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One of my adminisiration’s
highest priorities is to negotiate a
Comprehensive Test Ban Treaty.
... | am committed to pursuing
a comprehensive research and
development program to
improve our treaty-monitoring
capabilities and operations.

| President Clinton
‘ August 11, 1995
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2 Research in Support of Monitoring the CTBT

Joan B. Rohlfing

Director of the Office of Non-
Proliferation and National Security

On August 11, 1995,
President Clinton announced
his decision to seek a true
“zero-yield” Comprehensive
Test Ban Treaty. The Department
of Energy’s national security
mission and nuclear weapons
design expertise uniquely quali-
fy us to provide the science and
technology necessary for
monitoring and verification of
a Comprehensive Test Ban
Treaty. Improving freaty-
monitoring and verification
capabilities is a high priority
within the Department. We
look forward to meeting the
challenges ahead.

&E.W‘S

Research in Suppord
the Comprehensive

he U.S. Department of Energy
(DOE) has an active program*

to provide technologies for
monitoring and verifying a
Comprehensive Test Ban Treaty
(CTBT). DOE technologies will
significantly increase the nation’s
capability to identify potential
nuclear explosions with high con-
fidence and with minimal false
alarms. This report presents the
highlights of the first year of
this program.

The primary objectives of the
CTBT monitoring system are to
deter nuclear explosions in all
environments (underground,
underwater, or in the atmosphere)
and, if such an explosion does
occur, to detect, locate, and identify
its source. The system is designed
to provide credible evidence to
national authorities to aid in
resolving ambiguities and to serve
as the basis for appropriate action.

To collect this evidence, we
must develop technologies that
can detect and identify the signals
from a nuclear test against a back-
ground of hundreds of thousands
of benign events. The monitoring
system must have high sensitivity
to detect the events of interest and,
to minimize false alarms, it must
identify those events with a high
level of confidence.

All Environments
Must Be Monitored

When a nuclear explosion occurs,
a large amount of energy is released
into the underground, underwater,
or atmospheric environments,
depending on where the explosion
took place. The monitoring system
will need to have sensors in all of
these environments. When an explo-
sion occurs on the interface between
environments, signals may be detect-
ed on several systems, which can aid
in interpretation. Appropriate tech-
nologies for international use
include seismic, hydroacoustic, and
infrasound signal detection, air sam-
pling for radionuclide monitoring,
and various techniques for on-site
inspections.

Underground: The primary
asset for detecting explosions in the
underground environment is the
global seismic network. This tech-
nology takes advantage of the seis-
mic waves (in the frequency range
of a few hundredths of a hertz to a
few tens of hertz) that are created
when an explosion is detonated
underground. Because it will be
important under the CTBT to be
able to detect small explosions,
seismic signals must be recorded at
regional distances (less than 2000
kilometers from the source), since
low-magnitude signals do not
propagate well at teleseismic dis-
tances (more than 2000 kilometers).
Seismic waves from these small
events are trapped in the structural-
ly complex crust and upper mantle
of the earth, requiring new analysis

*See Comprehensive Test Ban Treaty Research and Development FY95-96 Program Plan, U.S. Department

of Energy, Washington, DC, Report No. DOE/NN-0003 (November 1994).
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techniques to discriminate explo-
sions from earthquakes.

Other monitoring techniques
may also contribute in cases where
an underground test is shallow or
vents to the atmosphere. For
example, air sampling for radioac-
tive noble gases can help in detect-
ing underground tests.

nderwater: The key assets
for detecting and locating explo-
sions in the oceans are hydro-
acoustic detectors placed beneath
the sea surface and seismic detec-
tors near shorelines. Underwater
events generate acoustic waves (in
the frequency range of 1 to 100
hertz) that can travel completely
across an ocean basin. This very
efficient propagation makes it pos-
sible to cover the ocean areas of
the globe with a small number of
detectors. In addition, radioactive
gases produced in an underwater
test will likely bubble to the sur-
face and be carried by the wind to
air-samplinﬁ systems.

Atmosphere: Atmospheric
nuclear explosions can be detected
by several methods. An explosion
releases radioactive gases and par-
ticulates into the air. Wind can
carry them thousands of kilome-
ters to monitoring stations, where
their radioactivity (gamma radia-
tion) is measured. The explosion
also generates heat and intense
light as well as shock waves. Some
of the explosion’s energy produces
sub-audible pressure waves (in the
frequency range of a few hun-
dredths of a hertz to a few hertz)
that can travel several thousand
kilometers and be detected at
infrasound stations.

CTBT R&D Benefits from
the Strengths of Many
Organizations

The DOE draws on the strengths
of not only the national laborato-
ries but also university and pri-
vate-sector contractors. By focusing
these resources in a common direc-
tion, the CTBT R&D Program can
develop and demonstrate appro-
priate technologies, computations,
procedures, and integrated systems
in a cost-effective and timely man-
ner. DOE laboratories involved in
the CTBT research and develop-
ment are the Environmental
Measurements Laboratory,
Lawrence Livermore National
Laboratory, Los Alamos National
Laboratory, Pacific Northwest
National Laboratory, and Sandia
National Laboratories.

Customers Define
the Product

The primary customer for the
products of the CTBT R&D
Program is the U.S. National Data
Center. Under a CTBT, the Center
will be responsible for monitoring
for nuclear explosions in the atmos-
phere, underground, and in the
oceans, and our R&D products are
defined by those monitoring needs.
We are also working closely with
the prototype International Data
Center and U.S. government agen-
cies that may be assigned responsi-
bilities under a CTBT. In addition,
our experts are providing crucial
support to the U.S. delegation
negotiating the Comprehensive
Test Ban Treaty.

Leslie A. Casey

Manager of the CTBT Research and
Development Program

The Department of Energy is
responsible for the United States
government’s research and
development for monitoring the
proposed Comprehensive Test
Ban Treaty. Qur research will
improve detection, location,
and identification of nuclear
explosions in all environments.
We have completed the first year
of a seven-year program; this
report is a means of facilitating
access to our research and
development products. We hope
that these products will spur
progress toward treaty signature
by increasing confidence in
verifiability. | welcome your
comments on our program or
products at any time
(phone 202-586-2151;
fax 202-586-0485).
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Seismometers such as the large instru-
ment at the fop have been available
for many years and will be used ini-
tially to monitor a CTBT. DOE is work-
ing with industrial partners to provide
the next-generation seismometer,
which will be smaller, lighter, and
much cheaper. This smaller seismome-
ter (middle) is planned to be commer-
cially available in 1996. DOFE’s
advanced micromachining techniques
have the goal of producing an even
smaller version (bottom), including the
electronics to provide signal condition-
ing and analog-to-digital conversion

all on one computer chip.

