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The cover

Verification of a CTBT requires
global environmental monitoring.
The technologies described in
this issue could collectively pro-
vide monitoring coverage under-
ground, underwater, in the
atmosphere and in space.

The purpose of Arms Control and
Nonproliferation Technologies is to enhance
communication between the technologists
who develop means to
verify compliance with
agreements and the
policy makers who
negotiate agreements.

Monitoring a Comprehensive Test Ban

This newsletter contains reprinted papers discussing technology
options and associated measures for monitoring a Comprehensive Test
Ban Treaty (CTBT). These papers were presented to the Conference on
Disarmament (CD) in May and June 1994. An interagency Verification
Monitoring Task Force developed the papers. The task force included
participants from the Arms Control and Disarmament Agency, the
Department of Defense, the Department of Energy, the intelligence
Community, the Department of Interior, and the Department of State.

The purpose of this edition of Arms Control and Nonproliferation
Technologies is to share these papers with the broad base of stakehold-
ers in a CTBT and to facilitate future technology discussions.

The papers in the first group discuss possible technology options for
monitoring a CTBT in all environments (underground, underwater, atmos-
phere, and space). These technologies, along with on-site inspections,
would facilitate CTBT monitoring by treaty participants. The papers in the
second group present possible associated measures, e.g., information
exchanges and transparency measures, that would build confidence
among states participating in a CTBT.

For increased readability we have made minor editorial changes.

No changes in meaning or content are intended. If you have comments
or questions regarding this newsletter, please call Leslie Casey,
DOE/NN-20, phone 202-586-2151.
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a GTBT

[l n July 1945, the U.S. con-
ducted the first nuclear test
explosion. Indian Prime Minister
Jawaharlal Nehru in 1954 first
called for a treaty banning such
tests. Since then, conclusion of a
CTBT has been elusive. In 1958,
President Eisenhower proposed
convening a Conference of
Experts to examine the verifica-
tion of a CTBT. In 1959, the U.S.
released data from reports on
specific underground nuclear
explosions, which some took as
proof that verification of a CTBT
was more difficult than commonly
thought. Disagreement about the
significance of these results and a
variety of other political factors
ended the discussions. During the
following years, individuals and
nations introduced a variety of
CTBT proposals, but none came
to fruition. U.S.-U.S.S.R. negotia-
tions to place less than compre-

ackground of technology
options and associated
measures for monitoring

hensive limits on testing did suc-
ceed, however. These include the
Limited Test Ban Treaty (signed
in Moscow, 1963), the Threshold
Test Ban Treaty (signed in
Moscow, 1974), and the Peaceful
Nuclear Explosion Treaty (signed
in Washington and Moscow,
1976). Trilateral discussions of a
CTBT began in 1977 among the
Soviet Union, the United Kingdom,
and the U.S., but adjourned
unsuccessfully in 1980.

Several factors stimulated
recent interest in the U.S. and the
international community to reopen
negotiations for a CTBT. Included
were the breakup of the Soviet
Union and President Clinton’s
declaration of a U.S. moratorium
on nuclear testing. Congressional
legislation directing the negotiation
of a ban by 1996, and the upcom-
ing extension coriference for the
Treaty on the Non-Proliferation of

Nuclear Weapons (NPT) provided
additional impetus. The current
negotiations began in January
1994 in the Conference on
Disarmament in Geneva. Most
negotiators agree that various
types of monitoring stations (i.e.,
seismic, radionuclide) and some
level of on-site inspections are
required for an effective interna-
tional monitoring regime. While
many policy issues remain, the
negotiations thus far have focused
on the technical details and the
costs of acceptable monitoring
systems. U.S. ratification of such a
treaty will depend, in part, on the
existence of a combined national
and international monitoring sys-
tem sufficient to meet its require-
ments for effective verification.
The first group of papers
reprinted in this newsletter dis-
cusses possible technology
options for monitoring a CTBT in
all environments (underground,
underwater, atmosphere, and
space). These technologies, along
with on-site inspections, would
facilitate CTBT monitoring by
treaty participants. The second
group of papers presents possi-
ble associated measures, e.g.,
information exchanges and trans-
parency measures, which would
build confidence among states
participating in a CTBT.
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ﬂ he purpose of this paper is
to further elaborate on the
U.S. approach for an international
regime to monitor and verify com-
pliance with a Comprehensive
Test Ban Treaty (CTBT). During
the intersessional period that just
ended, the U.S. has carefully
reviewed its thinking on a CTBT
monitoring system, taking into
account the views presented by
other participants over the course
of the first round. In particular, this
paper will lay out U.S views on
the following major aspects of the
monitoring system we envisage:

* The contributions of various
technologies to an international
CTBT monitoring system,
including estimates of the costs
of these technologies and the
role the U.S. is prepared to play
in the development and fielding
of international capabilities in
these areas.

* The role of on-site inspections,
exchanges of information, and
associated “transparency”
measures in a CTBT monitoring
system.

* The role of the International
Data Center (IDC) within a
CTBT monitoring system.

Verification objectives
At the outset, it shouid be

noted that, in Geneva during the
first round of the 1994 CD session,

verview of the U.S.
approach to monitoring
a GTBT

Ambassador Ledogar on several
occasions summarized our overall
approach to and objectives for an
international CTBT monitoring
system. A few main points war-
rant re-emphasizing:

It is the U.S. view that the pri-
mary verification objectives of a
CTBT international monitoring
system should be to confirm the
absence of nuclear explosions in
alt environments, and to facilitate
the resolution of ambiguous
events detected by the system.
While acknowledging that techno-
logical progress over time should
permit improvements in the qual-
ity of CTBT monitoring, the U.S.
also believes that we should set
high standards from the outset in
order to create a more significant
deterrent against those who may
be tempted to try to evade detec-
tion. The U.S. continues to
believe that event identification,
using any or all of the data which
would be reported to the IDC, is
the responsibility of the individual
States Parties. The international
monitoring system should be able
to do the following:

* Facilitate detection and identifi-
cation of nuclear explosions
down to a few kilotons yield or
less, even when evasively con-
ducted, and attribution of those
explosions on a timely basis.

—

* Provide credible evidence to the
States Parties to aid in resolving
ambiguities and to serve as the
basis for collective or individual
action.

* Help confirm any declarations
and notifications made by
States Parties under the provi-
sions of a CTBT.

During the last round,
Ambassador Ledogar also noted
that a variety of resources will be
needed to meet these require-
ments. The U.S. believes that a
mix of technical resources will be
necessary to monitor the testing
environments. While we seek a
CTBT that is effectively verifiable,
it should not create unnecessary
burdens on participants. We
should certainty employ existing
resources efficiently. But we also
need to significantly enhance cur-
rent capabilities, both collectively
and as States Parties.

Elements of an interna-
tional monitoring system

Against this backdrop, the U.S.
recommends the following for
consideration as the components
of an effective international moni-
toring system. Overall, we see six
technologies that, when com-
bined with on-site inspections
and exchanges of information
and notifications, could contribute
to the monitoring regime. The
technologies include the use of
seismic, radionuclide, hydroa-
coustic, infrasonic, optical, and
electromagnetic pulse (EMP)
sensor systems.




A global system of seis-
mic stations reporting
data to an IDC

This system could be based,
for the most part, on the concept
to be tested in the GSETT-3
experiment. The U.S. is prepared
to provide data from at least the
three primary and nine auxiliary
stations on its territory that it will
contribute to GSETT-3. The seis-
mic system would report high-
quality data either continuously or
on-demand, and the IDC would
provide both raw waveform data
and seismic parameters used in
event identification, which could
be tailored by each country to
meet its own needs. The U.S.
believes that the international
seismic system should consist of
about 50 to 60 primary stations
and more than 100 auxiliary sta-
tions. The costs of primary sta-
tions could range between
$250,000 and $10 million, and
each auxiliary station will cost
between $200,000 and $2 million.
The Conference on Disarmament
has been presented with some
idea of the GSETT-3 costs by the
Group of Scientific Experts, with
the cost of completing the techni-
cal development of the seismic
components of the IDC estimated
to be about $8 million. it is difficult
at this point to estimate the cost of
including the other disciplines in
the IDC and the total cost of build-
ing and operating a Center.

A global system of
radionuclide sampling
stations providing data to
the same IDC that collects
the seismic data

The U.S. believes that this ele-
ment is important because, in
some circumstances, it can pro-
vide unambiguous evidence of a
nuclear explosion. Though a rig-
orous meteorological study must
be completed to define the
required size of the sampler net-
works, preliminary studies indi-
cate that the system should
include between 100 and 150
stations collecting xenon gas and
100 to 150 stations collecting par-
ticulates. These stations, which
may or may not be collocated,
would perform continuous, in situ
analysis and report the results of
this analysis to the national facili-
ties and/or the IDC on a near
real-time basis. The U.S. is pre-
pared to provide data from a
number of these stations that will
be instalied on its territory. For a
system of this scope, which we
believe should be a high priority
of a CTBT verification system,
each installation would cost about
$100,000, with annual operating
costs of about $10,000. Further,
this system should include
access to certified laboratories to
perform a more detailed analysis
on the samples, if needed. If cer-
tified laboratories were not avail-
able, each would cost about $2
million to build and equip, and
another $2 million per year to
operate. The U.S. is prepared to
participate actively in the devel-
opment of this network. We can

provide the technology for the
sampling stations, and develop
partnerships with other nations in
the construction of this network.
We can make available the ser-
vices of U.S. certified laboratories
that could help in the post-event
analysis. But contributions by
other CTBT patrticipants would be
necessary to create a worldwide
capability.

A global system of
hydroacoustic stations
providing data to the IDC

The U.S. believes that a global
hydroacoustic network would be
complementary to the seismic sys-
tem for detecting oceanic earth-
quakes and be the primary means
for identifying explosions in the
oceans. The U.S. is prepared to
provide continuous waveform data
from two hydrophone arrays used
by the U.S. Missile Impact
Locating System (MILS) and oper-
ated in the Atlantic and Pacific
oceans. |t is also prepared to
make available the technology
necessary to build permanent
arrays, or moored and/or drifting
hydroacoustic sensors, for incor-
poration in the network by individ-
ual participating States. A single
stationary array could cost up to
$20 million for equipment and
installation, but its lifetime would
be over 15 to 20 years. Individual
moored and/or drifting hydroa-
coustic sensors could cost
between $40,000 and $150,000,
depending on the equipment, and
last for a year or two. Successful
construction, installation, and
operation of such a global network
of hydrophones of up to 20 instal-
lations, depending on the type, will
require contributions by other
CTBT participants.
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A global system of infra-
sound detection stations
providing data to the IDC

The U.S. believes that a global
system of about 50 such stations
would be necessary to detect and
provide a general location of the
source of the atmospheric shock
wave produced by the air blast
from an atmospheric nuclear
explosion. This system would
work in concert with the radionu-
clide debris collection system,
indicating the geographical loca-
tion of those stations which would
most likely pick up debris from an
atmospheric explosion. The U.S.
is prepared to integrate its exist-
ing infrasound stations located in
Nevada into a global CTBT net-
work. We are also prepared to
make available the technology
that would be included in this
type of station. Each station
would cost about $80,000 and
have a lifetime of 15 to 20 years
with minimal maintenance.
Contributions by other States
would be needed to develop a
global network.

A global system of sta-
tions capable of detecting
an optical signal from an
atmospheric nuclear
explosion and an explo-
sion conducted in the
upper atmosphere and
near space

These stations would also pro-
vide data to the IDC. They wouid
facilitate event identification, and
they can provide the unigue opti-
cal signatures of a nuclear explo-
sion in these environments. An
atmospheric explosion can be
detected and identified by the

characteristic time history of the
light emitted by the fireball. An
explosion in space can also be
detected and identified by the
high-altitude air fluorescence
caused by the x rays from a
nuclear explosion in space inter-
acting with the nitrogen and oxy-
gen within the upper atmosphere.
The U.S. is prepared to make
available the technologies for
these stations and would con-
sider deploying stations on its ter-
ritory. System capabilities will
depend on the details of the final
system configuration, which
depends on the number of CTBT
States that participate in the sys-
tem. For global landmass cover-
age, at least 150 to about 300
stations will be needed. Each sta-
tion would probably cost between
$50,000 and $100,000, with infre-
quent maintenance.

A global system of EMP
stations

A global network of 20 to 40
stations capable of detecting the
EMP from a nuclear explosion
would significantly aid in rapidly
providing a location for the explo-
sion. Although such a station
would pick up a number of natu-
rally occurring events (e.qg., light-
ning), it would complement the
infrasonic and debris-collection
networks in detecting and identi-
fying atmospheric nuclear explo-
sions. The U.S. is prepared to
make available the technology for
these stations. We estimate that
each station would cost between
$150,000 and $200,000. Global
coverage would again depend on

the number of CTBT States that
participate in the network con-
struction.

An on-site inspection sys-
tem to resolve ambiguities
and reduce uncertainty
While a multifaceted OSI
regime with robust capabilities
will not always resolve the nature
of either suspicious or ambiguous
events, the Treaty right to con-
duct inspections coupled with a
demonstrated ability to employ
the full inspection regime as
required will serve as a strong
deterrent. The U.S. estimates
that the initial cost of equipment
required to conduct a challenge
OSI would be about $8 million,
and each challenge inspection
would cost about $5 million.

Exchanges of information
about and notifications of
certain activities that
might create uncertainties
about Treaty compliance

In particular, we have in mind
exchanges of information on such
things as locations of mines
where explosions above a certain
threshold occur. For example,
these exchanges could include
pre-event notifications of sched-
uled large chemical explosions
along with post-event notification
of large, accidental industrial
explosions, rock bursts in mines,
earthquakes, or any other phe-
nomena above a certain threshold
that would be detected seismically
by national and international seis-
mic detection systems.




Monitoring the four
testing environments

in order to portray the interac-
tive and mutually supporting
nature of the several technologies
in a CTBT monitoring system, it is
useful now to describe how the
technologies would contribute,
across the four testing environ-
ments, to detecting and identifying
nuclear explosions. A chart is
attached to assist in understand-
ing these relationships.

Underground

The primary tool for promptly
detecting explosions in the under-
ground environment would be the
global seismic network. If the
explosion vented, the global
radionuclide network could pro-
vide crucial data to aid in event
identification where the seismic
data does not provide enough
information. The hydroacoustic
system would be of considerable
importance in providing data for
identification of events that are
detected and located in the broad
ocean areas by the seismic sys-
tem. The infrasound system
could also aid in the detection of
underground explosions in some
circumstances.

Underwater

The global hydroacoustic sys-
tem would provide important data
that would aid in the identification
of underwater explosions. It couid
also detect explosions detonated

in the atmosphere near the water
surface. The seismic system
would also be of substantial use
in detecting and identifying
underwater events. In limited cir-
cumstances, the infrasound sys-
tems could also contribute to
event identification. The global
radionuclide network could again
provide crucial event identifica-
tion data.

Atmosphere

A combination of the global
infrasound network, the radionu-
clide debris collection network,
and the optical and EMP sensors
would all aid in detection and
identification of atmospheric
explosions. The seismic and
hydroacoustic networks could
also aid in event identification if
the explosion was conducted
close to the Earth’s surface.

High altitude and
near space

The optical sensor that detects
the reaction of the atmosphere
with the energy from a near-
space explosion—the air fluores-
cence—will provide the basic
detection and identification of
nuclear explosions conducted in
near space.

As this survey of the testing
environments iliustrates, the U.S.
sees the various monitoring tech-
nologies combining in a synergis-
tic fashion to significantly
increase deterrence against any
state that might contemplate con-
ducting a covert nuclear test.
While the U.S. recognizes that no
international monitoring system

can be expected to be foolproof,
the technologies just described,
working in conjunction with on-
site inspections, information
exchanges, and notifications cer-
tainly should raise the cost and
complexity of a covert test to lev-
els where any benefits may well
be outweighed by the consider-
able risk of being detected.

The role of national
monitoring means

However robust, the interna-
tional monitoring system will not
be operating alone in the global
CTBT verification effort. Each
participant will have the right to
use its national monitoring
means, both technical and non-
technical, to help verify compli-
ance with the Treaty. As is now
the case in support of IAEA and
certain other United Nations
activities, the U.S. will employ the
full range of its national monitor-
ing means to supplement the
international system. Moreover,
the U.S., on a case-by-case
basis, will consider sharing infor-
mation acquired through its
national monitoring means with
other States Parties or the inter-
national CTBT organization, if it
appears that such information
would be useful in addressing a
compliance question. We would
expect other States Parties to do
likewise. The U.S. takes this
approach in recognition that
nuclear testing cannot be viewed
as an activity that occurs in isola-
tion from the broader process in
which a state would have to
engage to acquire or advance
nuclear weapons capabilities.
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The exact shape of the final
international verification regime
will, of course, be the outcome of
negotiations of all the Parties. It
will depend in large measure on
consensus in the CD, not only on
the necessary elements of that
regime, but also on the degree of
technical and resource contribu-

tions by all the Parties, as well as
a workable and equitable cost-
sharing basis for the international
organization.

The U.S. hopes that this
overview of the U.S. approach to
CTBT monitoring has provided
food for thought as we enter a
new round of negotiations in

Geneva. Over the course of the
next several weeks, we expect
to present detailed papers on
the technologies touched upon,
on our approaches to on-site
inspections, information
exchanges, and notifications,
and on the structure and role of
the international organization.
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system

ﬂ he issue is to define an
International Seismic
Monitoring System (ISMS) that
will provide a stable, capabile,
and cost-effective means of sup-
porting the monitoring require-
ments of States Parties to a
Comprehensive Test Ban Treaty
(CTBT), and that will draw on and
avoid adverse impact on existing
and other planned seismological
resources. The role of this seis-
mic system would be to provide
the primary technique used in
monitoring for underground
nuclear explosions and to serve a
complementary role in monitoring
for explosions underwater and at
low altitudes.

Background

Seismic monitoring includes
the collection, processing, archiv-
ing, and provision of the seismo-
logical data needed to detect and
locate seismic events, so as to
allow States Parties to identify
those events as earthquakes or
explosions. Seismology is the pri-
mary technique for this task when
the events are in the subsurface
environment. The seismic tech-
nique can also trigger and supple-
ment other techniques for moni-
toring explosions underwater and

at low altitudes in the atmosphere.
The detection of an underground
nuclear explosion must be carried
out against a background of nat-
ural and other manmade seismic
activity (e.g., earthquakes and
chemical explosions). The seismic
monitoring technique involves

(a) the collection of ground motion
data generated by seismic events
and recorded remotely by a net-
work of seismic stations, and

(b) the interpretation of those data
using models and/or empirical
experience that characterize the
nature of seismic events, the
propagation of seismic waves
from seismic events to seismic
stations, and the station site char-
acteristics (e.g., seismic noise
level, geologic structure and
instrumentation).

The seismic monitoring
regime defined in this paper is
based on the Confererice on
Disarmament (CD) Group of
Scientific Experis (GSE) concept
for an International Seismic
Monitoring System (ISMS), sup-
plemented by additional “open
source” seismological informa-
tion. Many of the components of
the ISMS are being tested on a
large scale now, with full-scale
testing to begin in January 1995.
Detaiis on the GSE concept
have been submitted to the CD,
including CD/1211 (August 1993),

CD/1245 (February 1994), and
CD/1254 (March 1994).
Comprehensive briefings on the
GSE concept were provided to
the CD in March 1994. This
monitoring regime, drawing upon
the best available and planned
global resources and on the
operational experience gained
by the GSE and others, would
provide a capable and cost-
effective means of supporting
the verification requirements of
States Parties to the CTBT.

The International Seismic
Monitoring System

The principal components of
the system (Figure 1) are (1) the
ISMS Network of “certified” seis-
mic stations, based on the con-
cept proposed by the GSE;

(2) other seismological resources,
comprising seismic data from
other seismic stations, and from
catalogs and bulletins of seismic-
ity; (3) a single International Data
Center (IDC); and (4) National
Data Centers (NDCs) established
by States Parties. Tie following
discussion focuses on the overall
structure of the ISMS.

ISMS Network

The ISMS Network would con-
sist of two categories of stations:
Primary and Auxiliary. The
Primary network would consist of
very high quality seismic stations,
mostly arrays, located at carefully
selected sites throughout the
globe, with equipment for contin-
uous and reliable communica-
tions. Waveform data from these
stations would be telemetered
continuously to the IDC, either
directly or uninterrupted through
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an NDC. These data would pro-
vide the primary means of detec-
tion of seismic events on a global
basis. The Primary stations would
be “certified” to meet or exceed
high technical standards (e.g.,
CD/1254), and would be oper-
ated according to well-estab-
lished procedures.

The Auxiliary stations would
support rapid, on-demand, auto-

matic retrieval of data for use in
improving the location of events
detected by the Primary network.
These stations would be princi-
pally three-component stations,
with some arrays. The Auxiliary
stations would also be “certified"
to meet or exceed technical
standards (e.g., CD/1254).

The ISMS Network stations
would be selected based on geo-

graphic location, technical char-
acteristics of the stations and sta-
tion sites, operational experience,
computer simulations and practi-
cal matters (host countries’ rec-
ommendations, station availabil-
ity, communications, etc.). Most
of these stations would be drawn
from existing stations meeting the
ISMS technical standards, with
additional stations added or
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upgraded to meet the standards.
The GSE has used the above cri-
teria to design a Primary network
for testing in GSETT-3 (Figure 2).
The initial ISMS Primary network
could be based upon the high-
quality stations in this GSE net-
work. The number and location of
the initial set of ISMS Auxiliary
stations could be based upon the
experience of GSETT-3 as well.
The monitoring regime would pro-
vide for the addition, deletion,
improvement, or change of status
(e.g., from Auxiliary to Primary) of
ISMS stations.

Each State Party would own
and be responsible for ISMS
Network stations and communi-
cations on its territory, and would
undertake arrangements with the

International CTBT Organization
to operate and maintain these
resources according to ISMS
standards established by the
International CTBT Organization.
This process allows for the estab-
lishment and expansion of the
ISMS network, while ensuring the
ISMS Network is maintained to
rigorous technical standards. The
International CTBT Organization
would undertake responsibility for
all international communications
between ISMS stations and the
IDC. This provides the most cost-
effective communications archi-
tecture, and permits international
pressure to be brought to bear to
lower or drop taxes and tariffs,
which are a significant part of the
estimated cost.

Other seismological
resources

Other open scientific resources
in the field of seismology would
be available for use in treaty
monitoring applications such as
the calibration of ISMS stations
and products, verification
research, and resolution of diffi-
cult seismic events. Such open
data could be important to Treaty
monitoring. These resources
inciude the products of interna-
tional, national, and regional data
centers and waveform data from
open stations. They include seis-
mic data collection and process-
ing activities that are currently
part of national and international
data exchanges for earthquake
monitoring and basic seismologi-

® Existing array station

Upgraded and new
array stations

4 Existing 3-C station

- Upgraded and new
3-C stations

W Figure 2. Primary network for testing in GSETT-3.
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cal research. The Treaty would
recognize the existence of these
resources, recognize their value
for supplementary monitoring and
support their accessibility both for
the reasons for which they were
established and for Treaty-related
purposes.

