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I. INTRODUCTION

For safeguards purposes measurement control programs are typi-
cally carried out to meet three objectives. The first is to ensure
the control and quality of accountability and verification measure-
ments. The second is to provide an experimental basis for the esti-
mation of the random and systematic errors of measurement for calcu-
lating LEMUF and evaluating shipper-receiver differences. The third
is to provide documented evidence that safeguards measurements have
met quality criteria. This paper describes a measurement control
program for a low-enriched conversion-fabrication plant.

The measurement control program encompasses all elements of the
measurement processes used to determine quantities of uranium element
and U-235 isotope in plant receipts, shipments, waste discards, and
inventory.

The program focus is shown in Figure 1. The program is directed
at the individual elements of the measurement processes rather than
at the measurement components of the plant material balance. For
each element of the measurement process, such as weighing, NDA and
analytical measurement, a program of standards, replicate measure-
ments, calibrations, and statistical analysis is applied. All data
generated in the program are documented and subject to continual
review. The program also includes special experiments to estimate
weighing and sampling errors and the potential matrix bias arising
from the passive gamma measurement of U-235 in solid wastes.

The measurement elements for the fuel fabrication plant consid-
ered in this paper are shown in Table i. As shown in the table, the
control program covers five measurement elements and from one to five
measurement applications for each of the five elements.

The remainder of this paper is presented in the following order:

1. Technical Requirements,
2. Application to Individual Measurement Elements,
3. Special Experiments,
4. Statistics, and

5. Documentation.

II. TECHNICAL REQUIREMENTS

A. Reference Standards
For safeguards measurements there are three general criteria for

reference standards. First is the requirement for traceability of



Doc:umentation

Reference
Standards

Standards
Program &
Replications

Measurement
Element

Calibrations

Special
Experiments

Statistical
Evaluation

to
00
I

to

Figure 1. Measurement Control Program Focus
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TABLE *« Fuel Fabrication Measurement Elements

• Mass —Weighing of UFg Cylinders, Pellet Columns, Trays,
Boats and Buckets

• Analytical—Gravimetric, Fluorometric, and Volumetric U-Assays
and U-235 by Mass Spectrometry

• NDA —Total U-235 oy Passive Gamma in Solid Wastes
—Barrels and HEPA Filters

• SAMPLING —Sampling of Powders, Sludges, Whole Pellets, and
Liquid Wastes

• VOLUME —Volume of Liquid Wastes in Right Cylinder Tanks

the reference standards to a national or international system of mea-
surement. Since nuclear materials are transferred within and between
countries, this is an important requirement.

Second is the requirement that the reference standards meet the
quality objectives of the measurement program. The tolerance or
uncertainty associated with a reference standard should be smaller
than the uncertainty objective of the measurement. A desirable, but
not always attainable goal,, would be for the uncertainty of the ref-
erence standard to be of the order of five to ten times smaller than
the uncertainty goal for the measurement method. For example, if the
goal is to weigh objects to an accuracy of two parts in ten thousand,
then the tolerance goal of the standard weights would be two parts in
fifty thousand or two parts in one hundred thousand; assuming, of
course, that the scale has the desired sensitivity.

The third requirement is that the reference standards be repre-
sentative of the measurement process and range of application; or in
the case where the reference standard is not used directly, it should
be possible to derive from the reference standard secondary standards
or working standards which are representative.

B. Standards Replication Program

The frequency with which standards are measured should be suffi-
cient to detect out-of-control situations in a timely manner in order
to minimize the number of items which may have to be remeasured.
Where standards are measured for the purposes of detecting small
biases and to provide estimates of measurement bias, the frequency
should be sufficient to provide a precise estimate of any possible
bias.

C. Calibration Standards

Calibration standards should be traceable to primary standards,
cover the range of application of the method, and be representative
of the materials and items undergoing measurement. The last require-
ment is particularly important when the measurement process is
affected by the material or object undergoing measurement. A case in
point is the passive gamma counting of solid waste for U-235 where it
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is necessary to duplicate both the composition of the waste and the
container by the calibration standards.