Undesgpound

Envisenmenk

Listening to the earth can help answer the big questions:
Was it an earthquake? Was it an explosion? Was it nuclear?

Finding the Needle
in the Haystack

When energy is released on or
under the ground from an explo-
sion or an earthquake, seismic
signals are generated. Seis-
mometers are used to sense the
signals, which can provide infor-
mation about the size, location,
and source of the energy. The
CTBT Ré&D Program seeks to pro-
vide the tools to use this informa-
tion to distinguish between earth-
quakes and explosions—and to
determine when an explosion is
not the result of normal mining
or other industrial operations.
This knowledge will enable the
U.S. National Data Center, using
the global network of seismic sta-
tions and arrays that will be part
of the International Monitoring
System under a CTBT, to reliably
collect, relay, and evaluate seis-
mic signals.

Tests of large-yield nuclear
weapons produce seismograms
that make them easy to identify.
However, under a CTBT, poten-
tial violators may try to evade

detection by detonating low-yield
devices, because the signals are
harder to detect. Furthermore,
there are so many mining events
and earthquakes worldwide that
are similar in magnitude to a
small nuclear explosion that a
monitoring system designed to
detect these small events will be
flooded with signals. (More than
200,000 earthquakes at these lev-
els occur in the world every
year.) To provide a means of
picking out the possible nuclear
explosions from all the other sig-
nals, the CTBT R&D Program is
developing improved instrumen-
tation, as well as region-specific
signal-analysis and discrimina-
tion procedures, to better locate
and identify events.

Regionalization:
Understanding What Is
Normal Seismic Activity
for a Region

Before we can detect unusual
seismic activity in a specific
region, we have to fully under-



stand what is typical for that
region. We are assembling and
organizing large quantities of
geologic, geophysical, and seis-
mic data for regions of interest.
We are also collecting associated
data such as mine locations,
blasting practices, and mine seis-
micity. For example, we have
already identified the locations of
thousands of mines in China and
the Middle East.

We are searching for all avail-
able source information and,
where necessary, collecting new
data in our effort to understand
how the geophysical features in a
region affect a seismic signal.

In 1995 we processed data from
the station at Urumgi in north-
west China and from the MedNet
regional network in the Middle
East, and are including additional
stations from other networks at
regional distances (up to

2000 kilometers).

Our regional characterization
efforts are aided by a DOE-fund-
ed external research program,
consisting of contracts with uni-
versity, government, and industri-
al research groups. The 1995
Annual Seismic Research
Symposium on Monitoring a
CTBT, organized by the Air Force
Phillips Laboratory, represented a
first step at coordinating this
research and integrating the vari-
ous efforts into the overall DOE
CTBT R&D Program. Since the
meeting, a geophysical/geologic
database has been delivered by
one of the contractors, another
contractor is scheduled to install a
software system for identification
research, and other data sets will
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be used for research to character-
ize seismic-wave propagation in
the Middle East and North Africa.

External contractors represent-
ing universities and private
industry are assisting in the col-
lection and modeling of data. For
example, Cornell University will
take information about variations
in the earth’s crustal thickness
(available from various sources)
and synthesize a unified map of
crustal thickness for the entire
Middle East.

Our regionalization research
includes analyzing seismograms to
determine how signals travel and
attenuate (weaken over distance),
as well as how regional propaga-
tion affects the relative strengths of
varjous parts of the signal. The key
to this regional characterization is
the development of discriminants.

*See Proceedings of the 17th Seismic Research Symposium on Monitoring a Comprehensive Test Ban Treaty,
U.S, Air Force Phillips Laboratory, Scottsdale, Arizona, Report No. PL-TR-95-2108 (1995).

Seismic recording stations (iriangles)
provide data for regional characteri-
zation of western E?‘.ina. The earth-
guakes that we have analyzed, using

ata from station WMQ at Urumqi,
are shown in green. Clusters of under-
ground nuclear explosions are shown
in red. White indicates the highest ele-
vations and brown the lowest.




Signals from an earthquake (blue dot)
and an explosion (red dot} vary among
stations in a network in western China.
For example, at stafion NIL, the later
part of the signal (the shear-wave com-
ponent) is severely attenuated for the
explosion. Here, the signals are super-
imposed on a map showing the depth
to the boundary between the earth’s
crust and mantle: dark green indicates
the greatest depths and yellow the shal-
lowest. Such variations in crustal thick-
ness typically contribute to the varia-
tions in signals at different stations, and
must be taken into account when tuning
a discriminant for a particular region.

Regional shear waves are critical for
determining the true nature of an
event, so the effects on them as they
propagate through different regions
must be factored into moniforing
techniques. Here, source-to-receiver
travel paths for one kind of shear
wave in the Middle East demonstrate
the problem’s complexity: red paths
show blockage, green paths show
partial transmission, blue paths show
clear transmission.

Monitoring the Underground Environment
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Surface wave

Anatomy of a waveform

Various phases of a seismic signal can be exploited
to develop discriminants that are characteristic of how
signal components propagate through the earth. The
first arrival is a compressional wave that propagates
along the crust/mantle boundary (Py); the intermediate
segments are compressional (Pg) and shear waves (Lg)

. that propagate through multipfe reflections in the crust.
' The final phase is a surface wave created by a complex
interaction of compressional and shear waves at the
+ free surface.
i The Pg/Lg amplitude ratio is an example of an effec-
tive discriminant of earthquakes and explosions; it is a
measure of the relative amounts of compressional and
shear energy radiated from a seismic source. An earth-
quake occurs along a planar fault surface and therefore
radiates significant shear energy relative to compression-
al energy, so it has a low Pg/ Lg ratio. In contrast, an
explosion is a spherical source; it radiates more compres-
sional than shear energy and has a high Pg/Lg ratio.
| Because each of the phases used for discrimination

L. . R

Seismometer‘

Surface wave

Amplitude ——>~

Time —»

propagates through different portions of the earth, the
regional geology along the path can alter the effective-
ness of each discriminant. A discriminant that is effective
in one geologic region may not be effective in another.