Open stations

There are rnany seismic sta-
tions including those of local,
national, regional. and global
seismic networks, e.g., those
operated by members of the
Federation of Digital
Seismographic Networks, that
meet high technical standards
and have “dial-up” communica-
tion capability for waveform data.
Such data could be accessed
directly, as needed, to supple-
ment treaty monitoring. The inter-
national exchange of open station
data should be encouraged, and
States with such high-quality sta-
tions should be encouraged to
“certify” them for inclusion in the
ISMS Network.

Network bulletin data

At least one international and
many national and regional data
centers routinely process seismic
data from national and interna-
tional sources, and publish event
bulletins and other data on vari-
ous time schedules. These data
are termed Gamma data by the
GSE. Under the ISMS concept,
States could voluntarily transmit
bulletin data in an agreed format
to the IDC where they would be
organized in an archive and
made available for open and
rapid access by any State Party.
All States should be encouraged
to participate actively to make
these data available.

International Data Center

The International CTBT
Organization would own, fund
and operate an IDC, which would
provide raw data and standard
products and services for the
benefit of all States Parties. The
IDC would receive all of the seis-
mic data transmitted from the
ISMS Network stations. it would
process these data to produce
global seismic bulletins and other
products (cf., CD/1211,
CD/1254). The bulletins would
provide the location, time of
occurrence, depth, and size
(magnitude) of seismic events,
along with other standard seis-
mological parameters that
describe signal detections and
events. An initial, automatically
computed event bulletin could be
available in about one hour after
the event's occurrence, with a
final analyst-reviewed bulletin
available in about two days. The
analysis procedures at the IDC
would be scientifically validated,
automated to an appropriate
degree, and dccumented in the
Operational Manual for the
international Data Center. This
manual would specify that IDC
procedures could evolve to meet
changing requirements and to
improve operational quality and
efficiency.

The IDC would monitor the cal-
ibration of the ISMS Network sta-
tions and ensure overall quality
control of the data generated by
the ISMS. The IDC would also
monitor the status of stations and
communications and provide
feedback to the station operators.
Data from the ISMS Network sta-

tions would be checked for qual-
ity and placed in a long-term
archive. In addition, this archive
could include other data received
or produced by the IDC. All seis-
mic data and data products are
immediately and openly available
to the States Parties. Subsets of
the standard data and product
sets could be provided to meet
the needs of each State Party.

National Data Centers
NDCs established by States
Parties would serve as the inter-
face between the States and the

other comporier:’s of the ISMS.
The NDC., inter alia, coordinates
the operation and maintenance
of, and submission of data from,
the ISMS Network stations on its
territory. The NDC may receive
any or all of the data collected
and produced by the IDC.

Resources

The ISMS will draw heavily
from the best existing seismologi-
cal resources. Estimates for new
investment to build one seismic
array range from $1-5 million and
to build one three-component sta-
tion from $200,000- $2,000,000.
The ranges in the estimates for
annual operation costs are
$50,000-$500,000 for arrays and
$20,000-$450,000 for three-com-
ponent stations.

A prototype IDC is being
developed in the U.S. as a contri-
bution to GSETT-3 and tested,
with international participation,




during GSETT-3. The IDC equip-
ment and software will be avail-
able to the CTBT organization to
install at a site to be determined
under the CTBT. The current esti-
mate for the operational cost for
seismic monitoring within the
GSETT-3 IDC is approximately
$7 million per year. This estimate
is for a staff of 45, including
approximately 25 scientific pro-
fessionals, 15 computer science
technicians, and 5 administrative
staff. The GSETT-3 IDC budget
estimate also includes funds for
the facility, computer hardware
and software, as well as other
standard expenses.

The implementation of a CTBT
ISMS would involve a number of
factors whose overall costs can-
not be estimated at present.

Table 1. Preliminary estimate of GSETT-3 costs (in millions of dollars).

Element Prior Investment New Investment
Primary stations 97 14
Auxiliary stations 10 4
Communications 10 1
iDC 30 -8
Total $147 $27

Some of the factors to be taken

into consideration include:

¢ Location of the International
Data Center;

* Administrative overhead;

* Level of product and service
quality;

» Data and facility security;

* Maintaining reliable operations

1 the event of a loss of capabil-

ities (e.g., emergency IDC and
communications); and

* Maintaining and upgrading
equipment over time.

Synergy

The ISMS Network would pro-
vide a near-real-time monitoring
capability for events around the
globe, including events under-
ground, underwater, and at low

altitudes in the atmosphere. Also,
the detection of an event by the
ISMS Network could trigger a
retrieval of or search through
data collected from other tech-
niques. For example, a seismic
detection and location could be
used to retrieve or search time
series segments from
hydrophones, or spectra and filter
samples from radionuclide partic-
ulate sensors. It is possible that
raw data from multiple techniques
could be combined to locate
events that cannot be located
using one technique alone (i.e.,
to improve the effective detection
and location capability). The
ISMS data could also contribute
to global earthquake monitoring
and general seismic research.

Annual Operating Cost
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system

n he information provided by
many monitoring
sensors/techniques is not always
adequate to positively identify an
event as nuclear. Underground,
underwater, and atmospheric
nuclear tests create several par-
ticulate and gaseous fission prod-
ucts that if emitted into the
atmosphere may be collected at
large distances from the source.
Collection and subsequent mea-
surement of this radionuclide
debris provides unambiguous
physical evidence of an event's
nuclear nature. This paper out-
lines the main elements and con-
cepts recommended for an effec-
tive radionuclide monitoring
system.

Background

On March 9, 1994, the U.S.
introduced a working paper
(CD/NTB/WG.1/5) that provided a
description of an operational con-
cept for a radionuclide monitoring
system. The concepts presented
here expand on the key elements
of this paper. The U.S. monitoring
concept involves sampling the
atmosphere on a global basis to
detect particulate debris from a
nuclear explosion in the atmos-
phere, or to detect xenon which
might escape from an under-
ground or underwater nuclear
explosion.

System description

The radionuclide monitoring
system is composed of three
main components: global sam-
pling networks, data centers, and
certified laboratories.

Global sampler networks
The backbone of the radionu-
clide system will be global net-
works of continuous sampling
stations specifically designed for
collection (of xenon/particulate
debris), on-site analysis, and data
reporting. Because many of the
radioisotopes that provide unam-
biguous evidence of a nuclear
test have short half-lives, analysis
at the sampling site is required to
increase the probability of detec-
tion. The near-real-time detection
and reporting also allows for
more accurate debris cloud track-
ing and more prompt meteorolog-
ical evaluations to determine
probable source locations. The
typical delay experienced
between collection and analysis
from off-site analysis reduces
sensitivity and timeliness. These
conditions and the lack of coordi-
nation between existing systems
make them impractical as primary
monitoring systems. For these
reasons, the primary radionuclide
monitoring systems must perform
analysis at the sampling site. The

samplers would be owned and
operated by States Parties and
deployed in locations to best pro-
vide global detection coverage.
Particulate debris samplers.
The particulate sampling stations
will collect debris in the atmos-
phere by passing large volumes of
air through filters and measure the
radionuclides captured on the fil-
ters using gamma spectroscopy.
The sampler will typically operate
on a 1-3 day cycle and transmit its
data using a reliable communica-
tions circuit such as a telephone
modem or satellite link. The data
will be provided to the International
Data Center (IDC) and the
National Data Centers (NDCs).
Several organizations woridwide
operate particulate collection net-
works for various reasons and
programs. However, we know of
only one 10-station network that
performs analysis at the sampling
sites. All the other networks
require laboratory sample analysis;
therefore, the majority of existing
particulate samplers could not be
used as primary CTBT monitors.
Technical requirements for the
sampler are included in Appendix 1.
The cost of a unit using the sim-
plest detector (sodium iodide) with
phone modem communications is
approximately $60,000. A more
sophisticated detector (a germa-
nium detector) and satellite com-
munications equipment each add
approximately $25,000 to the cost
of the system (i.e., $50,000 if both
are added). We anticipate a
deployment cost of $15,000 per
sampler with a yearly opera-
tional/maintenance cost of $15,000
per sampler. U.S. prototypes will




be available for testing later this
year and production systems could
be available in early 1996.

Xenon samplers. The xenon
collector will concentrate xenon
from air, measure the concentra-
tions of the radioxenon isotopes
(xenon-131m, half-life 11.9 days;
xenon-133m, 2.19 days; xenon-
133g, 5.25 days; and xenon-
135g, 9.1 hours)! present, and
store the sample (in case an
additional laboratory analysis is
required). At the end of each
sampling cycle, typically one day,
the stations will transmit their
results to a data center. Xenon
samplers are employed today
that collect samples for laboratory
analysis; however, no on-site
xenon analysis samplers exist.
The analysis delay caused by
sampie shipment would make
these samplers impractical as pri-
mary CTBT monitors. Xenon sys-
tems capable of on-site analysis
are under development in the
U.S. and should yield a prototype
system by late 1995. Field testing
will occur through 1996 with pro-
duction beginning in mid 1997.
Appendix 2 lists the technical
requirements for the xenon sam-
pler. We estimate the purchase
cost will be approximately
$100,000 per sampler (assumes
existing communications link or
telephone modem) with deploy-
ment and yearly operations costs
of $15,000 each.

Sea-based samplers. To pro-
vide true global coverage it may

be necessary to develop sea-
based xenon and particulate
samplers. Whether or not sea-
based systems are critical to
radionuclide monitoring will
depend on the coverage offered
by land-based systems (in :luding
systems on islands). We estimate
the purchase cost of sea-based
systems will be at least twice that
of land-based systems. Since we
have not determined the opera-
tional concept for sea-based sys-
tems (i.e., whether it will involve
continuous monitoring, deployed
on requirement, etc.), we cannot
estimate their operational costs.
Further study of sea-based sys-
tems is required before intelligent
cost trade-off estimates may be
made. Until (and if) sea-based
samplers are developed, sam-
pling using airborne collectors
may be used to provide the
required coverage. The cost of
operating and maintaining a con-
tingency aerial sampling capabil-
ity (at three missions a year) is at
least $3,000,000 per year.
Sampler location. The sam-
pling stations must be distrib-
uted based on wind patterns in
order to provide an effective
detection tool. In some circum-
stances, it may be appropriate
(as determined by meteorology)
to collocate sampling stations
with stations of the international
seismic monitoring network. The
number and locations of the
sampling networks would be
determined by performing mete-
orological studies. Preliminary
and very basic studies suggest
networks of 180-150 samplers

'Note: Some isotopes decay to an excited energy state, a metastable state (designed by m),
before they decay to their lowest energy state, the ground state (designated by g).

of each type (particle and
xenon) may be required. The
studies also indicate complete
coverage of the world’s ocean
areas may not be possible using
land-based samplers only. If
these early indications hold true,
either alternate sampling meth-
ods, such as airborne samplers,
or sea-based samplers must be
explored. The network size and
location must be identified during
treaty negotiations.

Data centers

Key to the flow and evaluation
of data will be the international
and national data centers. In the
following paragraphs, we delin-
eate the major responsibilities
and services provided by the data
centers.

National Data Centers. States
Parties could manage and coordi-
nate their radionuclide monitoring
efforts through their NDCs. The
degree and scope of evaluations
performed by the individual NDCs
will be left to the States Parties;
however, as a minimum the
States Parties will:

* Operate and maintain the certi-
fied samplers under their juris-
diction.

* Receive data from samplers
under their jurisdiction within
24 hours of collection and for-
ward it immediately to the IDC.
They will also insure any sample
identified for laboratory analysis
is delivered to the specified
location within 24 hours of
notification.

International Data Center.
The IDC will act as the primary
data clearing house for radionu-
clide data. The IDC would review
all radionuclide data, analyze it
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(as described in the next saction,

“Analysis”), assess its quality,

and make the data (unprocessed

and processed) available to all

States Parties. Samples fulfilling

one or more of the criteria may

receive a laboratory analysis:

* Presence of short-lived fission
products on filter samples.

* Presence of xenon sigiatures
consistent with nuclear tests.

* Activity elevations after a sus-
pected violation detected by
another sensor or sampler.

Certified laboratories

In certain circumstances, it will
be necessary to verify the results
and/or provide more information
on the samples collected by the
field samplers. To meet this
need, a minimum of four labora-
tories should be certified to
receive samples and to perform
standard analyses. A four-labora-
tory minimum was chosen to
accommodate the following sce-
nario. A suspect event occurs in
State A with the primary data pro-
vided by State B. The certified
laboratories in these states would
be disqualified from analyzing
samples associated with the sus-
pect event. Because two inde-
pendent laboratories are required
to analyze filter samples as a
cross check for contamination
and errors, this scenario requires
at least four laboratories to exist.
The laboratories will be owned
and operated by States Parties.
The results of analyses per-
formed by these laboratories will
be provided immediately to the
IDC. The laboratories would par-
ticipate in an inter-laboratory cali-
bration program to maintain certi-
fication. We estimate annual

infrastructure costs of operating
and maintaining a certified labo-
ratory at approximately $1.5 to
$2 million (including personne!).
Laboratory requirements may
most efficiently be met by utilizing
the capabilities of existing labora-
tories. If analyses could be con-
tracted out to laboratories as
piece work, we estimate analysis
costs of $400 per gamma spec-
troscopy analysis and $600 per
xenon analysis. If radiochemistry
analyses are also performed, the
cost would depend on the extent
of the analysis by an average
cost of $1000 per filter sample is
a reasonable estimate. We esti-
mate the annual cost of the inter-
laboratory calibration program at
$1 million.

Analysis

Analysis performed
Particulate collector. In addi-
tion to an unprocessed gamma
spectrum, the collector's analysis
system will provide a routine
ge mma unfolding analysis to iden-
tify isotopes on the sample. The
gamma spectrum along with the
initial analysis will bz provided to
the NDCs and the IDC where
additional evaluations will be con-
ducted. The IDC evaluation will
include the application of a more
sophisticated computer program
to quantify the radionuclides pre-
sent on the filter as well as a
review of the data by experienced
analysts (personnel educated in
nuclear science) who will validate
and assess the quality of the data
(i.e., perform a quality control
function). The IDC will compare

the data with prescribed criteria to
determine if further analysis is
warranted. Filter papers identified
from sampler data as containing
fresh fission products will be expe-
dited to the IDC. These papers will
be split at the IDC, and a portion
of the papers will be forwarded to
at least two certified laboratories
for analysis (the remainder of the
paper will be archived by the IDC).
The certified laboratories will per-
form a high-resolution gamma
spectroscopy analysis on the sam-
ples to identify and quantify the
radioisotopes present on the filter
samples. Results from the gamma
spectroscopy analysis will be pro-
vided to the IDC for evaluation
and dissemination. The laboratory
may possess the capability and
wish to perform supplementary
analysis techniques, such as
radiochemistry dissolution (a tech-
nique more sensitive than high-
resolution gamma spectroscopy
for individual particulate isotopes.
Isotopes are separated and
radioassayed individually). Typical
radioassay methods employed
include high-resolution gamma
spectroscopy, beta counting,
alpha counting, and alpha spec-
troscopy. Radiochemistry would
be employed when analysis
results from the gamma spec-
troscopy analysis warrant further
investigation. Results from the
supplemental analysis would be
provided to the IDC.

Xenon collector. The initial
products will be a stored xenon
sample, a spectrum, and an
analysis of that spectrum. The




spectrum and analysis data will

be provided to the IDC where

experienced analysts will evalu-
ate and check the quality of the
data. Samples identified to con-
tain xenon isrtopes of interest will
be expedited directly to an {DC-
specified laboratory (associated
collections from other samplers
would be sent to other laborato-
ries for analysis). We do not rec-
ommend splitting xenon samples
because of the small volumes
likely to be invoived and the time
criticality. The laboratory would
perform a beta-gamma coinci-
dence radioassay technique to
identify and quantify the principal
radio xenon isotopes, xenon-
133g and xenon-135g (by the
simultaneous measurement of
the beta and gamma radiation
emitted from the xenon isotopes)
present in the sample.

Supplemental analyses which

may be performed include:

* High-resolution gamma spec-
troscopy is an alternate xenon
radioassay technique to identify
and quantify the principal
radioxenon isotopes, xenon-
133m, xenon-133g, and xenon-
1359, by the measurement of
the gamma radiation emitted
from the xenon isotopes present
in the sample. High-resolution
gamma spectroscopy could be
used for low to high activity
samples.

e Liquid scintillation is an alternate
xenon radioassay technique to
identify and quantify the
radioxenon isctopes (xenon-
133g and xenon-131m) by the

simultaneous measurement of
the beta and conversion elec-
tron radiation emitted from the
xenon isotopes present in the
sample. Liquid scintillation
would be ideal for very-low-
activity samples, but no analysis
information on xenon-135g
would be possible.
Meteorological analyses. In
addition to evaluations pertormed
to determine the isotopes present
in/on samples, meteorological
evaluations will be required to
determine the source of activity
elevations. When samples meet
one or more of the criteria for lab-
oratory analysis, trained meteo-
rologists will perform standard-
ized meteorological analyses to
determine the most probable
source. The IDC couid provide
these meteorological evaluations
as a setrvice, through a contract
to a meteorological organization,
or through agreements with one
or more States Parties. The
required minimum system
resources to perform meteorolog-
ical analyses include:

* Access to WMO data.

* At least two validated atmos-
pheric dispersion models (short
range and long range).

* A computer with at least 15
gigabytes storage and multiple
workstation capability (a work-
station for each meteorologist).

We estimate the envisioned
sampler network may require
approximately four to six meteo-
rologists and two technicians to
maintain meteorological data.

The system requirements trans-

late into $200,000 for computer

equipment and $350,000 for

model purchases. Annual opera-
tional costs include $100,000 for
world meteorology data services,
$60,000 for software system
maintenance, and $50,000 for
computer hardware maintenance.

Analysis results

Samplers and laboratory.
The results of the sampler and
iaboratory analyses will include a
list of the isotopes detected, their
activity concentrations, and the
standard deviation of the mea-
surement. The error associated
with the measurement depends
on the amount of material pre-
sent, interfering radiation, and the
measurement duration. We
believe that in most instances
concentration errors {1 sigma) of
30 percent or less will be rou-
tinely possible.

Meteorology. The meteoro-
logical analyses will yield the
most likely trajectory of the air
mass containing elevated
radionuclide activities. The error
in tracing back to a source is
case dependent. Several factors
affect one’s ability to determine
source location: the amount of
debris released, the number and
locations of samplers detectiry
debris, the number of interfering
sources, and the isotopes col-
lected (for timing). If samplers are
hundreds of kilometers from the
source, the debris is collected at
several sarnplers, and isotopes
that provide timing information
are collected, then the source of
the debris could probably be
located within tens of kilometers
(availability of accurate meteoro-
logical data and sampler data
with 2-hour-time resolution
assumed). The tracking error will
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increase if the conditions and
assumptions listed above are not
met; for example, if time resolu-
tion of the sampler data is 24
hours, the associated tracking
error could be on the order of
hundreds of kilometers.

Data evaluation. In most
cases, the relative ratios of the
isotopes detected will allow States
Parties to discriminate between
natural phenomena, civil nuclear
activities, and nuclear testing. In
other cases, the combination of
the concentration data and mete-
orological analyses will provide
the required discrimination.

Synergy

Relationship to other
systems

The radionuclide debris collec-
tion and analysis techniques
could provide unambiguous proof
that a nuclear event occurred and
emitted debris into the atmos-
phere. These systems are also a
means of detecting a nuclear
event that occurs above ground or
at high altitude. A sufficiently
robust system of ground-based
and airborne samplers would
detect a nuclear event under-
ground which vented debris. The
debris collection and analysis
techniques are required for physi-

cal evidence and to support the
other early detection techniques,
such as seismic. The time
between the event and the debris
drifting over a sampling site may
range between hours to weeks. In
addition, the radionuclide debris
system provides infarmation on
the location and time of the
nuclear event (the accuracy of the
estimates depends on the amount
of the data, number of samplers,
meteorological data, etc.).

Requirement for comple-
men:ary system
The debris collection and

analysis system is dependent on
the debris being released into the
atmosphere and drifting over the
collection site. A real-time detec-
tion system is required to provide
immediate verification of the time
and location of a nuclear event.

Issues

Sea-based sampler

A definite requirement for sea-
based samplers is not defined at
this time. Preliminary meteoro-
logical studies indicate land-
based systems alone may not
provide global coverage. The
extent to which or whether sea-
based systems are the solution
to gaining the coverage is not

clear. A better picture of the need
for sea-based samplers will be
evident after the sampler place-
ment studies are complete. In the
meantime, we should study pos-
sible sea-based solutions and
determine their cost benefit.

Sampler placement

A factor in the effectiveness of
the international monitoring sys-
tem will be the placement of sam-
plers. Ideally, State Parties would
form a multinational group to pro-
vide recommendations on sam-
pler placement. The network size
and location must be identified
during treaty negotiations.

Countermeasures

The question of assuring data
integrity should be explored to
determine if a cost-effective
method of maintaining data
integrity can be added to a
radionuclide sampler. While
“spoofing” of radionuclide sam-
plers is possible, we believe a
sufficiently dense network is the
best deterrent to tampering with
samplers or their data. While a
country with a large land mass
might avoid detection by tamper-
ing with samplers in their country,
they could not be certain they
would go undetected by samplers
in bordering states.




Appendix 1
Particulate sampler technical requirements

Collection

» Continuous collection of particulate from the atmosphere on removable filter media.
* Minimum of 10,000 cubic meters of air per day.

* High efficiency for trapping particles with diameters from 0.1 to 5.0 micrometers.
 Capability for trapping particles with diameters below 0.1 micrometer.

Analysis

+ Radionuclide measurement shall be performed on-site.

* Background and calibration spectra will be acquired and analyzed.

* Detection sensitivity: 7 becquerels of molybdenum-99 from 10,000 standard cubic meters of air.
* Spectrum range 50 keV to 2 MeV.

* Emphasis shall be placed on reducing/eliminating background interference.

» Emphasis shall be placed on reducing/eliminating radon daughter interference.

* Minimum collection/analysis cycle time: 24 hours.

* Maximum collection/analysis cycle time: 72 hours.

Data storage and communication module
» Unit shall record background, calibration, and sample spectral information separately for each exposure cycle.
« Unit shall be able to record start and stop collection/analysis times and correlate with filter media exposed.

