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NOTICE

This report is a documentation of the presentations made to the Fourth Safe-
guards Analytical Laboratory Evaluation (S.A.L.E.) Program Participants Meeting
at Argonne, Illinois, July 8-9, 1981. The meeting was sponsored by the D.S.
Department of Energy and was coordinated by the S.A.L.E. Program of the New Bruns-
wick Laboratory. The objective of the meeting was to provide a forum through which
administration of the Program and methods appropriate to the analysis of S.A.L.E.
Program samples could be discussed.

The "Minutes of the Meeting" is a collection of presentations by the speakers
at the meeting and of the discussions following the presentations. The presentations
are included as submitted by the speakers. The discussion sections were transcribed
from tape recordings of the meeting and were edited to clarify and emphasize important
comments.
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WELCOME

by

Dr. Carleton D. Bingham

Director

New Brunswick Laboratory

One of the pleasant benefits of meetings such as this is the opportunity

not to just talk shop (though there is a lot to be said for that), but to

renew acquaintances and to welcome old young faces and young old faces. There

are people here that go back 20 or 30 years. It's always a joy to welcome you

individually and collectively to gatherings such as this.

The keynote, if there is to be a keynote, for this meeting is "Technology

Transfer." Whether it be formalized by some of the presentations that have

been prepared, or whether it be talks around the coffee break, or in the

corridor, or at the banquet tonight. The goal is to exchange information

relative to measurements of nuclear materials. The ultimate goal is to

improve the quality of measurements and thereby, improve the efficacy of

safeguards of nuclear materials domestically and internationally. We are

interested and are pleased to have as large a delegation of participants and

representatives of the laboratories that participate in the SALE Program.

We are interested at all times, not just at meetings such as this, in your

comments, your questions, and your suggestions on how the program may be

strengthened or expanded or redirected to, again, meet the measurement

improvement and measur *ment evaluation objectives of the program. So please

don't limit your opportunities to comment or make suggestions to meetings.

We're no further away from any place in the world (it turns out lately) than

the telephone and certainly the postal service will ultimately get a letter to

us. We encourage you to take advantage of your position and the opportunities

for making recommendations that you have, and doing this on a continuing

basis.

We are happy to have you here. We have some new people to introduce to

you, that you will be interfacing with more frequently in the near future, but

that will come a little bit later.
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WELCOME

by

Mr. F. Mattmueller

Deputy Manager

Chicago Operations Office

On behalf of Mr. Bauer, the manager, who is travelling this week, I do

want to welcome you to the Chicago Office and the Argonne National Laboratory.

I notice that Bing has a fast track for you the next couple of days, and

knowing Bing, you're going to get it all accomplished. I am also confident

that you will feel that you have properly spent several days here in the

process.
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Fourth SALE Program Particips its Meeting

July 8-9, 1981

Opening Remarks
Samuel C. T. McDowell

Director, Division of Safeguards Systems
Development and Implementation
Office of Safeguards and Security

U .S .Department of Energy
Washington, DC

It is a pleasure to represent the Department of Energy's Office of Safeguards

and Security at this fourth SALE meeting. The New Brunswick Laboratory's

management of the SALE program and, importantly, your participation has

contributed significantly to advancing safeguards measurement technology and

enhancing the credibility of both domestic and international safeguards.

The improvements made in analytical measurements of nuclear materials

over the last decade are very impressive, beginning with an accuracy of about

1% for the analysis of uranium and plutoniuni to today's SALE results which show

accuracies of approximately 0.1% on well-characterized materials. These more

accurate plutonium and uranium data are now available for accountability

purposes, analyzing inventory differences, and minimizing shipper/receiver

• differences. These improvements in accuracy apply to a variety of techniques,

e.g. , wet chemistry, mass spectrometry, nondestructive assay and others.

While significant progress has been made, a common question still arises:
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Is this present day accuracy of about 0.1% for both plutonium and uranium

adequate for safeguards purposes? Or should we strive for a greater accuracy,

e.g. , 0.05% or better, now appearing in safeguards reports and journals. The

question to be answered is "where and what is the most cost-effective use

of funds for enhancing overall safeguards effectiveness?" Perhaps we are

already on the "knee of the curve" in the area of analytical measurement

technology and should concentrate on better bulk and flow measurements,

mass and volume determinations, and improving sampling capabilities. Some

insight may be surfaced later in this meeting by a discussion on the propagation

of measurement errors for plutonium, uranium and their isotopes in various

parts of the nuclear fuel cycle. Your views on this question are of great interest

to OSS.

OSS evaluates each of its programs, including SALE, on a continuing

basis in terms of its contributions to safeguards and its cost-effectiveness. We

are all very much aware of President Reagan's initiatives on an economic

program to cope with inflation and its possible impact on programs supported

by OSS, including R&D at contractor sites or operations at NBL. We must

ensure that safeguards funding is spent in the most effective way.

The activities for the SALE program have been focused jn essentially four
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well-characterized materials", namely, uranyl nitrate, uranium oxide, plutonium

oxide and mixed oxides of uranium and plutonium. Work with relatively pure

materials is reasonable so that we can learn how well various measurement

technologies can assay uranium, plutonium and their isotopes. However, as

the number of nuclear reactors throughout the world increases and irradiated

fuel materials, scrap and waste continue to gather in greater quantities, our

attention and workload in SALE will assume new emphasis. The measure-

ment technology needs to keep pace with nuclear materials that are found

in the backend of the fuel cycle, scrap and waste and many other forms of

heterogenous materials found in the various parts oi: the power reactor fuel

cycle. However complicated or complex the myriad of sample compositions are,

.the SALE program must be relevant to the nuclear community's needs to

analyze plutonium, uranium and their isotopes in not-well-characterized

materials. Our R&D program in instrument development is faced with the

same challenge and we are spending considerable time and attention on

destructive and NDA means for hard-to-measure parts of the fuel cycle.

Safeguards is not a static science. Due to social, political, economic and

technology changes in a growing nuclear world, our programs need to be

constantly evaluated. The SALE program has the benefits of not only in-

corporating measurement expertise from many countries, but also skills

using a variety of macro and micro methods. With a history of analytical

excellence, SALE has consistently solved a variety of measurement problems

for the nuclear community in a complex energy-seeking society.
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There are several areas of special concern on which we in OSS have begun

to focus additional thought and deliberation. 1 want to discuss these briefly in

the hope that as you go about your routine day-to-day laboratory operations or

as you carry out the evaluations as part of the SALE program, you would consider

passing on any insight or experiences through your work that might have a bearing

on the following areas:

o NDA Standards

Virtually no primary NDA standards exist in support of the numerous

NDA methods and related instrumentation developed to analyze nuclear

materials in new and existing fuel cycle materials; therefore,

standards for a variety of materials (some of which are being prepared

at NBL) are welcome. It is the intent of this activity to provide a program

which will define and assure coordinated management of activities for

developing NDA reference material which promde direct and cost-effective

traceability of nuclear material measurements to the national measurement

system.

o Smaller MBA's/Real-Time Accountability

Concepts of near real-time in-plant material control and accountability

are being developed for rapid detection and localization of losses or un-
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authorized removal of nuclear material. The primary basis is NDA

instrumentation coupled with automated data processing equipment for

continuous accounting and control of the material on small segments of a

process and representative standard. An advantage of closing material

balances over small segments in this manner is the detection of relatively

small quantities at specific locations without periodic shutdown and

cleanout. Accuracy, of course, will depend on the type, form and

amount of material involved in each segment and physical standard. The

target for generic operations is, first, to detect any deviation from normal

operations such that a missing item would tie detected immediately;

and second, to confirm the material balance for bulk material flows and

inventories over each segment and at controllable time elements such as

the end of a work shift or residence time of material.

o Bulk Measurements

Bulk measurements currently contribute a substantial amount to

the total uncertainty in materials accountability. Real time NDA methods

being developed and implemented need to be more closely coupled to real

time bulk measurements. Only minor efforts are being made to improve

bulk methods. New fuel cycle facilities will place increasing demands on

better measurements. IAEA inspectors (visiting and resident) need

improved capability as some high technology plants (e.g., uranium-enrichment)
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will limit access to sensitive technology. High radiation fields and remote

operations will add complexity to bulk measurements.

Accurate bulk measurements (mass, volume, flow, pressure,

temperature, density) of nuclear fuel are needed to keep pace with nuclear

technology. Following are some examples of bulk measurements in need of

attention: (a) non-intrusive reference flowmeters for calibration or

validation of in-plant flow measurements; (b) assistance to the

IAEA on flow measurements as new reprocessing plants come on

line in the 1980's-1990's; (c) pressure measurements for "PVT" monitoring

of gaseous nuclear material; (d) on-line measurements to obtain real

time data from continuous or semi-continuous nuclear material processes

(e.g., DOE chemical processing) are limited by lack of pi'ecalibrated

high precision devices and methodology for tank-volume and flow

determinations.

o Sampling

*

Sampling is a complex and time-consuming procedure. The relative

uncertainty of a reported analysis with respect to the parent lot of material

depends upon the precision and bias of the laboratory technique used

and representativeness of the sample. The contribution to the total

uncertainty from sampling, subsampling, and the analysis should be

determined so efforts for improvements can be directed toward the
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source of uncertainty. Two phases of sampling have to be considered:

(1) bulk or field sampling, i . e . , taking samples from total quantity

of material, and (2) subsampling, i .e . , taking samples from, or in some

manner subdividing, a bulk or field sample tc obtain a representative

portion of material for analysis. This activity is essentially concerned

with bulk sampling, since subsampling normally is the responsibility

of analyst or analytical laboratory and normally is carried cut following

conventional laboratory practices.

There is a need for us to provide a program which will define and

assure coordinated management of activities for developing sampling

methods which provide direct cost-effective traceability of nuclear

material measurements to the national measurement system. While

it is impossible to include specific sampling procedures for many

materials and types of materials encountered in sampling nuclear

fuels, some specific procedures may be approached concerning the

sampling of general types of materials. Precautions concerned with the

health, safety, and criticality considerations are important. Before

any sampling is undertaken, the health, safety, and criticality aspects

of the materials to be sampled m'ist be thoroughly understood.

o Analytical Technology in Hard-To-Measure Points

The backend of the fuel cycle, beginning with spent fuel, dissolver

and accountability tank samples, is responsible for the production of
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unique nuclear material composition and forms, including scrap and

waste . As the number of reactors at home and abroad inc reases , the

sample load consisting of odd shapes , s i ze s , and compositions will

also increase significantly. Both NDA and wet chemical techniques a re

very much in demand to analyze plutonium, uranium and their isotopes.

Actually, only one technique. Isotope Dilution Mass Spectrometry (IDMS)

with and without the use of the resin bead collection method, is the

pr imary measurement technology in u s e for the complex, highly i r radiated

fuel cycle samples. Additional measurement technology to complement/support

IDMS is needed to close the backend of the fuel cycle g a p . Because of likely

constraints of process operations and a des i re to limit personnel access to

the material, the measurements will have to be directed toward automated and

remote operat ions.

OSS has recently approved two ad hoc task groups in the measurement area:

(1) NDA Ad Hoc Task Group, and (2) Standards \d Hoc Task Group.

The expert ise of the task groups will be utilized to (1) review requests from

DOE contractors relative to their specialized needs and make recommendations

for action to DOE/OSS with activities being categorized as to priori ty of importance,

(2) monitor needs identified by the international nuclear community and recommend

adaptation or development efforts that should b e undertaken and possible applica-

tion of international developments to the domestic program as appropria te ,

(3) make recommendations to DOr/OSS for future actions such as development
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of NDA instruments for particular measurement points, needs for SRM's.

The ad hoc task groups will, hopefully, assist DOE/OSS in the more effective

management of the overall development programs in nuclear material measurements

and accountability. The task groups will not function in a decision-making role in

e.g. , selecting activities for pursuit or determining funds needed by respective

laboratories; rather, the task group will provide recommendations to DOE/OSS

for consideration. As an example, the ad hoc groups will be advising OSS on

technology applicable for use in hard-to-measure points of the fuel cycle. This

includes the possible application of the Induction Coupled Plasma (ICP), using

Atomic Emission Spectroscopy (AES) and Laser Fluorimetry, using fiber optics

for assay of material at spent fuel cycle, including dissolver, scrap and waste

solutions.

It is expected that the interface between SALE and these two ad hoc task

groups will surface information activities of value to the three group.'; and

nuclear community. OSS encourages close collaboration and exchange of

information among the three groups to identify safeguards problems.

Thank you for the opportunity to participate at this SALE meeting. I wish

the SALE program continuing success.
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Introduction and SALE Program Overview

Bruce W. Moran

U.S. Department of Energy, New Brunswick Laboratory

Argonne, Illinois 60439

Welcome to the Fourth SALE Program Participant's Meeting. Since the last

Participant's Meeting, the program has undergone several changes. At this

moment, perhaps the most apparent change is standing before you. As most of

you know, in November 1980, Dave Lund left the New Brunswick Laboratory to

take a position with the Waste Management Office of the United States

Department of Energy in Albuquerque, New Mexico. I would like to thank Dave

for the years he served as SALE Program Manager and to welcome him to the

meeting. Jere Bracey, the statistician at NBL who has been responsible for

the statistical evaluation of SALE data, has temporarily left NBL for a one

year appointment with the IAEA. Mike Soriano has assumed the SALE data

handling responsibilities and will be describing the statistical treatment of

SALE Program data for the annual and bimonthly SALE reports. At many of the

participating laboratories, there have been changes in personnel coordinating

SALE Program analyses. To those of you new to the program, welcome to the

SALE Program.

Since the third SALE Program Participants Meeting in 1978, seven (7)

laboratories have withdrawn from the program, five (5) laboratories have

joined, and the United States Nuclear Regulatory Commission has withdrawn from

sponsorship of the SALE Program. The five (5) new laboratories are Agip

Nucleare - Italy, Comision Nacional de Energia Atomica - Argentina, Institute

for Nuclear- Energy Research - Taiwan, Safeguards Analytical Laboratory -

Japan, and Savannah River Laboratory - South Carolina. I would like to

welcome the Safeguards Analytical Laboratory of Japan to the SALE Program and

to this meeting as its newest member. There are currently 47 active

laboratories; the 26 within the United States are shown in Table I, the 21

non-United States laboratories are shown in Table II.
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Four materials (Table III) are currently being distributed for bimonthly

analysis in the SALE Program. They are uranyl nitrate solutions, uranium

dioxide powders, plutonium oxide powders fired at 950°C, and plutonium-uranium

mixed oxide pellets. During 1982, U0 2 pellets will replace U0 2 powders and

high fired, (1250°C) PuO2 will replace the 950°C fired PuO2. Sample shipments

during 1981 have been adjusted to place the next plutonium shipment to the 14

participating laboratories in November 1981 and the next uranium shipment to

the 44 participating laboratories in January 1982. Plutonium sample shipments

to non-U.S. participants were delayed six months due to the extremely high

cost of shipping small quantities of plutonium and to the stricter regulations

covering international transfers. Plutonium shipments to Japan have not been

made yet. We are currently waiting for approval for the use of the LAARC/PAT

II (light-weight, air-transportable, accident resistant container/plutonium

air transportable) package. John Anderson of Sandia Laboratories will present

some information on this package later this morning. Shipments to all non-

U.S. participants with the exception of CNEA in Argentina have received

approval from the International Affairs Office of the Unites States Department

of Energy.

The 1980 SALE Annual Report has been published and should have been

received by many of you already. Small changes have been made in the annual

and bimonthly reports to consolidate the number of figures presented and to

make the report easier to use. We would appreciate constructive criticism of

the report so thac we can make it serve you better.

Formats arc currently being examined for the direct entry of bimonthly

data into the- computer to provide more efficient data evaluation. This means

that sample report forms will probably be changed again when new samples are

distributed for 1982.

In order for the SALE Program to continue to meet the needs of the

participants, we need to continue to receive input from the participants. The

objectives for the SALE Program established in 1978 are listed (Table IV). We

feel that we are fulfilling these objectives. It was recommended by the

Steering Committee in 1979 that the 8 objectives be consolidated. The

consolidated objectives are as shown in Table V.
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by the information stated earlier, to preclude the introduction of

artificial errors due to rounding or truncating too soon in the

evaluation process*

I'd 1-Uce to address one other thing that came up and was partially

discussed. If one recalls the statement of objectives) it is the routine

capablities or performance of the laboratories to which the SALE Program

is addressed and in which the SALE Program is interested. I think we

should emphasize that we do not wish these particular samples, that are

distributed to you in your voluntary participation in this program, to

have any more special attention in your laboratory than would be given

any of your production samples. What we are truly interested in is the

state of practice in the fuel cycle. It's nice to know what the

preponderance of the level of performance is and what a bound to the

level of performance is. We're not interested in a truly research grade

effort or a characterization effort such as would be performed in our

laboratory or in other laboratories to come up with the reference

value. We're not interested in a program evaluating that kind of

effort. We are truly interested in what is the routine capability in

your laboratories. The statistical evaluation should not be mislead by

inappropriate attention to the sample measurements.
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TABLE I

Active SALE Program Participants

- United States Participants -

California - General Atomics - Analytical Chemistry

- General Atomics - Fuel Manufacturing Quality Control

- Rockwell Internationa]. - Energy Systems Group

Connecticut - Combustion Engineering - Windsor

Colorado - Rockwell International - Rocky Flats Plant

Idaho Argonne National Laboratory - EBR II

Exxon Nuclear Idaho Company

Illinois - New Brunswick Laboratory

Missouri - Combustion Engineering - Hematite

New Jersey Ledoux and Company

Teledyne Isotopes

New Mexico - Los Alamos National Laboratory

Ohio - Goodyear Atomic Corporation

- Mound Laboratory

- NLO, Inc.

Pennsylvania - Westinghouse Electric - Bettis Atomic Power Laboratory

- Westinghouse Electric - Waltz Mill Site, Madison
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South Carolina Allied General Nuclear Services

E. I. DuPont - Savannah River Laboratory

E. I. DuPont - Savannah River Plant

Westinghouse Electric - Columbia

Tennessee Oak Ridge National Laboratory

Union Carbide - Y12 Plant

Washington - Exxon Nuclear Co., Inc.

- Rockwell Hanford Operations

- Westinghouse Hanford Company
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TABLE II

Active SALE Program Participants

/
/

- Non-I/inited States Participants -

/
/
/

Argentina - Comision Nacic-hal de Energia Atomica - Buenos Aires

Austria - Internationa". Atomic Energy Agency - Seibersdorf

Belgium - Belgonucleaire - Dessel

Belgonuclesiire - Mol

Czechoslovakia - Nuclear Research Institute - Rez

Finland - University of Helsinki - Department of Radiochemistry

France - CEN/Grenoble

- CEN/Saclay

Germany - ALKEM, GmbH

- Bundesanstalt fur Materialprufung - Berlin

- Kernforschungsanlage - Juelich

- Kernforschungszentrum - Karlsruhe

Italy - Agip Nucleare - Bologna

- Fabbricazioni Nucleari, S.p.A. - Allessandria

Japan - Japan Nuclear Fuel Company, Ltd. - Yokosuka-shi

- Nuclear Materials Control Center - Tokai-Mura

- Power Reactor and Nuclear Fuels Development Co

Tokai-Mura

Netherlands - Energie Centrum Nederland - Petten
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Taiwan - Institute of Nuclear Energy Research - Lung-tan

United Kingdom - Atomic Weapons Research Establishment - Aldermaston

- British Nuclear Fuels Ltd - Springfield Works
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TABLE III

SALE Program Materials

A. 1981 Bimonthly Samples

1. Uranyl Nitrate Solution

2. Uranium Dioxide Powder

3. Plutonium Dioxide Powder (95O°C fired)

4. Plutonium-Uranium Mixed Oxide Pellet

B. 1982 Bimonthly Samples

1. Uranyl Nitrate Solution

2. Uranium Dioxide Pellet

3. Plutonium Dioxide Powder (1250°C fired)

4. Plutonium-Uranium Mixed Oxide Pellet
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TABLE IV

Perceived Objectives

1. To establish a scientifically valid body of measurement data which oan be

used to quantitatively assess or define uncertainties in nuclear material

measurements.

2. To evaluate the measurement capability of participating laboratories to

routinely analyze materials in the nuclear fuel cycle.

3. To evaluate actual measurement performance relative to achievable

measurement capability.

4. To establish a means by which an independent, external assessment of the

validity of a given participant's measurement quality assurance program

may be demonstrated.

5. To provide a channel for the comparison and dissemination of nuclear

materials measurement technology.

6. To establish a formal procedure for providing a critical evaluation of

the effectiveness of the Program on an annual basis.

7. To encourage more laboratories to participate and to include additional

material types and methods of analysis.

8. To encourage each participating laboratory to voluntarily evaluate and

upgrade its own performance, where necessary.

9. To characterize and distribute certified reference materials which can be

used to establish traceability to the national (international)

measurement system, complementing the SRM's supplied by the National

Bureau of Standards.
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TABLE V

Consolidated Objectives

The objectives of the Safeguards Analytical Laboratory Evaluation (S.A.L.E.)

Program are:

1) To estimate the measurement capability of participating laboratories to

routinely assay Special Nuclear Materials in the nuclear fuel cycle for

uranium and plutonium and their isotopic compositions.

2) To establish a scientifically valid body of measurement data which can be

used to quantitatively assess or define routinely achievable measurement

capability.

3) To provide a medium for the comparison and dissemination of nuclear

materials measurement technology that encourages improvement o r

measurement performance.
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Discussion

Q - You had a list of four materials. Is there a listing of the ranges of

accuracy you can associate with the characterization of the materials?

A - That was discussed at considerable depth at the Steering Committee

Meeting. Depending on the definitions of error bounds, the uncertainty

assigned to the reference value for these product quality materials is of

the order of 0.10%.

Q - Why will there be a change from U0 2 powder to U0 2 pellets?

A - Primarily due to the availability of material. A batch of sintered

pellets from one particular lot, would also be expected to be more

homogeneous and stable than a batch of powder material.

The UO2 pellets that will be used will be typical production material

containing significant quantities of impurities. I think that a

precaution to participants analyzing that material is to beware, that it

does contain impurities that can effect certain analytical methods.

The intent is not to eliminate the powder. The pellets will substitute

for the powder for a couple of years and then probably, we will return to

a powder again.

Q - I'd like to pick up on an earlier question with respect to the

uncertainties of the reference values. I noticed on most of your

reference values there are 5 significant digits or roughly one part in

30,000, whereas the NBS certified SRM's are only recorded to one part in

1000.

A - Looking at the certificates of the Bureau of Standards there has been a

continuing dialogue as to precisely how that is to be interpreted.

Although, the certificate says essentially 1 part in 1000, the feeling is

that the value is known to alot better than that. We report reference

values to 4 or 5 significant figures, at least one more than is justifed
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Itvternational SALE Activities

by

Dr. Paul De Bievre - CBNM

Geel, Belgium

The European laboratories measuring uranium and plutonium for elemental

and/or isotopic assay meet twice a year as a working group of ESARDA.

Sometimes European SALE participants have met separately to discuss particular

problems relevant to the SALE Program. At the ESABDA Working Group meeting in

September we will discuss a number of the observations, comments, and

questions generated during this session.

The European laboratories have two major concerns:

1. The timely reception of samples is a major concern which still exists and

was discussed at the previous SALE meeting. Since then, plutonium samples

have been received in Europe and apparently more shipments will be arriving

soon. The SALE Program management has asked if Geel could act as a central

distribution point, working in the following way: 1) NBL ships the SALE

Program samples for European participants, in bulk, to Geel, and 2) Geel would

then distribute them. That could cure some problems.

It has taken quite a time for Geel to make a decision. The psychological

atmosphere to undertake this was much better 2 or 3 years ago. Two weeks ago,

a favorable position however, was taken in principle. We can now continue to

consider this distribution.

2. Another major worry is a question on how the assigned values of the test

materials in the SALE Program are generated. This subject was discussed

yesterday at the Steering Committee meeting and will have to be addressed very

seriously by the program. We recommended yesterday that the uncertainties of

the assigned values be included in the reports. It is very important that

this be done. Laboratories coming up with a point within that uncertainty
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interval, should not worry; authorities in Vienna, Luxemburg, or Washington,

the threee existing safeguards authorities, also should not worry about the

performance of that laboratory. But laboratories coining up with a point

outside of that uncertainty range could (and should) worry, and safeguards

authorities could start to worry about this laboratory. Therefore, both the

assigned value and its uncertainty range are very important and must be

established in a very reliable way.

We can accept that this point has not been addressed or discussed at

previous meetings* We note that the assignment of a total uncertainty is a

difficult problem, but there is a relatively easy, temporary solution: by

using uncertainties somewhat larger than would be estimated by the current

statistical methods, one has an approximate value and can wait for the

statisticians and experimental people to derive a satisfactory model to

establish these uncertainties in a satisfactory final form.
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PAT-2 (PLUTONIUM Alk TRANSPORTABLE MODEL 2)

J. Anderson
Sandia Laboratory

GENERAL INFORMATION

The design for the PAT-2 (Plutonium A1r Transport-
able Model 2) package is primarily in accordance with requirements of the U.S. Nu-
clear Regulatory Commission (NRC) and is also in accordance with requirements of the
United States IAEA Competent Authority (the U.S. Department of Transportation) and
requirements of the IAEA (International Atomic Energy Agency).