A discriminant is typically
some feature of a waveform
(peak-to-peak separation, height,
width, or ratio, for example) that
can be shown to be characteristic
of a source or of the attenuation of
a signal due to the properties of
the material it is traveling
through. Because of geologic com-
plexity, as many as ten such dis-
criminants may be needed to ade-
quately determine the source
within a region.

The major drawback of most
techniques designed to distin-
guish explosions from earth-
quakes is that the effects of prop-
agation through the earth weak-
en the seismic signals in whole
or in part, making it difficult to

obtain measurements for small
events at even moderate dis-
tances. Geologic structures can
also completely block parts of
the signal that are important for
discrimination.
know that regional shear waves
do not propagate across the
northern portion of the Tibetan
Plateau. Another example is
apparent in our 1995 results in
the Middle East; the same
regional shear waves travel
freely across northern Africa but
are almost completely blocked by
the Mediterranean Sea. It is
important to map out these prop-
agation effects so that they can
be factored into new discrimina-
tion techniques.

For example, we
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— BULLION — Explosion—|  between explosions at the Nevada
Test Site and an earthquake in south-
] ern Nevada. These specira are so
stable that a single seismogram can
give a reliable measure of the source
spectral shape for discrimination pur-
poses.

L Little Skoll, July 5
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An example of a study that addressed the influence of a fault scarp on a regionc
waveform. In this instance, when a nuclear device (the DIVIDER test) was detonated
close to a scarp, the regional waveform appeared more explosion-like than wave-
forms from detonations in more conventional, flat-layered configurafions. This result,
which is supported by seismic observations, was not intuitively obvious until the
waveforms were modeled using analysis techniques developed under the DOE CTBT
R&D Program.

Discrimination:
Distinguishing Possible
Nuclear Explosions from
Everything Else

We have begun to assess tech-
niques for identifying the type of
seismic event that has occurred in
a region and to develop and evalu-
ate techniques to discriminate
between earthquakes and explo-
sions. Using available data, we
have analyzed approximately 140
earthquakes from western China,
15 underground nuclear explo-
sions from a former Soviet Union
test site, and one nuclear explosion
from the Chinese test site. A num-
ber of techniques for discrimina-
tion have been evaluated. We have
found that not all of these discrim-
inants are directly transferable
from one region to the next. For
example, one discriminant we
evaluated in 1995 appears to work
well for a set of events in western
China. It also performs well for the
western United States, but does
not provide as distinct separation
of earthquakes and explosions as it
does for China. In contrast, anoth-
er discriminant works well for
many Nevada Test Site explosions
but performs poorly for China.

A research goal is to find dis-
criminants that are transferable
from region to region. One new
discriminant that is showing
promise works on the “coda
waves” (late-arriving waves) of the
main regional signal. The advan-
tage of using coda waves is their
stability, particularly in detecting
differences in the frequency of the
seismic wave emitted by the source
(the spectra) for earthquakes and



explosions. This is a very desir-
able feature, especially for smaller
events, because there may be only
one or two good recordings of a
suspicious event in a noisy envi-
ronment. In 1995 we delivered a
research version of this discrimi-
nant to the U.S. National Data
Center for evaluation.

The Signal Path: What
the Signals Go Through
fo Get to the Monitoring
Station and How That
Affects Them

To design analytical tools and
instruments for the seismic moni-
toring system, we first had to
understand how underground
geologic structures affect the seis-
mic amplitudes as waves propa-
gate, what types of structures can
block the transmission of certain
regional signals, and how these
factors affect the reliability of our
discrimination techniques.

One way to reach such under-
standing is through modeling. For
example, a computer code incor-
porating the details of source
physics and geologic complexities
is used in a calculation that is
then linked to a seismic-wave
propagation code, which, in turn,
can include such path characteris-
tics as geologic structure and
attenuation. Seismograms from
these modeling calculations are
compared with measurements,
allowing quantitative analysis of
issues such as (1) factors causing
certain explosions to appear more
or less like earthquakes, (2) the
sensitivity of seismic signatures to
source geometries and firing prac-
tices associated with mining,

Monitoring the Underground Environment 9
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(3) the relative importance of
near-source versus regional path
characteristics in shaping the seis-
mic waveform, (4) the level of
detail required in source or
regional characterization, and

(5) the potential for nuclear test
evasion through modification of
the source configuration.

The earth’s structure can vary
dramatically over distances of
hundreds to thousands of kilome-
ters. We are trying to understand
the effects of these structural

300 400

Modeling of waveforms using laterally
varying earth structure, instead of
flat layers, can give insight into
observed seismic signals. Here a
north-south cross section through the
Mediterranean region shows great
changes in earth structure. These
simulations help us understand how
seismic signals travel through a given
region, which will help us 3efermine
the level of detail needed to charac-
terize that region.
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Mining events can provide useful
information for»cc:liircﬁng the loca-
tion capabilities of the seismic moni-
toring system. In a fypical cast
blast—here, at the Black Thunder
Mine in Wyoming—unwanted mater-
ial (overburden) overlying coal is
explosively broken into rubble so it
can be removed, exposing the coal
for recovery.

changes on the regional seismo-
grams. For example, in our work
in 1995 in the area of the
Mediterranean Sea, we have
shown that models of waveforms
that take into account this Jaterally
varying earth structure come sig-
nificantly closer to matching the
observed data than do models that
do not include this complexity.

The Signal Source:

How the Physical
Characteristics of the
Source Affect the Signals

Besides distinguishing between
earthquakes and explosions, suc-
cessful treaty monitoring will
require differentiating explosions
related to mining operations from

other types of explosions. Mining
explosions are normally spread
out in space and time compared
with nuclear test explosions,
which occur all at once. In addi-
tion, mining operations can trig-
ger energetic rockbursts and mine
collapses that might be mistaken
for small-yield nuclear weapons
tests. To gain a more complete
understanding of these events and
their corresponding seismic sig-
nals, we have undertaken a com-
prehensive program in coopera-
tion with U.S. mining companies,
including many field experiments,
to characterize explosion sources.
We know that explosions asso-
ciated with mining operations
produce signals that will be
detected by a worldwide seismo-
logical monitoring system. For

CTBT R&D seismic field experiments in 1995.

