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Abstract

Nuclear materials accountancy methods at reprocessing plants are based on measurements
performed on input solutions (at the head end) and on products (at the product storage).

One of the most common procedures used in determining the amount of nuclear material contained
in solutions consists of first measuring the volume V and the density p of the solution, and then
determining the concentration С of this material. The mass of nuclear material present in the
solution is then obtained as the product of these three quantities:

M = VpC
Volume and density measurements are made on the process line. Concentration measurements
are performed on samples taken from the solution in a laboratory.

This presentation will focus specifically on errors generated at the process line in the measurement
of volume and density. These errors and their associated uncertainties can be grouped into distinct
categories depending on their origin:

• those attributable to measurement instruments,
• those attributable to operational procedures,
• variability in measurement conditions,
• errors in the analysis and interpretation of results.

Possible errors sources, their relative magnitudes, and an error propagation rationale are discussed,
with emphasis placed on biases and errors of the last three types (often called systematic errors).

1. Accountancy at the head-end of the reprocessing plant

Accountancy at the head-end of the reprocessing plant is particularly important for safeguards,
since this is the first point at which nuclear material is measured again after its fabrication, and it
is the first point at which plutonium formed in the reactor is measured.

197



Accountancy measurements-are made on the fuel in liquid form (e.g. a nitric solution) after it is
dissolved following receipt at the reprocessing facility. The nuclear content (inventory) of the
fuel is obtained from measurements of the volume V and density p of the liquid in the process
tank, together with a measure of its plutonium or uranium content (concentration) C. The mass
of the nuclear material in the liquid (plutonium or uranium) is then computed as the product of
these three measurements:

M = p V С
Volume and density measurements are made at the tank on the process line by engineers and
operators, using instruments and techniques that pertain to classical engineering (scales,
manometers, thermometers, etc.). Concentration measurements are performed on samples taken
from the solution by destructive analysis methods, by chemists, in a laboratory using "chemical"
techniques.

In spite of its apparent simplicity, this procedure is quite complex because measurements (i) are
performed on liquids that are not directly accessible and (ii) involve many steps, including the
use of a variety of measurement techniques applied under numerous operating constraints.
Temperature variations can have a significant effect on measurement results because the liquids
and the systems used to measure them are both highly sensitive to small changes in temperature.
Errors are also generated during the solution sampling process, a step required for obtaining the
samples for chemical analysis All of these factors and others affect measurement results, either
in the form of increased error or increased uncertainty.

The interpretation measurement results obtained under these conditions is correspondingly
complex, and delicate analyses may be required to detect the small differences that are significant
for accountability purposes. Computations typically involve a substantial amount of data
processing and statistical evaluation based upon appropriate physical models.

All of the factors involved in the collection and analysis of inventory data are, in turn, reflected
in material balances, either in the form of biases (nonzero differences) or in the form of increased
uncertainty. The nonzero difference is called "Material Unaccounted For (MUF)" in the
international safeguards community or "Inventory Difference (ID)" in other environments. It is
a matter of particular concern when this difference is large relative to the estimated uncertainty.

These errors and their associated uncertainties can be grouped into distinct categories depending
on their origin:

• those attributable to measurement instruments
• those attributable to operational procedures
• variability in measurement conditions
• errors in the analysis and interpretation of results

Uncertainties of the last three types are generally of a systematic nature, and therefore in some
sense "more dangerous" than measurement errors because they do not compensate each other
nor self-compensate over the long periods. In this paper, we focus on the "systematic" effects of
measurement activities at the process line.

2. Effect of data uncertainty on the Material Balance

Material Balance evaluations at bulk handling nuclear facilities are based on measured or estimated
data, both of which are subject to uncertainty. For this reason, the Material Balance of these
facilities never closes to zero. Errors in procedure and variations in measurement conditions,
such as those identified in the previous section, all contribute to the Material Balance in the form
of increased bias or increased uncertainty.
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Evaluating the Material Balance at a reprocessing plant is complicated not only by factors identified
in the previous section, but also by the fact that the material is rarely accessible. A reprocessing
plant is such a vast and complex structure that small amounts of material may easily remain
hidden and go unnoticed by the operator (e.g.: plated on metal surfaces,....). However, experience
has shown that it is possible to make a very good accountancy at a reprocessing plant, provided
that the operator is fully aware of the possible sources of uncertainty and is either capable of
eliminating them or, otherwise taking them appropriately into account.

It is possible to reduce or control uncertainties in a number of ways, for example, by: (i) improving
the quality of the measurement instruments, (ii) improving the knowledge and the control of the
process, (iii) improving the measurement procedures and (iv) improving the data interpretation
models. It is, for example, important to stabilize or standardize measurement conditions as much
as possible to ensure that measurements made at different times are in fact comparable. The use
of computerized systems can help to eliminate or reduce procedural errors. In some cases,
appropriate models can be used to compensate for differences that cannot be completely controlled
(e.g., temperature variations). In any event, the goal from the accountability perspective is to
obtain accurate inventory difference estimates and to control, insofar as possible, the factors that
contribute to the uncertainty of these estimates.

