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Welcome to the 44th INMM Annual
Meeting and the new J.W. Marriott
Desert Ridge Resort & Spa. The
Executive Committee chose this venue
two years age when it existed only on
paper. We were very pleased–and
relieved–in March when we met here for
the Technical Program Committee and
Executive Committee meetings and
found it exceeded our expectations. 

We are frequently asked how the
Executive Committee picks annual meeting
sites. It’s a matter of priorities and trade-
offs. We stay in the United States because
most of our members live there and many
would be unable to get their employers’
approval for foreign travel to attend a con-
ference. For our international members we
select locations easily accessible by interna-
tional air carriers. We pick properties that
can accommodate our needs for both
guest rooms and concurrent sessions. We
recognize that many attendees travel on
government funds and must abide by gov-
ernment per diem rates. Premium facilities
at government per diem generally equate
with off-season rates–thus summer in
southern climes. We are making renewed
efforts to move future meetings further
north–after returning to Orlando in 2004
and Phoenix in 2005. We hope this will be
abetted by a buyer’s market due to the cur-
rent economic downturn and by the more
recent two-tier government per diem rate
structure that recognizes seasonal rates. 

Elections
Every two years INMM members elect a
president, vice president, secretary, treas-
urer, and two members-at-large for their
officers and Executive Committee. The
election results are presented to the
members at the Annual Business Meeting
and published in the Annual Report to the

Membership. We are frequently asked
how candidates are nominated. The
process is described in our Constitution
and Bylaws. This year the Executive
Committee appointed the officers as the
Nominating Committee and designated
the past president as its chair. The
Nominating Committee selects candidates
for each position from among INMM
members. INMM membership is the only
formal qualification for office, but in prac-
tice the Nominating Committee follows
several unwritten guidelines. These
include a demonstrated commitment to
INMM, demonstrated leadership quali-
ties, diverse representation, and employer
support. This year the Nominating
Committee chair solicited names to
consider as candidates. We received several
and discussed all before selecting the
nominees. The Bylaws also prescribe that
candidates can be nominated by petition
signed by fifteen members. 

Volunteers
I would guess that all past presidents have
written about volunteerism because vol-
unteers are critical to the success of
INMM. We are often asked the best way
to get involved with INMM. Let me give
you my perspective. Show up, help figure
out what needs to be done, then volunteer
to do it. I firmly believe that no matter
where you live and work you can con-
tribute time and effort to some INMM
activity. If you attend the Annual Meeting,
you’ll find a wealth of opportunities. Each
year at the Annual Meeting, all technical
divisions, most standing committees, and
several chapters hold meetings and
actively seek volunteers. All regular meetings
of the Executive Committee in November,
March, and July are open and provide
additional opportunities to get involved.

This is especially true with our ongoing
strategic planning activities. If you are
unable to travel to meetings, then partici-
pate in your chapter. The chapters are
always seeking more volunteers too. If you
can neither travel to distant meetings nor
live in the vicinity of a chapter, you can
still make an individual contribution.
Write articles or review books for the
Journal, contribute to the INMM
Communicator or INNM eGroup, make
presentations to local schools and univer-
sities, recruit new members and student
members, or form a new chapter. I am
sure you can think of more ideas and I
solicit your active participation.

Students
Last year at this time some of us had high
expectations for significant increases in
student participation in INMM. The
Annual Meeting attracted eight student
papers and we presented two student
paper awards. One chapter sponsored a
student and faculty member at the Annual
Meeting. Other chapters were engaging
universities in their regions. Two universities
were considering forming the first INMM
student chapters. This year the picture is
not as rosy. There is a paucity of student
papers and the first student chapter has yet
to be established. We must redouble our
efforts to attract students to our profession
and professional society. I will lead a meeting
Wednesday evening during the Annual
Meeting to activate a student activities
committee, brainstorm ideas to attract stu-
dents, and support our strategic planning
for this vital area. Check the meeting
Addendum for the time and location.

INMM President John C. Matter may
be reached by e-mail at jcmatter@Sandia.gov.

President’s Message
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Abstract
A statistical analysis of the measurement performance of five non-
destructive assay (NDA) systems currently in use for radioassay of
nuclear waste was performed. Relative bias, precision, and
reported vs. actual measurement uncertainty were assessed based
on measurements of twenty-one real transuranic waste drums.
The analysis found significant differences between the systems in
the reported mass values for both total plutonium and 241Am.
Significant differences in the precision of measurements was evi-
dent as well for total plutonium, but not for 241Am. Reported
measurement error values often underestimated actual values for
certain waste configurations.

Introduction
A number of different types of NDA systems are used to character-
ize transuranic waste for shipment to the U.S. Department of
Energy’s (DOE) Waste Experiment Pilot Plant (WIPP) in
Carlsbad, New Mexico, U.S.A. To acquire data on these systems’
relative measurement performance capabilities, a study of five of
these systems was conducted at the Idaho National Engineering
and Environmental Laboratory (INEEL). During the study, the
NDA systems were presented with a suite of both real and surrogate
waste drums for assay. An initial summary report of the findings was
released shortly following the study.1 A later report presented a
more detailed analysis of the surrogate drum measurement results.2

The purpose of this report is to present the results of a statistical
analysis of the real waste-drum measurement results.

Participants   
Five NDA systems were evaluated during the tests. The test loca-
tion and its temporary nature required that the systems be
mobile. However, the systems are quite similar to others perma-
nently located around the country. With the exception of passive-
active neutron systems, virtually all commonly used NDA
methods were represented. The evaluated systems were provided
and operated by Canberra Industries, Inc., (three systems), Los
Alamos National Laboratory (one system), and Bio-Imaging
Research, Inc. (one system). A list of the systems and associated

software configurations is given in Table 1.
All systems except the waste-inspection technology (WIT)

obtained measurements on a majority of the test drums in the
study. Due to a long data acquisition time, only a few test drums
were evaluated by the WIT system.

It is important to note that the results obtained from these
tests apply only to the stated NDA configuration. Suppliers of
NDA-characterization services continually refine their tech-
niques. Therefore the hardware configuration and software ver-
sions used to develop the results in this report may be different in
the future or may have already been modified in an attempt
improve performance or address a wider range of waste form con-
figurations. Still, the results given should provide at least a starting
point for determining the suitability of the current versions of
these systems for a particular application.

Test Methods
The NDA system evaluation was performed by presenting partic-
ipants with a set of twenty-one well-characterized standard 208-
liter drums containing various forms of real transuranic waste.
The waste drums were selected from an inventory of drums
generated as a byproduct of operations at the DOE’s Rocky Flats
Plant. The tests were conducted using a blind format. For each
drum, participants were only provided the DOE item description
code (IDC) of the contents and the net weight. Participants
processed each test drum through their routine NDA procedure
per a pre-declared hardware configuration and software version.
Participants were required to keep the same configuration
through the duration of testing. Participants each had six weeks
to process as many of the test drums as possible.

To provide data to evaluate of system precision and bias,
participants were directed to perform eight replicate measurements
of each test drum. Drums were required to be re-indexed or other-
wise repositioned between the replicate measurements. On com-
pletion of the eight replicate measurements for a test drum, the
assay system representative was instructed to transfer a report
containing the measurement results to the test monitor. The assay
measurement data reports were then logged and transmitted to the
project referee. Most reports provided mass quantities of each
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radioisotope and radionuclide identified. In cases where masses
were not explicitly listed, they were calculated for use in this report
from the reported activity using known specific activity values.

After the original measurement results were submitted, they
were scored per the test plan.3 Participants were then informed
whether their measurement of each drum was inside or outside of
a particular parameter evaluation range. Participants were then
allowed to adjust their analysis methodology and resubmit results
if they wished. This was done to prevent any easily rectifiable
gross calculational errors from invalidating an entire set of results.
The results after possible recalculation are presented in this paper.

Description of the Test Drums
The selection of test drums was directed toward waste types that
represent significant fractions of the DOE waste inventory. The
waste types and associated IDCs included were graphite (300),
combustibles (330, 336), filters/insulation (376), inorganic
sludge (001), organic sludge (003), MSE salts (409, 411), glass
(440), raschig rings (442), and mixed metals (480, 481). These
waste types cover a broad range of waste attributes including total
transuranic alpha activity, radioactive source distribution, and
radionuclide/isotopic composition, as well as waste matrix ele-
mental composition, density (average and distributed), and pack-
aging configuration. Multiple test drums were specified for each
waste category, resulting in either two or three waste drums for
each category.

To aid in selecting appropriate waste drums for the tests, can-
didate drums were assayed in detail (e.g., using long count times
or multiple measurements) using the INEEL’s passive-active neu-

tron (PAN) radioassay system. Furthermore, radiochemistry
results were available for some of the sludge drums. These meas-
urement results are used below in describing the special charac-
teristics of individual waste drums. However, since even the
extensive PAN data does not necessarily state the true radionu-
clide content of the drums with complete accuracy, they are not
used in any way as true or reference results in evaluating partici-
pant system performance. A summary of the waste-drum charac-
teristics as estimated using the PAN system data is given in Table 2.

Special Drum Characteristics
Several of the waste drums had characteristics addressing specific
NDA performance issues. The combustibles waste drum (RF3) is
a good drum for evaluating the ability of a system to properly
identify and quantify a radionuclide composition other than
standard weapons-grade plutonium. This drum contains 235U in
addition to weapons-grade plutonium at a weight fraction of
approximately 12 percent. The mass of 235U is in excess of 0.5
grams and should be readily detected. The combustible matrix is
generally considered not to pose a significant complication to
existing waste NDA technologies. Failure of a given system to at
a minimum identify the presence of 235U would thus be indicative
of poor or nonexistent ability to accommodate waste forms that
have radionuclide distributions other than that of typical
weapons-grade plutonium.

The other combustibles waste drum (RF4) clearly falls in the
low-level vs. transuranic-waste segregation category at an esti-
mated alpha activity concentration of 56 nCi/g. In addition, this
drum also has a small quantity of 235U, which also necessitates
identification and quantification.
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System and owner/operator System specification and/or software utilized

High-Efficiency Neutron Counter (HENC) 
Canberra Industries, Inc.

Canberra Neutron Assay Software (NAS),Version 2.0A
MGA V9.5a isotopics software
MGAU uranium isotopics software
Isotopic values obtained using IQ3 data

IQ3 Gamma-Assay System (IQ3)
Canberra Industries, Inc.

Genie-PC Waste Assay Software,Version 2.1
MGA V9.5 isotopics software
MGAU uranium isotopics software
IQ3_Rev. 3 TMU Report Excel spreadsheet

Segmented-Gamma Scanner (SGS)
Canberra Industries, Inc.