Operation and logistics
* Maintenance requirements: Easy to repair configuration.
Annual programmed maintenance.
Self-diagnostics to detect operational degradation.
State-of-health information to on- or off-site personnel.
Components are off-the-shelf equipment, if possible.
* Normal reporting time: within 24-hours from collection.
* Unit shall be self-calibrating.
« Unit shall be able to allow shipment of filter media to the IDC on a selective basis.
* Mean-time-between-failure shall be a minimum of 12 months.
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Collection

» Continuous collection of xenon from the atmcsphere.

* Minimum collection cycle time: 6 hours.

* Xenon gas yields: Minimum of 0.5 cc/minimum collection cycle (includes effects of radon removal process).

Analysis
* |sotopes of interest: Xe-135g, Xe-133m, Xe-133g, Xe-131m.
* Gas separation and measurement on-site.
* Sensitivity for detection (in minimum collection)
Xenon-131m - 217 milli-becquerels.
Xenon-133m - 50 milli-becquerels.
Xenon-133g - 17 milli-becquerels.
Xenon-135g - 6.7 milli-becquerels.
* Precision of measurement: Relative standard deviation of 10%.
* Radon must be removed to the level where there is no interference with xenon measurements.
* Counting system shall be shielded to reduce background levels.

Data storage and communication module
* Unit shall record background, calibration, and sample spectral information separately for each collection/analy-
sis cycle.

Operation and logistics

* Maintenance requirements:
Modular design.
Easy-to-repair configuration.
Only annual programmed maintenance.
Self-diagnostics to detect operational degradation.
State-of-health information to on- or off-site personnel.
Components are off-the-shelf equipment, if possible.

* Normal reporting time: 24 hours from collection.

* Unit shall be self-calibrating.

* Unit shall be able to store collected xenon from seven collection periods for possible shipment to a certified lab-

oratory on a selective basis.
* Mean-time-between-failure shail be a minimum of 12 months.




system

n he oceans cover more than
70% of the Earth's surface,
with much of the seismic activity
from earthquakes and volcanic
activity occurring along coastlines,
in oceanic ridges, and in the
Pacific Ocean trenches. The
hydroacoustic system would have
the primary role in identifying
explosions in the oceans and
would also complement the seis-
mic system in discriminating the
naturally occurring seismic activity.

Background

Types of oceanic events
The problem that the hydroa-
coustic monitoring system would
address is monitoring the three
important types of suspicious
man-made oceanic events: fully
contained underwater explosions,
explosions that vent at the water’s
surface, and shallow atmospheric
explosions over the water’s sur-
face. There is a unique feature of
the world’s oceans that signifi-
cantly enhances the capabilities
and usefulness of a hydroacoustic
system to monitor these explo-
sions. This feature is a deep

ydroacoustic monitoring

sound channel bounded at its top
and bottom by higher velocity lay-
ers; in this sound channel,
hydroacoustic signals travel great
distances on a global scale with
little attenuation.

Fully contained underwater
explosions. If underwater explo-
sions are sufficiently deep rela-
tive to their yield, they produce a
bubble that expands and con-
tracts repeatedly while it rises to
the surface. This expansion and
contraction manifests itself as
repeated bubble pulse signals
that are typically clearly evident in
hydroacoustic data even after
propagating great distances
through the sound channel. The
presence of these bubble pulse
signals provides high-confidence
identification of an event as an
explosion, and conversely their
absence identifies an event as a
submarine earthquake or a near
water-air interface explosion that
vents to the atmosphere before
the first bubble collapses.

The global seismic system
would detect and accurately
locate most fully contained under-
water explosions down to yields
less than 1 kiloton since water is
an excellent coupling medium
that transmits hydroacoustic

energy to seismic energy at the
water-land interface. However, as
currently envisioned, the seismic
technique will not provide high-
confidence identification of such
oceanic events. The hydroa-
coustic technique could comple-
ment the seismic analysis by pro-
viding high-confidence
identification of these explosions
and submarine earthquakes. This
identification capability would sig-
nificantly reduce the degree of
seismic analysis that is neces-
sary for ve' "ying as earthquakes
the large number of submarine
events that occur on a daily
basis. It could also provide a trig-
ger for deployment of sampling
assets (for example, by a State
Party) to distinguish between dif-
ferent explosion types (such as
nuclear and chemical).

Vented and shallow atmos-
pheric explosions. The hydroa-
coustic technique would also pro-
vide a detection and identification
capability for the vented and shal-
low atmospheric explosions that
are not resolvable by the seismic
method. in these cases, the cou-
pling at the air-water interface is
most likely adequate for transmis-
sion of acoustic energy into the
sound channel. Identification of
these explosions is given by the
sharp rise time of the associated
transient hydroacoustic signal as
compared to submarine earth-
quakes.

The capability of the hydroa-
coustic method for location on a
real-time basis of these suspi-
cious oceanic events that are not
resolvable by the seismic method
is marginal because of large loca-
tion errors (on the order of hun-
dreds of kilometers) associated
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with multipathing of the acoustic
waves and poorly defined oceanic
velocity models. However, the
hydroacoustic method could pro-
vide an initial location for a suspi-
cious oceanic event. Fast air-
borne deployment of a Small
Underwater Sound (SUS) charge
(again for example, by a State
Party) into the area encompassed
by the location error bounds could
then be accomplished. The
known time and location of this
calibration explosion is used to
significantly reduce the extent of
the initial error. Thig refined loca-
tion estimate technique has had
excellent success in other appli-
cations and could provide a basis
for deployment of sampling assets
to the area where the suspicious
event occurred.

Hydroacoustic monitoring
systems with on-demand
or continuous data

In most CTBT scenarios,
hydroacoustic data are used to
discriminate oceanic events that
are initially detected by the seis-
mic, optical, and/or infrasound
systems. Using the location and
origin time, the hydroacoustic sta-
tions are queried on-demand for a
time window of data. The returned
data are then processed to find
the hydroacoustic signal and eval-
uate it for the presence of a bub-
ble pulse and high-frequency
energy and for the sharpness of
onset time. This procedure is
more than adequate for resolving
a 1-kiloton explosion detonated
below the ocean’s surface.

For vented and shallow atmos-
pheric sources, the seismic signal
may be weak, an optical signal
may be obscured by clouds, and
the infrasonic signal may be

=

missed b2cause the explosion
has too low a yield or due to
extreme variation of winds.
Continuous transmission of raw
hydroacoustic data from many
sites to a central location and
then application of the most
sophisticated automatic detectors
and data processing would be
required to resolve these events.
The analyst uses the continuous
stream of data to resolve weak
detections or determine causes
of missed detections, such as
coda signals from previous
events. This procedure could
potentially resolve the vented and
shallow evenis not detected by
the other methods.

Discussion of hydroa-
coustic system

System description

The hydroacoustic system is a
network of hydrophones, carefully
located at sites throughout the
oceans, together with procedures
for communication and data
analysis. There are two system
options: fixed arrays cabled to
shore, and a hydrophone or
hydrophone array suspended
from a moored or freely drifting
buoy. The fixed arrays cable data
to a shore station, which can
telemeter data to a satellite, and
the buoy systems telemeter data
directly from the buoy antenna.

The hydroacoustic system
would contribute data to an
International Data Center (IDC)
by way of a National Data Center
(NDC) for assets owned by
States Parties. The hydroacoustic
stations should meet the mini-
mum defined technical criteria

outlined here. However,
hydrophone stations with critical
features such as hydrophone
location that do not meet certain
of the technical criteria could still
be included in the network.
Hydrophones. The most
important component of the
hydroacoustic system at a
hydroacoustic station is the
hydrophone itself. The
hydrophone should have a
dynamic range of 140 decibels
(dB) in an unpowered state to
record both the large pressures
associated with fully contained
nuclear explosions and the much
quieter ambient deep ocean
noise. Any preamplifiers installed
at the hydrophone or at the
hydrophone cable termination
should not degrade the overall
hydrophone dynamic range. The
hydrophone should have sufficient
sensitivity at frequencies less than
50 Hertz (Hz) to resolve explosion
and related bubble pulse signals.
A typical hydrophone sensitivity is
—220 dB relative to one volt per
micropascal. Calibration informa-
tion in the form of sensitivity data
as a function of frequency should
be available for the hydrophone.
The self-noise of the hydrophone
should be at least 10 dB below
the average ambient noise in the
deep ocean sound channel.
Locations. Appropriate loca-
tions for the hydrophones are
those positioned in the deep
ocean sound channel to take
advantage of its unique wave-
guide characteristics. The unique
properties of the sound channel
where the sound waves travel




with little attenuation minimize the
total number of hydrophones
required to achieve coverage
throughout the oceans and seas
for a CTBT. The problem areas
for coverage are where the sound
channel pinches out due to
topography (such as in the Indian
and Arctic oceans and south of
Australia). In these areas, the
sound energy cannot leak out
into the broad oceans.
Hydrophones are required in this
type of blocked area as well as in
the broader oceans.

A network of approximately
20 stations with hydrophones sus-
pended or floated into the sound
channel of the broad oceans and
blocked areas is shown in Figure 1;
this network would provide suffi-
cient coverage to identify fully
contained underwater explosions
to yields less than 1 kiloton on a
worldwide basis. As illustrated in
Figure 1, approximately six widely
spaced hydrophones are located
throughout the northern, central,
and southern areas of the Atlantic
and Pacific oceans, for a total of

e -

12 hydrophones over both
oceans. There are two
hydrophones in the Indian Ocean,
one in the Arctic Ocean, and five
just north of Antarctica, for a total
of eight additional units. Care
must be taken to ensure that the
hydrophones are not acoustically
shadowed or otherwise
obstructed by a land mass such
as an island chain or shoreline,
which would prevent adequate
coverage of broad areas. For
example, hydrophones to the
north of the Hawaiian islands
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m Figure 1. Proposed hydroacoustic monitoring network. Squares are existing assets and circles are proposed

assets.
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have little to no capability for
recording signals propagating
from south of the island chain.
Data acquisition system. The
data acquisition system for these
hydrophones should record the
hydroacoustic signals at a mini-
mum of 100 samples per second
to adequately resolve the bubble
pulse and its associated har-
monic signals. The digitizer sys-
tem should not degrade the per-
formance of the hydrophone. In
this case, for hydrophones with a
dynamic range of 140 dB, a 16-
bit, gain-ranging, or 21- to 24-bit
data acquisition system is
required, with the least significant
bit set approximately 20 dB below
the average ambient noise for the
deep ocean. The timing accuracy
should be to at least 1 millisec-
ond, with synchronization of the
digitizer clock to the time signal of
the Global Positioning System
(GPS). Data authentication could
be used at stations to ensure
integrity of the signals. The
authenticated hydroacoustic data
stream would include hydroa-
coustic data, an alarm status, and
a time stamp. State of Health
(SOH) messages are required
and must include (at a minimum)
clock status, alarm status, and
calibration mode.
Communications. Since the
hydroacoustic network acts primar-
ily as a complementary network, its
raw data can reside at a hydroa-
coustic station or, after continuous
data transmission from a station, at
an NDC. The IDC could collect the
appropriate hydroacoustic data
directly from the stations or NDCs.
For example, the seismic process-
ing system at the IDC could predict

arrival times of hydroacoustic sig-
nals based on the seismically
determined event location. The
appropriate hydroacoustic signals
could then be sent to the IDC and
analyzed as to the presence or
absence of a bubble puise. This
first method is sufficient for detect-
ing, locating, and identifying fully
contained underwater expiosions
to low yields (less than 1 kiloton).
Similarly, other nonseismic sys-
tems could provide a trigger for
analysis of associated hydroa-
coustic signals. This could poten-
tially resolve low-level hydroa-
coustic signals that are from
shallow and vented or atmospheric
explosions and are not resolvable
by the seismic method.

Similar communication and
data transmission criteria as for
the Group of Scientific Experts
(GSE) global seismic network are
required for the hydroacoustic
system. That is, the number of
formats for data transmitted to
the IDC should be limited. The
data protocol is required to be
Transport Control Protocol/
Internet Protocol (TCP/IP) for
data transmitted to the IDC. Data
compression with standard
decompression algorithms is
encouraged to minimize cost of
communications to the IDC. The
maximum acceptable transmis-
sion delay is 15 seconds for an
NDC to transmit hydroacoustic
data to the IDC upon request by
the IDC. The data frame length is
1 second. Seven days of data
(either waveform segments or
continuous data) should be
stored on-line in a disk buffer at
the hydroacoustic station and/
or NDC.

B OSSN —

Analysis

The analysis of hydroacoustic
data could include automated sig-
nal detection to generate a detec-
tion list, frequency analysis to
identify a bubble pulse and to
determine the center frequency
for the primary signal, characteri-
zation of the rise time of the pri-
mary signal, and a location algo-
rithm. The detection algorithm
should be based on signal ampli-
tude relative to ambient noise
and signal duration. The bubble
pulse identification algorithm and
associated frequency analyses
should be automated to run after
the detection algorithm detects
signals of interest. The location
algorithm should incorporate vari-
able oceanic velocity models for
different regions of the oceans.

The frequency analysis could
include cepstral, correlation, and
spectra analysis to characterize
the hydroacoustic detections. The
cepstral calculation is essentially
a Fourier transform applied to the
log of the original frequency
spectrum; this gives a modulation
frequency in the que-frequency
domain that confirms the pres-
ence of a periodic, repeated bub-
ble pulse in the data following the
primary arrival. Similarly, the bub-
ble pulse contains features com-
mon to the primary arrival, which
are emphasized and occur as
peaks in the correlation time
domain after correlation of the
data trace with itself. Also, the
center frequency of a signal and
the sharpness in its rise time pro-
vide a measure of the signal’s
transient nature; transient signals
associated with explosions have




higher center frequencies and
rise times than do signals from
submarine earthquakes.

It is anticipated that States
Parties will do additional analysis
at NDCs. The analyzed data from
the IDC, available to the NDCs,
coiild include a bulletin of hydroa-
coustic detections with their asso-
ciated frequency and time-domain
characteristics to indicate the
presence or absence of a bubble
pulse and to indicate the center
frequency and rise time.

Resources

There are two contributing sys-
tems recommended for the
hydroacoustic network; the first is
fixed arrays, either new or exist-
ing—such as the former U.S.
Missile Impact Location Systems
(MILS)—which have
hydrophones on the bottom and
in the sound channel and are

cabled to shore; the second is
suspended acoustic receiver sys-
tems that are either freely drifting
or moored. Figure 2 illustrates the
configuration of a typical MILS
site, Figure 3 a moored and float-
ing version of a suspended
acoustic receiver, and Figure 4 a
schematic of a typical multi-ele-
ment fixed array.

MILS systems. Two former
MILS sites are available as part
of the hydroacoustic network (see
Figure 1). The first is off Wake
Island in the Pacific and the sec-
ond is off Ascension Island in the
Atlantic. Each site has a bottom-
mounted pentagonal array of
hydrophones and hydrophones
floated into the sound channel
from a moored platform, as illus-
trated in Figure 2. The
hydrophones are unpowered,
with approximately 150 dB of
dynamic range in the passband

W Figure 2. Typical configuration for the existing assets of Figure 1.
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of interest for explosion monitor-
ing. The data is transmitted to a
hydroacoustic station on shore
via a cable with signal amplifica-
tion in an amplifier in the surf
zone. The continuous data sam-
pled at 100 samples per second
could then be transmitted by
commercial means over a 9600-
kilobaud line through the NDC to
the IDC.

The technical effort and cost
associated with bringing the MILS
data to the U.S. NDC is modest
since all of the infrastructure is
currently in place and the two
sites are operational. The total
cost, including communications
cost and limited maintenance at
the hydroacoustic station, would
be approximately $50,000 per
MILS station. This assumes no
deep-water repair of the system
is required, which would raise the
cost on the order of $20,000 per
incident. Additional communica-
tion arrangements are required to
transmit the data forward to the
IDC; cost for this is estimated at
$30,000 per year for each site.

Suspended acoustic
receiver systems. The sus-
pended acoustic receiver unit is
currently a development effort.
The suspended acoustic receiver
device could consist of two, low-
noise, omnidirectional
hydrophones (as illustrated in
Figure 3) with a zero-dB pream-
plifier at the hydrophone for
impedance matching to the cable.
The continuous analog signal is
transmitted to a digitizer unit
mounted in a pressure-cased unit
at the buoy. The digitizer unit
includes analog signal condition-
ing, a 21- to 24 bit analog-to-digi-
tal converter, and two digital
buffers. When a buffer is filled, a




signal is generated that wakes
the system controller. The con-
troller is a microprocessor unit
that handles time and position
data from a commercial (off-the-
shelf) GPS receiver and also data
buffer storage and an on-board
signal processor. The signal
processor could run a detection
algorithm over the raw data to
generate time-tagged event
blocks. These time- and position-
tagged data or event blocks are
placed in the satellite output
queue for later transmission
based upon prioritization from
other active detection systems.

The main power for the sus-
pended acoustic receiver stations
should be provided by an array of
solar panels on the buoy. The
solar panels will charge sec-
ondary cells, which will power the
system controller, digitizer unit,
satellite transmitter, and other
subsystems. The life of this solar-
panel charging system is at least
two years for this configuration. A
large primary battery pack is also
provided for backup in case of
temporary failure of the solar-
powered systems, such as during
extended periods without sun.

A study of data telemetry
options indicated that the Low
Earth Orbit (LEQ) satellite offers
the best compromise between
throughput, coverage, cost, and
power. The Vitastat LEO system
provides two-way global cover-
age with at least three passes per
day at any location. Data rates up
to 19.2 kilobaud (with 10-watt
transmitter and omni-antenna)
are supported, which allows 1
megabyte to be transferred dur-
ing a 10-minute pass. Costs are
expected to be on the order of
$1 per kilobyte, with approxi-

mately 50 kilobytes transmitted
per day (2 kilobytes per event) for
each site. The system will be
operational in late 1994. There
are additional plans for other
communication means using LEO
satellites (for example, using the
Iridium satellite).

The system development
costs, which include analysis and

design, hardware and software
development, and field testing
would be approximately $2 mil-
lion over 18 months. Three proto-
type units would be ready for at-
sea deployment and testing after
12 months. The estimated cost
for fabrication and deployment of
approximately 20 units to provide
coverage, as illustrated in Figure 1,
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® Figure 3. Proposed moored and drifting hydroacoustic monitoring

stations.




is $6 million. It wouid require 18
to 24 months to complete this
phase. Unit costs are $100,000 to
$150,000 for the moored stations
and $40,000 for the drifters.
Annual operating costs are esti-
mated at $2 million to $3 million,
assuming annual replacement of
drifting stations and 20% replace-
ment of moored stations. This
assumes annual visits to each
moored station and telemetry
transmission costs for on-
demand data on the order of
$20,000 per site yearly.

Fixed arrays. The fixed array
system is currently a conceptual
effort as illustrated in Figure 4.

The array design includes a
number of equally spaced (on
the order of three to five)
hydrophones with a preamplifier
to record quiet acoustic sources.
In addition, at least two unpow-
ered hydrophones with the cor-
responding 150-dB dynamic
range would be embedded into
the array to record the larger
acoustic sources without saturat-
ing the system. The data would
be transmitted continuously to a
shore facility via a cable
mounted on the sea floor and
from there forwarded to an NDC.
The projected life of such sys-
tems is estimated at 40 years,

with minimal preventive mainte-
nance (typically for electronic
equipment at the shore facility).

The nonrecurring cost for
installation of a fixed array is
estimated at up to $20 million
with an average cost of $10 mil-
lion, which includes design,
procurement of materials, and
construction. The total recurring
costs—which include mainte-
nance, equipment, and spare
parts—and communication ser-
vices are estimated at $500,000
per site. The at-sea survey and
installation could begin approxi-
mately 18 months after funding
is approved.

\
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B Figure 4. Schematic of configuration for fixed arrays.

m Arms Control and Nonproliferation Technologies * Second Quarter 1994




Synergy

Although the hydroacoustic
system would have both continu-
ously transmitting and on-
demand stations, it would operate
primarily as a complementary
network to the seismic system for
resolving oceanic events, includ-
ing submarine earthquakes and
fully contained explosions. It will
~ also operate as a complementary
network to the other nonseismic
systems for resolving vented and
shallow atmospheric explosions.

Recommended system

The global hydroacoustic net-
work would consist of both con-
tinuously transmitting stations
and on-demand stations similar
to the international seismic sys-
tem. The two continuously trans-
mitting MILS stations and per-
haps other similar continuous

flow data stations would con-
tribute raw data from the NDCs
to the IDC for timely processing
at the IDC. Although some of the
hydroacoustic stations will thus
provide a continuous flow of data
to the IDC from an NDC, it is
anticipated that most of the
hydroacoustic stations will oper-
ate as a complementary network
(in an on-demand mode) trig-
gered principally by seismic
detections of oceanic events. For
this type of complementary net-
work, the seismic technique
would predict the arrival times of
the associated hydroacoustic sig-
nals based on the seismically
determined event location. The
IDC would then retrieve the
appropriate data from the com-
plementary network for analysis,
calculate a refinement of the
location, and extract agreed
parameters. These raw and ana-
lyzed data would then be made

available to all NDCs for their
own analysis.

Initially, the U.S. could trans-
mit continuous data from two
MILS arrays, one in the Atlantic
Ocean and one in the Pacific
Ocean, through the NDC to the
iDC. The suspended acoustic
receiver units and/or other fixed
arrays could complement the
MILS arrays in a global hydroa-
coustic CTBT monitoring system
to give coverage over broad and
blocked ocean regions. The sus-
pended acoustic receiver units
are currently in the design and
development stage and are
modeled after prototype units
deployed in support of a pro-
gram to measure temperature
changes in the ocean on a
global scale. The new fixed
arrays are in the concept stage
only and are modeled after
existing assets owned and oper-
ated by several countries.




n he near and far infrasound
is a system capable of
detecting an atmospheric air
shock wave produced by the air

blast from an explosion, i.e., the
infrasound.

Background

The near and far infrasound
system would consist of two dif-
ferent detectors which detect
near and far infrasound pro-
duced by an explosion. Sensitive
microphones are used to detect
the near infrasound and are sen-
sitive to a distance of 2000 kilo-
meters. To detect the far infra-
sound, sensitive barometers

“.Ground

Wave paths

ear and far infrasound
monitoring system

called “microbarographs” are
used and can detect beyond a
distance of 2000 kilometers.

The near and far infrasound
system can detect partially
buried, partially contained, or
atmospheric nuclear explosions,
and can provide a secondary
confirmation for either the seismic
or hydroacoustic monitoring sys-
tems. Detecting the infrasound
signal generated by a partially
buried, partially contained, or an
atmospheric nuclear explosion
has the advantage that it is the
most difficult signal to hide or
obscure, so that its detection is a
very dependable and resilient
diagnostic.

High altitude winds
..._.__——»

Explosion”

B Figure 1. Propagation of infrasound waves.

