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I. INTRODUCTION

This presentation describes in an introductory manner the
accountability design approach which is used for the Model Plant in
order to meet U.S. safeguards requirements. The general requirements
for the U.S. national system are first presented. Next, the approach
taken to meet each general requirement is described. This presenta-
tion introduces the general concepts and principles of the account-
ability system. Individual topics will be covered in more detail in
the remainder of the course.

II. GENERAL REQUIREMENTS FOR MATERIALS ACCOUNTING

The general requirements for materials accounting for the U.S.
national safeguards system are given below for bulk handling
facilities.

1. Measure all quantities of nuclear material received,
shipped, discarded, and on inventory;

2. Maintain a formal accounting system for recording all
internal and external transactions and measurements;

3. Conduct physical inventories;

4. Maintain material control areas;

5. Provide to the safeguards authorities reports of all
external transfers, material status reports, and all usual
events or discrepancies;

6. Maintain a measurement control program for estimating and
controlling measurement errors; and

7. Provide for audits, verification activities, and perform-
ance evaluation by safeguards inspectors.

The above general requirements are also common to Euratom and
IAEA safeguards.

However, since a main objective of the course is to illustrate
how national system requirements are met, the general requirements
of the U.S. system are used for purposes of illustration. The
detailed accountability requirements for U.S. plants are given in
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Title 10, Part 70 of the Code of Federal Regulations. The training
course will illustrate only the more universal features of those
detailed requirements.

The implications of general requirements and the approaches
taken in the design of the Model Plant accountability system are
discussed for each general requirement in the next section. It
should be again noted that each of the topics covered in this intro-
ductory presentation will be covered in more detail in the remainder
of the course.

III. ACCOUNTABILITY DESIGN CONSIDERATIONS

A. Measurements.

1. Completely Measured Material Balance. The requirement
that all quantities of nuclear material received, shipped, discarded,
and on inventory be measured has a number of important implications.
First, it requires a completely measured material balance. This, in
turn, requires 'a measurement process for each type of item comprising
the material balance. It also requires of bulk handling facilities
that the engineering design be such to ensure that all quantities be
included in the material balance, e.g. that there are no unmeasured
effluents and that all of the hold-up inventory can be measured.

In addition, the U.S. and IAEA safeguards systems require that
the measured material balance be of a certain minimum quality in
regard to measurement uncertainty.

a. Receipts and Shipments. For the Model Plant, receipts are
cylinders of essentially pure UF5 and product shipments are fuel
assemblies of also essentially pure UO2. For these items,
extremely high quality measurements (weight and assay of pure com-
pounds) can be made.

b. Waste Discards. The measurement of waste discards present
a more difficult problem. Waste materials are typically difficult-
to-measure material forms. Further, serious consideration must be
given to the process and facility design to ensure that all discards
are included in the measurement system.

For the model plant, liquid wastes transferred to the solar
evaporation lagoons are measured by the volume and concentration of
each batch volume transferred. Solid wastes transferred to burial
or retained waste are measured for U-235 content by passive gamma
counting using calibration standards that simulate the waste
materials.

The completeness of the measurement system is established in the
following manner:

1. All discharges to the atmosphere are monitored for
uranium,

2. There are only two transfer lines to the lagoons, one
for the quarantine tanks and one for the grinder water
tanks,
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3. There are no floor drains in the process building,

4. All liquid vessels have double containment and all
liquid effluents are monitored for low level uranium
concentrations.

5. All potential liquid discharges to the ground are
monitored by a system of wells,

6. Potential tracking losses on shoe covers and protective
clothing are monitored at the laundry, and

7. All equipment which is removed for burial is checked
for uranium by radiation measurements and wiping tests.

c. Inventory. As was noted earlier in the Course, each inven-
tory item for the Model Plant is a discrete measureable item. The
bulk of the inventory is based on measurements made in advance of the
inventory. The inventory cleanout items represent the quantities of
ADU, dirty powder, filters, etc., which are removed in the cleanout
of process equipment and associated plenums and ducts. Each item
such as bucket of ADU or dirty powder is weighed and assayed for
inclusion in the inventory. The small quantities of material which
are not removed by rigorous cleanouts are not included in the inven-
tory, but are treated as material unaccounted for (MUF).

The problem of system completeness also applies to the inventory
of material held up in equipment and duct work. To assure the com-
pleteness of cleanouts, each piece of process equipment is inspected
after cleanout. Duct work and plenums are also examined to ensure
that material has been removed for inclusion in the inventory and to
ensure that there are no buildups of material downstream of the
cleanout points.