Canberra WM2210T SGS
Canberra Gamma Waste Assay Software,Version 2.2 MGA V9.5a isotopics software
MGAU uranium isotopics software
Canberra SGS_REV4.xls spreadsheet (for differential peak correction and
determination of derived quantities such as total alpha activity)

Tomographic-Gamma Scanner (TGS)
Los Alamos National Laboratory

WIN_TGS,Version 2.20 (data acquisition)
TGS_ARC,Version 1.1 (data reduction)
FRAM isotopics system

Waste-Inspection Tomography (WIT) 
Bio-Imaging Research

WIT single detector hardware configuration
A&PCT Revision 1.3 software

Table 1. Participant system descriptions
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Actual Rocky Flats
waste drum

Total TRU
� activitya (Ci)
{� nCi/g}

239Pu
mass (g)

240Pu
mass (g)

241Am
mass (g)

235U
mass (g)

238U
mass (g)

graphite (RF1) 0.502
{1.4e4} 5.879 0.367 0.011 ___ ___

graphite (RF2) 0.799
{1.2e4} 9.270 0.579 0.020 ___ ___

combustibles (RF3) 0.431
{1.3e4} 4.877 0.305 0.014 0.542 ___

combustibles (RF4) 0.002
{56} 0.020 0.001 6.240e-05 0.006 ___

filters/
insulation (RF5)

0.285
{4,825} 3.295 0.206 0.007 0.015 ___

filters/
insulation (RF6)

11.998
{4.0e5} 143.687 8.090 0.249 ___ ___

inorganic sludge
(RF7)b

2.564
{1.7e4} 0.572 0.036 0.735 0.846 ___

inorganic sludge
(RF7)c

1.790
{1.2e4} 0.481 0.030 0.511 0.846 ___

inorganic sludge
(RF8)b

0.353
{1782} 2.348 0.147 0.049 0.633 295.358

inorganic sludge
(RF8)c

0.364
{1838} 2.650 0.166 0.046 0.633 ___

inorganic sludge
(RF9)b

0.949
{6683} 1.050 0.691 0.022 ___ ___

organic sludge
(RF10)a

0.085
{607} 0.980 0.061 0.002 0.018 ___

organic sludge
(RF11)b

0.148
{643} 1.712 0.107 0.004 0.018 ___

organic sludge
(RF11)b

0.114
{496} 1.350 0.085 0.002 0.177 ___

MSE (RF12) 15.019
{4.8e5} 161.332 9.612 0.686 ___ ___

MSE salts (RF13) 73.765
{9.9e5} 277.731 17.355 15.126 2.086 ___

glass (RF14) 0.182
{2141} 2.027 0.127 0.006 0.450 ___

glass (RF15) 0.238
{4091} 2.722 0.170 0.007 0.056 ___

glass (RF16) 7.783
{2.0e5} 76.417 4.775 0.510 2.420 ___

raschig ring (RF17) 0.087
{1323} 0.961 0.060 0.003 ___ ___

raschig ring (RF18) 0.615
{1.3e4} 7.045 0.440 0.017 ___ ___

mixed metals
(RF19)d ___ ___ ___ ___ ___ ___

mixed metals
(RF20)

0.437
{3624} 3.969 0.248 0.036 0.099 190.000

mixed metals
(RF21)

1.575
{2.4e4} 17.968 1.123 0.047 ___ ___

Table 2. Actual Rocky Flats waste-drum best estimate radioactive material loadings

a. Based on the PAN passive mode measurement unless otherwise indicated
b. PAN active mass measurement

c. Radiochemistry measurement
d. Blank sample, no activity



The glass waste drum (RF14) is similar to RF3 in that the
sample contains an enhanced 235U to weapons-grade plutonium
weight fraction. (In excess of 20 percent in this case.) The glass
matrix, although more dense than combustibles, should be
accommodated by most waste NDA techniques. Thus this sample
provides an indication of the ability to detect and quantify
radionuclide distributions other than that of standard weapons-
grade plutonium in a slightly more difficult matrix configuration. 

Some of the sludge drums also have high 235U weight fractions.
Due to the density of the sludge materials, detection of 235U in these
drums will be the most difficult. Also, one sludge drum (RF8)
and one mixed metals drum (RF20) have large 238U quantities.

Data Analysis Methods
The analyses for this report focused on assessing relative bias and
precision of measurements and on the adequacy of stated error
values. The basic quantities analyzed were the measured mass
values for total plutonium mass and the specific isotopes 235U,
238U, and 241Am. (Total plutonium mass quantities were not
reported by all participants. In those cases, the total plutonium
mass was obtained by summing the individual plutonium isotope
quantities. In these cases the total plutonium mass measurement
error was calculated as the square root of the sum of the squares
of the errors for the individual isotopic quantities.)

Precision is stated in terms of standard deviations of replicate
mass measurements. All measures of precision are stated in this
report as one standard deviation values. (Participants were required
to report two standard deviation measurement errors in the CEP,
but these numbers were divided by two for use in this report.)

To formally assess the overall relative performance of the
systems tested, a series of statistical comparisons of the mean
response values and standard deviation values across drums was
performed using analysis of variance (ANOVA) techniques. These
analyses did not include the WIT system because it only assayed
two of the waste drums. For the other four systems, the ANOVA
analyses cover only the thirteen waste drums measured by all four
systems. These drums were RF1-RF5, RF8-RF11, RF13-RF15,
and RF19. This is a wide enough range of waste types to give a
good overall view of the relative performance of the systems. 

Because there were considerable differences in the variance of
the replicate measurements for the various waste drums, standard
ANOVA techniques were not appropriate. (Equality of variance is
an important assumption for the validity of significance tests in
standard ANOVA). Hence, nonparametric analysis of variance
techniques were employed.4 In particular, the nonparametric
Friedman test (equivalent to ANOVA performed on ranks) was
used to test for significant differences in values of mean measured
mass, and the standard deviations of replicate values between the
four systems. In each of these analyses, the value of interest from
each system’s measurements of a particular drum was ranked in
order of magnitude from 1 to 4. Then the average rank for each

system across the thirteen waste drums was calculated. The
Friedman test was then calculated by means of ANOVA on the
ranks. The results indicate whether there are significant differences
among the drums in the overall ranking. If so, then multiple com-
parison tests can be used to determine which systems are signifi-
cantly different from one another. Unless otherwise indicated, all
tests in this report were considered to be statistically significant if
the p-value for the test was 0.05 or less.

Results
Because the true contents of the waste drum are not known, the
analysis of the waste-drum measurements focuses on the relative
performance among the systems. Again, it is important to note that
some of the waste drums contained matrix material characteristics
and/or nuclide quantities that were outside the capability envelope
of a particular participant’s technology, but participants were
encouraged to attempt all measurements anyway. Thus in inter-
preting the results, it is important to realize that, in production
waste measurement operations, some of these data would never
occur because drums with characteristics outside a system’s known
capabilities would be rejected from the measurement process.

Mean Measurement Values for Individual Isotopes
Mean measurement values and 95 percent confidence bounds for
each of the measurement systems for the waste drums are plotted
in figures 1 through 4 for total plutonium and the isotopes 241Am,
235U, and 238U. Results for the uranium isotopes are shown only
for those drums for which these isotopes were indicated as present
in Table 2. When a drum was not assayed, no data appear in the
plots. To distinguish between cases were a system did not assay a
drum and cases where it assayed a drum but did not detect or
report any values for a particular isotope, a value of zero is plotted
in the later case.

Analysis of Variance for Mean Differences, 
Total Plutonium and 241Am
The comparison of the measured values across the measurement sys-
tems using ANOVA provides a measure of relative bias among the
systems. This is a useful measurement but it should be kept in mind
that while it will indicate if a system is performing differently from
other systems in terms of the measured mass values, it does not iden-
tify which system is most correct (since the true values are not known).

The nonparametric ANOVA tests were performed sepa-
rately for the two measures total plutonium and 241Am. In both
cases, the Friedman test indicated there were significant differ-
ences between the measurement systems. The p-value for the
overall significance test was less than 0.01 in both cases. The
mean ranking of each system for the measurements of each iso-
tope and results of the multiple comparisons tests to determine
which systems were producing the significant results are pre-
sented in tables 3 and 4.
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The tomographic-gamma system (TGS) produced the highest
total plutonium measurements overall with a mean rank of 3.3.
(A system that produced the highest measurement on every drum
would have a mean ranking of 4.0. If it always produced the lowest
measurement, the mean ranking would be 1.0.) The differences
between the mean value for the TGS system and the IQ3 and
SGS systems were statistically significant. The smaller difference
between it and the high-efficiency neutron-counter (HENC) sys-
tem was not. The difference between the segmented-gamma scan-
ner (SGS) system (which at 1.9 had the lowest mean ranking) and
the HENC system was nearly significant (p = 0.06). 

As might be expected, the results for 241Am parallel those for
total plutonium. There were only slight differences in the mean
rankings and the significance test results. This similarity is generally
due to the use of standard isotopic mass ratios applied to base plu-
tonium measurements to obtain the 241Am value. Typically, with
both neutron and gamma systems operating on this type of waste,
standard weapons-grade plutonium isotopic values are used unless
evidence suggests there are significant departures. See the discussion
below for 235U for the systems’ capabilities to recognize the presence
of other isotopes in nonweapons-grade source configurations.

The WIT system only assayed two of the waste drums (RF11
organic sludge and RF20 mixed metals). In both cases it reported
noticeably higher quantities of total plutonium than the other
systems. A consistent relative bias in the WIT system measure-
ments does not apply to the 241Am results for these two drums. It

reported the lowest 241Am value for the mixed metals waste drum
but fell in the middle of the other systems values on the organic
sludge drum measurements.

Uranium Isotope Results
Among the twelve drums in Figure 3 (those with reported 235U
quantities in Table 2), none of the evaluated systems reported
detectable quantities in the filters drum, the MSE salts drum, or
three of the four sludge drums. Only the HENC and the IQ3 sys-
tems reported quantities in the combustible drum RF4. The
HENC system did not report 235U quantities for the glass drums
RF14 and RF16, but it did for RF15. The SGS system did not
report measured values for the glass drum RF15 but did for
RF14. (The SGS system did not assay the RF16 glass drum.) The
WIT system did not report measurable 235U on the mixed metals
drum RF20, the only drum of the twelve it assayed.

Relative agreement of the mean values between the measure-
ment systems varied from drum to drum. Maximum mean values
exceeded minimum non-zero mean values by as little as 10 per-
cent (mixed metals RF20) and as much as 300 percent (glass
RF15). For drums for which it reported non-zero measured val-
ues, the TGS system always reported the highest 235U mass.

The HENC, IQ3, and SGS systems all detected 238U in the
inorganic sludge drums RF8 and the mixed metals drum RF20
(Figure 4), reporting at least 250g in each case. The TGS system
did not report any 238U in RF8 and did not assay RF20. Of these
two drums, the WIT system assayed only RF20 and did not
report any 238U. 

Precision of Isotopic Mass Values
Although the confidence bounds plotted in figures 1 through 4
are based on standard errors, they are proportional to the standard
deviation of the replicate measurements because (except for a few
cases of missing replicate measurements) they are all based on
eight replicate measurements. Thus they serve as graphical repre-
sentations of the precision of the measurements. (The length of
the error bars are equal to 0.85*s, where s is the standard devia-
tion of the replicate measurements and 0.85 is the two-sided 95
percent student’s t-value divided by the square root of 8.)

Analysis of Variance for Replicate Standard Deviation of Total
Plutonium and 241Am Measurements
The standard deviations of the replicate measurements were com-
pared across the HENC, IQ3, SGS, and TGS systems using non-
parametric ANOVA techniques in the same manner as reported
above for the mean values. (As with the means analysis, only the
thirteen waste drums assayed by all four systems were included,
and the WIT system was not included because it assayed only two
drums.) The results of the ANOVA tests for precision were per-
formed for total plutonium and 241Am. The results provide meas-
ures of significant differences in the replicate standard deviations
of the four systems. 
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System Mean rank

p-value for difference in mean rank from:

HENC IQ3 SGS TGS

HENC 2.8 __ 0.11 0.06 0.24

IQ3 2.0 0.11 __ 0.73 0.01*

SGS 1.9 0.06 0.73 __ 0.00*

TGS 3.3 0.24 0.01* 0.00* __ 

Table 3. Mean ranks and significance test results for differences 
in total plutonium measurements of thirteen waste drums
(Significant p-values indicated by asterisks.)

System Mean rank

p-value for difference in mean rank from:

HENC IQ3 SGS TGS

HENC 2.6 __ 0.31 0.10 0.10

IQ3 2.2 0.31 __ 0.50 0.01*

SGS 1.8 0.10 0.50 __ 0.00*

TGS 3.4 0.10 0.01* 0.00* __ 

Table 4. Mean ranks and significance test results for differences in
241Am measurements of thirteen waste drums. (Significant 
p-values indicated by asterisks.)
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The Friedman test indicated no significant differences exist
between the measurement systems in the 241Am standard deviations
(p = 0.15). For the total plutonium quantities, the Friedman test
was statistically significant (p < 0.01). The mean ranking of each
system for the standard deviation of total plutonium values and
results of multiple comparison tests to determine which systems
were producing the significant results are presented in Table 5. 

All the comparisons between systems in the mean ranked
standard deviation values for total plutonium were statistically
significant except for the difference between the HENC and TGS
systems. These two systems showed the largest mean ranks on the
replicate standard deviations, hence the poorer precision values.
The IQ3 system showed the lowest rank (best precision).

Reported Error vs. Replicate Standard Deviation
It is of interest to compare the replicate standard deviation values
to the average reported error value. In general the reported error
should be larger than the replicate standard deviation because it is
suppose to be a total uncertainty value. As such, it should include
all sources of measurement error including bias (which can be
quite large) as well as other precision error effects not reflected in
replicate measurements. Total uncertainty is generally calculated
by combining precision error with bias error in quadrature. Hence
the approximate degree to which other error sources have been
considered in deriving the stated measurement error values is cal-
culable by taking the square root of the difference between the
squared average reported error and the squared replicate standard
deviation. These values, expressed as a percent of the mean total
mass quantity, are reported in tables 6 through 9 for each of the
four systems that reported error values. When the average reported
error value for a particular drum was less than the replicate stan-
dard deviation, a value of zero is listed. Thus a zero value indicates
a tendency to underestimate the true value to some degree.