3. Why it is important to know the uncertainty sources

Since the material balance exercise does not, in principle, yield a material "balance", one might
be tempted to conclude that the operator should be content with whatever result(s) he obtains.
This conclusion would however be naively dangerous and if this were indeed the case, there
would be no basis for an accountability program. Indeed it is essential to evaluate the contribution
to overall uncertainty of the various factors which affect the material balance calculation. A
measure of total uncertainty is essential for (i) evaluating what magnitude of difference is
significant relative to the capability of the measurement process, and (ii) identifying components
of the process that can be improved if uncertainty estimates prove to be too large.

It is clear that, in addition to measurement uncertainties, there are a large number of other potential
causes for a large or increased MUF/ID for a given Material Balance. Examples include:

• Human error in preparing the Material Balance, such as
• forgetting to record one or more accountancy data
• recording the same datum twice
• mistaking one datum for another
• making the wrong measurement
• misreading the measurement instrument
• incorrectly transcribing the data

• Intentional falsification of the Material Balance (prompted, for example, by the desire
to cover operational or management errors, illicit traffic of material, sabotage), such as:
• failing to record some data
• repeatedly recording the same data
• recording data for non-existent measurements
• recording deliberately falsified data

• Loss of control of the material by the operator, such as:
• theft
• un-noticed removal or addition of materials
• inadvertent or unreported loss of materials
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• unawareness of the whereabouts of some material (e.g. material hidden in the process line,
or material forgotten in a little used store).

This list is non exhaustive, but it does illustrate that it is in the best interest of the operator to
know whether the MUF(ID) of his Material Balance is caused by "naturally" occurring (random)
measurement errors or is attributable to negligence or wrong doing of his personnel.

Unfortunately, there are no methods which allow the operator to discriminate with complete
certainty whether a certain MUF/ID result is attributable to measurement errors or is due to other
causes. The only recourse is to predict the expected value and uncertainty range for the MUF/ID
when the process is in control and variation is due entirely to random measurement error.
Fortunately, there do exist good methods III for predicting the range in which the MUF/ID
generated by a certain measurement system is expected to fall. These methods are based on a
statistical analysis of all error components known to have a potentially significant effect on the
measurement process 111. With knowledge of the characteristics of the measurement system
used by the operator, a statistical analysis can be used to predict the expected probability
distribution of the MUF(ID) for any given Material Balance. The variance (or standard deviation)
obtained from this distribution can then used to define acceptance criteria for the MUF(ID): a
potential problem is indicated if the MUF(ID) exceeds the established acceptance limit. These
acceptance criteria can also be used to judge the "quality" of the various measurement procedures
and, with a view toward improving process management, optimizing the measurement process.

Because there are no methods which allow the operator to discriminate with complete certainty
whether a certain MUF (ID) result is attributable to measurement errors or is due to other causes,
Safeguards Authorities generally employ additional means to understand whether or not the
MUF(ID) declared by the operator is justified entirely by measurement errors. These means
include:

• Verification of the operator's book accountancy values
• Physical verification of the End Inventory and of selected Receipts and Shipments
• Comparison of Receipts with shipper's declarations and of Shipments with receiver's

declarations.
It should be kept in mind that although these verification procedures are apt to detect most of the
abnormal events listed above, they do not provide absolute assurance that, after verification, the
remaining MUF(ID) is solely due to measurement errors. There is in fact no verification system
that can provide absolute assurance because it is necessarily based on measurements, and all
measurements are subject to error.

4. Errors in the head-end measurements

This report provides hints on the nature and magnitude of the systematic errors made in the
measurements performed at the head-end of the reprocessing plant. The measurement process
considered here applies to a tank equipped with "dip tubes" for determining liquid content. With
such a system, a measure of the pressure exerted by a column of liquid in the tank is used to
determine liquid content. Pressure-based measurement systems are widely used in the nuclear
industry and hey have often been described in the literature /3/, 141, /51, /61. Although the reader
is certainly familiar with the use of a dip tube system to measure volumes, the basic measurement
principles are outlined in this paragraph.