The PAT-2 package Is designed for the safe transport of plutonium and/or
uranium in small quantities, especially as used in International safeguards activ-
ities, and especially as transported by air.

The PAT-2 package is resistant to severe accidents, including that of a
high-speed jet aircraft crash, and is designed to withstand such environments as
extreme impact, crushing, puncturing and slashing loads, severe hydrxarbon-fueled
fires, and deep underwater immersion, with no escape of contents. The accident en-
vironments may be Imposed upon the package singly or sequentially.

The package meets the requirements of 10 CFR 71* for Fissile Class I pack-
ages with a cargo of IS grams of Pu-239, or other isotopic forms described herein,
not to exceed 2 watts of thermal activity.

(Safety Analysis R e p o r t , SAND-81-0001 )
The SARtpresents design and operational information including evaluations

and analyses, test results, operating procedures, maintenance, and quality assurance

Title 10 of the Code of Federal Regulations, Part 71, contains the rules
and regulations of the NRC for the transportation of nuclear material. In referring
to these and other regulations 1n the Code of Federal Regulations, an abbreviated
form 1s used: 10 CFR 71.35(a) means Paragraph (a) of Section 71.35 of Part 71 of
Title 10 in the Code of Federal Regulations.
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information. Both tests and analyses were applied to confirm that the PAT-2 package

meets the various statutory and regulatory requirements. Structural analyses ad-

dress al l of the stated requirements and, additionally, treat the containment vessel

by f in i te element analysis and the overpack by an energy balance analysis.

Thermal analyses define maximum normal operating temperature with ther-

mally active radioisotopic contents; thermal tests define maximum credible accident

temperatures of the containment.

Leak-rate testing and plutonium containment analyses treat the problem of

Plutonium transport through very small apertures or cracks, for various extreme

post-accident conditions imposed on the containment vessel and i ts internal capsule.

Plutonium containment is confirmed to be orders of magnitude in excess of IAEA re-

quirements (essentially, there would be no plutonium release).

Nuclear cr i t ica l i ty analysis confirms, through the use of benchmarked (pro-

ven) codes, that the PAT-2 package qualifies as a Fissile Class I package, meaning

that inf inite arrays of damaged packages with the most fissionable contents permit-

ted and with water shielding remain highly subcritical. However, since the PAT-2 is

only intended for 15 grams maximum of f issi le contents, i t is Fissile Class exempt.

Nuclear shielding analyses confinn the required protection for biota from

the effects of ionizing radiation in both the normal and post-accident conditions,

conservatively satisfying all regulatory conditions.

PACKAGE DESCRIPTION

General

The PAT-2 package weighs between 70 and 74 pounds (33 kg nominally), due

both to natural variations in the materials of construction and to fabrication vari -

ables, when loaded with 15 grams of plutonium. The package has an outside diameter

of 15 Inches (381 mm) and Is 14 Inches (356 mm) high. I ts external appearance ap-

proximates that of a smooth stainless steel, right-circular cylinder with two pro-

truding handles, as shown in Figure 1.2.1-1.

Engineering drawings and specifications for the package are included in

t h e SAR. Material l i s t s , dimensions, and material, process, and

acceptance specifications are included on the drawings or in the specification docu-

ments.



Figure 1.2.1-1. PAT-2 Package

Packaging

The PAT-2 packaging comprises three basic parts: (1) an iron-base super-
alloy containment vessel (designated TB-2 containment vessel), (2) a protective
overpack assembly of redwood and maplewood with an embedded titanium inner assembly
and a double-walled outer stainless-steel drum (all designated as the AQ-2 over-
pack), and (3) a stainless steel capsule (designated the C-l capsule) within the
T8-2 containment vessel. The TB-2 serves as the primary containment vessel, while
the C-l capsule provides the secondary containment required by 10 CFR 71, Part 42,
for plutonium in excess of 20 C1.

Figure 1.2.2-1 shows a cutaway view of the PAT-2 package and i t s essential
elements.

The AQ-2 overpack consists of a double-walled outer drum of 0.056 Inch (1.4
mm) 304 stainless-steel sheet metal with an overlapping and rounded top and bottom
joint design, riveted at the bottom and bolted at the top. Immediately interior to
this stainless steel container i s an outer region of 3.6-inch {91-mm) thick grain-
oriented redwood, a 0.25-inch (6.35-mm) thick titanium load spreader (7.5 Inches
(190 mm) in diameter) with ceramic felt backface Insulation, and an Inner region of
grain-oriented maplewood, 1.6 inches (40 nm) thick. Redwood Is used for high spe-
ci f ic energy absorption on a volumetric and mass basis and for good char performance
(fire protection). Maplewood is used for high ultimate crush strength within the
smaller region of the load spreader. Titanium is used for i t s high strength-weight
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Figure 1.2.2-1. Cutaway View of the PAT-2 Package

ratio and for i t s high liquidus temperature. Components of the AQ-2 that do not
need to be removed for access, to load and unload contents, are bonded in place with
a high-strength flexible epoxy adhesive. The top and bottom corners of the AQ-2 are
protected by a tough molded-in-pi ace polybutadiene-based urethane ( I . e . , synthetic
rubber) boot to protect the intentionally hollowed corners from denting during ordi-
nary handling. Vent plugs at the top and bottom of the AQ-2 function in the high-
speed impact and thermal accident environments.

The TB-2 spherical containment vessel, shown in Figures 1.2.2-2 and
1.2.2-3, i s 88 mm (3.5 Inches) outside diameter, is made of A-286 iron-base super-
alloy and 1s bolted shut with 20 A-286 bolts. The bolts are installed to a speci-
fied torque and the vessel i s sealed by a copper gasket formed in place between
knife-edge sealing beads in each hemisphere. An integral shear shoulder i s included
1n the joint. This 1s a tough, sealed, high-temperature and high-pressure contain-
ment, which does not become vented in the accident environment.

The C-l capsule, shown in Figures 1.2.2-4 and 1.2.2-5, 1s fabricated from
Nitronic 60 stainless steel and utilizes a torqued screwthread joint with a sealant.
The C-l capsule provides double containment for plutonium contents greater than 20
Ci.
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Figure 1.2.2-2. TB-2 Containment Vessel
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Figure 1.2.2-3. TB-2 Cross Section
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CAPSULE

Figure 1.2.2-4. C-l Capsule
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Figure 1.2.2-5. C-l Capsule Cross Section
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Operational Features

The PAT-2 package Is Intended to be one-man transportable i f necessary and
can be assembled or disassembled with hand tools. A pair of leather-padded handles
are provided for hand-carry and tiedown, and fastening points are present to enable
the attachment of security seals. The urethane boots, top and bottom, provide a
rugged, skid-resistant surface for transport handling. An international radiation
symbol ( t refoi l ) is laser-beam embossed on the outer top cover.'

The AQ-2 covers are fastened in place with twenty-four 1/4-Inch aircraft
bolts; finger grips are provided to aid in removing the outer cover, and finger
holes are provided in the inner cover; the outer removable redwood plug has finger
holes. The titanium load spreader has a removable cover held in place with internal
lugs and four screws. Upon removal of these screws, the cover may be rotated 1/4
turn using the handle provided, and then the cover may be removed. The inner remov-
able mapiewood plug has finger holes to faci l i tate removal.

The TB-2 containment vessel, which is spherical in.shape, may be rolled out
of its location into the operator's hand by t i l t ing the AQ-2 overpack. Aluminum
fairings or rings, which cover the TB-2 closure bolts, are held in place with three
nylon-tipped setscrews, which are loosened with a small screwdriver. The twenty
1/4-inch superalloy bolts may be assembled or disassembled with a hex-drive wrench
and a socket wrench; tightening requires the use of a torque wrench. The TB-2 is
sealed by means of a copper gasket, which can be replaced as necessary.

The C-l capsule is opened or closed by using a special three-pin spanner
wrench (provided); tightening requires the use of a torque wrench; sealing is accom-
plished by the use of Teflon" tape on the threaded joint .

Brass or aluminum canisters may be used internal to the C-l capsule to ac-
commodate various radioactive contents, The canisters, which may also be equipped
with quartz liners for nuclear sample processing, provide a means for the in i t ia l
packaging of a radioactive material and provide separation for groups of samples or
payioads.

These f e a t u r e s o f t h e P A T - 2 , when o p e r a t i o n a l l y used

a c c o r d i n a to t h e p rocedures d e s c r i b e d i n the SAR and when

maintained and tested as described in the SAR assure that
th is package w i l l meet acceptance c r i t e r i a with regard to
plutonium containment under normal and accident conditions
of transport.

The re la t i ve ly small size and weight of the PAT-2 is
intended to make i t compatible with a wide variety of a i r
transport services.
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Contents of Package

The contents of the PAT-2 package are limited by the following require-
ments:

1. Material type: Plutonium and/or uranium in various isotopic composi-
tions, subject to the following limitations.

2. Material form: The plutonium and/or uranium must be in solid form; the
solid form may be an oxide powder, a sintered pellet of oxides, a met-
al , or hydrated salts of plutonium or uranium (derived from dried l iq-
uids).

3. Material quantity:
a) The maximum mass of f i s s i l e isotopes U-235, Pu-239, and Pu-241 is

limited to 15 grains total,
b) The total mass of plutonium oxide or uranium oxide material in pow-

der form is limited to 40 grams (the 15-gram f i s s i l e limitation is
not to be exceeded).

c) The total mass of oxide material in sintered form is limited to 120
grams; the total mass of metal material i s limited to 120 grams; in
each case the 15-gram f iss i le limitation is not to be exceeded.

d) The total mass of plutonium sulfate tetrahydrate, Pu(S04)2*4H20, i s
limited to 3 grams.

e) The total mass of plutonium nitrate dihydrate, Pu(HQ^)^'ZHJ), i s
limited to 3 grams.

f) The total mass of Pu-238 is limited to 3.57 grams (this will be a
2-watt heat source—see item 5 below); Pu-238 may be in combination
with the isotopes listed in (a) above, with the total f i s s i l e mass
limited to 15 grams.

4. Moisture content: For contents of powders or salts , a maximum of 0.5
gram of moisture content (water) in addition to the waters of hydration
in the salts , is permissible.

5. Internal decay heat: The isotopic composition of all contents must be
such that a thermal activity of 2 watts i s never exceeded while con-
tents are in the PAT-2 package; this may be calculated as follows:

watts 238pu 238p + watts 239p 239pu
g " g "

240p(J x g 240 p u + wa|ts 241p(J x g 241p(J
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g 242p(j

watts (fission products or other transuranic isotopes)

x g (fission products or other transuranic isotopes) < 2 watts.

Note: Due to the increase of decay power with time, the maximum decay pow-
er is calculated for the isotopic composition which will exist at
the longest storage time, or the peak power period.

6. Volatile packaging material permitted within the C-l capsule is limited

to 9 grams maximum polyvinyichioride (PVC) plastic in the form of seals

and bags and 0.3 gram maximum of polytetrafluoroethyiene (PTFE), e .g . ,

Teflon", tape for sealing the C-l capsule threads.

7. Nonvolatile packaging material permitted within tfte C-l capsule is lim-

ited to 18 grams maximum of quartz (SiO~) or glass and 50 grains maximum

of brass or 16 grams of aluminum.

8. The only materials or items permitted within the TB-2 containment ves-

sel are

a) A C-l capsule loaded in accordance with the above limitations 1

through 7,

b) A maximum of 2 grams of aluminum foil to shim the f i t between the

spherical ends of the C-l capsule and the interior spherical por-

tion of the TB-2 containment vessel, and

c) The copper seal (part number T67004) for the TB-2 containment ves-

sel .



LAARC - Lightweight Air-Transportable Accident Resistant Container (PAT-2)

Activities FY 81 Milestones (LAARC)
V

1. Phase 4 Test & Evaluation

2. Complete Engineering Release

3. Technology Development

4. Safety Analysis Report

5. IAEA Coordination

6. Phase 5 Fabrication

7. Licensing

^T"^rir^""" " " *
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t—Reporting Date

Note: Shaded bars reflect relative progress of activities toward milestones.

STATUS OF ACTIVITIES

4a. Complete working draft sent to US NRC 4/1/81; interfacing meeting at NRC 4/16/81.

4b. Original SAR final publication milestone; delayed two months to incorporate NRC and IAEA comments.

4c. Masters committed to printing 7/2/81.

5a. Received confirmation of IAEA laboratory success with PAT-2 internal hardware for Pu processing.

6. Completed 12 packages - on hand at Sandia.

7a. U.S. NRC and U.S. DOT (IAEA Competent Authority) license application negotiations started
two months ahead of schedule with a "working draft" SAR.
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SALE Steering Committee Report

Dr. Carleton D. Bingham

Director

New Brunswick Laboratory

The Steering Committee of the SALE Program is a group of internationally

recognized people in the field of measurement science, e.g., statisticians,

mass spectroscopists, chemists, from this country and others. I want to

publicly thank them for their diligence during the past several years. They

are "Co" van Raaphorst, Wolfgang Beyrich, and Paul De Bievre from the European

community, Jim Rein from Los Alamos, Harry Ku from NBS, and Milt Campbell from

Exxon. Harry Ku was not able to attend this meeting; John Gramlich from the

Bureau sat in. We met previously in November, 1979, and at that time

recommendations were developed to which our comments were basically addressed

at this meeting.

Bruce has already discussed, and I won't do anything more than to say that

we discussed the consolidated objectives with a few minor changes in words.

We wanted to emphasize the dependence and the interest in routine

measurements. The Steering Committee has asked that we include the statement

of the objectives in each annual report.

There were some questions relative to safeguards needs and whether the

measurements and/or the Program are addressing safeguards measurement needs.

It is the consensus of the Steering Committee that the needs cannot and should

not be explicity defined by the Steering Committee, for that is and can only

be the prerogative of the regulatory authorities in Vienna, Luxemburg, or

Washington, as the case may be. The first two objectives of the SALE Program

support the information from which the needs can be defined by whatever

regulatory authority wants to use the information that is available from such

programs. The SALE data provides a meaningful base for the beginning of such

a definition of needs. Objective 3 infers that once needs and/or measurement

levels have been defined, then the individual participants can look at their

performance relative to the rest of the nuclear community or relative to
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speclfic needs as defined by the safeguards authorities, and can make a

judgement as to whether their performance is adequate or whether their

performance is inadequate.

One of the things that was noted in the SALE 1980 Annual Report is the

absence of a preponderance of information, at this point, on plutonium

capabilities. There are few laboratories in this country that participate,

outside of the weapons field, in comparative measurement programs on

plutonium. These few, plus the few international laboratories to which we

have been approved to send plutonium materials, contribute to a very limited

data base and to a limited basis for making any evaluation of the quality of

plutonium measurements. That was noted as a deficiency we hope to improve

on. If we get more laboratories, as the program continues and more

measurements are made and recorded, the base of data will give us a better

base for making an evaluation.

As far as the choice or selection of materials is concerned, no major

changes are contemplated in the near future, with the exception of the

substitution of UO2 pellets for a somewhat less stable UO2 powder. Comments

were considered and I don't think a final rejection of oxide powders as a

viable sample material was made. Bruce indicated a twelve-month sample

distribution would be supplied at the beginning of 1982.

Some additional materials were raised for consideration. At this point I

would like to say that if there are materials that ha"e broad safeguards

implications, that you as a participant know of, th ' . need to be

identified. Some new material suggestions were 1) Uranium-gadolinium pellets

that are prevalent in some fuel cycles presently in operation, and 2) we were

asked to consider the feasibility or preparing a"synthetic homogeneous uranium

waste" sample, that could be used for chemical measurements and then, maybe,

ultimately also for NDA measurements, with an organic and/or inorganic matrix.

We were asked to include the magnitude of the observed value on the

graphical presentations. For example, the U02 value at approximately the 88%

level or the isotopic values. The approximate percentage of the species being

measured gives a frame of reference to the size of the parameter being
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measured.

We also discussed that it would be useful to the transmission of

information, if the magnitude of the uncertainty on the assigned value were

included in the graphical presentation. It would provide a better basis for

judgement by the participating laboratories to decide whether they were within

the accuracy bounds of the assigned values. That was taken as a prime

recommendation to be implemented. We also agreed that we would include, in an

appendix, examples of a certification protocol and the methodology used to

arrive at an assigned value and the uncertainties on an assigned value.

We were asked to indicate on a continuing basis, in the text of the

report, the half-lives currently being used for the decay corrections that are

applied on the materials that have been distributed. We were also asked to

indicate not only the mean value of the relative difference, which appears on

the graphs as a distribution relative to zero relative difference, but also

the mean of the absolute values of the relative differences, disregarding sign

of the relative difference factor (all observations are transformed into

relative differences from the reference value in the computer) Everybody

would have a positive deviation somewhere from zero that would be indicated as

an applied mark somewhere on the graph so that the mean absolute difference

can be compared with the mean relative difference, for additional information

transfer.

We indicated that we would not identify those laboratories that have done

several samples at one time and reported all cf the data at the same time as a

series of points in the bimonthly report. We will continue to consider the

data as a single point on the graphical presentation and will not give credit

over time for the measurements, as there is no time dependence to the reported

values. We would merely indicate an arithmetic mean of the reported values as

though they were one relative difference plotted on the graph. That was the

only change that was recommended in the format of the bimonthly report.
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An Explanation of
The Methods Employed in The

Statistical Evaluation of SALE Program Data

Jere T. Bracey
New Brunswick Laboratory

Statistical Evaluation Procedures for Binonthly Data

The analysis of SALE bimonthly data is described. Statistical procedures

are discussed in Section A, followed by the descriptions of tabular and

graphic values in Section B. Calculation formulae for the various statistics

In the reports are presented in Sectloti C.

SALE data reported to NBL are entered Into a computerized system through

routine data processing procedures. Bimonthly and annual reports are

generated from this data system. In the bimonthly data analysis, data from

the six most recent reporting periods of each laboratory-materlal-analytleal

method combination are utilized. Analysis results in the bimonthly reports

are only presented for those participants who have reported data at least once

during the last 12-month period.

Reported values are transformed to relative percent difference values

calculated by [(reported value - reference value)/reference value] x 100.

Analysis of data is performed on these transformed values. Accordingly, the

results given In the bimonthly report are (relative) percent differences

("X DIFF"). Suspect, large variations are verified with individual

participants to eliminate errors In the transcription process. Statistical

extreme values are not excluded from bimonthly analysis; all data are used.

SECTION A - Statistical Procedures

A one-way analysis of variance technique (components-of-variance model)

is used to estimate the variance components (period and random error

effects). Here, "period" designates the bimonthly data report period. A

maximum of six periods is included in an analysis. These variance component

estimates are used to approximate standard deviations for an observed sample

percent difference and random error, which are, respectively termed

"REPRODUCIBILITY" and "REPEATABILITY" in the tables of bimonthly reports.

These components are also used to approximate the variance of the mean,
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that Is In turn used to provide 95% confidence limits for the population nean

(li) and a hypothesis test on the mean, i.e., Ho : u » 0. Note that in so-ne

literature, short-tena systematic error variance Is used to designate the

period effect variance component, a , and long-terra systematic error variance

Is used to designate the sun of the variance of the mean, [V(X..)J, and of the

variance of the standard oateriais's mean (assumed to be negligible and

therefore taken to be zero).

A separate analysis is performed on each data set from a participating

laboratory for a given analytical method and material. Tills data set normally

consists of data from the six most recent report periods.

A components of variance model with required assumptions and a simplified

Analysis_of j/ariance (ANOVA) table Is given below, followed by brief

discussions of the statistics and hypothesis tests involved. Complete

calculation formulae foe the statistics are presented in Section C.

Analysis model and assumptions:

Xtj - u + pt + ejj, where
Xij * Jth observation (7. difference) in the ith period (p),

u » population mean, common to all observations,

p^ - i period effect, common to every observation in the ith period,

i » 1,2 k (k is normally 6), and

e^j - random error effect peculiar to the j observation in the i

period, j - 1,2 n^ (n^ is usually 2), and where pt and e^j are

each normally and independently distributed with mean zero and

variance a 2 and ffe
2, respectively, a 2 and ce

2 are the period

and random error components of the total variance. These are

theoretical values and this analysis seeks to estimate these

values, a and a . (The "*" symbol designates an estimate of a

population parameter.)
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Simplified AIIOVA Table for a one-way components of variance model:

Wlchin periods

Degrees of Mean

Source of Variation Freedom Square

Between periods* d MS

MS,

.**

ag
2 + aa 2

„ 2

**
a is a constant

EMS Is the mean value of the nean square (Expected Mean jkjuare)

The random error component (o_ ) Is estimated by a MS
e - —. ; -* e "e

Sheets and Summary Tables, the positive square root of this component

estimate , is given under the heading "REPEATABILITY11.

In the Data

.£*••

The variance component for period effects (°_ ) is estimated from
* 2 * 2 -* 2

MS • o + aa or a » (MS - MS )/a. The approximate sample variance
P e P P P e - 2 - ?

(variance of X^'s) is given by V(Xtj) - o + og .

Summary Tables, the positive square root of this value, /v(X. )

is given under the heading "REPRODUCIBILITY".

In the Data Sheets and

In a similar manner, the variance of the mean is obtained by

V(X.,) » (bo + co )/g , where b, c, and g are constants. This variance

estimate is in turn used to approximate c!ie 05% confidence Units for the nean

and to obtain a significance test (HQ : u » 0) for the mean. The "95X C.L. OF

MEAN", actually given in the Data Sheets and Summary Tables, is t/v(X..),

where t is the upper 57. Student's t-value (^975) for d- degrees of freedom

for V(X..). Note that 95% confidence limits are given by

X + t/v(X..) where X.. is the grand mean. (Given as "MEAN % DIFF" in column

3 of the Summary Tables and as "MEAN % DIFFERENCE" in the second line of the

summary at the bottom of data sheets.) The values in the Sumaary

Tables, t/v(X..), are easily applicable for the significance test of the mean

(HQ : U - 0). Thus, if this value is greater than the "MEAN % DIFF"

(disregarding sign)., then 95% C.L. for the mean includes the mean and the test
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is not significant at the 5Z level of significance. IE

|MEAU 7. DIFF" I >_ t/v(X..), then the C.L. does not cover the nean and the test

result is significant.

The term "MEAN ABSOLUTE % DIFFERENCE" has been introduced to help assess

accuracy. This term is the average "PERCENT ERROR" that a laboratory

• observes, disregarding the direction of the error (+ or - ) .

SECTION B - Descriptions of Table and Graphic Values

The bimonthly cavort consists of three parts — Data Sheets, Summary

Tables, and Graphics. Analyses are performed and results are given in the

report for each laboratory which has reported data to NBL during the last 12

months. Analysis results are based upon data from the six most recent report

periods for a particular laboratory-material-analytical method combination.

Values and terms as they appear in the Data Sheets, Summary Tables, and

Graphics are described below.

1. Data Sheets - Values such as "REPORTED", "REFERENCE", "% DIFFERENCE" and

other pertinent information as well as various summary statistics are

printed on the data sheets. These loose data sheets are inserted in the

Bimonthly SALE Report for the participant's use. Each laboratory receives

only its own data sheets.

"SAMPLE DATE" - The date (month, year) in which the sample was Intended

for analysis under the program design.

"ANALYSIS DATE" - The date (month, year) of sample analysis (reported by

participants).

"REPORTED" - Observed sample value to same number of significant digits as

reported by participants.

"REFERENCE" - Reference value (assigned by NBL).
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"Z DIFF" - Percentage difference of reported value from a reference

value. (See first page of this appendix.)

"ANALYST" - Individual laboratory's identification for analysts, provided

by participants for their own internal use.

"MEAN/RANGE" - Monthly average value of "Z DIFF". Range is the absolute

value of the difference between the highest and lowest "Z DIFF" in a given

month (period). These are the plotted values in the graphics.

"NUMBER OF ANALYSES" - Total number of reported values during the six most

recent report periods.

"MEAN % DIFFERENCE" - Grand mean of all "Z DIFF" reported during the six

most recent report periods.

MEAN ABSOLUTE % DIFFERENCE" - Grand mean of the absolute values of the

"% DIFF" reported during the six most recent report periods.

"95% C.L. OF MEAN" - See Statistical Procedures in Section A. If this

value is greater than "MEAN % DIFFERENCE" (sign ignored), then the 95%

C.L. includes the population mean and the hypothesis test (HQ : y » 0)

results in non-significance at 57. level of significance. The degrees of

freedom for the standard deviation of the mean are in parentheses.

"REPRODUCIBILITY" - Estimated standard deviation of an observed percent

difference value, i.e., sample standard deviation given by /a + o .

See Statistical Procedures in Section A. Its degrees of freedom are in

parentheses.