In terms of percent of the mean mass value, some measure-
ments showed extremely large excess variability in the reported vs.
replicate standard deviation values. This was usually due to the

System Mean rank

p-value for difference in mean rank from:

HENC IQ3 SGS TGS

HENC 3.0 __ 0.00* 0.04* 0.33

IQ3 1.4 0.00* __ 0.05* 0.00*

SGS 2.2 0.04* 0.05* __ 0.00*

TGS 3.4 0.33 0.00* 0.00* __ 

Table 5. Mean ranks and significance test results for differences in
total plutonium replicate standard deviations of thirteen waste
drums (Significant p-values indicated by asterisks.)

Drum

Excess variability in the mean stated error over 
replicate standard deviation 

(expressed as a percent of mean measured mass value)

Total plutonium 241Am 235U 238U

RF1 18 19
RF2 18 19
RF3 12 11 10
RF4 16 9 96
RF5 22 15
RF6
RF7
RF8 35 36 48 39
RF9 32 35
RF10 28 28
RF11 38 40
RF12
RF13 18 22
RF14 19 12 22
RF15 15 16 21
RF16
RF17 16 17
RF18 15 16
RF19
RF20 24 25 36 26
RF21 16 17

Table 7. Comparison of stated error values to replicate standard
deviations, IQ3 system

Drum

Excess variability in the mean stated error over 
replicate standard deviation 

(expressed as a percent of mean measured mass value)

Total plutonium 241Am 235U 238U

RF1 5 5
RF2 5 5
RF3 9 11 8
RF4 14 17 102
RF5 0 15
RF6 11 0
RF7 0 0
RF8 59 60 69 39,514
RF9 0 24
RF10 46 47
RF11 64 64
RF12 17 18
RF13 0 0
RF14 10 10
RF15 2 6 13
RF16 8 6
RF17 6 3
RF18 5 5
RF19 162 163
RF20 0 4 29 25,745
RF21 6 6

Table 6. Comparison of stated error values to replicate standard
deviations, HENC system



measured quantity being quite small (thus inflating values expressed
as a percentage of the measured quantity). Several differences
between the systems in regard to reported errors can be seen by com-
paring the results for total plutonium and 241Am between systems.

Overall, the HENC system’s reported uncertainty showed
the least amount of error in excess of replicate standard deviation.
The median value for total plutonium and 241Am was 6 percent.
The IQ3 system exhibited the largest median excess error values;
18 percent for both total plutonium and 241Am. The median values
were approximately 11 percent for the TGS system and 15
percent for the SGS system (for both total plutonium and 241Am).

The HENC system reported error was less than the replicate
standard deviation for five of the twenty-one drums measured for
total plutonium and for three of the twenty-one drums for 241Am,
suggesting a tendency to underestimate total error. The TGS and
IQ3 systems showed no drums for which the reported error was
less than the replicate standard deviation. For the SGS system, the
reported value was less than the replicate value for one of nineteen
drums for total plutonium and three of twenty drums for 241Am.

In a previous report on surrogate waste-drum measurements
for these same systems where the true isotopic mass quantities
were known, significant bias values in excess of 20 percent (i.e.,
recovery values less than 80 percent or greater than 120 percent)
for plutonium isotopes and 241Am were common for all the meas-
urement systems.2 However, due to the balancing of the over and
under 100 percent recovery values, the median bias values in the
surrogate waste drums were much closer to zero in most cases. For
example, for 239Pu the median surrogate waste-drum bias values
were 6 percent for the HENC and IQ3 systems, 8 percent for the
SGS system, and 5 percent for the TGS system. For 241Am, the
values were 7 percent for the HENC system, 0 percent for the
IQ3 system, 9 percent for the SGS system, and 49 percent for the
TGS system. Hence, except for the case of the TGS system 241Am
measurements, the median of the allowed excess uncertainty in
the waste-drum measurements seems to be large enough to
include expected bias effects. However, for specific waste types
(such as those where no excess in the reported uncertainty vs.
replicate standard deviation), there can still be considerable
differences between the allowed excess and the bias exhibited in
the surrogate waste drums of the same waste type.

Summary
The tests presented NDA systems with a broad range of real
transuranic waste configurations and included many complicating
factors that challenged their measurement capabilities. No clear
winner among the systems tested in that no one system consis-
tently outperformed the others. Each system had configurations
where it performed well and those where it did not. 

Results on the waste drums were quite variable. The WIT
system only assayed two drums, so its results are not complete.
However, the WIT system reported the largest total plutonium
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Drum

Excess variability in the mean stated error over 
replicate standard deviation 

(expressed as a percent of mean measured mass value)

Total plutonium 241Am 235U 238U

RF1 32 34
RF2 15 16
RF3 10 12 14
RF4 0
RF5 14 15
RF6 13 14
RF7 0
RF8 43 46 47 15
RF9 11 12
RF10 12 0
RF11 31 27
RF12 20 22
RF13 30 35
RF14 18 18 21
RF15 14 15
RF16 16 18 22
RF17 13 14
RF18 13 14
RF19
RF20 15 16
RF21 14 15

Table 8. Comparison of stated error values to replicate standard
deviations, SGS system

Drum

Excess variability in the mean stated error over 
replicate standard deviation 

(expressed as a percent of mean measured mass value)

Total plutonium 241Am 235U 238U

RF1 9 10
RF2 9 10
RF3 9 9 8
RF4 897 1,117
RF5 9 10
RF6 9 10
RF7 186 218
RF8 19 22 0
RF9 6 0
RF10 60 71
RF11 24 32
RF12 9 10
RF13 9 10
RF14 17 19 9
RF15 12 13 14
RF16
RF17
RF18
RF19 1,395 1,535
RF20
RF21

Table 9. Comparison of stated error values to replicate standard
deviations,TGS system
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mass values for the two drums it measured. It also showed the
lowest 241Am mass on one drum. It did not detect uranium in the
mixed metals drum RF20 while the other systems measuring that
drum did. This suggests that the WIT system behavior is quite
different than the other systems. 

The ANOVA analyses performed on the ranked waste-drum
data for systems besides the WIT system showed significant dif-
ferences between systems both in terms of bias and precision. The
TGS system tended to record higher mass values for both total
plutonium and 241Am than did the other systems. (This is a
measure of relative bias only; there is no way of knowing whether
the TGS system or any of the others is more correct.) Precision
results for the waste drums showed the TGS system had the
highest replicate standard deviation rank results for total pluto-
nium measurements compared to the other systems, although the
difference between the TGS and the HENC (with the second
highest rank) was not statistically significant. The IQ3 system
provided the best overall precision results on total plutonium in
the waste drums. There were no significant differences however,
between any of the four systems in regard to overall precision of
241Am measurements.

A noted weak point in the NDA system performance
brought out in some of the tests is related to the reporting of
errors in measurements. The results indicate that measurement
error was often underestimated for certain waste configurations.
Assuming that such underestimation exists in actual production
waste measurements as well, the confidence that certain waste-
drum characteristics derived from isotopic mass measurements
are meeting shipping and storage requirements may be less than
what is currently assumed. 

Discussion
This study has shown that although there is considerable per-
formance overlap among the various waste NDA systems, no two
have identical capability envelopes. System performance differs
between systems due to a convolution of the waste-form attrib-
utes, the measurement method, and the associated data acquisi-
tion/reduction techniques. Although the effects of ancillary
characteristics of the measured material (e.g., matrix effects) on
measurement system results are not unique to NDA of
transuranic waste, the degree of these effects in this application is
arguably greater than is generally encountered in most scientific
and engineering applications. As a result, developers of radioassay
systems for transuranic waste have been somewhat unprepared for
and slow in adequately resolving these issues to the degree neces-
sary to produce truly robust measurement results. 

Not all of the poor measurement results on the more-
challenging waste drums in this study were a surprise to the par-
ticipants. To get a complete picture of the performance of each
system, operators were asked to perform and report measure-
ments on all drums, even when it was determined that a particu-

lar drum was outside the system’s normal operating limits. In
some cases however, the waste-drum characteristics appeared to
be within the known operating envelope of the system and what
looked like reasonable measurement results were obtained. But,
when the results were compared to the true radioisotope quanti-
ties, it became obvious that the system did not respond properly
or that the uncertainty in the measurement was much larger than
anticipated and was not properly quantified. 

It is clear from this analysis that most systems will at least
occasionally perform inadequately when presented with new
waste form configurations for the first time. Given this situation,
it is not surprising that facilities sometimes find that acquiring a
system that has been working acceptably in another application at
another facility does not guarantee that it will be easily adapted to
their specific setting. In most cases, thorough test measurements
and a detailed technical evaluation of the proposed measurement
system relative to the waste forms to which it will be applied
should be performed before a system is accepted and placed into
operation.

The bottom line is that the wide variety of performance results
found in this study underscores the need for both system improve-
ments and constant monitoring and evaluation of system perform-
ance. Detector and hardware enhancements of systems may offer
some potential for mitigating the effects of waste-form hetero-
geneity on the measurement results. However, more immediate and
potentially larger and less expensive gains are to be expected by
improving data reduction and analysis techniques for the current
systems. Examples include more accurate waste-type and waste-
container specific attenuation corrections and/or calibration equa-
tions. These types of changes have the potential to not only
improve accuracy but to also extend a system’s operating envelope.

Until more robust NDA systems are made available, inde-
pendent monitoring of measurements will remain necessary to
insure that systems are only being used in applications appropriate
for their performance envelope, and that the system continues to
work well in that environment. Currently, the primary official
means for ongoing quality-assurance testing is the NDA portion
of the WIPP Performance Demonstration Program (PDP). The
PDP periodically tests all measurement facilities shipping waste to
WIPP using controlled blind measurement tests. This program
has been refined over the years to provide test samples to each
facility that are representative of the waste forms being processed
at that facility. These periodic independent performance assess-
ment tests provide ongoing objective evidence on the general
capability of all NDA systems generating data for WIPP. 

The PDP process is capable of identifying NDA systems
significantly out of control or improperly applied. But it has a low
probability of identifying systems with bias or precision problems
that are variable over time and the waste inventory. Furthermore,
the PDP tests involve only mainstream or average waste-drum
configurations that generally do not test the boundaries of the
system capabilities. Mainstream tests validate the system per-



formance on typical drums but do not address the extent to which
adequate measurements will be obtained when significant devia-
tions in waste parameters exist. Until more robust systems are
developed and put in place, the PDP program or other test pro-
grams should begin to address defining the boundaries of the
acceptable performance limits of systems rather than (or in addi-
tion to) the average. This is of particular importance at facilities
where systems have been effectively calibrated to the PDP drum
configurations (by test measurements using the PDP drums or
identically constructed surrogate drums).

In addition to expanding the scope and role of the PDP tests
in the quality assessment of NDA systems, more use could be
made of the existing PDP data. PDP data are currently only for-
mally used to evaluate a single system at a single point in time.
While some efforts have been made to glean information from
the combined PDP test results (e.g., Reference 5), the totality of
PDP data collected over many years and many measurement
systems has never been thoroughly exploited and analyzed to
present an overall picture of the quality of data measurements on
WIPP-destined waste. A detailed analysis of the PDP data for
time trends in bias values, the ability of systems to provide repeat-
able measurement over time, and overall WIPP waste-data qual-
ity would be of great value to directing improvements in systems
as well as contributing to a better understanding of the data qual-
ity (in particular the uncertainty bounds) of the WIPP inventory.
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Environmental Laboratory. Greg K. Becker is principal, Custom
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Figure 1. Reported total plutonium mass
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Figure 2. Reported 241Am mass



Journal of Nuclear Materials Management Summer 2003, Volume XXXI, No. 4 17

Figure 3. Reported 235U mass

Figure 4. Reported 238U mass



Abstract
Fresh highly enriched uranium naval fuel constitutes a significant
part of global HEU stocks. However, no bilateral or multilateral
verification or transparency measures have been envisioned on
these sensitive and proliferation-attractive fuel cycles. This might
be detrimental to sound nonproliferation and disarmament prac-
tices. This article argues in favor of increased transparency on
unirradiated naval fuel and discusses a range of technical options
for nonintrusive verification. A set of fairly simple and technically
available verification measures that do not compromise national
security needs and legislation exists. If implemented, these meas-
ures could raise confidence in nondiversion of naval fuel for
weapon purposes, and could help establish an international trans-
parency norm for fresh naval fuel cycles.

