  Challenges of 
the  Comprehensive  Test  Ban  Treaty 

A LTHOUGH  political  tensions  have eased significantly 

proliferation  remains  a  grave  concern  worldwide.  Recent 
between the West  and  the  former  Soviet  Union,  nuclear 

events  underscore this concern.  In  the  months  following  the 
Gulf  War,  United  Nations  investigators  were  surprised to 
discover the progress  Iraq had secretly  made  toward 

by India  and Pakistan raised the  frightening  specter  of 
developing  a  nuclear  arsenal. Just this spring,  the  nuclear  tests 

unfriendly  neighbors  acquiring  their  own  nuclear  missile 
forces  and  triggered  urgent a p p e a l s  for all nations to sign  and 
ratify  promptly the Comprehensive Test Ban Treaty  (CTBT). 

other  nuclear  explosion". is the  latest  step in a  decades-long 
This ban  on  "any  nuclear weapon  test  explosion or any 

quest to halt  nuclear  proliferation. The treaty calls for an 
international  system  of  several  hundred  monitoring  stations 
transmitting data continuously to an  international data center 
in  Vienna,  which  in tum distributes  the  data  and summary 
reports to national  data  centers.  including  the U.S. National 
Data  Center  in  Florida. 

presents  an  unprecedented monitoring  challenge:  namely, 
As the  article  beginning on p. 36 points out, the treaty 

detecting low-yield,  clandestine  nuclear tests among  thousands 
of seismically  similar  events,  such as small  earthquakes  and 
routine  mining  explosions,  that  will  be  reported  daily by the 
monitoring  stations  arrayed  around  the globe. 

technical strengths of its national  laboratories to devise tools 
and  techniques  fur  monitoring this most  restrictive of all test 
bans. For its paa, Livennore is home to expertise'in nuclear- 
test-related seismology, geology,  engineering,  chemistry, 
instrumentation,  and  computer  science. During the nation's 
earlier  nuclear testing program, Livennore seismologists, 
geologists,  and  engineers.  many  of  them  now  a part of the 
Earth and  Environmental  Sciences  Directorate,  played  a 
critical  role  in  ensuring  the  containment  of  the  underground 
tests  at  the  Nevada Test Site. In addition, OUT seismologists 
have  a long history of treaty  monitoring  research  and,  along 
with other Livennore  expens, have provided  technical  support 

of the  treaties  limiting  underground  nuclear  testing. 
and  advice to US. policymakers  and  treaty  negotiators for all  

During  CTBT  negotiations in Geneva  a  few  years  ago, 
Livermore  made  major  contributions to the  selection  of 

The  Department  of  Energy is drawing on the expertise  and 

international  monitoring  station  sites,  the  definition of on- 

monitoring  concepts  undergirding  the  treaty.  For the past 
site  inspection  procedures.  and  even the adoption'of national 

few  years,  Livennore  researchers  have  been  working on 
several  projects to help  the US. National  Data  Center 
prepare for a  CTBT.  One  vital effort focuses on  determining 
how the regional  geology  in  key  parts of the  world,  such as 
the Middle East, will affect  seismic  signals as they travel 
underground  from  explosions,  earthquakes,  and other 
sources to the  international  monitoring  stations. As the 
article  describes, fulfilling this task has taken Livennore 
people to remote  comers  of  the  world  and  even  teamed  them 
with  colleagues in Russia to calibrate  seismic  wave 
propagation  in  areas  of  the  former  Soviet  Union. 

Nonproliferation. Arms Control,  and  International  Security 
The  research  team's  work supports Livermore's 

. A r m s  Control  Program.  Among this program's 
D i r e c t o r e i n  particular, its Prolieration Prevention  and 

responsibilities  are  conducting  analyses in support  of DOE 
nuclear arms control  policies  and  guiding the development 
of treaty  verification  technologies.  Indeed, the direckmte 
was created in  part to use Livermore's core strengths in 
nuclear  science  and  advanced  sensors  and  inshumentation to 
help this nation  prevent the spread  of  nuclear  weapons  and 
supporting  technology. 

laboratories  have  an essmtial role to play in providing the 
analyses and technologies  needed to nmnitor compliance 
with arms control  treaties. This role, as never  before. 
demands  technological  inventiveness  from expnts 
representing  a  host  of  mutually suppotting disciplines,  with 
the overriding goal of enhancing  national  and global security. 

Livennore and the  other DOE national  security 

*Prom the ten of the CTEIT, which can be viewed at hnp:/h..Oedagm' 
W ~ r u i c r C t b I . h  

Wayne Sbm is hsmiae Dincmr, NmpliferUim, Annr cmtrol and 
I"&cQal &laity. 

rn LceYaunLaisr( ing~ueDirr*or .EanhpodEnvimamnUlSe~.  
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network  of  automated  scientific 
insuumentation  stations,  secure 
communications  links,  and  the 
International  Data Center based  in 
Vienna,  Austria.  The  monitoring  stations 

consist of 170 seismic  stations to record 
(many  of  which  already exist) will 

underground  pressure  waves, 
60 infrasound  stations to record  low- 
frequency  sound  waves  in  the  air, 

underwater  sound waves, and 
I I hydroacoustic stations to record 

80 radionuclide  stations to record 
airborne  radioactive gases or particles 
(Figure I ). 

Each  day,  these  stations  will  transmit 
enormous  amounts of data via  satellite to 
the  International  Data  Center  in  Vienna. 
which in turn  distributes  it to national 
data  centers  around  the  world.  Computers 
at the  international  center will  process  the 
raw data,  associate  segments of the data 
stream  with  specific  events.  and  estimate 
the  location  of  those  events.  Analysts  will 
then  review  the  processed  data  and  send a 
daily  bulletin to all  parties to the treaty. 

In turn,  national data centers  will 
have  the  responsibility to make 
judgments about the true nature  of  any 
suspect  events.  These  national  centers 
will  have  access to all  raw data available 
at  the  international  center.  They  will 
also have the right to use  their  own 
computer  analyses.  informational 
databases,  and data gathered by their 
own  technical  resources.  Most 

importantly, @h nationjwill appl:, 
its own criteqa for  distinguishing 
between comtliance an! 
noncompliande. 

at Patrick  Air  'Force  Basd  in  Florid; 
The U.S. National  Da&  Center 

is the  facility  Iesponsiblejfor 
American  mobitoring  of  the  treaty. 
The U.S. Depkment of  Energy,  in 
light of its ex@nsive expjrience in 
making seismk and othei 
measurementd  of  nuclearitests,  is 

technology  n+ded  for  th+  national 
providing dad analysis, Igorithms. and 

center to reach  the  low  monitoring 
thresholds dui red  to meet  the U S .  
goals. DOES iresearch  prpgram fofuses 
on advances  ih  methods (b precisel I 
detect,  locate,iand  characterize eve 1ts 

in  key  areas of interest.  'dhe  progra n 
draws  upon  the  strengths,of  major 
universities,  private  contqacton,  and 
DOE  laboratwies  such ai Lawrenc: 
Livermore,  Lps  Alamos,  bandia, 
Environment$  Measurements,  and 
Pacific  Northwest. ~ 

At  Lawrence  Livermqre,  a  team  of 
about 30 resevhen has  been  help  ng 
to prepare the1 National aata Cente ' for 
monitoring  compliance qith the  fujnre 
CTBT.  Most +am memtien are 
geologists,  gepphysicistsl  and 

Environmentdl  Sciences  birectorate. 
seismologistsifrom  the EWh and 

while  others @ from  thu  Computation, 
Engineering, v d  Chemiqtry  and 

! 

- 
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Materials  Science  directorates.  The 
team’s  work  supports the Laboratory’s 
Nonproliferation, A r m s  Control,  and 

which helps prevent  the  proliferation  of 

in US. arms conml matters. 
weapons of mass destruction  and  assists 

For the ClgT. Livermore is carrying 
cut field  experiments, at sites ranging 
from the  deserts of Jordan to the former 
Soviet  nuclear  test  site in Kazakhstan, 
to document  how regional geology 
affects the  transmission  of  seismic 
signals.  At the same time, Livennore 
specialists are developing  powerful 
complter algorithms  that calculate the 
degree to which  measurements 
collected by seismic  and  hydroacoustic 
stations are altaed by regional geology 
and how  they  compare  with  previous 
data fmm say, regional earthquakes  and 
mining oprrations (activities that can 
mimic small nuclear  explosions). 
Fmally,  Liveamore experts provide 
technical advice  and expeaise to U.S. 
negotiators  and  developed methods for 
international teams to use for on-site 
inspections. (See the box  on p. 42.) 

“Our goal is to achieve  a  very  high 
level  of mfidence in the natim’s 

explosion.”  says Livennore program 
ability to detect  any  clandestine  nuclear 

leader  Jay  Zucca,  a  seismologist.  Zucca 
notes that while DOE is the sponsor of 

Intrmational security Directorate, 

this work, the primary user for the 
Livernmr research program is the U.S. 
National Data Center. Livennore  is also 

the  Provisional  Technical  Secretariat 
working  closely  with  representatives  of 

(the international organizatiw created 
by the treaty for its implementation)  in 
Vienna in establishing  the  International 
Monitoring  System  and data center. 

Meeting Monitoring Challenges 

current  Tbmsbold Test Ban  Treaty 
Zucca points out that under the 

(banning  explosions  exceeding 

explosive  yield is the critical  issue. 
150 kilotons), determining  accurate 

Most  nuclear  tests  near  the  threshold 
treaty’s limit  generate  seismic 

Richter  scale.  Seismic signals from 
magnitudcsofabout6orgreateronthe 

these tests travel  thousands  of miles 
through Earth’s relatively  homogeneous 
core and mantle and are readily  picked 
up  by  far-away  seismic  stations for 
relatively  straightforward 
characterization (Figune 2a). 

critical  issues will be to determine  that  a 
nuclear explosion-no matter its size- 
took place and to pinpoint its location 
accurately. A nation attempting to 
conceal  a  test wuld attempt to minimize 
the seismic  signals.  Such  signals from a 
small  nuclear  test  could be well  below 

Under  the CTBT. however.  the 

magnitude 4, with  resulting  measurable 
signals  traveling 1,OOO miles or less. 
what’s more, the signals  would  likely 
be contined to Earth’s upper  mantle  and 
crust,  an  extremely  heterogeneous 
envimnment that distorts,  and  even 
blocks.  parts  of  the  signals (F~gure 2b). 

characterizing  signals at these so-called 
regional distances pose a  significant 
challenge,  says  seismologist Bill 
Walter. “It’s  a  much  harder job because 
we  can’t use global models of Earth. 
We have to calibrate  region by region, 
seismic  station by seismic  station.” 
Successfi~IIy  meeting the regional 
distance  challenge.  says  seismologist 
Marv  Denny, has been the mast difficult 

Accurately  locating  and 

aspect of the Livernmr effort over the 
past several  years. 

task is the huge  number  of  events thaf 
Denny says tbat complicating the 

at k t  cut,  can  resemble  a small nuclear 
detonation. Stations will be rexmiing a 
constant stream of  background  noise 
that includes  earthquakes,  lighming. 
meteors, sonic booms, navy  armament 
testing, mining explosions, wnsrmetion 
activities  and other industrisl 
operations, nuclear  reactor operations 
and accidents, natural radioactivity,  and 
even strong wind and Ocean  waves. 

smaller and smaller clandesine tests, the 
“As we  consider the possibility of 
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number  of background events, both 
natural  and  human made. beannes 
immnse.” says  Walter. For example, 

in seismic magnitude to a small  nuclear 
explosion OCNI in the world  every  year. 
Many  of these background events  can be 
disregarded becausc of their depth or 
similarity to other events known to be 
nonnuclear.  However,  many will not be 
identified so readily. As a result, the 
National Dam Center will require a  set 
of tools, largely data-pnmssiog 

r c f r r e n c e d a t a b a s e a t o p e r f o r m W h a t  

software. modeling  capability, and 

Walter terms ‘‘forensic seismology’’ to 
separate a  weak  potential  nuclear  test 
from backpund noise. 

comprehensive database that includes 
seismic patterns and  the  location  of 

This database must  also  include 
mines and  seismically  active  regions. 

information on how Eaah’s crust and 
mantle  affect  the  travel time and 
amplitude  of  seismic  signals as they 
make  their way to international  stations. 

mon than 200.C4Jo eaahquakes similar 

One  essential tool will be a 

‘We want to be sure that data relayed 
by individual stations are interpreted in 
light of their regional  settings so that 
the location  and nature of  an  event are 
properly dnermined” says  Zucca. 

Building the Knowledge Base 

database, called  the  Knowledge  Base, 
The DOE is assembling  such  a 

to manage, store, and reuieve vital 
information abcut major areas of the 
world.  “A key Livermore product for 
the  National Data Center is ow 
conaibution to the Knowledge  Base.” 
says Zucca. While the Knowledge  Base 
includes information from all four 
sensor technologies, it  is dominated  by 
hydroacoustic and seismic data 
considered the most  essential for 
interpreting  events  in  their  regional 
context. 

assigned by DOE to focus  largely  on 
The Livermm team has been 

the Middle East  and  North  Africa 

the former  Soviet Union, which 
(called  MENA)  and  the  westem part of 

includes  the  former  Soviet  test site at 

Novaya zemlya, near the Arctic Sea 

collecting  and organizing large 
(Figure 3). The work hap entailed 

quantities  of  geological,  geophysical. 
seismological,  and  human-activities data 

complicated by the geological  diversity 
within these areas. The task is 

of  MENA  and  by  the  lack  of  “ground 
truth,’’ that is,  seismic data from well- 
documented  earthquakes, mine 
explosions, or explosions  carried out for 
seismic  calibration p u r p e s .  

prompted several  avenues  of rrsearch 
Obtainingdedpundtruthhas 

Omlogist Jerry Sweeney,  for  example, is 
researchingpublishedli~for 
rrpoasofearthqualreaftershocksadies 
fromIran,Alge&andArmeniaOmer 
researchers have deployed temporary 
stations in areas awaiting the coostructioo 

rrcord bckgomd seismic  activity so 
of  permanent  intematiooal statioas to 

thattheycandMermimhowtherrgioDal 
g e o l o g y  affects the seismic readings. Last 

temporary seismic stations in eoopration 

April, engineer and seismologist Dave 
Harris traveled to Jordan to w up two 
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(a) 

RgUm 3. Uvemwm researchers am focusing on (a) the  Middle  East and Topography. nmtaa 
North Africa and (b) the western part of the foner Soviet  Union, which 
indudes the tormer W t  nuclear test site at Nwaya Zemlya. The 
l x a h  of  seismic. hydmacwstic, infrasound. and radionuclide 
monitoring stations fM the International  Monitoring System (IMS) am 

4.000 
3,000 

shwn for both amas. The histotic  seismic record is plotled using a sale 2,000 

determined by the depth of the seismic  signal. Past nuclear ex@osions 
1 .ow 

(many of them for peamhl purposes) am denoted by blue daronds. 
0 
-1 , 0 0 0  

(Maps created by tivemre 8denlist  Bill  Walter.) - 2 , 0 0 0  -3.000 
4,000 

7.000 

-7.000 

with the Jordanian Natural Reswrces 
Authority to raord the seismic 
signatum of earthquake activity  and 
nearby  phosphate  mining operations 
(Figure 4). ‘These extra stations provide 
additional  constraint  on the locations of 

in the region  and provide us 

explains Hanis. 
with higher quality  gnnmd truth:’ 

Aiding  the MENA effon is an 
ongoing Livemarc study of 
earthquakes  and  underground 
explosions  around the Nevada Test Site. 
Livermore  researchers are comparing 
seismograms of underground  nuclear 

tests  conducted  in 1992 (the last  year 
of American  nuclear  testing)  with 
several  moderate  local  earthquakes  in 
the same year.  They also participated  in 
a DOE test at the site in 1993 (called 
the Non-Proliferation  Experiment) 
involving  a kil&n of  chemical 
explosive.  The  test  revealed that 
seismic  signals  from an underground 
chemical  blast  closely  mimic the signals 
that  would be ex@ from an 
undrrgrwnd nuclear  test. 

Zucca  notes  that  potential maty 
violators  might be tempted to detonate 
a nuclear  device  in  the  center  of a large 

IMS &unlc station. * Primary IMS 

4 Array station 
A Auxiliary IMS 

ouwr IMS dstlon. 
~ r C a ~ S ~  

+ lnframund 
Radionudide 

sdslnlcnv (WlW bv d.p(h) 
0 > 2cm kilometers 
0 50 kilwneters 

0 Nudear e m m  
0 c 50 kilometers 

(Symbol size scaled by magnitude) 

underground  cavity,  a  technique called 
decoupling. The seismic  signal from 
such  a  test is reduced by a factor of up 
to 70 through a muffling  effest that 
reduces  the  amplitude of the signal. A 

example,  would  produce  a  magnitude 
1-kiloton  nuclear  explosion. for 

in  the  range of approximately 2.5 to 

large  underground  cavity.  Seismic 
3 on the Richter scale when tested in a 

signals of the  lower  magnitude are 
produced  frequently  in  a large number 
of mine  explosions  worldwide, and 
many  thousands of earthquakes are in 
this range. 
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ngun 4. Limnware and Jordanian researchers  recently  estaLNshed 
1wo temporary  seismk s t a b s  in Jordan to remrd the  Seismic 
signatures of background earthquake anMty and of explosions from 
phosphate  mining  aclivitiea frai operations  at Um Eshiiiyah 
phosphate  mine. (a) Map of the area showing the lwtion of the 
phosphate  mine and seismic statim. (b) Outside view of the seismk 
s t a b  nearest the mine. (c) Inside view of the seismic station. 

investigated  the  signal effects possible 
Livermore  scientists  have 

with  blasts  conducted  in  cavities 

Researchers  have  also aaempted to 
formed from different  rock  types. 

gain a more complete  understanding  of 
the  seismic  signals  caused by routine 
mining operations. They have joined 
with  colleagues  from  the U.S. 
Geological  Survey  and  Russian 
scientists to calibrate  seismic  wave 
propagation  in  regions  of the former 
Soviet  Union. Livennore scientists 
have also monitored  different t yps  of 
seismic  signals from operations in 
mines  located  in  Wyoming,  Colorado, 
and Nevada 

Determining  Underwater  Events 
While  seismic  network  research is 

progressing  along many fronts,  several 
Livennore specialists have  devoted 
their  energies to advancing 
hydroacoustic  monitoring technology. 
They have  combined  fundamental 
research  on  detecting  the  propagation 
of underwater  sound  waves  with 
conuibutions to the  Knowledge Base’s 
storehouse  of  underwater  signals from 
earthquakes,  volcanoes,  shipping 
activity,  and  chemical  explosions  from 
military testing. “A lot of background 
underwater  events have to be taken  into 
awounk” says  seismologist  Phil 
Harben, although  he  notes that they are. 

not as pervasive as land  activities  such 
as mining. 

ocean signals is an  automated data- 
acquisition  facility on San  Nicolas 
Island  off  southern  California. Data 
from this station permit  researchers to 
check  computer  models  and  conduct 
research  on  the  sensitivities  of  island 

hydrophones to water-borne  sigoals. 
seismic stations and offshore 

The database of  nuclear  explosions 
at sea  is limited to a  few tests can id  
out years  ago  by the agencies prcading 
theDOE.BeCauSedataare.SOlimitCd, 
Livermore  scientists  have  developed 
a  calculational  capability to predict the 

Aiding Livermore’s  understanding of 
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effects of underwater  nuclear 
explosions.  They  used this capability 
to provide  diplomats  with  options  for 
hydroacoustic  networks.  They also 
provided  analyses  showing  the 
economic  advantages of fixed 
hyatoacoustic  statjons  (connected by 
cable to recording sites on land) over unmoored. floating  buoys. On the 
basis of this work, a network of six 
hydrophones  and five island 

international  system to detect  and 
seismometers  was  chosen as the 

locate  underwater  explosions  and. in 
some  cases,  explosions  in the low 
atmosphere. 

fact that undmater explosions 
generate  acoustic  waves (in the 

can  travel  completely across an ocean 
fresuency  range of 1 to 100 hertz) that 

basin-in some cases. more than 

The network  takes  advantage of the 
E 

flgum 5. An international mcnitwing statim in  PaIdstan detected the Indian nudear test Ot 
May 11,1998. about 740 Idlometem away. (a) Atmlysis of seismogram slwwad a P-wavs 
t&-wave raw sbonply indicative of an explosion and not (b) nea t?  earilw~akes. 