2. Quality of the Measured Material Balance.

a. Sigma MUF Criteria. For U.S. bulk handling facilities,
quantitative criteria for material balance accounting are expressed
in terms of materials unaccounted for or MUF. By way of review, MUF
is illustrated in Figure 1. As shown in Figure 1, if there are no
unmeasured losses and no unmeasured inventory (hold up) and if there
are no measurement uncertainties, MUF would be zero. However, mea-
surement uncertainties are inherent to measurement processes, thus
even under ideal conditions of no unmeasured losses and no unmeasured
inventory MUF will not be exactly zero. Although measurement uncer-
tainties are inherent, they can be minimized by employing high
quality measurements.

In the U.S., the need for a certain minimum measurement quality
is specified by numerical values for the limit of error of MUF or
LEMUF.

This is illustrated in Figure 2. For a low enriched uranium
fabrication plant, the U-235 LEMUF is required to be less than 0.5
percent of throughput for the six month plant material balance. This
compares to an IAEA suggested standard of accountability of 0.6 per-
cent of throughput for LEMUF (2aMUF). The alarm level for MUF is
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LEMUF, that is, the observed MU.F should be less than LEMUF or an
investigation of the cause of MUF exceeding the LEMUF is required.

b. Evaluation of Sigma MUF. In theory, to design the measure-
ment and accounting system to achieve an acceptable LEMUF is a com-
plex problem involving a number of factors. These include measurement
processes, measurement errors, number of meaurements, accounting
practices, process aspects, and error propagation considerations.

In practice, the problem is more commonly one of establishing a
measurement system to meet both manufacturing and accountability
needs and then evaluating the LEMUF of that system versus safeguards
numerical criteria for LEMUF.

MUF = MATERIAL UNACCOUNTED FOR

Material Balance Area

• MUF = Beg. Inv + Receipts - Removals - End. Inv.

• Book Inventory = (Beg. Inv + Receipts - Removals)
= "What Should Be"

• Physical Inventory = Ending Inventory = "What is"

• MUF = Book - Physical or
= ("What Should Be") - ("What Is")

• If No Losses, Perfect Measurements: MUF = 0

• MUF i 0; Could Be Losses (Build Up), Measurement
Uncertainty or Theft

Figure 1. MUF

LIMIT OF ERROR OF MUF (LEMUF)

• LEMUF = 2 a M U F

• Limits of MUF Due Solely To Measurement Uncertainties

• °2MUF = a2Bl + a2Rec + °2Rem + CT2E1

ti Of All M
Bl Rec Rem E 1

Propagation Of All Measurement Errors For All Items

(Quantities) In the Material Balance Equation

LEMUF <0.5% Of Throughput For Uranium Fabrication

Alarm Point: MUF > LEMUF

Figure 2. LEMUF
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As noted earlier, the exact evaluation of LEMUF is a complex
problem involving the preparation of detailed models for the plant
material balance, the measurement system, error parameters, and
error propagation. These aspects are covered in the sessions on
Statistics and in the session on the Example Design Information
Questionnaire.

To illustrate some of the system design considerations applic-
able to a low-enriched uranium fabrication plant, a summary example
is developed and shown in Table I.

The first two columns in Table I represent a simplified material
balance for the plant expressed in strata of like items and quan-
tities expressed as a percentage input (or throughput). The third
column shows the measurement methods for determining the quantities
of uranium element in each item. The fourth column shows the
expected relative error for the entire stratum, that is the combined
random and systematic error of the stratum expressed as a relative
standard deviation. The fourth column shows the relative measurement
uncertainty as a percentage of plant input. The last column shows
the percentage contribution of each stratum to the variance of MUF
(a2MUF). The propagated relative CTMUF of 0.182% is the root mean
square of the values in column 5, e.g.

% o M U F = /(0.04)
2 + (0.04)2 + (0.06)2 + (0.06)2 +...

The example CJJJUF evaluation in Table I illustrates several
concepts important to the design of the accountability system. The
first is the concept of identifying the individual contributors to
aMUF an& evaluating the relative impact of each stratum or mea-
surement process on CjiUF' T n e second is the concept of the rela-
tionship between the process and aMUF- This latter point is
illustrated by the contribution to O M U F from waste and scrap
measurements. (Note: The large waste errors are chosen for illus-
tration only.) Measurement errors of those items comprise about 90
percent of the variance of MUF. It is seen from column 2 that their
impact is directly related to the percentage of waste and difficult-
to-measure scrap generated by the process. The adverse effect of
those items on oMUp could be reduced by process improvements which
reduce the waste losses and amount of difficult-to-measure scrap.
For example, conversion of the difficult-to-measure scrap to a more
measurable form such as U3O8 would significantly reduce the
CTMUF»

c. U QfflJF and U—235 PMUF

In the course, the uranium element MUF and ^MUF a r e emphasized.
This is not to imply that enrichment measurements and enrichment
control are not important, but rather to emphasize that the basic
measurements and accounting features for fuel fabrication deal first
with uranium element and secondly with the enrichment.