Introduction
In September 2002, a joint experts group under the auspices of
Presidents Bush and Putin presented proposals on near- and long-
term bilateral and multilateral means to reduce inventories of
highly enriched uranium (HEU) and plutonium. The expert
group identified several areas where joint cooperation could lead
to a reduction of Russia’s HEU stocks.2

The proposals for HEU reduction should be implemented as
a matter of urgency—not least to substantiate the statements of
Bush and Putin that the United States and Russia both recognize
their common interest in guaranteeing the irreversibility of
nuclear disarmament, in strengthening nonproliferation, and in
combating terrorism by accelerating the disposal of excess nuclear
weapon materials.3 Military HEU quantities exceed those of
military plutonium stocks by a factor of seven. These quantities
constitute obvious security threats to the international community. 4

A fundamental prerequisite for effective implementation of
any reduction proposals is, however, a comprehensive under-
standing of how much fissile material is available and for what
purposes. Today more information about military nuclear stocks
is available than only a few years ago, but still—with some note-
worthy exceptions—no official figures exist on the military inven-
tories of HEU in the nuclear-weapon states.5 Unofficial estimates
indicate that some 1,750 tons of HEU have been produced since
the dawn of the atomic era, the vast majority by the United States
and Russia.6

In addition to its weapons applications and use in research
reactors, HEU is used for the propulsion of submarines and some
surface vessels, most notably by the United States and Russia.7

Estimates indicate that naval fuel represents 10 to 15 percent of
all HEU stocks worldwide.8 Russia alone may hold as much as 80
to 85 metric tons of HEU for naval propulsion.9 As nuclear-
weapon states under the Nonproliferation Treaty, the United States
and Russia, like other current nuclear submarine possessors, are
exempt from international safeguards.10

For sound disarmament and nonproliferation practices,
material destined for naval propulsion, which represents a signif-
icant part of the global HEU stocks, will also eventually have to
be accounted for and some assurances that it is not being diverted
to weapons will have to be given.11 To avoid mutual distrust and
to lay the foundation for substantial reductions of all stocks of
fissile material, increased transparency and possibly nonintrusive
verification on the naval fuel cycle should be explored. Due to
technical developments (in the United States) and a declining
number of submarine operations (in Russia), naval HEU needs
and consumption are likely to decrease in the coming decades.12

Transparency could, and most probably will, become an
increasingly important tool for addressing both arms control and
nonproliferation issues, particularly as less emphasis is put on
formalized and mutually verifiable arms control.13 Taking Russia’s
naval nuclear program as the point of departure, this article
explores the technical options, and potential pitfalls, for increased
transparency, and possibly, nonintrusive verification on the highly
sensitive naval fuel cycles. Endeavors toward increased trans-
parency and nonintrusive verification could build upon the
remarkable progress and solid working relations achieved during
the cooperative U.S.-Russian naval MPC&A upgrades.14

Before focusing on specific transparency measures to put in
place, this article begins with a discussion of why increased trans-
parency and nonintrusive verification of naval fuel are needed.
The differences of and links between transparency and nonintrusive
verification are discussed, followed by a general background on
highly enriched uranium fuel. 

Throughout, the challenges associated with naval nuclear-
fuel transparency will be assessed. The relevance of ongoing work
and research and development in related areas of technical arms
control will be investigated, as technology originally developed
for nonintrusive verification of warhead components may be
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applicable for naval fuel cycles as well. It will be shown that tech-
nical arrangements are available for nonintrusive naval fuel verifi-
cation, once the necessary political will is generated. 

Focus will be on the fresh naval fuel—and thus on the front
end of this highly sensitive and proliferation-attractive fuel
cycle.15 When the fuel enters into an operational reactor, the
transparency and nonintrusive verification may be terminated, as
the highly radioactive fission products generated render any
removal of the fuel most challenging and dangerous. 

The measures proposed could help establish a norm of naval-
fuel transparency and boost confidence that such material is not
being diverted for clandestine bomb production. These measures
may not, however, permit the identification or verification of the
exact quantities and qualities of HEU destined for naval propulsion. 

This article is of an exploratory nature. Further studies in this
highly unexplored area are desirable.

Why Transparency and Nonintrusive 
Verification of Naval Fuel? 
States possessing naval reactors all have nuclear weapons—and, of
course, domestic systems of material protection, control, and
accountability (MPC&A) in place to safeguard and protect the
fuel. Why then bother with increased transparency and nonin-
trusive verification of highly enriched uranium naval fuel cycles?
We note six main reasons.

First of all, the high enrichment levels and low radiation lev-
els of fresh naval fuel could make the material attractive for
nuclear-weapon production. HEU is the only material that allows
the easy manufacture of a crude and reliable nuclear explosive
device.16 As to the threat of nuclear terrorism, opinions differ
among scholars and security experts. However, it seems clear that
educated terrorists could turn weapons-grade uranium into a
workable gun-type nuclear device.17 With highly enriched naval
fuel, it has been suggested that as few as ten fuel assemblies would
suffice to supply enough highly enriched uranium for a bomb.18

It should also be borne in mind that naval fuel has been exposed
to thefts in the past.19

Due to the proliferation risks, HEU for land-based reactors
is being phased out.20 Important efforts have been launched to
reduce the danger of nuclear proliferation by developing alterna-
tive low-enriched uranium (LEU) fuel for research reactors—and
possibly naval reactors.21 Pending such technological fixes and a
ban on naval HEU uses, however, options for transparency and
nonintrusive verification should be pursued in parallel.

Secondly, fissile material stockpile accountability is essential.
To optimize nuclear nonproliferation and disarmament, there is a
need to know the total quantities of HEU produced, the quanti-
ties destined for weapons or reactor consumption, and finally, the
quantities, if any, declared as excess and slated for elimination.
Throughout the 1990s, the considerable uncertainties in fissile
materials inventories were deemed to be the largest obstacle for

verifying nuclear disarmament.22 As the number of deployed war-
heads continues to decrease, the uncertainties associated with
stocks of fissile material will loom correspondingly higher.23 This
is neither beneficial to nuclear nonproliferation nor to nuclear
disarmament. 

Thirdly, as highly enriched uranium enrichment has ceased
in both the United States and Russia, the navies now draw their
uranium fuel directly from existing HEU weapon stocks. The
needs of the navies determine the stocks of HEU declared in
excess by the states. In the United States for example, the low frac-
tion of higher enrichment levels in HEU declared excess to
national security needs stems from the insistence of the U.S. Navy
that such material be reserved for its potential needs.24

Unambiguous stockpile knowledge is thus essential to ensure
optimal excess fissile material declarations by states. 

Fourthly, increased naval transparency and nonintrusive ver-
ification serve to limit new HEU markets outside international
control. Such markets could prevail due to an unfortunate loop-
hole in existing safeguards agreements for HEU for military naval
propulsion.25 States may thus withdraw naval HEU from inter-
national control.26 Russian plans to boost its domestic nuclear
industries through exports of floating power plants—built with
naval reactor technology and HEU fuel. Moreover, Russia has
recently agreed to lease nuclear bombers and a nuclear-propelled
submarine to India—a state that remains outside the
Nonproliferation Treaty.27 This could increase global naval HEU
use and trade. International naval fuel transparency norms are
thus highly desirable.

Fifthly, norms of increased naval fuel transparency and non-
intrusive verification are also beneficial in terms of establishing a
fissile material cut-off treaty (FMCT). Current schemes for such
a treaty, if implemented, envision a cut-off that would prohibit
the production of HEU and plutonium for weapons, but at the
same time allow HEU production for nonexplosive military uses
like naval reactors. Such an exception, however, could render the
treaty inconclusive, possibly opening the way for clandestine
weapons-usable material production through a naval cover. Ways
to deal with transparency in the naval fuel cycle and nonintrusive
verification under a future FMCT should therefore be explored.

Finally, states may themselves have an interest in promoting
transparency, so as to assure other states and possible opponents
that they are in fact dealing with sensitive and proliferation-
attractive material satisfactorily. This could increase international
recognition, as well as improve nuclear security through informa-
tion sharing with regard to security practices. As mentioned, the
highly successful implementation of U.S.-assisted security
upgrades at Russian naval facilities hosting fresh fuel and nuclear
weapons could serve as a springboard for enhanced cooperation in
related areas.28 The U.S.-Russian naval MPC&A teams have suc-
ceeded in overcoming many of the problems hampering other
sectors of cooperative U.S.-Russian threat reduction activities,
such as issues of access and accountability.



Journal of Nuclear Materials Management Summer 2003, Volume XXXI, No. 420

At Odds With Security? 
At first glance, transparency and nonintrusive verification may
seem to be at odds with security. It may be argued that any
openness is likely to harm the long-term security interests of a
nation, due to its loss of control of information. Transparency
and verification could introduce the risk that classified, sensi-
tive, or proprietary information might be compromised or
released—with adverse impacts on national security and inter-
national obligations.29 Apart from the proliferation risks, this
could increase vulnerability and lessen the (political) strength of
the nation, as sensitive technical information and possible weak-
nesses could be revealed. 

Moreover, increased openness could make it easier for crim-
inals and subnational groups to divert fissile material unlawfully, if
government details of the physical protection systems and quanti-
ties and qualities of fissile material at facilities were to be made
available. Thus, it is clear that transparency measures should not
release information that could be damaging to the very nonpro-
liferation interests they are to promote. Detailed information con-
cerning sensitive nuclear technology and/or physical protection
and control of the material should be protected, and not released.

However, within the jurisdiction of domestic laws and inter-
national agreements there is probably room for more openness
with regards to fresh HEU naval nuclear fuel. In fact, the ability
to detect HEU in weapons and their dismantled components is
now viewed by the U.S. political community as a potentially
important transparency measure.30 Embarking on a path of
increased naval nuclear transparency and nonintrusive verifica-
tion, while protecting proliferation-sensitive information, is thus
likely to support global disarmament and nonproliferation
efforts, as well as the long-term security interests of the United
States, Russia, and other states. 

Currently, however, in the political arms-control environ-
ments, no bilateral or multilateral verification or transparency
measures are envisioned on the sensitive naval fuel cycles.
Voluntary alternatives, along the line of those discussed in this
article, should be explored. 

Naval Fuel Transparency, Nonintrusive
Verification—Or Both? 
As verification should increase knowledge about the nuclear capa-
bilities of a potential opponent, many scholars and practitioners
do not distinguish between verification and transparency.31

However, any newly and hard-won verification knowledge is not
only highly limited in its carefully negotiated scope—it is also an
adversarial act, where the inspected (host) party will do its utmost
to limit any intrusive revelations of its defensive or offensive capa-
bilities. If sanctions can be expected, states engaged in undesirable
behavior will have few incentives to supply accurate information
themselves.32 Moreover, classified and proliferation-sensitive
information is, as indicated above, protected by law. 

Thus, states often want the level of intrusiveness to be kept
as low as possible, though this may conflict with the initial verifi-
cation goals and expectations. This has resulted in a range of non-
intrusive verification options to protect information, while
providing meaningful verification outputs for disarmament and
nonproliferation purposes. While nonintrusive verification may
be a necessary, yet not sufficient, element of contemporary
nuclear arms control, it should be supported—and even pre-
ceded—by transparency.33

Transparency is a process in which information about gov-
ernmental actions, preferences, intentions, and capabilities is made
available, or more properly, allowed to flow, to citizens and the
international community.34 Based on voluntary measures, trans-
parency permits outsiders to accumulate data from a wide range of
sources over an extensive period of time to build confidence that
the behavior of a country or a collection of countries is consistent
with agreements and norms.35 Typically, transparency does not
involve (lengthily) negotiated schemes for inspections or monitor-
ing equipment.36 Declarations, statements, or interviews with key
officials are some important transparency channels. 