I 

proced~; many of these pmccdures were eventually 
incorporated in@ thc text of the aaty. Livemare  seismologist 
Jay  Zucca serves as the U.S. point of contact for thc @-Site 
~nspection Experts Gmup that meets regularly in Vienna. 

Zucca uplains that  a clandestine explosion m y  not 
oecessarily form a telltale crpter. lo such a  case, an inspection 
team will  scarch  for othacVidwrc. For example,  the  team  may 
deploy p h l e  seismic GquipmMw to detect very small 
affershocks, collect  samples  of  soil gases and water to Iwk for 
radioactive  materials, or %arch for  an  underground  explosion 
cavity or rubble. 

nuclear  event. 
Also as  part  of  the  Non-Proliferation  Experiment. 

Livermore  experts  found  that  very  small amounts of  rare 
radioactive gases such  as  xenon-133  and  argon-31 
generated in underground  nuclear  detonations  can  migrate 

fissures in a time frame consistent  with an on-site 
toward  the surface along  natural  fault  lines and eanh 

inspection.  The  technology used in  these tests can be an 
examely sensitive  way  to  detect  nearby urxlergsm~nd 
nuclear  explosions that do  not fractun the surfsee. (&e 
Januarymcbruary  1997 S&TR, pp. 24-2 
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along  the  SOFAR (sound  fixing  and 
10,oOO miles.  The acoustic  waves  travel 

m&g) channel,  described by  Harben 
as “a  wave  guide for ocean acwstic 
energy  that  depends  on t emptu re ,  
density,  and  depth.”  However,  waves 
traveling in this channel  can be blocked 
or weakened  by  land masses and 
regions  of  shallow or cold  water. 
Livermore  modeling  of the properties 
of this channel  during  CTBT 
negotiations  was  important in 
determining the global distribution  of 
bydroacoustic  stations. 

Refining Algorithms 

Center will be the automated  analysis 
A major  effort  of  the  National Data 

of data obtained  from  the  international 
center,  supplemented  by  data  provided 
by other US. resou~ces. Fmal  reviews 
will be provided  by  analysts  working 
with  Knowledge  Base data such as 
reference  seismograms  from  historic 
nuclear  events  conducted  in  the area of 

process  will be several algorithms  for 
a suspect event. Key to the automated 

determining  the  location  and  nature of 
an  event.  Livermore  experts are using 
data gathered for the Knowledge 
Base-for example, undnground signal 
travel  times to each  international 
station-  refine the algorithms. 

interlabaatory team  headed  by 
I d v m r e  seismologist  Craig  Schultz 
made a  fundamental  advance  in the field 
of kriging,  a  geostatistical estimating 
process. The advance  enables the team 
to develop  estimates of the level of 
confidence in the  regional  seismic 
properties derived from  a  few 
geographically  isolated  observations. 
Zuccadescribestheworkasoneoftbe 
key breaLthroughs for the  functioning of 
the Knowledge  Base. It is l i l y ,  he 
says, that the  approach taken by 
Scbdtz’s team  for.&  algorithms will 

As pan of their algorithm  work,  an 

be  adopted by seismologists  everywhere 
for their own applications. 

cbaracteristic  features  of  a  waveform 
Key algoritJuns  provide  discriminants, 

@eak-to-peak distance,  beigbt, width  or 

discriminant, for example,  is  the ratio of 
some ratio). A particularly usefid 

P-wave  amplitude to S-wave  amplitude. 
The P (or primary) wave is a 
compressional  wave that is the tirst to 
arrive at a  station.  The S wave (x shear 
wave has a  slower  propagation speed and 
arrives  behind the P wave.  The 

of May 11,1998, as recorded  by  an 
seismogram  from the  Indian  nuclear  test 

international  monitoring  system  station 
in  Pakistan  about 740 kilometers  away, 
showed  a P-to-S ratio  strongly 
characteristic  of  an  explosion  and  not  an 
eartbquake Figure 5).  

Zucca  points  out  that the Indian  test 

of the  international  network.  Based  on 
successfully  demonstrated the capability 

Livennore’s  work at other  sites  and 
current  examination  of  events  in this 

explosion  in key areas of  interest  can be 
area, he is confident  a  potential  nuclear 

detected  and identiiied down to much 

smaller  magnitudes. In Mher  words,  says 
Zuaa. the  world  will  soon have strong 
international  monitoring  and  analysis 
capabilities to help  determine 
international  compliance  with the 
Comprehensive  Test  Ban  Treaty. 

4 m i e  HelIer 

Key Words: Comprehensive  Test  Ban 
Treaty (CIBT), discriminants. International 
Data Center, Knowledge  BW, MENA 
(Middle East and North Africa) region. 
National Data  Center. Nevada Test Site, 
SOFAR (sound fixing and ranging)  channel, 
Threshold Test Ban Treaty (lTBT). 

Editor’s Note: On p. 36. the image of the 

LnbomtoriPs. the image of the radwnuclide 
globe  is counesy of Sandin National 

monitoring devices was pmvidcd by Pa@ 
Northwest National Lnboramries, and the 
imge of the infraround mniror was created 
a t las  A l m s  NationaILobomrory. 

ibout the  Scientist 

E JOHN 1. (JAY)  ZUCCA,  leader  of  Livennore’s  Comprehensive 
Test Ban  Treaty Program. joined  the Laboratory in 1984. He has 
worked  primarily for the Laboratory’s Treaty  Verification 
Program concentrating  on  seismic  instrumentation  development, 
on-site  inspection,  and regional seismology.  He  was  a mmber of 
the US. delegation to the Nuclear  Testiog Talks (Threshold Test 
Ban  Treaty)  and  a  member  of  the US. delegation to the 

Conference  on  Disarmament for the  Comprehensive Test Ban  Treaty.  He is currently 
a  member of the U S  delegation to the Reparatory Commission for the CIgT. Zucca 
received  his  B.S. from the University  of  California at Berkeley  and his Pb.D. from 
Stanford  University. He completed postdoctoral positions at the US. Geological 
Survey in Menlo Park and tbe University  of  Karlsruhe  in  Germany. 
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Research  Highlights 
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W HEN Resident Clinton  and other world  leaders  signed 
the landmark  Comprehensive  Nuclear Test Ban  Treaty 

last  September,  they  served  notice that any  signatory  nation 
trying to conceal  an  undergrcund  nuclear  test w d d  have to 
elude  a v i g m  international  verification program armed with 
the latest monitoring  technologies. Thanks to the work  of  a 
multidisciplinary  Lawrence  Livermore team, the  international 
community  now has a  powerful new forensic tool to help 
enforce  the  treaty by detecting  even  deeply buried clandestine 
nuclear  tests. 

Under the terms of the treaty, which bans all nuclear 
weapons test explosions,  a  system  of  verilication  and 
inspection will be administered by the  Comprehensive  Test 
Ban  Treaty  Organization  in  Vienna, Austria. 

Lawrence  Livermore  scientists  have  long  played an 
important  role  in  providing  monitoring technologies in suppott 
of  nuclear treaty verification  aud  on-site  inspection. The latest 
Livermore  technology is b a d  on  the  discovery that minute 
amounts of rare, radioactive gases generated  in  underground 
nuclear  &nations will migrate  toward the surface along 
natural fault  lines  and earth fissures. 

included  physicists  Ray  Heinle,  Bryant  Hudson,  and John 
Nitao  and  geophysicist  Jay Zucca. With  the  help  of results 
fmm mrlier studies. the" theorized that highly  sensitive 

Livermore  geophysicist  Charles  Carrigan  led the team  that 

inshuments  might  detect telltale radioactive gases rising 
during periods of  barometric  low pressure through natural 
fissures  in the ground  above the blast. To test the hypothesis. 
the team  obtained two gases,  0.2 kilograms (7 ounces) of 
helium-3  and 50 kilograms (1 10 pounds) of sulfur 
hexafluoride, as tracers. These  nonradioactive gases me ideal 
tracers because they are present  in  very  low quantities in the 
natural  environment. 

g a m  were  placed  with  a 1.3-kilmn charge  of  chemical 
As the photo on p. 45 shows, the bottles  containing the 

explosives into a  mined  cavity that was 15 mters (50 feet)  in 
diameter  and 5 me- (17 feet)  high. The cavity  was l o c a t e d  
400 meters  (1,300  feet)  below the dace, two to thre times 
deeper  than that repuired for a  similar sized undergrouod 
nuclear  test. A somewhat  shallower detonation, says Carrigan, 

connecting the  cavity with the surface. both telltale signs of an 
might  have p d d  a  collapse  crater or extensive fractureB 

undergmund  explosion.  Hence.  clandestine tests would  very 
likelybeconductedatthegreaterdepthtoavoideasy 
detection of treaty violations. 

Simulating a Nuclear Test 
The detonation, known as the Non-Roliferatiw Experiment. 

occurred on September 22,1993, in the mky Rainiez Mesa  of 
the  Nevada Test Site, where some of the  nation's  nuclear tests 

. 
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were  conducted  until  a  testing  moratorium  went  into  effect  in 
1992. The chemical  explosion  simulated  a l-kilotm underground 
nuclear  detonation,  which, as expected,  did  not  produce  any 
visible new  cracks in the Earth. 

including  technical  support  personnel  from  Test  Site  contractors 
E & G  and E C o ,  collected  nearly  200  samples of subsoil 
gases  for  measurement.  At  some  sampling  stations,  sampling 
tubes  were  driven into the  ground to depths of 1.5 to 5 meters 
(5 to 16 feet) along  fractures  and  faults. At other  stations, 
tubes  were  simply  placed  beneath  plastic  sheeting  that  was 
spread on the  ground to trap  rising  soil  gases  and to limit 
atmospheric  infiltration  (see  photo, p. 46). 

when sulfur hexduoride was  detected  in  fractures  along  a 
fault.  Interestingly,  the much lighter  helium-3  showed  up ’ . 
375  days-more than a year-following  the  explosion.  Both 
gases were  first  detected  along  the  same  natural  fissure  within 
550 meters  (1,800  feet)  of  the  blast  site. 

Over  the  course  of  the  extended  sampling  period,  virtually 
all the  samples  yielding  concentrations  of  the  two  tracers 
appeared  along  natural  faults  and  fractures  in  the  mesa  during 
periods of  low  atmospheric  pressure, mainly at  the  beginning 
of  storms. The low  pressure  accompanying  storms,  says 
Carrigan,  makes it possible for the  gases to move  toward  the 

the number  of  low-pressure  days equal the  number  of high- 
surface  along  the  faults.  Although  over the  course  of  a  year 

pressure  days,  the gases are eventually  drawn  upward. 
“There’s  a  ratcheting  effect,”  he  explains. ‘The gases  don’t go 
back  down as much as they go up.”  (See  the  simulation  on 
p. 46.) 

Carrigan  notes  that  it  is  counterintuitive  that  helium-3 t a k e s  
so much  longer to make its way  up natural fissures than  sulfur 
hexafluoride,  which is 50 times  heavier.  Computer  models 
developed at Livermore  showed  that  this  result  occurred 
because  most  of the heavier  sulfur  hexafluoride gas moved 
directly  up  the  rock hctures. In contrast,  the  helium-3 
diffused  readily into the porous walls  of the rocks as it slowly 
mved upward  toward  the soil surface. Critical to determining 

of helium-3 in  Livermore’s  noble gas laboratory,  where he 
why helium-3  behaved as it did  was  Bryant  Hudson’s  analysis 

used mass spectrometry to measure the presence  of  helium-3 
in  soil-gas  samples  down to parts per  trillion. 

Modellng the Detonation 

porous-flow  simulation  software  called NUFT (Non- 
Carrigan  and  Nitao  modeled  the  experiment  using  a 

Isothermal  Unsaturated  Flow  and  Transport)  developed at 
LLNL by Nitao. In  attempting to make  the  simulation as 
realistic as possible,  the  team  used acNal barometric  pressure 

Over  the  year  and  a  half  following  the  blast, team members, 

The first positive  tinding  came 50 days  after  the  explosion, 
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Detecting  Clandestine  Nuclear Tests 

variation data from  the  Rainier  Mesa  weather  station.  The 
simulation  showed  the  two  gases  moving  at  different  rates 
toward  the  surface  following  the  detonation. The calculated E:. ,;,: .::.; . .  
arrival times at the surface for both  tracers  were  in  excellent j ’ . .,;<:: f..,, ,,.; 

agreement with the  data. 
Given  the good agreement  between  the  computer  model 

and  the  observations,  the  team  then  used  NUFT to simulate 
the  gases  released  from  an  underground  I-kiloton  nuclear  test 
under  atmospheric  conditions  similar to those  that  followed 
the 1993 Non-Proliferation Experiment The  software  was 
used to predict  the  arrival of detectable  concentrations of the 
rare gases  argon-37  and xenon-I33 at 50 and 80 days, 
respectively,  after  the  detonation. 

These  two  isotopes are ideal  indicators  of  nuclear 
explosions  because  they are not  produced  naturally  in 

low. Also, their short  half-lives of 34.8  days  and 5.2 days  can 
significant  quantities;  thus,  background  levels are exaemely 

be used to infer how  recently  an  event  had  occurred.  Other, 
more  long-lived  isotopes  might still be  present in the 
environment  from  decades-old  tests  and  would  tend to muddy 
the conclusions  of  investigators  trying to determine  whether a 
clandestine  test had recently  occurred. 

The successful confmt ion  of the  experiment by  computer 

explosion-produced  radioactive  tracer  gases  at  the  surface  near 
simulation  implies  that  sampling  of  soil  gases for rare, 

a  suspected  underground  test  can  be an exaemely  sensitive way 

I _ . . I  . .~ 
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1 
Using Uvennom’s NUFT  (Non-lsothermd  Unsaturated Flow and 
Transport) slmulation mftware, the team was a m  to model gases 
moving toward the surface f o l l o w i n g  Ustooation. sham Is a 
‘rainbmv” simulation of baromelk ‘ratcheting“ of t tnm gas in the 
porous walls of a 300-meter- (985-loot) hxg. 0.Wl-meter- (0.03 

decreases from red near the &onation to blue at the surface as 
i n c h - )  wide vertical f m m  (centefIlne of graphic). Concanb’atim 

surface  pressure variahs causa the tracer gas m nwve up and 
dom me hare until it eventually reaches the surface. 

to detect  nearby  underground  nuclear  explosions  that do not 
ftacturc the  surface. As a result says  Carrigan,  an  on-site 
inspection has a good chance  of  finding  conclusive  evidence 
for a clandcstine  nuclear explosion for several mths aftenuard. 

Puttlng Treaty Evadem on Notice 

according to Bryant Hudson. ‘They would put treaty evadem on 
‘Ifdetect4 the radioisotope signals would be unequivocal,” 

notice  that they risk detection if  they try to explode  a  nuclear 
device  underground.  We  can’t  absolutely guarantee there 
won’t  be  cheating,  but  we’ve  made it more difficult.” 

Carrigan  points out that  because  of  political  considerations, 
it may  take some time to get  a  country to agree to an  on-site 
inspection  under the terms of the  test ban treaty. The Ihinking 
of  many experts has been that  such  inspections  need to be 
conducted within a few days to capture  evidence of a  test.  The 
Livennore team’s work,  however,  shows  that  waiting  weeks 
or even  months to detect rare gases is  not  a  problem and  may 
well be advantageous,  because  the gases need time to arrive 
at the  surface. 

only  one  of  many detection tools. Other  methods  that  might 
Team  members  caution  that  searching for tracer gases is 

be used at a  suspected  test site include  analyzing the psintouts 
of  seismographs for aftershocks  from  an  explosion, looking 
for explosion-induced stress in plants and  trees, drilling for 
explosion  debris,  examining the earth for fmtum and craten, 
and searching  for p ips  and cables  leading  underground. 

accomplishments to a confluence  of  Lawrence Livennore 
In discussing  the work  of the team, Carrigan  attributes itp 

strengths in computer  simulation,  geophysical themy, nuclear 
test  containment,  and  radiochemistry.  “Interdisciplinary 
collaboration  made this work  possible,”  he says. 

-Amie Helkr 

Key Words Comprehensive  Nuclear Test Ban Treaty, nucksr 
proliferation, nuclear treaty verification, Uion-Isomgmal 
Unsanuatcd Flow and Transport). 
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Seismic Experiments in Israel SBTR March Moo 

the water surface). A 500-kilogram explosive was  detonated 
on  November 8,1999. with  an approximate magnitude of 
2.6 on the Richter  scale,  and  a 2,ooO-kilogram explosive was 
detonated  on  November IO, with an approximate  magnitude 
of 3.5 on  the  Richter  scale. 

that  underwater  explosions posed no danger to people, 
These  first  two  tests were conducted  largely to demonstrate 

property, or the environmmt The main test, a 5,000-Lilogram 
explosive  package, was set off  on  November 11, pmducing  a 
9-meter-high  fountain  of  water  and  an  approximate  magnitude 
of 4.0 on the  Richter  scale. (By  comparison,  a I-!doton 
nuclear explosion would prcdnce a  magnitude  in the range 
of  about 4.0 to 4.5 on the  Richter  scale.) 

Experiments  Were Well Characterized 
To be pamcularly useful, seismic  calibration tests must 

have  well-defined  locations  and  origin times. For the Dead 
Sea tests, these  parameters  were  well  determined,  says 
Nakanishi,  who  attended  planning  meetings  in  Israel  that 
focused  on  such requirements. The location  of each test 
was  known to an accuracy of 20 meters.  the  depth  was 
established to within an accuracy  of 5 meters, and the time 
was  determined to an aceuiacy better  than 20 milliseconds. 