Objective Type of rock Location Experiment name
Source geometry effecs Limestone Indiona Chinook

Blusting practices Metamorphic Northern Nevada Carlin

Decoupling* Porous alluvium Nevada Test Site KUCHEN

Blasting practices Sedimentary {cocl) Wyoming Black Thunder

Mine collapse Meto-sedimentary hard ~ Michigan White Pine

Mine collapse Sedimentary Colorado Twentymile

Surface waves Coal Washington Centralia

* Decoupling is a study of how well the energy from a nudear test is fransferred fo the surrounding medivm,



example, in 1995 three explosions
at the Black Thunder Mine near
Gillette, Wyoming, were detected
by two nearby regional seismic
stations, the Pinedale Seismic
Research Facility and the South
Dakota Regional Seismic Station.
This demonstrates that, to some
degree, these types of sources will
trigger the monitoring system and
may have to be identified. Mining
events can provide useful informa-
tion for calibrating the location
capabilities of the monitoring sys-
tem if we have ground truth—that
is, an understanding of the physi-
cal features and activity character-
istic of the location.

In addition, in 1995 we exam-
ined seismic data for several mine
collapses that proved to be prob-
lems for some discrimination tech-
niques. On first analysis, the
events looked like explosions and
thus fell into the category of false
alarms—a concern for verification.
We developed a new waveform-
modeling technique to solve this
problem.
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A seismic event of magnitude 4.7 (red dot) in Russia’s Ural
Mountains was identified as an explosion by the standard
teleseismic discriminant. Our whole-waveform modeling
iechniques clearly showed that the event was a mine
collapse.




A ray-tracing diagram models the
ability of one station to detect signals
from explosions creating sound waves
in the SOFAR channel. Here, good
propagation characteristics in all

irections are evident for the proposed
station being modeled. The color scale
indicates how strong the signal will
be. Signdl strength depemﬁ, on the
distance of the explosion from the sen-
sor and on the presence of intervenin
islands or seamounts that block sounc?
transmission. Such models allow us to
predict the usefulness of a proposed
station site.
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Nuclear tests conducted in the broad ocean areas pose
special problem for the International Monitoring System.

The broad ocean areas pose a

major monitoring problem

because they are large, sparsely
populated, and not covered well
by seismic networks. Oceans of
the southern hemisphere present

the greatest challenge.

Fortunately, sound waves created

by explosions travel to great dis-

tances trapped in an oceanic
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acoustic waveguide called the
SOund Fixing And Ranging
(SOFAR) channel. A network of
hydrophones (underwater micro-
phones) and additional seis-
mometers on islands can sense
signals in the SOFAR channel.
The network can detect and
locate underwater explosions
and, in many cases, explosions in
the low atmosphere. We focused
our 1995 efforts on three areas:
designing the International
Monitoring System hydro-
acoustic network for wide
ocean coverage, understand-
ing how nuclear explosions
generate underwater sound,
and collecting a database of
oceanic seismic events.



Designing a Worldwide
System for Oceanic
Monitoring

Although sound travels effi-
ciently in the SOFAR channel for
great distances (more than 15,000
kilometers), it can be blocked by
land masses and regions of shal-
low water or be severely attenuat-
ed in the cold polar regions where
the channel is less effective.
Blocked regions and regions of low
surface temperature must be con-
sidered when designing a hydro-
acoustic monitoring network.

In 1995, we worked with our
counterparts from other countries
to develop a network that pro-
vides coverage in the major oceans
(the Atlantic, the Pacific, and the
Indian) and the Antarctic region.
Our goal was to use as few sta-
tions as possible to reduce the
costs of developing and maintain-
ing the network.

We are using computer models
to assess the performance of indi-
vidual sites and the performance
of several trial network configu-
rations. The Naval Research
Laboratory is also conducting
extensive ray-trace calcula-
tions for the DOE to estimate
blockage for candidate sta-
tions. These calculations show
the “field of view” of alterna-
tive sites, allowing us to select
sites with widest coverage. In
addition, we have developed a
simple model for assessing
the location performance of
proposed networks.

Monitoring the Oceanic Environment 13

Assessing Underwater
Monitoring Performance
with Real Data

We are also developing a
database of hydrophone signals
from underwater events such as
earthquakes and chemical
explosions. Our goal in this
research is to calibrate monitoring
conditions in specific oceans with
existing stations. Since April 1993,
we have operated a data-collec-
tion system at a hydrophone sta-
tion in southern California that
was previously used by the U.S.
Navy. We can use data from these
stations to examine blockage of
acoustic signals from earthquakes
along the Pacific-Antarctic ridge
(a long submarine mountain
range). The pattern of observed
and absent signals from a large
suite of earthquakes distributed
along the ridge may be used to
map shallow blocking features
between the ridge and the station.

4] 5

Location error
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The pattern of observed or missed
signals from earthquakes along
undersea ridges shows regions o
blockage. Here, the paths that under-
sea sound waves could take from
known earthquakes to our recording
station offshore from southern
Cadlifornia are color-coded to show
which paths actually showed signals
and which did not. Paths with no
observed signal traverse blocked
regions. Blockage is apparent in the
Chatham ridge region east of New
Zedland and in the Tasman Sea
between Australia and New Zealand.
This technique allows us to map
areas of poor sound transmission.

The proposed International
Monitoring System hydroacoustic net-
work provides acceptable location

coverage in the wide ocean areas.
(Seismic stations provide alternate
coverage at the margins of conti-
nents and in the Arctic, where cov-
erage is poor.) We calculated the
predicted location errors of the net-
work for all possible points in the
world’s oceans where explosions
might be conducted. Re(f triangles
indicate hydrophone stations; open
triangles indicate new island seismic
stations (T-phase stations; T-phases
are the seismic signals created by
ocean acoustic signals hitting steep
shorelines.) The b?CICk triangle indi-
cates an existing seismometer station
incorporated into the network for this
calcufaiion. These calculations allow
us to evaluate the overall perfor-
mance of a proposed network.