As transparency becomes more established, it also becomes
more self-corroborating because of the increasing number of
channels of information that intrinsically crosscheck each other. 37

To date, however, transparency has remained a novel feature of
international nuclear arms control. Despite strong international
calls for greater openness,38 most nuclear-weapon states remain
quite opaque regarding their military nuclear activities. While this
may be (partly) justifiable in terms of security and nonprolifera-
tion, the potential for improved global nuclear security associated
with increased transparency should be explored.39

Russia’s Highly Enriched Uranium 
Naval Fuel: Background
Since 1958, the Soviet Union and/or Russia have constructed 249
nuclear-powered submarines, more than half of the submarines
produced worldwide. Two-thirds of these vessels were delivered to
the Northern Fleet, the rest were destined for the Pacific Fleet. In
addition to the combat submarines, five research and develop-
ment submarines and several full-size, land-based submarine-
training facilities have been produced. Additionally, the eight
vessels of the Russian icebreaker fleet are nuclear propelled, each
with one or two reactors, accompanied by four (decommissioned)
battle cruisers, and a communication ship with twin reactors. The
overall number of naval reactors produced by the Soviet
Union/Russia is therefore at least 480. 

In northwest Russia, military submarines and surface ships
are home-ported at the several naval bases on the Kola
Peninsula.40 At all these bases and shipyards spent-nuclear fuel is
stored, partly under highly unsatisfactory conditions.41 Fresh
nuclear fuel for pressurized naval reactors is produced at the
Elektrostal fuel factory outside Moscow, whereas fuel for liquid-
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metal-cooled naval reactors was produced the Ulbinsky
Metallurgical Plant in Kazakhstan. The fresh naval fuel is trans-
ported by special railroad cars to the Murmansk area.42 With U.S.
assistance, the fresh naval fuel storage has been secured, and the
team from the U.S. Department of Energy has moved on to
securing the nuclear weapons of the Russian Navy.43 Security
upgrades are planned to be installed at all 4,000 naval nuclear
weapons by 2005, and work is ahead of schedule.44

Naval reactors and commercial reactors differ in size, num-
ber of fuel assemblies, fuel enrichment, power output, and core
lifetimes. Very little is officially known about submarine nuclear-
fuel designs, production technology, operational data, and naval
fuel stocks. Open-source information tells us that today’s Russian
submarines run on fuel enriched to intermediate levels,45 most
commonly in twin reactors. 

The Russian Navy has used fuel varying from slightly less
than 20 percent to 90 percent U-235, depending on the specific
reactor design.46 In all, twenty-four of their reactors are believed
to have been designed to use uranium enriched to 90 percent
U-235.47 A wide variety of fuel geometries and alloys have been
used in naval reactors. Most Russian naval reactors today use ura-
nium-aluminum dispersal fuel in steel or zirconium cladding;
some of more the advanced or modern reactors apparently make
use of cross-shaped fuel rods.48

More information is available on the reactors in the civilian
Russian icebreaker fleet than on the military submarine reactors.
The icebreaker reactors were developed in parallel with the sub-
marine reactors, with the same reactor designs—and more space
available for measurements and testing. The icebreakers were thus
used as test beds for the development of submarine reactors. After
the Russian icebreaker Vaygach visited the city of Tromsø in
northern Norway in 1991, new technical information about the
naval reactor cores was released.49 According to the safety report
of the ship, the reactor core contained 150.7 kg of U-235
enriched to 90 percent.

Alternatives for Increased Naval-Fuel
Transparency and Nonintrusive Verification
Past experience indicates that an incremental approach is the best
way to progress throughout the implementation processes
towards bilateral or trilateral verification.50 One approach is to use
small gestures, such as creating bilateral declarations as stepping-
stones to more elaborate agreements.

In the following, we will first explore the prospects of
increased naval transparency through declarations, succeeded by a
discussion of various possible schemes for nonintrusive verifica-
tion of fresh naval fuel, to raise confidence in the declarations
given. In the absence of conflicts—or the desire to create con-
flicts—states’ nuclear activities are likely to be of a nonoffensive
nature. This has the potential to make increased nuclear trans-
parency a powerful confidence-building tool.

Transparency Through Declarations
Declarations can have an important confidence-building aspect,
as an indication of good will and the revelation of nonmalicious
intentions of a state. Moreover, declarations could make diversion
of fissile materials for clandestine nuclear-weapon production less
probable, as later stockpile discrepancies between the official
statements given and independent international estimates then
could arise—to the embarrassment of the state in question. 

Such declarations could be part of bilateral or multilateral
agreements on data exchanges on the aggregate stockpiles of fis-
sile materials, based on existing commitments of transparency, or
they could be arranged under special agreements on naval infor-
mation exchange.51 As a minimum, voluntary state transparency
on fresh naval fuel could include (regular) declarations of:52

• Current domestic quantities of fresh HEU dedicated to naval
propulsion

• National estimates of future naval HEU needs
• Fresh naval fuel, if any, withdrawn from military stockpiles

and put under international control 
Declarations along these lines will provide information on

the total quantities of fresh HEU dedicated to naval propulsion,
while protecting any detailed and possibly sensitive information
regarding fuel and reactor operations. States may also be willing
to declare quantities of spent naval fuel generated through naval
propulsion. If so, this could allow for later comparisons of stocks
of fresh and spent fuel, to substantiate the initial declarations. 

Confidence in the declarations given could be boosted
through nonintrusive verification throughout the naval fuel cycle.
To this aspect we now turn. 

Nonintrusive Naval-Fuel Verification 
Technical communities are now examining a variety of nonintru-
sive measurements on items with sensitive or classified proper-
ties,53 some of which may be applicable to unirradiated naval fuel.
The underlying physics is well understood, but the need to pro-
tect and limit the data output while providing enough informa-
tion to foster sufficient confidence in the results of the
measurements raises technical challenges.

HEU measurements are likely to be more challenging than
measurements of weapons-grade plutonium.54 Less penetrating
gamma emissions, a low neutron background, a ubiquitous
uranium presence in all background radiation, masking weak sig-
nals, and a preference for passive measurement techniques (see
below) challenge the identification of appropriate HEU verifica-
tion techniques. Self-shielding of fuel assemblies could further
complicate the detection of gamma rays. Moreover, even if U-235
is detected, its presence alone may not mean that the uranium is
highly enriched.55

All this may explain why nonintrusive verification technolo-
gies so far have focused on sealed containers of plutonium in storage.
However, as shown in the appendix, various schemes are available
for meaningful fresh HEU measurements. 



Acceptability of Technical Arms-Control Measures
Before a measurement technique can be accepted for use in an
arms control agreement, all parties must agree on its use.
Experience has shown that the likelihood that an arms-control
technology will be accepted increases if the following points are
taken into consideration:56

• Measurements cannot reveal classified information.
• Simple technology is preferable to complex technology.
• Familiar technology is preferable to unknown technology. 
• Passive measurements are generally preferable to active

interrogation measurements.
All measures should be as transparent as possible, thus the

call for simplicity and familiarity. In the simplest cases, radiation
emitted from the object of interest can be measured directly,
through passive measures. Active measurements collect and analyze
the resultant radiation after, for example, neutron bombardment.
However, such measures may be overly intrusive, which would
violate the primary principle of arms control verification: not to
reveal any classified information. Current efforts to protect classi-
fied information include carrying out the radiation measurements
behind information barriers,57 normally in combination with a set
of acceptable attributes—describing, to the extent possible and
desirable, the objects in question. 

Practical Approaches to Nonintrusive 
Naval-Fuel Verification 
On the basis of the acceptability requirements above, we now turn
to the applicability of and the prospects for introducing identifiable
naval fuel attributes, naval fuel templates, naval fuel tagging, or tags
and seal regimes on the naval fuel cycle. To protect classified infor-
mation, all measures and measurements are to be performed exter-

nally to the fresh-fuel transportation containers, not directly on the
fuel. For gamma detection, the signature radiation must thus be
sufficiently penetrating to escape through the container wall.58

Naval HEU Fuel Attributes 
Measurements of relevant attributes are meant to raise confidence
that the measured object is what it is claimed to be, without
compromising any classified or sensitive information. To be useful
for arms control, the identifying criteria/acceptable characteristics
should possess a set of general properties. The attribute should be:59

• Relevant: It should provide some useful distinction between
items admissible. 

• Measurable: It should be quantifiable and identifiable
through the use of technology. The needed measurements
should also be practicable; they should be achievable under
realistic conditions in acceptably short periods of time.

• Amenable to negotiation: The properties and presence of the
attribute itself must not be classified. 

• Limited, or more accurately, the means for measuring the
attribute should be limited, to minimize the risk that sensi-
tive information might be divulged. 
On the basis of this set of requirements, possible attributes

for naval HEU fuel signatures, and candidate measurement
approaches are suggested in Table 1.60

The attributes proposed are all relevant, yet limited in scope,
as they should be for sensitive verification schemes. Moreover, the
attributes are all amenable to negotiation and practicable. Taken
together, they should be able to raise confidence in the presence of
unirradiated highly enriched naval fuel inside transportation con-
tainers. High-resolution gamma-ray spectroscopy allows for pas-
sive measurements, using well-known techniques. To protect
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Attribute Relevance Signature Measurement Approach

Presence of HEU HEU in naval fuel Weak gamma rays, limited neutron
background

High-resolution gamma spectroscopy
(HRGS)

Isotopic ratio Determine enrichment level: Ratio of
U-235 to total uranium

Specific gamma lines associated with
respective isotopes

With HRGS, measure the intensity of
186 keV (U-235) and 1001 keV 
(U-238) gamma rays, or use the
“Enrichment Meter Method”61

Mass (threshold) Identify more than a trivial HEU 
quantity in the container

Weight Scale; weight of transportation 
container with and without fuel

Presence of uranium metal Identification of later generation
Russian naval fuel with metal alloys

Gamma rays Possibly through the absence of
oxides, as this could make it easier to
protect classified information

Shape and size of material Look for defined physical properties
of naval fuel

Spatial gamma rays E.g. through axial scanning using high-
resolution gamma-ray spectroscopy

Presence of radioactive contaminants Determining unique and strong
gamma rays for identification

E.g. gamma rays associated with U-232
decay (see below)

High-resolution gamma-ray 
spectroscopy

Table 1. Possible attributes for fresh naval fuel



classified and sensitive information, the inspection measurements
would have to be compared through a trusted information barrier.

Naval Fuel Templates
In contrast to the attribute approach where the measured charac-
teristics of single items are evaluated, template approach measure-
ments are compared with data for reference items. If the
authenticity of the template can be assured, the template
approach may provide higher-confidence verification, through
the comparison of sensitive characteristics with sufficient preci-
sion to detect and thereby deter deception.62 However, template
comparisons require secure storage and possibly certification of a
classified database, as well as the use of information barriers to
protect classified information and reference data.

Profiles of gamma-ray intensities could be measured at various
points along the axis of a transportation container for the naval
fuel, and could then be compared directly to the template data
through a trusted information barrier. Gamma-ray peaks at a
number of energies, or their ratios, could also be compared with
the template. However, as discussed, the Russian Navy uses fuel
with a wide range of different geometries and different enrich-
ment levels—and even with varying enrichment levels within the
reactor cores (with a enrichment gradient of up to 20 percent).63

The corresponding gamma signatures outside will vary accord-
ingly, and a wide range of templates may be needed. 

Naval Fuel Tagging
For any measurements to be meaningful, the gamma signature
must be sufficiently penetrating to escape from the interior of the
fuel elements and container. The radiation must also be of ade-
quate intensity to allow measurement to be completed in a rea-
sonable period of time. For HEU, the only signature that can
meet these criteria is from gamma rays emitted by the radioactive
decay of uranium isotopes. Unfortunately, as mentioned above,
the signature of U-235 is so weak that simple detection of
shielded HEU may be challenging.64

One option could be to introduce isotopes that are more
easily traceable into the fuel. A wide range of isotopes and tech-
niques may be applied, but limited effect on the fuel performance
is an obvious requirement. The isotope U-232, with a highly pen-
etrating gamma-ray decay line (2,614 KeV), is often already
present in uranium fuel and is an interesting candidate. With only
a 69-year half-life, U-232 does not occur in nature, but is intro-
duced as a result of reactor irradiation of uranium.65 In any
reprocessed uranium, there will be a tiny but traceable fraction of
this isotope. U-232 is found in fresh U.S. naval fuel,66 and is
likely to be a trace contaminant in fresh Russian naval fuel as well,
given that the fuel originates from reprocessed uranium. 