InstiNte of  Israel  and its network of seismic stations, 
The explosions were  recorded by the Geophysical 

including two IMS stations located in the southern and 
northern areas of the counhy. The  events  were  also recorded 
by a group of  more than 30 smaller stations that form 
Israel’s  national seismic network and by  a  few  temporary 
stations Israel installed on the Dead Sea shores. Seismic 

and  Saudi Arabia  reportedly also recorded the tests. The 
stations in neighboring countries such as Jordan, Egypt, 

Geophysical  InStiNte distributed data electronically to 
interested  parties,  including  Nakanishi  and his colleagues, 
within  a  few  days. 

“be Livennore team is analyzing  the Dead Sea data and 
using the results to refine  the D O E ’ S  knowledge base for the 
area.Fortheir~Israel,Jordan,andotherMiddleEastnalions 
are using  the  data to strengthen their own national means to 

Mastsandfutureeaahquakesandtobetterdistinguishbchveen 
identify  the  magnitude  and  location  of  any  clandestine  nuclear 

the two. 

for  earthquake  monitoring as for CTBT monitoring. ‘The aea 
Nakanishi predicts that the explosions will prove as valuable 

is riddled  with  faults  and has a long history of eadq&es 
dating to Biblical times.” he says. The most  dangerous  fault is 
the Dead Sea Riii VaU9 fault that s m h e s  from Syria thmugh 
Israel and into East  Africa,  with  one  fault  branch  underlying 
Haifa,  Israel. In 1995, an  earthquake of magnitude 7.1 on the 
Richter scale OECurred on the fault in  the Gulf  of Aqaba in the 
RedSeaneartheIsraelicityofEilat 

Well4brate.d seismic  networks will allow scientists to 

fault caused the earthquake, we’ll  know what to expect  in tarns 
betterlocatetheoriginoffutureeaahquakes.‘Byknowingwhat 

Lawrence Livermore  National Laboratory 
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of aftershocks," Nakanishi explains. He notes that seismic
safety has become a larger concern in the area following the
strong 1999 temblors in nearby Turkey.

International Meeting to Focus on Tests
The Dead Sea tests will be the focus of a week-long

international workshop to be held this spring, facilitated by
Nakanishi and several Livermore colleagues. Each participating
nation will share the data recorded at their seismic station.
"Jordan and Israel share the Dead Sea," Nakanishi points out.
"Each will bring its one-half of the coverage from the tests.
By pooling the data, we’ll have a full 360-degree coverage."

Nakanishi is hopeful that representatives from Saudi
Arabia, Egypt, Jordan, Israel, Cyprus, Lebanon, Turkey,
Kuwait, Qatar, Yemen, Oman, and the Palestine Authority
will attend. The meeting has the blessing of the U.S. State
Department and of the United Nations Educational,
Scientific, and Cultural Organization (UNESCO), the
meeting’s official sponsor.

Nakanishi says that the workshop can also help to reduce
political tension. "Regional cooperation in seismology can
encourage participation in other technical discussions and
increase security in the area," he says. By sharing data and
discussing results, participants can be assured that if
clandestine nuclear testing is taking place, they would be able
to quickly identify it. The data will also help characterize the
area for earthquake hazard mitigation and support basic
seismic research.

Livermore scientists hosted a similar workshop in 1997 in
Cyprus. The focus then was the 1995 Gulf of Aqaba earthquake;
interest in the earthquake was high because of its potential
negative impact on economic development in the area. "It
was a great opportunity for people who don’t ordinarily meet
to discuss matters of common interest in a neutral venue,"
says Nakanishi.

He observes that seismic waves respect no boundaries or
political or religious beliefs. Because better understanding of
ground motion helps every nation, seismology may be a
contributor to lessening tensions in an area that has had
more than its share of tremors.

--Arnie Heller

Key Words: Comprehensive Test Ban Treaty (CTBT), Dead Sea,
Defense Threat Reduction Agency, Gulf of Aqaba, knowledge base,
Middle East and North Africa (MENA), seismic monitoring, United
Nations Educational, Scientific, and Cultural Organization
(UNESCO).

For further information contact Keith Nakanishi (925) 422-3923
(nakanishil @llnl.gov).
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Seismograms from the second and third Dead Sea shots as recorded at
Israel’s International Monitoring Stations in (a) Eilat and (b) Mount Meron.
The locations of these stations are shown on the map on p. 21. (The plots of
the first shots are not shown because one of the stations did not provide
recordings for the first day.)
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:ommentary  by  Wayne Shotts I 

n Tapping  the  Full  Power 
of  Conflict  Simulation 
I 

W ITH the  closure of  many overseas  military  bases  and  the 
move  away h m  large  standing  armies  and  navies,  the 

U S .  military is placing  a premium on the use  of  advanced 
technology  for  precision  operations  that  allow US. troops to 
deploy  rapidly  and  win  decisively.  Lawrence  Livermore has a 
long-standing  relationship  with  the  Department of Defense  for 
research  and  development for advanced  defense  technologies, 
and conflict  simulation is one  area  in which  we are recognized 
as among  the  best  in  the  world.  The  article  beginning on p. 52 
describes KATS (Joint  Conflict and Tactical  Simulation),  the 
latest  advance  in  decades of effort to create  accurate and 
realistic  conflict  simulation  models. 

it inteptes and  the variety of conflict situations it can  simulate. 
KATS is  unique in  the  breadth  and depth of the information 

It offers an unprecedented  level of detail,  operational 
complexity,  and accuracy of simulation. In describing  JCATS, 
it  is easy to be swept  into  the  technical  details  of  the model- 
entity  level, aggregatioddeaggregation, 660- by  660-kilometer 
“playbox,”  and so f&and lose  sight of its wide  range  of 
applications  and  its  potential  for  truly  understanding  modem 
combat  operations. 

The U.S. military  uses  JCATS  primarily for training 
individual  commanders  in  battlefield  operations  and  tactics. 
Training, other than “on the job” in actual  combat,  is difficult 
to make  realistic.  Live  exercises,  which  are  themselves 
simulations, are limited by logistics to a  relatively  small 
number  of  participants,  and  the  need for safety  limits  the  use 
of real  weapons.  With  JCATS,  war games can be set up to 
simulate  combat  situations, with  teams  of officers  playing  the 
various  forces.  As  the  article  describes,  these  war  games are 
extremely  accurate  and  thus  provide  directly  applicable  and 
credible  training. 

assessment  of  military  strategy,  evaluation  of new or proposed 
But  the program is also  useful  for  mission  planning, 

technologies,  after-action  analysis,  and  even  site  security 
assessment. 

the  large-scale  conflicts of the  first half of the  century are of 
For example,  military  doctrine  and  strategy  developed  in 

questionable  applicability to current  operations, which focus 

increasingly on limited-scope  engagements  and 
peacekeeping.  JCATS  can  be  used  by  military  planners to 
test  new  doctrines  and  strategies. It can also be  used to 
evaluate  the  utility of new technologies,  such as alternatives 
to antipersonnel  land  mines, or different  applications of 
existing  technologies.  Once  the  program’s  databases  are 
loaded  with  the  desired  information  (for  example,  terrain 
maps,  troops,  weaponry),  simulations  can  be run over and 
over  again,  changing  one set of variables at a  time.  Because 
JCATS tracks  the  action at the  level of individual  items, 
after-action  analyses  are  extremely  detailed, and statistics 
can be  assembled to provide  an  accurate  systems-level  view 
of the pros and cons of different  approaches to military 
operations. 

improving physical  security. Site security at the  national 
JCATS is also extremely useful for evaluating and 

laboratories is receiving considerable attention these  days. 
Just as with  military training, live exercises to test 
physical security are expensive and  limited  in  scope. 
However,  JCATS,  with its ability to accurately  model 
individual buildings,  obstructed lines of sight, the  time 
required to cut through  walls or penetrate barriers, and so 
forth, is ideally suited to this application. Site security has 
used  the  program to evaluate the effectiveness of existing 
physical defenses and  response actions against different 
threats. After-action analyses and statistics, assembled 
from a large number  of  runs,  provide  a credible hasis for 
decisions to alter response tactics or modify  physical 
security features. 

model’s capabilities, with  improvements  seemingly  limited 
solely  by  imagination  and  technical  creativity,  the US. 
military  and  other users are  striving to exploit  the  program’s 
full potential.  As  new  conflict  simulation  needs arise in  both 
the  defense and civil sectors, users will  find  that  the  ideal 
tool is already  sitting on their  shelves. 

rn Wayne Shotts is  Associate Director, Nonproliferation, Arms 
Control,  and  International Security. 

Even as the  JCATS  developers  continue to upgrade  the 

Lawrence Livemore National Laboratory 



Livermore’s JCATS combat  simulation program  proves 
invaluable for training  officers  and rehearsing missions. 

I Photo: PH2 Jon Gesch. Lawrence  Livermore National L a 1  

I 52  

mdsofhvareandbywuLhrgchselywith 
l l l i l i ~ O f 6 C 4 X S t o ~ a k a r a n d m e i r n & d s .  

By all accounts, the Livemom 

valuable to the military. They  have been 
simulations have proved highly 

employed in operatio0 Just Cause in 
Panama and operation Desert Storm in 
the Mideast, as well as for combat 
planning  in Somali Bosnia, and other 
international  trouble spots. 



computer games may  look  impressive 
with  flashy threcdimnsional effects, 

the laws of physics. 
she says, but they don’t always o h m e  and planning and rehearsing m i 8 s i i  

Besides  warfighting scenarios. JCATS 
A  typical PC game soldier can jump can also simulate  exercises for drug 

offa 15-wcer cliff wi*t a scratch, 
but  a soldier in JCATS doing the same peacekeeping, countertrrrar 

interdiction, disaster  relief, 

thing will be badly injured. Neither do rescue, and site security.  Current usc18 
.sm, hostage 

such  seemingly  mundane  but  crucial Forces, special operations comnmnd. 

low  food  supplies, or poor visibility.  School, U.S. Sonthem Command, U.S. 
“JCATS  realistically simulates rbe Army Europe, Depaament of Ehergy, 
capabilities and limitations of and Secret Smice. 
armaments, pcople, and the 

. .  

c d a l  games take into accolmt include the Army, Air Force  Security 

factors as fatigue. inclement weather, Marine corps, Naval  Post &adbate 

m-t,** shc says. mrn Controls 60,OOO Elmwntm 
Tom Mdirann, deputy leader of the 

tactical system5 section in the 
An enbanced version of JCATS 

released in OCtobcr 1999 can sipulate 
Labaatory‘s Conflict  Simulation 
Laboratory, notes that JCATS is a  direct soldiers to planes to mob participants. 

up to 60,ooO individual  ekments, from 

descendant  of Janus building on more What’s more. the new  version am m 
than two decades of  computer-dtiven 
mission analysis and rehearsal 

onawaltstationasweUason~laptop 

experience.  “We  want to help DoD with the kld. 
compltn. making it feasible for use in 

software that gives commnders a The new pmgt.am typically 
realistic,  cost-effective,  and operator- simulates a battle between two 

pograms give  officers  a M I e d  feel 
oppoeing sides (often called re4 and 
blue forces),  but it can BEcommodate 

frieadly training tool.” he says. ‘-our 

for how combat operations will go. up to 10 sides with  friendly.  enemy, 
frnn the  deployment of an aircraft and neuuai relationships. Dcpeading on 
carrier to an  individual sddier.” the rules  of  engagement established for 

training both  individuals and command pmgrammed to shoot at the first sign of 
staffs in tactics and  deployment  of an  opposing  forcc, hide, dig a foxhole, 

T h e p r o g r a m i s ~ t l y u s e d f o r  the conflict, a soldier can be 
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fire only  upon  positive  identification, 
or take other don. The d e s  of 
engagement may change  during  the 
simulation as political  alliances shift or 
when civilians  become  involved. 

Players see only  their  respective 
forces and  whatever  intelligence they 

or auditmy means, including  forward 
acquire  about  opposing  forces by visual 

scouts, spotter planes,  radar,  and 
sensors. A large hill, for  example,  can 
prevent  a  soldier  from  visually spotting 
enemy  forces  massing on the  other  side. 
Tanks generate  noise that can be 
“beard”  by  nearby  opposing faces. 

Typically,  a conhuller at a master 
workstation has a  bird‘s-eye  view  and 
can  observe  the  movement  of  forces on 
all sides. To test players’  responses to 
the  unexpected, the conhuller CM 
resumct fallen troops, change the 
weather,  provide more fuel, speed up 
the clock,  release a biological  weapon, 
and  the like. 

Games Can Last Weeks 
The duration  of games varies  from 

20 minutes for a brief  site dty 
exercise  involving a few  people to two 
weeks  for  a  complex dmg interdiction 
rehearsal  involving  different  agencies. 
Sometimesashargameistundozeasof 

usedtoevaluateaparticulartacticor 
times so that statistical  sampling can be 

weapon system 

one to two weeks deppending on the 
Seaing up  a JCATS exercise takes 

number and kinds  of  combat faces and, 
espcially, the kinds of topography to be 
modeled. Terrain is modeled with 
extraordinaty  fidelity.  Rivers,  for 
example. can be chamcterized by their 
current, depth and  underwater 
obstacles.  pfayers can enter terrain data, 
including correct elevation  and 
geographical features,  from standard 
DoD mapn of  the  world  (such as the one 
below at the left) and  from DoD 
digitized tewin data. 

of  specific  buildings  (bclow  right) 
for urban warfare and site security 
exercises. Or users can create their own 
town or budding, as is often done for 
drug interdiction  training., In these 
cases, JCATS offers a palette of menus 
to create everything  from  windows and 
doors to sweets and parks. 

Shimamoto points out that terrain 
significantly  affects  movement  of 
troops, airrrafs tanks. and maritime 
options. A rescue  helicopter  cannot 
safely  land  in  a  forest,  amphibious 
landing craft must  negotiate rocky 
shores,  vehicles move  slowly  through 
swamps,  and  soldiers  slow  considerably 
when  marching  uphill.  Eovironmental 
factas such as adverse  weather, 
nightfall, and smoke  from mbat also 
affect  mobility. 

JCATS is unusually  flexible  in  the 
s k  scale of W e ,  from the defense 
of  a  nation  involving  thousands  of 

Players  can also import  blueprints 

Belore a JCATS sirnulelion begins. tamin fealums am lald out (in  Buildings and OW wban features am  added onto terrain maps. in 
this c~uls of tb greater S a m m  area) fmm standard Department of 
-maps. 

th!! example (again of Sarajevo but  at  a  smaller scale). indvidusl 
buildings can be sen. 
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soldiers,  planes,  ships,  and  vehicles, 
to the  rescue of a  hostage  in  an 
underground  compound by a  handful of 

the  maximum  simulation  area,  or 
special  operations  personnel.  Typically, 

playbox,  is 660 by 660 kilometers,  but 
it can be expanded  under  special 
conditions.  Even  at this enormous  scale, 
a  player  can  zoom  in on a city to view 

details  such as roads,  rivers,  and 
buildings,  and  then  select  an  individual 
building  and  examine its floor  plans. 

have at their  disposal  a  vast  range of 
weapons,  including  tracked  and 
wheeled  vehicles,  aircraft  and 
helicopters,  ships  and  submarines,  and 
even  systems  that are in  the 

Depending on the  exercise,  players 

development or conceptual  stage. 
Infantry soldiers  may  have  machine 
guns,  rifles,  antitank  weapons,  mortars, 
and  other  munitions.  Nonlethal 
weapons,  increasingly  important as the 
military  assumes  peacekeeping  duties 
around  the  world,  include  rubber 
bullets,  clubs,  tear  gas,  pepper  spray, 
stinger  grenades, rocks, foam, and fists. 

Simulations  Strengthen  Livermore  Site  Security 

operators coneolling a designated  number  of  virtual  security 
personnel driving in patrol  cars  or  patrolling on fwt. The 
operators  wear  headphones to communicate with each  other about 
what their  forces see and hear.  Their  computer  screens  display 
buildings  comprising  the  Superblock  area  and  adjoining  facilities 
as  well as the  location  and  health of people  under  their  command. 

In a nearby  rwm,  another  operator  controls a number  of “bad 
guys”  intent,  for  example, on breaking  into a facility  containing 
special  nuclear  material.  This  monitor  shows only the  inrmde-- 
and anv Lawrence  Livermore  security  members thev detect. 

L,.ermore  site  security  exercises  use JCATS to strengthen  Securi 
and  help  train  security  personnel for what-if scenarios.  Hf!re,  Jasa 

Lawrence Livermore National  Laboratory 
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Model's Power is in the Details 
Military operations include  clearing 

barriers; aircraft takeoff and landing; 
bombing nms; naval g l m k ;  building 
foxholes.  vehicle  holes,  and fdfications; 
sandLmg@ng;  looking amund rpanding. 
and crouching; RcovBing weapons  and 
ammunitions; resupplying f a d  fuel, and 
ammunition; and mounting onto or 
dismounting from vehicles,  ships, 
airplanes,  and helicopten. 

ThemmmandshipUSScomMdDdockedat 
aSanFmndscopierandsetvadasUm 
mmmand center for both the Navy's and 
Marine 

With  a  feature  unique to JCATS,  a 
player may aggregate  entities  (soldiers, 
tanks, or other  individual  units)  into  a 
group  such as a  formation,  convoy, 

and  controlled as one  icon. In this way, 
squad, or baaalion that is then  viewed 

large  formations are more  easily  viewed 
and  controlled while the program tracks 
and records activity at the individual 
entity  level.  At  any  moment,  a  player 
can mom in on a squad and  examine 
events  involving just a few soldiers, 
each  uniquely outfitted and mined. 

from a laser-guided  missile to a  single 
The effectiveness of every weapon, 

bdlet, is determined  by  probability-of- 
hit  and probabilityaf-kill statistics 
compiled  by DOD. Using these data, 
KATS calculates, for example,  the 
blast  area and resulting  casualties from 
nipping a  land mine. Just as easily. the 
program calculates  if  a launched 
antitank weapon  misses  the tank, 
destroys it, incapacitates the tank's 
movement but leaves its gun free to !ire, 

mobility  intact. 
or destroys  the gun but  leaves  the tank's 

fatigue,  enemy and friendly  fire, poor 
Virtual soldiers  face hazards from 

health, and  inadequate  training.  Every 

energy, which is expended more 
soldier begins with a  certain  amount  of 

quickly  during  running or walking 

uphill.  Players  can  bring  in  medical 
assets to attend to the sick or wounded. 

In recognition  of  possible modan 
enemy  capabilities, KATS can simulate 
the  release  of  chemical or biological 
warfare  agents as well as other 
substances that  might  by  employed as 
poisons  during acu of terrorism or 

display how exposure to an ahnospheric 
warfare. For example, the program can 

release  of  a  nerve  agent  can affect 
personnel.  Such  capabilities make it 
useful for developing both military and 
civilian  preparedness  and responses. 