D. Experimental Design

The experimental design of the measurement control program should
be undertaken with the objective of providing valid estimates of the
random and systematic errors of measurement. That objective is often
more easily stated than achieved. Ideally, the program should be
extensive enough to include factors which may vary over time and over
measurement operators. Special consideration may need to be given to
experimental designs to provide estimates of systematic sampling
errors. Often, engineering scale experiments may be required to
obtain valid estimates of systematic sampling errors.

III. MASS MEASUREMENTS

A. Reference Standards

Examples of the mass standards used in the measurement control
program are shown in Table II. Also included in the program are sets
of NBS Class S and S-l^J standard weights which are used to
recertify working weights and to calibrate the analytical balances.

B. Measurement of Mass Standards

Each scale is zeroed at first use on each operating shift and a
control standard weighed. Once each week, at a random time, a quality
control technician weighs a known standard in the working range on
each scale using the same standard each time on all scales

TABLE II. Example of Mass Standards

Scale Type

Powder, Boat,
and Tray Scales

Rod Loading
Scales

3. UFg Scales

Standards

Sets of 5, 10, 20, 25 kg
Metal Weights.

Set of 0.6, 0.7, 2.4,
3.6, 4.9, 5.7 kg Metal
Rods

Set of (5) 50, 250, 500,
and (3) 1000 pound Metal
Blocks.

Replica Mass Standards

2 Cylinders Depleted U

Tare Approximately
1650 Pounds

Certification

NBC Class C. Certified
by Metrology Lab.
Recertify 18 Months.

Certified by Metrology
Lab. Recertify
18 Months

Certified by Metrology
Lab. Recertify
18 Months.

Certified at Diffusion
Plants versus NBS
Weights

Recertify 2 Years.

Full Approximately
6400 Pounds.
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to the extent possible. The standard is weighed while the scale is
in use and the scale is not zeroed just prior to checking the
standard.

Twenty-six observations per scale result during the six-month
material balance period. The frequency is selected to produce suf-
ficient data to obtain good estimates of systematic error limits.

D. Mass Calibrations

Prior to use, newly acquired scales and balances are evaluated
with respect to accuracy and precision. After zeroing the balance and
setting it up according to the manufacturer's instructions, known
standards are weighed at approximately 50% and 100% of full scale and
at a point within the expected working range. Standard weights listed
in Table II are used. A series of 15 runs using these three weights
are made. A second series of 15 runs is repeated at a later time (at
least 24 hours later), where a second individual performs the weigh-
ing. A third series of 15 runs is repeated by either of these first
two individuals or by a third individual again at a later time; that
is, at least 24 hours removed fom the second series of runs. These
data form the basis for initial certification of the scale.

On a monthly basis, the quality control gauge technician cali-
brates each scale, documents the calibration records, and updates the
calibration stickers. Calibration must be performed prior to use of
a scale that has been out of service if the date is beyond that indi-
cated by the due date sticker. Recalibration also takes place when-
ever the scale in question undergoes major repair that could affect
overall performance in the opinion of the quality control gauge tech-
nician. On an annual basis, each key accountability scale is cali-
brated by the Plant Instrument Group.

IV. ANALYTICAL MEASUREMENTS

The reference standards for the analytical measurements are shown
in Table III. With the exception of the sintered pellet standards and
the grinder water standard, the analytical standards are either NBS
standard reference materials(2) (primary standards) or are prepared
directly from those materials. The sintered pellet standards are
secondary standards based on measurements made by New Brunswick and
Ledoux Laboratories. The pellets were assayed by a titration method
which was traceable to NBS standards.

The NBS isotopic standards are used for determining the multi-
plier correction factor (mass discrimination factor) for the mass
spectrometer and also as routine control standards for the mass
spectrometer.

A. Measurement of Analytical Standards

Standards are run using each analytical technique with a minimum
frequency of two per week, except that during those periods when a
given analytical technique is not in use, the standards need not be
run. Under continued operation, this produces 52 results for each
analytical technique employed in measuring uranium and U-235 during
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Measurement

TABLE ill. Analytical Standards

Standard

% U-Gravimetric

% U-Low-Level Solutions

% U-Grinder Water

% U-General

% U-235 by Mass
Spectrometer

Sintered UO2
pellets

Parts per million
solution
standards

Grinder water-
suspended
UO2

NBS-950 A or 960

NBS UO10, UO15,
UO20, UO50, U500,
U100, U150, U200

Certification

Depleted UO2 pellets
certified by measurements
made by New Brunswick and
Ledoux Laboratories.