"REPEATABILITY" - Estimated random error standard deviation of an observed

value ("% DIFF") within a period, which is given by »5 . Also, see

Statistical Procedures in Section A. Its degrees of freedom are in

parentheses.
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2. Summary Tables - Data analysis results are summarized In these tables. A

separate table Is generated for each material and type of analysis. The

lower portion of the table contains analysis results of Individual

laboratories grouped by methods and ranked within a group by the "MEAN AB3

% DIFF" column. Some of these results are averaged according to the

different types of methods (groups). These average values appear at the

top portion of the table.

"LAB"- Laboratory identification code.

"NUMBER OF SAMP/ANALY" - Number of samples represented and number of

analyses performed on those samples.

"MEAN % DIFF" - Same as in Data Sheet.

"MEAN ABS % DIFF" - Same as in Data Sheet.

95% C.L. OF ME/iN" - Same as In Data Sheet.

"REPRODUCIBILITY" - Sane as in Data Sheet.

••REPEATABILITY" - Same as in Data Sheet.

3. Graphics - The monthly means of percent difference values are plotted for

each method group and material combination. The plotted symbols are the

laboratory identification numbers.

Monthly means (vertical axes) are plotted against corresponding last 12

months (horizontal axes).

The initial vertical scale for the monthly mean plot Is set to (-1,1),

which is expanded to (-2,2) whenever one or more points have values which

would be over-written on the borders (-1,1). Any value greater than these

borders will appear in the following "EXPANDED SCALE" plot. When this

happens, "EXPANDED SCALE FOLLOWS" is printed at the upper corner of the

initial plot.
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Coincident points are plotted with the following rules:

a. The first point (lowest laboratory nunber) at a coordinate on the

graph will be accurately placed.

b. The following coincident points (2nd, 3rd, ....) will be placed in

ascending laboratory number as follows:

5 4 6

2 1 3

8 7 9

This algorithm is used so that exact location may be known and that

the center of gravity of the visual representation might be

reasonably accurate*

SECTION C - Calculation Formulae

In this section, the analysis model and assumptions given in Section A

are used. An ANOVA Table and formulae for the various statistics as well as

significance tests are presented below. For further details concerning the

deviations of the statistical fornulae, see references given at the end of

this section.

Source of

Variation

Between

Periods

Within

Periods

Degrees of

Freedom

k-1

N-k

Sum of Squares Mean of Square

SS ** - 5 n (X - X.,
p i-1 i i.

SS - X .fyx.. " X,
e i-l j-1 ij i.

MSp - SSp/(k-l)

MSfi - SSe/(N-k)
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Source of

Variat ion

Between

Periods

Within

Periods

Expected

2 1
e k-1

a 2

Mean Square

itf>> °P

**MSB and MSe can also be written as:

rf) ̂ , MS JV, (
p k-1 i»l n N e i»l j»l ij i»l n

MS - -^- [ 2 (——) -• -^—•] MS

k ni k. 1i
*Symbols - N - 1|1ni, X± - . E ^ . , X.. » ^ j .|^X£.

j!13 J.A. A ̂ i
A. 1 A. • = • • —
i. n k H

1 2 n
i-1 i

Here X.. is the "MEAN % DIFF". Similarly, the calculation formula for "MEAN

ABS % DIFF" resembles that of the "MEAN % DIFFERENCE" except that the absolute

value of the percent differences, X^J, is taken before obtaining the mean*

The calculation formula is as follows:

mean absolute % difference - lal 3 '̂ ±

From the Mean Square and EMS columns, components of variance are estimated by:

a 2 - MS and o 2 !^L_ (MS - MS ;N " <ln >/N P

Note that in the following estimation procedures, a • 0 is substituted if
* 2 * 2 s
a < 0, i.e., any negative value of a is replaced by zero.

Now, for a given sample observation (7. DIFFERENCE), the analysis model

was given by XJJ • u + p^ + e^j. Thus, monthly and grand means can be written

as:
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nl

i n p Z Z e

and their expected values (E[ ]) and variances (V[ ]) are:

] - ap
2 + o*.

S n 2
] - w, v[I..l '

 1"1,1 a 2 + ^ a 2,
Nz p " e

substituting a and a with their corresponding estimates, the desired

variance for the (grand) mean is approximated by:

2

L. ap
2
 + I

(lc-l)i=lPi 1
where a, - — —, and &n =• - - a .

In constructing the 95% confidence limits and obtaining a significance

test for the mean, the degrees of freedom used for V(X..) are approximated by:

(aiMS + a2MSe)
2

d-* • *-~ 5- or nearest Integer of dx.
X 2 ( MVL 2 ̂ e '

al W~+a2

*See references 2 and 3.

2 2
Similarly, substituting o and o with their corresponding estimates,

the desired sample variance (Heproducibility)2 is approximated

by i j p e 3 p ^

where
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a3 " —ITST? a n d a4 = ! -

The degrees of freedom used for V[Xj-] are approximated by:

d (a3MSp + a ^ e )
2

Xij 2 (MSp)
2
 2 0 « e )

2

a3 k-1 + a4 N-k

ySee references 2 and 3.

tloCe that, when monthly sample size is equal tc, say n for each of the k

months, some of the above formulae becone simpler:

MS
V[X ] = 4 [MS + (n-l)MS ], and V[X..] --jj2", with (k-1) degrees of freedom.

2 2
Also, note that a = 0 is substituted for a negative o value in the

P A o
 p

EMS column of the ANOVA. table. As a result, MS - a or MS - MSfi. Thus,

VtXjj] - MSe and VlL.] - i MSe with (k-l)(N-k)/N
2[(N-k)a1

2 + (k-l)a2
2l

degrees of freedom.

Using V[X..] and its degrees of freedom, approximate 95% confidence

limits are obtained by X.. + t V[X..], where t is the 0.975 percentage point

of the t-distribution (theoretical t~value) for d- degrees of freedom.

For the hypothesis test, HQ : u = 0 against Ha : y ^ 0, at a chosen level

gnificance, say o « 0.05, t • I

theoretical t-value (two-tail test) .

of significance, say a » 0.05, t » X..//v[X..] is compared against the

Thus, the test becomes significant at a level if |tc | >_t or

X.. 2. t/v[X..]. Note' that t/v[X..] is the value given under the heading

"95Z C.L. OF MEAN" in the Summary Table.
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Statistical Treatment of Data For the 1980 Annual Report

Four different materials were distributed for analysis in 1980: uranyl

nitrate solutions, uranium dioxide powder, plutonium dioxide powder, and

plutonium-uranium mixed oxide pellets. Table I lists the materials analyzed

and the types of measurements performed during this report period.

Table I.

Material

Uranyl Nitrate

Uranium Dioxide

Plutonium-Uranium

Mixed Oxide

Plutonium Dioxide

Number of Measurements Performed in

Measurement

Uranium Concentration

U-235 Abundance

Uranium Concentration

U-235 Abundance

Uranium Concentration

U-235 Abundance

Plutonium Concentration

Pu-239 Abundance

Pu-241 Abundance

Plutonium Concentration

Pu-239 Abundance

Pu-241 Abundance

N

530

270

591

329

65

32

96

48

48

68

70

66

1980

Conc./Abund., %

18

3.1

88

2.4

68

0.7

20

87

1.3

87

87

1.2

All data are referenced to laboratory codes in effect during 1980. As in

the bimonthly reports, all data were converted to relative differences from

the respective reference values as shown In the following equation:

Relative Difference (R.D.)
Reported - Reference i n n

Reference x
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A conventional two-way Analysis of Variance (ANOVA) technique was used

for the evaluation of data within each of the material-measurement-method

combinations. The ANOVA technique was applied to the sample mean values

rather than the individual replicates on a sample* This was necessary due to

the variety of ways in which the samples were handled. Ifader the program

design, duplicate results are requested on a sample, but frequently more are

submitted.

The following statistical'model was used:

Yiik = M + (LOT^ + (LAB)j + e ±j k, where,

sample mean for the ith lot measured by the jth

laboratory;

M is the population mean common to all observations;

(LOT), is the contribution to the lot-to-lot variation attributed to the

ith lot;

(LAB), is the contribution to the lab-to-lab variation attributed to the

jth laboratory; and

eiik ^s t*le raad°m error contribution to the ith lot, the jth lab, and

the kth sample mean.

(LOT)is (LAB).., and e ^ ^ are assumed to be normally distributed variables with

means, u(LOT), u(LAB), u(e), and with standard deviations, o(LOT), a(LAB), and

a(e) respectively. ji(LOT) and ji(LAB) are the separate systematic errors

(differences) common to all lots or labs, respectively. By constraint of the

statistical model, u(e) is zero. We seek to estimate these standard

deviations by s(LOT), s(LAB) and s(e) in the variance components model.

All materials were tested for significant lot-to-lot variation and lab-

to-lab variation using the model described above. In most cases s(LOT) = 0

and the model reduces to a one-way ANOVA by deleting the (LOT)^ term. If a
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lot or laboratory effect was statistically significant at the 1% significance
1 7

level, Duncan's New Multiple Range test with Kramer's adjustment was used to
group homogeneous sets with respect to means.

An example of the homogeneous groupings of laboratories with respect to

their means (where significant differences in groups that were not caused by

only one laboratory with a measurement deficiency were found) are shown in

Table II. The table indicates the actual statistical significance level used

for the test (1% in all cases), the mean square (MS) or pooled within-

laboratory variance, and the associated degrees of freedom (DF). The square

root of the within-laboratory variances corresponds to the "within" laboratory

standard deviations (WLSD) shown in Table III which exhibits the "between"

(BLSD) and the "pooled within laboratory" standard deviations calculated from

the ANOVA results. The estimates for the pooled "between" laboratory standard

deviations are based on only a few degrees of freedom; however, they may offer

constructive information.

Table II

LABORATORIES 6ROUPED BY HOMOGENEITY OF KEANS

HATERML=URAHIUH DIOXIDE ANALYSIS=U!!AHIUH COHCENTRATIOH HETHOD=GRAVIHETRY

GEMERAL LINEAR HODELS PROCEDURE

DUHCAN'S HULTIPLE RANGE TEST FOR VARIABLE MEAN

MEANS HITH THE SAME LETTER ARE HOT SIGNIFICANTLY DIFFERENT.

ALPHA LEVELS01 DF=4J HS=.0012316

GR0UPIN5

A
A
A

,

1 1

3 A

B
B C
B C
B C
B C
B C
B C
B C D
B C D
B C D

C D
£ C D
E C D
E C O
E C D
E C D
E D ,
E 0
E
E

HEAD

0.205926

0.204392

0.204227

0.174K5

0.167110

0.154929

0.105590

0.0312T8

0.028971

0.003199

0.O0O693

-0.003S6S

-0.041935

-0.048297

-0.051S30

-0.036021

-0.151845

H

5

2

6

5

1

3

1

2

6

5

1

<t

5

4

6

3

1

LAB

24A

31A

34

56A

994

23A

233

10A

57A

46A

31B

62

55

36A

63

39A

50
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TABLE III

SUMMARY OF VARIANCE COMPONENTS

(With Associated Degrees of Freedom)
Outliers Excluded

MATERIAL

UBANYL NITRATE
UESNYL NITRATE
USANtL NITRATE
URANYL NITRATE
UKANYL NITRATE
USANYL NITRATE
URAHYL NITRATE
UHAHYL NITRATE
ITCAMYL NITRATE
USANIUM DIOXIDE
URANIUM DIOXIDE
URANIUM DIOXIDE
URANIUM DIOXIDE
UP.UItU!l DIOXIDE
URANIUM DIOXIOE
URANIUM DIOXIDE
(PU.UI DIOXIDE PELLETS
(FU.U) DIOXIDE PELLETS
IPU.U) DIOXIDE PELLETS
IPU.UI OIOXIOE PELLETS
IPU.U) OIOXIDE PELLETS
IFU.U) DIOXIDE PELLETS
rpU.U) DIOXIDE FULETS
1PU.UI DIOXIOE PELLETS
PLUTONIUM DIOXIDE
PLUTONIUM DIOXIOE
PLUTONIUM DIOXIDE
PLUrOIIIUIl DIOXIDE
PLUTOHIUH DIOXIDE

ANALYSIS

URANIUM CONCENTRATION
URANIUII CONCENTRATION
URANIUM COtlCENTRATION
URANIUM CONCENTRATION
URAMUH CONCENTRATION
USANILSI COHCEHTRATION
U235 ADUllDAIiCE
U235 ACUNOAKCE
U235 ABUNDANCE
URANIUM CONCENTRATION
URANIUM CONCENTRATION
URANIUM CONCENTRATION
U2ANIU11 CC:.'CEHTRATIOM
U235 ABUNDANCE
LC35 ASKBAKCE
U23S ABUNDANCE
UKiHIUM CONCENTRATION
U3ANIUM CONCENTRATIOII
U235 ASLMANCE
PLUTONIUM CONCENTRATION
PLUTONIUM CONCENTRATION
PLUTffillUM CONCENTRATION
PU239 ABUID/iHCE
PU2*1 ADUNDAIICE
PLUTOIIIUM CCHCENTRATIGH
PLUTOIIIUM COMCENTRATIOH
PLUTOIIL« CONCENTRATION
PU239 ABLTOAHCE
PU241 ABUNDANCE

METHOD

COULOHETRY
GDAVICETRY
ISO OIL MASS SPEC
TITRINETRY (HISOI
TITRKIETRY CffBL DSGI
X-RAY FLUORESCENCE
CAII1IA SPECTRCIIETRY
GAS SOIRCE MASS SPEC
THERMAL ION HASS SPEC
6RAVIMETP.Y
ISO DIL HASS SPEC
TITRIHETRY (HISC)
TITRIIIETRY (NBL OSS)
SAK1A SPECTROHETRY
6AS SOURCE HASS SPEC
THERMAL ION HASS SPEC
ISO OIL KASS SPEC
TITRIKETRY INBL DSG)
THERMAL IOM HASS SPEC
COULOMETRY
ISO OIL HASS SPEC
TITRIHETRY 1HIECI
THERMAL ION HASS SPEC
THERMAL ION HASS SPEC
COULONETRY
ISO DIL MASS SPEC
TITRIMETRY (HISC)
THERMAL IOM HASS SPEC
THERMAL ION MASS SPEC

BLSD

o!o33
0.233
0.174
0.053

o!212
0.007
0.114
0.111
O.sO1
0.059
0.042
0.217
0.010
0.139

.
0.146

0.219
1.136

o!oo3

0.*012
0.195

OF.BLSO

a
7
1
3

21
0
2
3

17
16

1
4

18
4
3

18
1
3
2
4
1
1
3
3
2
0
4
5
5

MLSD

0.324
0.065
0.294
0.050
0.C93
0.451
0.352
0.061
0.216
0.035
0.195
0.069
0.07S
0.213
0.047
0.226
0.729
0.156
0.424
0.131
1.506
0.177
0.024
0.435
0.141

0^392
0.020
0.239

OF_H

3
27

9
11
n

4
12
zo63
43
8

19
61
16
22
66
4

11
9

12
4
6

12
12
5
0

11
21
21

Similar measurement methods were grouped together in the plots and tables

to simplify comparison of results. The groupings utilized are shown in Table

IV.
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Table IV. Method Groupings

Measurement Method Comprised of

Uranium Concentration Tltrimetry (Misc.) Titr. Jones Bedn/Cr(VI)

Titr. Jones Redn/Ce(IV)

Titr. TiCl3/Ce(IV)

Plutonium Titrimetry (Misc.) Titr. Amp. AgO/Fe(II)

Concentration Titr. Pot. AgO/Fe(II)

Titr. CuI/Cr(VI)

Titr. TiCl3/Ce(IV)

Plutonium Miscellaneous Alpha Counting

Concentration X-ray Fluorescence

Miscellaneous

The schematic plots are provided to help visualize the data and enable

comparisons to be made in terms of laboratory - method - material

combinations. On the schematic plots, an "0" indicates one or more outside

values (these occur about 1 in 20 for normally distributed data) and an "*"

indicates one or more extreme values (these occur about 1 in 200 for normally

distributed data). The body of the rectangle represents the interquartile

range, i.e., the range of the middle half of all data including extreme

values. In the body of the rectangle the dashed line corresponds to the

median (middle value), and the "+" corresponds to the mean of all data for the

particular lot. The number of measurements represented is printed above each

plot. The interested Reader is referred to the book by Velleman and Hoaglin 4

for further details of these plots, called box plots by the authors.

Annotated examples of schematic plots are shown in figures 1 and 2.

It should be noted that both "extreme" and "outside" values were included

in calculations for-mean and median values and for the determination of

interquartile groupings shown in the schematic plots. However, extreme values

(*) were excluded from all other tests, tables and plots.
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Plots of 1979 data versus 1980 data using Youden's graphical method are

Included In the report this year. Two sets of plots were generated, one for

laboratory means and another for standard deviations. Selected plots have

been included in the report where significant shifts in results from one year

to the next were observed. The examples below show how to interpret these

comparison plots.

<n

a -

a
oc

Rel. Dif., I960 Rel. Std. Dev., 1980
On the plot showing relative differences of the means from the reference

values, results which fall on or near the 45° line exhibit consistent behavior

from one year to the next. Values near the center of the plot would indicate

no bias; values on the 45° line in the upper or lower quadrant would show

consistent positive or negative biases. Values falling on the 135° line show

changes in performance from year to year and are thus inconsistent. The areas

marked by "+" signs indicate regions where 1980 data were better than 1979

data, i.e., an improvement in laboratory performance with experience. The

areas marked by "-" signs indicate regions where 1979 data were better than

1980 data, an indication of a decline in a laboratory's ability to analyze

SALE materials. Similarly, for the plot of relative standard deviations,

results along the 45° line or in areas marked by "•*" or "-" signs indicate,

respectively, consistent, improving or degrading performance. For an expanded

discussion of this display method the reader should examine Youden's paper.5

The tables and graphs are presented for the visualization of the purely

objective aspects of the statistical treatment of the 1980 SALE data.

Although statistical treatment of the data provides a valid, though harsh,

interlaboratory comparison, it does net provide an informed assessment of

measurement performance relative to the requirements of nuclear safeguards.
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Therefore, all measurement data (except extreme values) generated during 1980

are shown in yet another format which permits a more practical, although

somewhat subjective, interpretation. A casual examination of Figure 3

clearly shows the overall levels of measurement performance in a readily

comparable form. Laboratory-method combinations producing measurements which

lie outside of the mainstream of routine performance levels are readily

apparent. In contrast to the prior statistical treatments which emphasize

individual differences, these graphs show the overall level of measurement

performance. Each graph contains information on all laboratory-method

combinations for each material, including: (1) relative differences between

laboratory yearly means and the corresponding assigned values, (2) the

individual within-laboratory standard deviations, and (3) degrees of

freedom. The exclusion of extreme values (highly deviant measurements

expected to occur once in 200 measurements) has been noted with an asterisk

(*) where applicable. The data are plotted in the order of ascending relative

mean differences for easy comparison.

In Figure 3, vertical lines depict the reproducibility of measurements

reported by each laboratory. In some cases the vertical bar is missing due to

very tight levels of reproducibility, but in these cases all information is

reported. It should be noted that when two or less measurements were reported

during the year, those results are not included in the graphs. The

participant code near the middle of the vertical bar indicates the location of

the mean value of the relative differences of all measurements reported during

the year by each laboratory-method combination for each material. The number

at the top of the vertical bar indicates the measurement method code. The

degrees of freedom associated with the reproducibility estimate are shown at

the bottom of the vertical bar. An asterisk (*) above the method code

indicates that one or more extreme values were excluded from the estimates for

mean value and reproducibility; "outside values" were not excluded. A simple

ranking of performance levels is bracketed on most charts.
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Some Features and Applications of an Empirical Approach

to the Treatment of Measurement Data ("DoD"-Method)

W. Beyrich , W. Golly, G. Spannagel

Kernforschungszentrum Karlsruhe GmbH, Projekt Spaltstoffflufikontrolle

Postfach 3640, D-75OO Karlsruhe, Federal Republic of Germany

ABSTRACT

An empirical method of data evaluation is described which

s. 5. lass the derivation of meaningful estimates of the variances

of data groups even if they comprise extreme values (outliers).

It can be applied to problems usually treated by variance

analysis and seems to be suitable to investigate and describe

the "state of the art" of the various analytical methods

applied in international safeguards.

Some examples are given to illustrate this procedure; they are

based on data of the SALE program.

INTRODUCTION

During recent years, an empirical approach of data evaluation has been

developed at the Karlsruhe Nuclear Research Center, which proved to be suitable

to derive meaningful estimates of the standard deviations of data groups com-

prising extreme values (outliers) without their rejection,/]/. Due to this

feature, this approach is also useful for data treatment by variance analysis as

normally performed in statistics, and for comparison of results of measurements

obtained under different experimental conditions.

In particular, this method of evaluation offers a possibility to describe

in a transparent manner the "state of the art" for the various analytical pro-

EURATOM delegate to the Karlsruhe Nuclear Research Center, Karlsruhe,
Federal Republic of Germany
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cedurea involved in practical safeguards. When based on realistic data obtained

in routine operation, this characterization of the state of the art is not only

of importance for developing safeguards concepts but also for the judgement of

discrepancies observed between the values declared by a plant operator and the

results of verification measurements by the control authority 111.

It is obvious that measurement evaluation programs like SALE /3/, GAE /A/ as well

as intercomparison experiments performed in recent years by the International

Atomic Energy Agency (IAEA) 151, the Karlsruhe Nuclear Research Center (RfK)

/6,7,8,9/ and the European Safeguards Research and Development Association

(ESARDA) /10,11/ are tue main data sources for such evaluations.

Since the empirical approach of data treatment described in this paper is

based on the distribution oi. differences between measurement values, the term

"DoD"-method is used as an abbreviation for this procedure and the graph derived

in this context is denoted the "DoD"-curve.

THE DoD-METHOD

As already indicated, the differences in the results of repetitive analytic-

al determinations are used in this method of data treatment as the basic elements

of evaluation. By plotting the cumulative frequency of their occurrence versus

their absolute values (moduli), a survey is obtained of the probability of observ-

ing given discrepancy values. From such a graph,the so-called DoD-curve, a reason-

able estimate can be derived of the standard deviation of the underlying sr.t of

measurement data.

In the following paragraphs, this procedure will be explained briefly by
j)

means of a numerical example taken from practice .

The n»18 analytical results y. given in Table I are considered as basic data;

~i they are represented graphically in Fig. 1. All of them have been measured on the

The considerations in this paragraph and in the following one are discussed
in more detail in III.
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same sample material . From the practical point of view this set of data

approximates homogeneity rather well.

Table I: Basic Data y.

yi

yl
y2
y3
y4
y
5

y6

Data

2 770

2 811

2 770

2 732

2 786

2 770

yi

y?
y8
y9
yl0
yM
y12

Data

2 747

2 779

2 781

2 767

2 785

2 747

yi

y13
y14
y15
y16
y17
y18

Data

2 769

2 755

2 770

2 766

2 822

2 764

In order to derive the DoD-curve, the absolute differences |D. | of all

possible combinations of data y., y (i > p) are calculated as indicated in

Fig. 1 for a few cases. For our example, this results in N - n~ » 153 values.

As the aext step, the number of differences equal to or exceeding a certain value

|Dj are plotted versus this value |D|, as shown by Fig. 2. Finally, the DoD-

curve is obtained by least-square fitting using all datum points.

The Q-values (ordinate scale on the left hand side of Fig. 2) indicate the

probability that the difference |y.-y | of two basic data is equal to or exceeds

[D|.Theoretical studies /I2/ have confirmed that for several quantities from the

DoD-curve meaningful estimates can be derived. In particular the estimate of the

standard deviation of the basic data group is of interest: in the case of normal

distribution it is given by Q » 48 Z. Application of this relationship to the

DoD-curve of Fig. 2 results in s - 21.1 % a value which due to the homo-

geneity of the basic data group deviates by less than 2 Z from the estimate

The data were taken from the IDA-72. intercomparison experiment /7/; multiplied
by 1015, they represent the concentration of the U-238 isotope in atoms/g sol.
measured by 18 laboratories on a synthetic solution using mass spectrometrie
isotope dilution technique. Since it is insignificant for this study, this
factor and the units have been omitted.

Here and in the following paragraphs the notation s is used for estimates
of the standard deviation derived by the DoD-method.
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1 15 183 6 9 12

LABORATORY CODE

FIG. 1: BASIC DATA OF TAB. I WITH EXAMPLES FOR THE CALCULATION OF DIFFERENCES.

0 25 50 75 1DI

ABSOLUTE DIFFERENCE BETWEEN TMO MEASUREMENT VALUES

FIG. 2; DISTRIBUTION OF DIFFERENCES TOGETHER WITH FIT USING DATA FROM TAB. I;

48Z-VALUE INDICATES THE ESTIMATE S * " OF THE STANDARD DEVIATION.
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s -21.4 calculated by conventional statistics according to
o

(Eq. I)

(y denotes the mean of the n - 18 basic data y.)>

THE INFLUENCE OF EXTREME VALUES

As mentioned before, the DoD-method is of interest in particular in its

application to data groups comprising extreme values or outliers /I/. In order

to demonstrate their influence on the shape of the DoD-curve and thereby on the

estimate of the standard deviation derived, its dependence on the number of ex-

treme values will be illustrated below. For this purpose, an increasing number

of data from the basic group of 18 values y. given in Tab. I were enlarged arti-

ficially by 2s -43. This was done in the order of decreasing values of y.:

First the greatest nf all values y)7 " 2822 was replaced by y._ + 2s - 2865; the

next group of data was obtained by substituting in addition y_ » 2811 by

y2 > 2 S Q • 2854 etc.