The purpose of the measurement process is to determine the content (volume) of liquid in the
tank, given a measure of the pressure it exerts at the tip of a submerged dip tube, for use in
determining its nuclear content (e.g., mass of Pu). This step requires a calibration Which relates
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the response of the tank's measurement system (pressure) to the liquid content (volume) of the
tank. The calibration-measurement process for determining amounts of nuclear material has
several distinct components:

• Tank Calibration. The tank used for accountability measurements is "calibrated".
Calibration consists of those steps undertaken to determine the relation between some
independent measure of tank volume and the level of liquid it contains, as determined from
the response (pressure) of the tank's measurement system. The calibration process involves
adding carefully measured increments of some calibration liquid to the tank and observing the
corresponding measurement system response. The calibration liquid must be some liquid
whose density is known or can be determined with sufficient accuracy at all measurement
temperatures to produce sufficiently accurate measures of liquid height. After they are
properly standardized to compensate for variations in measurement conditions, the data from
several calibration runs are used to develop a "calibration curve" that relates liquid height to
tank volume.

• Determination of Process Liquid Volume. During normal operation, and under
conditions similar to those prevailing at the time of calibration, the operator determines the
level of liquid in the tank and derives the corresponding volume from the calibration curve.
An accurate measure of liquid density is required to make the height determination. If the tank
is equipped with two or more dip tubes (of differing length) it is possible to accurately
determine (calibrate) their separation (difference in lengths) with a liquid of "known" density.
The separation can, in turn, be used to estimate the unknown density of the process liquid.

• Determination of Nuclear Content. As indicated in Sec. 1, the volume and density of
the process liquid are multiplied by a measure of concentration to determine the amount of
nuclear material in the liquid (or tank).
Errors can occur at various points in this measurement process and they may be of various types.
Errors may be classified, for example, according to whether they are due to instrumentation,
operational or procedural activities, or to the data analytical model. Moreover, they may be
random, affecting only single measurements, or they may be more systematic in nature, affecting
several measurements (e.g. those involving a particular instrument). Some of the principal errors
are identified here.

Instrumentation errors can be divided into those due to instruments:

• at the process line. These include biases in the balance used to weigh the liquid
additions during the calibration stage, in the manometer used to measure the liquid content
(level) of in the tank, and in the manometer used to measure the density of the (calibration or
process) liquid in the tank,

• in the laboratory. These include errors attributable to the densitometer, the mass
spectrometer.
Operational or procedural errors can arise from inadequate process control practices or from
instrument management practices. Errors due to inadequate process control include

• employing different measurement conditions during calibration than during operation
• making incomplete additions of calibration liquid (water) to the tank
• measuring the tank liquid (height) before the calibration liquid has had sufficient time

to drain into the tank
• inadequate homogenization of the tank liquid with respect to concentration and

temperature, with the result that samples are not representative
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• inadequate data collection, including the recording of incorrect variables and the
incomplete recording of required data, or the failure to record vital information (e.g.,
temperature and density)

• inappropriate handling and storage of samples that results in deterioration between the
time of collection and analysis.
Possible errors in instrument management include:

• using different instruments during calibration than during operation
• unnecessarily recalibrating an instrument between the time it is used for calibration and

during operation
• operating an instrument under different procedural conditions for calibration than

during operation
Errors of a calculational or data analytical nature include:

• failure to take account of temperature variations, both within a set of calibration
measurements and between measurements for calibration and operation /4/ 111. The most
important consequence of ignoring temperature variations is a bias in the calculation of liquid
heights resulting from the use of an incorrect density.

• neglecting the effect of air buoyancy in the calculation of mass in measurements both
for calibration and operation

• neglecting the effect of other factors, such as
• bubble formation and surface tension at the tip of the dip tube,
• the weight of the air column in the pneumatic lines between the manometer and the tip of
the dip tube /8/, and differences in the weight of the air column between calibration and
operation
• flow resistance in the pneumatic lines

• failure to develop an adequate calibration model. An inadequate calibration model can
result in
• inaccurate volume determinations
• incorrect estimates of variability for volume determinations. In particular, if run-to-run
variations in a set of calibration data are not properly modeled, the resulting variability
estimates may seriously underestimate the true volume measurement variability 19/.
The errors that affect individual measurements must either be eliminated procedurally, or their
effects must be quantified and included in the overall MUF/1D determination for the facility.
This propagation exercise should take possible covariances or correlations into account (when
positive, these covariances have the effect of reducing error estimates relative to those obtained
when covariances are ignored). Although apparently simple, propagation models turn out to be
rather complicated. First, a large number of individual measurements are involved, each of which
can be quite complex. Moreover, the use patterns for the various instruments over a period of
time may be quite complicated, resulting in many possible combinations of "systematic" effects.
It is therefore important to determine the relative magnitudes of the errors that prove to be
significant in a particular situation, and it is important to have good computer models to perform
the necessary calculations.