False events

Based upon the past operational
system, the rate of false alarms is
very small to nonexistent This is
especially true for the low-fre-
guency detection.

Status

This system was successfully
deployed by the U.S. in the 1960s
and 1970s. The technology is
simple, and there is an extensive
database to support the use of the
concept as part of an international
CTBT. Simple noise reduction
techniques are used which reduce
the local wind noise.

Description of the system

How the technology
works

A large explosion which is not
fully contained in the earth pro-
duces an intense pressure pulse
in the atmosphere (Figure 1).
Near the source of the explosion
this is a destructive blast wave,
but as it moves away from the
point of explosion, it weakens
into an ordinary sound wave.
This wave travels away from the
source in all directions. The fre-
guency (pitch) of the sound
wave decreases as it moves fur-
ther away from the point of ori-
gin, becoming sub-audible at
ranges of 10 to a few thousand
kilometers (hence the name
infrasound). The frequency at
these distances is in the range of
0.1 to 10 hertz. At distances on
the order of 2000 kilometers or
greater, the frequency drops
below 0.1 hertz. In general, fre-
quencies this low are not consid-
ered sound, but rather air pres-
sure, fluctuation. In both cases,
the signals have characteristics
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which identify them as originat-
ing from an explosion. The sig-
nals are, in the case of the
sound waves, detected by spe-
cialized microphones, or, in the
case of the pressu.e fluctua-
tions, by microbarographs.

Description of sensors
There are two different sensors
used to detect near and far infra-
sound:

(1) Near Infrasound (0.1-10 Hz)
utilizes ultrasensitive micro-
phones. Detection range is
1-2000 kilometers.

(2) Far Infrasound (0-0.1 Hz) uti-
lizes microbarographs. Detection
range is several thousand
kilometers.

Number of sensors

required

A total of 50 detection stations
appropriately located around the
world would provide global cover-
age. It is possib'e that further
study may show that optimal
placement can reduce this num-
ber. Each station (Figure 2)
would consist of
* An internal array of four micro-

phones on 100-meter spacing

between each of the four.

* An external array of three
microbarographs on 1-kilome-
ter spacing.

The microphones are enclosed
in a case which utilizes specially
designed inlet pipes to shield from
wind noise at frequencies above
10 hertz. Each microphone case
with the appropriate noise-reduc-
ing pipes requires sufficient space
to encompass a 15-meter-radius
circle. A small signal recording
station is connected to the near
infrasound microphones by
cables. The microbarographs uti-

lize a 70-meter pipe in a similar
manner to the microphone to
shield the main unit from wind
noise. The microbarographs must
be more widely spaced on the
array because the lower fre-
quency sound is at longer wave-
lengths. As a result, it is less con-
venient to run cables to the
central recording station. It is pos-
sible to use low power transmit-
ters and receivers to send and
receive the data for central
recording. The recording station
would require data storage and
handling hardware which could be
as simple as a personal computer
with commercially available
enhancements, which would
include hardware for transferring
data to the International Data
Center (IDC), and might be as

Detector with inlet pipes

\ | /meters
| ———

simple as a telephone modem
connection. If deemed appropri-
ate, a more sophisticated satellite-
based communications system
could be utilized.

Location of sensors

It would be efficient from a
communications and mainte-
nance perspective for the near
and far infrasound detection sia-
tions to be co-located, when pos-
sible, with the seismic network
stations. The two detection sys-
tems could utilize common space
and an integrated data acquisi-
tion and data transmission sys-
tem. When it is not possible to
co-locate the two detection sys-
tems, there will clearly be addi-
tional costs for the otherwise
common utilities. The require-

Microbarograph

Recording Station

Microphone
O o)

Microbarograph @

Outer array

B Figure 2. Infrasound array set-up.
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ments for isolation from cultural
activities is less severe for the
near and far infrasound than for
seismometers, but there are,
nonetheless, noise reduction con-
siderations with the desirability of
avoiding busy highways, airports,
and large mechanical equipment
which might produce interference
in the frequency regimes of inter-
est. Infrasound detection also
improves in the presence of wind-
breaks such as those provided by
a sparsely forested field. One
would like to avoid vast open
areas when possible.

Data collected by sen-
sors/data transmission
mode/communication
system requirements

Data rates are on the order of
20 samples per second at 16 bits
for a seven-channel array (four
microphones and three micro-
barographs) for a total of 2.3 kilo-
bits/sec. Data-handling require-
ments would therefore be similar
to that for the seismic stations.
This data could be continuously
transmitted on a low-speed data
link (i.e., a telephone line) or
stored and transmitted periodi-
cally at a much higher data rate.
If this technique is to be utilized
as a primary monitoring method,
it still might be reasonable to
accumulate the data for an hour
before transmitting it to the IDC.

Cables connect the near infra-
sound microphones to a record-
ing area. The microbarographs
could use low power transmitters
and receivers to send the data to
a central recording area. The
recording station would consist of
data storage and handling hard-
ware such as a PC-based system
and some method for transferring

data to the IDC such as a tele-
phone modem connection. If
appropriate, satellite links could
be shared with other systems.

Technical sensitivity of
proposed system

The overall sensitivity of the
near and far infrasound to detect
and discriminate a signal from an
explosion is quite good.
Extrapolating from past perfor-
mance data, we predict that such
a system would be capable of
routine detection of a two-kiloton
equivalent atmospheric burst at
distances in excess of 1500 kilo-
meters with very good signal to
noise. There is documented data
of a test of this size being
detected at a distance of 5300
kilometers.

Authentication

This system would produce
digital data which can be authen-
ticated by standard digital cir-
cuitry which would cost about an
additional $1000 per station.
These established procedures
will protect the integrity of the
data obtained from the near and
far infrasound stations and main-
tain the original data until it is
received at the National Data
Center (NDC) and the IDC. The
systems can also be constructed
in tamper-resistant forms which
will, at a minimum, indicate that
tampering has occurred.

Data analysis

Analysis is required to under-
stand the data, discriminate
explosions from other events,
and estimate the location of the
event. Much of this analysis could

be performed on-site with a mod-
erately capable personal com-
puter system, with only
processed event data sent on to
the data centers. The moderate
data rates required for the full
data sets mean that the raw data
could be sent to the IDC or NDCs
for processing. The signal-pro-
cessing methods and algorithms
are well developed and based
upon commonly utilized tech-
niques. This information could
readily be made available for the
international system.

Processing could be com-
pleted either at the IDC or the
NDCs. This would also provide
a forum for international discus-
sion and calibration of the sys-
tem in a manner similar to the
GSETT-3 set of experiments.
Appropriate man-made cali-
brates can be carried out.

Detection

The infrasound system will be
able to detect the unique infra-
sound signature from a large
explosion. Based upon previous
experience, the number of false
events is anticipated to be small.

There are scenarios for which
the near and far infrasound sys-
tem could be essential for the
detection of tests carried out in
an evasive manner. This method
has particular utility for sea/air
interface, land/air interface,
land/sea/air interface, and air
explosions. The method will be
synergistic with hydroacoustic,
seismic, and other atmospheric
techiniques depending upon the
circumstances of the test.

Location
The infrasound system can
provide a location accuracy of
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50-100 km. The location accuracy
is a function of the detector’s loca-
tion relative to the explosion and
the number of stations detecting
the signals. The system depends
upon triangulation for good loca-
tion accuracy and therefore
requires several stations reporting
data. This technology will be of
particular utility for detecting par-
tially decoupled explosions within
the wide ocean areas.

Identification

A single point initiated explo-
sion—either nuclear or conven-
tional—will generate the same
infrasound signal and will there-
fore be indistinguishable by this
technique.

osl

The data obtained from an
infrasound system, when used in
conjunction with other detection
systems, can clearly be utilized as
a technical indication of suspect
activities to support the request for
an OS8!. This is a wide area moni-
toring technology and not of any
particular utility during an OSI.

Transparency

The data obtained from a near
and far infrasound system is
transparent for both event identifi-
cation and calibration,

Resources

Equipment: existing and
required

There are three near-infra-
sound stations operational in the
continental U.S. which may be
made available to an international
network. There are systems
extant in other countries, but we
are unaware of any discussions

about their current status and the
possibilities of their availability for
an international system.

Unit cost

One station (seven channels)
is estimated to cost about
$75,000, which includes record-
ing and analysis capabilities, but
does not include communications
services. In general, the site
preparation is minimal and main-
tenance costs are low.

The station costs would be
dependent upon the level of qual-
ity assurance and intrusion pro-
tection required by the national
and international organizations
responsible for the systems. The
installation costs will be depen-
dent upon whether or not the
near and far infrasound station
can be co-located with other
CTBT monitoring networks such
as the seismic stations. All the
obvious cost sharing benefits wiil
accrue from collocation.

System cost

Total system cost for 50 sta-
tions is $4 million for hardware
costs. The estimated lifetime per
station is 15-20 years (with
replacement of noise reduction

hoses and minimal maintenance).

Operating cost per year is depen-
dent upon the overall costs of
data acquisition, site mainte-
nance, and event classification.
Overall, we believe the costs
would be relatively low in com-
parison to either the seismic or
the hydroacoustic systems.

Data handling, transmis-
sion, and communication
costs

Costs for the data handling,
transmission, and communication

have not been determined. The
data rate would be on the order
of 2.3 kilobits/second per station.

Development and avail-

ability status

The near and far infrasound
technology has been well devel-
oped and tested. There is an
extensive data base of nuclear
signature data from the 1960s
and 1970s that can be used. The
theoretical understanding of the
generation and propagation of
low-frequency acoustic signals
from explosions is well character-
ized and has been widely pub-
lished. The U.S. Government
has operated similar acoustic
systems for the detection of
atmospheric explosions.

The near and far infrasound
technology is inexpensive and
well understood. The develop-
ment of a standard integrated
system is desirable for uniformity
for the CTBT. The technology is
readily available. The following
steps would need to be taken for
the development of a functional
monitoring system.

* |dentify instrument standards
for microbarographs and micro-
phones.

* Incorporate global stratospheric
wind data into existing propa-
gation codes. "

* Further determine detection
probability estimates as a func-
tion of number of stations,
source size, and background
noise levels for more complete
specification of an international
monitoring system.

* Determine amount of on-site
data, signal, beam-forming, and
event detection processing.
This includes data collection,
transmission, and storage.
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* Assemble and deploy several
stations and exercise against
man-made signals.

Synergy

Relationship to other sys-
tems

The near and far infrasound
system is generally not a stand-
alone system for CTBT treaty ver-
ification. It is a supplementary
means of explosion detection to
the proposed seismic, radionu-
clide and hydroacoustic systems.
In certain situations it will provide
the most readily identifiable early
signal which would then bring
other detection means to bear on
the problem.

Requirement for comple-
mentary system

The near and far infrasound
detection and location capabilities
make this an important compo-
nent of a monitoring system, but
its lack of discrimination means
that it does need complementary
information to resolve the nature
of the explosion. Detection of a
coincident EMP signal would pro-
vide strong evidence of a nuclear
explosion, although there may
not always be an EMP signal pre-
sent. EMP, if detected, can also
give a much more accurate loca-
tion than infrasound alone.

This method is highly comple-
mentary to seismic and hydroa-
coustic methods because they
cannot detect an above
ground/water atmospheric burst in
a stand-alone manner. There is
particular synergism for partially
contained explosions which may
couple, albeit poorly, seismically
and hydroacoustically. Thus, the

m Arms Control and Nonproliferation Technologies ® Second Quarter 1994

presence of an infrasound signal
might rule out natural causes for
an ambiguous seismic or hydroa-
coustic event, but the absence of
infrasound would not necessarily
be conclusive. For events that are
very pootly coupled into the water

or ground, infrasound might be the

only early time indication of a test.
Options

The complete system configu-
ration would include the 30 to 50
stations worldwide located either
with the proposed seismic sta-
tions or other safe locations. The
equipment for each station is rel-
atively inexpensive. Uniformity of
the system configuration and
data handling would be desirable.
The data could be provided to the
IDC and then to the NDCs for
analysis and event identification.
The resources required to ana-
lyze the data are not extensive
and could be completed in con-
junction with existing institutions
throughout the world.

In the event of an above-
ground, partially contained or
atmospheric burst—either chemi-
cal or nuclear of a given yield—
the near and far infrasound sys-
tems would detect the event. The
information would be available, at
the latest within a few hours,
depending upon the location of
the explosion versus the location
of the infrasound system.
Different infrasound locations
would detect the propagating
wave at varying times and places
providing a triangulation to locate
the event point.

The near and far infrasound is
important because it provides
detection in cases where seismic
or hydroacoustic may not provide

a clear signal, and it also pro-
vides a second confirmatory sig-
nal that an event took place. The
near and far infrasound system
has a long history of use with
nuclear event data to support its
deployment. And based upon the
past history, it is predicted to
have few false events which will
require characterization.

Issues

The main areas which require

further work are

* The identification of the loca-
tion of the detectors throughout
the world to achieve global
coverage.

* The data collection system and
transfer to the NDCs and IDC.

* The cataloging of explosive
events.

¢ A uniform system for data
analysis.

* Refinement of the cost estimate.

False events

Based upon the past opera-
tional system, the rate of false
alarms is very small to nonexis-
tent. This is especially true for the
low-frequency detection.

Status

This system was successfully
deployed by the U.S. in the 1960s
and 1970s. The technology is
simple, and there is an extensive
data base to support the use of
the concept as part of an interna-
tional CTBT. Simple noise reduc-
tion techniques are used which
reduce the local wind noise.

In general perspective, the
amount of work required to com-
plete a deployable, worldwide,
near and far infrasound network
is small.




detection system

u n optical detection system
consisting of two different,
co-located optical sensors is
capable of detecting atmospheric
and space nuclear explosions. A
white light detector would be
used to detect atmospheric
explosions, and a narrow-band
optical sensar would be used to
detect air fluorescence from a
space-based explosion.

Background

An optical detection system
consisting of a visible light
radiometer to detect atmospheric
nuclear explosions and a narrow-
band optical sensor to detect air
fluorescence from a space-based
nuclear explosion could cover
two important monitoring regimes
for the CTBT. An atmospheric
explosion can be detected by the
characteristic time history of the
light emitted by the fireball. The
detection range for an atmos-
pheric explosion is extended over
the horizon by Rayleigh scatter-
ing of the light (Figure 1). A
space-based explosion can be
detected by the high altitude air
fluorescence caused by the
weapons x-rays interacting with
the nitrogen and oxygen within
the upper atmosphere. Both sig-
nals have unigque optical signa-
tures which provide unique dis-
crimination against false events.

The radiometer provides good
sensitivity, low data rate, good
event location, low false alarm
triggering, and allows simple
analysis. The narrow-band optical
sensor has similar characteristics,
which make it relatively easy to
implement. The two technologies
employed in conjunction with
each other provide a complemen-
tary system which eliminates

false triggers from lightning and
other natural events.

A narrow-band optical detector
provides a unique identification of
a nuclear event since the
observed phenomena are unique
to a nuclear detonation within
either the atmosphere or space.
The technology is simple and
easily obtained. Calibration of the
system will depend upon past
measurements and modeling of
system performance, since only
nuclear detonations can generate
the phenomena of interest on a
wide enough scale for a practical
demonstration. Although the U.S.
has not deployed this specific
system in the past, sufficient opti-
cal data is extant to benchmark
the system’s performance. The

W Figure 1. Space explosion geometry.




proposed optical detection sys-
tem uses simple, inexpensive,
and proven technology that can
be readily obtained for a world-
wide monitoring network.

False events

The number of postulated false
events for the optical detection
system is predicted to be quite low.
The two optical sensors co-located
will provide a means of detecting
and eliminating false events.

Status

A ground-based optical detec-
tion system has not been deployed,
although several prototypes have
been built and similar technology

The optical signals generated
by nuclear explosions have
characteristic features which
depend on the altitude of

the explosion
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has been used. The technology is
simple and can be easily obtained,
while a standard calibration proce-
dure will have to be developed
based on prior data and modeling.
A world-wide network will require a
large number of individual stations.

Description of the system

Atmospheric detection:
whitelight photometer
The fireball resulting from a
nuclear explosion within the
atmosphere produces a distinct
optical signal (Figure 2a). The
shape of the time history of this
signal is the same for all nuclear
explosions. The duration in time
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B Figure 2. Optical power time curves.

and details of the time history of
the optical emission will change
with the size of the explosion. The
specific time of certain features
within the time history can be used
to estimate the size of the explo-
sion. This optical signal is
extremely bright at the source, and
radiates at all wavelengths in the
optical spectrum. A small amount
of the light will be scattered by the
dust in and the molecules of the
air. This very well-understood phe-
nomenon is called “Rayleigh scat-
tering.” It is the Rayleigh scattering
which transmits some of the light
to locations over the horizon from
the actual event point. The light is
so bright and its time history so
distinct that it is possible to detect
this momentary flash even against
the brightly lit daytime sky at dis-
tances from 500 to 1000 kilome-
ters. The greater distance corre-
sponds to larger explosions.

The light source covers the visi-
ble spectrum and is therefore best
detected with a wide-band detec-
tor, such as unfiltered silicon. This
type of whitelight photometer has
been called a Bhangmeter. With
such a detector, compensation
(signal subtraction) is required for
the background when looking
against the sunlit sky. This com-
pensation is well understood and
can be readily accomplished. Sun
glints from airplanes and other
objects entering the field of view
present discrimination problems
requiring real-time data process-
ing. The fast rise time of the optical
signal and its unique shape allow
efficient triggering and false event
rejection, resulting in a low data
rate from such a system. Event
location is accomplished by trian-
gulation using multiple stations.
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Space-based detonation
detection: narrow-band
optical sensor

X rays from a nuclear expio-
sion in space propagate outward
from the detonation point in all
directions. The x rays are not
attenuated by their passage
through space, but the intensity
of the signal decreases with dis-
tance because the x-ray energy
is being distributed over a spheri-
cal shell of increasing size. The
x rays which impinge upon the
earth’s atmosphere begin to
cause air fluorescence (light
emission) at an altitude of
approximately 80 kilometers. The
light first appears at the point
directly beneath the explosion,
and then spreads out in a circle
towards the horizon. The duration
of the light pulse at a single point
in the sky is about a microsecond
(Figures 2b and c), and the pulse
moves across the whole sky in a
few hundred microseconds. A 1-
kiloton explosion at an altitude of
100,000 kilometers results in a
sufficiently bright signal to be
detected from the ground against
the day-lit sky.

The light is produced by the
interaction of the explosion-pro-
duced x rays with the oxygen and
nitrogen atoms in the atmosphere
and appears at specific wave-
lengths. The light is best detected
using a narrow-band optical sen-
sor which is tuned to one of these
specific wavelengths. This allows
the detector to record all of the
fluorescence signal while reject-
ing most ordinary sunlight.
Combining this filtering with a fast
rise time trigger results in very
efficient event detection with a
low false alarm rate. Location is
accomplished by triangulation.

Lightning can produce fast-ris-
ing signals and will generate both
fluorescence and whitelight sig-
nals. Therefore, it will be detected
by both the Bhangmeter and the
narrow-band optical detector. The
Bhangmeter can discriminate
lightning signals by looking for the
unique shape of the nuclear explo-
sion-produced signal. The narrow-
band optical system can also use
the signal shape as a discriminant,
and, in addition, it can distinguish
lightning from space explosions by
looking only for events which do
not have simultaneous signals in
the Bhangmeter. Thus the
Bhangmeter acts as a detector for
atmospheric explosions and an
anti-coincidence filter for space
explosions.

Description of sensors

An optical detection system
would consist of an all-sky assem-
bly with two silicon detectors. The
Bhangmeter detector would be
unfiltered and the narrow-band
optical detector would have a nar-
row-band filter. In addition, on-site
processing for triggering and
background compensation logic,
data recording, and transmission
system are required (Figure 3).

The average sky background
must be subtracted from the
Bhangmeter detector in order to
detect the low-level transient light
signal against a sunlit sky. This
can be accomplished easily and
efficiently by a simple compensa-
tion circuit. A simple rise-time and

Space explosion

B Figure 3. Optical station.
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threshold trigger is used to detect
transient events. Other features
of the signals are then examined
to distinguish from atmospheric
events, including coincident sig-
nals from the narrow and wide-
band detectors. Signal process-
ing and background subtraction
can be accomplished on-site. The
data from the remaining events is
then recorded and sent to the
IDC, either in real time, intermit-
tently, or on request.

Number of sensors
required

A minimum of 150 optical
detection stations located world-
wide would be required. This num-
ber is based upon an assumed
detection range of 1000 kilometers
for atmospheric explosions with a
minimum height of burst of 100
kilometers for space-based explo-
sions. The actual spacing is dic-
tated by the more limited range of
the narrow-band detector. Further
siting studies are required.
Location capability would require
four times as many stations:
approximately 600. Accepting a
higher minimum height of burst for
space-based explosions and a
resulting longer maximum detec-
tion range could reduce the num-
ber of stations by as much as a
factor of 2 or 3.

Location of sensors

The sensor stations should be
distributed around the globe in a
uniform manner. They should be
located in areas away from bright
lights with an unobstructed view

of the sky. Exact site locations
may depend on local meteorol-
ogy: for example, they should not
be placed in areas with frequent
fog where the optical signature
could be obscured.

Stations could be co-located,
when possible, with the other
CTBT monitoring stations includ-
ing the seismic, radionuclide,
infrasound, or EMP stations. The
monitoring systems could use
common space, data acquisition,
and maintenance. If it is not pos-
sible to co-locate the monitoring
systems, then other existing, safe
locations would be selected.

Data collected by receiver
stations/data transmis-
sion mode/communica-
tion system requirements
The data collected by the sen-
sors consists of measurements of
optical power at specified time
intervals. The data would be digi-
tized for ease of handling. The
time resolution of the system
should be approximately 10-20
microseconds. The record length
for a space event is approxi-
mately 10 milliseconds. An
atmospheric event may last as
long as one second. With uniform
time sampling the space-based
event would then require
500-1000 data points, while the
atmospheric event would gener-
ate 50,000-100,000 data points.
The nature of the atmospheric
signal allows the system to use
non-uniform time sampling, which
reduces the data to approxi-
mately 1000 data points, match-
ing the space-based event record
length. A data record from either

detector would consist of 1000
8-bit data points, plus time and
location information.

The IDC could correlate data
and perhaps calculate event
location. Further signal analysis
of the raw data could be done
by States Parties.

Technical sensitivity of
proposed system

The system capability and con-
figuration is based upon analyses
completed 25-30 years ago and
should be updated to account for
technological innovations in optical
detectors. Conservative estimates
of the sensitivity are detection of
one kiloton at 500 kilometers dis-
tance for atmospheric explosions
and one kiloton at 100,000 kilome-
ters for space-based explosions.
This will be degraded at times by
local weather conditions for any
given site, but site diversity should
ameliorate this problem.