Fig. 3 represents the corresponding set of DoD-curves derived from those

groups of data: A small percentage of outliers (in the example up to 2 out of

18) only influences the tail of the curves but has no influence on its middle

section. Therefore, the estimate s remains constant. Further enlargement of

the number of outliers moves the DoD-curves to the right, so that their inter-

section with the 48 % line - used to determine the estimate of the standard

deviation - gives increasing values, too.

These results are represented in Fig. 4 by the thick solid line. Although the

slope of this curve is derived from the single numerical example considered here,

its more general validity became evident by numerical calculations relating to a

The notation SQ refers to the special value of the standard deviation

calculated by Eq. 1 for the basic data as given in Table I.
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rather extended range . Unsteadiness of its slope occurs only if the outlier

situation becomes at the same time so anomalous both in terms of size and number

that the slope of the DoD-curve (Fig. 3) forms a plateau above Q « 48 Z.

Fig. 4 also shows the estimates of the standard deviation calculated accor-

ding to the rules of conventional statistics. The existence of one or more ex-

treme values in the group of data requires the application of outlier criteria.

Therefore, the outlier criteria described by Bartsen /13/, Dixon /14/, Nalimov

/IS/ and Chauvenet /16/ have been applied and lead to the corrections also indi-

cated in the -figure.

Although their application certainly suppresses excessive estimates of the stan-

dard deviation - in particular if only one value is suspicious - the different

models on which they are based cause a considerable uncertainty and arbitrariness

of the results: in this example the estimate of the standard deviation might vary

by up to a factor 3 depending on the outlier criterion selected or, with the same

criterion, if the number of extreme values changes by one only. The arbitrariness

in the choice of the error probability accepted for the rejection of extreme

values contributes a further source of uncertainty and, finally, it can be put in

question whether an estimate of the standard deviation calculated after the re-

jection of 5 values out of 18 (28 Z) can still be considered as representative of

the group of data under investigation.

Please note that in contrast with this, the estimates of the standard deviation

derived by the DoD-method are always based on all measurement values available

and, therefore, the arbitrariness indicated by the "grey area" (Fig. 4) is avoided

completely. Furthermore, the rise of the curve with a growing number of outliers

is always steady up to a portion of about 25 Z extreme values, as more detailed

studies have shown.

Theoretical studies on the different aspects of the DoD-method are presently
carried out at the Institut fur Datenverarbeitung in der Technik, Karlsruhe
Nuclear Research Center.
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APPLICATION TO VARIANCE ANALYSIS

la the numerical example considered before, the measurement values given in

Tab. I represented the analytical results of 18 laboratories obtained on the same

sample material. Hence, the estimate of the standard deviation derived is a

measure of the deviations observed between the results of the various labora-

tories regarding the analytical method under consideration. However, assuming

that these 18 basic values given in Tab. I would be the results of repetition

measurements performed by the same laboratory, it is obvious that the estimate of

the standard deviation derived would represent the "within laboratory deviation"

or "precision" of that laboratory. If such data are available from several labo-

ratories, the differences can be pooled after they have been calculated for each

laboratory individually and, by this way, an estimate of the average precision

can be gained for the analytical method studied.

This is illustrated by the data given in Tab. II; the figures of the

rical example considered before (Tab. I), are means obtained per laboratory by

three repetitive determinations (columns 2 and 3 of Tab. II). Therefore, for

each laboratory, three differences can be calculated from these three values as

shown in column 5, and pooled over the 18 laboratories. This provides 54 differ-

ences in total from which the DoD-curve shown in Fig. 5 can be obtained, and the

estimate of the standard deviation s • 7.4 derived from this curve indicates

the average precision of the analytical method considered.

Usually, in evaluating intercomparison programs, estimates of the two error

components "interlaboratory deviation" and "precision" are calculated by variance

analysis. However, since application of this statistical method demands a high

degree of homogeneity with regard to the basic data 'it is of interest to compare

again the results obtained by the DoD-method with those furnished by convention-

al statistics:

Treatment of the basic data y.. (column 2 in Tab. II) by variance analysis re-

quires a previous checking with the Bartlett test regarding the approximate

equality of the precisions of the individual laboratories /17/ and application of

This is especially true if the evaluation aims <at the calculation of a third
error component ("three-stage" variance analysis).
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1
2
3

1
2

• 3

1
2
3

1
2
3

1
2
3

1
2
3

1
2
7

1
2

2
3

2

Measurement
Value yifc

2770
2769
2770

2809
2812
2811

2760
2786
2764

2727
2732
2736

2777
2793
2787

2775
2776
2759

2755
2742
2744

2775
2798
2765

2773
2786
2784

3

Lab. Mean

2770

2811

2770

2732

2786

2770

2747

2779

2781

4

Estimate of
Stand. Rev.

1

.6

1.5

14.0

4.5

8.1

9.5

7.0

16.9

7.0

5

Differencea

for k>p

1 0 1

3 2 1

26 4 22

5 9 4

16 10 6

1 16 17

13 11 2

23 10 33

13 11 2

Lab.
Code

i

10

11

12

13

14

15

16

17

18

1

of ti
on
s

Nu
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er
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ti

1
2
3

1
2
3

** 
C

M
 C

O

1
2
3

1
2
3

1
2
3

1
2
3

1
2
3

1
2
3

2

Measurement
Value y.,

ik

2768
2769
2765

2787
2783
2786

2755
2740
2746

2774
2764
2768

2767
2748
2751

2776
2768
2767

2770
2758
2771

2821
2823
2822

2775
2764
2753

3

Lab. Mean

2767

2785

2747

2769

2755

2770

2766

2822

2764

4

Estimate of
Stand. Dev.

•i

2.1

2.1

7.5

5.0

10.2

4.9

7.2

1.0

11.0

5

Differences

for k>p

1 3 4

4 1 3

15 9 6

10 6 4

19 16 3

8 9 1

12 1 13

2 1 1

11 22 11

I
o\

Tab. II: Basic Data y^k and Derived. Quantities
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OF

outlier criteria to the laboratory means y. which are identical with the values
i«

y. in Tab. I. From the' paragraph before, it is known that as regards the latter
1 11

no value would be rejected on the basis of most of the criteria applied . How-

ever, according to the Bartlett test, the values of laboratories 3 and 8 have

to be excluded because cf their excessive heights (see column 4 of Tab. II).

Accordingly, variance analysis based on the model

(Eq. 2)

(where u denotes the true value)

''The only exception is the criterion of Chauvenet, which would exclude three
values out of the basic data group (see Fig. 4).
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results in the values s(a) » 22.2 and s(e) • 8.4 for the estimates of the stan-

dard deviations of the error components a. and e.. ; the corresponding values

obtained by the DoD-metbod without any rejection of data are 20.7 and 7.4. As

shown in Tab. Ill, the results of the DoD-method are well within the confidence

limits calculated for the estimates of the standard deviation by variance ana-

lysis, even if an error probability of 10 Z is accepted .

Table III: Comparison of DoD-Results with those Obtained

by Variance Analysis

1

Estimate of
Standard
Deviation

s(e)

s(a)/s(e)

2 3 1 4

According to Variance Analysis

Probability
of Error

10 Z

1 Z

10 Z

1 Z

Value
Calculated

8.4

8.4

2.6

2.6

Confidence
Range

7.0 * 10.6

6.3 * 12.2

2.0 * 3.7

1.6 * 4.8

5

Derived by
the DoD-method

7.4

7.4

2.8

2.8

Because of their usefulness for practical applications, the correlations

between the estimates of the standard deviation of error components calculated

by variance analysis and those derived by the DoD-method are compiled in Tab. IV,

including the case that three error components are taken into consideration.

1)

2)

For calculation see Tab. IV, column 9

Please note that the confidence range decreases with increasing error
probability accepted.
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APPROACH FOR ESTABLISHING THE "STATE OF THE ART"

In our opinion, the pair of DoD-curves established for the "between" and

"within" laboratory deviations represents a reliable characterization of the

"state of the art" of the analytical method studied, if they are based on a

great number of measurements performed by different laboratories actually working

in the specific analytical field. Such data are not only of interest for the

design of safeguards concepts, but the DoD-curves are also very useful for the

inspector in the plant and for the data evaluation section of the control

authority in judging discrepancies observed between declared and verified values:

The DoD-curve directly indicates the probability of their occurrence /2/.

Thanks to the many international intercomparison programs performed during

the last decade, numerous data are already available for evaluation. However, in

establishing such curves for acceptance and use in practical international safe-

guards, extreme care has to be taken that the analytical problem for which the

data were gathered is specified precisely. If DoD-curves are derived using data

of different origins, the experimental conditions have to be such that the ana-
2)

lytical procedures include the same sources of error and the type and compo-

sition of the sample material have to be comparable. For instance, accuracies

achievable on a pure synthetic sample material are not comparable in many cases

to those which can be expected from industrial process samples.

Another problem is caused by the fact that from each contributing laboratory at

least approximately the same number of measurements should be taken into account

if the evaluation aims at providing an overall picture of the state of the art,

characterizing average conditions. This is a specific problem evaluating data

generated by the SALE program, since the number of measurements supplied by the

participants differs considerably. This difficulty does not exist for individual

experiments like "Pafex II" /5/, "IDA-72" /7/ or the "IDA-8O" /ll/ program running

now, in which all participants report the same number of measurements. The fact

that in the SALE program often samples of similar but not identical compositions

Figs. 2 and 5 in the numerical example considered in this paper.

2)
This concerns in particular analytical procedures of high complexity like
isotope dilution analysis.
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are used is of little importance. Unlike in the evaluation of other measurement

programs, not the absolute measurement values themselves but their relative

deviations from the "assigned" values have to be used in this case as the basic

data from which the differences are calculated.

The DoD-method can also be applied successfully in order to compare the

measurement uncertainties of different methods applicable to the sane analytical

problem /18,19/. If such comparison proves that the measurement uncertainties

of different methods are similar, the data may be pooled when establishing DoD-

curves to characterize the state of the art for the analytical problem investi-

gated. This is in agreement with the principle that each laboratory should have

the liberty in choosing its own method to tackle a given analytical problem as

long as it is able to reach an internationally accepted performance.

Finally, a remark should be added on the number and qualification of the

contributing laboratories. The contributions of the majority of laboratories

concerned with the specific analytical problem under investigation are certainly

desirable in order to obtain a representative picture of the prevailing situation.

For interlaboratory evaluation by the DoD-method, data of approximately 8 to 10

laboratories are considered to be the minimum.

No restriction seems to be meaningful on the qualification requirements. Actually,

in practical safeguards, scientifically orientated laboratories are involved as

well as industrial laboratories representing a wide scope from the point of view

of analytical workload, demands regarding the promptness of producing results

and time during which experience will have been gathered. If "state of the art"

is understood as the description of the actual analytical situation achievable on

an average and not under optimal conditions - this is in our opinion the only

meaningful interpretation from the standpoint of practical safeguards - all

contributions of laboratories working in the field are valuable and should be

taken into consideration.

EXAMPLES

In order to obtain a first rough survey of SALE results when treated by the

DoD-method, a number of DoD-curves were derived without any previous checks on
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the equality of the number of measurements contributed by the individual labora-

tories and using all data gathered since the beginning of the program in 1972

until December 31, 1979. Therefore, it is strongly emphasized that these results

should be considered as preliminary and no conclusion should be drawn at present.

Fig. 6 shows three DoD-curves for the determination of uranium concentration

in uranyl nitrate, Fig. 7 for the same type of analysis in U0-. The sets of three

curves are related to all gravimetric,titration and all other methods, respective-

ly . They are derived using the mean values calculated over all measurements

performed by the individual laboratories as basic data. This means that "between"
2)laboratory deviations of the methods are considered .
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Discussion

Q - What is the minimum number of data pairs for which you feel this

technique will be beneficial?

A - Our feeling is that you should have at least 8 values in the basic data

group. Eight points in the basic data groups gives 28 different points

for constructing the curve. Our mathematical statisticians are trying to

establish the mathematical background for the whole thing.

Q - I would like to know how attractive graphical techniques are to the

experimental society. One of the objectives one can expect various

analyses to achieve is when differences in precision are significant.

Whether, for example, the between laboratory effects would be significant

with respect to measurement error. What is your feeling about the way to

utilize your techniques to make a decision whenever this is the case?

Suppose you have replicate measurements in 10 different laboratories and

you have determined the internal precision on the average of a single

laboratory to be 0.1% and the between laboratory precision to be on the

order of 0.1%. Would this be significant with respect to zero or not?

A - You should first derive the 2 curves for the method; one for the

precision and one for the interlaboratory difference. In your case,

normally you make a variance analysis to test 2 different error

controls. The relationship between the 2 estimates, you receive from the

variance analysis, you can get by deriving the 2 curves. They are very

easy to obtain and are given in the paper.
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Reference Values and Evaluation of the Results of Intercomparisons

H. Aigner, S. Deron, E. Kuhn, IAEA, Seibersdorf, Austria

Abstract

The need of a reference value for the composition of materials distributed in
intercomparisons is generally recognized. A single reference laboratory or a
group of reference laboratories miy be used to establish this reference value.
The respective advantages and limitations of the two approaches are discussed.

The reference measurements must be evaluated to provide the confidence limits
of the reference value but also an estimate of the possible heterogeneity of the
materials and its samples. The results of the intercomparison measurements should
themselves be evaluated to test and discuss the significance of the biases of
individual and selected groups of laboratories or techniques.

The approach taken by the Analytical Quality Control Services of the Inter-
national Atomic Energy Agency is illustrated by the SR-1 intercomparison on
uranium assay in (JO. powder.

1. Introduction

The Analytical Quality Control Services (AQCS) of the Internationa] Atomic

Energy Agency (IAEA) present their programmes of intercomparisons to prospective

participants in a circular letter issued at the beginning of the year (1). The

intercomparison on the uranium assay in U0_ powder is intended to provide the

laboratories with an external control of their accuracy on the order of 0.1% with

materials of industrial origin. The results of the SR-1 intercomparison (2,3) are

discussed to examine 2 sorts of questions that arise in an Sntercomparison exercise:

1) How to establish the reference value and its confidence limits, i.e. its accuracies?

2) How to evaluate the results of participating laboratories, what parameters should

be estimated, and what evaluation procedure should be utilized?

2_. UP., Inter comparison Samples

We distribute a material of industrial origin similar to that used as a feed

material for fuel fabrication. Such freshly prepared U0_ picks up moisture and

oxygen rapidly, at a rate dependent upon the type of container (k). The containers

selected for the Intercomparison are glass with metal caps and polyethylene cone

seals. These containers insure a very tight seal and have a very stable tare weight.

If the caps have not been tightened sufficiently, it is possible to correct for any

pick-up of moisture and oxygen by measuring the increase in weight of the container.

3. Reference Value for Uranium Assay

Four laboratories participated in the characterization of the SR-1 tntercomparison

samples: the Institute of Nuclear Research (Warsaw, Poland); the Khlopin Radium

Institute (Leningrad, USSR); the Netherlands Energy Research Foundation (Petten,

Netherlands); the Safeguards Analytical Laboratory of the IAEA (Vienna, Austria).
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Each reference laboratory received 2 or k bottles of two different types.

They were asked to analyze half of the bottles of each types when received and

the other bottles 6 weeks after receipt. Three independent subsamples and

dissolutions were requested for each bottle and triplicate aliquots of each

dissolution were to be measured. The calibration measurements of the NBS-96O

metal standard were also reported.

The characterization measurements *.... form a nested network which we

described by a linear model according to equation (1).

x i i j k - V e + V a n + b u j + c i i j k 0 )

x is the true valueo
e is the bias due to error in the certification of the calibration standard

.(NBS-96O)

d. is the additional bias of laboratory 1

a.j is the error due to the combined effect of measurement time and sample bottle li

b... is the dissolution and treatment error on subsample j
'•* t h

c.... is the error on the k measurement.

An analysis of variance yields the estimates of four error components (Table 1).

They are ail within 0.02$. Only the standard deviation of the laboratory biases

appears to be statistically significant compared to the precision of the results.

In this situation: 1) are the data acceptable, i.e. is the grand mean the best

estimate of the true value, 2) is the standard error of this estimate properly

calculated through equation (2)7

SS, SD, SA, SB, SC are respectively the standard deviations of errors e, d, a, b, c.

When the network is balanced, N,, N , N, and N are respectively the total number
d a b c

of laboratories, sample bottles, dissolution and measurements.

Three attitudes may be taken: 1) the measurements are repeated until the

between laboratory effect is no longer statistically significant; 2) N. is replaced

by one in equation (2); 3) the laboratory effect is compared to the expected

systematic errors of a single laboratory. We have chosen to take the third attitude.

Indeed, a between-Iaboratory effect of 0.02% was found to be perfectly representative

of the possible biases of the individual laboratories. In conclusion, the data were

judged to be acceptable because consistent with the precision and accuracy requested

and expected from the measurement system. The grand mean was adopted as the

reference value and its confidence limits were derived from equation (2).
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If the characterization detects a significant variability in the composition

of the material distributed in the various bottles, we would consider two possible

situations: 1) the heterogeneity is too large compared to the goal of accuracy

one wants to achieve, i.e. 0.1%; the material must be discarded. Or 2) the

heterogeneity is very small, say .03 to .05%, but significant, in the ]atter case

the material may still be considered fit for distribution; the best estimate of

the reference value is still the grand mean, but then equation (2) underestimates

the possible variations of the uranium content in the individual bottles. N* , the

number of bottles analyzed by each participant, should be used in equation (2)

instead of Na.

k. Evaluation of the Intercomparison (3)

The participants received also two bottles of two different types and were asked

to follow the same analytical scheme than the certification laboratories.

In the first step of the evaluation we analyzed the results of single laboratories

independent of each other, compared the mean of each laboratory to the reference value,

and estimated the significance of the bias of the laboratory. The linear model of

equation (I) served to calculate for each laboratory I the standard deviation of its

measurements, SC., treatment errors, SB., and combined time and bottle effects, SA.

(Table 2). These three parameters were propagated to define a standard error and

confidence limits of each laboratory mean. This error was ppled with the error on

the reference value to yield the standard error of the laboratory bias, which was

used in a Student test of the significance of the laboratory bias. A positive test

indicates only that calibration errors and other sources of bias are not negligible

with respect to the measurement, treatment and bottle errors.

The second step of the evaluation is a comparison of the performance of the

different laboratories. This is done first on a graphical basis, displaying the mean

of each laboratory with its confidence limit along with the reference value and its

confidence limits (Fig.l). In addition, all results obtained by wet chemical methods

were submitted to an analysis of variance. This analysis provides a quantitative

estimate of the average performance of these laboratory-method combinations, and

the magnitude of both random and systematic error components (Table 3)- Here too

the between laboratory effect is significant with respect to the other sources of

error. However, on the average, the laboratories using wet chemical procedures met

the goals of precision and accuracy of the intercomparlson. Their mean relative

bias is less than 0.1% and not statistically different from zero.

5. Conclusion

What is the best attitude in establishing reference values? The SALE Program

bases its reference values on measurements performed at NBL only through the us* of
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more than one measurement technique. We prefer, whenever practical, to use the

collaboration of several laboratories each using the technique of their choice to

achieve the required precision and accuracy. This approach presents the advantage

to provide an experimental estimate of the standard deviation of the laboratory biases,

and a very severe test of the quality of the data set. The latter Is certainly

questionable if the between laboratory variability is greater than the systematic

errors estimated by each laboratory for their own measurements. This way is also

economical, as less effort is needed from each certifying laboratory to achieve a

given level of accuracy. Where the collaboration of four laboratories is impossible,

we would seek the cooperation of two laboratories, each ens using two different

techniques. This maintains at least three decrees of freedom, corresponding to four

laboratory-technique combinations.

The estimate of the confidence limits of the reference value needs detailed

analysis of the sources of errors in the characterization. But we have seen also that

their calculation must be related to the goals and design of the intercomparison.
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Discussion

Q - Could you identify who the various laboratories were that did these

analyses for you? Were they preselected based on a priori information

relative to their capabilities?

A - The four laboratories were, the IAEA, ECN, the laboratory of the research

center in Warsaw, and the analytical laboratory of the institute in

Leningrad.

The selection was made on the availability of the contacts and on

knowledge from the results of previous exchanges of analysis between

these 4 laboratories.

Q - When you receive the data from each of the laboratories in the

characterization of the reference material, how deeply do you look at

each propagated error submitted, including the uncertainty of the

reference material?

A - We have not done that very deeply for each individual laboratory. Each

laboratory supplies measurements on the sample material performed in

conjunction with measurements on NBS 960 reference material. They all

use the same reference material.

The measurement on the standards provides an estimate of how well the

laboratory in question was in control during the measurement performance.

One step in the establishment of the reference value was to do a variance

analysis on the result of each of the 4 laboratories, comparing the mean

value of each lab with each other to see if there were significant

differences.
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ABSTRACT

Since the late 1960's, strong emphasis has been given to quality
assurance in the nuclear industry, particularly to that part involved
in nuclear reactors. This emphasis has had impact on the analytical
chemistry laboratory because of the importance of analytical measurements
in the certification and acceptance of materials used in the fabrication
and construction of reactor components. Laboratory quality assurance,
in which'the principles of quality assurance are applied to laboratory
operations, has a significant role to play in processing, fabrication,
and construction programs of the nuclear industry. That role impacts
not only process control and material certification, but also safeguards
and nuclear materials accountability. The implementation of laboratory
quality assurance is done through a program plan that specifies how the
principles of quality assurance are to be applied. Laboratory quality
assurance identifies weaknesses and deficiencies in laboratory operations
and provides confidence in the reliability of laboratory results. Such
confidence in laboratory measurements is essential to the proper evaluation
of laboratories participating in the Safeguards Analytical Laboratory
Evaluation (SALE) Program.
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INTRODUCTION

Quality assurance (QA) is an important concept to the nuclear industry.
It was introduced through the US Breeder Reactor Program and light water
reactors in the late 1960's and early 1970's. With experience in its use,
understanding of its function, and its demonstrated worth, quality assurance
has become widely accepted and acknowledged as a valuable tool in providing
safe, trouble-free equipment and facilities and in reducing costs. This
is evidenced by the papers, such as the one by Randers, Morris, and Pomeroy,
presented in a seminar on nuclear fuel quality assurance held in 1976 at
Oslo, Norway.1*2 Quality assurance is an integral part of nuclear technology
and nationally established quality assurance standards are in use by the
industry, such as ANSI/ASME NQA-l.3'*

The role of the analytical chemistry laboratory in quality assurance
is significant because the measurements provided by the laboratory are vital
in assessing the quality of materials. Yet, too often the laboratory is
associated with the quality assurance function merely as the supplier of a
service that is usually called inspection and test. Instead, for the overall
QA program to be fully effective, the principles of quality assurance must be
applied to the operation of the laboratory itself. An example of such
application was in a fuel program for fast reactor fuel in which
laboratory quality assurance played an important role.5

The purpose of this paper is to show how quality assurance can play a
meaningful role in providing reliable data for the SALE Program from a wide
variety of laboratories using several different measurement methods and
materials. 6 Those measurements, which are for uranium and plutonium content
and isotopic abundance, provide a basis for the continuous and comprehensive
performance evaluation of laboratories participating in the SALE Program. 7
Proper evaluation of participant data may be hindered when adequate laboratory
quality assurance practices are not used.

DEFINITIONS OF QUALITY ASSURANCE

A generally accepted definition of quality assurance is as follows:
"The planned and systematic actions necessary to provide adequate confidence
that a material, component, system, or facility will perform satisfactorily
in service." The key phrases in this definition are planned and systematic
actions, to provide adequate confidence, and will perform satisfactorily.
The phrase "planned and systematic actions" embodies the essence of QA.

The above definition can be changed somewhat to apply to the laboratory
as follows: "The planned and systematic actions necessary to provide
adequate confidence in each analytical result reported by a laboratory."
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ROLE OF LABORATORY QUALITY ASSURANCE

The basic function of the analytical chemistry laboratory is to
provide measurements that describe and characterize materials in terms
of chemical composition and physical structure. Its role, therefore, is
a supportive one in development, testing, fabrication, processing, and
construction operations.

The role of laboratory quality assurance is established in a broad
sense by the definition given previously. More specifically, it provides
the mechanisms for having sound operating procedures established in the
laboratory, for promoting the correct use of analytical methods by laboratory
personnel, and for monitoring and controlling laboratory performance. These
activities help to ensure confidence in the measurements made by the
laboratory, which in turn adds to the confidence in the quality of the
materials analyzed by the laboratory. Thus, laboratory quality assurance
gives a degree of back up assurance within the overall quality assurance
activities associated with any program requiring laboratory support.