Many  Options to Review a Game 

options to review  a  completed  game. 
Players  can  choose from several 

The entire  exercise  can be teplayed at 
different speeds. The Analyst 
Workstation,  a feature that  conducts 

be employed. This capability is 
rapid  analyses of exercise data, can also 

because  in  combat sirnulath, only a 
especially useful, says Shimamoto, 

smal l  fraction of the  data is important to 
any  specific  factor  under Scrutiny. 

One of  JCATS's most sipificant 
enhancemntp is modeling the u&n 
envinmment  for such missioas as k&gc 
~es~e, disaster  relief, mob matrd. a 
potectingheadsofstatealongamotor 
route. In IUbm settings, players can view 

A mOdlllar buildi 
the pier housed Marine 
officers using JCATS to 
tra& ll-m action in Um 
Oakland Hills between 
o p p o s i n g  blue and red 
forces. The Marines 
were tied 10 the 
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groups of buildings as well as individual 

i n c l u d i n g  glass and  solid  walls,  windows, doas. and staimells--roofs, and 
& p m d  features,  such as tunc&, 
sewers, and garages.  Virtual  forces 
fighting  inside  buildings  are hampered by 
limited lines of sight, poor  lighting, and 
the risk of  injury to civilians. 
simulation  capabilities led the U.S. 

The ptugram’s superb  urban 

Navy  and  Marine  Corps to give  JCATS 
: an  imponant  role in exercises  conducted 

last  March in the  San  Francisco  Bay 
Area. The Marine  Corps  exercise  was 
dubbed Urban Warrior  Advanced 
Warlighting  Experiment Its objective 

tactics,  and  technologies to prepare 
was to develop  and  test new  concepts, 

Marines for combat  in  the  next century, 
especially  activities  in urban areas. The 
Navy’s  companion  exercise,  Fleet 
Battle  Expcriment-Echo,  also took 
advantage of JCATS. (See SdrTR, June 

The exercises  were run from the 
Navy  command ship USS Coronado, 
which  was docked at a  pier in San 
Francisco.  A small  building.inside the 
pier housed Marines  running J U T S  
terminals and  other  wmmand  and 
wnununications  systems. All data were 
fed to the command  ship. Livemore 
computer  scientist Mi Uzelac, di- 
of  operations f a  JCATS, nmnitod the 
exercise from the building. 

According to McGrann, the Marines 
focused on an urban exercise  because 
its studies  show  that  by 2020, about 
70 percent of the world’s popllation 
will live in cities and at least 80 p e n t  
of thosc cities will be located  within 
300 miles of the coastline.  Fighting  in 
urban areas, says  McGrann, is 
particularly  treacherous  because of the 
danger to the civilian  population  and 
because of the numerous  hiding places 
for opponents. 

Enemlee Eye Urban Waifam 
A  Rcent  statement by Col. Mark 

lbiffaulc Dirraor, Joint Information 

buildingfloorsandtheirfeatures 

1999, pp. 4-11.) 

Bureau, Urban Warrior,  underscores the 
Marines’ commitment to winning urban 
battles: “Our Ulemies, having  watched 
DeseastormoncNN,lmowtheycannot 
engage the United States with 
w n v e n t i d  mthods. These potential 
foes  view cities as a  way to limit the 
technological advantages of ow military. 
Theyhowthatcitis,witbtheirmw 

of  civilian mnwmbatants, place  limits  on 
streets, confusing  layout and large number 

WI technological  superiority and 
especially ow use of firepower. We  have 
to develop  technologies that allow us to 
win while minimizing collateral damage.” 

Md;rann says that the Marines  are 
concerned  about the performance 

degradationthatoccursinstandad 

computer,  and  intelligence  systems 
command wntrd, communications, 

because  of  cities’  concrete  buildings, 
phone  lines, and other electronic 
devices.  As a result, Urban  Warrior 
Marines  experimented  with wireless 
communications  devices,  satellite links. 
remotely pilotea reconnaissance airrraft 
and global positioning  system links. 

intense battle between some 700 battle- 
The focus of the exercise was an 

dressed Marines,  divided  into rrd and 
blue f o m ,  at the  former Oak Knoll 
Naval  Hospital in the Oakland Hills. 
Both sides  wore  Multiple  Integrated 
Laser Engagement  System  gear  similar 

Lawrence Livermwe National Laboratory 
51 



Conflict Simulation SBTR January/February X03 

to that used in  laser-tag games. Red 
forces, holed up  in the hospital, 
barricaded  stairwells  with  anything 
they  could  find as they  tried to fight 
off blue forces intent  on  taking  over 
the building. 

The fierce  battle  was  set  against  a 
backdrop  of  civil  unrest taking place  in 
more than 30 small. adjoining  buildings. 
In this Outlying area, additional blue 
forces kept onier among  noisy  reporters. 
milling civilians, and rock-throwing 
agitators, all played by  paid actors. 
(Actual video footage  of  the  exercise 
CM be viewed on the Marine’ corps’s 
Urban  Warrior  Web page at www. 
&fenselink.mivspeci~walIior/.) 

pemmnel,  who had previously  trained 
Prior to the  exercise,  Marine  Corps 

on  JCATS,  modeled  the  interiors  of 
the  buildings  (inclqding  the  hospital‘s 

‘conshuction  blueprints and entering  the 
9 stories and 500 rooms) by digitizing 

data into  the p r o m ’ s  ‘’tenain editor.” 
The Marines’  Integrated Global 
Positioning  System  Radio  System 
provided updates every 30 seconds on 
the p i t i o n  of  vehicles  and soldiers 

outside  buildings.  Because the radio 
system is ineffective inside buildings, 
every  hospital room was w w  with  the 

to keep  track of each  Marine’s  location 
Inside  Building  Instrumentation  System 

killed) when  they  were  inside. 
and  health status (healthy,  wounded, or 

Marines’ locations were  broadcast from 
theOaklandwSonsecure 
communidon links and  fed into KATS 
for  viewing on m n .  In  this  way, 
command personnel on tk pier and 
aboard the uss ComMdO were provided 
unpecedeoted real-time W S  about the 

including the whem473W of combatants 

The ever-changing data on the 

locationoftheirOaklandforre$ 

on every flm of the hospital. 

virtual Strikeocompfete Exercise 

artillery and tactical air strikes that 
obviously mld not be used  in  the 
Oakland area. Computer-generated 
weapons  even  included  systems  that 
N m n t l y  exist only in concept.  The 
viaual strikes were  executed by 
a  Marine  JCATS  operator in 

KATS also  simulated  the  effects  of 

San Francisco,  acting on requea by 

by  an operation commander. 
an  officer at the battle  and  approved 

The program calculated the time 
of flight and  the  effects  based  on  the 
impact  of  the virtual strike and the 
reported  location  of  the live 
participants.  In  this  way.  commanders 
learned  within seconds the effects  of 

both red and  blue  participants  were 
using  these  weapons.  Back  in Oakland, 

tag and radio gear if  they had heen 
wounded or killed by the virtual mikes. 

the  hospital  raged,  JCATS  simulated 
While the battle for control of 

combat on Treasure Island in 
San Francisco Bay  and  on  the  San 
FranciscMakland Bay  Bridge.  Red 
forces driving toward  Oakland were 
attacked by blue virtual aid. 
Simulated Navy ships just off the coast 
were also included in the overall 
conflict. 

provided  a  thorough  review for the 
Following  the  exercise, the program 

command  officers. The review  showed 

k a m e  casualties, thereby  removing 
who  was  killed  and  how and whm they 

much of the uncertainty that often 
s u m n d s  the lessons-learned pmcess 
following  an  exercise. 

pleased  with the usefulness of  JCATS. 
Uzelac  says that the  Marines wae  

combining  simulated &power with 
live  participants  allows  the Mariots to 
signiiicantly broaden their training 
missions.”  especiaJly  when 
environmental or safety res~ctions 
prevent  the actual use of  weapons. 
Uzelac  adds that the Marines  plan to use 
theprogramintheirnexturban 
exncise, which will incorporate more 
buildings than were used in Oakland. 

working  on enhancements to JCATS 
The Livknme team is already 

that have been requested by the Joint 
Wartighting  Center. These 
enhancements will include  an 

quickly informed through  their Laser 

In particular, ‘Tbey remgdze that 

Lawrence Liveniwre National Laboratory 
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information  warfare  capability,  a 
terrain-generation capability  using 
compum-aided design Wding files 

integration  with  military 
and satellite imagay, and  beaer 

communication  systems. 

JCATS’s m o ~  imporram  advantages is 
Shimamctonobstbatoneof 

its applicability to all the military 
services. Although each military service 
hasitsmweapns,itsownmethodsof 
combat operations, and even its own 
specialized simulation pograms. JCATS 

Because it models all of the services’ 
isapowufulreswrceforallofthem. 

fmes,asweUasthoscofothrrsecurity orpanizations. it also encowages tetter 
ooordinstion among agencies, both in 
planning  missions  and  in haining 

officas. “We’ve made JCATS as 

to help the nation prepare for conflicts 
powd and flexible as we know how 

in the new antury,” she says. 
-An& Heller 

Kay W o h  combat simulation, Contlict 
Simulation Laboratay. Fleet Battle 
Expaiment-Ecb, Janus. JUTS (Joint 

Gmtlia Model, Joint Tactical Simulation, 
cooflia and T~ctical Simulation), Joint 

Joint Wmtighting Center, US. M d o c  
Corps. Spcial Rcsponx Team, U.S. Navy, 

Expaiment. 
Urban Warrior Advlnccd Winfi%hting ’ 

I 
I 

AlIOUt tne sclentlst 

“orking on her masteT’s thesis in  electronics  engineering at the 
4ITH SHIMAMOTO  joined Lawrence Livennore in 1975 while 

University of California at Davis,  where she also  earned  a B.S. in 
electronics  engineering. She has provided  computational 
capabilities  development  and  management support to numerous 
departments  in the Engineering and  Computation directorates, 

technology for low-Eaah and suborbital satellite  experiments. 
U recently  managing teams in  the  development of miniature sensor 

cumnt ly ,  she is the  project leader of the  Joint  Conflict and Tactical  Simulation 
(JCATS)  Conflict  Simulation Laboratory in  the  Nonproliferation, Arms Control,  and 

JCATS,  a  real-time  simulation program uscd by  the  departments of Enexgy. Defense, 
International Sccurity Directaate. She is responsible for leading  the  development of 

and Transpatation for training,  analysis,  and  mission  planning,  particularly  in an 
urban envimnmmt Her responsibilities  have  included  software  development and 
testing and  coordination of delivcrables  with JCATS’s primary proponenL the Joint 
Warfighting  Center. She has also developea  JCATS for and demonseated it to other 
potential usem and  sponsors. 
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:ommentary by Anthony Carrano and Wayne Shotts 

Deploying  Livermore  Resources 
against  Biological  Weapons 

T EN years  ago,  the  consuming  national  security threat to the 
US. was the nuclear  arsenal of the Soviet Union. Vimally 

all  of the energies,  talent, and resources of the  Laboratory 
were  dedicated to checkmating  the  Soviet  threat,  both  by 
ensuring  a  safe  and  reliable  U.S.  nuclear  stockpile  and  by 
contributing to bilateral  strategic arms control  agreements. 
That world no longer  exists.  The  Soviet Union  has 
disappeared,  and  although  a  Russian  nuclear threat remains, it 
is greatly diminished, and  prospects  are  favorable for a 
continuing good relationship  with Russia 

Today,  the  highest  priority  threat to national  security  and 
US. forces  stems  from  the  proliferation of nuclear,  chemical, 

destruction (WMD). Possible  perpetrators  include  rogue 
and  hiological weapons-the so-cdled weapons  of mass 

states,  state-sponsored  terrorist  groups,  domestic  terrorists, 
and  even  internationally  organized  criminals  and  narcotics 
traftickers.  Indeed,  more than 50 countries are known to 
supply,  demand, or provide  a  conduit  for WMD devices, 
materials,  and  technology. 

the WMD proliferation  threat,  and  nowhere is this more  true 
New technologies  and  capabilities are needed to deal  with 

than for biological  weapons.  The  revolution  in  bioscience  and 
biotechnology has both  heightened  awareness  of  the  threat 
posed by biological  weapons  and  provided  the  basis for tools 
to counter  it. 

Chemical  and  Biological  Weapons  Nonproliferation Program 
The Department of Energy  recently  established  the 

and is encouraging its rapid  implementation  and  growth. 
Lawrence  Livermore, in cooperation  with  other  national 
laboratories, is taking an active part  in this effort by 
developing  diagnostic methods, detection  instrumentation, 
modeling  analyses,  and  decontamination procedures that 

biological  weapons. The Laboratory has many existing 
prevent  and  respond to the threat posed by chemical and 

capabilities-in  remote  sensing,  detection  technologies, 
forensic  science,  intelligence  analysis,  atmospheric  science, 
process  modeling  systems  analysis,  hazardous material 
handing,  and h iosc iencm apply  against this threat.  The 
article  beginning  on p. 62 reports on specific  examples of how 
Livermore is using  these  existing  capabilities to respond to 
the bioweapns threat. 

portable  detection  instruments at Livermore,  and this effort 
The  early 1990s saw  the  development  of  miniaturized, 

was  enhanced  in 1996 by a Lahatory Directed  Research and 
Development  project to specifically  develop  instruments for 
rapid  field  identification of biological  agents. This project 
culminated in a  demonstration of outstanding  performance by 
several  hiodetectors  in  Joint  Field  Trials held  at  the  Dugway 
Proving  Grounds, Utah. On the  basis of this success,  the 
Nonproliferation. Arms Control, and  International  Security 
and  the  Biology  and  Biotechnology  Research Program 
directorates have expanded  a  collaborative  initiative to 
address  the  threat of biological  weapons. 

biodetector  development, and molecular  diagnostics. A 
systems  analysis  team is working  with  federal  and local 
representatives to determine  where to deploy  detectors  and to 
develop  incident  response  scenarios;  these activities also 

.performance and o p t i o n .  In bicdetector  development, 
provide  valuable information for improving  biodetector 

r e s e a r c h  are  continuing to decrease  the size and  increase 
the  sensitivity  of  the  instruments.  with an emphasis on 
autonomous  detection  systems or “sentries.”  Molecular 
diagnostics  research is contributing to the  fundamental 
understanding  of  biological  threat  organisms  needed for 
optimum  incident  response and attribution. This information 
will  also  be used to improve  pathogen  detection  assays  and to 
assist other agencies  in  the  development of effective 
preventative and therapeutic  medical  treatments. 

building on its established programs and its historical 
nuclear  weapons  mission to address  the  threat  posed by 
biological  weapons. This most recent initiative typifies the 
Laboratory’s  multidisciplinary, cross-cutting approach to 
applied science and its ability to anticipate and  respond to 
national  security  needs. 

The  principal  elements of this effort are  systems  analysis, 

As a  national  security  laboratory,  Lawrence  Livermore is 

Anthony C-o is Assmiate Dimm. Biology and Biauehnology 

Wayne Shntr is Ass& Dimtor. Nonprolihtion, Arms Can001 and 
Resureh Rognm. 

I”tern&tiLnd seeurily. 
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Reducing the Threat 
even thousands of people could become 
sick or die if a biological attack were to 

~ 9 - d  OcCuT in a major meaop~litan area. 

nations have  produced and Pernaps also 
With the knowledge that several 

e r g e F  response. deployed  biological warfare  agents, 



environments and for assessing  the ~ ~~ 

with a  biological  attack. 
and duration  of  the hazards associated 

clean  an <a; .~ ' ,  

L ": Livennore IS 

.~ ,:' .. the U.S. military,  various  government 

, .. ' ,'! '., York  City  and Los Angeles to uikiure 
1: that the results of these biological 

'. -: nonproliferation  efforts mWe needs 
,;.&.::$ of military  troops.  the FBI, local  law 

enfacement personnel, iire fighters, 
public  health  officials, andatlhs who 
would  likely be first on the scene 

these groups are answering  questions to 
following  a  biological  attack.  Together 

appropriate,  and most usable  system 
possible.  For  example,  how murate do 

alarms  can be tolerated? where will 
sensors have to be? What level  of  false 

emergency response personnel, or at 
sensors be located-in  buildings, on 

other sites? How  much training will be 
feasible for emergency responre 
personnel  on  the use of sensors and 

usrr-friendly must these processes be? 
docooEamination agents--thnt is, bow 

for defense  against the use of biological 
Livrrmore is developing  a  strategy 

weapons that integrates  technology, 
operations,  and  policy  and  provides  a 
framework for coordinated  local. state, 
and  federal  emergency  response. 

*:- . * New decontamination  technologies to :'. 

. , ..' causing 

. .  
,: ~ agencies,  and  such  major cities as New 

. .  .~ 

:"""": 

l.~ , 

, ..<.,.?.." 

*.,> < /  

L'.hG,>..* 

. j ~ . . , l  

,.;,$:::a$ help meate the best, most task- 

Better Detection Systems 
A key factor limiting the nation's 

ability to protect  against  a  biological 
attack has been the state of biodetector 
technology.  Only  now is technology 
becoming  available that permits 
identification of biological organisms 

low but often still dmgemus. Before the 
within minutes, when concentrations are 

revolutions  in  genomics, biotechnology, 
microengineeriog. and microcomputers, 
such  identification  could only be done 

Rgun 1. Ray w!a. Jr.. waking wm a 
mul(idambmd FCR (potymerase chain 
maclkm) unit In ltm 1997 Advanced Cmcept 
Techncicgy Dsronstra(i0n. mi8 PCR 
insbumen1 proved an elbclve tcd (w MBld . 
idenlihti0n of ltm DNA h mnviham 
bioapern simulants. 

in  a laborato~~ and  took days to weeks. 
Soon,  however, technology advances- 
many  of  them  made at Lawrence 
Livennon-dl offer the possibility  of 
rapid, accurate, and sensitive 
biodetectors for use in  battlefield or 
urban settings. 