During the enrichment process, the U-232 is preferentially
swept into the light isotope fraction that becomes HEU, and
minuscule amounts get into the depleted uranium.67 Therefore,
the presence of U-232 in a uranium sample is consistent with that

uranium being U-235. But unfortunately, the most distinctive
gamma emission associated with its decay series is not unique.
U-232 and Th-232 have a common daughter (Th-228), and their
decay schemes are identical from that point on. Thorium could
thus be placed in the container in sufficient quantities to spoof
verification measurements.

However, as the decay of Th-232 involves some prominent
gamma rays that are not present in U-232 decay, this problem
could be bypassed by performing measurements on the Th-232
decay before Th-228 is reached.68 With only U-232 present, no
gamma rays from Th-232 decay should be detected. Therefore,
with an appropriate measurement setup, decay of U-232 can
probably be distinguished from decay of Th-232, making it
possible to use U-232 tagging with far higher confidence. 

Tags and Seals for Transportation Containers
The least intrusive approach in terms of protecting classified
information may well be to introduce tags and seals on the trans-
portation containers. Tags are meant to label an object uniquely,
so that it can be identified at a later date. A seal is intended to
leave unambiguous, nonerasable evidence of unauthorized access
or access attempts (e.g. to open a container). It offers, however,
little or no protection.69

A regime can thus be envisioned that uses tags and seals to
ensure what is literally a closed fresh naval fuel cycle—from the
transportation containers leaving the naval fuel production facilities
to the destination in a naval reactor. This would require validation
of the integrity of the tags and seals at designated checkpoints
throughout the fuel-transportation cycle. Once the fuel is intro-
duced into the naval reactors, tracking could end, as the radiation
levels will make the fuel self-protective after the first chain reactions
have been initiated in the submarine or icebreaker reactor cores.
Any attempt then to divert the material for nuclear-weapon pur-
poses would not only be very difficult, but also highly dangerous.

Assessing Approaches for Nonintrusive Naval-Fuel Verification
Several options for nonintrusive fresh naval-fuel verification tech-
niques may be available. The pros and cons of the various tech-
niques are discussed in the following, and summarized in Table 2. 

The use of gamma spectroscopy allows for the passive iden-
tification of radionuclides. The various naval attributes may thus
be identified with a set of passive measurement techniques, but
this will depend on stringent uses of information barriers as the
measurements may be overly intrusive. Gamma spectroscopy is
used for both templates and attribute measurements. If the
attribute approach is chosen, all parties involved should devise
the naval fuel attributes jointly, together with proper measure-
ment and inspection procedures that will have to be negotiated
and formalized.

The wide range of enrichment levels and different fuel
designs may require a disproportionately huge number of fuel
templates to be available. This is likely to complicate compar-
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isons; and, as with the attribute approach, a trusted information
barrier is required for template comparisons. 

Support for any of the above schemes is likely to be boosted
through a combination of an additional set of supportive meas-
ures. In this context, U-232 tagging appears particularly attrac-
tive. As the isotope U-232 is a reliable U-235 indicator, U-232
tagging may boost confidence in both attribute and template
measurements. However, the fact that the most-penetrating
gamma radiation is not unique to the isotope U-232 complicates
measurement setups.

The introduction of tamper-indicating devices on naval fuel
transportation containers may support verification and control. A
tamper-indicating system on fresh naval-fuel transportation
containers is fairly easy to piece together, at least in theory. In
practice, however, the limitations and fallibility of tamper-
detection tags and seals should be taken into account when
designing verification systems.70 The effectiveness of a tag-and-
seal regime will depend heavily upon the appurtenant inspectoral
procedures and the degree of surrounding hostility. 

In reality, there is no such thing as tamper-proof tags and
seals,71 so tags and seals should be viewed as only part of an over-
all security or verification program. Practical vulnerability assess-
ments should be conducted taking the relevant and specific
applications, purposes, environment, economics, personnel,
training, adversaries, and defeat consequences into considera-
tion.72 The integrity of tags and seals could be strengthened by
introducing (protected) live video feed at different locations
throughout the fuel transfer.

Conclusions 
Keeping a massive shroud of secrecy on naval nuclear-fuel stock-
piles can only maintain and exacerbate excessive uncertainties in
fissile material stockpile accounting and control. This is not likely
to be beneficial to the security of any state. Options for increased
transparency of and nonintrusive verification on proliferation-
attractive naval-fuel stocks should thus be explored. 

We have seen that a set of fairly simple and technically
available nonintrusive verification measures for naval fuel cycles
are possible without compromising national security needs and
legislation. If implemented, such measures could raise confidence
that naval fuel is not being diverted for weapon purposes, and
could help establish an international transparency norm for naval
fuel cycles.

Declarations of quantities of HEU destined for naval propul-
sion could be a starting point for increased transparency and thus
more credible and accurate estimates of navies’ HEU stocks,
consumption, and future needs. Confidence in such declarations
could be boosted through a range of techniques for nonintrusive
verification of sensitive naval nuclear-fuel cycles. Most promising
appears to be the attribute approach, possibly coupled with fuel
tagging (U-232). 

There might be important synergistic effects between nonin-
trusive verification of naval fuel and ongoing warhead dismantle-
ment verification. The attribute approach is, for instance, an
important part of the trilateral initiative between the United
States, Russia, and the International Atomic Energy Agency
(IAEA) for control of fissile material declared excess to national
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Table 2. Nonintrusive verification techniques for naval fuel

Pros Cons May be used successfully in
combination with Remarks

Attributes Passive measurements; fairly
well-known concept 

May be too intrusive. A set of
measurable attributes is needed
to gain confidence. Hard to
measure HEU directly.

Tagging: presence of high-
energy isotopes a distinct
attribute

Relies on information barriers
and high-resolution gamma-ray
spectroscopy 

Templates Passive measurements

No agreed values for 
measured characteristics 

Fairly robust and easily oper-
ated system, once installed

A wide variation of fuel-
enrichment levels may 
require multiple templates 

The need for authentication
requires additional schemes
for protection of equipment
during storage 

Tagging: presence of high-
energy isotopes eases the
identification and comparisons

Relies on information 
barriers and high-resolution
gamma-ray spectroscopy

U-232 tagging Unique U-235 identifier Needs to be introduced in
HEU sample 

Resulting and highly penetrating
gamma ray is not unique to
U-232  

Templates and attributes Isotope does not occur natu-
rally.Traces will be found in all
reprocessed uranium fuel.

Tags and Seals Fairly easy to implement, no
need for information barriers 

May provide a false sense of
security; heavily dependent on
procedural solutions 

All the above More a supplement than a
stand-alone element



security needs. Experience from naval-fuel transparency and
nonintrusive verification may provide important feedback for
improved HEU weapons dismantling activities and third-party
control of weapons-usable fissile material as well.73

To optimize naval transparency and nonintrusive verifica-
tion, more R&D and increased information sharing are needed in
several areas. Firstly, to avoid spoofing—or suspicion of spoofing—
measurement procedures and techniques should be developed
carefully and jointly by all interested parties. Procedures for the
use of HEU detection equipment have been developed under past
bilateral nuclear arms control agreements, and the operational
experience from these trails could prove valuable.74 Secondly,
more knowledge on fresh Russian naval fuel is required to deter-
mine the best attributes and tags for fuel identification and con-
trol. Thirdly, more information is needed on the transportation
containers used for fresh naval fuel to permit best possible external
gamma-ray attenuation estimates and optimal uses of passive
detectors in combination with information barriers.75

Problems in the practical implementation of the proposed
nonintrusive verification schemes should be anticipated. There
are several real-world constraints to overcome. These include, apart
from the obvious issues of classification and sensitivity, possible
impact on operational activities at the naval bases and the need
for new working procedures. Distrust and cultural differences
may require a shift in attitudes and mindsets before any type of
transparency can be successfully implemented.76 Reciprocity and
increased openness with regard to the fuel practices of the U.S.
Navy may, moreover, be not only desirable but also a prerequisite
for genuine Russian openness on their naval fuel cycles. 

Morten Bremer Maerli is a physicist and researcher at the Norwegian
Institute of International Affairs, working on nuclear nonprolifera-
tion and the prevention of nuclear terrorism. 

Appendix 
Nonintrusive, Nondestructive Measurements 
of Fresh, Shielded HEU 
The determination of enrichment of uranium has long been a
challenging task. Typically during nondestructive analysis, the
187 keV from the decay of U-235 (4.3x104 (/s/g) and/or the
1,001 keV line from U-238 decay (75 (/s/g) are used. The 187
keV line is weakly penetrating (half thickness of Pb approximately
0.5 mm) and can easily be lost in the background if other strong
gamma emitters such as fission products and activation products
of higher energy are present. The 1,001 keV line is more pene-
trating (half thickness of Pb about 9.1 mm) but the specific yield
is low so that it can suffer similar problems, particularly in the
case of HEU when the ratio of U-238 mass to U-235 mass is low.
Because of these characteristics, large errors can be introduced
when the detector-sample geometry is altered only slightly, when
the performance of the detector changes or when the homogeneity,

chemical composition or the filling height of the sample differ
from the calibration standard.77

In the past, gamma-ray measurement outside transportation
containers was feasible with a multiple detector setup and ideal
(laboratory) conditions for simultaneous energy measurements.78

Recent developments in detector and shielding technology and
software, however, now allow for reliable and portable single-set
gamma-ray spectrometry of shielded uranium samples in situ.79

Equipment 
The Canberra InSpector system could be one option for nonin-
trusive, nondestructive shielded HEU measurements. Using
calibration sources, the resulting energy shape-calibration factors
take into account the particular form of uranium used, as well as
up to two separate container walls of different density and thick-
ness.80 For such measurements, the thickness of the attenuators
between the source and the detector should be reduced as much
as possible to allow good measurement precision. Maximum sam-
ple wall thickness for confirmatory measurement on fresh HEU
is reported to be between 5 to 15 mm of steel.81 This appears to
be the thickness range of the Russian transportation containers
for fresh, unirradiated HEU fuel.82

According to manufactures and current users (e.g., the
IAEA), the Canberra system provides a gamma spectrometer that
is portable, rugged, simple to operate, delivering uranium-enrich-
ment analysis capability with a high degree of automation. All the
hardware and software features allow for simplification of the
counting procedures, so that the equipment may be operated with
a minimum of training for all major international safeguards
requirements for years to come.

HEU Weapon Component Measurements 
The United States and Russia have already conducted bilateral
and joint measurements on classified weapons components.
These, and in particular the HEU weapon-component measure-
ments performed at Oak Ridge in November 1996 and August
1997, could provide an important platform for additional HEU
transparency measures.83 The first measurements aimed at
demonstrating the receipt of a weapons component, the presence
of HEU, and the confirmation that two sealed components are
identical. Later measurements conducted in 1997 were designed
to demonstrate the conversion of a HEU component into metal
shavings behind a metal barrier. 

Moreover, ongoing transparency measurements under the
U.S.-Russian HEU agreement may provide particularly valuable
insights for nonintrusive verification of the fresh naval fuel.84 The
initial detector system using high-purity germanium detectors has
been discarded in favor of sodium iodine detectors for enrichment
determination because the former may reveal sensitive informa-
tion. After the initial two years of operation, all measurements
under the HEU agreement have been consistent with the declared
HEU enrichment levels.85
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Abstract
Tons of depleted uranium (DU) are generated every year as a
byproduct of enrichment processes. DU is a safeguarded nuclear
material subject to accounting and verification everywhere.
Verification of DU and low-enriched uranium (LEU) in a high
background and with interferences decreases the reliability and
performance of the measurements.

This paper introduces an approach to verify depleted and
low-enriched uranium based on �-� and x-� ray ratios. This is to
eliminate any interference and contribution to the 185.7 keV of
235U. The results show that the �-�- ratios, 185/766,143/1,001
and 205/1,001, can be used for verification of depleted and low-
enriched uranium with high accuracy. The suggested 98 keV of U
X-ray and the 98/1,001 x-� ray ratio were also found to be very
efficient for the accountancy of the investigated nuclear materials.  