The role of laboratory quality assurance referred to previously relates
to process control and material certification, which are common associations
of quality assurance with an operation. Another aspect that is peculiar to
nuclear fuels and most important to international nuclear non-proliferation
policies, however, is safeguards and nuclear materials accountability.
Quite often analytical chemistry measurements made for process control, or
more likely for material certification, are used for purposes of safeguards
and nuclear materials accountability. Thus, laboratory quality assurance
also has a significant role in the control and accountability of nuclear
materials, which is as important to nuclear fuel cycle operations and
nuclear safeguards programs as is the quality of the fuel itself.

Participation in the SALE Program does not in itself qualify as a
quality assurance program. Participation does provide, however, a management
tool to assess the quality and status of a laboratory's measurement capability
and this activity constitutes elements of quality assurance, which are Test
Control and Inspection, Test, and Operating Status (Basic Requirements 11
and 14 in ANSI/ASME NQA-1).3

LABORATORY QUALITY ASSURANCE

Analytical chemists, for the most part, have thought of their involve-
ment in quality assurance as being suppliers of measurements used by others
in the certification and acceptance of materials. Actually, analytical
chemists use many, quality assurance practices regularly. Most of the
elements of quality assurance are used in well-run laboratories, even though
these elements may not be recognized or formalized in terms of a quality
assurance program. It is becoming increasingly important, however, for
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laboratories to certify their performance by formalizing, documenting,
and implementing a quality assurance program. This is especially true
in the area of nuclear materials safeguards measurements.

Various laboratory operations, as they may be used in analytical
laboratories, are discussed briefly below. These operations
constitute elements of quality assurance and they are related to and can
be identified as combinations of the 18 basic QA requirements found in
ANSI/ASME NQA-1.3 That standard has become the basic QA standard for the
nuclear industry and basing a laboratory QA program on that standard
enhances the program's credibility. Those basic requirements of NQA-1
applicable to the laboratory operations discussed are listed at the end
of each paragraph.

Qualification of Analysts

A system is used for qualifying analysts, which includes training and
proficiency in performance and which specifies qualification requirements
in terms of education, training, and experience. The system also includes
a designation of responsibilities for training and for certifying quali-
fication. Qualification of each analyst is documented via an analyst's
qualification form, which must be updated whenever a change in qualification
status occurs. A yearly review of all qualifications is mandatory.

NQA-1: 2. Quality Assurance Program, Personnel Qualification.

Written Methods

Written methods document the procedures used to make analyses, provide
guides for the analysts, provide information for training analysts, and
establish the technological bases of the methods. The format used includes
sections on application, technology involved, bibliography, apparatus,
reagents, standards, safety» quality control, analytical procedure, and
calculations. Each method is reviewed and approved by laboratory management
and provisions are established for revising and updating the methods
periodically or as needed. A controlled copy of each method is kept in
the laboratory in which it is used.

NQA-1: 5. Instructions,Procedures, Drawings and 6. Document Control,

Sample Receiving and Storage

Whereas analytical results are the product of an analytical laboratory,
samples are the incoming or feeding material from which the product is
obtained. This analogy to a process or manufacturing operation points to
the importance of including samples in the laboratory quality assurance
scheme. Requirements are established for receiving and storing samples,
which include identification, labeling, and inspection upon receipt.
Reagents and chemical standards are included also in the identification
and storage requirements.

NQA-1: 10. Inspection and 13. Handling, Storage, and Shipping.
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Quality Control

As used in this paper, quality control involves calibration and control-
control in the classical sense of control charts. Calibration includes the
standardization of reagents as well as the calibration of instruments and
other equipment. In the quality control section of the methods, procedures
are given for calibration and control. These procedures prescribe frequency
of calibration and control, the chemical standards to use, and the treatment
of data. Where possible, those standards are traceable to NBS or to other
nationally recognized chemical standards. In the section on standards
(written methods), instructions fcr preparing the chemical standards are
often included to ensure uniform preparation with time.

NQA-1: 11. Test Control, 12. Control of Measuring and Test
Equipment, and 14. Inspection, Test, and Operating
Status.

Audit

Audits are used to determine if all requirements are being followed
and to detect incorrect practices. Such information will help to find
deficiencies before they can become serious. Auditing consists of examin-
ing records, inspecting equipment and materials, and observing laboratory
operations. Auditing also involves establishing corrective actions for
deficiencies found. It has been found beneficial for the laboratory to have
its own internal auditing system even if it is subject to outside audits.
The laboratory auditor, who has no direct responsibility for the laboratory
work, has detailed knowledge of laboratory operations; many outside auditors
lack such knowledge.

NQA-1: 16. Corrective Actions and 18. Audits.

Documentation

Documentation has three objectives, which are to provide traceability
of reported results back to raw laboratory data, to provide control of
samples as they are processed through the laboratory, and to provide records
that verify actions taken in the operation of the laboratory. The primary
tools used in documentation are forms, some of"which are used to carry out
functions that provide traceability of results and control of samples.
Some typical forms and their functions are as follows: Analysis Request—
to initiate work in the laboratory and to provide sample information to the
laboratory; Log Book—to provide a source of consecutive serial numbers for
laboratory identification and to serve as a record of sample information;
Traveler Card—to transmit sample information to the analysts, to initiate
analyses, and to transmit results from the analysts to the analytical
report; Data Record—to provide a record of all data generated during tht-1
analyses, to document unusual or unexpected occurrences that happen during
analyses, and to document who did the analyses and when; Analytical Report—
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to report analytical results to the sample submitters. Included as a part
of documentation are requirements for the retention of laboratory records.

NQA-1: 6. Document Control, 8. Identification and Control of Items,
and 17. Quality Assurance Records.

QUALITY ASSURANCE PROGRAM

Quality assurance is established in the laboratory through a quality
assurance program that specifies how the elements of quality assurance are
to be implemented. This program can be presented in the form of a laboratory
quality assurance manual. This is an excellent way to present such a
program. In addition, the written analytical methods can be assembled Into
method manuals, which become supporting documents for the QA manual.

The quality assurance program covers the overall operation of the
laboratory. A provision, called a quality assurance plan, should be included
to permit quality assurance practices to be tailored for each customer's
program. Preparation of a plan for a specific program involving analytical
chemistry support is a joint effort between analytical chemistry, the
customer, and the company QA organization (if appropriate). Preparation
involves selecting appropriate QA practices for the specific application.
The use of the QA plan is important to avoid unneeded QA effort since not
all programs require the same degree of assurance.

The laboratory QA manual can include general requirements relating to
calibration and control of equipment and materials, tolerance requirements
for calibration equipment and measurements, statistical practices, and
definitions of terms used that might not be familiar to all users of the
manual. If there is a company-wide QA manual, the laboratory QA manual
should contain references to appropriate requirements in the company manual.

BENEFITS

An immediate benefit in designing a laboratory quality assurance program
is the identification of weaknesses that relate to sound laboratory practices
and the discovery of deficiencies in methods used. With the implementation
of the program, weaknesses found will be strengthened and deficiencies will
be eliminated. An established laboratory quality assurance program helps
the laboratory to make a favorable impression on present and potential
customers. Obviously, laboratory quality assurance cannot guarantee that
poor results will not be reported, but it will provide confidence that such
results will be few in number.
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Experience has confirmed the above statements. For example, at both
the Hanford Engineering Development Laboratory and the New Brunswick
Laboratory, the analytical laboratories have benefited in the following
ways: deficient laboratory practices were found and eliminated; already
adequate record systems were improved even further; outside auditors
have found only a few deficiencies in laboratory operations. In addition,
the laboratory quality assurance program has given management added
confidence in the output of the analytical laboratories.

Adequate laboratory quality assurance will not be a burden to analytical
laboratories; rather it will be a useful tool in the application of
analytical chemistry for supporting nuclear programs. The resulting high
quality measurements from those laboratories participating in SALE will
add credibility and reliability to the evaluation of data from the SALE
Program.
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Nuclear Material Safeguards Surveillance and Accountancy
by Isotope Correlation Techniques

F. J. Persian! and J. A. Goleb

I. Introduction

The general purpose of this study program is to Investigate the applica-
bility of isotope correlation techniques (ICT) to the Light Water Reactor
(LWR) and the Liquid Metal Fast Breeder Reactor (LMFBR) fuel cycles for
nuclear material safeguards surveillance and accountancy. The similarities in
reactor designs and operating modes of the worldwide deployed LWRs (- hundreds)
and LMFBRs (~ ten) allows the ICT to be used in principle as a universal
measure of safeguards* The distinction ' between ICT for safeguards surveillance
and accountancy is emphasized to reflect the mutually important complementary
and/or supplementary role of isotopic measurements in maintaining continuity
of knowledge in the history of the nuclear material flow prior to dissolution
and in establishing reference measurement points for material balance accountancy.

The safeguards significance of the ICT has the following attributes for
nuclear material surveillance and accountancy: establishes reactor irradiation
history, indicates necessary measurement technology at the dissolver and
predissolver stage, and identifies necessary error limits in support of
instrumentation designs and measurement methods* The surveillance safeguards
aspect relates to: identifying anomalies in reactor loading and unloading
fuel management programs; confirming the operating history of the reactor,
identifying the development needs of sensing devices, and maintaining an
overview of the expected operational substages in the fuel cycle. The
accounting aspect of ICT measurements for safeguards includes: measurements
which may be used in close-out material balances, and measurements which
provide for an independent near-real-time assessment approach to account for
nuclear materials.

II. Safeguards Significance

The feasibility of utilizing fission product and heavy element isotopic
ratios has been explored by many investigators1'6 for estimating and/or
verifying burnup of fissile material input to a reprocessing plant for the LWR
fuel assemblies. The heavy element isotopic correlations may be employed for
the independent verification and evaluation of the Pu/U ratio measurement by
the use of wet chemistry and isotope dilution mass spectroscopy, and to
establish that the integrity of the fuel content hae been maintained from the
output of the fuel fabricator plant and the input to the reprocessing plant.

The changes in the isotopic composition of a fuel assembly with burnup
are a measure of the irradiation history of the fuel in a power reactor. The
computations required to describe the operating irradiation history of a
reactor is involved and depends on a detailed knowledge of ths core configura-
tion, the fuel management programs, the spatial neutron flux distribution, the
spectra and isotopic cross section data. Initial experimental data on LWR
reprocessed fuel indicates that there may exist relationships between Isotopic
concentrations which have a predictable, functional behavior over a range of
reactor operating conditions and burnup. However, the range of burnupa in the
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reprocessing data are found to be limited at very low burnups (<10,000 MWD/T)
and very high burnups (>25,000 MWD/T). The validity of extrapolating the
correlation functions much beyond the range of the burnup data bank is uncer-
tain and should be established by computation and confirmed with precisely
tailored experiments. In part, preliminary efforts in this direction have
been initiated in Europe7'8»9»10. This paper presents the initial phase
of the U.S. study program and involves the computation of isotopic correlations
for the LMFBR fuel cycle.11 The LWR fuel cycle phase of the study is currently
in progress.

The selection of the more safeguards effective functionals will depend
not only on tb- level of reliability of ICT for verification, but also on the
capability and difficulty of developing measurement methods. Performance
characteristics of existing and proposed isotopic measurement techniques cover
the general areas including assay and isotopic wet chemistry and NDA:
(1) simultaneous multicooponent analysis techniques, (2) mass spectrometry,
(3) x-ray fluorescence or densitometry with high flux monochromatic x-ray
sources and high dispersion spectrometers, (4) passive and active neutron
interrogation, (S) high level gamma-ray spectroscopy, (6) coulometry, and
(7) potentlometry.

The measurement capabilities and inherent limitations of these systems
are to be evaluated in terms of total systems, operational mode, sample prepa-
ration requirements and consequent effect on dissolver solution representation,
accuracy and precision estimates (if available), development status of the
technique, and development requirements.

The accuracy and precision of the measurement methods may not be emphasized
for this level of assessment since some of the methods are still being developed.
The performance capabilities would be speculative at best and would not serve
as a basis for comparative assessments between systems. However, a need exists
to evaluate/improve measurement technology to serve the Isotope Correlation
Surveillance and Accountability Methods (ICSAM) activity for safeguards.

Many proposed measurements involving integral-type facilities, such as
critical facilities for reactivity measurements on spent fuel assemblies, or
neutron source systems for nondestructive assay of total fissile content in
Irradiated fuel assemblies have not been included in this study. Although
these systems could be utilized for "signature-type'* accountability the
integral measures are limited in meeting the objectives of the *ICT program.

The measured functional relationships when coupled with reactor analysis
and computational methods may be utilized primarily in a verification mode, in
two important phases of the fuel cycle system: 1) Fuel Management and Operating
Optimization of Power Systems, and 2) International and Domestic Safeguards and
Management of Nuclear Material.

1. Fuel Management and Operating Optimization of Power Systems

The isotope correlation measurements of the inventory input to the
reprocessing plant allows maintaining a more detailed operational materials
flow control throughout the fuel cycle. The economics and operational perform-
ance of operating power reactors are interrelated through thermal and neutronic
parameters which determine the static and dynamic behavior of reactor systems.
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2. International and Domestic Safeguards and Management of Nuclear
Materials

Isotope correlations coupled with measurement techniques have the potential
as a safeguards surveillance and accountability measure in the dissolver stage
of the nuclear fuel cycle. Throughout the major portion of the fuel cycle, the
fissile surveillance and accountability measure is basically in the form of
item accountability (fuel powder containers, pellets, elements, and assemblies).
The measurements of the nuclear material input and product streams in the
repro cessing phase of the cycle is the primary direct verification of fissile
material flow subsequent to reactor operation. The nuclear materials assay
measurement gap which exists between the fabrication plant output and the
input to the reprocessing plant can be minimized by the utilization of Isotope
Correlation Techniques (ICT) at the dissolver stage of the processing plant.
The safeguards significance of the ICT is that the input accountability would
allow a level of verification of the fabricator's uranium content specification,
the reactor irradiation history, the fuel and blanket assemblies management
and scheduling within the reactor, and the subsequent spent fuel assembly flow
to the reprocessing plant.

III. The Basis For Isotope Correlations

The emphasis in the development of Isotope Correlations and Measurement
Techniques have been in the area of international safeguards. Some of the
more simple relationships involving combinations of isotopic concentrations
that exhibit a reasonably monotonic behavior over a broad range of reactor
conditions and burnup are such functions: Pu/U vs. depletion 2 3 5U, Pu/U vs.
(100 - 2 3 9Pu), Pu/U vs. 239Pu x 21*2Pu/2lt0Pu2, and 2 3 6U vs. 2 3 5U. Of the many
preliminary functionals that have been suggested, the most effective function
are those having a linear or almost linear behavior. These linear relationships
being independent of reactor operating conditions and burnup, effect a means
of verifying the input to a reprocessing plant, and methods for establishing
internal consistency of input analytical measurements, ar- a level of verifica-
tion on initial isotopic concentrations prior to burnup.

The isotopic correlations suggested may be grouped into four categories:

a) Pu/U correlations,
b) Pu isotopic correlations,
c) U isotopic correlations,
d) U and Pu mixed isotopic correlations.

1. Reference LMFBR Reactor

A reference LMFBR was studied to gain an R&D insight in applying ICT to
fast breeder reactor technology as part of the International and Domestic
requirements in developing a safeguards systems for the currently and near-term
operating fast breeder reactors*12 The scope of this study will include the
currently operating U.S. Fast Flux Test Facility (FFTF). For computational
purposes the core is divided in azimuthally symmetric 1/8 segments and radially
zoned into five concentric regions or columns surrounding a central column, as
shown in Fig. 1. The central column, is a control rod; columns two, three,
and four comprise the inner core assemblies; column five, the outer core
assemblies; and column six, the radial blanket. The initial compositions of
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the assemblies in the two respective core regions, inner (low enrichment) and
outer (high enrichment), and the blanket regions are contained in Table I.

The units for all of the graphs are weight percent of the isotope compared
to the total weight of that element except for Pu/U which is in grams of
plutonlum per metric ton of uranium* 2 " D represents the depletion of 2 3 5U or
the difference between the concentration at a given burnup and the initial
unirradiated concentration* Similarly, D( 2 3 SU Z) and D ( 2 3 % x 2 3 9Pu 2) are the
difference between a given burnup and the beginning of the equilibrium cycle
(BOEC).

IV. Use and Implementation of ICT

i. Dissolver Stage

As a preliminary to the discussion of the graphs and subsequent analyses,
certain aspects of the curve plotting should be noted. Referring to the
isotopic correlation functions presented in Fig. 2, tLe points on the graphs
are the program output of the functions and are numbered with increasing
burnup. In the lower right hand corner of the graph, an arrow is included to
indicate the predominant direction of burnup. Also noted are the reactor
region identification and the curve numbers that correspond to the specific
correlation functions listed in Table II. In the set of functions for simulat-
ing substitutions, the graphs list the normal and the changed end-values of
the ordinate and abscissa, and the percentage difference between the two for
each of the axis variables.

The correlation functions exhibiting linear behavior, or monotcnically
well-behaved curvature, appear to be most effective for determining initial
isotopic compositions by extrapolating to zero burnup. The final point on the
graph will be that measured at the reprocessing plant. The position of the
measured correlation point when coupled with the expected behavior of the
correlation function for a specific assembly position, may be utilized as a.
measure of safeguards to detect inconsistencies in nuclear material management
within some margin of assurance. The margin of error is influenced by the
measurement accuracy and precision and the propagation of these measurement
errors for the specific correlation function.

There are several cross-correlations that may serve, in a verification
mode, to establish the initial core assembly-averaged composition. Referring
to the TC-2 curves, the functional relationship curve-3 (236O vs. 2 5 SU) indi-
cates that for the core assemblies the correlation behaves in a linear manner.
If this can be substantiated experimentally, then the slope may be determined
and used to extrapolate to the preirradiation condition from the measured point.
This initial determination of 2 3 SU concentration may be used in providing or
identifying a known quantity in the other functionals.

Referring to TC-2, curve-8, 2lf0Pu vs. D( 2 3 SU 2) is again found to be a
well-behaved function and may be used to verify curve-3 and consequently may
provide the Initial 2**°Pu concentration. This would utilize the value for
2 3 s0 from curve-3 since the initial 2 3 SU enrichment is necessary to calculate
the difference. With the initial 2lf0Pu determined in this manner, curve-10
2 3 9 2 2 * 0 2 vs. 2«»0pu my thea ^ y g ^ to verify the initial

 2 3 9Pu
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concentration. These three values may now be applied to curve-6
(239Pu ;< 2t0pu vs. 235u x 2'Upu)t an(i e u r v e-7 (

2*°Pu x 2f l P u va. 235D x ^
to obtain verification of 2**lPu and 2lf2Pu concentrations. The significance of
this procedure is that this cross-correlation adds a constraint of consistency
which in turn may be used in a matrix-profile manner to identify anomalies or
unexpected variations in the isotopic compositions of the assemblies. The
existence of the many monotoclcslly well-behaved functions offers the possi-
bility of identifying several patterns of cross-correlations.

Referring to TC-2, .-,urve 1, Pu/U vs. 2 3 SD, can provide the original
Plutonium enrichment which distinguishes the inner and outer core assemblies.
This again would use the value for 2 3 5U from curve-3 since the initial 2 3 5U
enrichment is necessary to calculate the depletion. Several other correlations
are also found to be well-behaved functionals and may be used in cross-
correlating the plutonium isotopes*

From the comparison of the set of functions for TC-2 and the higber Pu
enrichment outer core region assemblies, the significant differences between
corresponding correlations suggest that intermixing of the two differently
enriched assemblies should be avoided. The change in the Pu/U ratio as a
function of burnup is plutonium enrichment dependent. The Pu/U ratio increases
by about 11% in the inner (low enrichment) core assemblies and decreases by
about 8Z in the outer (high enrichment) core assemblies for the burnup range
considered in this study. This implies that safeguards requirements may
influence in part fuel reprocessing management programs. However, it nay
develop that in a preplanned Intermixing of different rows of assemblies in a
reprocessing program would also yield well-behaved functionals which could be
programmed for cross-correlations.

The isotopic correlations for the radial blanket assemblies are found to
be linear functions or extremely well-behaved functions over the 6-year burnup
period. There should be a strong incentive to process the radial blanket
assemblies separately from the core assemblies. With the adoption of this
reprocessing program, the potential exists to enhance independent verifi-
cation of nuclear material flow between the fabrication plant output and the
reactor operational phase of the fuel cycle.

2. Predissolver Stage

Isotope correlations and neutron assay methods have been investigated and
implemented for determining plutonium and burnup in fresh and spent LHFBR and
in spent LWR fuel assemblies.13,1^ xhe methods are based on active and
passive neutron coincidence counting (NCC) techniques. Preliminary studies on
neutron yield rates from the spontaneous fission of plutonium and curium
isotopes have indicated that the NCC system is a most effective measure in the
verification of nuclear material flow in assembly form for the entire reactor
fuel handling cycle i.e. from the fresh- to the spent-fuel stage.15 A conse-
quence of the high plutonium concentration level throughout the fuel irradia~
tion period in an LMFBR, is that the spontaneous fission neutron yield from the
242-curium and 244-curium does not dominate the spontaneous fission neutron
yield from the plutonium isotopes in the spent fuel stage. This is a signifi-
cant result when compared to the LWR spent fuel interrogation problems and
experience where the 244-curium neutron yield rate is found to be several
orders of magnitude greater than the plutonium yield rate at the same level of
burnup and after the decay of the 242-curium contribution.
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Preliminary isotopic content experiments from the reprocessed fast breeder
fuels of the UKAEA Dounraey Prototype Fast Breeder reactor (PFR), indicated that
for spent fuels at the burnup level of about 70,000 MWd/T, and a decay cooling
period of 160 days, the plutonium isotopes contributed 7% of the S.F. neutrons
measured, with the remaining 93% being those of the curium isotopes. Additional
total neutron emission measurements made at Dounraey on a single irradiated
PFR pin, having a burnup history of 65,000 MWd/T and a cooling period of
approximately 3 years, showed that 70% of the neutrons were emitted by the
curium i.o topes, and the remaining 30% (including some contribution from a,n
reactions.) were emitted by the plutonium isotopes. These experimental results
corroborate the computed estimates,outlined in Table III, and appear to give a
consistent correlation between the isotopics and neutron emissions, including
the time decay of nsutron yields due to the time decay of the 242-curium isotope.

Although the relative concentrations of the plutonium isotopes, may vary
over extended periods of burnup and decay cooling times, the spontaneous
fission neutron yields from the plutonium is found to be almost constant. The
determination of the curium isotope concentrations is made by a difference mea-
surement of spontaneous fission source strengths between the fresh and spent
fuel for a given assembly. Consequently the NBA measurements are considered a
primary safeguards technique to be developed for the UIFBR and LWR fuel cycles.

V. Sensitivity of ICT to Anomalies in Nuclear Material Flow

To scope the sensitivity of the isotope correlation functions, a substitu-
tion of two assemblies from the radial blanket for core assemblies (TC-2) in
a seven assembly dissolver batch was simulated. All assemblies were assuemd
to have completed their final burnup stage. Representative changes in the
correlation functions end-points are presented in Fig. 3. Host of the correla-
tion functions were found to be very sensitive to this type of substitution.
There are some correlations with both end values changing less than 10% and
some of these had both end-values less than 5%. The Pu/U ratio is very
sensitive (22%) to this substitution in the Pu/U vs. 2 3 5D relation, Fig. 4, as
is the 2 3 SU (21%) in the 2 3 SU vs. 2 3 6U correlation.

The above scheme of substitution was extended to include the case of one
radial blanket assembly substitution in a six core assembly reprocessing
batch. The results, also included in Fig. 3 and Fig. 4, indicate that the TC-2
end—value differences are approximately half those of the previous case. There
appear to be many correlations with large enough differences to detect substi-
tution, with six correlation functions having changes between 7 and 15% and two
correlation functions having changes greater than 15%.

The interpretation of these changes in the correlation function end—values
will depend on the propagation of measurement errors. The selection of the
more safeguards effective functionals will depend on the level of reliability
of the correlation function for verification, and on the capability and
difficulty of developing measurement methods.

The preliminary results from this study indicate that many of the correla-
tion functions displayed linear or reasonably predictable behavior over the
expected burnup period for UIFBR fuels, and may be used in verifying reactor
input fuel compositions. The functionals are found to be sensitive to
certain deviations from preplanned fuel management programs. The correlation
functions were found to exhibit significant and detectable differentiation
between inner core, outer core and radial blanket.
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VI. Measurement Methods For ICSAM

1. Wet Chemistry System

The most widely used analytical method to measure Pu, U and/or its
isotopes in nuclear materials includes the following:

a) Isotope Dilution Mass Spectrometry (IDMS)
filament loading
resin bead loading

b) Controlled potential coulometry
c) Potentiometric titrimetry
d) Optical Spectroscopy using inductively-coupled plasma (ICP)

1.1 Mass Spectrometry Filament Loading

The advantage of the mass spectrometry isotope dilution method
technique is that micro quantities of a sample containing spiked isotopes
e.g., Pu-244, U-233, are used on a filament of a mass spectrometer to obtain
total Pu, U and their isotopes. Some problems exist with this technology if
the Pu loaded on the filament has some U or if the U loaded on the filament
has some Pu. Mass spectrometry resolution is not capable of distinguishing
between Pu-238 and U-238 masses. Therefore, care has to be exercised to
separate U from Pu to load respective elements on filaments of the mass
spectrometer.