These fully automated particulate-
collector and radionuclide analyzers
are DOE prototypes that the U.S.
National Data Center is evaluating for
use in the International Monitoring
System. They were field-tested ot
McClellan Air Force Base in
Sacramento, California.

Menitoring the

Atmesphere and

Beyoend

Complementary technologies will monitor the earth's envelope.

Nuclear Evidence:
Radioactive Particles
and Gases Carried by
the Wind

To look for airborne radioactiv-

ity from nuclear tests, a network
of air-sampling stations will be
used to detect radioactive parti-
cles and gases (radionuclides).
Our major contributions to this
network lie in developing the
instruments to collect and ana-
lyze the radionuclides and in
modeling the performance and
coverage of network options to
support the negotiation process.

DOE scientists are building a new
generation of ultrasensitive
equipment to automatically
detect and identify subsurface
and low-yield atmospheric tests.
In 1995 we began field-testing
two models of particulate sam-
plers, and we conducted labora-
tory testing of a fully automatic
prototype xenon gas detector.
The particulate sampler mea-
sures radionuclides transported
on airborne particles; it provides
conclusive evidence of a nuclear
test if such particles are collected
and analyzed. The patterns of
gamma rays emitted by particles




filtered from air are like detailed
fingerprints, or signatures, of the
source of the radioactivity. The
new generation of particulate
collectors and analyzers, by
automating the filter changing
and data reporting, will lower
operations costs while ensuring
quality control. By designing for
ultrasensitive detection, we will
need fewer stations to get nominal
global coverage, further reducing
network costs. Two different
designs of particulate samplers
began field tests in 1995; commer-
cialization of an improved design
will begin in 1996.

The xenon sampler/analyzer
detects radioactive xenon gas.
Under certain conditions, this
may provide the only indication
of a test: although radioactive
particles carry definitive indica-
tion of a nuclear explosion, they
may not escape from a subsurface
test in sufficient quantities to be
detected at the necessary dis-
tances, and those from a small
atmospheric test may be washed
out of the air by a rainstorm.
However, xenon gas may escape
into the atmosphere, even if no
particles do. The automated
xenon gas collector uses basic gas-
separation techniques (such as
sorbent beds and cryogenics) in
unique combination for extraction
from very large volumes of air. A
beta-gamma coincidence counter
detects the decays of the separat-
ed radioxenon with sensitivity
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one hundredfold greater than
that of earlier counting technol-
ogy. For CTBT applications, the
new goal is to adapt the labo-
ratory techniques into an auto-
mated system that is reliable
(requiring only annual mainte-
nance) and ultrasensitive (mea-
suring quantities as low as

20 microbecquerels per cubic
meter, or tBq/m?), and that
provides near-real-time analyz-
ing and reporting. The ultra-
sensitivity is required to com-
pensate for reducing the number
of radionuclide monitoring sta-
tions to achieve nominal global
coverage at minimal cost. The
coincidence-counting technique
measures the ratios of different
states of xenon radionuclides;
these ratios distinguish nuclear
tests from reactor releases. In
1995 an automated laboratory
prototype demonstrated a sensi-
tivity of 150 uBq/m3. The addi-
tional sensitivity needed will be
achieved in the field prototype in
1996 by raising the xenon transfer
efficiency to greater than 80%
from the present 20%, using larg-
er detectors to improve counting
efficiency, and adding shielding to
reduce background noise.

When the DOE's fully automated pro-
totype xenon sampler/analyzer is
completed in 1996, it will be able o
detect (at great distances) even small
amounts of radioactive xenon gas
escaping from a subsurface nuclear
detonation.

The xenon sampler/analyzer is
designed to distinguish nuclear tests
from other sources by determining the
ratio of radioactive Jeccys from two
states of the radionuclide xenon-133.
These two states have different ori-
gﬂns. Subsurface nuclear tests release
the metastable {m) state, which
decays with a half-life of about two
days. Reactor operations and medical
diagnostic procedures commonly
release the ground (g) state, which
has a half-life of a little more than five

days. The dashed

Airhorne activity ratio,
133xe(m) /'I33xe(g)

Reactors

Subsurface nudear test

T rrl/m

line shows the ratio
at which a remote
nuclear test could
be misidentified as
a release from a
nearby reactor.
Radioxenon from
reactors is unlikely
to be mistaken for
that vented from a
nuclear test,
because the vented
| | radioxenon will

0 1 2 3 4 5 6

Decay time (days)

8 9 10 decay awaz before
it reaches the ratio
from reactors.
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Infrasound signals can be detected by
arrays of microphones. An infrasound
microphone for frequencies of 0.1 to
10 heriz is shown here; the 16-meter-
long hoses attached below the micro-
phone reduce the effects of wind
noise. (Ground cover or irees also
help reduce noise.) Individual arrays
and their recording/transmission
equipment can be operated by solar -
panels with battery Eackup. A typical
array will consist
of four micro-
phones; the exact
configuration will
depend on site
conditions.

Monitoring the Atmosphere and Beyond

Infrasound: Pressure
Waves in the Air

One method for detecting and

locating atmospheric explosions
is to monitor infrasound—air

vibrations at frequencies too low

to be perceived by human hear-

ing. Explosions generate a strong
shock wave that dissipates rapid-

ly as it travels away from the
explosion. Low-frequency com-
ponents of the shock wave can
continue through the earth’s
atmosphere to long ranges at
signal amplitudes from a few

pascals to less than one-tenth of a
pascal (normal sea-level pressure

is one hundred thousand pas-

cals). These signals can be detect-

ed by arrays of microphones

designed to pick up such low-fre-
quency acoustic waves. Kiloton-
size explosions can be detected at
a few thousand kilometers with
good signal-to-noise ratio.
Infrasound is not a new moni-
toring technology. Prior to the
early 1970s, the United States
operated a global network of
stations. The original pre-1970s

Recording/transmission site

systems did not benefit from
modern digital signal processing.
As a result, no database of recent
experience directly addresses cer-
tain questions of the proposed
CTBT network performance, so
simulations must be used with
input from the older experience.
Designing an Infrasound
Network to Provide Global
Coverage. Our current focus in
infrasound research is to estimate
how effectively a CTBT network
would perform in detecting and
locating atmospheric nuclear
explosions, which is an issue that
is being dealt with by the U.S.
delegation negotiating a CTBT in
Geneva. We are collaborating
with the U.S. National Data
Center to estimate the perfor-
mance of the proposed CTBT
infrasound network using net-
work-simulation computer codes.
In 1995 we incorporated informa-
tion on propagation physics,
wind patterns, and recent explo-
sion measurements into the simu-
lation codes. These inputs are the
primary data needed to deter-
mine the basic pressure-range

Typical array



curve, which is the starting point
for estimates of detection capabil-
ity. Another part of our 1995
work was devoted to recom-
mending network sites to provide
global coverage and reasonable
location capability.