Automation Is Key 
Livermore is developing two types 

of  fully  automated  biodetectors  for real- 
time sample  collection,  detection,  and 
identification  in  the  field.  A miniature 
flow  cytometer (known as miniFlo) uses 
an  immunoassay  system to look at the 
proteins and other material  on  the 
surface of  cells,  and a portable PCR 
@olymerase  chain reaction) unit 
identifies the DNA inside the cell. (See 
the  box on p. 64 for more information  on 

size and  efficiency, both units p n r e s s  
data much  faster than their laboratory- 

highest  level  of  sensitivity. 
scale cousins, while maintaining the 

To fully automate sample  collection 
and preparation, Livemore is  developing 

biocollector and a mimfluidic sample 
and testing components for an aeroml 

collect and  sample  pgltictcs in the air, 
including  biological  agents, if present 
Tomaximizedetec!ionpotentialand 
give  faster results, the PCR unit and 
miniFlo are also being "multiplexed" to 

these systems.) Because of  their small 

prepamion system. The device will 

samples at once. other 
system  improvements are beiig made to 
bothinstrumentstolowertherateof 

the sensors' sensitivity,  and  make the 
false  positives  (false alarms), imxease 

systems  even  smaller, more lugged, and 
less  reliant on consumables than they are 
now. Livennore  expects to have 
continucusly  operating, integrated 
biosensors  available  for use witbin the 
next  few years. 

in  tandem, the chance of false  alarms 
With two types  of sen- woridng 

will be reduced  considerably.  Tolerance 
for false  alarms  differs  greatly for 
military  versus  civilian  situations. 
Deployed  troops are already in a state 
of  heightened  readiness,  with p d v e  
equipment  available  and the training 
required to react to attack  situations. In 
contrast, with civilians,  false  alarms 
could  lead to injuries and perhaps to 
dismissal of future legitimate alarms. 
Thus the military  may be able to afford 
some  level of false alarms, but the goal 
for the  civilian sector is no falsc alarms. 

The miniFlo and the PCR systems 
have proved  their  mettle  against 
established  performance niteria at the 
US. Army's  international  Joint  Field 
Trials at the  Dugway Roving Gmunds 
in Utah. At  Dugway, participts use a 
variety of inshuments to detect simulrurt 
materials  representative  of  typical 
biological  weapon matrrials. 

miniFl0 was superb at detecting 
At  the 19% Joint  Field  Trials III, 

Bacillus ghbigii and Envinia herbicola 

plague  respectively) at various low 
(nontoxic  simulants for anthrax  and 

Concentrations. Overall, miniFlo 
detected 87% of all unknowns with  a 
false  alarm rate of  under 0.5%. At the 

Technology  Demonstration and the 
1997 PortlAirbaw Advanced  Concept 

January 1998 Dugway Joint  Field 
Trials IV, the portable PCR unit  clearly 
demonstrated the  potential  of PCR as an 
effective  technique for field 
identification  of DNA  (Figure 1). 
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Bioagent Detection

Networked Detectors
A networked system of these or

other biodetectors could provide U.S.
troops in the field with early warning of
a biological attack. That is the goal of a
project for the Department of Defense
known as JBREWS (Joint Biological
Remote Early Warning System), on
which Livermore is collaborating with
Johns Hopkins Applied Physics
Laboratory and Los Alamos National
Laboratory. As shown in Figure 2,
JBREWS will consist of a network of
sensors and communication links. By
tying this network into the military’s
existing communications systems,
JBREWS will take advantage of well-
established command and
communications procedures. Initially

equipped with commercially available
sensors, JBREWS is being configured
so that improved biodetectors can be
incorporated into the system as they
become available.

Livermore is responsible for what is
known as "C4I"--command, control,
communications, computers, and
intelligence. The Laboratory is
developing the connectivity between
the sensors and the control station, the
software for all sensors, and an
automatic analysis and reporting
system that runs up through the
military chain of command. JBREWS
is scheduled to be demonstrated in a
Department of Defense Advanced
Concept Technology Demonstration
in 1998.

Biological Forensics at Work
If a bacterium or spore appears in a

collected sample, how will a biodetector
know what it is? The key to
identification will be a library of
"signatures" of the makeup, function,
and DNA of various biological agents
that will be stored on a microchip in the
detector, together with pattern-matching
software and code for reporting results.
This technology will allow advanced
detectors in the laboratory and
ultimately in the field to quickly match
the signatures of collected particles to
signatures in its memory, in much the
same way that fingerprints are matched.

Building on years of experience in
genomics and biotechnology,
Livermore scientists are expanding the

III I

Livermore’s New Biodetectors

Portable PCR
In late 1996, Lawrence Livermore delivered to the U.S.

Army the first fully portable, battery-powered, real-time DNA
analysis system. DNA analysis requires many copies of a
DNA sample, which are made by the polymerase chain
reaction. PCR requires repeated cycles of an aqueous sample
being heated close to the boiling point and then cooled. To
detect DNA in a sample, a synthesized DNA probe or primer
tagged with a fluorescent dye is introduced into the sample
before it is inserted into the heater chamber. Each probe or
primer is designed to attach to a specific organism--anthrax,
plague, etc. If that organism is present in the sample, the probe
attaches to its DNA. By measuring the sample’s fluorescence,
the instrument reports the presence (or absence) of the
targeted organism.

In Livermore’s portable unit, the thermal cycling process
takes place in a micromachined, silicon heater chamber that
has integrated heaters, cooling surfaces, and windows through
which detection takes place. The PCR reaction and DNA
analysis take place in a disposable polypropylene reaction tube
inserted into the heater chamber.

Because of the low thermal mass and integrated nature of
Livermore’s silicon heater chambers, they requtre very low
power and can be heated and cooled much faster than
conventional units. So the unit is not only portable but also
much faster and more energy-efficient than bench-top models.
A multiple-chamber unit that allows the examination of many
samples at the same time has been field tested.

MiniFIo
Livermore’s miniature flow cytometer is the latest in a series of

flow cytometers developed over the past two decades in
Livermore’s Biology and Biotechnology Research Program
Directorate. Flow cytometers are used in laboratories to analyze
cells and their features, perform blood typing, test for diseases and
viruses, and separate out particular cells or chromosomes. What
sets miniFlo apart from other flow cytometers is its small size,
portability, and sensitivity.

These features are made possible by a novel system that eases
the alignment and increases the accuracy of flow cytometry. In a
flow cytometer, the cells flow in single file in solution while the
experimenter directs one or more beams of laser light at them and
observes the scattered light, which is caused by variations in the
cells or DNA. Instead of using a microscope lens or an externally
positioned optical fiber as a detector, this method uses the flow
stream itself as a waveguide for the laser light, capturing the light
and transmitting it to an optical detector. This approach not only
eliminates the alignment problems that plague traditional flow
cytometers but also collects ten times more light than a
microscope lens does. Simpler alignment and more light mean
better, faster analysis.

Bacteria are large enough for individual detection in the
miniFlo, but viruses and proteins are not. So beads large enough to
be detected are coated with an antibody and added to the sample.
The virus or protein attaches itself to the bead and can then be
detected. When different beads are coated with different antibodies,
simultaneous detection of several biological agents is possible.
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Rgum 2. livemore sciemists am designing 
the Joint Biolo@d Remole Early  Warning 
System (JBREIVS) for the Depemnent of 

field in the event of a b i o l o g i c a l  attack. 
Defense to give early w a r n i n g  la troops in the 

JBREWS u888 a netwoM system Of 

sen80(8 the1 autcinaticaily "port to a m t r a l  
mpltelired wmmand post. 

information base of  the  DNA  sequences 
of biological  agents to enable rapid. 
unambiguous  identification of 
biological  agents. To facilitate this 
process, they  are  developing  ways to 

DNA sequences among organisms. 

difference  analysis  helps  to  identify 
unique  DNA  sequences. Parts of the 
DNA  of two organisms  are  mixed. If 
they  stick  together,  they match if  they 
do not  stick, they are unique patts. 
currmtly, this process is cumbersom 
and  slow.  but Livennore scientists are 
working to automate it to be able to 
examine  many  sequences  in parallel. 

Another  project is studying  spcciiic 
pi- of bacterial DNA  and  examining 
the possibility  of  using  their location as 
an  indicator  of  differences  among 
sh;lins. A third project is investigating 
virulence  factors.  which  are thi genes 
that give a biological  organism its 
infstivity or  toxicity. If a bioweapon is 
being  genetically e n g i n d  those 
genes might  be moved to an unnatural 
host in attempt to thwart dewtion 
and  identification. 

particular  agent  being used, tools bciig 

speed up the profess of  finding  unique 

A process known as re.presentational 

In addition to identifying  the 

developed  at  Livermore  also  seek to 
provide  information that will help to 
identie the perpetm&r of a biological 
attack Livennore  biomedical 
researchers  were among the first to 
study  regional diffnences among  the 
various n d y  occurring strains of 
anthrax  and other biological  agents.  Law 
enforcement  personnel will be able to 
matchdataabwtapahgenwithdata. 
on  regional or strain characteristics 
(indicators  of engineered characteristics) 
and with data on worldwide  biological 
-4 epidemiology,  and infdous 
diseaws and respond to  the threat. 

Predictlng Agent Dispersion 

~oqcomntration,andultimate 
nle~tytoaccmtelypRdictthe 

fate of biologid agents  released into the 
envimnmntisegsentialtopreparefor 
and rrspond to a biological  agent  release. 

civilian  populations within major urban 
Ofpatticular concern is the threat to 

areas wherc potential t e ~ ~ r i s t  incidents 
are more likely to occur. There  the 
hazard from a biological-agent  release 
could  be  confined to a localized area 

extend  out to a large portion of  the  city 
within or Bmund a single  building  or 

or even into the  surrounding suburbs, 

Bioagent  Detection 

depending on the particula agent 
release,  the  quantity  and  duration  of  the 
release,  and the meteorological 
conditions  undm  which d i s p i o n  of 
the agent occurs. 

Computer simulations of  biological 
releases are critical to the  design  and 
placement of biosensor  systems.  They 
also aid in risk  assessment, disaster 
planning,  and  emergency  response 
trainiig (Figures 3 and 4). If a 
biological  relea%+ were to occur,  real- 
tim prediaions of  agent concentrations 
would be used to characterize the 
source,  estimate  exposure  levels, 
identify affected  areas  and  best 
evacuation routes, and later assist with 
decontamination.  Accurate information 
about the likely course of a bioagent 
attack is key for emergency  response 
managers,  who  must notify health 

teams, and make public safety decisions. 
officials, inform emergency response 

The urban  biological  release  problem 
is quite  complex  and requires modeling 
capabdities that are still in the  early 
stages of development  and  application. 
For example,  models of airflow inside 
buildings  and  subways  have  been 
developed to some degree but  do  not 
accurately incorporate the decrease in 
airborne  concentration that results 
from  deposition of the toxic material 
on  walls, ceiliigs, ventilation ducts, 
and other interior surfaces. Similarly, 
computational fluid dynamics  models 
of the highly distorted flows  and 
dispersion pattrms created by complexes 
of buildings  are  just  beginning to include 
the &em of  biological aerosols 
(gravitational settling, deposition, and 
viability degradation) and multiple 
building interactions. 

Lawrence  Livermore,  Lawrence 
Berkeley, h Alamos, and  Argonne 
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national laboratories are  working 
togetkr to develop  an  integrated and 
validated  ahnospheric  modeling 
capability f a  biological  agent  releases 
in  an urhan environment.  They will be 
applying  these  models to case  studies in 
a  range  of  release  scenarios. from 
closed  office  buildings, to subway 

systems, to stadiums and  street m e n  
The goal is to make the models 
applicable to real-lie situations and 
ultimately to integrate them into the 
incident  response  capabitity of the 
National Amspheric Release 
Advisory  Center,  located at and 
operated  by  Lawrence  Livermore. 

Incident wind profile 

+--+I 

Rgum 3. Deve(oping ahnospheric  models 
tor an urban caning requires tabng many 
Row patterns into ansideration. As shown 
here. air movBment amund just me building 
is Mwly complex. 

W 

N 
.. 

Decontaminating  a Site 
After  an area has been exposed to a 

biological attack, it must be 
decontaminated before it can be 
reopened to the  public. Livermore and 
Los Alamos  national laboratories are 
working together to develop 
decontamination strategies for three 
scenarios+ open stadium,  a  semi- 
enclosed subway,  and  an enclosed 
area such as an office or home. 
C e d n  decontamination methods 
might be acceptable for  one scenario 
but not another.  For  example,  more 
corrosive reagents and large volumes 
of  water  might be acceptable in a 
stadium but could not be used in an 
office building. 

the best decontamination agents 
Plain household  bleach is one of 

around,  and it  is used regularly in 
biological laboratories throughout the 
country. But 5W.sodium hypochlorite 
(as bleach is more technically known) 
is a  very caustic product, so it must be 
used  with  care. The team is working 
to develop decontamination methods 
that are as effective as bleach but 
more acceptable environmentally. 

Decontamination p m c e d s  in 
several stages, from cleanup of gross 
contamination  such as puddles  of 
agent, to localized decontamination of 
walls or furniture that were  directly 
exposed to the  agent, to cl-up of 
ductwork or inaccessible cracks for 
hidden  contamination, and finally to 
long-term  remediation such as special 
paints or sorbents to destroy  small 
quantities of  agent that are left after 
completion  of other decontamination. 
These stages may require different 
cleanup materials.  A  variety  of liquids 
and  powders  are  being studied. as is 
an array  of delivny methods  such as 
foams and gels. One treatment method 
that  bas hem found to be effective and 
more  environmentally  acceptable  than 
hypochlorite (an alkalime product) is 
pemxymonosulfate,  which is an acidic 
oxidizer.  Figure 5 compares treatment 
of  a simulant for anthrax  with these 
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(a) No treatment (b) Pemxynwnosulfate  treatment  (c) Hypochlorite treatment 

- m-- 

diheeffecavenessofabIoMa. 

oxides. The selected  method  must be 
not  only effective but also easy to use 
with  minimal  training. 

The social and  political issues 
involved  in  decontamination and 

overlooked.  Central to these  concerns 
reentry to a site are not being 

is 'now clean is clean enough?" The 
team is coordiiating with the biosensor 
developers to devise  sampling and 

decontamination is complete. 
analysis  systems that can verify that 

process is that no real-time 
biodetector currently under 
development at Livennore uses an 
assay that can distinguish between 
viable organisms and  dead or 
decontaminated  ones.  Work has begun 
on  a "viability assay'' based on flow 
cytometry to provide this imponant 
piece  of  information so that 
decontamination can proceed  in  a 
timely  manner. 

One  hurdle for the decontamination 

Responding to the Threat 

all too real, and  the US. must be 
prepared to respond  if a bioattack 
occurs on the battlefield or in  a 
civilian setting. During  the 1991 Gulf 
War. the US. had  no systems 
available for rapid,  timely field 
detection of  bioagents. The situation 

The threat  of  biological  weapons is 

today is very  different. The military 
has deployed Bidogical Integrated 
Detection Systems (BIDS), which  can 
tentatively identify the presence of a 
suspected  biological agent in the field 
and warn soldiers to take appropriate 

the agent, pending positive laboratory 
action to protect themselves against 

identification. And there are also 
pmgrams such as Livennore's that 
include new detection, identification, 

decontamination capabilities, which, 
atmospheric  modeling,  and 

combined  with  work by others on 
better vaccines and  medical  treatment, 
are bringing the country to a  level  of 

prepwness  that can  meet  a 
biological threat. 

--Katie Wdrer 

Key Words: bicdetectors, bioinformatics, 
biological warfare agents,  decontpmination, 
DNA analysis flow  cyiometry,  genomics, 
minim0 cytometer, National Atmqheric 
Release Advisory Centu  (NARAC), 
polymerase chain  reaction (PCR), wcapons 
of mass destruction WMD). 
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DNA-based signatures are needed to quickly  and accurately denrifu 
biological  warfare  agents  and their makeks. 

~ 

weapons program. Now, 

'ence Llverr lational Laboratory 
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the  dual-use  nature of materials to 

are found in many  legitimate  medical 
produce  such  weapons.  because  they 

research  and  agricultural  activities as 
well.  CIA Director George  Tenet 

testimony  in  Febtuary  when  he  noted  the 
touched on this  topic  in  Congressional 

overlap  between  manufacturing  vaccines 
and  producing  biological  weapons. 

The  agents used in biological 
weapons are difficult to detect and to 
identify  quickly  and  reliably.  Yet,  early 
detection  and  identification  are  crucial 
for  minimizing  their  potentially 
catastrophic  human  and  economic  cost. 
Lawrence  Livermore  scientists are 
participating m the  Department of 
Energy's  program to improve  response 
capability  to  biological (as well as 
chemical)  attacks  on the civilian 
population. 

A major part  of D O E ' S  program is 
developing  better  equipment  both  fixed 
and  portable, to detect  biological  agents 
(see S H R ,  June 1998, pp. 4-1 1). 
However,  any  detection  system is 

pathogens  (disease-causing m' 
"Without  proper  signatures,  m 
authorities  could lose hours or 

Biology  and  Biotechnology R 

improve  response to terrorist 
The  program  involves expew at 

b s  Alamos, and  Sandia  national 

progress  has k e n  made  since  the 
program  began  in  early 



public  health  and law enforcement 
agencies BS well as classified signatum 
for the national security  community. In 
developing  these sipnanus. biological 
foundation researchus arc also shedding 
light on poorly  understood  aspects  of 
biology,  micmbiology, and genetics, 
such as immunology,  evolution.  and 
virulence. Ind knowledge  in these 
fields holds the promise of b*ter medical 
prearments, including new kinds of 
Vaccioes. 

one element  in DOE’S Chemical  and 
The biological foundations work is 

Biological  Nonproliferation Program. 
Livennore’s component  of this work is 
managed  by its Nonproliferation, A r m s  
Control.  and  International  Security 
Dimrate. Other components  of the 
overall  program include detection, 
modeling  and  prediction, 

decontamination,  and  technology 
demonstration  projects. 

the fmt to recognize, in  the  early 1990s. 
Livennore researchers were  anmng 

the  tremendous  potential of detectors 
based on DNA signatures. “We  knew 
that a lot of  work  was  necessary to 
develop  the signahurs the new detectors 
would  need,”  says  Weinstein. In 
particular, the research ncognized 
several pitfalls. Fa example,  if 

not  identify  all seains of the pathogen 
signatures are overly spcific. they do 

and so can  give  a  false-negative 
reading. On the other hand,  if signatures 
arc based on genes that are widely 
shared among  many  different bacteria, 
they can give a false-positive  reading. 
As a result, signatures  must be able, f a  
example, to separate a nonpathogenic 
vaccine strain from  an infectious one. 