Aliquots of NBS 950 A,
960, or their successors
are weighed, dissolved
with HNO3, and diluted
to volume and/or weight.

Characterized, weighed
quantities of sintered
UO2 are diluted to
volume with water.

NBS Standard Reference
Materials

NBS certified isotopic
standards of standard
reference material U3O8

each six-month material balance period. The schedule provides bias
estimates with a level of precision sufficient to detect real biases
that are very small relative to random error limits. By running
standards on a weekly schedule, timely indication of lack of control
is given.

Laboratory technicians are instructed to exercise the same care
when running standards that is used when running production samples.
Only those technicians authorized to run production samples using a
given analytical technique may produce standards data employing that
technique.

B. Calibrations of Analytical Measurements

1. Fluorimetric (Low-Level Waste and Grinder Water). Each
sample analyzed has a unique calibration which is derived by spiking
the sample with a known quantity of dissolved NBS U3O8 or NBS
metal. A calibration curve is not required.

2. Titration (Davies-Gray Method). When the Davies-Gray
method is used for accountability analyses, the titrant and automatic
recording titrator are calibrated against aliquots of the U Low-Level
standards. The relationship between the volume of potassium dichro-
mate titrant and uranium amounts is determined over the range of ura-
nium amounts expected in sample aliquots. A minimum of four standard
values within this range are used and each is assayed a minimum of
three times. Recalibration is performed annually or whenever the
titrant is changed or standards data indicate a need for
recalibration.
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3. Gravimetric Analyses. The accuracy of the gravimetric ura-
nium analysis is directly related to weights and ignition to stoi-
chiometric U3O8. Balances are serviced annually by the manufac-
turer, calibrated monthly by plant personnel, and checked daily with
a Class S-l weight to assure proper operation. Nonvolatile impurities
remaining in the U3O8 are measured by emission spectroscopy. An
impurity correction is made for each sample.

An extensive study, using NBL 97 UO2 standard and a Graeco-
Latin square statistical design, was performed to determine the opti-
mum ignition conditions.

4_. 235y Analysis. Multiplier correction factors are deter-
mined using NBS isotopic standards (NBS UO10, U015, etc.). No other
calibration is required. The factors are reestimated on an annual
basis. More frequent estimation is not required because biases in the
mass spectrometer are controlled through the running of standards.

V. . NDA MEASUREMENTS

A. CALIBRATION STANDARDS

1_. General. The NDA calibration standards for the waste assay
counter are shown in Table IV. The waste assay counter measures the
total U-235 content of solid wastes in 55-gallon barrels and HEPA
Filters (High-Efficiency Particulate Air Filters) by passive gamma
counting of U-235 (185 KeV gamma). The waste counter consists of four
sodium iodide (Nal) detectors and the associated electronics and a
rotation fixture. The barrel or filter is rotated at about five rpm
to provide an average count independent of the radial location of the
uranium.

2, U-235 in 55-Gallon Barrels. The 30 one-gallon jugs
described in Table IVare used in preparing each of the five calibra-
tion standards. A given barrel calibration standard is created by
uniformly dispersing known quantities of U-235 in 30 gallons of saw-
dust. The sawdust and uranium mixture is placed in the 30 one-gallon
jugs. There are 3 layers of jugs in a barrel, with each layer com-
prising 10 jugs so that the barrel holds 30 jugs total. For each
standard, three 500-second net counts are taken.

An upper limit of about 30 grams U-235 is chosen to correspond
to the maximum amount of uranium within a process barrel. Barrels
that exceed the upper limit are down loaded and the contents dispersed
into other barrels so that the calibration curve limit is not
exceeded.