Evaluating the Detection
Methods to Improve Our Data
Analysis. Early this year, hard-
ware upgrades were completed to
allow data from two infrasound
arrays to be sent to the U.S.
National Data Center. These DOE
arrays are at St. George, Utah,
and Los Alamos, New Mexico.
We reviewed and revised the sea-
sonal wind normalization proce-
dure. The data set for this proce-
dure comes from earlier measure-
ments of atmospheric nuclear
tests taken at stations around the
Nevada Test Site. This research
will allow us to understand how
middle-atmospheric wind (at
50-kilometer altitude) affects the
signals so we can interpret them
properly. It also allows us to bet-
ter understand how signals move
through the lowest 10 kilometers
of the atmosphere.

Also in 1995, a software pack-
age was written for analyzing the
data and comparing the various
detection methods used on infra-
sound data. Because of the nature
of the infrasound wind noise,
simple power detectors are poorly
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suited for the detection process,
so some form of correlation analy-
sis is needed. This work will con-
tinue in 1996 and will help define
the best detectors for use in auto-
mated processing.

Space-Based
Monitoring: The View
from Space

As part of its national technical
means, the United States has used
satellite sensors for 35 years not
only to detect and accurately
locate any explosions that might
occur in the atmosphere or in
near-earth space, but also to iden-
tify whether they are nuclear and
to characterize them. At present,
the space-based monitoring
research project has nuclear explo-
sion sensors in secondary pay-
loads operating on military satel-
lite constellations for the Global
Positioning System (GPS) and the
Defense Support Program. In the
future, we will continue to fly such
sensors for national purposes.

To deal with emerging threats
from nuclear proliferation, as well
as the monitoring needs of a
CTBT, we are developing a new
generation of satellite sensors.
The research emphasis is on mon-
itoring low-technology, evasively
tested nuclear devices. Low-
technology devices are those that

17
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BLACKBEARD, the precursor space
experiment to FORTE, has been col-
lecting radio-frequency data from
low-earth orbit for more than two
years. Shown here are the waveform
of a 100-microsecond reception of
an electromagnetic pulse (EMP) simu-
lator signal, and a spectrogram, the
frequency spectrum of that essentially
instantaneous signal as it is dispersed
by the ionosphere. The collected EMP
waveform is completely hidden by
the much stronger broadcast televi-
sion and radio background; FORTE
on-board processing will produce
spectrograms with exponential curves
liie the one shown that permit high-
confidence recognition of space-
based EMP signals received by the
satellite radio equipment.

would be the initial products of a
new nuclear weapons program.
The new generation of sensors
being developed for deployment
on upcoming GPS flights includes
a combined x-ray sensor/dosime-
ter, a high-speed sensor data
downlink, an enhanced-sensitivi-
ty optical radiometer (called a
bhangmeter), and an autonomous
electromagnetic pulse sensor.
Together, these new sensors are
intended to enable the United
States to identify likely CTBT

violations with a high level of
confidence and to recognize false
alarms for what they are.

FORTE: A Space Flight
Experiment. The FORTE space
experiment is in the final stages of
preparation for launch. This exper-
iment is designed to test and vali-
date advanced technologies for the
new autonomous electromagnetic
pulse sensor. It will collect and
identify radio-frequency emissions
of simulated nuclear detonations,
under conditions that would hide

Frequency (MHz)

150 200

Two-way communications
and aircraft

Spectrogram
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or distort the accompanying opti-
cal signatures if the detonations
were real. This system will operate
in the presence of daunting back-
grounds of naturally occurring
interference, such as lightning, and
other interference such as the
transmission signals from broad-
cast television and FM radio.

FORTE is a store-and-forward
system that will collect data
worldwide, evaluating and storing
it on-board, and downlinking just
the interesting parts to a single
DOE ground station located in
New Mexico. The FORTE on-
board processing will significantly
improve our ability to recognize
electromagnetic pulse signals with
a high level of confidence.
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FORTE is a joint venture
between two DOE national labo-
ratories, supported by broad
commercial participation. The
U.S. Air Force Space Test
Program is scheduled to launch
FORTE in late 1996, pending res-
olution of performance issues
regarding the Pegasus XL space
launch system.

Spacecraft

The FORTE spacecraft is constructed
by a new process in which light-
weight 3raphite composite pieces are

snapped together, much as they
would be in a toy model. The antenna
deploys in space from a container
drum no larger than a small waste-
basket, providing coverage of a
900-kilometer-diameter spot on the
earth’s surface.




Some mining practices mimic collapse
processes that occur during a nuclear
test. For example, in a block-caving
mine (shown here in cross section), the
ore body is undermined and the ore is
allowed 1o fall into the cavity. A similar
process occurs after some

laspections

Inspection on-site may e required to prove the true nature

of an ambiguous event,

Underground nuclear explo-
sions leave behind evidence of
their occurrence, but such evidence
may be difficult to obtain remotely.
Collapse craters, for example,
occur over most of the nuclear tests
at the Nevada Test Site; such
craters are clear evidence of an
underground explosion. However,
if an explosion is buried deeply, it

underground
nuclear tests.

Both processes

produce small
seismic events

appear similar,
have subtle dif-
ferences that

may be useful.
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may not form a crater. In such a
case, an inspection team will need
to search on-site for other evidence
of the explosion. For example, the
team may deploy portable seismic
equipment to look for very small
explosion aftershocks, collect sam-~
ples of soil gases, water, and soil to
look for radioactive materials, or
conduct geophysical soundings to
search for the collapsed chimney
rubble or underground explosion
cavity. Our research has made sig-
nificant advances in developing
the technology to be used during
an on-site inspection.