Cholera ‘I‘ 

E. coli 

Anthrax 

Tuberculosis 

Gram-positive 
P,, ’ ’ ’ 

Several Levels of Identlflcation 
To enhance their detection 

development &or& ~suurhcrs  arc 
exploring  advanced  methods that 
distinguish  slight  differences  in DNA. 
They are using the multidisciplinary 
approach that charactnizes Livennore 
research programs. In this case, DNA 
sign- development  involves a team 
of microbiologists,  molecular biologist%, 
biochemists,  geneticists,  and complta 
experts. In addition.  the Livennore work 
bendits from collaboralim with 
experts worldwide,  extensive experience 

with D O E S  Joint  Genome Institute (see 
with  DNA  sequencing,  and aftiliation 

SdrTR, A@ 2000, pp. 4-11). 
Much  of the work is focused  on 

screening the two to five million bases 
that  comprise a typical  microbial 
genome to design unique DNA markers 
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that  will  identify the microbe. The 
markers, called  primer pairs, typically 
contain  about 30 base segments and 
bracket  specific  regions  of DNA that are 

bracketed  regions an replicated many 
a  few  hundred  bases  long. The 

thousands  of times with  a  detector  that 
uses polymerase chain  reaction (PCR) 
technology.  Then they are processed to 
unamhiguwsly identify and  characterize 
the  organism of interest. 

signaturea  will be needcd for diffamt 
Weinstein notes that  different 

levels of resolution. For example, 

unknownmaterialormpondtoa 
authorities  trying to characterize an 

suspected act of hiotrrrorism wiU begin 

potentially harmful pathogens  within  a 
few  minutes. Typically,  such  a signature 
w d d  encompass  one or two p r i m  
pairs and be sufficient for identification 
at the  genus  level (Yersinia or Bacillus, 
for example) or below. 

resolution is ded for unambiguously 
A signature in the  next  level  of 

identifying  a  pathogen at the  species 
level (Yeminiapestis, for example). This 
signature involves  about 10 primer pairs. 
Cumntly, it takes several  days to obtain 
conclusive data for a  species-level 
signature. Ihe goal is to reduce that tim 
to less than 30 minutes. 

pathogmc- 
The thini signatute  level is used in 

featuresthateouldaEeame&icalreaponsc 
. ‘00.identifyingany 

( f o r e ~ l e ,  hsrmless vaccine materials 

&stance pathogens). This signatute level 
VCISUS highly ViNknt or antibiotic 

invdvessnne20to30primrpairs. 
Together, the pimr pairs offa a artaiaty 
of comet identitication. Curmtly, 
pmviding such a high level ofconMmr 

reducethetimtokssthan30min~. 
The final signature  level,  intended 

primarily for law  enforcement w. will 
permit detailed iQntification of  a 
specific  strain  of a pathogen (for 

cornlate that strain  with 0 t h ~ ~  forensic 
example, Yersiniapestis KIM) and 

evidence. Such data will  help to identify 

with  fairly  simple  signatures that flag 

reguirrsseveraldays;the@againisto 

typical time lag for results is  currently  a scientists have  worked  with DOE and 
and prosecute attackers. The present  Biological  foundations program 

few weeks. and the goal is to reduce 
that to a few  days. 

other agencies to assemble  a List of 
natural pathogens  mast  likely to be used 

Has few Short  regions (<O.l% tota 
*Occurs only in the  pathogen 

-No false  wsitives 

1 
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in a  domestic attack. The  list  includes 
bacteria, vituw, and other  classes of 
threats, such as agricultural  pathogens. 
Two  extremely  virulent  pathogens had 
the list: B. anrhracis and Y. pestis, which 
cause  anthrax  and  plague  in humans, 
respectively. Bacillus anthmeis has few 
detectable  differences  among its suains, 

1 

considerably  in  genetic  makeup. 
whereas Y. pestis strains can vary 

Unraveling the significant  differences 
hetween  the  two organisms will give 
national laboratory researchers 
experience  vital for facing  the 
challenges  of  the  next  few  years, as they 
develop  signatures  for  a  wide specbum 
of  microbes. 

Uverrnore Focuses on Plague 
Researcb has been  divided  and  is 

carefully  coordinated  among 

Liverumre  researchers are focusing on 
laboratories to avoid  duplication. 

Y. pestis, FranciseNo tularensis (a 
bacterium  causing  a  plaguelike illness 

that threaten human  and animal health. 
in humans),  and  several  other  microbes 

They are working  in  collaboration  with 
the U.S. Army  Medical  Researcb 

Centm for Disease  Control  and 
Institute  of  Infectious  Diseases,  the 

Prevention,  the  California  Department 
of Health Services,  Louisiana State 
University,  Michigan State University, 
and  research  centers  in  France,  China, 

and  Russia.  “We  want to be prepared 

thrwghwt the world,” says  Weinstein. 
for the  most  likely  pathogens from 

Eleven  species and  many  thousands 
of  strains  belong to the Yeninia genus. 
The  most notorious species, Y. pesfis, 
causes  bubonic  plague  and is usually 
fatal  unless treated quickly  with 
antibiotics.  The  disease is transmitted 
by rodents and their fleas to humans and 
other  animals.  Although rare in the 
US., cases are still re@ in the 
southwest. 

notes  that  the  seemingly subtle DNA 
differences  among many Yersinin 
species mask impomnt differences. 
One  species  causes  gastroenteritis, 
motha is  often  fatal, and a third is 
virtually  harmless;  yet all  have very 
similar  genetic  makeup.  Garcia’s team 
is using a technique called insertion- 
sequence-based  fingerprinting to 
understand  these  slight  genetic 
differences. Insedon sequences are 
mobile sections of  DNA  that  =plicate 
on  their own. Analyzing f a  their 

Livennore researcher Emilio Garcia 
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presence  will  not only help refine 

light  on how  microorganisms  evolve 
signatures for Y. pestis but also shed 

into strains that ptuduce lethal toxins. 
This understanding, in turn, should  give 
ammunition to researchers  seeking  an 
antidote or vaccine. 

Garcia's team is  cohborating with 
other world-renowned  research centers 
to beacr understand the genetic 
differences  among  species  and strains. 
A coUaboration  with  France's  Pasteur 
Insti~k is comparing the genetic 
complement of Y. pestis with an& 
member of the Yersinia group 

intestid disease. 'They are closely 
@seuhtuberc&sis) that causes 

related. and y e  they cause such different 
diseases," Garcia  says. 

Better and Faster, with Mom Uses 
Livermore  scientists are using  a 

number of methods that  allow more 
rapid  identification and characterization 
of unique  segments  of DNA. Each 
method has  advantages and  drawbacks, 
with wme mon applicable to one 
organism than another.  Weinstein 
expars that within two years,  the 
Livemwxe team will have settled on a 
handful of techniques as the workhorses 
of signature  generation. 

Jnadditiontotheinmtioosequence 
method, anothcr promising technique is 
caU@ suppressive  subtractive 

organism and its near neighbor, 
hybridization. The method takes an 

d*erminesthefragmentsnotincommon 
hybridizes the DNA from both, and 

asthebasisofasignaturc.Ateam 
headed by Lawrence Livemore 
biomedical scientist Gary Andersen is 

Statc University in  Russia to advance the 
working  with coueagnes at Mosanv 

technique; one goal is to simultanmusly 
analyze % strains of  DNA. 

suppressive  subtractive  hybridization to 
distinguish the DNA  of Y. pestis from 
that of Y. pseudotuberculosis. The team 
hasalsousedthetechniquetoaid 
California's poultry industry by 
providing  a  handy way to detect 
Salmonella enteritidis. This bacterium 
can c a w  illness if eggs are eaten raw 
or undercooled. Subtractive 
hybrididon results  have been so 
successful that the  signature  can now be 

Andersen's  team has used 

m 1 7  
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used to distinguish  between  subtypes  of 
salmonella bacterium. 

pathogen  detection  methods, 
In addition to the DNA-bawd 

researchm are  developing  detection 
capabilities  using  antibodies that can tag 
a pathogen  by attaching to a molecular- 
level  physical feature of the organism. 
AntiWy assays are likely m play an 

important  role in pathogen detection 
because  they  are  generally  fast  and  easy 
to use (commercial horn-use medical 
tests use this form of assay). 

working to improve  these  detection 
methods as well. For example, a 
collaboration  with  the  Saratov  Anti- 
Plague  Institute  in  Russia is studying a 

Biological  foundation  researchers are 

Lane Strain 

1 M-231 (Tien-Shan  focus) 

2 MW marker  (pBR322) 

3 S-621 (Centra Caucasian) i 

4 MW S-a i 

5 350 (Central Astan desert) , 

6 5-631 (Central  Caucasian) ’ 

8 MS38 (Pncasplan Sari@ focus) 

7 M-641 (Volga-Ural Sandy focus) 

10 A-l813(Taiasfwus) 

g 1771 (Tuvlnkan focus) 

11 A-1820 (Taias focus) 

12 MWmar!ier 

13 MW marker (R6K) 

14 MW marker (pER327) 

1 

bacteriophage  @acteria-killing virus) 
that only attacks Y. pestis and  none  of 
its cousins.  Researchers  recently 
discovered  that  the  virus pmdms a 
unique protein  component to attach to 
the  bacterium cell wall at a certain  site 
and gain  entry.  Garcia  says that 
recognizing the distinct site could  form 
the basis  of a foolproof  antibody 
signature. ‘Wit’s possible m achieve it 
with Y. pestis, we  may be able to do it 
with other pathogens,” he adds. 

Sensing Virulence 
As more information shout 

pathogens  and  their  disease mshanisms 
becomes  available  and as genetic 
engineering tools to transplant  genes 
become  cheaper  and simpler to use, the 
threat  of  genetically  engineered 
pathogens  increases.  Biodetectors  must 
be able to sense the virulence signatures 
of  genetically  engineered  pathogens, 01 

they  will be blind to an entire  class of 
threats. “Our  ultimate  objective is to 
identify  several  specific  virulence 

biological warfare organisms so that we 
facmrs that might be used in engineered 

can  detect  these e n g i n d  organisms 
and break their virulence pathway,” 
says  Weinstein. 

engineered organisms is an  antibiotic 
One  key factor useti~I for detecting 

resistance  gene. When transplanted inm 
an infectious microbe, the gene could 
gmtly  increase the effectiveness of a 
biological attack and wmplicatc  medical 

genes are widely shared among bxteria 
and are easily transfemd with 
elementary molsular biology methods. 
In f a n  a standard biotshndogy 
reseatrh technique is introducing 
antibidc resistance  genes inm bactnia 
as an  indicator  of suuxssful cloning. 
4Weneedtobeabletorapidlyrecognb 

is appmpriate,” says Weinstein. 
such genes so that the medical rsponse 

Another telltale indication of 
genetic  tampering is the presence of 

rsponse. some antibiotic mistawx 

Lawrence Livermore N a t i o n a l  Laboratory 
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virulence  genes  in  a  microbe  that 
should  not  contain them. Virulence 
genes are often  involved  in  producing 
toxins or molecules  that  cause ham or 
that simply evade a  host’s  defense. “If 

perform their functions at the right 
a series of genes is made  available to 

time, they could  cause real damage.” 
says Lawrence  Livermore  molecular 
geneticist Paula McCready.  If 
interfering  with  the action of one of 
these genes or its proteins interrupts 
the virulence  pathway,  the disease 

characterizing important  virulence 
process  can  be halted.  Identifying and 

genes and determining their detailed 
molecular s t ~ c h m  will greatly  aid  the 
development  of  vaccines, drugs, and 
other medical  treatments. 

As an example, Y. pestis disables  the 
immune  system  in  humans  by  injecting 

body’s  key  defenders  against bacterial 
ptcins into  macrophages.  one  of the 

attack. Because  the  protein acts as an 
immunosuppressant to disable the 

not  only  would  help  scientists  fashion  a 
macrophage,  understanding its structure 

drug that physically  blocks the protein 
but also would  shed light  on 
autoimmune diseases such as adni t is  
and asthma A Lawnce  L i v m  
team  led  by Rod Balhom is working to 
detcnnine the three-dimensional shapes 
of  toxins  such as the one pmducui by 
Y. pestis (see SdiTR, April 1999, 
PP. 4-9). 

Virulence Gems in  Common 
virulence genes s p d  nahually 

among  pathogens and thus are also 
found  in  unrelated micmhial spsies. 
Therefom, virulence  genes  alone arc not 

hased detection. “We have to 
sufficient for species-specific DNA- 

differentiate the virulence  genes in 
natural organism from e n g i n d  
organism,”says Garcia 

different methods for differentiaahg 
Livennore researchers are using 

vidence genes from among the 
thousands  of genes comprising the 
genomes of pathogens.  One  technique 
looks for genes that  “switch on’’ (start 
making proteins) at the internal 
temperatures of mammals.  For 
example,  Livermore scientists are 

become  much  more active at 37°C. It 
studying genes of Y. pestis that 

seems  a safe bet  that many  of these 
genes are associated  with  the 
bacterium  multiplying within a warm- 
blooded  host. 

In 1998, a Lawrence  Livermore 
team made an  important  contrihution to 
understanding the genetics  of Y. pestis. 
They  sequenced the three plasmids 
(hits of DNA located  outside  the 

microorganism’s  circular  chromosome) 
that contain  most of the virulence  genes 
required for full development  of the 
bubonic  plague  in animals and  humans. 
Plasmids  sometimes  transfer  their gmes 
to neighbaing hacteria in  what is called 
lateral  evolution.  (Antibiotic mistance 
genes are also located on plasmids.) 

sequencing team, says that studying 
Garcia, who led the plasmid 

virulence  genes can shed light on how 
new  strains  develop.  The Y. pestis strain 
that causes  bubonic  plague, for 
example.  may have evolved some 
20,000 years ago. Such  understanding 
is relevant to H I V ,  which  may not  have 
become  infectious for humans  until the 
20th century. 

YopE 

Lawrence Livermore Natbnal Laboratory 
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Working with End Usem 

be a  strong  relationship between 
development of biological signatura 
and detection  technologies  and  their  end 
uses. Livmmne researchers work  with 
agencies that will be using  signatures 
hom Livermore  and Los Alamos for 
both bandheld detectors and field 
laboratories.  “We  want to make sure our 
tools get to the ex- and agencies  that 
need  them.” she says. 

colleagws at the Bioterrorism  Rapid 
MCCready is working  closely  with 

Response and Advanced  Technology 
Laboratory of the federal  Centers for 
Disease Control  and  Prevention. 
Live- is collaborating with the 
CDC to make diagnostic tools available 
to regional public  health  agencies  and 
thus create a na!ional mechanism for 
responding  quickly to biotenurism 
threats. Currently,  many health agencies 
use detection methods that are not 
sufficiently  sensitive,  selective, or fast. 
For example, one culture test for 
d*ating anthrax takes two days.  Major 
damage and even death may have 
occumdinthattime. 

MCCready empbasi i  that DNA 

wore being released because theii use 
signatures will be tharoughly validated 

migbt lead to evacuations of subways, airpolts. or spting events, and such 
e v d o n s  cannot be undemkm 
lightly.  As paa of the v a l i i o n  effort 
Livermore  scientists are charactenzln 
naaxal microbial  bacLgrounds to make 

g 

MCCready notes that there needs to 

. .  

sure that the signatures are accurate 
under actual conditions. To that end, 
researchersarecollectingbackpund 

as well as in human blood, urine.  and 

B. mthmcis is related to B. ihruginemis, 
saliva. Mccrrady points cut that 

a  naturally d n g  harmless microbe 
thatlivesindirtandcangiveafalse 
positive reading to anthrax  if  the 
signaturr used is  not adequately specific. 
The charaaerization effort is being 
aided  by  a  device  called  the Gene Chip. 
Manufactured by Aq.metrix Inc.  and 
using technology  developed by 
Livamae, the device simultaneously 
monitors the expression of thouMnds 
of  genes. 

aheadtoatimewhentheireffortswiu 
Livermore~hersareloddng 

microbd Samples in air, water, and soil, 

have helped to equip  federal and state 
agencies with a mbust s* of biological 
si- w for America’s mpoose 
to any biblogical warfare thmL Equally 
importanttheresearchasenvisiona 
sbong mechanism linking biomedical 
scientists with pblic heallh and law 
enforcement officials to develop new 
signatures speedily and cost-ef€ectively to 
stay  several steps ahead of tmorists. 

dmie Heller 

Key Words: anthrax, bactaiopbag., 
biological signatures, biological weapons, 
Centers for Disease Control and Revention 
(CLK), DNA, Gene c h i ,  plague, plasmids, 
virulence. 
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T .  HE World Trade Center and Oklahoma City bombings experts from the Cenkal Intelligence Agency, the 
s~gnaled a change in the character of terrorism in the US. 

Most of the previous acts of domestic tenorism have not 
Depaaments of Defense and  Energy, the Federal B&u of 

involved mass casualties. However,  recent  incidents indie an  Congress, US. industry.  and  academia. 
Investigation,  the  Arms  Control  and Disarmament Agency, 

apparentdesireoftenoriststoinjureorkilllargenumhersof The study  group  examined the potential of trrraist use of 
inwcent peoplbsix pople were Med and more than 1,000 WMD against the US., reviewed cumnt U.S. capabilities, 
injuredintheWorldTradeCmterbombing,and168people andmaderecommendah 
died in the bombing of the Alfred P. Murrah Federal Building. to prevent  and respond to this threat. 

’ons  for  enhancing  the  nation’s abiity 

casualtiw  could have been much greater if the terrorists had U.S. Pootly Prepared for WMD Tenorim 

cbemical. or biological  weapons. In March 1995, the Aum respond to a terrorist attack that uses WMD. According to M). 
Shinrikyo cult demonstrated that rmodsts can acquire WMD chsir J im Woolsey, “Of all the rhreats that eould inflict major 
with its sarin  nerve gas attacks in the Tokyo subway that 
killed t2 people and sickened morc than 5.000. 

damage to the US., terrorists using weapons of mass 

An open society like OUIS in the U.S. is particularly 
deseuction is the threat for  which the nation is least 

vulnerable to WMD tenorism. Ioformation on nuclear, 
prepared.” Tbe study group notes that altbough existing 

chemical, and biological  weapons is readily  available on the 1996 Atlanta Olympics, no integrated system is in plsce to 
capabilities work well  for planmd high-risk events like the 

Internet and in  many how-to books.  the^ is increasing deal with a threat of the magnitude, complexity,  and  severity 
evidence  of illegal trafficking in nuclear materials. In 
addition, a number of camtries hostile to the US. BIT known 

ofWMDterrorism. 
The study group recognized that a nawent national policy . 

to be developing WMD capabilities,  and some of them are ad~~gthethreatofWMDterrorismisinp~thatit is  

As horrifying as these acts of terrorism were,  damage  and 

used weapons  of mass destruction i.wMD~llclear, The study group concluded that the US. is ill-prepared to 

known to suppat teImri,st groups. being implemented  at the level of the National Secuzity 

U~StUdyQrwpFonned 
Council @lSC) by a small staff, and that this high-level 

InJune19%,theDirectorof 
Central Intelligence and the Deputy 
Scrraary of Energy charted a study 
ofthethrcatpedbytaraistgrwps 
using nuclear,  chemical, or biological 
weapons in the U.S. Organized by 
Lam Livemore with Associate 
DirectorWayneShottsasthe 
sponsor, the group was chaired by R. 
James  Woolsey, former Direaor of 
Central Intelligence, and  Josepb S. 
Nye, Jr., former Assistant S a r * a r y  
for  Defense for International Security 
Affairs. Known as the Livermore 
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1 Forensic Science Center  Update 

spemometer sysiem  in action. From the tsff, the 2 . 5 g i g a w a U -  
The photo above shavs me imaging laser-eblation mass 

per& NdYAG (neodymium  yinfium-aluminum-gamet) laser 
beam is passing thmgh steering and allgnmmt optics in the 
imaghg system and into the mass specmunets,: A display @! 

the target rnaiedal is visible on the videosaee 
magniw human  hair  after hbardnmnt by me laser beam. 

n. Tothelef fka  

example,  ingestion of or exposure to certain  chemicals, 
including  illegal drugs, can be identified  in  human hair. Since 
human hair  generally  grows at about one-half inch  per  month, 
analysis of a person’s hair  along its length can provide  a 
chnology of drug use over  time (see photos  above). Or the 
hair of a  dog  known to have been kept as a  pet at a  suspected 
drug manufacturing  facility  can be analyzed to determine 
chemicals  associated  with  chemical  spills and exposures at the 
drug  lab.  Positive  identification  of  chemicals  in the dog’s  hair, 
indicative  of the lab’s opra t ions ,  could  serve as criminal 
evidence  in  a  trial. 