3_. U-235 in HEPA Filters. The plastic vials described in
Table IV are used in preparing calibration standards. In preparing
these calibration standards, a 10 x 10 grid pattern is marked on a
typical HEPA filter, specifying 100 locations on each side of the
filter. A HEPA filter calibration standard is created by placing
vials at specified grid locations. The number of vials per filter
standard is as follows:



TABLE IV. Waste Assay Calibration Standards

Measurement Standard

Total U-235 in 55-gallon
barrels

Tota U-235 in HEPA
Filters

Five 55-gallon barrels each con-
taining 30 one-gallon jugs con-
taining a mixture of low-enriched
uranium and sawdust with from
2.0 to 30.0 g U-235 per barrel
approximately equally divided
among the 30 one-gallon jugs.

5 HEPA filters with plastic con-
tainers, 1-1/2 in. x 5 in. x
3/16 in., made so that the thick-
ness of UO2 powder is approxi-
mately 1/16 in., with from 2.0 to
30.0 g of U-235 per HEPA filter,
approximately equally divided
between the plastic containers in
the HEPA filter.

Certification

The U-235 amounts in the barrels
and filters are based on
measurements made using the
gravimetric and mass spectrome-
ter analytical methods. They
are traceable to NBS through the
NBS analytical standards.

See above.

to
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Filter Standard,
Grams U-235

2
8
16
24
30

Vials and
Grid Locations

6
24
48
73
101

For each standard, three 500-second net counts are taken. An
upper limit of about 30 grams of U-235 is chosen to correspond to the
maximum amount of uranium expected on the filters. Filters whose
counts exceed the calibration range are beaten to remove enough ura-
nium to bring the filter within the range, or else they are cut up
into smaller sections.

4. Calibration Frequency. The system calibration is repeated
annually, or whenever measurement system changes are made that might
affect the calibration. An annual calibration frequency is judged to
be adequate because the system is carefully controlled through fre-
quent running of the standards. Further, replicate measurements made
monthly on four production barrels and three production filters than
span the range of U-235 contents provide assurance that the calibra-
tion remains fixed throughout the entire range.

VI. VOLUME

The bulk of the uranium-bearing liquid waste is transferred to
solar evaporation ponds after sampling and volume measurement in con-
nected banks of right cylinder tanks. A bank consists of five nomin-
ally identical tanks of about 100 gallons volume each. The tanks are
made of smooth inner bore spun fiberglass pipe which is reinforced on
the outside by fiberglass wrapping to prevent bowing. The tanks are
of uniform inner dimension and are used as upright, right cylinder,
volume measurement tanks.

The tanks are calibrated by 1) dimensional measurement(3) of
the inside diameter and 2) measurement of the average liquid height
of the bank at the time of discharge under normal operating condi-
tions. Five calibration runs are made under normal operating condi-
tions. The bank is allowed to fill until the liquid level alarm
activates and the bank is manually valved out. The recirculation pump
is shut off to allow the liquid level in all tanks in the bank to
reach an equilibrium height (all tanks reach the same level). The
liquid height of each tank is measured. The average of 5 runs is used
to determine the batch discharge volume (gallons/batch) of each bank
of liquid waste tanks.

The tanks are calibrated annually. The calibration data are
submitted for statistical analysis and incorporation of the calibra-
tion data in the measurement control program records.
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VII. SPECIAL EXPERIMENTS

A. Heterogeneous Scrap

For heterogeneous scrap items—ADU, grinder sludge and dirty
powder—two experimental programs are carried out to estimate sampling
errors.

For the estimation of random sampling errors a routine resampling
program is carried out. During each six-month accounting period,
15 containers of each type of scrap are resampled and assayed for
percent uranium to provide a basis for estimating random sampling
errors.

Small scale oxidaton experiments have been carried out in which
the entire contents of scrap containers are converted to U3O8 in
a quantitative manner. The experimental approach is equivalent to
doing a gravimetric assay of the entire contents of a 5-gallon bucket
of scrap. In the initial experiments performed using the new process
tray oxidation unit, the contents of the scrap buckets were quantita-
tively transferred into tared oxidation trays such that each tray
represented a gravimetric assay sample size of about five kilograms
of scrap. The between-tray percent uranium values for trays from the
same scrap container provide an esimate of the heterogeneity of the
material (or inherent random sampling error). The difference between
the original sample result for percent uranium and the percent
uranium found by the oxidation-assay approach for the whole container
provides an estimate of the systematic sampling error. Periodic
oxidation experiments are planned as a continuing part of the measure-
ment control program. Obviously, the need for such experiments would
be eliminated if all difficult-to-measure scrap were routinely con-
verted to readily measurable U3O8.