Using Aftershocks fo
Help Narrow the
Search Pattern

Aftershocks—small but sudden
movements of the earth’s crust—
are often artifacts of underground
explosions. They are also character-
istic of other events, such as earth-
quakes and mining activity, that
stress and fracture the subsurface.
Block-caving mining, which
involves the collapse of large
blocks of overburden into the exca-
vated areas beneath, produces cav-
ities similar to those resulting from
an underground test and produces
aftershocks that might be confused



with those from an underground
explosion. However, a detailed
comparison of aftershocks from the
one-kiloton Non-Proliferation
Experiment at the Nevada Test Site
with those from a block-caving
mine shows subtle differences in
the aftershock waveforms. Such
differences are important for dis-
tinguishing between the aftershock
signatures of explosions and of
mining activity that can potentially
be used to mask a clandestine test.
We found that the rise in ampli-
tude of the signature from the
explosion aftershock is much
quicker than the rise in amplitude
from the mining aftershock. We
also found that it is easier to locate
the sources of aftershocks caused
by an explosion than those caused
by normal mining operations.

Radioactive Gas
Seepage: Direct
Evidence from
Underground

Nuclear fission produces rare
radionuclide gases such as xenon-
133 and argon-37 that, when
detected at a suspect site, may be
interpreted as indicators of a
nuclear event. In 1995 we obtained
results that are valuable for pre-
dicting the ability of these radionu-
clides to reach the surface along
natural faults and fractures follow-
ing a very deep underground
explosion. As part of the Non-
Proliferation Experiment at the
Nevada Test Site, we released two
tracer gases during detonation at a
depth of 400 meters beneath
Rainier Mesa. We detected both
tracers some time later at the sur-
face along nearby faults and frac-
tures. The first tracer was detected
by gas sampling and chemical
analysis about 50 days following
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the explosion. The other tracer was
detected some 12 months later.
Surprisingly, the less diffusive trac-
er was detected first.

Our computer simulations
show that along faults and frac-
tures this kind of behavior is to be
expected. As a result of surface
pressure variations associated with
the weather on Rainier Mesa, the
heavy gas (sulfur hexafluoride),
which is less diffusive, reaches
detectable concentrations at the
surface long before the lighter,
more diffusive gas (helium-3). Our
estimates of the time when these
gases would reach detectable con-
centrations along a fault are in
agreement with what we actually
observed. Furthermore, we found
that the large barometric pressure
drops associated with storms are
important for moving gas quickly
to the surface. Based on the results
of this experiment, our simulations
predict that the radionuclides of
xenon-133 and argon-37 would be
detectable within months follow-
ing a deep underground one-kilo-
ton nuclear detonation at the
Rainier Mesa site. This is useful
timing information for planning a
successful on-site inspection, as -
well as a basis for predicting the
success of an inspection using
information about the geology and
weather patterns at a suspected
test site.

Spring94  Summer 94 Fall 94

Different gases fravel to the surface ot
different rates. Our tracer test results
show that in complex geologic media,
heavier gases fravel to the surface
faster—and thus are defected soon-
er—than lighter gases. (That is, the
middle curve here crosses the detec-
tion threshold sooner than the bottom
curve.) Our computer model based
on these results allows us to predict
the behavior of the fracer gases.
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An automated data-processing system will combine data
from all of the monitoring technologies, facilitating analysis

as a whole.

The utility of a monitoring sys-
tem collecting data from under-
ground, underwater, and the
atmosphere is diminished if the
data from the various technolo-
gies cannot be quickly and effec-
tively combined and analyzed.
The Department of Energy has
thus taken on the task of develop-
ing the tools to support an auto-
mated data-processing environ-
ment that'can accommodate these
otherwise overwhelming
amounts of multi-phenomenolo-
gy data rapidly and in a user-
friendly manner. If one or more of
the technologies in the monitor-
ing system detects a suspicious
event but cannot confirm that the
event was or was not nuclear,
then other parts of the monitoring
system may provide information
to resolve the ambiguity.

Also, because shrinking bud-
gets mean smaller staffs, the data-
processing system must automate
the analysis as much as possible.
To do so, we must develop com-
putational techniques and other
computer tools that will aid
human decision-making by pro-
viding first-cut interpretations of
the data. For those events that
cannot be fully resolved through
automated processing, tools must
be developed to improve the abil-
ity of human analysts to interact
with the computer-based data.
Finally, tools must be developed
to protect the International
Monitoring System and its data
from intentional or accidental cor-
ruption so that all parties to the
treaty will have confidence in the
integrity of the system.



Enhanced Processing to
Handle Large Numbers
of Events

The International Monitoring
System will generate an enor-
mous amount of data to be ana-
lyzed, recording information on
about ten times as many events
as current systems do. For exam-
ple, the system is expected to
detect hundreds of earthquakes
each day. Even with significant
improvements in processing
capabilities, not all of the analy-
sis can be automated.

One way to address this prob-
lem is to examine the way infor-
mation is conveyed from the
computer to the analysts and
identify methods of improving
that transfer of information. In
one of our data-visualization pro-
jects, we are exploring new meth-
ods of examining events and ana-
lyzing the sensor data and the
results of the automated process-
ing. For example, in 1995, we
developed a time-varying display
of the direction and amplitude of
incoming seismic signals. We also
developed a new graphics tech-
nique to quickly eliminate certain
events from further review.

Another tool we have devel-
oped to process the exponentially
larger number of signals is the
Waveform Correlation Event
Detector System (WCEDS), which

detects the events directly in the
signal data from the entire net-
work. To do so, we divide the
earth into a grid and assume that
an event occurred at each grid
point. Data from the grid points
are then correlated against a mas-
ter image based on events that
occurred in the past. If the corre-
lation between the current stack
of data and the master stack is
high enough, then an event is
declared for that grid point. The
WCEDS technique is expected to
reduce the computational
demands enough to allow real-
time processing of the large
quantity of data expected in a
CTBT monitoring environment.
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? One of our

roducts visual-
y displays the
location and
approximate
magnitude of
an event (yellow) and the monitoring
gaﬁcl)ns tha} jﬁfelcted itl(pink). ﬂl:is

isplay could nelp analysts quic
ideﬁﬁg} events thgt neeg furier 4
investigation.