The U.S. criterion for LEMUF is for the U-235 LEMUF not the U
element LEMUF. However, whether the enrichment measurement errors
actually enter into the U-235 LEMUF is highly dependent on processing
and accounting booking practices. Since fuel fabrication does not
change the enrichment but only blends enrichments, U-235 measurement



TABLE I. Example Uranium LEMUF Evaluation

Component

Receipts

UFg

Removals

1. U0 2 Rods

2. Liquid Waste

3. Solid Waste

% Input

100

99.5

0.3

0.2

Inventory (Beginning and

1. U0 2 Pellets

2. UO Powders
A

3. Difficult-To

Measure Scrap

10

10

5

Measurement

Weight-Assay

Weight-Assay

Volume-Concentration

NDA

Ending)

Weight-Factor

Weight-Factor

Weight-Assay

U, aMUF =

U, LEMUF =

Combined
Error, %ro

0.04

0.04

20

30

0.06

0.1

3

0.182%

0.364%

a
in]

0

0

0

0

0

0

0

put

.04

.04

.06

.06

.006

.01

.15

Variance
of MUF

4.8

4.8

10.9

10.9

0.1

0.3

68.1

0)

<3\
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errors generally affect U-235 MUF accounting only when enrichment
blending takes place. Thus, if the enrichment of the feed UF5 is
maintained throughout.the process such that the accounting records
can be based validly on the enrichment of the starting UFg, then
the U-235 measurement errors do not contribute to the U-235 LEMUF.
In this case, the relative U-235 LEMUF is the same as the relative U
element LEMUF. However, if the measured enrichments of feed product,
and inventory are booked into the accounting records, even though no
enrichment blending has taken place, then those enrichment measure-
ment errors will contribute to the U-235 LEMUF. In this case, the
relative U-235 LEMUF will be larger than the relative U element
LEMUF.

In the Model Plant arrangement selected for this course, the
isotopic integrity of about 85% of plant input is maintained at the
starting feed enrichment and only about 15 percent of throughput is
affected by enrichment measurement errors. To assure that the iso-
topic integrity is maintained, mass spectrometric measurements are
made on each lot of UO2 powder and pellets. Those measurements are
treated as verification measurements and are not booked into the
accounting records unless a statically significant difference is
noted (e.g. evidence that blending took place). The 15 percent of
throughput processed through scrap recovery where blending takes
place is also measured for enrichment. Those measurements are booked
into the accounting records and those enrichment measurement errors
contribute to the U-235 LEMUF.

B. ACCOUNTING REQUIREMENTS

The U.S. national system requires that a formal accounting sys-
tem be maintained for recording all receipts, shipments, waste dis-
cards, and inventory quantities. This subject is discussed in detail
in the next two sessions following this introductory presentation.

C. PHYSICAL INVENTORIES

For low enriched uranium, a physical inventory is required at
six month intervals. A completely measured physical inventory is
required. For the required inventory, process cleanouts are carried
out and all such materials removed and converted to measured items.
Only tamper-safe (sealed) items may be included in the physical
inventory on the basis of previous measurements. Items which are not
sealed or items with broken seals even though previously measured
must be verified by remeasurement to be included in the physical
inventory. Other U.S. requirements for physical inventories include:

1. Written instructions for each inventory,

2. Reconciliation of the book and physical inventory,

3. Documentation of inventory findings, and

4. Calculation of MUF and LEMUF within 30 days after the start
of physical inventory and reporting of planned actions if
MUF exceeds LEMUF or if LEMUF exceeds LEMUF limits (>0.5%).
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The subject of physical inventories is covered in more detail
in the Session entitled, "Procedure for Taking Physical
Inventories".

D. MATERIAL CONTROL AREAS

The U.S. national system requires that internal material control
areas be established for physical and administrative control of
nuclear materials. The material control areas for the Model Plant
are shown in Figure 3.

The material control areas for the Model Plant were selected on
the basis of process, administrative, accounting, and physical con-
siderations. The operation of each MBA is the responsibility of one
of the Plant supervisors. Each MBA has defined physical boundaries
and each MBA represents a natural grouping of like processing and
handling operations. Lastly, the natural flow of material between
MBAs involves the transfer of discrete measureable items so that
flows into and out of the MBA can be accurately accounted for.