Authentication

This system will produce digital
data that can be authenticated by
standard digital circuitry which
would cost about an additional
$1000 per station. We believe it is
possible to protect the integrity of
the data obtained from the optical
detection stations, and maintain
the original data until it is received
at the NDCs and the IDC. Cross-
correlation of the data with other
stations and with the other CTBT
technologies could be used to
authenticate the data. This is
especially true for the systems
based upon the optical detection
since many stations at different
locations will detect an event.




Data analysis

The analysis of the data from
this system is fairly simple. A
significant amount of false event
rejection is done by the sensor
control system on-site. Most of
the remaining events can be
immediately classified by a
human operator, who could sit
either at the IDC or at a national
analysis center. Correlation of
data from different sensors and
determination of event location
are probably best done at the
IDC. It is generally not neces-
sary to make corrections to the
data for propagation effects.

What data analysis will
provide

The data from this system will
provide good detection and loca-
tion capability, and very good
identification of a nuclear event.

Detection. The optical detec-
tion system would be used to
detect atmospheric and space-
based nuclear explosions.
Conservatively, the optical detec-
tion system should detect a one-
kiloton burst at 500 kilometers for
atmospheric events and 1 kiloton
at 100,000 kilometers for space-
based events. This may be
degraded at times by local
weather conditions for a particu-
lar site, but if one station is
unable to detect a signal due to
bad weather, then several of the
other stations should detect the
event. The number of false
events is anticipated to be small.

Location. The location accu-
racy of the optical detection sys-
tem will depend on the number of
stations and the time resolution of
the system. The optimal accuracy
for a system with 20-microsecond

resolution would be six kilome-
ters. A more realistic number is
probably 10-15 kilometers for
atmospheric and low-altitude
space-based explosions
(100-150 km), with increasing
error as the altitude of the explo-
sion increases above 1000-2000
kilometers.

Identification. The unique
shape of a nuclear explosion's
optical signatures provides very
good identification. These signals
may be sulfficient to unambigu-
ously identify a nuclear explosion
without other evidence. In the
case of atmospheric explosions,
the method also provides a deter-
mination of explosion yield.

OSlI. The data obtained from an
optical detection system may be
enough to technically support the
request for an OSlI for an atmos-
pheric event. As a stand-alone
technology, it can discriminate
between a nuclear and non-
nuclear explosions. Such evidence
would clearly strengthen the
request for an OSI. This is a wide
area monitoring technology and
not of any particular utility during
an OSlI.

Transparency. The data
obtained from an optical detec-
tion system is transparent for
event identification. Calibration
will be required.

Resources

Equipment: existing and
required

There are no existing ground-
based stations for an optical
detection system. All components
are standard commercial parts,
however, and can be readily
obtained. The technology is sim-
ple, and is well understood.

Unit cost

One station: $50,000

Communications: To be deter-

mined (TBD)

These are the costs for hard-
ware, hardware assembly, and
integration. In general, the site
preparation and maintenance
costs are low, but are not
included. The station costs may
increase, dependent upon the
level of required quality assur-
ance. The siting costs will be
dependent upon the optical
detection station being co-located
with other CTBT monitoring sys-
tems. It is advantageous to co-
locate the different CTBT detec-
tion systems to afford centralized
data acquisition and transmis-
sion, maintenance, security and
certification of operation.

System cost

Total system cost for 150 and
600 stations: $7.5 million and $30
million

Estimated lifetime per station:
TBD

Operating cost per year: TBD

Site preparation is minimal and
the system requires only infre-
quent maintenance, so operating
costs are expected to be low. An
on-site person may be needed in
some situations such as to per-
form snow removal.

Data handling/transmis-
sion and communication
costs

Data handling at the station is
automatic, so there is no data
handling cost at the recording
site. The data does not require a
high-speed line, so transmission

R




costs are low. The data stream
needs to be examined by an
operator in the data center, but
this would not be a full-time job. If
the optical detection station were
co-located with other CTBT moni-
toring systems, the data handling,
etc., could be shared.

Development and avail-
ability status

A small amount of develop-
ment is required to make a
rugged, field deployable unit. No
significant engineering develop-
ment is required. A prototype
system could be built and tested
in six months to a year. It would

be worthwhile to examine 25-30-
year-old calculations of system
performance, although we do not
expect there to be significant
changes in the results.

Synergy

Optical detection systems pro-
duce a very distinctive signature.
The unique nature of the optical
signal provides very good identifi-
cation of a nuclear event. This
signal would be solid evidence in
and of itself. In the case of
atmospheric events, if combined
with another type of data (such
as radionuclide air sampling),
there would be evidence to

request an OS!. Because it is
possible to evade this detection
scheme under certain circum-
stances one may wish to use
complementary detection tech-
nologies as well.

Issues

Atmospheric transmission in
the presence of clouds is com-
plex and therefore requires con-
tinuing system response studies.

The optical detection system
should be considered for a
worldwide monitoring system for
atmospheric and space-based
nuclear explosions for an inter-
national regime.
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system

n he ground-based electro-
magnetic pulse (EMP) sys-
tem detects atmospheric events

by the nuclear-expiosion pro-
duced EMP.

Background

The first radiation to appear in
the air after an atmospheric
nuclear explosion is gamma-ray

, VLF wave
- {wavelength 10-300 km)

i HF wave
{wavelength 30-300 km)

round-based electromag-
netic (EMP) detection

radiation. These gamma rays
interact with the air to produce
energetic electrons which swarm
around the early explosion. As a
result of the earth’'s magnetic
field, these electrons behave as a
large antenna which | 1diates a
broadband radio wave signal
(which propagates away from the
explosion region in all directions).
It is possible to detect the

B Figure 1. Electromagnetic pulse (EMP) propagation.

explosion by looking for this
broad spectrum pulse of radio
waves. In general, radio waves—
like all electromagnetic waves—
travel in straight lines. The inter-
action of these radio waves with
the electrically charged ionos-
phere, however, extends the
range of detection over the hori-
zon, enabling detection at great
range. The false alarm rate for
this detection method is quite sig-
nificant as a result of the signals’
similarity 1o radio noise produced
by lightning. This problem pre-
cludes the use of this method for
a primary detection technology.

An EMP detection system will
contribute in the location and cor-
roboration of an atmospheric
nuclear explosion. Conventional
explosions produce only a very
weak electroragnetic pulse and
will therefore not be confused
with a nuclear explosion. When
compared with other atmospheric
monitoring methods, EMP detec-
tion has the advantages of good
sensitivity, good event location,
and relatively straightforward
analysis. It has the disadvan-
tages of a high data rate and a
correspondingly high false alarm
rate. The EMP system detects
signals and reports data
promptly, although it may not rec-
ognize a nuclear event without
other information.

False alarms

The number of postulated
false alarms for the EMP detec-
tion system is high, though a
potential discriminant has been
identified. This discriminant has
never been implemented in an
operational system.




Status
The technology for a ground-
based EMP system is available.

Description of the system

How the technology
works

A nuclear explosion produces a
brief, intense burst of gamma
rays. If it is an atmospheric explo-
sion, the gamma rays are rapidly
absorbed by the surrounding air
and produce a very strong electric
current, which in turn produces a
burst of radio-frequency waves,
i.e., the electromagnetic pulse.
Radio power is produced over a
broad frequency range, from
1 hertz (Hz) to 150 megahertz
(MHz). The lower frequencies
have the highest energy. The sig-
nal is produced on a very short
time scale at the burst point, which
enables the location to be accu-
rately determined from time-of-
arrival measurements at distrib-
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uted stations. Signals in the range
from 1 to 100 kilohertz (kHz),
called the very low frequency
(VLF) band (Figure 1), propagate
well in the earth-ionosphere wave
guide and will travel to great dis-
tances, up to 10,000 kilometers.
Signal distortion from propagation
effects in this frequency range are
small and fairly easily accounted
for. Signals in the 1-20-MHz
range, the high frequency (HF)
band, will be reflected from the
earth's ionosphere and the
ground. Signals in this band-width
can propagate to distances of
thousands of kilometers by means
of multiple reflections. in this fre-
guency range, signal distortion
from propagation effects are much
more important and must be
accounted for to properly interpret
the signals. Large chemical explo-
sions generally do not produce
EMP because they do not pro-
duce ionizing radiation. There is a
significant background of natural

HF antenna

m Figure 2. EMP monitoring station antennas.

EMP signals, due primarily to
lightning, which is difficult to distin-
guish from nuclear events. It is
also possible to deliberately sup-
press the generation of EMP from
a nuclear explosion.

Description of sensors

We recommend an EMP
detection station with both VLF
and HF receivers (Figure 2). The
VLF receiver would have two
crossed loop antennas and a flat
plate antenna to give omni-direc-
tional coverage and single station
direction capability. The operating
frequency would cover the range
from 3-30 kHz or so. This config-
uration is similar to the standard
configuration of the VLF lightning
location systems operated by
SUNY (the State University of
New York) and the U.S. Bureau
of Land Management (BLM). The
signals from the antenna would
go to a digital receiver with trigger
logic to detect transient events.

The HF receiver would consist
of eight to ten separate channels,
each with 10-kHz band-width,
which could be tuned over the
range from 1-20 MHz. The system
would need auto-tuning logic to
dynamically move the channels to
quiet places in the HF spectrum,
which vary throughout the day.
Because of the variability in the
transmission paths with time of
day, season, and solar activity,
there will have to be models for
determining what frequencies will
provide coverage of a given area
at a given time, and the receivers
will have to be adjusted to ensure
proper coverage. This is best
accomplished by manual operator
control, although the operator need
not be physically located at the
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receiver site. As with the VLF,
there would be logic to trigger on
transient events. Near-simultane-
ous events in most of the channels
(about seven out of ten) would
help reduce problems with interfer-
ence from man-made sources, but
differences in propagation time for
different frequencies should be
allowed. The difficulty of making a
reliable triggering scheme results
in a large number of faise alarms,
probably 10,000-20,000 per day
from each station.

Number of sensors
required

The effective detection range
for this method is 3000-5000
kilometers. The entire earth can
be covered with 10-20 stations,
properly situated. If location by
triangulation is desired, the num-
ber of stations should be
increased to 30 or 40 stations to
ensure that there are three sta-
tions in view of all locations.

Location of sensors

The EMP sensors need to be
situated in a relatively uniform
manner around the world,
although with their large detection
range, the exact location is not
crucial from a system perfor-
mance standpoint. The important
consideration is to locate sites
which are electronically quiet.

Stations could be co-located,
when possible, with the other
CTBT monitoring stations includ-
ing the seismic, infrasound, or
optical stations. The monitoring
systems could use common
space, data acquisition, and
maintenance. If it were not possi-
ble to co-locate with the other
monitoring systems, then other

existing, safe locations could be
selected such as universities or
similar existing facilities. If an
EMP detector is co-located with
other CTBT detectors, it may be
necessary to design the other
systems to be as electronically
quiet as possible, particularly if
they contain motors or other simi-
lar electrical systems.

Data collected by receiver
stations/data transmis-
sion mode/communica-
tion system requirements
The data collected by the sen-
sors consist of measurements of
VLF/HF power at specified time
intervals. The data should be dig-
itized for ease of handling. The
EMP detection system would
have 9—-11 channels of data, with
an event record consisting of
about 250 points per channel.
Multiple propagation path effects
in the HF may cause a single
EMP event to appear as several
events when the data reaches
the receiver. In addition to the
raw data, information about the
time, location, and the configura-
tion of the receiver is required.
The data from a single event at
the receiver will consist of
approximately 3000 bytes. With
the expected event rate of
10,000-20,000 events per day a
total of 30—60 million bytes of
data per day from each station
might be expected unless a dis-
criminant is implemented. This
data could be retained at the sta-
tion and discarded on a regular
rotating schedule. This data
would be of great interest to the
global climate research commu-
nity but could be disregarded for

verification purposes after a short
time, unless a primary detection
system were to report an event of
interest.

The IDC could correlate data
and pass it along when appropri-
ate. Further signal analysis of the
raw data can be carried out by
the States Parties.

Level of technical sensi-
tivity of proposed system

An EMP detection system can
detect below a 10-kiloton event at
5000 kilometers. The perfor-
mance of the HF segment of the
system may be degraded during
periods of high geomagnetic
activity.

Authentication

This system will produce digital
data which can be authenticated
by standard digital circuitry which
would cost on the order of an
additional $1000 per station. We
believe it is possible to protect
the integrity of the data obtained
from the EMP detection stations,
and maintain the original data
unti! it is received at the NDCs
and the IDC. Cross-correlation of
the data with other stations and
with the other CTBT technologies
will be used to authenticate the
data. The primary difficulty will be
distinguishing events of interest
from background events.

Data analysis

Analysis could be done or pro-
vided by the sensor, the data,
IDC, national means. The analy-
sis for the data from an EMP




detection system is not trivial but
is well understood. Almost no
analysis of the data is performed
at the EMP detection station
itself, other than basic triggering
to detect transient events. The
data from a single VLF station will
give a direction to the event,
although it cannot give range
directly. Time-of-arrival data from
multiple stations can be used to
determine a three-dimensional
location. A reasonable location
can be obtained from the VLF
data without correction for propa-
gation effects, and there are good
models to account for propaga-
tion signal distortion if higher pre-
cision is required. Propagation
effects are more pronounced in
the HF spectrum, but such propa-
gation signal distortion has been
the subject of considerable study
and there are good models to
account for these effects as well.
Application of these models is by
no means automated, however,
and requires a knowledgeable
analyst for implementation. To
make this information useful to all
signatories, this propagation
analysis could be carried out at
the IDC. Some degree of event
discrimination can be achieved
by using signal arrival and spec-
tral characteristics, but there
remain a number of large events
which cannot be discriminated on
the basis of the VLF/HF data
alone.

The EMP signal provides a
prompt and unique discrimination
between nuclear and non-nuclear
explosions in addition to an accu-
rate location. This provides syn-
ergism with systems such as
infrasound, which cannot identify
the explosion type, and radionu-

clides, which do not locate accu-
rately or promptly. Unfortunately,
the absence of EMP may not be
definitive proof that an explosion
was not nuclear. If EMP is
detected and identified, it can
provide location information,
which would be useful for initiat-
ing an OSI.

Detection

A ground-based EMP system
cannot be depended upon solely
for detection due to the large
number of false events. It can be
used for confirmation if another
CTBT detection technology were
to provide a trigger.

Location

The location accuracy of the
EMP detection system is high if
recorded by three stations (within
1 kilometer).

Identification

The EMP detection system
can provide confirmation of a
nuclear event if correlated with
other CTBT technologies.

oSl

The data obtained from an
EMP detection system can be
used to support an OSI.

Transparency

The data obtained from an
EMP detection system is trans-
parent for event identification.
Calibration will be required.

Resources

Equipment: existing
and required

There are no existing stations.
All components are standard
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commercial parts, however, and
can be readily obtained. The
standard ground station used by
the SUNY and BLM lightning
location networks would be suit-
able for the VLF part of the sys-
tem, although the detection logic
would have to be changed to
detect events beyond 100 kilome-
ters, which are currently rejected.

Unit cost

One station: $150,000.

Communications: To be deter-
mined.

These are the costs for the
ground stations. In general, the
site preparation and maintenance
costs are low, but are not
included. The station costs may
increase dependent upon the
level of quality assurance
required by the CTBT. The siting
costs will be dependent upon
whether or not the EMP detection
station can be co-located with
other CTBT monitoring networks
such as the seismic, infrasound,
or optical stations, and if so, how
the costs will be shared between
the systems for siting and data
transmission. It is advantageous
to co-locate the different CTBT
detection capabilities to have a
centralized location for data
acquisition and transmission,
maintenance, security, and certifi-
cation of operation.

System cost

Total system cost for 20 and
40 stations: $3 million and $6 mil-
lion.

Estimated lifetime per station:
To be determined.

Operating cost per year: To be
determined.

Site preparation is minimal.
Experience has shown that such




equipment needs periodic mainte-
nance. The main expense of the
system, however, would be in the
operator(s) required to monitor the
receivers and ensure that they are
suitably tuned so as to provide the
desired coverage, and to perform
analysis on suspect events.

Data handling, transmis-
sion, and communication
costs

Data handling costs would be
dictated by the decision to either
pass data only when queried
(store data at the station) and
therefore discard data on a regu-
lar rotation or institute an on-site
discriminant. If only discriminated
or queried data is sent to the IDC,
the data rates would be low. A
9600-baud line could ship this
data in a few minutes per day,
assuming four or five events
might occur in a time span of
interest or had passed the dis-
crimination criteria. This data rate
would be compatible with other
suggested detection technigues.

Development and
availability staus

A small amount of develop-
ment is required to make a
rugged, field deployable unit. No
significant engineering develop-
ment is required. A prototype sys-
tem could be built and tested in
six months to a year. Given the
size of the data stream, ongoing
work on event discrimination is
required.

Synergy

Reiationship to other
systems

The EMP detection system is
one of several methods that
could be used to monitor the
atmospheric environment. The
number of stations is comparable
to that required for the infrasound
technique, and it might be possi-
ble to co-locate some of the EMP
detectors with other CTBT moni-
toring stations. The data require-
ments are demanding for an EMP

detection system, and could
share a high-speed data line, or a
low data rate system could share
on the EMP data transfer line.

Requirement for
complementary system
Because of the high false
alarm rate, an EMP detection
system would be operated as a
confirmation system rather than a
primary detection system. Its util-
ity would be to provide additional
evidence in the case of an
ambiguous event seen by other
CTBT monitoring stations and to
provide accurate event location.
The prompt nature of EMP
means that this system must be
continuously recording data.

Issues

Further system, cost, and sit-
ing studies need to be completed.
Continued work is required on the
control logic and discrimination of
false alarms.




m challenge on-site inspec-
tion (OS!) invoives an
inspection team visit to a site to
collect data and examine evi-
dence in order to determine the
source of an ambiguous event
detected via remote monitoring
systems or other measures. Its
purpose is to collect the neces-
sary collateral evidence neces-
sary for States Parties to deter-
mine if the treaty has been
violated. Challenge OSls can
also deter violations and build
confidence.

SR

Traditionally, challenge OSls in
the CTB context are thought of as
being carried out against under-
ground events. However, an
evader might also choose to
carry out a test in the lower
atmosphere or underwater.

Background

Nuclear explosions release
large amounts of energy, some of
which can travel great distances
to create signals that are
observed on remote monitoring

Declm Pile

systems. Remote monitoring sys-
tems record other natural and
human-generated signals as well,
such as those from lightning
bolts, earthquakes, and quarry
blasts. Under certain conditions,
signals from non-nuclear events
will have characteristics similar to
those of the signals from nuclear
detonations, and their source can
be difficult to identify (Figure 1).
The number of such explosion-
like events could be greater than
the number of OSls that can be
reasonably carried out.

The nuclear detonation creates
residual effects that become the
object of an OSI. In the case of
an underground detonation, the
most important of these effects
are the creation of radioactive
residues, the generation of after-
shocks, and the formation of the
cavity and rubble zone. An
evader could attempt to mask

Potential evasion scenario in a deep mine: Mine
operation hides test preparations; mine blast
masks clandestine nuclear explosion.

Tallings

[

Undeclared explosion

Such a clandestine test could be difficult to detect
or lead to an ambiguous signal on remote
monitoring systems.

W Figure 1. Comparison of typical Nevada Test site test preparation and potential evasion scenario.
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these effects by conducting the
clandestine nuclear test in a
deeply buried cavity near a mine.
{The depth could prevent the for-
mation of a crater and slow the
escape of radioactive gases. The
cavity could muffle the explo-
sion’s seismic signals. Legitimate
operations of the mine could pro-
vide cover for the test prepara-
tions and a simultaneous, legiti-
mate chemical explosion could
mask the signals to the remote
monitoring systems.) One could
also imagine other evasion sce-
narios involving nuclear tests in
oil fields (Figure 1).

Underwater explosions release
radioactive debris into both the
water and atmosphere. Near-sur-
face atmospheric explosions
release debris into the atmos-
phere, producing downwind fallout
and could scorch the ground and
cause it to become radioactive.

The system described in this
paper is designed to have a high
probability of identifying an
evader. The purpose of this
paper is to describe in detail the
technical aspects of the proposed
verification system and the tools
that would be useful in specific
situations.

[

1) Remote Event
Detection
* NTM
*|DC

Challenge OSI
technologies

Challenge inspections could
be conducted on land for under-
ground and lower atmosphere
events, and over and on water for
lower atmosphere events and
underwater events. Given the
location accuracy of remote mon-
itoring systems envisioned for the
treaty, the initial inspection area
could be as large as 1000 square
kilometers over land. This area
would be narrowed during the
course of the OSI (Figure 2). The
only conclusive evidence of a

2) Wide area
search

¢ Overhead

3) Local Area

* Geological Survey

* Aftershocks

» Gas Sampling

* Geophysical
Survey

investigation 5 km

5 km

W Figure 2. Narrowing of search area during a challenge inspection on land.

4) Detailed
investigation

e Geophysical
Sounding

0.5 x 0.5 km




nuclear explosion is the retrieval
of a radioactive sample contain-
ing certain characteristic iso-
topes. Other evidence collected
in the course of an OSI may pro-
vide a plausible explanation for
the source of the ambiguity, other
than a nuclear explosion, to allay
concerns and build confidence.
The technologies fall into two
basic categories: those that
detect and quantify radioactive
material and those that guide the
search to it.

Many of the targets of an OSI
are short-lived. It is very impor-
tant that the OSI team arrive at
the site as soon as possible. If
the inspectors arrive at the site
within seven days of the event,
there is a good chance of observ-
ing the short-lived aftereffects of

a nuclear explosion (Figure 3).
The time-dependence of the vari-
ous phenomena is discussed
below.

Upon arriving at the inspection
site, the inspectors will need to
set up a field camp to control
operations and carry out in-field
data analysis. They may also
require a base at the port of entry
or other location to coordinate in-
country operations. The equip-
ment they use will need to be
certified for use in OSls.
Inspection teams in the field
need to be able to communicate
with each other and with the per-
manent offices of the Technical
Secretariat. They should be able
to use their own equipment or
that provided by the inspected
party if it is acceptable and more

8 Figure 3. Example of aftershock detection equipment. Picture shows remote
digitizer unit, antenna for telemelry, solar panel and battery, and seismic sensors.

convenient. Furthermore, they
may deploy remote systems that
need to communicate with the
field camp or other locations. The
inspectors should have the right
to use authentication techniques
on these data streams.

Data analysis in the field
needs to be capable enough to
enable the inspectors to vary the
search parameters in real time.
After the inspectors leave the
field, their data and field reports
are presented to the Technical
Secretariat for standard process-
ing, distribution to States Parties,
and archiving.