1.2 Mass Spectrometry Resin Bead Loading

To minimize or eliminate contamination of Pu-238 with U-238 using
mass spectrometry, a resin bead sampling technique has been developed. A
Dowex anion exchange bead selectively adsorbs and concentrates, in defined
quantities, Pu and U from a nitric acid solution. The dried bead containing
both the sample and spike is mounted on a filament of a spectrometer and the
temperature of the bead is elevated. At about 1400°C, Pu is selectively
volatilized off the bead and measured. Subsequently, the temperature of the
bead is raised to about 1800°C, and the U is selectively volatilized and
measured. The added advantage of the resin bead technology is that subnanogram
to nanogram levels of Pu and U can readily be transported on the bead between
labs and countries with essentially no health hazards to shippers or operators
of instruments.

1.3 Coulometry

The use of classical wet chemistry techniques to analytically measure
elemental Pu and U in characterized material has now become a relatively
routine methodology. Manual as well as automated equipment is being employed
throughout the nuclear community for wet chemical analyses of Fu and U. The
two more extensively used wet analytical techniques to assay Pu and U are:
a) Controlled-potential coulometry, »18 and b) Potentiometric titrimetry.l9

The former method is based on the quantitative oxidation or reduction of Fu and
U ueing controlled conditions. The number of coulombs required is a measure of
the number of electro-chemical equivalents present of the element in question.



-102-

1.4 Potentiometry

The potentioaieeric method19 utilizes the change in the ratio of the
concentration of oxidized to reduced species on addition of an appropriate
reagent. The change of voltage is monitored until a large potential break,
which occurs at the equivalence point is achieved. The concentration of Fu or
U is obtained by the measure of the amount of titrant needed to reach the
equivalence point.

1.5 Optical Spectroscopy

A number of analytical techniques, Optical Spectroscopy and Non-
destructive Assay (NDA) are being developed by DOE Office of Safeguards and
Security (OSS) contractor (Iowa State University, Ames Laboratory) to measure
Fu, 0" and their Isotopes at the input end of the reprocessing cycle:

An attempt is being made to use emission optical spectroscopy to
simultaneously measure U, Pu and their isotopes at the dissolver stage of the
fuel cycle. This in-line approach employs an Inductively Coupled Plasma (ICP)
to excite the liquid sample and a high resolution instrument to resolve the
spectral lines of Pu, U and their isotopes. The intent is to assay Pu, IT and
their isotopes simultaneously to obtain real time accountability and surveil-
lance of nuclear materials. Preliminary results have been obtained for U and
its isotopes using a simulated unirradiated dissolver solution without Pu. A
high resolution optical spectrometer is capable of resolving the isotopic
structure of spectral lines emitted by a uranium solution that had been atomized
and excited using an inductively coupled plasma. Isotopic ratios measured
optically over two orders of magnitude exhibit a linear calibration curve with
no detectable bias. The application of this analytical technique to nuclear
safeguards will be tested subsequently using plutonium solutions to simultan-
eously assay total 17, Pu and their isotopes. This will achieve near-real-time
surveillance and accountability of nuclide material. A summary of wet analy-
tical chemistry measurement techniques are listed in Table IV.

2. NDA Technology

The safeguards approach in the long-term handling and interim storage of
fresh and spent fuel assembles, dissolver solutions, and the transfer of
ownership of the fuel and the resolution of shipper/receiver balances, indicates
a need for direct verification of the integrity of fissile content. The
safeguards approach in the fuel handling system will involve a combination of
sensors and inspection plans supplemented by NDA techniques.

NDA technology being developed inludes the following components:

a) Gamma-Ray Spectrometry techniques,
b) Neutron coincidence counting techniques (NCC) to assay nuclear

material fresh fuel assemblies,
c) Active neutron coincidence counting techniques to assay nuclear

materials in spent fuel assemblies,
d) Wavelength dispersive x-ray fluorescence.
e) X-Ray Absorption Edge Densitometry.
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The currently available NDA techniques for assembly accountability can
only distinguish between different classes of assemblies, i.e. fuel, blanket
and/or dummy replacement. There is no distinction made between the individual
assemblies. It is not apparent how effective NDA technqiues may be if this
information is not supplemented by subsequent confirmatory information that a
replacement or partial replacement has ocu=.red. An added level of consistency
in flow verification and nuclear material accountancy may be effected if the
difference in lsotopic-radiation measurements reflect the irradiation history
of a specifically identified assembly.

The NDA safeguards instrumentation considerations for fuel assembly
accountability and verification of the integrity of nuclear material content
have included assessing the Implementation of the High Resolution Gamma
Spectroscopy (HRGS) for the passive gamma-ray spectrometry of uranium and
plutonium; the High Level Neutron Coincidence Counter (NCC) for the passive
measurement of spontaneous fission neutrons from plutonium, and the active
well neutron interrogation systems (AWCC) for the measure of induced fission
neutrons in the fissila isotopes.

2.1 Passive Gamma-Say Assay (HRGS)

The uranium and plutonium assay by the HRGS system21 may be appli-
cable for individual fresh fuel elements of an assembly and in a more qualified
manner possibly for total fuel assemblies of both LWRs and LMFBRs. The
self-shielding effects in the fuel elements is expected to be "W^iro1! and
consequently the gamma-ray spectra may be used as a quantitative measure of the
uranium and plutonium content cf the assembly. The self-attenuation of the
gamma-rays in a total assembly would compromise the quantitative measure of
the nuclear material content in the fresh fuel assembly. However, for purposes
other than plutonium content determinations, gamma-ray spectroscopy may be
found useful in certain assembly identification modes.

The direct assay of plutoniiim in an irradiated assembly by gamma-ray
spectroscopy does not appear to be an effective measurement technique except
to establish the existence of fission-products.

2.2 Passive Neutron Interrogation (NCC)

Preliminary studies on neutron yield rates from the spontaneous
fission of the 238-plutonium, 240-plutonium and the 242-plutonium isotopes
have indicated that the NCC system*3»llf»15 is a. most effective measure in the
verification of nuclear material flow in assembly form for the entire reactor
fuel handling cycle i.e. from the fresh- to the spent-fuel stage. Of major
safeguards importance in attaining these NCC measurements is in establishing
the verification of the plutoniua flow accountancy in an NDA mode well within
the time period prior to the reprocessing operation. The modification in
the design of the NCC systems would have to minimize the interaction of the
high gamma-ray radiation background of the spent fuel.

2.3 Active Neutron Interrogation (AWCC)

A safeguards measure of complementary importance is the direct deter-
mination of plutonium/235 uranium concentrations in the fresh and spent fuel
assembly. The measure of interest for verification of material-flow and
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physicai inventory is the induced fission neutrons obtained by using an
external neutron source of sufficient strength to effect a neutron multiplica-
tion above the total neutron yield rate* The measure of fissile content in
the assemblies may be determined by the AWCC system.22 The 241Am-Li source
system may be redesigned for use on spent fuel assemblies and made consistent
for use as a dual purpose NCC.

The determination of the fissile plutonium/235-uranium content of the
fuel assembly before and after irradiation is also a surveillance measure for
maintaining the integrity of item flow and physical inventory accounting of
assemblies.

2.4 Wavelength Dispersive X-Ray Fluorescence

An in-line NDA wavelength dispersive x-ray fluorescence technique23

is being developed to assay Pu and U in dissolver solution. As a first step
approach a continuous "white light" technique is being evaluated to excite and
analytically measure fluorescent Pu and U and intensities. Additional work
is contemplated in the x-ray area to iiirove signal-to-noise ratio for Pu and
U assay and includes the use of wavelength monochromatic radiation.

2.5 X-Ray Absorption Edge Densitometry

X-ray absorption edge densitometry can be used to measure uranium in
LWR and the uranium and plutonium LMFBR solutions.24 No sample treatment is
required even with fission product activity of several hundred curies per liter.

A summary of NDA measurement techniques are included in Table V.

VII. Impact of ICT Requirements on Instrumentation Error Design Criteria and
Measurement Methodology

The two aspects of the ICT and related measurement methods as referred to
in this study maintains the distinction between measurements for nuclear
material accounting in the sense of Inventory Differences, and NDA and wet
chemistry measurements for the verification of the integrity of the nuclear
material content. This latter mode of utilizing ICT and related measurements
relegates the accuracy of measurements to a lower critical level for safeguards
surveillance or verification of nuclear material content and/or accountancy.

The sensitivity of the correlation functions to the propagation of
isotopic measurement errors were investigated. The study included errors at
the 0.5, 1.0, 2.0 and 4.0Z levels and were assumed to apply uniformly to each
of the isotopes. This was adopted only for the scoping study and the next
level of study will reflect the measurement accuracies for each isotope as
experienced in current experiments.

The preliminary results of the effect of measurement errors are also
Included in Fig. 3 for only the 0.5 and 2Z measurement errors. The top set of
relations are based on the 0.5JS error level and the lower set of functions are
based on the 2.QZ error level. The resolutions appear to be most adequate to
discern one-sixth and two-sevenths substitutions in some of the functionals.
The results serve two purposes: 1) It identifies the more insensitive func-
tionals to measurement accuracies and as such would aid in optimizing the set
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of functionals for cross-correlations, and 2) It establishes measurement
methods design criteria which should be used as a guide in the development and
selection of measuring instruments.

Accordingly, in design of instruments and development of analytical
measurements to assay irradiated dissolver solutions, a knowledge of analytical
error limits is significant. Considerations for safeguards would include,
e.g., cost effectiveness, timeliness, instrument design, quality assurance,
etc.

For example, the Pu/U range of measurement error limits expected in the
assay of dissolver solutions, would readily allow discerning a 1 in 6 blanket
assembly substitution for a core assembly. As shows in Fig. 4, the substitu-
tion results is? a 13* decrease in the Pu/U ratio and 3.5Z change in the 2 3 SU
depletion by the ICT method. Consequently the ICT method can be used as an
effective safeguards measure and as an independent verification, of those
measurement requirements needing more demanding accuracy limits.

VIII. R&D Program Plans and Implementation

The isotopic correlation technique shows considerable promise for use in
verifying the initial isotopic composition and burnup of discharged assemblies
based on the measured ratios of several key isotopes, obtained probably at the
dissolver stage in reprocessing. This technique should, for example, easily
be capable of indicating the exchange of a blanket assembly for a fuel assembly.
The current U.S. studies in this area are on the correlation relating to the
LMFBR and the PWR Zion-2 facilities. Recommended programs are:

1) A program for testing and evaluating these techniques for use on
LWRs is being planned in cooperation with relevant U.S./DOE Laboratories and
Commonwealth Edison Co. The fuel elements for the experiments would be from
the Zion-2 power system. The measurement techniques to be tested include the
methods being developed for mass spectrometry techniques (filament and resin
bead loadings),NDA, and classical wet analytical chemistry, coulometry and
potentiometry. The measurements test would be performed by the respective
principal investigators. The sampling of the fuel elements are to be represen-
tative of the fuel assembly and selected to critically test the computational
methods and the feasibility of the measurement systems.

2) It is recommended that the isotope correlation studies be applied and
tested on actual operating reactors, e.g., LMFBR's such as: the U.K. Prototype
Fast Reactor (PFR) and reprocessing plant, the French Phenix and Superphenix
and reprocessing plant, the F.R.G. Sm-300, the U.S. FFTF and the CRBR
homogenous and heterogeneous core systems.

3) Experimental and computational investigations of isotopic correlation
methods should be extended to include currently operating worldwide LWR, HWR,
CANDU, and AGR thermal power reactor systems and respective reprocessing plants.

4) Instrumentation and related measurement technology to be evaluated,
reviewed, and developed consistent with the Domestic and International growing
nuclear technology.
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TABLE I. Initial Composition by Column

Pu/U

23Su

236u

2380

238 P u

2 3 9 ^

2*°Pu

2-1 pu

2-2pu

(g/te)

(w/o)

(w/o)

(w/o)

(w/o)

(w/o)

(w/o)

(w/o)

(w/o)

Column 2, 3, 4

1.32 x 10s

0.447

0.0

99.6

1.00

67.3

19.2

10.1

2.40

Column 5

2.04 x io 5

0.432

0.0

99.6

1.00

67.3

19.2

10.1

2.4

Column 6

0.0

0.217

0.0

99.8

0.0

0.0

0.0

0.0

0.0
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TABLE II. Isotopic Correlation Functions

1. Pu/U v s . D-235

2. Pu/U v s . 10O-239Pu

3. 2 3 6U v s . 2 3 5U

4. 2 3 9Pu "x 2 v s . 2 3 5U

5. 2 l t0Pu vs . 2 3 9 Pu(100- 2 3 9 Pu)

6. 2 3 9Pu * 2 4 0 Pu vs . 2 3 5U x 2* l P u

7. 2l+0Pu x 2t*lpu v s . 2 3 5U x 2-*2pu

8. 2 4 0Pu v s . D(23SU xx 2)

9. 2 3 9Pu xx 2(100- 2 3 9 Pu) / 2 3 5 U xx 2 vs . lOO-

10. ( 2 3 9Pu xx 2) (2l4CIPu xx 2) vs . ZWQ?u

11. 2 3 S Pu(100- 2 3 3 Pu) vs . D(235U x (235P u x x 2 )

12. Pu/U v s . 2 3 9Pu x 2 l t2Pu/(21+0Pu xx 2)

13. Pu/U vs . 2 4 lPu/2 1 + 0Pu

14. Pu/U vs . (2 1 uPu + 2 ' t 2PU ) / 2 ' t 0Pu
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TABLE III. Isotopic Neutron Yields Experiments
vs Computations (ZSFO Task C.43)

Reprocessed PFR Assembly: 70,000 MWd/T (5th cycle),
180 days decay cooling period

Total Neutron Yields

Experiment

7% Pu
932 Cm

Computed (ISPO

12% Pu
882 Cm

Task C.43)

Reprocessed Single PFR Fuel Pin: 65,000 Mwd/T,
3 year decay cooling period

Total Neutron Yields

Experiment Computed (ISPO Task C.43)

(19 w/o Pu Fuel) (27 w/o Pu Fuel)

30% Pu 27% Pu 40% Pu
70% Cm 73% Cm 60% Cm
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TABLE IV. Wet Analytical Chemistry Measurement Techniques

Method Status Accuracy for Pu, U

Isotope Dilution Mass Spectroscopy
(IDMS) using filament loading

IDMS using Resin bead collection
technique

Controlled-Potential Coulometry

Potentiometric Titrimetry

Optical Spectroscopy
(Inductively Coupled Plasma)

Developed

Developed

Developed

Developed

Under Development

<0.5% for assay
and isotopes

<0.5% for assay
and isotopes

About 0.1% or
better for Pu

About 0.1% or
better for U

About 1% for assay
and isotopes
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TABLE V. NDA Measurement Techniques

Method Status Accuracy for Pu, U

High Resolution Gamma Ray
Spectroscopy (HRGS)

High Level Neutron Coincident
Counter (NCC) Passive Mode

Active Well High Level Neutron
Coincidence Counter (AWCC)

Wavelength Dispersion
Spectrometry (WDS) XRF-WDS

Developed for
Fuel Assemblies
(SAM/BSAM)

Developed for
Unirradiated fuel
Assemblies

Under Development
for Fuel
Assemblies

Under Development

X-Ray Absorption Edge Densitometry Under Development

Qualitative measure
of fission product
gamma-ray radiation

1 to 2% in Pu assay
for a 10 minute
counting time

To be determined

~ 1% expected for a
2-5 minute counting
time

- 0.2% for uranium
0.72 for plutonium
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Inner Core Outer Radial Reflector/
Core Blanket Restraint

Fig. 1. Core and Radial Blanket Refueling Scheme.
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Discussion

Q - There are a few things I don't understand. Isotopic correlation can only

be as good as the verified measurements of known accuracy. This refers

to complete uranium-235 values, minor isotopes 2, 3, 6, and, in other

applications, also to xenon and ruthenium values, where no standards or

reference materials exist. The accuracy of isotopic correlation based

predictions cannot be very good; isn't that an inherent limitation of the

application.

A - We have thought about fission products, you mentioned xenon and

ruthenium, but they are not direct measurements of the fissile. There

are enough minor isotopes for us to do direct correlations. One of the

things we concluded at a Brookhaven workshop meeting was that we really

don't have very many accurate measurements on these isotopics. They are

rather helter-skelter. I'TH only talking about the Breeder reactor,

» European reactors as well as the U.S reactors. The experience was rather

limited in burn-up, so its not clear that the plutonium-uranium LWR will

have a linear relationship of the Pu:U ratio versus depleted uranium.

Within the 10,000 or 40,000 megawatt days burn-up frame, you don't really

know which might have occurred. I think that was the reason why we

decided to do it through a theoretical study first. We decided to see

how the burn-up changes from zero with time and then go back and look at

the data. My feeling is that the current experimental data bank is

rather limited for use. We will probably have to talk about doing

modelling or running a reactor on a computer. We would set up these

correlations, reprogram them into some new computer system and then have

the inspector go out and take the measurements. We have an experimental

program in mind with the LWR and we hope to test the significance or the

ability of isotope correlation on that.

Q - Isotope correlation can never be better or certainly as good as the

measurements themselves. Safeguards would ultimately, always have to go

to the measurements. In that case what is the use of I.C.T.?
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A - ICT has 2 approaches or aspects, the most promising of which, which 1

gave in the talk today, is the surveillance mode. You can indeed

identify, establish or verify the integrity of content in a sub-assembly

from its fabricator, through the radiation period, up through the

predissolver stage. If I have a measurement of that integrity, I know

what the content of that fuel element in that sub-assembly was. With

about 14 kg of plutonium in one of the sub-assemblies, we're already at

significant quantity levels. If I know the content within 1% I think

excellent, or 2% very good, or 5% good, or 10% acceptable. This is the

level of assurance I would assign on the level of confidence that the

plutonium has been maintained in that assembly to at least that accuracy

or to at least that level of assurance. I have no other assurance beyond

that except seals and visual integrity of the subassembly. It is a way

of surveying the plutonium.

Q - In the inner reprocessing plant do you truly end up with the sample which

represents exactly the stated fuel assembly.

A - That is what I have always tried to get from those who are going to do

the analyses and make the measurements. The inspector does not make the

measurement, he just verifies the measurements given by the operators of

the reprocessing plant. There will be errors assigned to these

numbers. The operator gives me plutonium and uranium ratios — his

estimate as to the isotopic composition which comes from the mass

spectrometry.

Q - Does that represent a freshly dissolved fuel assembly. Is there

carryover and mixing?

A - Yes, but you would have that same problem if you were an operator of a

reprocessing plant.

Q - It iias the old material from the previous dissolution and there are

several fuel elements or assemblies that are dissolved in one tank. The

only way out is each dissolver tank is accurately assayed for fissile

material content. Ultimately, that is the only thing that counts.
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A - Isotope correlation does not relieve that kind of responsibility, it will

use that. You ought to have a good accounting system to audit nuclear

material.

Q - Your function it seems to me is to say that the data you are getting on

the correlation refers to a certain specific fuel. I'm worried that

you're not going to have that specific fuel and that you're not going to

know what fuel loading you have.

A - How do you relate back, given a measurement in a dissolver tank, to the

rest of the cycle? All you've done is given yourself a reference

point. You refer all of your measurements of Pu throughout the

reprocessing plant back to that one point. How do you relate back

outside of the reprocessing plant?

Q - I'm referring to the surveillance now by saying that the chemical

analysis, t.._ Pu/U ratio is correct.

A - I'm using the Pu/U ratio. In using that ratio, what you say only

concerns that solution in the dissolver. You don't know if somebody has

substituted a dummy sub-assembly. You don't know if you have been given

a 1 in 6 substitution, or if a sub-assembly has been removed containing

Pu, and a dummy sub-assembly has been put in. You can take a sub-

assembly and dissolve it and measure precisely your Pu/U ratio. I'm

asking what do you know about the integrity of that batch. You have to

go to the level of isotopics and the first thing you'll do is to look at

the 235 and 236.

Q - You're going to end up by saying that if you take the Pu/U ratio vs. the

depletion of 236, as one correlation, you end up with a correlation that

says that the Pu/U ratio measured in the input tank is wrong. You begin

questioning that from your correlation.

A - What I am saying through the term cross correlation, is that everything

has to track, I'm not going to give anyone's measurement a priority, they

must all track.
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Q - I'm now getting suspicious, or maybe I'm totally wrong, but are you

working from the basis that its the operators value for Pu or U or Pu/U

ratio that is being used by controlling safeguards authorities.

A - No, I'm saying that we are going to rely on the measurements that the

reprocessor does.

Q - That's what I mean, that doesn't work. The values must be obtained

independently by the regulatory authority.

A - We'll have techniques of verifying that those measurements are what the

reprocessor says but in the verification node. What you have implied is

that the IAEA must make those measurements. Nonsense. The measurements

will be made by the reprocessor, and techniques will be used to verify

them.

Q - I must state that we have been doing measurements in the reprocessing

plants in Europe now for the last 10 years and that there is much more

experimental experience available over there than in this country. The

100% verification of the imputs of reprocessing plants, meaning an

independent measurement by the safeguarding authorities for each

dissolver batch, is the way to go. Geel make those verification

measurements for the Euratom authorities and SAL makes them for the

IAEA. They are completely independent.

A - What does that have to do with isotopics? Why could not isotopics also

be carried in this measurement? It has nothing to do with correlations.

Q - The isotopics are the primary thing we are measuring.

A - We're trying to introduce the use of mass spectroscopy to look at the

isotopes while you're doing that as well.

Another participant added the following comment.
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Perhaps a word of clarification is in order. I am not a specialist in

isotope correlation techniques, and it is still perhaps not clear how the

agency will utilize isotope correlation for verification procedures.

There are at least 3 different ways considered for utilizing isotopic

correlation techniques. The most ambitious one is to say that isotopic

correlation is a technique that can replace independent verification

measurements or verification of accountancy. It is decided that one can

construct an estimate of the U/Pu ratio from the operator's data and from

the fabricator's data. One can then deduct what should be the Pu content

and compare that with the direct accountancy measurement of the

operator. The second attitude is perhaps what Mr. Persiani has

described, to use isotopic correlation based on the operator data, to

detect, or make a gross surveillance of defects, substitutions, etc.,

which are also a primary activity (along with destructive analytical

measurements) for accountancy verification. The third way of utilizing

isotope correlation technique is as a control of the consistency of the

analytical measurements. If the independent measurements of the

verification laboratory do not fit the proper correlation, it is either

because there has been a deviation, there has been a sampling problem, or

the verification laboratory has made a mistake. These 3 ways have to be

investigated further. It is not yet clear.
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A Direct Method for the Fluorometric Determination of

Nanogram Quantities of Uranium in Solution

A. Creig Zook

U.S. Department of Energy, New Brunswick Laboratory

Argoane, Illinois 60439

Of the methods used to determine trace quantities of uranium, the most

common and most sensitive is the measurement of its fluorescence.

Unfortunately, fluorescence methods have been improved only slightly over the

years. Fused pellet methods have been preferred over solution techniques

because of their relatively greater sensitivity and specificity, and have been

used extensively since the early 1950's. ' Many factors affect the

fluorescence in fused pellets. For example, the fusion requires strictly

regulated conditions of flux composition, heating time and temperature. The

method is rather lengthy, usually involving separations and extractions to

remove interfering elements such as Fe, Cr, Cu, Ca, and Si. The purified

uranium is then fused or sintered with a flux material into a disk-shaped

pellet which is irradiated with ultraviolet light in a fluorometer, and the

resultant fluorescence is measured. The identification and control of some

of the many variables of the method, especially through automated procedures,

has allowed several laboratories to obtain a precision and accuracy of 8-

15%#4,5,6,7

Fluorescence of uranium in solution is also very sensitive to quenching

by many different ions, and to interferences from traces of organic matter.

Satisfactory measurements require strict control of media composition and

temperature. The sensitivity of the method with standard instrumentation is

only about 1 yg U/mL of solution in comparison to about 0.1 ng U/mL of sample
q

solution using fusion methods. For these reasons few laboratories have

employed the liquid fluorescence technique for uranium.

Recently the most significant breakthrough in thirty years in the

determination of uranium by fluororaetry has been achieved through the use of

pulsed laser ultraviolet light as the excitation source. • ' The method
13in use at NBL was developed using the only commercially available
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instrument, the Scintrex UA-3 Uranium Analyzer (Scintrex Limited, Concord,

Ontario, Canada). The instrument employs a small nitrogen laser to supply

pulsed, monochromatic, ultraviolet light (337 nm) to the sample cell. Uranium

atoms absorbing this energy emit green fluorescence, a portion of which passes

through a green filter before being measured by a photomultiplier tube

(PMT). The laser is pulsed about 16 times per second, each pulse lasting 3-4

nanoseconds. After each laser pulse ceases, fluorescence due to organic

matter decays rapidly (4-10 nsec). The lifetime of uranium fluorescence,

however, is much longer (100-500 nsec), allowing an electronically gated

measurement system to be employed. The gated PMT signals from 64 laser pulses

are amplified and integrated, and the result is displayed on the instrument

panel meter.