Introduction
The products of the enrichment process are the enriched material
itself and the depleted uranium, sometimes called enrichment
tails.1 Typically, enrichment tails have in the neighborhood of 0.2
percent to 0.3 percent 235U remaining.1 DU can also be produced
from reprocessing spent-nuclear fuel. The present production of
DU is ~ 47,000 metric tons per year, but the combined nuclear
and non-nuclear consumption is less than 1,000 metric tons per
year.2 It is used extensively as ballast in ships and aircraft, as armor
piercing munitions, and as reinforced tank armor. The Gulf War
was the arena for the first battlefield use of armor-piercing muni-
tions and reinforced tank armor incorporating DU.3 Verification
of DU and LEU with high accuracy is a very essential task for
nuclear material safeguards. Elimination of all sources of interfer-
ences, especially in case of DU and LEU, results in increasing the
effectiveness and efficiency of the measurements.

This work was initiated to establish an approach to verify
depleted and low-enriched uranium to avoid any interference
with the 185.7 keV of 235U. Different �, x, �/� and x/� ray ratios
are suggested to achieve this objective.

The Characteristic Gamma and X-Ray
Transitions of Uranium and Its Daughters
The daughters of uranium are generated from the following
nuclear decay chain:

� � �
238U               234Th               234mPa               234U
Some steps in processing uranium can upset the decay equi-

librium causing the 24.1-day half-life of 234Th to control the
growth of the 234m,234Pa activity to equilibrium, which is normally
reached in about 160 days (99 percent).4

The essential and characteristic gamma-ray lines of uranium
and its daughters are given in the Table 1.4,5

The characteristic X-rays of uranium that may be correlated
with enrichment verification are given in the Table 2.4,5

The X-ray peaks (e.g. 98 keV) are due primarily to self-
induced fluorescence of the uranium sample.6 The 98 keV X-ray
and 185.7keV gamma ray can be used for total uranium concen-
tration and enrichment determination.6,7

Set-Up of the Gamma Spectrometer 
The isotopes of uranium emit �, �, n, and � radiation. The pri-
mary radiation used in passive nondestructive assay (NDA) of
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Isotope
(Half- life )

235U
(7.1x 108 yr.)

226Ra
(1,600 yr.)

234Pa
(6.7 hr.)

234mPa
(1.2 min.)

Energy 
(keV)

(Intensity
percent)

143 
(10.96 
percent)

143.8
(.00051 
percent)

766.4
(.294 
percent)

163 
(5.08 
percent)

164.9 
(.00008 
percent)

786
(.0485 
percent)

185.7 
(57.2 
percent)

186
(3.50 
percent)

186.2    
(0.00282
percent)

1,001
(.837 
percent)

205 
(5.01 
percent)

203.1
(.00196 
percent)

Table 1. The gamma transitions of uranium and its daughters



uranium samples is gamma radiation, which is usually dominated
by emissions from 235U decay. The 185.7 keV gamma ray is the
most frequently used signature to measure 235U enrichment.4 In
this work, a nondestructive gamma spectrometer based on a
hyper-pure germanium detector with its electronic components
was used. The setup of the spectrometer used is given in the
Figure 1. The system has a 40 percent efficiency with 0.85 keV
FWHM resolution at the gamma transition 122 keV of 57Co. The
system was calibrated before measurements by using standard
sources. A collimator and 3-cm lead shield  were used to fix the
geometrical conditions (e.g., the visible volume of the samples) of
the measurements and to reduce the external background. A set
of nuclear materials from depleted (0.31 percent) to low-enriched
uranium (4.46 percent) was used to carry out these analyses. The
nuclear materials under investigation are contained in 70-mm
diameter cylindrical Al cans with 2 mm bottom wall thickness.
Each sample is made up of 200 gram U3O8 powder with a den-
sity of  5.2 g/cm3.  The counting time was 1,000 seconds.            

Results and Discussion
The 185.7 keV line of 235U is the most prominent single gamma
ray from any uranium sample that is enriched above natural 235U
levels.4 The relationship between the gamma line at 185.7 keV
(57 percent intensity) of 235U and enrichment percentage of the
investigated nuclear material samples is given in Figure 2. It
should be noted that there are several 238U daughters with gamma
rays of very low intensity (branching ratio) with energies in the
range 185 ± 1 keV (see Table 1). Although these are potentially
direct interferences to the 185.7 keV gamma ray of 235U, the
intensities are low enough that the interference is negligible for
enrichment of ≥ 1 percent.4,5

The gamma transition at 163 keV (5 percent) from 235U
gives no strong correlation for enrichment verification as an alter-
native to the 185.7 keV transition. (See Figure 3.) This may be

attributed to its low intensity.  It was observed that the 143 keV
line (10.9 percent) of 235U can be used for enrichment verification
of the investigated nuclear materials; from natural (0.71 percent)
to low-enriched uranium (4.46 percent). However, it does not
give accurate results for depleted uranium (0.31 percent) verifica-
tion. This may be attributed to attenuation of the less energetic
143 keV gamma line.

As a new approach, it was observed that the ratio of 185.7/
766.4 gamma-line intensities from 235U/234mPa can be used for
determining the enrichment percentage even in the case of
depleted uranium. As given in Table 3, the depleted uranium was
accurately verified with 6 percent uncertainty. 

In general, the energy difference between the 234mPa (238U)
gamma rays and the 186 KeV 235U gamma ray necessitates a sig-
nificant correction for the different relative detection efficiencies.4

The feasibility to directly extract the information of gamma-ray
absorption (self-absorption) of sample for isotopic composition
calculation has recently been studied.8

The intensity ratios of the 205/1,001 and 143/1,001 gamma
lines from 235U/234Pa were found to be usefull for enrichment ver-
ification of natural and low-enriched uranium only. See figures 5
and 6. 

In LEU samples, the X-ray radiation is the most intense
component of the emission spectrum.4 When the 235U enrich-
ment is low, the K�1 and  K�2 uranium X-ray will dominate the
100 keV gamma and X-ray region of  uranium spectra.4,9

A linear correlation between the count rate of the well-
resolved 98 keV X-ray of uranium and enrichment (%E) was
observed. See Figure 7. The relation is given by:

%E = 1/A  (CR98 – B)                         (1)

Where %E is the enrichment percentage and
CR98 is the count rate in the 98 keV  X-ray  peak.
A and B are slope and intercept.
The result of depleted uranium verification based on the 98

keV X-ray is found in Table 4.

The difference between the certified value of depleted
uranium and that calculated from Equation 1 is only 0.04. This
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Assignment Energy (keV) Intensity (percent)

U Ka1 98.4 45.1

U Ka2 94.6 28.2

U Ka1 111.3 10.70

Table 2. The characteristic X-ray of uranium

Figure 1. Set-up of the gamma spectometer

Material Certified Measured Diff. Uncertainty

U3O8

standard 0.31 0.29 0.02 6 percent

Table 3. Results of depleted uranium verification

Material Certified Measured Diff.

U3O8 standard 0.31 0.35 0.04

Table 3. Results of depleted uranium verification
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means that the 98 keV X-ray energy gives accurate and satisfactory
result for verification of depleted uranium. 

Use of the 98.4 keV self-fluorescent uranium X-rays as a
measure of mass fraction of uranium (MFU) was also observed by
other work.10 Uranium was also determined based on the U K�2

fluorescence peaks at 94.7 keV.11

For the first time, the intensity ratio of the 98 / 1,001 gamma
lines was studied for enrichment verification (Figure 7). The
observed correlation is represented by the following linear function:

%E = 1/a (CR98/CR1,001 – b)                        (2)

Where %E is the enrichment percentage, a and b are the
slope and intercept  of  the least square fit, CR98 is the count rate
in the 98 keV X-ray peak of uranium, and CR1,001 is the count
rate in the 1,001 keV peak of  234mPa.

The results obtained are given in Table 5 and depicted in
Figure 9.

The uncertainty in the verified depleted uranium did not
exceed 3.2 percent. This means that the 98/1,001 ratio can be
accurately used for depleted uranium verification as an alternative
to the 185.7 keV of 235U. Based on Equation 2, the %E was also
calculated for different U3O8 standards and found to be close to
the declared enrichment values. The results are given in Table 6
and shown graphically in Figure 9.

The 89.9 keV thorium K X-ray from 235U decay and the
92.2 keV gamma-ray doublet from 234Th were used for enrich-
ment verification. The results agreed with standard values to
within 1 percent.4

Conclusions
The suggested approaches, -�-� and x-� ray ratios, are efficient
and reliable to for use for verification of the safeguarded nuclear

materials (depleted and low-enriched uranium). Based on the
results of the 185/766 and 98/1,001 intensity ratios, depleted
uranium was verified with only 6 percent and 3.2 percent error
respectively. The approaches might be used for verification of
depleted uranium in the presence of other interfering isotopes
that emit the similar 185.7 keV gamma transition of 235U.

Acknowledgement
The author thanks his dear colleague Dr. W. El-Gamal for his
valuable discussion.

References
1. Bodonsky, David. 1996. Nuclear Energy, Principles, Practices

and Prospects. American Institute of Physics, New York.
2. Lindholm, I. 1996. Depleted Uranium; Valuable energy

Source or Waste for Disposal. 21st Annual Symposium on
Uranium and Nuclear Energy.

3. Rostker, Bernard. 2000. Environmental Exposure Report:
Depleted Uranium in the Gulf II. DOD, 2000179-Ver. 2.0.

4. Reilly, Douglas, Norbert Esslin, Hastings Smith Jr., and Sara
Kreiner. 1991. Passive Non-Destructive Assay of Nuclaer
Materials. NRC–USA (1991).

5. Chu, S. Y. F., L. P. Ekstrm, and R. B. Firestone. 1999. The
Lund/LBNL Nuclear Data Search. Ver. 2.0, Feb. 1999.
(http://nucleardata.nuclear.lu-se/nucleardata/).

6. Gunnink, R., and W. D. Ruhtel, 1994. MGAU: A New
Analysis Code for Measuring Uranium-235 Enrichments in
Arbitrary Samples. Proceedings of  the International Nuclear
Safeguards Conference, Vision for the Future. IAEA-SM-
333/88P, Vol. 2.

7. Dragnev, T., and B. Barnes. 1994. Quantitative Gamma-Ray
and X-Ray Measurements of Nuclear Materials. Proceedings
of  the International Nuclear Safeguards Conference, Vision for
the Future. IAEA-SM-333/88P, Vol. 2.

8. Tian, Dongfeng, and  Dong Xie. 2001.  A New Method to
Make Gamma-Ray Self-Absorption Correction. Journal of
Nuclear Science & Technology, Vol. 38, No. 8.

9. Wang, Tzu-Fang. 1999. Re-Measured Uranium Branching
Ratios and Their Impact on Removing Biases from MGAU
Analyses. Proceedings of the Sixth International Conference on
Facility Operations–Safeguards Interface.

10. Aparo, M., and S. Caudil. 1999. Quantitative Gamma-
Spectrometric Measurements of Uranium, Plutonium and
MOX Materials. Proceedings of the 21st ESARDA
International Conference. 

11. Spottiswoode, H. G., and C. G. Wilkins. 1999. Use of X-
Ray Fluorescence for High-Precision Measurement of
Uranium and Plutonium in MOX. Proceedings of the 21st
ESARDA International Conference.

Material Certified Calculated Diff. Uncertainty

U3O8

standard 0.31 0.30 0.01 3.2 percent

Table 5. Results of verification by the 98/1,001 gamma-ray ratio 

Material Certified Calculated Diff. Uncertainty

U3O8

standard 1.94 2.05 -0.11 5.7  percent

U3O8

standard 2.95 2.87 0.08 2.7  percent

U3O8

standard 4.46 4.44 0.02 0.4  percent

Table 6. Results of low-enriched uranium verification
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Figure 2. The relationship between  %E and the 185keV 
count rate

Figure 3. The relationship between  %E and the 143,163, and 205
keV count rate

Figure 4. The correlation between %E and the 185/767 
gamma-ray ratio

Figure 5. The %E and the 143/1,001 gamma-ray ratio
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Figure 6. The %E and the 205/1,001 gamma-ray ratio

Figure 7. The relationship between %E and the 98 keV X-ray 
of U K�1

Figure 8. The correlation between %E and the 98/1,001 ratio

Figure 9. Comparison of the certified and calculated enrichment
percentage based on the 98/1,001 x-� ray ratio



2 U.S. Cities Receive Radiological
Detection Equipment from DOE
The U.S. Department of Energy (DOE)
formally transferred a shipment of refur-
bished radiological detection equipment
to the Los Angeles Fire Department
Hazardous Waste Unit, the Los Angeles
Port Authority, and the San Francisco
Health Department. The equipment,
worth about $60,000, is being provided to
first-responder agencies under a DOE and
Department of Homeland Security pilot
project called the Homeland Defense
Equipment Reuse (HDER) Program.