Underground events

Aftershock detection
system

Phenomenology. Aftershocks
following both earthquakes and
underground explosions last for
several months, but their rate of
occurrence decreases rapidly
with time. Typical aftershock pro-
duction rates for nuclear tests in
the range of 20-100 kilotons,
after two weeks, are about two
events per day in alluvium, and
20 events per day in harder rocks
such as tuff. Smaller nuclear
explosions and decoupled explo-
sions will have smaller rates.
Deeply buried high-explosive
blasts could also have after-
shocks. Explosion aftershocks
have smaller seismic magnitudes
than those of the original explo-
sion and would probably be
detected only by stations located
within 1-2 kilometers of the
explosion. Aftershocks from
nuclear tests tend to be clustered
around the detonation point.
Aftershocks from earthquakes
are generated along planes and
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tend to extend to much greater
depths. However, some under-
ground explosions can result in
movement along local faults. This
movement can cause the seismic
source and the distribution of
aftershocks to assume some of
the characteristics of an earth-
quake. It is also possible, under
certain circumstances, to discrim-
inate between explosion and
earthquake aftershocks on the
basis of wave-form shape and
depth of source.

System characteristics.
Aftershock detection equipment
would consist of portable, high-
frequency (approximately 4-50-
Hz) seismic stations that either
record their data locally or
telemeter the data to a central
location. The system should be
abte to record continuous data
since explosion aftershocks can
have indistinct onsets. Stations
need to have accurate relative
timing and locations, both of
which can currently be achieved
with Global Positioning System
(GPS) technology. Ten to twenty
stations would be required for a
deployment. A basic computer
workstation at the central location
would be required to record the
data and provide preliminary field
analysis so that the network con-
figuration can be altered in real
time to focus on regions of seis-
mic activity. Final analysis of the
data would be carried out by
States Parties. The IDC could
provide archive services.

Resources. Aftershock detec-
tion equipment is currently avail-
able off-the-shelf from several
different manufacturers.
Modifications are potentially
necessary to include full GPS

capability and incorporate tamper
protection and authentication.
Cost will run from $15,000-20,000
per remote station. Local teleme-
try would use line-of-sight radios
and is included in the station cost.
The central recording station
would consist of radio receivers
and computer equipment and
would cost $100,000-200,000.

Visual and geological
survey

Phenomenology. This effort
would be an intensive ground-
based examination of the area to
look for artifacts of the testing
activity, such as surface work-
ings, ground fractures, and other
geologic evidence that would fur-
ther narrow the search area. This
survey should be done at the
beginning of the OSI in order to
permit examination of the site
before other OSI activities disturb
the area. This survey would help
locate the most appropriate sites
for aftershock detection stations
and to note areas where inten-
sive searches, either geophysical
or radiometric, should be under-
taken. Any surface dislocations,
and their pattern, would be noted.
Mines would be explored to the
extent possible. The survey
would also attempt to character-
ize surface and subsurface geo-
logic features that would be use-
ful in the interpretation of the
geophysical and seismic surveys.

Analysis/Resources. The sur-
vey techniques are well estab-
lished and routinely used by geol-
ogists and experts in other
domains. Data analysis can be
carried out in the field using avail-
able maps or overhead imagery.
Specialized equipment needed

includes GPS receivers, geologi-
cal mapping tools, and photo-
graphic and video equipment.

Gas sampling and
radiation survey
Phenomenology. On-the-
ground radiation monitoring would
probably be a major activity of an
OSI. Radioactivity characteristic of
a nuclear explosion is the only
unigue post event indicator of a
nuclear explosion. An under-
ground test produces radionu-
clides that are trapped under-
ground in the immediate vicinity of
the explosion if the event is satis-
factorily contained. These radionu-
clides will be transported away
from the source region initially by
pressure-driven flow through
cracks and fissures and later by
gaseous diffusion. Depending on
the local geologic conditions and
the effectiveness of event contain-
ment, the gases could reach the
surface in a matter of hours or
only after several months. Gases
from a well-contained test that
does not fracture the surface or
produce a collapse crater may not
reach the surface for months. The
most likely radionuclides to diffuse
out are the noble gases and tri-
tium. The isotopes of xenon are
indicative of a nuclear test, but
they are short-lived and are proba-
bly not useful for OSI. Argon-37 is
a reaction product of the device's
radiation and the surrounding
material. It has a half-lite of
35 days and is a good indicator
of a recent test. Krypton-85, with
a half-life of 10.76 years is also
produced from nuclear explosions,
but there is also a worldwide back-
ground from reactor operations. It

|



would be indicative of a test if
detected well above local back-
ground levels.

System characteristics and
analysis. Gas samples can be
taken by spreading tarpaulins on
the surface and drawing the gas
collected under the tarps into
sample bottles. If conditions per-
mit, probes can be driven into the
ground, and the gas can be sam-
pled from a few feet underground.
Any visible surface fracture would
make a good collection point. Soil
gas samples should be collected
during atmospheric lows, and the
noble gases should be separated
by gas chromatography and ana-
lyzed. This would require an
appropriate chemical laboratory
on site so that, based on the
results of the analysis, parame-
ters can be changed in the field.
Sensitivity of available field instru-
ments is approximately 10 parts
per billion, which is adequate to
detect argon-37 from small
nuclear explosions up to one year
after detonation. Analysis using
accelerator-based techniques at
permanent labs can increase the
sensitivity to detect argon-37 from
the same explosion to about two
years. Appropriate arrangements
for removal of the samples from
the territory of the inspected coun-
try would also be arranged for
analysis at certified laboratories.
Man-portable radiation detectors
could also be used in case the
clandestine test was not satisfac-
torily contained and there was a
prompt venting of radionuclides.

Resources. Current technol-
ogy is adequate for detecting
radionuclides from nuclear tests.

With some minor repackaging,
noble-gas detection equipment
could be made to fit into a vehicle
the size of a passenger van. Gas
bottles, pumps, tarps, and ground
probes would need to be included
in the system. The cost per sys-
tem is approximately $250,000.

Aerial survey

Phenomenology. Visible-light
images can show evidence of
surface workings such as roads,
mine tailings, cables, and shock-
induced fractures. Multispectral
images can be used to search for
patches of ground that have been
disturbed by spallation or violent
shaking from the interaction of
the shock wave with the surface.
Areas where pre-test multispec-
tral images are not available for
comparison may still show suffi-
cient plant stress or ground emis-
sivity changes to assist in choos-
ing targets for further
investigation. Aerial electromag-
netic and radiation survey equip-
ment can be used to look for
buried metal artifacts or radioac-
tive debris respectively.

System characteristics.
Satellites could provide the neces-
sary imagery, but the availability of
imagery on short notice may be
limited due to cloud cover and
targeting restrictions. In order to
gather the electromagnetic and
radiation data, as well as some of
the imagery, it will be necessary to
arrange a fly-over of the area to be
inspected by an aircraft equipped
with appropriate sensors.

Analysis. Visible-light images
can be produced quickly and will
be essential for choosing regions
for detailed analysis within the ini-
tial large search area. Currently,

the analysis of multispectral
images is time-consuming
because of the need to reduce
large amounts of data. However,
with GPS capability and modern
portable computers, the analysis
time could be greatly reduced.

Resources. Commercial
satellite images cost up to
several thousand dollars per
image depending on the system.
Flight costs for low-altitude imag-
ing could range from $200,000
to $300,000, depending on how
close the aircraft is to the
survey site.

Geophysical sounding

Phenomenology. The rubble
zone from the explosion and the
void above it, as well as buried
metallic cables, are the appropri-
ate targets for geophysical
sounding. In areas without com-
plex geologic structure, it may be
possible to locate the rubble zone
using such techniques as direct-
current resistivity, seismic reflec-
tion imaging, low-frequency elec-
tromagnetic sounding, as well as
others. Ground penetrating radar
would probably not reach deeply
enough (limited to a few tens of
meters) to be effective.
Magnetometer surveys could be
useful in searching for buried
wires and emplacement pipes
and cables. Gravity surveys
might be useful in cases where a
large cavity for decoupling may
have been constructed.

Most active techniques (for
example, seismic or electrical)
map the distribution of energy that
is returned to the surface after
being introduced into the ground
and perturbed by underlying geo-
logic structures, including the rub-
ble zone. Such surveys need to
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pass within a depth of burial to
detect the target. Therefore, the
inspection team should use these
active techniques when the
search has been narrowed to a
small region by other means. The
geophysical phenomena mea-
sured by these techniques are not
short-lived and could be detected
long after the explosion. Results
from surveys to detect the phe-
nomena could be used to deter-
mine a potential drilling target or
to assist in determining appropri-
ate locations for gas sampling.
However, the results may be
inconclusive because the rubble
zone is a small target compared
to the possible background geo-
logic structures.

System characteristics.
Geophysical sounding equipment
would consist of low-frequency
electromagnetic sounding, seis-
mic reflection and refraction
imaging, direct-current resistivity
surveys, and other similar tech-
niques. These systems are labor-
intensive and can involve deploy-
ment of many sensors, together
with their associated cables and
power sources. Seismic sources
are truck-mounted vibrators,
impulsive sources, or explosives,

Analysis. Preliminary data
analysis in the field is possible,
but complete analysis usually
needs to be carried out in a larger
facility after the survey because
of the enormous amount of data
involved. Sophisticated process-
ing techniques require use of
supercomputing capabilities.

Resources. Since geophysical
sounding is used extensively in
the oil and mineral industries,
equipment is available off the
shelf, and surveys and data
processing can be readily

contracted. Most contractors are
accustomed to operating in
remote parts of the world. Typical
costs per kilometer of seismic
reflection survey range from
$100,000-500,000, depending on
the remoteness of the location,
ruggedness of the topography,
and processing requirements.

Extended monitoring
stations

Phenomenology. Gases from
underground nuclear explosions
can be detected at late times
when atmospheric lows draw
them to the surface. Extended
monitoring stations could be used
to monitor for these gases at the
0S8l site for periods of several
months. Inspectors would not be
on site except for routine periodic
maintenance. These stations
would take gas samples and
store them for retrieval by inspec-
tors when they visit the sites. The
samples would then be analyzed
for argon-37 and krypton-85.
Depending on the results of other
0OSI technologies, from two to ten
stations would need to be
deployed. In some cases,
extended seismic monitoring
might be considered, but seismic
stations are unlikely to detect
aftershocks from a test for more
than a few weeks. Such stations
would only be useful in verifying a
natural explanation for the event;
for example, aftershocks from an
earthquake might occur over an
extended period of time.

System characteristics and
analysis. The system should be
capable of taking a;sample at
times of low atmospheric pressure
and either storing the sample or
analyzing it locally and storing the

result. The system should be
capable of operating unattended
for a month or two. BDuring peri-
odic maintenance, inspectors
would retrieve the samples or
results of analysis. Tamper pro-
tection and data authentication
would be necessary.

Resources. Such systems
would need to be developed. It is
not known at this time what the
development costs would be.
After development, the cost per
station could range from one to
several hundred thousand dollars,
depending on the security and on-
site analysis that are desired.

Drilling

Phenomenology. If the results
from gas sampling are negative
and no other radioactive evidence
is located, but there is some other
compelling data, then drilling into
the suspected region of the explo-
sion to retrieve a radioactive sam-
ple may need to be considered.
Drilling should be undertaken only
if there is reason to believe that a
specific location underground is
the region of a clandestine explo-
sion and that the location has
been accurately determined. Such
evidence could come from the
results of geophysical sounding,
for example. Based on U.S. expe-
rience at the Nevada Test Site,
the drilling target, including the
halo from pressure-driven gases,
could be about 50 meters in diam-
eter for a 1-kiloton explosion. The
probability of drilling into a region
of this size that is within 700
meters of the surtace could be as
high as 80%, if the precise loca-
tion of the region is known. Highly
experienced and trained drill




crews might reduce the miss rate
considerably. The inspection team
would have to use directional
drilling technigues and equipment
to prevent blowout in case the
anomaly was caused by an explo-
sion and the cavity is still under
pressure. Furthermore, the team
would need facilities and training
to handle intensely radioactive
materials. Gas sampling, drill-hole
logging, or core samples attained
before reaching the actual explo-
sion region may be sufficient to
prove the presence of a nuclear
explosion. Samples taken from
the explosion region can be dated
to establish the age of the test.
Drilling more than one or two
holes may be impractical due to
cost and time on site limitations.
System characteristics and
analysis. The drilling tech-
niques and procedures used
should ensure that the environ-
ment and the deployment per-
sonnel are protected against
blowout hazards. Equipment for

both vertical and horizontal
drilling is needed. Directional
drilling and blowout protection
have been used for many years
by the oil industry and at the
Nevada Test Site. Preliminary
on-site analysis of samples is
possible using gamma-ray spec-
troscopy equipment.

Resources. The U.S. has
made use of drilling equipment at
the Nevada Test Site. Contractor
services are also available. Table 1
summarizes representative
drilling costs using available U.S.
equipment.

Lower atmosphere events
over land

Phenomenology. Local on-
site eftects from lower atmos-
phere nuclear explosions over
land, such as thermal scarring of
vegetation, thermoluminescence,
air blast effects, fallout, and sur-
face neutron activation can be
minimized by raising the Height
of Burst (HOB). The thermal,

Table 1. Drillback costs in thousands of dollars.

Mobitization/ Drill cost
Type of hole Equipment Demobilization Support per hole
Vertical 2100 2000* 800 200**
Horizontal 400 1500 800 70

blast. and neutron-activation
effects of a 1- to 10-kiloton explo-
sion yield at a height of 3 kilome-
ters or more would be extremely
difficult to detect. Radiochemical
analysis of the surface materials
might detect small amounts of
isotopes produced by neutron
activation of the ground, such as
cobalt-60 and isotopes of sulfur
and europium. An evader could
add material to the outside of the
device case to reduce neutron
and gamma emission. but this
would greatly increase the weight
of the device canister (by up to
several tons). Radioactivity from
local fallout generated by a 1-10-
kiloton burst with an HOB greater
than 300 meters will probably
have decayed to below back-
ground levels within a week of
the burst. However, certain dis-
tinctive fission isotopes, such as
strontium-90 and cesium-137 (as
well as uranium and plutonium)
will remain for many years after
the event.

Preparation Hole drill Clean-up

14 24 20
13 12 11

*Assumes large drill rig. Small rig (up to 400 m) would require one less large transport alrcraft and save $300,000.
**Assumes intermediate depth of 1200 m, and minimal difficulties. Worst case (1800 m) would be $400,000.

Notes:

Support equipment includes logging, cementing, directional survey, and sample containment equipment that would be needed

for each deployment.

Costs reflected here include purchase of the equipment. Mobilization and demobilization costs would be charged for each deployment.
As an example of using the above table, suppose an operation were fielded that drilled two vertical holes. The cost would be a one-time
fixed cost of $2.9 million for the equipment, plus an operations (transport, setup, and cleanup) cost of $2 million plus the cost to drill two
holes at $200,000 each, for a total of $2.2 million for equipment and $2.4 million for the exercisa.
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Rainout of device debris from
the resuiting radioactive cloud
could still deposit local hot spots
of radioactivity that might be
detected by an on-site inspection.
In addition, there is some incen-
tive to test at a lower altitude
since a greater HOB increases
the likelihood of clouds (pre-
sumed to be present to hide the
fireball from satellite observation)
picking up the fission debris and
depositing it in a locally concen-
trated form.

System characteristics.
Portable x-ray, gamma-ray, and
alpha-radiation detectors could
be used to search for local hot
spots of radioactivity and to mea-
sure radioactivity from surface
samples. Aerial radiation surveys
for hot spots are also now possi-
ble. Soil, rock, vegetation, and
water samples could be collected
for detailed radiochemical analy-
sis at a certified laboratory to look
for characteristic debris or neu-
tron-activation isotopes.

Analysis. Radiation readings
will be immediately available to
the inspection team. Portable
laboratory equipment for radio-
chemical analysis could identify
isotopes if they are present in
sufficiently large amounts. More
detailed analysis of samples at a
cenrtified laboratory would be
required, but may not be neces-
sary to simply establish the pres-
ence of radioactive material.

Resources. Radiation-detec-
tion equipment is readily avail-
able from commercial vendors.
Radiochemical laboratories are
less common, and arrangements
would need to be made to obtain
access to such a laboratory.

Underwater events

Fission products and
neutron activation
Phenomenology. Underwater
nuclear explosions produce seis-
mic signals and release radioac-
tivity. Seismic events at sea are
not as well located (areas with a
50-kilometer major-axis diameter)
as events on land due to the
reduced station coverage. The
addition of hydroacoustic data will
improve location accuracy.
Shallow explosions also produce
a radioactive cloud, similar to a
lower-atmosphere event but ris-
ing to a much lower altitude, and
a radioactive base surge contain-
ing fission products. Thermal
effects are negligible. A deep
underwater event does not pro-
duce an airborne radioactive
cloud. It does generate a base
surge, but the surge contains
only a small amount of radioac-
tive material. After a day, the
residual radioactivity at the sur-
face is significantly reduced. At
this time, most radioactivity will
be present in a disk-like pool/
within 100 meters of the surface.
This pool will contain residual
uranium and plutonium, fission
products (such as strontium-
89/90, zirconium-95, molybde-
num-99, and barium- and lan-
thanum-140), tritiated water from
explosion-produced tritium, and
neutron-induced isotopes, such
as sodium-24 and chlorine-36
(although the large chlorine back-
ground may prevent chlorine-36
measurement) produced by neu-
tron capture on sea salts. The
radioactive pool from a typical

20-kiloton event expands from a
diameter of approximately 10 km
at one day to 20 kilometers after
one week. The Zose rate
decreases during that time to
about 0.002 rads/hour, but it
should be detectable for several
weeks after the event.

Analysis and resources.
Water samples would be col-
lected and measured for radioac-
tivity. Plankton collection could be
useful due to the bio-concentrat-
ing properties of plankton.
Radiation readings will be imme-
diately available to the inspection
team. Portable laboratory equip-
ment for radiochemical analysis
could identify isotopes if they are
present in sufficiently large
amounts. More detailed analysis
of samples would be required at
a certified laboratory. A mass
spectrometer would be needed to
look for characteristic isotopes
with low radioactivity.

Sufficiently sensitive alpha,
beta, and gamma counters could
be obtained for $500,000-
1,000,000 and could be used for
all scenarios (underground,
atmospheric, and underwater). A
mobile radiochemical laboratory,
including chemical separation
and mass spectrometry capabili-
ties. could be assembled for
about $3 million. Instruments and
a cryogenic sampler for measur-
ing gas samples for krypton and
xenon would cost about $250.000
(this is the sarme equipment that
would be used for gas sampling
for underground tests).




Options

Visual initial inspection
This option would start the
inspection with a simple fly-over

or drive-over of the inspection
region. The advantage of this
approach is that it could poten-
tially resolve some events. The
disadvantage is that it will not
catch the determined evader who
has left no surface expression of
the testing. Meanwhile, time will
be lost, and the chances of
detecting short-lived phenomena
will be diminished.

Ownership of OSI equip-
ment

One arrangement would be for
the Technical Secretariat to cer-
tity and maintain the OSI| equip-
ment. Much of it could be
donated from the States Parties,
possibly for some type of credit.
Furthermore, there may be
instances where a State's Party
may contribute some equipment
for a specific deployment. In this
case, some sort of special certifi-
cation will need to be worked out.

Inspectors

Two options could be consid-
ered. The inspection load might
be a relevant factor. If ingpections
become a year-round activity, it
might be more convenient for the
inspectors to be permanently
assigned to the Technical
Secretariat. If there is a small
number of OSls, it may be more

convenient for inspectors to be
temporarily assigned to the
Technical Secretariat for the
duration of the OSI.

Issues

How OSls are chosen is a pri-
mary issue needing resolution.
The process by which requests
by States Parties are handled,
either initial requests for OSls or
subsequent requests for drillback
or extended phases will need
careful development. Given the
transitory nature of nuclear-explo-
sion-induced effects, a timely
process is essential for the OS|
regime to be effective.

Drillback for radicactive sam-
ples provides the possibility of
supplying incontrovertible evi-
dence of a clandestine under-
ground nuclear test. However,
the process is very expensive
and can succeed only if the test's
location in three dimensions is
known with a high degree of
accuracy and very careful drilling
procedures are used. Hence,
drillback should be deployed only
for very special cases. The provi-
sion for a drillback phase for the
OSI will need careful develop-
ment. One issue is that an
inspected State could insist on a
drillback to prove a negative find-
ing, thereby exonerating the
State. If a test had actually
occurred and the lack of detailed
information about its location
resulted in the failure of the
drilling to discover it, the State
might be falsely exonerated.
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OSils for ambiguous underwa-
ter events may provide evidence
of a clandestine nuclear test, but
attribution will be difficult. What
techniques may be employed to
resolve this situation will need
careful study and analysis.

The boundary of the area
within which an OSl is to be con-
ducted will need to be specified
carefully and unambiguously. In
general, the movement of the
inspection team within this
boundary should be unrestricted,
but the ability of the team to
move outside of this area should
be strictly limited. How to estab-
lish this boundary and protect the
inspected Party's rights will need
careful development.

It may be necessary for States
Parties to protect certain sensi-
tive facilities within the requested
area from OSl intrusion. The cir-
cumstances under which such
restrictions on the inspection
team woulid be allowed will need
careful development. Additional
access restrictions due to health
and safety concerns are likely.
Concerns regarding protection of
proprietary information belonging
to private entities must be
resolved prior to inspections.

it will also be necessary to
develop procedures for certifying
the equipment used in OSlis and
the laboratories that analyze OSI
samples.

Recommendation

The U.S. recommends that
challenge OSls be included as an
element of the CTBT verification
regime. Such challenge OSI
should be conducted in three




phases: (1) an Initial Phase, (2)
an Optional Extended Phase, and
(3) an Optional Drilling phase.
Inspections for events in the
atmosphere and over or under
water will require only the Initial
Phase. Inspections should be
conducted as soon as possible
after the OSI request, before
radioactive products from the det-
onation disperse and/or the short-
lived aftereffects decay below
detection levels. After the Initial
Phase, the data would be passed
to the States Parties for final
analysis.

For events on land, the Drilling
and Extended Phases could then
be requested if more evidence
was deemed necessary. Since
the targets of these phases are
much longer lived, these phases
can be carried out several
months after the initial request
and still find conclusive evidence.

Inspectors should be drawn
from an international pool of
inspectors that are on call. Data
from inspections would be
passed to the Technical
Secretariat for reduction and then
passed to the IDC for archiving.

Summary of costs for typ-
ical deployment

Cost estimates are derived from
known and estimated equipment
costs, manpower costs, experi-
ence gained from past experi-
ments, and a Congressional
Budget Office report, U.S. Costs of
Verification and Compliance Under
Pending Arms Treaties. Cost esti-
mates are separated into nonre-
curring costs, such as for equip-

ment purchases, and recurring,
per-deployment costs, such as
manpower and transportation.
Estimates were made for the num-
ber of personnel required to field
each technology (e.g., 5 each for
gas sampling, geological survey,
seismic survey) and the length of
time on-site (typically 1 month,
with exceptions such as 5 days for
the visual/geological survey).
Estimates were also made for
transportation ($300,000 per trip
for each large airplane to $5000 to
$10,000 for shipping of smaller
equipment and personnel).