5. Relevance of possible errors

The relative magnitudes of the errors in the volume measurement process strictly depend on the
layout of the plant, the measurement instruments, the measurement and process control procedures,
and variations in ambient measurement conditions. Nevertheless it is possible to make some
general comparative remarks about the various types of errors that affect the measurement process.
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Random errors. Random errors due to variations in individual measurements are mainly of
instrumental origin, and they tend to compensate throughout a series of measurements (although
their effect variability may not). The precision of modern instruments (scales, manometers,
densitometers and mass-spectrometers) is very good, so errors of this type are generally small
relative to those of other types. The variability of measurements (e.g., MUF/ID measurements)
when all errors are assumed to be random is the baseline against which the significance of all
other errors is evaluated.

Systematic errors of instruments. The specific performance of, a particular measurement
instrument tends to effect a series of measurements in a systematic way. The effect of a systematic
error typically appears in the form of a bias. The accuracy of modern instruments is very high.
Therefore systematic errors tend to be relatively small, provided that proper calibration,
maintenance and operating procedures are maintained.

Operational errors. Operational errors can have a very important effect on measurement results,
and they are generally not systematic. For this reason, their effect can be very difficult to quantify.
Incomplete additions of water during calibration is reflected in an error in the determination of U
and Pu that is of the same magnitude as the volume measurement error. The effect of non-
representative samples (due for instance to incomplete fuel dissolution or incomplete
homogenization of the solution) is also reflected in the determination of U and Pu as an error of
the same magnitude as the lack of representativeness, and this error can be very difficult to
quantify. Loss of water from the solution during the sample taking operation may increase the
concentration in the sample by a significant amount. Poor sample preservation can result in
precipitation of nuclear material, with the result that concentration measurements are biased.
The magnitude of these errors cannot be estimated apriori, but experience has shown that
operational errors can have a total effect of at least several tenths of a percent, and have the
potential to be much larger. The best way to deal with operational errors is to minimize or
eliminate them through the use of good process control procedures and standardized measurement
techniques.

Calculation errors. Calculation and modelling errors can have a very significant effect on both
the reliability and comparability of process measurements. Neglecting the temperature variations
during calibration or not using the correct density to determine liquid height are potentially large
sources of error. The density of water varies by approximately 0.3% between 20°C and 30°C, so
use of a constant value for density can cause errors (biases) of the same magnitude when liquid
temperatures actually vary over this range. If uncorrected, errors due to differences in temperature
between calibration and operation can be even larger. Neglecting the air buoyancy in weighing
operations implies an bias of about 0.12 % in the corresponding mass determination.. Neglecting
the weight of the air columns in the pneumatic lines leading to the manometers may imply biases
of up to 0.1 %, depending on the altitude of the manometers over the solution.

Finally, errors result from the use of an incomplete or inadequate statistical model can lead to
unacceptably large errors. If a straight line is fit to the calibration data from a tank which does
not have a constant cross-sectional area at all elevations, the fitted model will produce biased
volume predictions. The error depends on variation in the cross-sectional area of the tank, but
errors in the range of l%-5% are possible for reasonable process tanks. Moreover, if data from
several calibration runs exhibit significant run-to-run variation and this variation is not taken
into account, the resulting variance estimates will seriously underestimate true measurement
variability.
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Summary and Conclusions

Random measurement errors are the baseline against which to evaluate the significance of a
particular MUF/ID result. Other errors, especially of a procedural sort, serve to increase the
MUF/ID relative to that expected (zero) when the process is in control and errors are random.
Therefore, a (statistically ) significant MUF/ID is an indication of some procedural problem.
When a significant MUF/ID is obtained, the operator must initiate an investigation to determine
the nature of the problem, such as, for example, an instrument failure, a procedural error, or a
diversion, and then take the necessary steps to correct the problem.

A realistic assessment of baseline measurement capability is vital for establishing and maintaining
a nuclear materials accountability program. This assessment requires a characterization of the
in-plant performance of the various measurement instruments used in the measurement process,
together with a good data interpretation model. Variability in measurements due to factors of a
procedural or operational nature should be eliminated. If elimination is impossible, the factors
should be controlled as much as possible by the use of standardized and systematic operating
procedures. Uncontrollable variations in ambient conditions at the time of measurement should
be taken into account in the computational model, and that all measurements are made under the
same set of operating conditions. The goal is to ensure that all measurements are made under the
same set of operating conditions.

A good data analysis model and sound computation procedures are required both to assess baseline
capability and to obtain accurate volume estimates. At a minimum, this model should

• employ correct values for liquid density, i.e. employ measurements of the density of the
liquid at its measurement temperature for each measurement of liquid height

• include an air buoyancy correction for all determinations of mass
• take account of run-to-run differences in a set of calibration data.

As with operational procedures, standardization procedures and computational models should
be standardized whenever possible. A suitable standardization procedure and statistical model
for tank calibration and volume measurement are given in /6/ and a forthcoming set of international
standards based on 161. The standardization procedures presented therein have been implemented
and are available in a computer code /10/ developed for the International Atomic Energy Agency.
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