The fluorescent properties of uranium are greatly enhanced by the
+2

formation of UO2 -phosphate complexes. Therefore, a fluorescence enhancing

reagent is used: A solution of 0.05M̂  sodium pyrophosphate (Na^P2O

and 0.4M_ sodium dihydrogen phosphate (Nal^PO^.F^O) adjusted to a pH of 7.0

*7ith NaOH (available from Scintrex, Limited as "Fluran").

The basic procedure is as follows: Exactly 5.0 mL o^ water followed by

0.1 mL of sample solution is added to a cell containing a tiagnetic stirrer.

The actual quantity of sample solution delivered is accurately determined by

weighing the cell before ana after sample addition. The solution in the cell

is stirred by a magnetic stirrer for 15 seconds, the ceil is placed in the

instrument, and the raet'jr is adjusted to zero with the "balance" control to

balance out any residual fluorescence of the sample. To the cell is added 0.7

mL of the fluorescence enhancing reagent, the solution is again stirred for 15

seconds, the cell is placed in the instrument, and a meter reading is taken.

With the cell on the balance, 0.1 mL of standard spike is added, the net

weight delivered is determined, and the solution is stirred for 15 seconds.

T.ie cell is placed in the instrument and second the meter reading is recorded.

The uranium concentration of a sample is calculated as follows:

ACFlSl

ug U/g sample = B ^ S - F ^ ) - ( 1 )

where A is the mass of the standard spike solution added to the cell; C is the
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concentration of the standard spike solution; F^ is the fluorescence reading

of the solution S^; S, is the total mass of water, fluorescence reagent, and

the sample in the cell; Fj is the fluorescence reading of solution S2; S2 is

the total mass of water, fluorescence reagent, sample, and standard spike in

the cell; and B is the mass of the sample added to the cell. Equation (1)

assumes the atomic weight of sample and standard are equal; otherwise, an

additional correction term for uranium enrichment is necessary.

Where fluorescence enhancement due to the presence of anions (see

Discussion) is present or suspected, Equation (2) can be used to calculate the

corrected uranium concentration:

yg U/g sample (corrected) = "g U/g (from Eq. 1) ( 2 )

r2 " 1
F - F
2 1

where fo~fi ^s ^ n e increase in fluorescence reading due to the standard

addition (without fluorescence reagent) for the second uranium

determination. These calculations have been significantly simplified by the

use of a programmable calculator. Since many of the components of Eq. 1 may

be considered constants, only A, Fj, F2, and B need be entered for each sample

determination.

DISCUSSION

A major feature of the method is the use of the classic "standard

addition" technique (the addition of a known amount of uranium standard to the

solution being measured) to eliminate or minimize the effect of

interferences. This in effect cancels out matrix effects of the sample

fluorescence. Results for duplicate sample determinations are obtained in

less than 15 minutes.

Versatility. In order to accommodate a wide range of uranium concentrations

from 50 pg U/g to 10 jig U/g, the quantity of sample taken and the quantity of

standard added, the concentration of the standard used, and the adjustment of

the PMT gain may be readily determined and modified. Highly concentrated
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samples (>10 vg U/g) may be accurately and readily diluted to a more suitable

concentration range for analysis.

It is often necessary to further increase the PMT sensitivity to

compensate for serious quenching effects from various sample matrices,

remembering that both sample and standard fluorescences are effected equally

by quenching and PMT sensitivity changes. The objective in adjusting the

above parameters is to obtain a sample fluorescence reading slightly less than

half of full scale deflection and subsequent standard spike fluorescence

reading of slightly less than full scale deflection in order to minimize meter

reading errors.

The standard spike volume is kept below 0.1 mL so as not to significantly

alter the sample solution matrix in the cell when the subsequent standard

spike fluorescence reading is taken. Adjustments of the above parameters to

optimize the assay conditions may be made on the initial uranium determination

and additional determinations are made to obtain actual assay values.

Accuracy and Precision. An evaluation of data obtained from the analysis

of nearly 200 uranium reference solutions over a one-year period resulted in

an overall relative standard deviation (RSD) of 3.0% in a concentration range

of 0.008 to 4 ug U/g sample solution. The mean recovery of all experimental

results on the standards was 100.02% and was not statistically significant at

the 5% significance level. There was no statistically significant difference

between any of the RSD's estimated from the nine uranium concentration levels

tested with the exception of the 0.8-1.6 mg U/g level which was attributed to

the relatively small number of measurements made. The mean percent recoveries

found at each level were not statistically different from 100% although there

appeared to be a small cyclic dependency on uranium concentration and/or

measurement time period which may warrant further investigation. These

results are shown in Table I.

Application of this method to a variety of field samples during a six-

month period resulted in a pooled RSD of 2.1%, and 3.1% for quality control

standards, Table II. There was no appropriate means to completely confirm the

accuracy of these measurements using an alternative method; however, the
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studies performed at this laboratory with synthetic solutions representative

of field samples substantially support the accuracy of the measurement

methodology.

Effects of Acids, Anions, Cations. Acids may effect the determination of

uranium in three ways: (1) alteration of the pH, (2) anion enhancement or

quenching of fluorescence, and (3) uranium contamination of the acid. The pH

of the solution to be assayed effects the fluorescence yield, the maximum

yield occurring at a pH of 8. The reliability of the measurement is not

affected as long as there is sufficient fluorescence to provide precise meter

readings when the standard addition technique is employed.

Some examples of interfering anions in order of decreasing quenching

effect are:

i" > CNS" > Br~> Cl~ > SO4~
2 > NC>3~ > F~.

15

Again, the relative effects of quenching are eliminated by the standard

addition technique used. However. PO^ J, SO^ , and F at certain

concentrations may cause enhancement of uranium fluorescence before the

addition of the Fluran. Correcting for this residual fluorescence in the

presence of these anions by adjustment of the fluorometer alone may cause a

negatively biased result since this "residual" may actually be fluorescence

due to uranium.

A preliminary evaluation of the laser fluorometric method versus the

fused pellet fluororaetric method was made over the concentration range of 0.05

to 50 jjg U/g of solution. Standard solutions (5 tig U/g), spiked with one or

more groups of possible interfering cations (Ce, V, and Th; Fe, Cr, Cu, Ni,

and Zr; Mn, Zn and Ti; Ca, Si, and Al) at two impurity levels, 50 ug/g and

1000 ug/g, were studied. Also, 14 actual field samples of various types

encountered at this laboratory were included for comparison. Although the

laser fluorometric procedure used in this preliminary investigation was

relatively unrefined, very favorable results were obtained. The precision and

accuracy on all standards were better than 8%; although some quenching did
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occur, uranium was accurately determined in all of the solutions by use of the

standard addition technique.

In plutonium solutions containing uranium it has been shown that

plutonium precipitates upon addition of the phosphate fluorescence reagent.

Tests showed that only small amounts of plutonium (<1 jig in the cell) may be

tolerated. These data were obtained using a reference standard with a 3:1

plutonium to uranium ratio. It should be possible to increase the plutonium

to uranium ratio to 100:1 by using a lower uranium sample concentration with a

proportionately more dilute spiking standard. Further studies using chelating

agents to maintain plutonium solubility or a quantitative separation of

plutonium are planned.

Uranium (IV) is a potential problem in that it fluoresces only weakly, if

at all. Tests with a uranium (IV)-phosphoric acid standard produced only

about 2% of the fluorescence obtained from an equivalent amount of U(VI), and

even this fluorescence might be attrituted to the oxidation of some of the

U(IV) to U(VI). An accurate determination of uranium would thus require that

only the U(VI) species be present.

Because of the low level of uranium in the samples to be analyzed, care

must always be taken that uranium is not introduced to the samples as an

Impurity by reagent additions or sample treatments.

Temperature Effects. Fluorescence is strongly dependent upon the temperature

of the solution: ' studies show that a 1C° increase causes a 3.5% loss in

fluorescence in the 20-25°C range. This charge in fluorescence response due

to temperature is important since in the standard addition technique two

fluorescence measurements are compared. Accurate results require that these

measurements be made at the same temperature. To complicate the measurement

process further the laser beam heats the solution, especially in the direct

path of the beam, causing a noticeable drop in fluorescence over a period of

even a few seconds. This effect can cause a positive bias of about 5-6% in

the determination of uranium at 25°C. In order to eliminate this bias, the

sample solution in the cell is heated so as to raise the temperature about

2.5°~ above room temperature (25°C). The subsequent cooling which takes place

between the two fluorescence readings is, in practice, equivalent to the

heating which occurs during the sample fluorescence measurements. The
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effectiveness of this adjustment procedure will vary somewhat among analysts,

since variances in the heating tme, fluorescence measurement times, and

cooling times will produce divergent results. Furthermore, it is important to

make readings in a rapid, reproducible manner to minimize possible differences

between sample and standard fluorescence readings. A more sophisticated

technique would be to thermostatically control the temperature of the solution

in the cell during the sample and sample-standard fluorescence measurements.

This procedure will require a redetermination of the so1ution temperature for

optimum fluorescence readings and a means of in situ solution agitation to

avoid temperature gradients.

It should be recognized that the diluted standards may not be stable for

long periods of time due to uranium adsorption onto plastic or glass container

walls. For example, a 50 vg U/g standard in 0.01f[HNOg has been

successfully stored in a 1-liter polyethylena bottle for 12 months, but

standard solutions containing 1 jig U/g had to be prepared on a weekly basis.

Furthemore, samples containing insufficient acid may exhibit residual

fluorescence before the addition of the fluorescence reagent; the correct acid

concentration suppresses this response and also prevents adsorption of uranium

on the container walls. High acid concentration in a standard used for

spiking, however, may alter the sample matrix when the standard is added as a

spike, thus suppressing the total fluorescence reading and causing a positive

error in the uranium measurement.

These are some of the problems, and the results of our experience with

this new method. In short, the method is precise and accurate to 2-3%,

measuring solutions of 0.01 to 4 pg U/g, and capable of measuring much lower

concentrations. Time required per measurement is only about 6 minutes, and no

preliminary purifications are required.



-129-

a. Mean recovery, 100.4%; standards run during same time period as samples.

b. Statistically weighted (by degrees of freedom) average of the individual

sample RSD's.

Table I. Determination of Uranium Reference Standards

n

25

26

26

22

20

11

18

30

18

US u/g

0.008

0.05

0.12

0.2

0.3

0.8

1.6

2.4

3.2

soln

- 0.05

- 0.12

- 0.2

- 0.3

- 0.8

- 1.6

- 2.4

- 3.2

- 4.0

U Recovery, %

99.7

99.5

99.3

99.2

99.5

99.7

100.7

100.6

100.4

RSD,

2.7

3.0

2.7

2.2

2.9

1.8

3.0

3.3

2.8

Table IT. Determination of Uranium in Field Samples

Material

Raffinatas

Condensate

Waste waters

Holdup tank soln.

Aqueous hexanol strip

QC standards8

Pooled within-

sample RSD, %b

2.6

1.7

2.2

1.7

2.1

3.1

Number of

samples analyzed

54

118

42

15

9

100
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INTRODUCTION

The quantitative analysis of uranium and plutoniuin in fuel

dissolver solutions presents a challenge to the analyst that has

not yet been met in an entirely satisfactory manner. Dissolver

solutions, prepared by the dissolution of spent nuclear fuel,

are very complex mixtures and are intensely radioactive. Unless

they are substantially dluted for analysis (-1000-10000 fold

dilution) they must be analyzed remotely in shielded cells, which

further adds to the difficulty of the analysis. It is important

for the safeguarding of reprocessing facilities that analytical

methods be developed to accurately and quickly measure the Pu

and U concentrations in dissolver solutions. At the Ames Labor-

atory we are currently engaged in an evaluation of the potential

for applying the inductively coupled plasma, largely developed

in Ames, to the solution of this problem.

I. ICP-AES (inductively coupled plasma-atomic emission spectros-

copy)

The ICP (inductively coupled plasma) is an atmospheric pres-

sure radiofrequency discharge that is sustained in a rare gas

environment (argon - some ICP work has u^nd N2 in place of Ar).

The operating parameters of this device have been carefully des-

cribed by Fassel and we will not repeat this elaborate descrip-

tion here, but instead will present a sketch of the ICP, its

analytical qualities, and its general use.

The ICP discharge is electrodeless, extremely "hot" (see

Figure 1) and exceptionally stable. When utilized as a source

for atomic emission spectroscopy the ICP has provided extremely
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large linear regions of operation, a demonstrated matrix insen-

sitivity, and excellent limits of detection for a wide variety,,

of materials. ICP-AES can be performed using a polychromator,

which permits the simultaneous analysis of up to 40-50 elements

in a matter of minutes, or using a computer controlled scanning

monochromator, which offers greater flexibility in analyte line

selection.

The sample introduction into the ICP is extremely facile:

the analyte is put into solution and is ther converted into an

aerosol by pneumatic or ultrasonic nebulization ; this aerosol

is entrained in an argon stream that is introduced into the cen-

tral channel of the plasma. By properly adjusting the flow rate

of this carrier argon stream, a "hole" can be "punched" in the

plasma to form a stable central channel. The analyte is sent up

the channel slowly and resides in the vicinity of the exciting

fields for a considerable period of time thus promoting efficient

atomization, excitation and ionization.

A. Isotopic Analysis via ICP-AES

The verification of the input to a nuclear reprocessing fa-

cility for safeguards analysis requires the ability to distin-

guish between elemental isotopes. For example, the isotope cor-

2 3
relation technique (ICT) for safeguards analysis ' requires the

evaluation of several isotopic functions such as,

5U.

2 3

239Pu2 vs 235U, 236U vs 235U. and Pu/0 vS
 235D

\ n l t i a l >

in order to verify the "burn-up" history of the fuel to be re-

processed.

We constructed a high resolution monochromator-interfer-
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omet.sr (HRMI) (Figure 2) of sufficient resolution to resolve the

isotopic structure of several U and Pb lines and demonstrated

conclusively that ICP lines can be used for isotopic analysis.

An example of the capabilities of the HRMI ' are provided in

Figure 3. Although the HRMI performed well in our initial work,

it was limited to operation in a restricted wavelength range
D

(4000-8000A) and therefore is now being replaced by a scanning

3-meter monochromatcr (Jobin-Yvon, THR 1500) of equivalent re-

solution and greater vavelength coverage.

B. Matrix effects

In order to utilize ICP-AES for the on-line, near real-time

analysis of fuel dissolver solutions it is necessary to demon-

strate that these solutions can be analyzed directly with no

prior chemical separation of U and Pu from the fission-product

matrix. We have prepared Pu-free, simulated dissolver solutions,

based on the formulation listed in Table 1, and examined their
o

spectra at 4244A to determine whether any spectral interference
o

with the UII 4244A emission line exists. In Figure 4 we repro-
o

duce the spectrum at 4244A of the underlined species in Table 1.

It is apparent from this figure that there is no serious spectral
o

interference with the uranium 4244A line. Another solution, pre-

pared from the starred species, was similarly evaluated and found

not to interfere with the uranium line.

C. Analytical calibration
o

The UII 4244A line must be checked against the Pu spectrum

to determine whether it is free from Pu interferences but appears

now to be a suitable line for the isotopic analysis of uranium
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via ICP-AES. In fact, we have performed such an analysis of

235 238
the U- U isotopic composition of a set of prepared solutions

(see Figure 5) using the 4244A line. We found that in fairly

235
dilute U solutions (<2.57O) there was weak structure at or

235 235

near the U line position that interfered with the U inten-

sity measurement. At present we cannot positively assign this

weak structure but in any case it was possible to correct for

the presence of the structure in a simple, consistent way, which
235 235

permitted the U analysis to be performed on 1% U solutions
o

using the 4244A ICP emission line.

D. Line broadening

The ultimate resolution attainable with ICP-AES is limited

by the emission line width, which is determined by several broad-

ening mechanisms. A recent paper by Mermet and Trassy discus-

ses these mechanisms in detail and the reader is advised to con-

sult this work, as well as an earlier publication by Human and

Scott , for a rather complete analysis of the ICP-AES line shape.

Uranium and plutonium are heavy elements and do not suffer

from sufficient Doppler broadening, at usual ICP temperatures,to render the resolution of individual isotopic emission lines

imp<

238T

Q

impossible. In Figure 6 we present a Voigt analysis of the

U component of the UII 4244A line. From this analysis we

have concluded that Doppler broadening is the most important

source of broadening for this ICP line and that the ultimate re-

solution of fine spectral detail in ICP-AES is chiefly determined

by thermal broadening. Modern laser spectroscopic techniques

have been shown to permit Doppler-free spectroscopy. It is our
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intention to assess the feasibility of applying such techniques

to dissolver solutions in the future (see Reference 10 for a

discussion of the ICP-LEAF (l_aser excited atomic fluorescence)

method applied to the analysis of accountability tank solutions).

II. ICP-AES accuracy and precision

The ability to successfully detect the diversion of small

quantities of special nuclear materials (SNM's) is a requirement

for any safeguards methodology. The ability to reliably detect

such diversions is dependent upon the sensitivity, accuracy, and

precision of the methodology.

The ICP-AES method is known to be a very sensitive analyti-

cal tool with limits of detection in the ppb range. The preci-

sion obtained is generally ca. 2% RSD; a goal of this project

is to reduce this figure to below VL RSD. In order to realize

this goal, the sources of error present in the measurement cycle

must be identified and then reduced to a minimum. The addition

of a controlled, constant amount of an internal reference element

(IRE) to a solution prior to its ICP-AES analysis mitigates or

elminates several possible sources of error by providing a fixed

reference that is processed simultaneously with the analysis sub-

ject. By making analyte and IRE intensity measurements simul-

taneously and by calculating Analyte/IRE ratios many of the ef-

fects that are error sources are eliminated.

For example, the withdrawal of a precise aliquot of is

not necessary when an IRE is used. As long as ratios are

calculated on the same solution, the ratio is independent of

solution volume. An attractive feature of the IRE incorporation

scheme for the analysis of accountability tank solutions (ATS)
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is that the measurement of the accountability tank volume is not

required to obtain the total U and Pu masses. In fact, the ac-

countability tank solution volume can be computed from the data

collected. The IRE incorporation is obviously highly desirable

and ICP-AES studies utilizing IRE's to compensate for nebulizer

performance variations have achieved 0.5% RSD's in routine lab-

oratory environments

The IRE spectrum must not interfere with the U and Pu spec-

trum and, conversely, the U and Pu spectrum must not interfere

with the IRE spectrum. Unfortunately, the U and Pu spectra are

very rich in emission lines and the choice of a suitable IRE is

not trivial and will have to be determined by experiment.

The IRE spectrum will be continuously monitored by a medium

resolution spectrometer during the U-Pu isotopic scans to provide

continuous normalization of the isotopic spectra. Any deteriora-

tion of the IRE signal during an experiment will also be moni-

tored and can serve as a useful system performance indicator;

once the IRE signal falls below a certain threshold, an alarm

could sound to indicate the need for maintenance or equipment

shut-down.

The above IRE-incorporation scheme relies on the high-pre-

cision addition of an IRE to the accountability tank. There is

evidence that suggests that such operations are frequently diffi-

cult to perform. If this is so, another less beneficial IRE

addition scheme can be pursued which does not require the addi-

tion of the IRE to be made directly to the accountability tank.

The IRE may be added to the solution used to dilute the ATS



-138-

aliquot. The IRE will then compensate for nebulization erros in

this scheme as well as rendering the ATS aliquotting non-critical.

However, the eventual result of this analysis is a normalized SNM

concentration for the ATS and the accountability tank volume is

needed to compute actual SNM masses. In view of recent advances

in accountability tank volume measurement technqiues this may be

a reasonable alternative approach, although it is not as elegant

as the direct addition of IRE to the accountability tank.

The IRE concept is also attractive because, in principle,

it offers a relatively tamper-free tool for the inspection of

dissolver solutions. Assuming that a number of IREs can be iden-

tified, an inspector could bring an IRE concentrate with him and

supervise the addition of this solution to the dilution tank

(see Figure 7) prior to ICP-AES analysis. The relative U/IRE

and Pu/IRE values for a number of different IRE constituents

would verify the SNM content of the solution unambiguously.

III. Conclusion

We emphasize that our study is still in its early stages and

that we cannot at this time state categorically that ICP-AES can

provide on-line, near real-time analyses of dissolver solutions.

We need to verify the performance of the ICP in intense radio-

active environments, Pu spectra must be obtained, and suitable

IREs determined. At this time we can say that our work to-date

is promising and that "we are optimistic regarding the application

of ICP-AES to the problems of safeguards analysis.
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Table 1.

Fuel Dissolver Solution Composition3

Uranium 250-300 g/1
Plutonium 3-5 g/1
Neodymium 1.1 g/1
Zirconium 960 mg/1
Molybdenum 900 mg/1
Cesium 650 mg/1
Cerium 650 rog/1
Ruthenium 600 mg/1
Lanthanum 330 mg/1
Praseodymium 300 mg/1
Palladium 300 mg/1
Strontium 240 mg/1
Samarium- 220 mg/1
Technetium 210 mg/1
Tellurium- 150 mg/1
Yttrium* 120 mg/1
Rubidium- 90 mg/1
Iodine 60 mg/1
Europium* 40 mg/1
Atnericium 30 mg/1
Promethium 20 mg/1
Gadolinium* 20 mg/1
Cadmium* 18 mg/1
Silver* 15 mg/1
Selenium* 15 mg/1
Tin* 12 mg/1
Bromine 4 mg/1
Antimony* 3 mg/1
Indium 0.4 mg/1
Germanium . 0.05 mg/1
Arsenic 0.02 mg/1
Terbium 0.005 mg/1
Dysprosium 0.003 mg/1

(a) from J. Carter (ORNL), suggested composition
of dissolver solution formed by the dissolu-
tion of LWR fuel, -30000 MWd/ton burn-up, 2
years cooling.
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Figure Captions

1. Thermal environment for analytes in the inductively coupled

p lasma.

2. High resolution monochromator-interferometer. The resolving

power of this apparatus is determined chiefly by the Fabry-

Perot interferometer (FPI) and is inversely proportional to

the FPI plate separation. Typical resolving power in the
o

4000A region was z 175,000 with a plate separation of z 1.3

mn'i.

o

3. UII 4244A emission line excited by the ICP. The spectrum

is of a mixture of three uranium isotopes. The U - U

° 238

splitting is measured to be 0.097A and the U component

line width is 0.031A.

4. 4244A spectrum of Pu-free simulated dissolver solution.
235The upper tracing shows U in the simulated dissolver

matrix at its expected concentration relative to the simu-

lated dissolver matrix. The lower tracing shows the simu-

lated dissolver solution without added uranium. More than

one spectral order is displayed in this figure.

5. Analytical calibration curve demonstrating a linear rela-
o 235 238

tionship between the 4244A intensity ratio of U : U

and the known concentrations of the two isotopes. The line

represents an ideal calibration and is not fit to the data

points. The average deviation from the ideal calibration

is ca. 5.5%.

6. Voigt analysis of 4244A UII emission line. The coordinate

represents normalized intensity and the ordinate represents

normalized wavelength (i.e., X=l represents the wavelength
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at which the line intensity has fallen to 50% of the peak

inteusity, AX=1 represents 0.022A). The Voigt parameter

is determined to be 0.37 for this line.

7. Block diagram of proposed ICP-AES installation at a fuel

reprocessing facility. [IRE = internal reference element,

ATS = accounability tank solution.]
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Discussion

Q - What is your thinking on off-gas treatment fros this instrument?

A - One element which I had not mentioned is that in treating a processing

solution with the ICP you convert about 5 or 10% of the solution that is

input through the port into a very fine particulate. Presumably you

would be creating a very hazardous particulate by treating dissolver

solutions that have been diluted by only a factor of 10. We find that it

is sufficient to install a HEPA filter in line with the apparatus for

uranium solutions. We have had our health physics people monitor the

radioactivity on both sides of the filter and have not found any activity

on the clean side to date. We think we can protect similarly against the

high emissions. There is an ICP facility at Hanford that has

contemplated very extensive exhaust scrubbing for the ICP exhaust

stream. If that's necessary then that can be done.

We don't see this as an uncorrectable problem. The torch in operation

handles about 1 ml/minute and of that 1 ml only about 10% actually makes

it into the form of a particulate, the rest comes out of the drain tube

and can be sent as a solution to a tank for reprocessing. We have

estimated that with a factor of 10 dilution, we are talking about 20

millicuries/minute exhausted. This is alot of radioactivity and

obviously this isn't something you're going to do on a laboratory

bench. We see it as something that can be handled. An attractive

feature is that the only portion of the apparatus that needs to be

exposed to this radioactivity is the torch itself and the load ports.

All the sophisticated electronics can be mounted outside in the shielded

environment. When things become contaminated and when things need

servicing, we're dealing with very inexpensive and relatively non-massive

components. The optical radiation can be conveyed out of whatever secure

facility houses the ICP to the analyst in another room or, perhaps with

fiber optics, to another laboratory a mile away.