Costs do not include adminis-
trative costs of the Technical
Secretariat, costs incurred by the
requesting Party in determining
the suspect area, or equipment
storage and maintenance costs.
They also do not include addi-
tional costs for aircraft that would
be needed to access particularly
remote locations, such as open
ocean areas.

Table 2 shows costs, assum-
ing a typical deployment, without

Table 2. Costs of equipment and deployment in thousands of

m-

Technology

‘Base camp and local vehicles
Seismic stations (20 stations)
Visual and geological survey
Gas sampling system

Aerial multispectral survey
Geophysical sounding
Drilling (2 vertical holes)
Drilling (2 horizontal holes)
Radiation counters

Mobile radchem laboratory

‘Equipment Deployment
300 20
500 200

10 50
250 200
0 (rent) 400
0 (rent) 500
2900 2400
1100 1640
1000 300
3000 400

a large number of complications.
An approximate one-time cost of
purchasing equipment is listed,
along with the approximate cost
that would be incurred for each
separate deployment of the
inspection team.

For example, an inspection of
a potential underground event
would probably deploy seismic
stations, visual and geological
survey, gas sampling, aerial mul-
tispectral survey, and geophysi-
cal sounding. This would require
approximately $1.1 million in
equipment and $1.4 million for
deployment. Vertical drilling
would add $2.9 million for equip-
ment (if purchased new) and
$2.4 million for deployment, and
using radiation counters and a
mobile radchem laboratory would
add $4.0 million in equipment
and $400,000 deployment, for a
total cost using all technologies
of approximately $8.0 million for
equipment and $4.2 million for
deployment.




B ecently, the U.S. pre-
sented its views on the
contributions that six technolo-
gies could make to a robust
CTBT monitoring regime. Here
we present our concept of “chal-
lenge” on-site inspections (OSH)
and will discuss other, associated
measures and the role they could
play in contributing to an effective
CTBT monitoring and verification
regime.

Associated measures

In the U.S. view, associated
measures include measures that
would supplement and reinforce
the national and multinational tech-
nical means of verification. They
include information exchanges and
notifications and other measures to
clarify or reduce uncertainty about
events detected by remote sensor
systems.

The national and multinational
technical means of verification we
have been discussing would be
the backbone of the CTBT moni-
toring and verification regime.
Nonetheless, it is widely under-
stood that small clandestine
nuclear tests could still be con-
ducted in such a way as to mask
many if not all of the effects
detectable by remote sensor sys-
tems. For example, a nuclear
explosion could be masked from

remote technical sensor systems
if it were conducted in an under-
ground cavity or perhaps under-
ground in a mine concurrently
with a nearby chemical explosion.
Remote sensors would also
detect numerous naturally occur-
ring and man-made events (e.g.,
lightning, earthquakes, and
chemical explosions) whose sig-
nals could resemble those of a
nuclear explosion or introduce an
element of ambiguity as to the
nature of the event. In other cir-
cumstances, national technical
means might observe activity
that, without additional informa-
tion, might raise suspicions that a
prohibited explosion could have
occurred.

in cases of high concern that a
nuclear explosion could have
occurred, one or more States
Parties would request an OSl to
help confirm the nature of the
event. While an OSI regime
would not always resolve the
nature of ambiguous events, the
Treaty right to conduct inspec-
tions, coupled with a demon-
strated resolve to employ the
inspection regime as required,
should serve as a strong deter-
rent. To achieve an OSI regime
that is effective, it is important to
minimize the number of ambigu-
ous events that could prompt
OSI, and to address promptly and
effectively any OSI requests. In

this context, the U.S. sees asso-
ciated measures playing a signifi-
cant role in clarifying potentially
ambiguous information received
by the technical networks.

Information exchanges

information exchange would
be designed to provide clarifica-
tion of naturally occurring and
certain man-made events
detected by the technical net-
works. In our view, the Treaty
should require information
exchanges such as:

* Declarations, updated periodi-
cally, of locations where chemi-
cal explosions above a desig-
nated threshold are expected to
be conducted routinely.

* Advance notification of each
planned chemical explosion
above a designated threshold,
along with a characterization of
the planned activity.

* Post-event clarification of
unscheduled events such as
accidental explosions, rock
bursts, and collapses in mines,
or of significant accidental dis-
charges of radioactive material
above a designated threshold.

The treaty could also provide
for exchange of other information
that might be heipful in avoiding
potentially ambiguous situations
and misunderstandings.

Other measures

The Treaty could provide for
the following additional mea-
sures:

Calibration activities
These activities could include

the use of chemical explosions to

assist in calibrating regional or
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local seismic networks, and per-
haps some hydroacoustic sta-
tions, thus improving their utility
to help detect, locate, and identify
seismic events. The calibration
activities could be conducted by
the international organization or
on some other multilateral or
bilateral basis.

Continuous presence
monitoring

These measures could involve
emplacement of sensor suites at
mines and other locations where
conventional explosions above a
designated threshold occur rou-
tinely over a period of time. An
evaluation team might set up
sensor equipment, service it peri-
odically, collect data in cases

where remote transmission is not
feasible, check for signs of tam-
pering, and remove the equip-
ment, when appropriate.

Notified event monitoring

These measures are concep-
tually similar to continuous pres-
ence measures, but would be
keyed to one or more events
above a designated threshold
and falling within a relatively short
period, such as a scheduled
group of chemical explosions.
The evaluation team might
remain with its equipment at the
site for the duration of the notified
activity. Specialized sensors,
such as gas sampling equipment,
could be left on site for a longer
period of time.

Conclusions

The U.S. believes that a well-
designated package of associated
measures should be included in
the Treaty. It is important to con-
sider the advantages of measures
that could decrease false alarms
and the number of ambiguous
events for which an OS! would be
required. At the same time, we
would need to ensure that use of
such measures would neither
delay an on-site inspection, if a
State Party believed one to be
necessary, nor serve in lieu of an
inspection in situations where one
was warranted.




m ell-characterized 50-200-
ton chemical explosions
detonated underground could
improve our understanding of
basic explosion phenomenology
and calibrate the seismic monitor-
ing system's capabilities to detect,
locate, and identify events in spe-
cific regions. The increased under-
standing of the phenomenology
would allow the States Parties to
predict the system’s capabilities in
regions where extensive monitor-
ing had not been previously carried
out. The calibration efforts would
improve the system’s monitoring
capabilities in the vicinity of the cal-
ibration explosions and, possibly,
in broader areas of the tectonic
regions where the expiosions
occurred. Dedicated calibration
explosions could be conducted as
a part of transparency measures
or as part of an effort to reduce the
number of ambiguous events.
Explosions conducted for commer-
cial or scientific purposes could be
used as calibration events if they
are well characterized.

The remainder of this paper
describes some possible forms
that calibration efforts could take
and outlines some of the costs
and benefits that might accrue
from having calibration explo-

sions as an associated measure
in a Comprehensive Test Ban
Treaty (CTBT). The discussion
addresses the technical aspects
of these explosions and does not
address implementation modali-
ties for Treaty purposes.

Background

The seismic monitoring sys-
tem'’s capabilities depend on sev-
eral factors. The type of source,
its depth, the spatial and tempo-
ral distribution of its energy
release, and the material sur-
rounding it all determine the fre-
quency content and amplitudes of
the seismic waves leaving the
source region. Attenuation, scat-
tering, and the geographic struc-
tures along the path from the
source to the seismic stations
also affect the amplitudes of the
waves that are recorded and their
frequency content. These source
and path effects, together with
the spatial distribution of the
monitoring stations, determine
the data that will be recorded.

At present, the monitoring
community is unable to predict,
with high confidence, the sys-
tem’s location and identification
capabilities for regions where
there is little experience. As a

result, it often relies upon empiri-
cally defined processes that are
specific to given regions or spe-
cific source conditions. In order to
make use of this empirical
approach, data representative of
the sources, paths, and locations
of interest must be available. For
many regions, however, appropri-
ate sources have not been avail-
able or, if they have been, they
have not been recorded at the
sites where the monitoring sta-
tions will be located. Without
such data, the empirical
approach to monitoring cannot be
applied in these regions.

Several factors compound the
CTBT monitoring challenge. As
the seismic detection level is low-
ered by CTBT monitoring require-
ments, the number of unidentified
or ambiguous events is expected
to increase significantly. Each
year, more than 100,000 seismic
events, both earthquakes and
high-explosive blasts, occur
worldwide and emit seismic sig-
nals that are roughly equal in
magnitude to those expected
from a 1-kiloton decoupled
nuclear explosion. Even if only a
small percentage of these
100,000 events is considered to
be ambiguous, the number of
ambiguous events could pose a
serious challenge to CTBT verifi-
cation. Finally, there are few
definitive data available with
which to evaluate the monitoring
challenges posed by certain
types of evasion schemes, such
as the hiding of a decoupled
nuclear test within a mine or
quarry blast.

In order to meet most effec-
tively their CTBT monitoring
requirements, the States Parties
will need to develop
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* Methods to detect, locate, and
identify small sources with high
confidence in geographic
regions where they have little
monitoring experience.

* Procedures that use dedicated
explosions or well-characterized
explosions conducted for com-
mercial or scientific purposes to
develop an empirical under-
standing of the performance of
the monitoring functions in spe-
cific geographic regions.

Without such developments,
the States Partiec would receive
lower quality products from the

International Data Center (IDC)

and be less able to use them.

Calibration options

A systematic program to cali-
brate all areas of the world is nei-
ther required nor contemplated. It
is recommended that calibration
events be conducted in areas
where the international commu-

Table 1. Routinely recorded events.

nity’s limited experience may
aftect monitoring capabilities or at
sites where ongoing commercial
or scientific activities generate
seismic signals that could be mis-
taken for signals from under-
ground nuclear explosions. A
potentially large number of sites
(hundreds) could satisfy these
conditions, but cost considerations
will limit the number of explosions
that can be conducted. The costs
can be reduced by taking advan-
tage of suitable explosions that
are detonated for commercial pur-
poses (e.g., regional studies for oil
and mineral exploration) and by
coordinating calibration efforts with
scientific efforts designed to study
the structure of the Earth’s crust
and upper mantle. Given the con-
tribution of such explosions to
improving monitoring and the
potential for scientific and com-
mercial benefits, the States
Parties may be willing to volunteer
such explosions.

v.mm

Source option Characteristics detection Value to location
_Large commercial High explosive or Minimal ~Helps determine
detonation with no blasting agent velocities of vari-
‘on-site presence detonated with the ous regional wave

following charac- types used in
teristics: locating events
~Signals sufficient -Provides a refer-
to be recorded with ence event for
good signal-to- determining rela-
noise ratios at reg- tive locations in
ional monitering source area (e.g.,
stations a mining district)
~Location and time

inferred from seis-

mic signals/imagery

The baseline—routinely
recorded events with no
on-site presence in the
source region

Analysis of routine recordings
made at stations of the
International Seismic Monitoring
System from large explosions
conducted for commercial or sci-
entific purposes (and some earth-
quakes) could provide a baseline
for determining the properties of
a region and the sources within it.
No additional costs would be
incurred other than the costs of
analyzing the data.

Table 1 describes the ele-
ments of this baseline approach
and its benefits to detection, loca-
tion, and identification. Analysis
of the signals from explosions
that occur as part of ongoing
commercial and scientific opera-
tions could provide relative loca-
tions that are accurate to within a
few kilometers for other events in
the vicinity of the explosions.

Value to identification

In the absence of any
information about the
source, provides a
poorly defined reference
for comparison with
other commercial
explosions in the same
region. Value similar to
other commercial explos-
ions in the same area.
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However, the absolute locations
could be off by 20 kilometers or
more {(depending on the numbers
of stations, their locations relative
to the event, and the availability
of other information).

Drawbacks to the approach
include the length of time
required to develop a compre-
hensive data base, the increased
uncertainty due to lack of defini-
tion of the properties of the
sources, and the inability to char-
acterize regions that lack
sources. The data derived from
these efforts is unlikely to provide
definitive information about
detection or identification capabil-
ities because no independent
information is available about the
source. The lack of seismic
recordings at locations other than
the monitoring stations also limits
the ability to extrapolate the
results to other locations within
the region or to other regions.

Option 1—basic source
information acquired on-
site for an explosion con-
ducted for other purposes
In this option, the monitoring
organization would make a few
near-source ground-motion mea-
surements using portable
accelerometers on an explosion
of opportunity conducted for com-
mercial or scientific purposes.
Global Positioning System (GPS)
receivers would provide precise
timing and location information.
The monitoring organization
would also make a high-speed

video of the explosion if the event
is a surface explosion. This video
would record the sequence of
detonations of any individual
explosives making up the explo-
sion. Cursory geologic characteri-
zation would provide a semiquan-
titative understanding of coupling
phenomena. This basic informa-
tion, together with any informa-
tion about the explosion’s design
obtained from local personnel,
would partially define the explo-
sion’s source function. The cost
for this option might be as low as
$50,000-100,000 per event
(includes travel and daily living
expenses), depending on the
explosion’s location, the number
of measurements, and the num-
ber of people involved.

Table 2 describes the benefits
derivable from adding these basic
source region measurements.
Two types of explosions are con-
sidered. One type is shallow and
distributed in space and time.
The other type is deep, spatially
compact, and instantaneously
detonated.

Near-source measurements
could enhance the usefuiness of
both shallow and deep explo-
sions to the location of other
events near the site by determin-
ing the explosions’ detonation
times and their precise locations.
This information would also help
develop velocity models for the
region. A deep source concen-
trated in space and time could aid
the identification process
because its seismic signals would
resemble the signals expected
from a nuclear explosion. A well-
described explosion of this type
could provide a major contribu-

tion to identification in a region
where no nuclear explosions
have been recorded on the moni-
toring stations. It would help cali-
brate discriminants between
earthquakes and explosions and
between deep explosions that are
concentrated in space and time
and shallow explosions that are
distributed in space and time.
Neither type of explosion, in
itself, is likely to provide signifi-
cant insight into the basic phe-
nomenology or identification of
the factors that affect discrimina-
tion. If both types of explosions
occur at the same site, compari-
son of the two could help deter-
mine the extent to which near-
surface phenomena (e.g., spall)
determine the effectiveness of
some discriminants. This under-
standing would improve the
States Parties’ abilities to extrap-
olate the results to other sites.

Options 2 and 3—deep,
concentrated, conven-
tional explosions at loca-
tions of choice recorded
by source region and
regional instrumentation

Measurements carried out in
addition to those described in
Option 1 could improve the sys-
tem’s ability to detect, locate, and
identify events. Table 3 describes
three categories of additional
measurements that could be
made: near-source measure-
ments, regional path measure-
ments, and measurements at the
monitoring stations.

The near-source measure-
ments could be made on the sur-
face and at depth. The surface
measurements would use multi-
ple accelerometers to provide
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information about the seismic
source function. These measure-
ments would identify features of
the seismic waves that originated
at the source and would help

separate source region and prop-
agation effects in the region
where the explosion was deto-
nated. Subsurface measure-
ments could include cables and

Table 2. Basic source region measurements.

Source option

Shallow detonation
distributed in space
and time with on-
site presence
(supplemented by
basic* measure-
ments and infor-
mation to determine
time, location, geol-
ogy, and yield)

Deep detonation
concentrated in
space and time with
on-site presence
(supplemented by
basic* measure-
ments & informa-
tion to determine
time, location,
geology, and
yield)

Characteristics

High explosive or
blasting agent det-
onated with the
following charac-
toristics:

~Shallow
~Distributed in
space and time
~Location and
time accurately
determined
~Charge yields &
total yield known
--8ignals sufficient
to be recorded on
regicnal monitoring
stations with good
SN

High explosive or
blasting agent det-
onated with the
following charac-
teristics:

-Deep

—Spatlally compact
—Instantaneously
detonated
~Location and time
accurately deter-
mined

—Geology and
material properties
determined

~Total yield known
-Signals sufficient
to be recorded on
reglonal monitoring
stations with good
SIN

~Well-coupled

Value to
detection

~Provides a
reference
event for wave-
form arrivals
and amplitudes
from shallow
events in the
same area
(e.g., a min-
ing district)

-Helps im-
prove network
detection model
~Provides a
reference event
for waveform
arrivals and
amplitudes
from deep
events in the
same area
(e.9., & mining
district)

Value to location

—Determines ampli-
tudes and velocities
of various regional
wave types used in
locating events
~Provides a reference
event for determining
precise relative loca-
tions in the source
area (e.g., a mining
district) and some
improvements for
absolute locations for
nearby sites in same
tectonic region

~Determines veloci-
ties of various wave
types used in locating
events

-Provides a reference
event for determining
precise relative loca-
tions in the source
area (e.¢., a mining
district) and some
improvement for
absolute locations at
nearby sites in same
tectonic reglon

gages emplaced in the explosive
to determine the extent to which
the explosive detonated and a
variety of measurements to mea-
sure the near-field seismic source

Value to identification

~Provides a well-char-
acterized reference event
with signatures similar to
those expected from some
conventional explosions at
the specific location and,

to a lesser extent, for

nearby sites In same tectonic
region

~Provides a weil-char-
acterized reference event
with signatures similar to
those expected from a
nuclear explosion at the
specific location and, to

a lesser extent, for nearby
sites in the same tectonic
region

*Basic measurements could be made with a GPS recelver, an accelerometer deployed near the source (to determine detonation time),

and a high-speed video camera. Geologic samples would be collected.




function from various angles.
These measurements would pro-
vide additional information that
could be used to separate source
and path effects. in addition, they
would help determine the phe-
nomenology of seismic wave
generation.

The regional measurements
would be made at the stations of
the monitoring network, at other
seismic stations in the region,
and at seismometers deployed
along lines from the source to the
monitoring stations and across
geologic features known to affect
seismic wave propagation. These
measurements would determine
the seismic-wave propagation
characteristics throughout the
region and would allow extrapola-
tion of the results of the calibra-
tion events to other locations
within the region.

Deployment of temporary,
high-frequency seismic instru-
ments and arrays (where appro-
priate) around the monitoring net-
work's seismic stations would
determine the extent to which the
monitoring system’s performance
could be improved by modifying
the instrumentation or the analy-
sis. The array deployments would
help determine the extent to
which the station's recordings
were being aftected by geologic
features near the recording site
and help identity the regional
waves being recorded at the sta-
tion. These deployments could be
done at any time, but if they are
done at the time of the calibration
event, they would complement
the other measurements and help

separate the source, path and
receiver effects.

Option 2—Combine surface
measurements in the source
region of a dedicated, deep
explosion with measurements
along the path and at the
receiver site to calibrate the
region. The source for this option
would be a deep explosion
located at a site that is of interest
either because of the seismic
sources (conventional explo-
sions, rockbursts, or earth-
quakes) that occur there, or
because path effects (such as the
blockage of the seismic waves
used in identification) affect the
monitoring capability along paths
leading there. A minima! level of
near-source instrumentation
would be deployed, and 30-50 or
more surface measurements
would be made from near-source
to regional distances using
portable seismic systems. The
site geology would be character-
ized to a moderate degree. This
characterization could include
drilling, logging, and geophysical
surveys. The source could be an
appropriate event of opportunity
at an existing mine, or it could be
a dedicated explosion. A dedi-
cated explosion would be
required in regions where no
appropriate commercial blasting
operations serve as targets of
opportunity.

This option would provide
information specific to the region
where the explosion is detonated
as well as at the site where it
occurs. It would help determine
detection thresholds and would
provide data to improve models
of the monitoring network’s

detection and location capability.
It would also provide a basis for
discrimination between explo-
sions and earthquakes in the
region where it occurred and
would address masking scenar-
ios in which a nuclear explosion
is detonated at the same time as
a shallow conventional explosion.
Costs for this type of event range
from $1-2 million (excluding
travel and daily living expenses),
depending on charge size and
configuration, exact nature of
instrumentation, geology, and
type of explosive with its safety
requirements. Additional costs
could be incurred if the monitor-
ing organization has to supply the
equipment for emplacement. For
example, one-time equipment
costs for a drill rig to drill large-
diameter holes could add an
additional $2—3 million, and trans-
portation costs for such a rig
could add $500,000 to the
deployment costs. Local alterna-
tives would be less expensive.
Option 3—Option 2 plus
additional near source instru-
mentation and site characteri-
zation to understand general
source characteristics and cali-
brate the region. This option is
essentially the same as Option 2
with the addition of extensive
subsurface (free field) ground-
motion measurements that would
be made in the transition region
from hydrodynamic phenomena
to seismic wave propagation.
These measurements would help
to directly define the seismic
source function. A detailed site
investigation would be con-
ducted, and material properties
would be characterized, using
drilling, logging, coring, faboratory
measurements on rock samples,
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Table 3. Enhanced measurement options.

Measurement
option

Near the source

Within the reglon
containing the
source and the
monitoring stations

At the monitoring
stations

Characteristics

Measurements

of signals made at
distances from a
few meters to tens
of kilometers
~Subsurface
-Surface

~Measurements
made at existing
raglonal seismic
stations
~Measurements
made along radial
lines from the
source at distances
from 10s to 1008

of km

-Lines with 1-100
instruments along
paths to monitoring
sites or in transition
regions

Measurements
made around the
receiver site at
distances from a
few 100 m to a few
km

~Arrays around
3-component mon-
itoring sites
~High-frequency
Instruments at all
sites

Value* to
detection Value* to location
~improves con-
fidenoa In net-
work detection
models
~ldentifies effects
of source param-
eters on azimuthal

~Minimal improvement

variations in

detectability

~Identifies mat-

erlal and source

geometry effects

-Significantly ~8ignificant improvement
improves net- throughout area bounded
work modeling by the regional monit-
capabillity in area oring stations
bounded by

monitoring

stations

~May Identify ~May identify

changes in changes in stations
stations that that would significantly
would signifi- Improve location
cantly improve capability (e.g.,
detection sources of near
capability (e.g., receiver effects on the
different fre- direction of approach
quency bands) of seismic waves)

Value* to identification

—~Possibly significant
improvement due to
separation of source,
source region, and path
effects on seismic sig-
nal characteristics
—~Improves ability to
extrapolate to other
regions
—Constrains evasion
scenarios tiwal combine
nuclear explosions with
calibration events

—Possibly significant
improvement due to
separation of source
and path effects on
selsmic signal char-
acteristics

~May 'dentify changes
in statione that would
significantl,’ improve
identification capability
(e.q., different frequency
bands)

*Value determined relative to measurements made at regional monitoring stations from well-characterized sources as
described in the previous table.




and geophysical surveys. These
additional measurements would
permit more definitive separation
of source and path effects. If
these near-source measurements
were repeated on a variety of
events, they could significantly
improve the ability to predict the
seismic signals that would be
generated by underground explo-
sions detonated under a variety
of conditions. It is anticipated that
costs of this event would range
from $2-6 million (excluding
travel and daily living expenses)
after a basic phenomenoiogy pro-
gram that will identify a minimum
set of required instrumentation
has been completed. Additional
costs could be incurred as
described in Option 2.