B. Liquid Waste

The ADU precipitation process used for the conversion process
generates an ammonical uranium-bearing liquid waste. Because of the
possibility of suspended solids, a potential for systematic sampling
error exists. Two types of experiments have been conducted to esti-
mate possible systematic sampling errors.

One experiment consisted of making a running comparison between
the normal samples taken from the circulating sampler on the banks and
samples obtained by a continuous sampler located on the inlet line to
bank tanks. That experiment showed that systematic sampling errors
can be significant when suspended ADU solids are present.

The second experimental approach is to compare the total uranium
as measured by discharged batches to the total uranium found by
physical inventory of the solar evaporation ponds into which the
liquid wastes are discharged. Experiments of this type show that
systematic sampling errors for the ADU process liquid waste can be
significant (approximately 20 to 30%).
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Solid Waste

Solid waste which consists of contaminated gloves, rags, plastic
sheets, etc., presents a potential matrix problem for the passive
gamma counter. If the uranium in the waste is not uniformly distri-
buted or if it is shielded by high density materials, the counter
gives low results.

To estimate the potential systematic error which arises form such
a matrix effect, special chemical leaching experiments have been car-
ried out on process waste barrels. Those experiments show that a
significant bias (passive gamma counting 30 to 40% lower than leach-
ing) can result when the actual waste matrix is more dense and heter-
ogeneous than the calibration standards. From the special leaching
experiments, a matrix bias correction equation was developed which can
be used for "after-the-fact" bias corrections. Because of practical
difficulty of controlling the solid waste matrix in an exact manner,
serious consideration is being given to including periodic quantita-
tive leaching experiments in the measurement control program.

VIII. STATISTICS

A. General

The scope of the statistical aspects of the measurement control
program is shown in Table V. AS shown in the table, statistical
techniques are applied to all elements of the measurement processes
to estimate measurement errors, set control limits, derive calibration
relationships, and estimate biases. In addition, comprehensive sta-
tistical evaluations are made periodically of the overall program and
error propagation methods applied using current error estimates to
calculate the plant LEMUF. The more important details of the statis-
tical application are described next.

B. Statistical Applications

1. Calibrations. For the determination of U-235 in solid
wastes (barrels and HEPA filters), a quadratic calibration curved)
is developed. For the multiplier correction factor for the mass
spectrometer, an average correction factor is developed after a sta-
tistical evaluation of the data for non-random effects.

2_. Control Limits. From the calibration and standards data,
statistical control and action limits are developed for the waste
assay system, analytical methods, and for the routine weighing of
standards by the Quality Control technicians.

The general control philosophy for standards measurements is to
remeasure the standard if the result falls outside the 0.05 limit but
within the 0.001 limit. If repeated measurements fall within the
0.05 limit, no further action is required. Otherwise, the method is
declared out of control. If a standard measurement falls outside the
0.001 limit, the method is declared out of control and remedial action
initiated.
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Weighing

TABLE V. Scope of Statistical Program

Sampling Overall

Control Limits

Use Statistical Con-
trol to Keep Scales
Within Error Limits—
No Bias Corrections

Estimate Error Parame-
ters from Routine
Data and Experiments

Use S/R Data for UF6

Weighing Errors

Analytical

Control Limits

Mass Spectrometer
Calibration

Bias Estimation and
Test of Significance

Random Error from
Routine Data

NDA

Control Limits

Calibration Equation

Standards Data for
Instrument Drift

Chemical Recovery
versus Counting for
Matrix Bias

Scrap resampling pro-
gram data for error
estimation

Lot-To-Lot variation
of powder and pellets

U3O8 experiments for
sampling error

Liquid waste experi-
ments -LE and BIAS
estimation

Volume

Volume calibration and
error parameters

Comprehensive annual
measurement review

Update error parame-
ters each six months

LEMUF calculations
for each six months

Monitor all program
data
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C. Error Estimation

1. Random Errors. Replicate measurements data are analyzed by
the method of paired differences to provide estimates of the random
error variance. The variance among the paired differences is an
estimate of twice the appropriate measurement error variance.