Our Waveform Correlation Event
Detector System will process the enor-
mous amounts of data generated by
the International Monitoring System
using an innovative technique fo
break the problem down into many
small parallel operations. Some
results of our initial evaluation are
shown here. The larger circles indi-
cate higher correlation, that is, a
higher likelihood that an event
occurred at this location. The actual
event was located in western China.
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effectiveness definition
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In our computer model (the Integrated
Verification System Evaluation
Model), user-defined inputs produce
various graphics displays of the
effectiveness of the monitoring sys-
tem.

CTBT
Integrated
Verification
System
Evaluation
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. Radionuclide
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- System
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Our Computer Model
Evaluates the
International
Monitoring System
Performance

We developed a computer
model (the Integrated Verification
System Evaluation Model) to
help evaluate the performance of
the CTBT International
Monitoring System. The model is
fast, portable, and user-friendly.
Users may alter the locations of
each monitoring station and the
type and location of the nuclear
events. Such simulations allow
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the user to determine how well a
potential monitoring system per-
forms against a given test sce-
nario. This model is the first to
incorporate synergy among the
various monitoring technologies.
The original version of the
model, which was initially dis-
tributed in 1995 within the U.S.
government, estimates the moni-
toring system’s performance for
detecting tests in all environ-
ments, including interfaces (for
example, the interface of air and
land or air and water). The next
version, due in early 1996, will
incorporate location capability.



The Knowledge
Database Structures
Information for the User

The DOE CTBT Ré&D Program
will produce a vast, complex set
of information that will be need-
ed to meet the challenges of mon-
itoring a CTBT. However, our
challenge does not end there. In
many cases, research results
remain unused or underused
because they are included in
reports or other outputs that are
not directly suitable for the oper-
ational environment. Our goal is
to address this interface need by
developing a bridge between
research and operations in the
form of a CTBT Knowledge
Database that contains the results
of research in an accessible form.

The Knowledge Database is a
framework for organizing, stor-
ing, and rapidly retrieving this
information for use by automated
processing routines and human
analysts. It will contain the dis-
tilled information needed to
allow processing routines to
develop the high-fidelity solu-
tions required in a CTBT environ-
ment. Accurate information such
as regional seismic travel times,
path blockages in the ocean, and
atmospheric attenuation curves
will be available in the
Knowledge Database. Our data-
base will also include metadata, or
information about the data,
which will improve the ability to
trace how solutions were calcu-
lated and identify the confidence
in an automated solution.

During 1995, we developed
the conceptual requirements for
the Knowledge Database and
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identified how the results from
other research areas would be
integrated to provide content for
it. We are currently evaluating
commercial technologies for stor-
ing the large quantities of data
expected in this database and
performing the initial design and
prototype functions. When com-
plete, the CTBT Knowledge
Database will provide a wealth
of diverse information derived
from the DOE research for use in
monitoring a Comprehensive
Test Ban Treaty.

The Knowledge Database {orange)
will organize and store the large
quantity of key results from the DOE
CTBT research and make them avail-
able on-line to the operational data-
processing system.
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Information about the CTBT R&D
Program, including an on-line bibli-
ography, is rovicﬁed on our World
Wide Web Eome page

(hitp:/ /www.ctbt.rnd.doe.gov/).

CTBT R&D Home Page:
Disseminating Research
Results

As a communication tool, the
Internet is unsurpassed in versa-
tility and ease of use. The CTBT
Research and Development
Program has taken advantage of
this capability by establishing a
home page on the World Wide
Web. Researchers, customers,
and policy makers can quickly
access CTBT R&D data products,

research results, and useful
information about the program.
A key feature of the home page
is a bibliography of publications
where visitors can make on-line
requests for copies of reports—
for example, reports from our
field tests (one-month “Quick
Look” data reports, three-month
Preliminary Analysis reports,
and six-month Final Analysis
reports). We invite you to visit
our home page at

http:/ /www.ctbt.rnd.doe.gov/.
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Program timeline

Red items show, for R&D planning purposes, an assumed timeline for
the progress of the treaty. Blue items show CTBT Ré&D major planned
milestones. The Program is structured to deliver products to the U.S.
National Data Center that are necessary for monitoring of the treaty.

Timeline for progress of CTBT* j

Treaty Treaty Treaty Monitering
negofiations rafified enters systems
complete by U.S. into force on line
=
g
1995 1996 1997 1998 1999 2000 2001
T A [ A A A
CTBT R&D Home Page
available to fadlitate
access to R&D products

On-Site Inspection technology
available for deployment

Hydroacoustic and Infrasound
technologies available for deployment

Radionuclide detection systems
available for deployment

Two geophysical regions characterized; Knowledge Database
transferred fo the U.S. National Data Center

Enhanced identification capability
transferred to the U.S. National Data Center

Final CTBT R&D complete and results
delivered to the U.S. National Data Center.
Support research program begins

CTBT R&D planned milestones

*assumed for planning purposes




i e

N T PR LR R
IS // /'mwlrw CUTO e O




	Environments Must Be Monitored
	CTBT R&D Benefits from the Strengths of Many Organizations
	Customers Define the Product
	Finding the Needle in the Haystack
	Regionalization: Understanding What Is Normal Seismic Activiv for a Region
	Discrimination: Distinguishing Possible Nuclear Explosions from Everything Else
	Get to the Monitoring Station and How That Affects Them
	The Signal Source: How the Physical Characteristics of the Source Affect the Signals
	Designing a Worldwide System for Monitoring the Oceans
	Assessing the Performance of Underwater Monitoring with Real Data
	Monitoring the Atmosphere and Beyond
	Nuclear Evidence: Radioactive Particles and Gases Carried by the Wind
	Infrasound: Pressure Waves in the Air
	Space-Based Monitoring: The View from Space
	Using Aftershocks to Help Narrow the Search Pattern
	Radioactive Gas Seepage: Direct Evidence from Underground
	Enhanced Processing to Handle Large Numbers of Events
	Our Computer Model Evaluates the International Monitoring System Performance
	The Knowledge Database Structures Information for the User
	CTBT R&D Home Page: Disseminating Research Results