The item control area structure is designed to provide maximum
inventory and administrative control over all materials not in an
immediate processing status and over all items amenable to item con-
trol. ICA-1 (Shipping and Receiving) is established so that all
materials entering and leaving the plant are under item control upon
receipt and prior to shipment. The storage ICAs are established to
place all bulk materials not in an immediate processing status under
time control.

The Rod and Bundle ICA represents the ideal case for item con-
trol since each rod and bundle can be treated as previously measured
sealed quantities.

The computer based accounting system maintains a running book
inventory of each MBA and an individual item listing of each item in
each ICA. The computer data base is updated daily and an item list-
ing is printed out daily for all ICAs except Rod and Bundle assembly
which is printed out at inventory time. The concept of having most
of the inventory present as discrete previously measured items, each
of which is identified by location, quantity, and serial number on
the time listing, greatly facilitates inventory taking.

The combination of the item control area arrangement and mea-
surement of items at the time of creation and the subsequent inclu-
sion of items placed in item control on the perpetual inventory
listing represents, in a sense, a form of advance inventory taking.

E. SAFEGUARDS REPORTS

U.S. safeguards regulations require several routine reports and
several types of special reports of discrepancies. The routine
reports are the Nuclear Material Transaction Reports (NRC Forms-741)
and the Material Status Reports (NRC Forms-742). See references 1
and 2.
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The Material Status Reports (Porms-742) are submitted every six
months (March 31 and September 30) and state the quantities of
nuclear materials received, produced, possessed, transferred, dis-
posed of or lost.

Special reports are required of any material accounting dis-
crepancies. Any loss of nuclear materials such as loss of a discrete
item or an accidental loss or theft or attempted theft must be
reported immediately to the U.S. Nuclear Regulation Commission.
Material balance discrepancies such as in the event that the observed
MUF exceeds the LEMUF on other action limits of the U.S. national
system must also be reported to NRC and appropriate actions taken to
resolve the discrepancy.

For the Model Plant used in the course, routine reports are also
submitted to the Region V Inspection Office (San Francisco) of NRC.
That Office conducts the routine inspections of the plant for the
U.S. national system. Waste discards are reported monthly, and MUF
reports are submitted following the required six-month inventory and
for the three-month inventories which are taken by the Model Plant
for its own purposes. The LEMUF and a MUF measurement bias report
is also submitted after the six-month inventories.

The details of the various reports submitted to the U.S.
national system will be covered the MC&A System Design Workshop.

F. MEASUREMENT CONTROL PROGRAM

The U.S. national system requires that a formal measurement
control program be established and implemented to control, estimate,
and document measurement errors. The measurement control program for
the Model Plant will be presented in detail in the session entitled
"Measurement Control Program".

G. SAFEGUARDS INSPECTIONS

Under U.S. national system requirements, the Model Plant is
inspected several times a year by inspectors from the Region V Office
(San Francisco). The inspections are unannounced and are conducted
usually by three inspectors. The inspections are to assure compli-
ance with the Regulations and License Conditions for the facility.
The detailed requirements are incorporated in the Fundamental
Material Control Plan for the Model Plant. The Fundamental Material
Control Plan is a procedures description document which describes
the safeguards accountability procedures used by the Model Plant.
The inspectors also obtain samples for verification of certain key
measurements. Those samples are sent to the New Brunswick Labora-
tory which is a U.S. government laboratory,

At the end of each inspection, the inspectors conduct an exit
interview with plant personnel to discuss the results of their
inspections. A formal inspection report is also prepared and a copy
sent to Plant Management.



To accommodate the unannounced inspections, picture badges are
kept at the main Badge House and those badges are issued to the
inspectors upon presentation of their credentials and recognition by
Plant Security personnel. The inspectors have access to all parts
of the plant and all key personnel are made available for discussions
with the inspectors. Usually, the inspectors are accompanied by
plant safeguards personnel in inspections of plant areas.

H. BACKGROUND MATERIAL

For technical background material on U.S. materials accounting
requirements and for guidance in developing materials accounting
procedures and techniques, the student is referred to the Division 5
Regulatory Guides Materials and Plant Protection. The table of con-
tents and copies of those guides are available as follows:

Requests for single copies of the latest revision of a
regulatory guide, the only version currently in print,
should be made in writing to the U.S. Nuclear Regulatory
Commission, Washington, D.C. 20555, Attention: Director,
Division of Technical Information and Document Control.
Earlier revisions may be examined at the Commission's
Public Document Room, 1717 H Street NW.7 Washington, D.C.
Regulatory guides are not copyrighted, and Commission
apiproval is not required to reproduce them.
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2. NUREG/BR-0007, Instructions For Completing Material Balance
Report, Physical Inventory Listing, and Concise Notes (Forms
DOE/NRC 742, 742C, and 740M).