Althouzh this techniaue is stil l  in 

size gas chromatograph/mass spectrometer (GUMS) for on- 
Almost  five  years  ago, the Center  developed  a suitcase- 

site  identification of nltratrace  (microgram or less) quantities 
of  certain  compounds  in  complex  mixtures. The system 
weighed 68 kg  (150  lb),  which ma& it poxtable,  but  only 
harely. Three years later, the  system’s  weight had been cut 
by  more than half to 32 kg (70 lb).  still  a  hefty load. Today, 

this system  can  realistically be considered  poxtable. This 
at 20 kg (44 lb), with  an  accompanying  laptop  computer, 

tugged. all-metal  vacuum  vessel  can be carried  on board an 
airplane and put into the overhead compaament, while its 

pumping unit travel  in  the  baggage comparbnent. 
accompanying  generator  and  off-line  vacuum  reconditioning 

Reduction  in size does not mean a  reduction in 
performance. The latest  complete G U M S  unit is able to 
achieve  the a!most-perfect  vacuum required for accurate 
analysis. It can run for 12 horn in the  field,  and, like a 
5W1b bench-top d e l ,  can perfonn up to 200 operator- 
assisted  analyses per day. While the operator sleeps, the 

its infaq: its potential Auld be 
enormous. As lasers  become  easier to 
use, smaller and smaller  particles  and 
fibers  will be sampled  and  characterized 
in forensic  investigations. 

Yinlaturldng the GCMS 
The Forensic  Science  Center is also at 

the forehnt in  developing  new,  portable 
systems  capable of real-time  analysis  in 
the  field. These units have numerous 
applications,  from  identifying 
materials to support  verification of the 
Chemical Weapons  Convention to 1 
investigating  criminal  activities. 
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turbomolecular pumping station refreshes the vacuum and
other systems in the unit for another 12 hours of operation.

And how have they made this unit so small? When LLNL
first took on the job of making a portable GC/MS system, very
few off-the-shelf parts were available that, when assembled,
would fit into anything the size of a suitcase. Almost all of
the pieces that went into the first 68-kg unit were therefore
designed and manufactured at LLNL. Meanwhile,
miniaturization began to catch on in the GC/MS industry,
so many of the components of the 32-kg version could be
purchased from outside sources. While a few components of
the latest 20-kg model had to be produced here, most have
been purchased commercially, modified as necessary, and
fitted together.

The unit’s hydrogen supply for the portable gas
chromatograph is typical of the shrinking components. The
hydrogen supply in the 68-kg model weighed 14 kg. Today it
weighs just 0.4 kg and still operates at 250 psi, just like its
bigger bench-top brother.

The Center also has produced another unit whose parts can
be replaced in the field. Parts are fitted together with O-rings,
which facilitates repair, but more pumping capacity is needed
to hold the desired vacuum. So there is still much work to do.

Counter-Forensic Inspection
In the summer of 1994, DOE asked the Forensic Science

Center to perform a preliminary "counter-forensic" analysis to
help the government investigate vulnerabilities of two

gaseous-diffusion, uranium-enrichment plants that will be
subject to international inspections. Although inspections of
the plants are expected to be visual only, DOE wanted to
know whether a hypothetical inspector with a different
agenda, while walking through one of its plants, could
surreptitiously collect samples of material, take them home,
examine them, and replicate the enrichment process. The
Center’s mission was to examine the similar samples and
learn critical details of the enrichment process.

In the gaseous diffusion enrichment process, uranium
hexafluoride passes through a series of semipermeable
barriers, the number of barriers being determined by the
enrichment required. Uranium used in power reactors requires
less enrichment than weapons-grade uranium, which is highly
enriched.

The Center used for its analysis a variety of materials
collected from different areas in the plant. With minute
quantities of these materials and state-of-the-art analytical
equipment, our chemists, engineers, and metallurgists were
able to determine whether or not various aspects of the
enrichment process are vulnerable to surreptitious collections.
We expect these results to be useful in determining future
inspection protocols.

For further information contact
Brian Andresen (51 O) 422.0903
(andresen I @ llnl.gov),
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3esearch  Highlights I 

IKE high-tech  colleagues of Sherlock Holmes. experts  from 

soubisticated  analvtical  eauimnent for combatting  terrorism 
L a m c e  Livermore’s  Forensic  Science  Center  develop 

. .  
and the  proliferation of  weapons  of mass deseuction, 

law-enforcement  requests.  Using  center-developed  prototypes, 
supporting  stockpile  stewardship efforts, and  responding to 

these  experts  in  organic,  inorganic,  biological, and  nuclear 
chemistry can determine  the  composition and often  the source 
of the most  minute  samples  of  evidence.  Tbe  sophistication  of 
their  sleuthing is beyond  the  wildest dreams of  even Mr. 
Holmes and Dr. Watson. 

of the center (EdrTR, March 1994, pp. 1-8; ang SdrTR, August 
Past  issues of this  publication  have  detailed  the  techniques 

“come of  age”  and are used in the  field for remate analyses 
1995, pp. 24-26). Some  of  the  systems  and  methods  have  now 

and real-time results. 
This summer  in  Cape  Cod, Massachusetts, the center  first 

used its portable  thin-layer  chromatography  system  in  the  field 
for the first time. This system inmated the  interior of more 
than a  thousand  munitions  dating  back to World War JI. Tbe 
center also placed  modem  solid-phase  microextraction 
(SPhlE) sampling tools at a  Department of Energy  weapons 
plant to monitor  the  safety  and  efficacy  of the current  nuclear 
stockpile.  In  the l a w c n f m e m t  arena, the center is a  key 
participant  in the new ~“nerabip between the Federal Bureau 
of  Investigation (FBI) and  Lawrence  Livermore (see the  box 
on p. W). 

Blast from the Past 

- 

During  an  environmental  cleanup  operation at the 
Massachusetts Military Reservation in the spring  of 1998, 
Army  personnel  discovered  a  suspicious  depression  in  an  area 
once used for training. The depression  tumed out to be the 

during  target practice exercises (Figure I). Three questions 
“burial  ground” for mortars and ordnance that had been used 

needed  answera:  How  many  of the munitions  were  “live”? 
How  sbould  they be rendend safe? What was the best way to 
dispose  of  them? 

Brian Andresen, dircctor of the Laboratory’s Forensic 

Defense  Ammunition  Center. His initial  samples  indicated  that 
Science  Center, assessed the  situation  at the request of the 

approximately one munition  out of ten  was  live,  while  the rest 

Flgum 1. when the Army unearmBd m m  man a t h o u s a n d  mortar 
munds dating from a World War I1 training area, they enlisted the 
Labora1o(y‘s Forensic Sdence Center 10 determine whim wre l i ve  
munitims and whim were dummies. 

were  dummies  of wax  and  plaster  of pads. Although  they 
couldn’t  explode,  the  dummies  did  have live fuses, and some of 
the ronnds-the exact  quantity  unknown at that p o i n t 4 d  
have  contained  appreciable  quantities  of bigh explosive (HE). 

plus  mortars in half  and  sampling  them for HE. The Army 
Andresen  recommended cutting each  of  the  thousand- 

agreed, so in July 1998 Livennore’s Jeff  Haas and Greg 

and  headed  east. 
Klunder  packed  up  sampling kits and analysis equipment 

chromabgmphy 0 screening  system, which  was 
originauy  developed as a  field-portable  propellant  analysis 
system for the  Department  of  Defense.  RopeUants  (essentially 
HE) require stabilizers  (such as diphenylamine) to prevent 
spontaneous  ignition.  Because  stabilizers are depleted by 
extended  exposures to bigb  temperatures,  the  military  needed 
a way to quickly  determine the safety  of large numbers  of  bulk 
propellants. The TLC system  screened  the Army site for 
explosive  compounds.  Sensitive  and fast, the  system required 
only  50-milligram  samples  of  explosive,  instead ofthe gram 
quantities required by other methods,  and 15 minutes  for each 

The  project  was an ideal  test case for the  center’s  thin-layer 

group of 20 samples. 

two days (Figure 2). With the real  and  dummy  munitions 
Haas  and  Klunder  analyzed 1,236 mortar rounds in 

identified, the Army  sent  the  dummy  pieces to a  military 
salvage yard  and  safely  disposed  of  the remaining live 
shells. In the past, normal  protocol  was to group  the 
live ones and  dummies  together-in piles of 100 and to 
explode  them all, but that solution is no  longer  considered 
environmentally  acceptable. 

the center’s  analysis. The work  demonstrated  that the HE 
The nearby  town  of  Borne also gained  peace of  mind from 

Science & Technology Review December 1998 
83 



Forensic Science 

amounts were  insignificant and that environmental 
contamination  did not OCCUT while  the  mnnitions  were buried. 

Back to the Future for the Stockpile 
In 1998, center staff also  developed  methods for verifying 

the safety of the  weapons  systems  in the U.S. nuclear 
stockpile. 

condition of a nuclear  weapon’s  internal  components without 
“Our task was to provide a way of determining the 

using  either  electricity  or light and  without  disturbing the 
weapon’s internal  geomehy,”  said Andresen. 

sensitive and  reactive  components,  such as plutonium  and 
The  materials  in  a modem nuclear weapon include highly 

uranium, as well as organic materials. These  organic  materials 
include  the HE that  initiates  the  nuclear  fission reaction as 
well as structural materials and  adhesives that maintain precise 
internal  alignments.  Such m a t e d s  are stable polymns with 
s n d  diffusion  coefficients (10-1’ to 10-5 square centimeters 
per second).  However,  in the weapon environment--over  a 
period of many  years, at elevated  temperatures.  in a 
hermetically ded radioactive  environment--cmain  systems 
may outgas at detectable  levels. When  outgassing,  these 
organic  materials  release  compounds that CM indicate 
problems  such as coded metals,  degrade  components 
affect the  overall  integrity of other warhead  materials,  and 
generally  signal  decomposition of materials  within  the 
warhead.  By  monitoring these chemicals,  experts are alnted 1 to 
problems that may be developing  inside the weapon. 

Yellow Cake and Simple Green 
Recipe tor S a t e i y :  

thin-layer chmmatogmphy 
days using ltm mntets unique 

sneening system. 
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developed s o l i d - p k  micmextraction (SPME), which allows 
The  techniques  and analytic protocols rely  on center- 

rapid  and  efficient  environmental  sampling  and  processing. 
The  key to micmextraction is a  minuscule fiber inside  a 
syringe  needle (Figure 3). The tiher is coated with an 

collects the molecules  of a suitable  sample. 
adsohant thaI, when exposed to the amhient  environment, 

available  commrrcially. For example, one fiber picks  up acids 
Five types of tiher with  specialty polymer coatings are 

in  preference to bases; ancther extracts  alcohol more 
efficiently than hydrocarboos.  Each SPME fiber coating  can 
collect t h w s a n d s  of different compounds of a specific  class 

development  of this technique,  it  took weeks to collect and 
after only  a  few  seconds  of  sampling  time.  Before the 

characterize  only  a few tens of unknown compounds from 
wameadnlamials. 

In the SPME project, chemists  David  Chambers and 
Heather  King are identifying  the  gas-phase  chemicals in a 
weapon’s primary headspace  and  studying  their  time  histories. 
“In the tirst phase  of this project, we’re identifying what 
chemicals, if any, are emitted by  weapon  components:’ said 

Chambers, the  project’s  principal  investigator. “So far.  we’ve 
characterized  weapons-material  components as well as HE 
associated with  two  weapons  systems.” 

The  most  recent  stockpile  stewardship  application  of the 
SPME technique  involves  monitoring  the  headspace of 
individual warheads. For instance, at the Pantex Plant in 
Amarillo, Texas, SPME is being used with other types of 
mndesuuctive surveillance to monitor 10 weapons. 

The Future of Forensic Analysis 

scientific  analysis  of  evidence  in  the  context  of  civil or 
The term “forensic science’’ used to apply  only to the 

criminal  law.  Increasingly,  forensic  analyses are used to 
monitor or verify compliice with  international treaties and 

deshucti-d for  stockpile  stewardship. 
agreements-paticularly those involving  weapons  of mass 

A busy future of forensic science  was  recently underscored 
by DOE Secretary Bill Richardson  in his August 1998 visit to 
Lawrence  Liverm 
was  the fist in a ‘ 

the FBInext-geners ‘m 
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I Research  Highlights 

Seismic 
Monitoring 
Techniques 
Put  to aTest I 

W HEN the world  received  the  news  of  the  Indian  and 

May, a  team of  Live- researchers used the  events to 
Pakistani  clandestine  underground  nuclear  tests last 

validate  several  seismic  methods  they  have  developed over the 
past  decade to monitor  the  Comprehensive  Test  Ban  Treaty 
(CTBT).  Using  data recorded worldwide by a  host  of  seismic 
monitoring  stations, the team successfuUy differentiated the 
nuclear  blasts from typical  regional  earthquakes,  characterized 
the yields  of the tests,  and noted inconsistencies  between the 
announced  test  yields  and the seismic data. In all,  the  seismic 

help  calibrate  seismic  stations  in  a  critically  important  region 
signals  from  the  nuclear tests provided  important new data to 

of the world. 

India or Pakistan. The treaty provides for an  International 
Monitoring  System (IMS) of automated seismic  stations, 

clandestine  nuclear  explosions.  These  stations  transmit  data 
many  of them still to be  installed, to record any  evidence  of 

via  satellite to the  International  Data  Center  in  Vienna, 
Austria,  which  in tun distributes  them to national  data centm 
around the world. Figure 1 shows  the  location  of  existing 
seismic  stations in the  Southwest  Asia area, planned IMS 
seismic  stations,  the  seismically  determined locations of the 
recent tests by India and  Pakistan,  and  locations of some 
recent  earthquakes in the region. 

National Data Center (USNDC) at Patrick Air Force  Base, 
The US. D e m e n t  of Energy is supporting  the US. 

Florida, as it prepares to monitor  the treaty. As part of D O E S  
effort,  teams at Livennore and Mamost have  been 
working to improve  ways to seismically  characterize 
clandestine  underground  nuclear  explosions  and differentiate 
them  from other source of seismicity,  such as earthquakes 

cenfcnd on developing  regional  discriminants, which arc 
and mining  explosions.  Much  of Livnmore’s work has 

characteristic  features of a  seismic  waveform  (for  example, 
the peak amplitude at a  particular  frequency,  within  a  specific 

The CTBT has been signed  by  152  nations,  although  not  by 

time frame) recorded at distances less than 2,000 kilometers 
away.  These  discriminants are used to differentiate between 
explosions and other types of seismic soumes. (See the 
September  1998 Science & Technology Review, ‘‘Forensic 
Seismology Supports the  Comprehensive Test Ban  Treaty,” 

followed by  Pakistan’s  on  May  28  and 30,1998. None  of the 
India’s  nuclear  test  took  place  on  May I1 and 13,1998, 

planned IMS seismic  stations  in  the  region  was  installed at the 
time of the tests. Fortunately,  stations  belonging to IRIS 
(Incorporated  Research  Institutions for Seismology),  a 
consortium  of U.S. universities,  were  operating.  Two of those 
stations,  called ABKT, in Alibek, Turkmenistan (one of the 
former  Soviet  republics),  and NIL, in Nilore,  Pakistan,  were 
near the sites  of  two proposed IMS stations GEYT and  PRPK. 
While  ABKT data were  not  available,  NIL r s o r d s  of the 
Indian  tests,  some 740 kilometers  away,  were  available 
through the  Internet  within  a few hours, as were data provided 
by IRIS for other stations  throughout the world. The NIL 
station was tuned off during the Pakistan  tests, so the data 
were  unavailable. 

Livennore seismologists had already  collected and  analyzed 
As part of  their  calibration work for the USNDC, the 

data worded by NIL and other  seismic  stations  from more 
than 200  regional  earthquakes  between  1995 to 1997  in Iran, 
Afghanistan,  Pakistan,  western  India,  and the surrounding 

pp. 4-1 1 .) 
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region.  Witbin hours of  the  announcement  of the May 1.1. 

its  seismogram  with  those from ncarby earthquakes. 
1998, Indian tests. Livermore seismologists were comparing’ 

earthquake  clearly differs from that of  the  May 11 test 
As seen in Figure 2, the seismogram from a re-tative 

Livermore-rem discriminants based on P and S waves  were 
strongly  indicative of an explosion,  not  an e-e or other 
seismic source, at all ftequencies tested (0.5 to 8 hertz). 
Livermore  seismologist Bill Walter  explains  that the 
differences in seismic P- and S-wave energy pmnde one 
method of discriminating explosions from earthquakes. 
Seismic P waves are compressional waves, similar to sound 

tbose that ppagatc along a rop w h n  one  end is shaken. 
waves  in the air. Shear (S) waves are transverse waves, like 

Because undeqmund explosions are spherically  symmetric. 
dismbances,  they  radiate  seismic P waves  efficiently. In 
contrast eanhpuakes result from sliding or N ~ ~ U I C  along  a 
buried fault surface and  strongly  excite the transverse motions 
of S waves. %us, we  expect that explosions  will  show stmog 
P waves  and  weak S waves  and that e d q a k e s  will  show 
weak P waves  and  strong S waves, as seen in Figure 2. 

by &~IUIWI 

Aaordiog to Walter, one way to quantify this difference is 
’ ’ g the ratio of P-wave to S-wave energy measured 

from the seismograms. Ekplosions  should  have higher PIS 
ratiosthanearthquakes,butthefrequcncyatwhichthebest 

tbeP/SratiofortheMaylllndiantestandforcaahquaks 
separation occurs varies  by  region and station. Figure 3 shows 

showninFigurel.Thcmeasm~tsinFigure3Weremadeat 
four  different  hrquencies. The Indian test has a bigher P/S ratio 
than the mthquakes, as expected. 

composed of thm almost simultaneous explosions with yields 
India repoacd that its nuclear testing on May 11,1998, was 

of 45.15, and 0.2 kilotons and that the two largcrtests w m  
sqmatcdbyaboutakilomctcr.AccordingtoWalter,theteam’s 
examination of regicmal data rrcorded at NIL and at teleseismic 
stations thousands of Mome&rs away  did  not  reveal obvious 
signs of multiple shots. The U.S. Geological  Survey repoacd a 

teleseismic magnitude of mb 5.2 (mb is the  bodywave 
magnitude and is mugbly related to the Ricbter  scale). 
Assuming simultanecus d*onstion of the the tests and usmg 
pblished magnitudsyield formulas  for  a  stable  region, the 
~totalyieldof55to60Motonsappearstobeatleast 
thmtimeslargerthantheyieldindicatedbytheseismicdara 

theMay11,1998,testswithIndia’sMayl8,1974,singletest 
Liv- researchers then compared the seismogram from 

(its  only  previous  nuclear  test) using data from stations in 
CanadaandScotlandthatrecordedbothevents.The1974test 
gmuated a  clearly d*ected telescismic signal with an mb of 
4.9. Because M a  &lared the 1974 explosion  a ‘peaceful 
nuclear  explosion,” some infdon about it was rqcftal 
such as the  fact that it was  a  single  explosion at a depth of 

large range in the yield estimatc-4 to 12 kilotoas. 
107 meters. However, lndian scientists and officials aatcd a 

tests using data from the Canadian station (for ease of 
, Figure 4 shows the seismograms from the 1974 and 1998 

comparison, the 1974 test’s  amplitude is doubled to match that 
of the 1998 test.) Tbe two seismic  waveforms  show 
remarkable  similarity. 