D. Systematic Errors

1. Weighing. In the case of scales and balances, the primary
purpose of standard weighing is to detect when scale adjustments are
needed and not to generate data that form the basis for making bias
corrections. It is difficult to use the data generated by the stan-
dards program to obtain realistic estimates of.systematic error
limits. Generally speaking, the best statement that can be made is
that all weighing of the standards were within, say, one scale divis-
ion (or the rounding interval of digital readout scales).

To obtain more realistic estimates of systematic error limits for
scales, special weighing experiments are conducted using unknown
weights. These are weighed singly and in combinations on the various
scales. Standard weights are then assigned these standards on the
basis of the consensus data. A systematic error component, described
by the variance of the population from which the systematic error for
a given scale was selected at random, is then estimated by the square
of the average difference between the observed weights for the stan-
dards (weighed singly and in combinations) and the corresponding
assigned weights based on the consensus data.(5)

For the balances used in rod loading, the sensitivity is such
that the systematic error variance can be estimated from the quality
control data on the weighing of known standards. An analysis of
accumulated standards data is used to estimate the systematic error
variance. Down loading experiments are also carried out which provide
additional data for error estimation.

For the UFs scale, shipper-receiver data are used to obtain a
realistic estimate of the systematic error. The statistical tech-
niques for estimating both the long-term and short-term systematic
error variances from shipper-receiver data are described in
Reference 6.

2. Analytical. The primary function of the standards program
is to give an early signal of possible problems with the analytical
technique in question rather than to create data that will form the
basis for making bias corrections after the fact. The aim is to
develop a bias-free analytical technique, although it is impossible
to achieve this goal completely.

Recognizing that small biases will occur, the standards data for
each analytical technique are analyzed at the end of a material bal-
ance period to estimate the bias that existed for that analytical
technique during the material balance period. The estimated bias is
the average difference between the observed measurements on the stan-
dard and the assigned standard value. Alternately, the statistic may
be the difference in logarithms of the raw data or equivalently the
logarithm of the ratio. This latter approach is followed when more
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than one standard is used and where biases are consistent on a rela-
tive rather than absolute basis. This approach is followed with the
mass spectrometer standards data.

The standard deviation of the estimated bias is calculated as the
standard deviation among the differences divided by the square root
of the number of differences comprising the average. The uncertainty
in the standard is also taken into account. If the appropriate data
are subsequently corrected for bias, the standard deviation of the
estimated bias is regarded as a systematic error standard
deviation.(?)

3. NDA. Systematic errors in the solid waste measurements are
estimated from the calibration data and from the leaching experiments
described earlier.

4. Sampling. Systematic errors in sampling heterogeneous
materials are estimaed from the special experiments described earlier.

5. Volume• Systematic errors in the volume measurement for
liquid waste are estimated directly from the dimensional calibration
data. In addition, quarterly acid flushes of the bank tanks are made
and measured to estimate any volume bias which may be caused by solids
build-up in the tanks.

6. Application to Overall Program. Regarding statistical
applications to the overall measurement control program, the following
activities are carried out:

1. Annually, a comprehensive measurement review is performed
in which all the standards data and applicable shipper-
receiver data are evaluated statistically. Error estimates
are developed for key accountability measurements and yearly
trends analyses are made. The measurement review is docu-
mented and a detailed report issued.

2. Error parameters for the LEMUF calculations are updated each
six months and used in the LEMUF calculation which is per-
formed at the end of the six-month inventory.

3. All data generated in the measurement control program are
monitored routinely and appropriate statistical techniques
applied to detect trends and identify possible problem
areas.

IX. DOCUMENTATION

All data generated in the program are recorded as permanent
records and a formal system of documentation followed. Examples of
the various records and reports associated with the program are shown
in Table VI.
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TABLE VI- Example of Records and Reports

Records Reports

CUSUM and Control Charts LEMUF Reports

Out-of-Control Documentation Measurement Reviews

Calibration Data and Calculations Bias Adjusted MUF

LEMUF Data and Calculations Standard and Reference
Reports

Q.C. Weekly Standard Weighing Data Audit Results

Standards Preparation Data Special Experiment Reports

Mass Standards Calibration and Error Parameter Reports
Certification

Measurement Review
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