Combining the results of
Option 2 or Option 3 with the
results of similar measurements
made on a nearby large, shallow,
conventional explosion that was
distributed in space and time
would provide a simulation of a
potential underground evasion
scenario-detonation of a (decou-
pled) nuclear explosion at depth
near a shallow conventional
explosion. The costs for Options 2
and 3 and for efforts using multi-
ple shots would be greater than
for the simpler calibration mea-
sures. However, when the costs
are compared against the costs
incurred in the course of OSls that
could have been avoided if the
monitoring measures had been

more effective, the calibration
options become more attractive.
Furthermore, the deterrence ben-
efits of the increased monitoring
capability should be considered.

Summary and
conclusions

A systematic program to cali-
brate all areas of the world is nei-
ther required nor contemplated. It
is recommended that calibration
events be conducted in areas
where the international commu-
nity’s limited experience may
affect monitoring capabilities or at
sites where ongoing commercial
or scientific activities generate
seismic signals that could be mis-
taken for signals from small
underground nuclear explosions.
Costs could be reduced by coor-
dinating the calibration efforts
with explosions planned for com-
mercial operations or scientific
experiments.

We have described a baseline
case and three options for
improving seismic monitoring in a
region where the monitoring
agency has had little experience.
The baseline case makes use of
existing explosions (and some
earthquakes) and does not
involve measurements beyond
those routinely made at the moni-
toring stations. However, it does
involve additional analysis of the
data from these measurements in
order to infer information about
the source region and path.

Options 1 and 2 would improve
the monitoring network’s ability to
locate seismic sources and iden-

tify their signatures when they are
located at specific sites or within
specific regions. The first option
would refine the location capabil-
ity and could provide an absolute
reference for events located near
the site of the calibration explo-
sion. The second option would
also improve the location capabil-
ity. In addition, it would provide
the means to extend the calibra-
tion results from the specific site
to other sites within the region.
As in the baseline case, these
options would involve additional
analysis of the data. The costs of
the two options differ by roughly
an order of magnitude.

Option 3 would provide all of
the site- and region-specific cali-
bration results of Option 2. In
addition, its more extensive
source region measurements
would provide more information
about the mechanisms by which
seismic waves are generated.
This information would help
determine the seismic waves’
dependence on the properties of
the source and the source region.
A program of explosions of this
type and, to a lesser extent,
those conducted under Option 2
could provide a basis for predict-
ing the performance of the moni-
toring network in new regions
where only the general character-
istics of the sources and source
media are known. The cost of this
option would be 1 to 6 times the
cost of Option 2.

The costs of the options
should be compared against the
costs associated with the alterna-
tives. In particular, the more
expensive options have the
potential for significantly reducing
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the number of ambiguous events

and thus the number of OSis.

The resulting cost savings could

more than offset the increased

costs of Options 2 and 3.

Calibration options offer the
potential for significant improve-
ments in the monitoring system's
performance:

* Option 1 offers a low-cost pro-
cedure that would improve the
location capabillity of the moni-
toring network. It would comple-

ment activities to monitor large
explosions at specific mines.

* Provisions to carry out calibra-
tion activities of the level of
Option 2 could provide signifi-
cant improvements in the States
Parties’ abilities to detect,
locate, and identify events in the
regions where the activities are
carried out.

* The activities of Option 3 would
provide similar benefits and
some additional understanding

of the basic phenomenology
controlling the generation of
seismic waves. This under-
standing could provide a basis
for predicting and optimizing the
performance of the monitoring
network in other regions where
there is little monitoring experi-
ence. These activities could be
the central element of a pro-
gram of explosion studies car-
ried out as a part of ongoing
associated measures.




B ome mines worldwide det-
onate conventional explo-
sives that generate large seismic
signals that could be used to
mask the simultaneous detonation
of a decoupled nuclear explosion.
A seismic/radionuclide system
might be deployed at such mines
in order to give high assurance
that such an evasion attempt
would be unlikely to succeed.

Background

Some mines world-wide deto-
nate conventional explosives that
generate seismic signals compara-
ble to those of a 1—10-kiloton (kt)
decoupled nuclear explosion
(mp 2.5 10 3.5). These signals
could mask a simultaneous decou-
pled explosion. In addition, some
mines occasionally experience
mine tremors or rockbursts of even
larger magnitude (up to about my,
5.0). Mining experts generally
agree that it would be possible to
control the size and time of occur-
rence of some of these events,
particularly collapses.

Number of mines consid-
ered for monitoring

Based on a very rough esti-
mate there are worldwide fewer
than 50 mines emitting signals
greater than my, 3.5 (10 kt decou-
pled). Steps could be taken to
refine these estimates before and
during the Comprehensive Test
Ban Treaty, and to identify which
mines might be monitored. Those
mines that produce the largest
seismic signals could have moni-
toring systems installed.

Detection of masked
event

In the current state of technol-
ogy it is likely that in some mines
such a masking scenario as that

described above could not be dis-

tinguished from the chemical
blast alone, using seismic data
from only regional and teleseis-
mic distances. It seems plausible
that, in an evasion attempt, the
cavity for decoupling the nuclear
explosion would be located up to
a few kilometers from the con-
ventional blast in order to reduce
the possibility of leakage of
radionuclides. Detecting the rela-
tive location of two such sources
detonated simultaneously is likely
to be beyond the capability of
regional or teleseismic systems.

-

A small, high-tfreguency seis-
mic array couid be located at, or
on the perimeter of, the mine
itself. Analysis could consist of
examining the array data for mul-
tiple sources. There is extensive
literature on the subject.

Many mines today have mine-
monitoring seismic systems, and
the individual instruments them-
selves might well be satisfactory
for treaty monitoring purposes.
However, the power supply, data
structure, and security features
required in a treaty-monitoring
context might require systems
built especially for this task.

Relation to the global
seismic system

The mine seismic system
would be queried, generally, only
on the initiative of the
global/regional seismic system,
and it would complement that
system. It would be useful if each
monitored mine submitted a map
plan and a record of past blasting
activities. This map and alphanu-
meric data should be of substan-
tial use to the analyst studying
the mine with the seismic data.
Proprietary data issues would
have to be addressed.

The radionuclide system

The mine seismic system could
be complemented by an on-site
xenon system which, being so
close to the source, should have a
very low detection threshold. The
radionuclide system would be
similar to the inert gas stations
described in the U.S.
Radionuclide Monitoring Concept
paper (see page 15). If installed
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within a few kilometers of the
mine it should detect leakage
from a test for any wind direction.
Analysis of the mine inert gas
data could proceed similarly as for
the world-wide inert gas system.
While the mine seismic system
would be of little use for monitor-
ing events outside the mine, a
mine inert gas system could
serve as a supplement to the

approximately 100-element world-
wide xenon system, if it happened
to be favorably located. For this
reason there could be some cost
sharing of the xenon system with
the mine-monitoring system.

Options

The International Organization
could consider the possibility of

fostering information exchanges
on the technologies of ripple firing
and avoidance of rockbursts to
reduce the number of mines emit-
ting large signals. Those mines
which world-wide emit the largest
seismic signals might have mine
monitoring systems installed.




G hemical explosions can
generate seismic signals
that are indistinguishable from
nuclear explosions and may be
falsely indicative of a CTBT viola-
tion. If a nuclear explosion were
carried out underground in viola-
tion of a CTBT, it could potentially
be masked by a chemical explo-
sion or be explained away as a
chemical explosion.

Background

Chemical explosions represent

a problem in CTBT monitoring

because

* They will be detected in large
numbers by any good seismic
network.

* They could potentially be used
to obscure the seismic signal
from a small nuclear explosion
that was detonated simultane-
ously nearby.

¢ |t does not appear possible,
using seismic signals alone, to
tell the difference between a
contained underground nuclear
explosion and a contained

underground chemical explosion
of comparable yield in which all
the explosive is detonated as a
single charge.

Four different uses of
chemical explosions

Mining

The principal user of chemical
explosives is the mining industry,
which uses blasting agents of
many types and in large quanti-
ties to break rock. Many thou-
sands of mining explosions are
now carried out each year around
the world that may be expected
to result in detectable seismic
signals at low magnitude levels.
In the U S. and other countries
employing modern mining prac-
tices, most mining explosions
greater than a few tons of TNT
equivalent are detonated in sur-
face mines as a series of smaller
charges, in a practice known as
ripple-firing.t

Also, explosions used in
underground mining are typically
much smaller than explosions

used in surface mining. in order
to avoid danger to people and
damage to underground equip-
ment and structures. In modern
mining practice, it is rare for
chemical explosions, of a size
comparable to the yield of even
a small underground nuclear
explosion, to be detonated as

a single charge.

U.S. blasting practice. The
U.S. uses more than two mega-
tons of chemical explosives per
year. Of this total, about 70% is
used in the mining of coal; 8% in
mining for metal ores; 10% in
quarrying and nonmetal mining;
and 7% for construction. On a
typical work day in the U.S., for
example, there are thought to be
about 30 explosions greater than
50 tons, including one greater
than 200 tons. Explosions bigger
than a kiloton may occur a few
times a year in the U.S.

Most industrial explosions are
ripple-fired and shallow; this
results in their seismic magni-
tudes being considerably lower
than what it would be if the
charge were detonated all at
once and fully tamped. As a
rough rule, the magnitude is
determined by the amount of
charge set off in one component
blast, which for a large explosion
will be on the order of 1% of the
total. Since magnitude scales are
logarithmic, the magnitude reduc-
tion in this case would be about
two full units.

'For the typical large chemical explosion now carried out for commercial purposes, tens
or even hundreds of holes are drilled and separately filled with an individual charge, each
having its own detonator system. The detonators are then fired in a sequence of pre-
planned delays, in order to fragment the rock in a controlied fashion. The total time over
which separate charges are detonated may be on the order of a second, for explosions
totaling a few hundred tons of TNT equivalent. The extent to which this technique is

employed worldwide is unknown.
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In the U.S., there are on the
order of a few explosions a week
reported as being above local
magnitude 3.5; however it is not
reported if these explosions have
magnitude greater than 3.5 on a
teleseismic magnitude scale
(which is based on seismic
waves that propagate through the
solid earth for distances more
than 2000 km, and is the relevant
scale for characterizing the seis-
mic signals from a nuclear explo-
sion). The reason for the differ-
ence between magnitude values
is that magnitude scales were
designed for earthquakes and not
for characterizing the strength of
the very different type of signal
put out by a shallow ripple-fired
explosion.2

The largest signals from min-
ing blasts in the U.S. are associ-
ated with surface coal mires in
the Appalachian Mountains and
open-pit metal mines in the west-
ern states and the northern mid-
west. There are perhaps hun-
dreds of ripple-fired explosions in
the U.S. each week above local
magnitude 2.5.

Blasting practice outside the
U.S. We do not yet know the
scale of problems presented by
chemical explosions in other
countries, but there are data to
suggest that blasting practice
may be different from the U.S. in
some countries. Of particular
concern here is the extent to
which large, single explosive
charges are used in mining,3
since such blasts could be mis-
taken as possible nuclear explo-
sions on seismic records, or used
to obscure recordings of an
underground nuclear test. We do
have preliminary indications that
mining blasts of any type are
rarely large enough to be
recorded teleseismically (i.e., in
the way that underground nuclear
explosions have typically been
detected). Therefore, the detec-
tion and analysis of mining blast
signals must be done principally
using regional or close-in seismic
data.

Other industrial explo-
sions

Occasionally, hundreds of tons
or even kilotons of chemical
explosive are detonated all at

2Research has suggested several methods for analyzing seismograms to identify such
explosions as indeed being ripj.le-fired, but no full-scale evaluation of these methods has

been carried out.

3Coyote blasting. A few decades ago it was common industrial mining and quarrying
practice in the U.S. to drive a tunnel into rock, to fill it with chemical explosive, and to fire the
whole charge at once. This practice, known as “coyote blasting,” was known to produce
strong seismic signals since the explosion is mostly contained, but it is a notoriously danger-
ous practice because of the possibilities for miscalculation. Too much charge and the explo-
sion will blow rock fragments far and wide; too little and the rock does not fragment as
desired. As drilling technology has improved, the practice of coyote blasting has become

obsolete in the U.S.—but is that the case in other countries? Note that, to the extent that coy-

ote blasting is still carried out, there is the potential benefit of using such events as calibra-

tion explosions.

once (or in a small number of
separate charges) for a special
construction project, or as part of
a military program. An effect of
thie firing practice can be the
generation of seismic signals
much larger than is the case for
ripple-fired explosions. Such sin-
gle-fired explosions are usually
carried out on or close to the
earth’s surface and leave surtace
evidence such as a crater or
other ground disturbance (but
without radioactivity). Some of
these explosions have had tele-
seismic magnitude greater than
4, and have therefore been
detected at numerous seismic
stations. An issue of concern
here, for CTBT verification, is
whether a country might carry out
a small fully contained under-
ground nuclear explosion and
then claim it was a chemical
explosion.

Accidents

Every few years in this cen-
tury, a substantial accidental
chemical explosion has
occurred—usually at the earth’s
surface but occasionally under-
ground. Several of these acci-
dents have had teleseismic mag-
nitude greater than 4. Again,
there may be the need in such
cases to be assured the event
was indeed an accident and not a
cover for a CTBT violation.

Geophysical exploration
Underground chemical explo-
sions are used routinely for pur-
poses of geophysical investiga-
tion, generating seismic signals




that are interpreted to learn
details of internal earth structure.
However, such explosions are
quite smali (usually not more than
a few tons, and rarely a few tens
of tons). Sometimes, such explo-
sions are carried out in the ocean
and can be detected teleseismi-
cally as well as by strong hydroa-
coustic signais in the water.

Discussion

For decades, research in seis-
mic methods of CTBT monitoring
has emphasized detection of
earthquake and explosion sig-
nals, and procedures for discrimi-
nating between these two types
of seismic source. In recent
years, researchers have tack-
led—with some success—the
harder problem of identifying dif-
ferences between ripple-fired
explosions and single-fired explo-
sions. The companion paper on
mine monitoring (see page 66) is
principally concerned with solving
this latter problem, even in the

case that a single-fired explosion
is carried out at the same time
and same general location as a
large ripple-fired explosion. That
paper considers the use of high-
quality local recordings of the
seismic signals, which would be
obtained and made available to
the International Data Center. But
the problem of identifying by seis-
mic means alone the differences
between a single-fired chemical
charge and a nuclear explosion
of equivalent yield is harder still,
and there are good grounds for
believing it to be intractable, at
least with signals recorded at dis-
tances more than about a kilome-
ter from the source.

it follows that additional infor-
mation may be needed when sig-
nals apparently from a single-
fired explosion are received by
the International Data Center and
are large enough to be of con-
cern and there are no other data
that would rule out the possibility
that the explosion was not a
nuclear explosion.

Additional information may
also be needed when primary
and auxiliary seismic networks
detect some type of explosion,
but available data are inadequate
to determine whether the explo-
sion was ripple-fired or single-
fired, and the event magnitude is
high enough to be of concern.

Issues

Given that additional informa-
tion will be necessary for certain
types of observed explosions, to
have confidence that the event
was not nuclear we then ask:
what types of information may be
used to resolve such problem
events, and what criteria may be
appropriate to trigger efforts to
obtain the information? Examples
of measures that may be used to
address these issues are
described further in companion
U.S. papers, such as the paper
on Associated Measures (see
page 56).

m Arms Control and Nonproliferation Technologies » Second Quarter 1994




Distribution

Department of Energy

DOE/S
Hazel O'Leary, Secretary
Robert Degrasse
DOE/NN
Stephen E. Bacher
Anthony Czajkowski
Ken Baker
John Keliher
Kenneth Luongo
Max Koontz
George McFadden
DOE/DP
William Barker
Everet Beckner
Don Knuth
David Leclaire
Vic Reis
DOE/EH
Tara O'Toole
Germantown/DOE/DP
Kenneth Adney
Charles J. Beers
Greg D'Alessio
Richard Hahn

Department of Energy Operations Offices

Albuguerque Operations
Bruce Twining

Idaho Operations
Augustine A. Pitrolo

Nevada Operations
Nick C. Aguilina

Oak Ridge Operations
Robert Spence
Joe Lagrone

San Francisco Operations
Dick Fredlund

Office of Scientific and Technical Information
Axel Ringe
Technical Library

Arms Control and Disarmament Agency

Victor Alessi
Thomas Graham

S. Reed Hanmer
Janey Hatcher
John Holum
Arthur Kuehne
Stephen Ledogar
Robert Meissner
Pauia Scalingi
Steven Steiner
Bureau of Nonproliferation Policy
Bradley Gordon
Michael Rosenthal
Joseph P. Smaldone
Robert Summers
Bureau of Verification and Implementation
Robert Cockerham
Paula DeSutter
Raymond Firehock
Edward Lacey
Richard Morrow
Amy Sands
O. J. Sheaks
Thomas Yehl
Bureau of Strategic and Eurasian Affairs
Lucas Fischer
Rodney Jones
Karin Look
Stanley Riveles
Davis Wollan
Bureau of Multilateral Affairs
David Clinard
Pierce Corden
Katherine Crittenberger
Donald Mahley
Bob Mikulak
William Staples

Intelligence Community Staff

John Fish
Norbert J. Crookston

Central Intelligence Agency

Pat Curtis

Torrey Froescher
Douglas J. MacEachin
John McLaughlin

Jill McMaster

Don Pittman

William Studeman
Larry Turnbull




Chris Westbrook
Ruth Worthen

Arms Control Intelligence Council

Craig Chellis
James Meditz

Non-Proliferation Center
Gordon C. Oehler

Department of Defense

OUSD/Office of the Asst. to the Sec'y
(Atomic Energy)

Harold Smith 2 copies
OUSD/International Security Policy

Benson Adams

Sheila Buckley

Stephen Hadley

Sally Horn

William Kahn

Andrew Marshall

Franklin Milier

Mark Schneider

Kent Stansberry

Mitch Wallerstein
OUSD/Acquisition

Richard Beckman

John Deutsch

Arthur Johnson

Frank Kendall

Lee Minichiello

George Schneiter
Defense Intelligence Agency

Dewey Lopes

John Berbrich

Joe Kerr
Joint Chiefs of Staff

Austin Chapman

Roland Lajoie

David W. Mclivoy

Edwin S. Leland, Jr.

Peter J. Engstrom
National Security Agency

Charles Garrish

Richard Gronet

John McConnel

Michael Smith

USAF: International Negotiations for Arms Control

Defense Nuclear Agency
Alane Andreozzi-Beckman
Michael Evenson
Don Linger
Cathy Monti
Roy H. Nelson
George Ulrich
Defense Technical Information Center
Kurt Molholm
Advanced Research Projects Agency
Ralph Alewine, Il
Raymond S. Colladay
Terese Esterheld
On-Site Inspection Agency
Gregory Govan
Gene McKenzie
Jeorg Menzel
institute for Defense Analysis
Jeff Grotte
Strategic Defense Initiative Organization
Henry Cooper
U.S. Army Foreign Science and
Technology Center
Keywood Cheves
U.S. Army Dugway Proving Grounds
Reed Carlson
U.S. Army, ERDEC
Joe Paranowski
U.S. Army, SSDC (CSSD-TA)
Matthew Nichols
Defense Technology Security Administration
Edward B Levy

Department of State

Linton Brooks
Michael Rosenthal
James P. Timbie
Bureau of European and Canadian Affairs
Alex Burkart
Alexander R. Vershbow
Bureau of Intelligence and Research
L. Elizabeth Frisa
Randolph Bell
Charles J. Jefferson
Bureau of Politico-Military Affairs
Richard Clarke
Richard Davis
Robert Einhorn

n Arms Control and Nonproliferation Technologies * Second Quarter 1994




Robert Gallucci
Anne Harrington
Elizabeth Verville
John Zimmerman
Warren Zimmerman

National Security Council

Steve Andreasen
Bob Bell

Michael Fry

Elisa Harris
Daniel Poneman
Heather Wilson
Philip Zelikow

General Accounting Office
Michael ten Kate

Congressional Offices

Senator Bingaman Staft
John Gebhart
Senator Domenici Staff
Alex Flint
Office of Technology Assessment
Alex Karas
Senate Armed Services Committee
Madelyn Creedon, Jack Mansfield, Monica Chavez
House Armed Services Committee
Joan Rohlfing
Senate Select Committee on Intelligence
Edward Levine
House Permanent Select Committee on Intelligence
Diane Roark, Virginia Callis
Senate Foreign Relations Committee
Bill Ashworth
House Appropriations Committee
Jeanne Wilson
Senate Appropriations Committee
Mark Walker
Governmental Affairs Committee
Randy Rydel

National Institute of Justice
David G. Boyd

Los Alamos National Laboratory

Siegfried Hecker, Director
Donald Cobb 24 Copies

Lawrence Livermore National Laboratory

C. Bruce Tarter, Acting Director
Bob Andrews 44 copies

Vault 3540 20 copies

T.1.D. Library 10 copies

Sandia National Laboratory
Tom Sellers 23 copies

Argonne National Laboratory
Armando Travelli 3 copies

Brookhaven National Laboratory
Joseph Indusi 6 copies

idaho National Engineering Laboratory
Harry Sauerwein 4 copies

Oak Ridge National Laboratory
Scott McKenney 4 copies

Pacific Northwest Laboratory
Thomas Fox 5 copies

Savannah River Technology Center
Al Boni 3 copies

Air Force Technical Applications Center
Frank Pilotte 5 copies

Univ. of Calif. National Security Panel

John F. Ahearne
Sidrey D. Drell, Chmn.
Robert C. Dynes
JoAnn Elferink

William R. Frazer
Andrew J. Goodpaster
Raymond Orbach
Robert Peurifoy
Thomas Reed

Robert H. Wertheim
Herbert F. York

Elaine Stammon, Coord.

% U.S. Government Printing Office 1994-583-119/10010




Centimeter
12

Inches

3

4

5

2

MANUFACTURED TO AIIM STANDARDS

o

[

Association for Information and Image Management

1100 Wayne Avenue, Suite 1100
Silver Spring, Maryland 20910

301/587-8202

~N

8 9 10 11

3 4

s flzs

i J122 22
ol X llz

el

lle&

L e

BY APPLIED IMAGE, INC.

// ‘0

A

12 13 14 15 mm

5






DATE
" FILMED
1215 /9