Los Angeles and San Francisco are the
sixth and seventh U.S. cities to receive
radiological detection equipment from the
DOE. The other cities that have received
the equipment are Boston, Detroit, New
York City, Philadelphia, and Washington,
D.C.

The HDER Program provides surplus
DOE radiological detection instrumenta-
tion and other homeland security-related
equipment to state and local emergency
first-responder agencies.

U.S., Russia Sign Pact on 
Reactor Shutdowns
The United States and Russia signed
agreements in March that will facilitate
the shutdown of three Russian nuclear
reactors that currently produce weapons-
grade plutonium. These reactors, the last
three in Russia producing plutonium for
military purposes, also provide heat and
electricity to two closed cities in the
Russian nuclear-weapons complex. Under
the agreements, the United States will pro-
vide support to Russia for providing
replacement fossil-fuel energy plants.

The United States will provide assis-
tance for the construction and refurbish-
ing of the fossil-fuel plants. In Seversk, an
existing fossil-fuel plant will be modern-
ized. In Zheleznogorsk, a new facility will
be built. Russia will be responsible for the
shutdown and decommissioning of the
three existing nuclear reactors.

The new agreements allow for the
implementation of the Elimination of
Weapons-Grade Plutonium Production

Program, a cooperative effort between the
U.S. Department of Energy and the
Russian Ministry of Atomic Energy. The
three reactors are located in the Siberian
cities of Seversk and Zheleznogorsk. The
reactors have about fifteen years of
remaining life and, as a group, could gen-
erate an additional 25 metric tons of plu-
tonium per day—the equivalent of about
one additional nuclear weapon per day,
according to the DOE.

IAEA Conference Urges Stronger
Controls to Prevent Dirty Bombs
More than 700 delegates from more than
120 countries gathered in Vienna for the
International Conference on Security of
Radioactive Sources in March and called
for stronger international and national
security for radioactive sources, especially
those that could be used by terrorists to
produce radiological dispersal devices. 

“High-risk radioactive sources that
are not under secure and regulated con-
trol, including so-called ‘orphan’ sources,
raise serious security and safety concerns,”
the International Conference on Security
of Radioactive Sources concluded.
“Effective national infrastructures for the
safe and secure management of vulnerable
and dangerous radioactive sources are
essential for ensuring the long-term secu-
rity and control of such sources.”

The conference called for new inter-
national initiatives to improve locating,
recovering, and securing high-risk radioac-
tive sources throughout the world under
the aegis of the International Atomic
Energy Agency. The conference also called
for a concerted worldwide effort under
IAEA leadership to implement the princi-
ples in the Code of Conduct on the Safety
and Security of Radioactive Sources,
which is now being revised to address
security concerns, in order to promote
adequate radiation safety and security con-
trol infrastructures. 

The conference offered specific findings
for addressing security concerns, identifying
high-risk sources, and strengthening govern-
ment actions to minimize radiological risks.
Some of the key recommendations are:

• Implementation by all states of
national action plans for locating,
searching for, recovering, and secur-
ing high-risk radioactive sources

• Strengthening measures to detect,
interdict, and respond to illicit traf-
ficking in high-risk radioactive
sources

• Public awareness campaigns to fos-
ter—among legislators, source users,
and the public—a better understanding
of real threats and the appropriate
responses in the event of a radiologi-
cal emergency

• Concerted efforts by all states and the
IAEA to enhance the current national
and international arrangements to
respond proactively to the possible
malevolent use of high-risk radioac-
tive sources
The International Conference on

Security of Radioactive Sources was organ-
ized by the IAEA in cooperation with the
European Commission, the World
Customs Organizations, the International
Criminal Police Organization (ICPO-
Interpol), and the European Police.

For more information, see the IAEA
Web site at www.iaea.org/worldatom.

Low-Level DU Contamination
Found in Bosnia and Herzegovina
A report released by the United Nations
Environmental Program (UNEP) in
March confirmed for the first time that
depleted uranium (DU) from weapons
used in Bosnia and Herzegovina in 1994
and 1995 contaminated local drinking
water supplies and can still be found in
dust particles in the air.

The recorded contamination levels,
however, are very low and do not present
immediate radioactive or toxic risks for
the environment or human health. The
findings are not a cause for alarm, said
UNEP Executive Director Klaus Toepfer,
but he also recommended that precau-
tions be taken and in particular that
ground and drinking water at and near
the sites where the DU has been con-
firmed be monitored regularly. 

The report cites four new and signifi-

Industry News
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cant findings about how DU behaves in
the environment. First, ground contamina-
tion occurs at DU penetrator impact
points at low levels, and is localized to areas
typically limited within one to two meters.

Second, DU penetrators buried near
the ground surface have corroded, rapidly
losing 25 percent of their mass over seven
years. The DU penetrators will corrode
completely within thirty-five years after
impact.

Third, the report records the first
instance of DU contamination of ground-
water. The previous UNEP assessments of
DU in the Balkans were made shortly after
the end of the conflict while in Bosnia-
Herzegovina the seven years that had
passed since the conflict have allowed the
corroding DU to penetrate the soil and
contaminate the ground water. When
contamination is found, UNEP recom-
mends that alternative water sources be
used and that water sampling and meas-
urements continue for several years. 

Finally, DU contamination of the air
was found at two different sites, including
inside two buildings. This is due to the
re-suspension of DU particles from pene-
trators or contamination points due to
wind or human actions. Some of these
buildings are currently in use and UENP
recommends a precautionary decontami-
nation of the buildings in order to avoid
any unnecessary human exposure.

The UNEP report’s recommenda-
tions also include collecting the penetrators
from the ground, covering contamination
points with asphalt of clean soil, handling
and disposing of DU material properly,
keeping records of DU sites, investigating
all health claims, and obtaining the missing
coordinates of six confirmed attack sites in
Bosnia-Herzegovina.

In Brief
U.S. DOE names New Managers at

Idaho and Savannah River Offices
Idaho Operations Office
The U.S. Department of Energy named
Elizabeth D. Sellers as the new manager of
the Department’s Idaho Operations Office
effective April 1, 2003. Sellers reports to
the Office of Nuclear Energy, Science, and
Technology and oversees the activities of
5,900 federal and contractor employees.
She is managing the return of the Idaho
site to its core mission of nuclear technol-
ogy development. 

Savannah River Operations Office
Jeffrey M. Allison has been appointed to
the position of manager of the Savannah
River Operations Office in Aiken, South
Carolina. He is responsible for the overall
leadership, direction, contract manage-
ment and oversight of all contractor and
federal activities associated with the envi-
ronmental management risk reduction
and cleanup at SRS. Allison manages
about 400 federal technical and adminis-
trative staff and an average annual budget
of $1.5 billion. He also has the oversight
of the prime contractor, which includes
about 13,000 contractor personnel.

New IAEA Web Pages Salute
Women in Nuclear Careers
How far women have come and what
more can be done to achieve gender
equality in the nuclear workplace is the
focus of a new feature series on the
International Atomic Energy Agency’s
Web site that was launched in March in
support of the UN’s annual International
Women’s Day. The page, located at
www.iaea.org/women/2003, aims to en-
courage young professionals, especially
women, to consider how they can con-
tribute to the IAEA’s work in nuclear
sciences and technology.

The multimedia site showcases the
stories of working women from different
countries, cultures, and backgrounds.
They include top nuclear directors, safety

and security regulators, and experts in
branches of engineering, science, and
technology. Other features highlight past
and current contributions of women in
nuclear fields, and the IAEA’s initiatives to
improve gender balance and equal oppor-
tunity for its multidisciplinary staff. 

DOE/NNSA Cites Los Alamos
National Laboratory 
The U.S. Department of Energy’s
National Nuclear Security Administration
has issued a Preliminary Notice of
Violation (PNOV) to the University of
California, the contractor for the Los
Alamos National Laboratory (LANL), for
violations of nuclear safety rules and pro-
cedures involving the inadequate handling
of plutonium-contaminated piping, inef-
fective personnel controls during radiogra-
phy operations, failure to operate
experimental equipment in accordance
with safety requirements, and inadequate
cleaning of laboratory systems to prevent
buildup of potentially hazardous material.
The PNOV also documents the failure of
LANL to ensure that previously identified
work control problems were effectively
identified, controlled and corrected. The
violations took place in September 2002.
No significant consequences to workers,
the general public, or the environment
resulted from any of the cited operational
events. For at least one event, however,
worker radiation exposures could have
been significant and were not limited by
planned work controls. 

Germany OKs 
HEU-powered Reactor
The first large research reactor opened in
the past twenty-five years that burns
highly enriched uranium was approved by
the German government in April. The
FRM-II research reactor, located at
Garching, near Munich, is likely to
become fully operational in 2003. 

The reactor is to be converted to use
low-enriched uranium by 2010.



In Memoriam

Hastings A. Smith
1943–2003
INMM member Hastings A. Smith, of
Los Alamos, New Mexico, U.S.A., died
April 17, 2003. He was 59. 

At the time of his death, Dr. Smith
was the project leader for Russian nuclear
programs at Los Alamos National

Laboratory. He received his bachelor’s
degree and Ph.D. in nuclear physics at
Purdue University in Indiana. Following a
postdoctorate at Los Alamos Scientific
Laboratory’s Omega Site, Dr. Smith joined
the physics faculty at Indiana University in
Bloomington, Indiana. He returned to Los
Alamos in 1978 to work in nuclear safe-

guards and nonproliferation. 
Dr. Smith became an INMM member

in 1979. 
He was survived by his wife, Edith

Elaine Smith, sons Christopher and
Timothy, daughter Angela, and his
mother, Elizabeth Rogers Smith.

Katsuyuki Higuchi
1925–2002
INMM member Katsuyuki Higuchi died
September 12, 2002. He was 78. 

Mr. Katsuyuki Higuchi worked with
Power Reactor and Nuclear Fuel
Development Corporation (PNC). His
major contributions in safeguards and

nuclear materials management include the
development of a computerized nuclear
material accounting system for a pluto-
nium fuel development facility, the prac-
tical implementation of thirteen major
tasks of the Tokai Advanced Safeguards
Technology Exercise for the Tokai
Reprocessing Plant, and the initiation of

the Japan Support Program for Agency
Safeguards (JASPAS) and Hexapartite
Safeguards Project (HSP). 

Mr. Higuchi received a Distinguished
Service Award for Nuclear Material Control
from Japan’s Ministry of Science and
Technology Agency on October 28, 1996.
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September 1-5, 2003
International Conference on National
Infrastructures for Radiation Safety:
Towards Effective and Sustainable
Systems
Rabat, Morocco
Organizer: International Atomic 

Energy Agency
Contact:

Cindy Coolbaugh
E-mail: C.Coolbaugh@iaea.org
Web site: www.iaea.org/worldatom/
Meetings/2003

October 14-16, 2003
Safeguards Perspectives for a Future
Nuclear Environment
Como, Italy 
Sponsors: ESARDA and INMM

International Safeguards Technical
Division 

Contact:
ESARDA/INMM Workshop
Secretariat
E-mail: 2003.esarda-inmm@jrc.it

October 14-18, 2003
1st International Meeting on Applied
Physics—aphys 2003
Badajoz, Spain
Contact:

Web site: www.formatex.org/
aphys2003/ aphys2003.htm

July 28-30, 2004
Spent Fuel Management Seminar XXI
Loews L’Enfant Plaza Hotel,Washington,
D.C., U.S.A.
Sponsor: Institute of Nuclear Materials

Management 
Contact:

INMM
60 Revere Drive, Suite 500
Northbrook, IL 60062
Phone: 847/480-9573
Fax: 847/480-9282
E-mail: inmm@inmm.org
Web site: www.inmm.org

February 29-March 4, 2004
7th International Conference 
on Facility Operations—
Safeguards Interface
Francis Marion Hotel, Charleston,
South Carolina, U.S.A.
Organizer: American Nuclear Society-

Topic 
Co-sponsor: INMM Central Region

Chapter
Web site: http://ntr.ornl.gov/ANS2004
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