Several intrrpntatiws of the seismic  observations ~ 1 c  

possible. According to Livennore  seismologist Artbur 
Rodgers, if tbe three 1998 shots w m  indeed detonated  nearly 
simultaneously and separated by less than a  few kilometus, 
‘We would  probably see just one large shot in the seismic 
waves.” Rodgers also says that the second and third shots 
could  have bem so small compared to the first that they wae  
overwhelmed  in  the seismogram. Also, a cavity or substantial 
amount  of pomus material near the explosive  site cwld. if 
present, have reduced the coupling  of  energy into seismic 
waves,  thereby  significantly reducing the seismic magniludc 
of all three tests. Fmally, it  is possible that the yield 

times too &e. 
a n d  by the Indian scientists was  simply three to six 

totaling 800 tons. The Livermore team examined data 
On May 13. India announced two additional  low-yield tests 

I National Laboratory 
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provided by the NIL station, but none  showed any obvious 

eaahnoisemundthetimeofthetestasanupperboundfor 
seismic signal. Using  the  largest amplitude of the baskground 

the signals from the event, the Livemore researchers 
determined that the event must have produced an mb of less 
t h a n 2 . 8 . T h e h v o t e s t s w ~ s a i d t o b e c ~ n ~ i n a s a n d  
dune,  which  might poorly couple the explosive energy into 

seismic signal.  Adjusting for this gwlogic condition, says 
seismic  waves and thus reduce the strength of any recnded 

Walter. a signal should  have  becn  observable at NIL if the 
yield  was 100 tons or more. 

data in a region with only a single  previous  nucledr  test. This 
datawillbeusedtohelpcalibratctheCTBTmonitoring 

Walter says  that the nuclear tests in India provided valuable 

0 1 2 3 4 5 

I----- 

fuahercharactenze 
Thc Liv& team p h - t o   d u c t  more research to 

. the May events as additid seismic data 
and information on emplacement conditions become available 
from Jndian and Pakistani officials and &tist.% h the 
meantime, ~~h an hopcrul that their daailtd analysis 
of the nuclear tests, done without the fOahc0ming:IMS 
stations, shows that the planned i n t a n a t i d  network will 
indeed be effective  in dcteaing and identifying clmdestiae 
nuclear tests. 

drnie Heller 
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fiercely  independent in their  work. 
intellectually  rigorous,  and  dedicated to 
hearing  from  an  uncommonly  bmad 
range  of  viewpoints  and  backgrounds. 

workshop,  for  example,  co-sponsored 
February’s  critical  infrastructure 

by Stanford  University’s  Center  for 

Control,  brought  together  a  wide  range 
International  Security  and  Arms 

of representatives  from  business, 
government.  and  technology  (see box, 
pp. 94-95). They  addressed  ways to 
protect  the  nation’s  banking, 
communication.  computer.  and  power 
networks  from a host of potential 
adversaries,  ranging  from  state- 
sponsored  foreign terrorists to 
youthful  hackers. 

illustration  of  CGSR’s practice  of 
The  workshop  was but one 

joining  Livermore  scientists  and 
engineers  with  other  technical  experts. 
academics.  policymakers.  military 
leaders,  and  industry  executives to 
address  issues  involving  national 
security  technology  and  policy.  Past 
workshop  topics  have  included 
chemical  and  biological  weapons 
terrorism,  nuclear  materials  smuggling, 
relations  with  Russian  nuclear 

and  environmental  security. 

Small Is Good 
The CGSR  is  deliberately  small 

there  are no permanent  employ 
than  administrator  Karen,Kimball. 

Eileen  Vergino, a seismologist, are 
rotation  while  retaining  other 
responsibilities  at  Livermore.  The 

Lehman is the  first to 

Livermore,  one  of  the  few U.S. 

simulation as import 
are  regularly  tapped  for  CGSR- 
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Technology  Center (ISTC). Established 
in 1994 and headquartered  in  Moscow, 
the  ISTC is funded  by  several  Western 
countries. It is working to prevent  the 
dispersion of knowledge  related to 
weapons  of mass destruction by 
financing  nonweapons  projects  that 
integrate  weapons  specialists  from  the 
newly indepentant states of  the  former 
Soviet  Union into the international 
scientific  community.  Both Lehman 
and  Vergino,  a  scientific  advisor to the 
ISTC,  travel  regularly to Moscow for 
ISTC  meetings. (For more on  the  ISTC, 
see the September 1997 SdrTR, 

L; 
RmLehman.DiredwoltheCenterfwCikW pp. 19-20.) 
Securily Resasrch. works wim a d m i n i s b a t w  
KaMWllIbdl(fi@l)andsdentistEibMl An International Perspective 
v e - t o p m a a o f m e s d i v e n a  
IlflWsgxl~aClivitieg 

The CGSRs international  viewpoint 
is evident  in its workshops.  such as a 

Jordanian  and  Israeli  scientists.  Indeed, 
seismic fonvn held last year  involving 

the Center’s  inaugural  conference, 
“Meeting the  Challenges of International 
Peaa opnations: Assessing the 
Conuibutions  of Technology,” 
established  a  precedent when it aaracted 
United  Nations  field  commanders  from 
around the globe to Livermore. 

Crilidat InfraSlNCpe Pmlecicm 

Ccmparalive  Uounler-Nucl ar Smuggl ng 

Nuclear  Fprces-Pdic InfrasINci Jre e 

Former  NAI  Associate  Director Bob 
Andrews led the effort to create the 
CGSR. At its inauguration. A n h w s  
said.  “Although the Labaatory has been 
a key player  in  providing technology 
support t0U.S. and  international 
agencies, we  have not been as well 
connected to the  policy  community as 
we might . . . Even  the  most  clever  and 
sophisticated  technology  must be 
assessed in terms of  the  overall  policy 
framework,  including options that it 
may 01 may not make  available.” 

Those associated  with  CGSR 
activities hail its value as an  educational 

Livermore  scientists and  national 
and  netwoiking  resource for both 

policymakers.  “We  want to bridge the 
gap hetween  the  technology  and  policy 
communities,” Lehman explains. 

chief NAI scientist, is involving nuue 
Livennore physicist Don Prosn i tL  

NAI employees  in CGSR activities 
because the  interchange  between 
technologists and policymaken is so 
valuable.  “We  want to get technologists 
into policy  fotums so that they 
understand  the  policy  influences  of the 
technology  they’re  developing.  We also 
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technologists so that they understand 
want to expose  policy types to 

the ~ ~ ~ O n S  Of teChnOlOgY.” 

mtcrnmionalppcctiveeacourages 
~ n o t e s t h a t ~ v i n g a n  

examination of the cms-culaual as- 
of security issJcS-with often surpising 
dts. A 1997 workshop on potecting 
fissile mataials, cc-hosted by CGSR 
Stanford University’s center f a  
International Security and Arms Control 
and the Monmy Institute of 

d ~ d i f f e r r n f e s . A A r r w a k s h o p  
International studies, revealed stliking 

thenecdforsboclrtmopsamair 
participants hard so= expeas explain 

defenses to protect fissilemmerial 
storagefentaaalapaneserepresemative 
n o t c d t h a t i n h i S C O U n h y , a r m c d g u a r d s  
hadlmgbeendisdaincdbecause~ 
somsoncinJapntrustsanother,itis 
consided very implite (and a violation 
of that hust) to vedfy. Meanwhile, a 
SouthAsianspeaLercitedasimilar 
cultural pmblcm when guards of one 
socialclassmust,asapartoftheirjobs 
smch the briefcases of scinnists and 
officials of higher social classes 

pxincipal deputy program I& in NAI. 
Livennore chemist  Jeff Richardpa 

helped orgd two w&hop  on 
fissile materials smugsling with the U.S. 
Air Face In&JtC fM National senaity 
Studies. Characteristic of CGSR 
mivities, attendas pcpnsented major 
federal agencies. U.S. study cenm and 
repnesmtatives from France, Poland, 
Kazakhstan, Russia, the London 
Metropolitan F’olice, and  even the Public 
Broadcashn 

of interchanges,” says  Richardsoo. ‘It is 
an excellent opportunity to facilitate 
intgactions on a global scale.” 

pviaestherightforumfatbcsekinds 
. g system ‘The center 

Case Study of the TTBT 

study in vcrificatim m*hodology by 
reviewing the events leading to the 
signing of the Threshold Test Ban Treaty 

This year, the CGSR began a case 

0 ,  which limited undcrgmund 
nuclear tests to 1% Irilotoos. Although 
mgotiatCdin1974,thetreatywasratified 
bytheu.s.seaatein199oonlyaftuthe 
potocol with the soviet Union ’Ihst 
establishment of a strict verification 

plaocd included the historic Joint 
Verification Expnimnts (JVE!), whereby 
Soviet and U.S. teams for the first time 

umductcd on-site yield masuremnts at 
each omcr’s nuclear test sites. 
ideasandhistoryasmciatedwitbthe 

‘There is a trcmmdous richness of 

“BT,” says Lctrmsn. ‘It SeeMd useful 
todoacasesadyandlookatthe 
evolution of our thinking regarding the 
mstyandthemaningof‘adecplpteaad 
cf€cctive’ vuiJication.” 
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support to the US. delegates in  Geneva 
Vergino.  who  provided  technical 

during  the treaty’s protracted 
negotiations, is leading the  study.  She 
is beiig assisted by  many  of the 
principals  involved in the treaty 
process,  including specialists from 
Lawrence Livemore, Los  Alamos 
National  Laboratory,  the  Department 
of  Energy,  and the State Dep-nt. 

lessons  for  the  future,”  says  Vergino. 
“JVE was a turning  point in Soviet 
relations with the West.  Many 
American-Russian friendships were 
forged,  and the more  open  atmosphere 
anticipated the post-Cold  War era.’’ 

“We believe ow study may provide 

She also notes that Livennore played 
a leading role in  organizing the “Lab- 
tc-Lab” interactions with the Russian 
nuclear institutes in the formerly 
closed  Russian cities during that time. 
That relationship has expanded  to 
include the excbange  of electronic 
mail  between  Russian  schoolchildren 
living in those cities and Livennore 
children in a program  Vergino  helped 
establish.  (For other details on the 
Lab-to-Lab program, see the 
September 1997 SdrTR, pp.  18-19.) 

TIBTstudywillbereadyintimeto 
share with  Russian colleagues at a 
IO-year N E  jubilee celebration  being 

Vergino is hopeful that the  Center’s 

planned  for ,this summr in Kazakhstan 
as well as at a technical  exchange 
meting also  planned  for this summer 
in Nevada TIE CGSR is helping to 
coordinate  American  participation  in 
the jubilee. 

particular  CGSR attention is the 
Another arms agreement  receiving 

Convention  on the Prohibition on the 
Development,  Production,  and 
Stockpiling of Bacteriological 

on their Desmction. Rosnik has 
(Biological) and Toxin  Weapons and 

worked  with the Center on three 
meetings devoted to various aspects of 
the treaty. “It’s a very  important treaty 
because it bans an enlire class of 

-a 

Attorney General Janet Reno announces the formation of the National 

late February 1598. 
Infrastructure  Protection  Center during her visit lo the Laboratory in 

development;  and  the  establishment of a  national  organization 
dedicated to all  aspects of critical  infrasrmcture  protection. 

Implementing  Recommendations 
According to Lehman,  the  present mask is to determine  the best 

ways to implement  the  commission’s  recommendations. That was the 
focus of the  series’  third  workshop,  held  at  Lawrence  Livennore on 

Sciwcc & Tcchnobgy Review lune 1998 
94 



Center for Global Security Research

weapons, but it has no teeth," he says.
One workshop focused on ways to
strengthen inspection protocols with
on-site biological sampling, while
another explored ways for nations to
cooperate if terrorists ever used
biological weapons.

The CGSR invites Laboratory
scientists--and those at other
institutions--to apply for fellowships
to pursue original research in one of
four focus areas: management, control,
and reduction of threats associated with
weapons of mass destruction; security
implications of emerging technologies
such as biological and chemical
weapons; threat anticipation and

management; and the future role of
military forces. A review committee
recommends proposals for funding.

"We want research topics that
leverage the talents and resources at
LLNL," says Lehman. Visiting fellows
are especially encouraged to seek
broad interaction with Livermore
employees. For example, Ken Weiss,
formerly of the Arms Control and
Disarmament Agency, is working with
NA1 specialists on issues concerning
missile technology control. Previously,
Jim Walsh from the Massachusetts
Institute of Technology examined why
fewer nations than originally predicted
had acquired nuclear weapons.

Ridding the World of Mines
From within the Laboratory,

physicist David Eimerl of the Laser
Programs Directorate is doing a
systems analysis of humanitarian
demining as a half-time Center fellow.
Recently, Eimerl chaired a CGSR-
sponsored conference on technological
solutions for clearing land mines.
’~l’here is a lack of coordination
between the people who are on the front
lines and those who are in labs
developing the technologies. The
workshop was a great way to get us
educated."

He notes that the technological
requirements posed by detaining are

for International Security and Arms Control; Bruce Tarter, Lawrence
Livermore Director; David Cooper, Livermore Associate Director for
Computation; and representatives from RAND Corp., the White
House Office of Science and Technology Policy, Cisco Systems Inc.,
Microsoft, Stanford University, University of Virginia, Blue Shield,
the National Security Council, DOE’s Office of Nonproliferation and
National Security, the Department of Energy, the Department of
Defense, SRI International, Sandia National Laboratories, U.S.
Telephone Association, and others.

In her keynote address televised to Livermore employees,
Reno warned that the nation’s critical infrastructures have become
"more vulnerable than ever before as we come to rely on technology
as never before." As a result, she said, "I think this is the most
extraordinarily challenging time that law enforcement has ever faced."

Reno said some of today’s criminals "don’t have guns; they have
computers, and they may have.., weapons of mass destruction." She
said that to appreciate the dimensions of the problem, one only has to
realize that "someone could sit in a kitchen in St. Petersburg, Russia,
and steal from a bank in New York."

She noted that the Livermore workshop could not be more timely
because the Administration was, at that moment, engaged in
determining how to implement the Commission’s report. She
underscored the importance of the Commission’s recommendation of
abroad national partnership to ensure the protection of critical
networks and systems.

Partnerships Work
Such partnerships do work, Reno emphasized, pointing to a

recent New York backer Case that teamed the FBI, the Secret

Service, Nynex, Southwest Bell, other private companies,
and several universities to identify and prosecute individuals
who had hacked into a telecommunications network, a credit
reporting company, and other systems.

To promote partnerships and strengthen existing resources,
Reno announced the establishment of the FBI’s National
Infrastructure Protection Center to detect, prevent, and respond
to cyber and physical attacks on the nation’s critical
infrastructure. The new organization, she said, will include
representatives from federal agencies and the intelligence
community. She expressed hope that the private sector would
be an active participant in the new center as well.

The Attorney General said the federal government must
also work with scientists as partners "to develop technologies
and processes that enable us to obtain evidence in strict
adherence to the fundamental protections guaranteed our
citizens by the Constitution." She suggested that scientists
may need to work together with Fourth Amendment
(protection from unlawful search and seizure) experts.

In conclusion, Reno said her visit to Lawrence
Livermore was "extraordinarily helpful" and had convinced
her that "based on the example of what you do here, we can
make a difference .... Thank you so very much for setting
an example."

Lehman is hopeful that Lawrence Livermore will play a
significant role in helping to implement the Commission’s
findings. For example, its expertise in computer simulation for
computer security applications has drawn significant interest
.......................................
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particularly  daunting. ‘’Deminhg is not 
We pospecting for gold. If you  fmd 
some  gold,  even if you  don’t find all of 
it, you’re  happy.  But  with  &mining, 
you  have to find all the mines;  you  can’t 
miss a  single  mine. Doing anything 
lOoR0 is an  incredible challenge.” 

Eimed says that  demining also 
involves fascinating policy issues and 
buman, international,  national, and 
political  dimensions. After traveling to 
Bosnia, for example, he discovered 
that although  the  thousands  of  buried 
mines there pose a thrrat to the 
population,  they also serve to keep 
borders intact and help to discwrage 
an atrack from neighboring rival 
factions.  Despite the complexities of 
the demining  problem,  he believes that 

technical smans, is the  right  place to 
“Livennore, with its intellectual and 

take  on this issue,  and the Center is the 
right place to look at the nexus  of 
policy,  technology, and security.” 

Looking to the Future 

C e n t C I t o b C V a l U C d a n d r r s p e d e d b y t h C  

“Wewanttheworkdoocatthe 

bestmindsandinstitutimamundthe 
world,”  says Lehman. To BceompLish 
that,hesays,meansrurhgoutmm 
to University  of California camplscs 
and other academic instinuions, as well 
as to industry, government, and 
i n t e l n a t i & ~ o n s .  

to make its work more accessible. 
Lehman’s goal is to have all ofthe 

The Center is also looking f a  ways 

research pap and  workshop reports 
p l d  on the CGSR  World  Wide  Web 
site (www.Unl.govhai/cgsr-homc). He 
is also working  with the University of 
California  Institute on Global Conflict 
and coopnation to use the Internet for 
electronic  conferencing, paa of a 
proposed “vimal diplomacy”  initiative. 

Center’s  success is the degree to which 
Lehman says the best measure of the 

senior officials and topranking e x p  
desire to be CGSR participants and 
fellows and the interest,  inside 
Lawrence Livennore and out, in  using 
the hrsh insights from its studies and 
workshops.  Judging by recent history. 
including Janet Reno’s  keynote address 

in February, the CGSR is meeting 
Lehman’s tough StandaKIS.  
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