Q - How much sample is normally required for the analysis of a dissolver

solution?
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A - It depends on the number of replicate runs you want to take, but it would

take roughly 2 ml to measure each isotopic group. So perhaps 4 ml for

the plutoniun plus the uranium. If you wanted 10 replicate

determinations your talking about 50 ml of which 45 and would

returnable. About 5 ml would be burned up and atomized.
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Measurement Methods

- Introduction and Overview -

Bruce W. Moran

U.S. Department of Energy, New Brunswick Laboratory

Argonne, Illinois 60439

Welcome back for the second day of the Fourth SALE Program Participants

Meeting. Today's agenda stresses methods currently in use for the analysis of

SALE Program materials. The presentations, it is hoped, (1) will spark a

discussion of the strengths and weaknesses of the various methods and (2) will

draw out techniques and information employed at different facilities to

improve the accuracy and precision of their measurements.

The levels of accuracy and precision, obtained by the laboratories on the

sample materials, is dependent upon both the method used and the abilities of

the laboratory performing the method. In the SALE Program, the Material-

Measurement-Method Schematic Plots of the Annual Report are examined to

determine which laboratories show deficiencies in the application of an

analytical method and to assess achievable measurement capability.

In the ideal case, the method is very precise and accurate and all

laboratories are performing at levels near the state of the art.

Approximations of this case can be observed for the measurement of Pu-239

abundance in PuO2 by thermal ion mass spectrometry and for the measurement of

U-235 abundance in U-NOg by gas source mass spectrometry (Figure 1).

In the normal case the method, as established, is precise and accurate,

but the ability to perform measurements using the method varies from facility

to facility (Figure 2). The Schematic Plots are arranged by order of means

with respect to the reference value. The most negative means are at the left;

most positive are at the right. As can be observed, those laboratories

performing closest to the state-of-the-art limits for the method are situated

towards the center of the plot. In general as the magnitude of the mean

relative difference increases from that of the reference value (as a

laboratory nearer the fringes of the schematic plot is observed) the level of

precision demonstrated by the laboratory becomes worse. In some cases,
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efforts to perform at the state-of-the-art level may not be cost effective for

the facility; but in other cases, some laboratories nay need to re-evaluate

their measurement practices and to improve their measurement techniques.

The following examples represent some of the presentations on today's

agenda:

(1) For the measurement of uranium concentration in UO2 powders by the NBL

Davies and Gray titration (Figure 2), 1H of 19 laboratories produced

means within 0.05? of the reference value and 10 of 19 produced standard

deviations of better than 0.05?. The data indicate that the method is

being performed accurately and precisely near the state-of-the-art limits

by a majority of the laboratories.

(2) For the measurement of uranium concentration in U0 2 powders by gravimetry

(Figure 3), 8 of 15 laboratories produced means within 0.05% of the

reference value, 5 laboratories were biased by approximately +0.18?

(contact with the two U.S. participants in the grouping indicated that

impurity corrections were not applied to their measurements), and 11 of

16 laboratories produced standard deviations of better than 0.05$.

Again, the method is being performed accurately and precisely near the

state-of-the-art limits by a majority of the laboratories.

(3) For the measurement of U-235 abundance in U-N0, by thermal ionization

mass spectrometry (Figure 4), 12 of 18 laboratories produced means within

0.10? of the reference value and 6 of 18 laDoratories produced standard

deviations of better than 0.10?. The data shows that some laboratories

are capable of good accuracy and precision; but that in general, most

laboratories need to improve their techniques.

To repeat what is apparent to most present, those laboratories on the

fringes of the schematic plots should evaluate their procedures to determine

where improvements can be made within the limits of cost effectiveness for

their facility.
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For some methods, there is insufficient data to make a definitive

statment about the state of the art, but some generalizations can start to be

drawn.

(4) For the measurement of plutonium concentration in uranium-plutonium mixed

oxide pellets by controlled-potential coulometry (Figure 5), 3 of 5

laboratories produced means within 0.10% of the reference value and 3 of

5 laboratories produced standard deviations of better than 0.10?. An

accuracy and precision of 0.10? may represent the best results obtainable

by coulometry on the mixed oxide material.

(5) For the measurement of U-235 abundance in U0 2 powders by gamma

spectrometry (Figure 6), 3 of 5 laboratories produced means within 0.20?

of the reference value and 4 of 5 laboratories produced standard

deviations of better than 0.20?. An accuracy and precision of 0.20? may

represent the current capabilities of the method.

For some methods, there is insufficient data to form substantial

conclusions about the methods.

(6) Isotope dilution mass spectrometry data for the measurement of plutonium

concentration in mixed oxides and for the measurement of uranium

concentration in UO2 indicate that substantial improvements in

methodology may be required as not one of the four laboratories produced

a mean within 0.2? of the reference value. There will be several

presentations this morning on isotope dilution mass spectrometry and

resin bead mass spectrometry, during which some of the problems should be

discussed.
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Figure 2

SCHEMATIC PLOTS OF 1920 DATA DY LAB
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Figure 3
SCHEMATIC PLOTS OF 1980 DATA DY LAB

MATERIAL=URANIUM DIOXIDE ANALYSIS=URANIUH CONCENTRATION METHOD=GRAVIMETRY
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Figure 6
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NBL-Davies-Gray Weight Titration Method

Carl Hassell

U. S. Department of Energy, New Brunswick Laboratory

Argonne, Illinois 60439

The basic method, applicable to most materials in the uranium fuel cycle,

consists of the reduction of U to U by Fe , the selective oxidation of

excess Fe by HNOg with Mo catalyst, all in strong phosphoric acid

solution, and titration of the U with standard potassium dichromate after

dilution.

In the NBL procedure, a weighed aliquot containing 10-150 mg Cranium is

taken to fumes of sulfuric and/or perchloric acid to destroy or oxidize

interfering impurities. (Choice of acid depends on sample matrix). After

cooling, the sample is re-dissolved with water and diluted to 15 ml.

5 ml of a 1.5 M. solution of sulfamic acid (NI^SOgH) is added to supress

the formation of nitrites, which catalyze the oxidation of Fe and D in

phosphoric acid solution.

NH2SO3H + HNO2 » N + H2SO4 +H20

Next, 40 ml. of 85% phosphoric acid is added to the sample solution in

order to shift the u + 6^ + 4 and Fe + 3^ + 2 couples to the point where FE + 2 is able

to reduce the U+<*, but the Fe+^ cannot oxidize the U . The phosphoric acid

should be treated with a small amount of potassium dichromate (l^C^Oy) (2-3

drops of 2% K2Cr2Oy/40 ml H3PO4) in order to oxidize certain reducing

impurities, such as antimony (Sb) contained in some phosphoric acid. The

phosphoric acid should be checked by lots as received to determine whether
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this treatment is necessary. Some lots may contain these reducing agents in

concentrations high enough to prohibit the use of that lot.

Reduction of the U+° to U+^ is accomplished by the addition of 5 ml of a

lM.FeSO^-10% H2SO4 reagent. A waiting period of 30-60 seconds is incorporated

at this point to assure the complete reduction of all U present. This

amount of FeSO^ should be sufficient to reduce in excess of 200 mg U . It is

important to add the iron reagent directly into the sample solution to avoid

leaving any Fe + 2 ions on the beaker sides. U + 6 + Fe"5"2 H^PO^ U + 4 + Fe + 3 +

excess Fe .

10 ml of an 8M.HNO3 - 0.15M sulfaraic acid-0.4% ammonium molybdate

oxidizing reagent is then added down the inside of the beaker walls to oxidize

any excess Fe to Fe+ . Upon the addition of the nitric-molybdate and

swirling to insure washing any residual Fe off of the beaker walls, a dark

brown-black color is formed in the sample solution. This is thought to be

caused by the formation of an intermediate nitroso-iron compound. After 20-30

seconds, the dark, color quickly clears to the green color of the U -

phosphate complex. The sample is then let stand for 3 minutes from color
+2

discharge to iwsure complete oxidation of the Fe .

Fe + 2 + HN03

HN02 + NH2SO3H

Up to this point, solution temperature has not been critical to the

reactions observed. (Although reduction temperature should be above 30°C.,

this is usually exceeded by normal reagent additions). In the oxidation step,

however, it has been found that a solution temperature of 37-38°C, is

necessary for accurate determinations2. The relationship between oxidation

temperature and percent error observed follows an exponential-type curve.

Higher temperatures yield significantly negative results, while lower

temperatures lead to slightly positive errors. Using a 15 ml starting volume
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with all reagents at 25°C will normally lead to an oxidation temperature of

38°C.

After the 3 minute oxidation period, the sample solution is diluted with

100 ml of water containing approximately 100 mg vanadyl sulfate (VOSO^) and 1

ml I^SO^. Upon dilution of the pholphoric acid solution, the uranium and iron

couples are shifted once again, so that the Fe + 3 is able to oxidize U"*" .

U+4 + Fe + 3 U+6 + Fe + 2 (slow). Although this reaction is known to
+4

be slow, it is believed to be driven to the right somewhat by the V

oxidation of the Fe + 2 produced. Fe + 2 + V+4 ^ Fe + 3 + V+3. The overall

reaction occuring on dilution, would then be U"1"4 + V + 4 U*6 + V1"3. From

this it can be seen that the species actually remaining to be titrated may be

V+3, although small amounts of U^"4, V+4, and Fe + 2 likely also remain3.

Immediately after dilution, the electrode system, consisting of a coiled

platinum wire and a standard calomel electrode (SCE), is immersed in the

sample solution and the sample is stirred with a magnetic stirrer. The

electrodes can be connected to any good pH/millivolt meter, either analog or

digital, used in the millivolt mode. The sample is then titrated to a

potentiometric end-point using potassium dichromate (I^C^Oy) either as a

primary standard or standardized against NBS uranium dingot metal. When

standardizing dichromatic against dingot metal, a mininum of ten (10)

titrations is reqired, with a standard error of the mean of the derived

equivalence factors of <0.02%. Blind standards are then run twice daily as a

check on the stability of this factor as well as other parameters affecting

the titration.

Although the overall titration reaction can be written as

+ Cr+6 *U+6 + Cr+3, we know that this reaction is slow. The actual
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titration mechanism is believed to consist of combinations of the following

reactions.

Cr+6 + y+3 , V+4 + Cr+3

Cr+6 + y+4 ^ V+5 + Cf+3

V+5 + v +
3 V+4

V+5 + U + 4 ^ U+6 + V + 4

Once again, as in tha case of the oxidation step, solution temperature at

the titration was found to be critical. The optimim titration temperature

(35°C ± 2°C.) lies on the shoulder of another exponential temperature-error

curve, although of the opposite slope from the oxidation curve.

Recently NBL has changed over from a volumetric titrant delivery to a

gravimetric system, consisting of a 125 ml plastic squeeze-type wash bottle

with a removable fine delivery tip and a bench-mounted analytical balance .

The bottle and titrant are initially weighed with the fine tip in place. The

tip is then removed for the rapid delivery of titrant in the early stages of

the titration. As the end-point is approached, the delivery is stopped and

the solution allowed to equilibrate. The fine tip is then force-fit on the

bottle and the titration is completed using the tip. After completion of the

titration, the bottle, tip, and remaining titrant are re-weighed, the

difference between the two weights representing tha weight of titrant consumed

in the titration. This weight in grams multiplied by the dichromate

equivalence factor yields the weight of uranium titrated.

Interfering elements are largely removed or rendered ineffective by the

routine procedure outlined above. (Arsenic, antimony and tin by the addition

of a small amount of potassium dichroraate oxidant to the phosphoric acid, and

molybdenum, chloride, bromide, and fluoride by the acid fuming step. Heavy

metals such as mercury, platinum and palladium also interfere but can be

removed from the sample by passing the solution, in sulfate form, through a

small (3 cm.) column of copper granules .. The metal ions adhere to the

copper, while the uranium solution passes through. Additional heavy acid

fuming (3 times) with perchloric acid served to oxidize ruthenium and osmium
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to a state where they can't interfere in the titration. Zirconium interferes

with the titration by forming a gel with the phosphoric acid. This can be

redissolved by the dropwise addition of concentrated 48% HF. When necessary,

almost all of the existing interferents c~n be removed in one operation by

extracting the uranium into a 30% TBP/CCL4 mixture and titrating the TBP-

uranium complex directly".

Because of the improved precisions and accuracy obtained with the

gravimetric titrant delivery, (2-3 times), it has been possible to reduce the

amount of uranium taken for each analysis. In the past, using the volumetric

delivery, approximately 100 mg. uranium was taken for titration. At present,

using gravimetric delivery, most samples are titrated in 30-50 mg range.

The improved precision and accuracy levels have also brought to light

some parameter effects not observed using the volumetric titration . For

example, the volumes of the common dissolution and fuming acids tolerable in

the sample solution are:

Sulfuric acid (H2SO4) - 4 ml.

Perchloric acid (HCLO4) - 5 ml.

Nitric acid (HNO3) - 3 ml (0 if Mo present in sample)

Hydrofluoric acid (HF) - 0.5 ml. (free)

Hydrochloric acid (HCL) - 0

In addition, the initial sample aliquot volume must be held within the

range of 10-17 ml, the volume of FeSO^ is limited to 4.5 to 5.5 ml., the

volume of HNO3-M0 must be 5-15 ml, and the oxidation time should be within 2

to 4 minutes. Increased H2SO4 or HCLO^ concentration causes positive errors

due LO formation of some titratable species, while increased HF concentration

causes negative errors by complexing uranium and not allowing it to be reduced

or oxidized. The various volume limitations are imposed to maintain the

solution temperature and the H^PO^ concentration, which affects the

equilibrium of the uranium and iron couples. In general, variations of up to
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10% in any parameter except H3PO4 concentration and solution temperature are

not significant.

Improved precision using smaller amounts of uranium in the weight

titration has also led us to investigate the possibility of a scaled-down, or

miniaturized version of the basic method, in order to reduce the volume of

phosphoric acid waste generated . Preliminary work using a 1 to 5 scale-^down,

heating the phosphoric acid to 37°C in a water bath, and using the same

delivery system as before, has yielded within-day precision of 0.03% on 2-13

mg uranium in a total titration volume of 45 ml. In an effort to establish

the detection limit of this system, seven standards covering the range of 0.01

to 0.1 mg uranium were titrated with a precision of 1.3% and a mean relative

difference of + 1.9%. These levels of precision and accuracy are

approximately equal to those of the Laser Fluorometer at this level.

Because all reactions are carried out in the same vessel, the basic

method also lends itself readily to automation. Most facilities employing the

Davies-Gray titration have experimented with some form of automation. NBL at

present has one on-line automated version of the method, and an improved model

in development. We also have a model fabricated by Lawrence Livermore

Laboratory, which uses an electro-generated vanadium titrant couloraetric

titration.

Using the basic procedure as outliner!, NBL analysts have repeatedly

demonstrated the ability to restrict error to 0.05% or better in the 30-100 mg

range. This, coupled with the almost unniversal applicability throughout the

uranium fuel cycle, make this method the ideal choice for rapid and precise

uranium determination.
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Discussion

Q - To vrtiat decimal point do you weigh your dichromate solution from the

squeeze bottle?

A - To the nearest 0.1 mg using a 4 place balance.

Q - What kind of balance do you use to weigh your sample when you're only

using 30 mg?

A - The same 4 place balance. The 30 mg represents the total uranium in tne

aliquot not the total solution.

Q - What was the best temperature of the reduction step?

A - It is not critical in the reduction reaction it just has to exceed

30°C. Normally the temperature will be 35 or 36°C.
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GRAVIMETRIC DETERMINATION OF URANIUM IN SALE SAMPLES

As a participant in the Safeguards Analytical Laboratory Evalua-

tion (SALE) program, the Analytical Chemistry Laboratory at General

Atomic routinely assays uranium dioxide and uranyl nitrate SALE samples

for uranium content. Gravimetric methods are relatively easy and inex-

pensive to apply when the samples are free from substantial amounts of

metallic impurities. Clearly the gravimetric procedure alone is not

specific for uranium and must be enhanced by the use of impurity cor-

rections. We routinely use emission spectrography as the technique of

choice for making such corrections. In cases where it is essential tc

assay specifically for uranium, we apply the modified Davies-Gray ti-

tration using a weighed titrant method. Discussed below are some es-

sential features of our gravimetric and titrimetric procedures.

In the analysis of uranium dioxide, between 1 to 5 g of UO2 is

weighed in a tared platinum crucible. The sample is ignited to urano-

uranic oxide (U3O3) at 900 C in the muffle furnace for 1 hour periods

until constant weight is achieved. The oxide residue is submitted to

the emission spectrographic laboratory for determination of low level

metallic impurities. Reported U values are ultimately corrected for

impurity content.

In the case of uranyl nitrate, 5 to 10 g of solution is weighed

into a tared platinum dish. The sample is evaporated gently to dry-

ness, then carefully ignited to constant weight in a muffle furnace at

900 C. Just as in the case with the UO2 sample, the oxide residue is

submitted to the emission spectrographic laboratory for determination

of metallic impurities. The U values are then corrected for impurity

content.

Table 1 lists a set of typical elemental impurities found in SALE

UO2. In this case, the total oxide impurity level was 305 ppm. Table

2 illustrates a sample calculation indicating the method of correcting

the observed U values for the impurities determined by emission spec-

trography. Table 3 contains a series of recults which show the magni-

tude of impurity corrections over a period of time.
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The temperature of ignition is important. The materials are ig-

nited between 800 - 1000 C, the ideal temperature being 900 C. Igni-

tion at lower temperatures may give high results due to the presence of

uranium trioxide {UO3) in amounts higher than in the mixed oxide 0303.

Higher temperatures will result in thermal decomposition leading to the

evolution of oxygen. Our muffle furnace is set at 900 C and is cali-

brated routinely every 6 months.

An electronic analytical balance combined with a printer has been

incorporated as an essential tool in both our gravimetric and weight-

titration procedures. The advantage of this system is that all weights

taken are recorded on a printed paper strip which is then attached to

the lab notebook for reference purposes.

The data combined in Figures 1 and 2 illustrate the mean error re-

sults obtained by our laboratory over the past two years for the gravi-

metric determination of U in UO2 and uranyl nitrate. In both cases the

mean errors never exceeded 0.10%. For illustrative purposes we have in-

cluded the mean error data reported for all SALE participants during

the same period of time. The data indicate that there are no obvious

trends or deficiencies in our reported values.

In May of 1980, we converted our titrimetric procedure to one

based on the weight titration method contained in the NBL annual report

October 78 - September 79. Rather than use the polyethylene wash bot-

tle tip that has to be drawn out, we innovated and chose to use a dis-

posable polypropylene micropipet tip (yellow color code, for 10 - 20

microliter pipettors). To prepare the tip a 36 gauge wire is inserted

through the orifice with enough length so that the wire can be held by

the fingers and drawn out through the tapered end. The tip and wire

are gently heated in a flameless heat gun until the pipet tip begins to

melt. A bolus is tnen formed by hand so as to surround the wire with

soft, molten plastic, the bolus is then gently reheated to the soften-

ing point and the wire is slowly drawn out through the taper which pro-

duces a capillary-like tube in the order of 1 to 1.5 cm in length.
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When the plastic has cooled, a razor blade is used to cut off the

tip in a length of a slender section. The wire can then be withdrawn

from the back end of the tip, leaving a capillary orifice.' The pipet

tip can then be used with a 125 ml wash bottle which ahs had its ori-

ginal polyethylene tip razor trimmed about 2mm from its original

length. The tip is snug fit on to the wash bottle tip. The steps of

construction are illustrated in Figure 3.

The titration is carried out so that at the beginning of the addi-

tion of titrant the micro tip is off the wash bottle (125ml wash bot-

tles have been used through out, see Figure 4, each bottle was rinsed

and conditioned with dichromate prior to final use). When the endpoint

is neared the micro tip is jammed on and the titration is carried out

to the endpoint. In this way the titration can be carried out speedily

and yet a fine control of titrant can be maintained at the endpoint.

It has been observed that even for the experienced titrator, the small-

er incremental additions of titrant near che endpoint afforded by the

wash bottle make things a lot easier to control.

Reported in Table 4 are the error data for five days of uranium

titration results. As can be seen the mean error (bias) and root mean

squared error for each of the day's results are well below the 0.1%

limit that is required. Furthermore, you will notice that both ana-

lysts were able to produce excellent results. Two other analysts were

trained arid qualified in only one day.

In May, 1980, we began reporting our SALE results for the determi-

nation of uranium by the Davies-Gray weight titration. Figures 5 and 6

illustrate that we have been able to maintain a mean error of less than

0.1% during the transition phase and we are confident that our future

results will reflect the benefits to be gained by using the weight ti-

tration method.

In conclusion, we ahve found that our gravimetric procedures used

in the SALE program have proven consistently adequate land that we have

had excellent success with our conversion to the NBL-Davies Gray weight

titration.
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FIGURE 1 - MEAN ERROR, DETERMINATION OF U IN URANYL NITRATE, vs TIME

dp

K
O

«

0.16 _

0.12 _

+ 0.08

0.04

0

0.04

0.08

0.12

0.16

I I

I I
7 9

(1979)

I I

I 1 I I I I

11 1 5 7 9

(1980)

11

I

1 3

:(1981)

o =

- D

All SALE
Participants

GAC,
Analytical
Chamistry

MONTH (YEAR)



FIGURE 2 - MEAN ERROR, DETERMINATION OF U IN URANIUM DIOXIDE, vs TIME

O
OS

0.04

0.08

0.12

0.16

i 1 r i 1 1 r

i i i i
7 9 11 1 3 5 7 9

(1979) : (1980)

MONTH (YEAR)

11

i r

J I _L
1 3

: (1981)

00

?

All SAT.E
Participants

GAC,
Analytical
Chemistry



..: FIGURE 3 .
-181-

CONSTRUCTIOH OF TiTRATOR TlP

WIRE DRAWN THROUGH MICROPIPET TIP

BOLUS IS FORMED BY HEATING

WIRE DRAWN TO FORM CAPILLARY

FINISHED TIP



FIGURE 4

125ML WASH BOTTLE WITH AND WITHOUT MICROPIPET TIP INSTALLED
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FIGURE 5
MEAN ERROR, DETERMINATION OF U IN URANYL NITRATE BY

DAVIES-GRAY TITRIMETRIC METHOD VS TIME
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FIGURE 6

MEAN ERROR, DETERMINATION OF U IN UO2 BY DAVIES-GRAY TITRIMETRIC METHOD VS TIME
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Discussion

Q - Do you make corrections for the air buoyancy of your liquid samples or

corrections for the isotopic content of your enriched samples? We find

that the air buoyancy correction for liquid samples is quite significant

and makes a difference in our results.

A - We use an enrichment conversion factor.

Q - Do you feel that when you take the uranyl nitrate and ignite it to the

oxide that you get stoichiometric U3O0? We find that under those

conditions, at 900°C, that you probably would have less uranium i-han

stoichiometric by around 0.02%. Even if placed on a thermal balance for

1, 2, 4, or 8 hours at 900°C it won't make much difference, you will

still have less than the theoretical amount of uranium in your oxide.

A - Our procedure only requires heating for one hour periods until we get a

constant weight.

Q - Is there a problem with converting U-NOg to U^Og via the evaporation

process without spattering.

A - Not if the sample is evaporated gently. We usually put it on a hot plate

at a very low temperature when starting, then keep raising it as the

solution goes down. Even on the ignition it has to be done very

carefully.

An alternative is to use infrared lamps shining down from the top. It

always goes down to the UO.j overnight without spattering.
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Isotope Dilution Mass Spectrometry

Some Present Limitations and Possibilities to Overcome These

Paul De Bievre, CBNM, Geel, Belgium

In reference materials and in measurement methods, there is an inherent

hierarchy determined by the shortest route from the method to one of the 7

basic SI (international units system) units. The basic SI unit for measuring

an amount of substance is the Mole, which refers to a number of atoms.

According to the literature, isotope dilution mass spectrometry is a method

very high up in the hierarchy of measurement methods. I.D.M.S. relates an

unknown number of atoms, Nx, to a known number of atoms, Nv, called the spike,

by a simple ratio measurement (Rg is the blend ratio).

N

The mass spectrometer is the instrument which does that. The short route

to a basic SI unit is the reason some people call the method definitive. The

ability to compare a known number of atoms to an unknown number of atoms via

the ratio measurement is, if you go back through the history of Chemistry, the

old alchemist's dream. The simplest example of isotope dilution is where Nx

and Nv can be equalized to a number of atoms of pure isotopes of one

element. This example should teach everybody that no isotope dilution mass

spectrometry can be better, more accurate, or more reliable than the ability

to measure a ratio. It has been said that the higher the enrichment of the

spike isotope the better the isotope dilution measurements become. To the

contrary, one cannot achieve better isotope dilution mass spectrometry than

one can perform ratio measurements.



-189-

The previous example is too simple, we will proceed to a more common

example. The basic equation for isotope dilution, relating an unknown number

of atoms of an element N.., to a known number of atoms of an element in a

spike, N , is given and illustrates one of the features of isotope dilution;

the ratio of elements can be determined by solely measuring isotope ratios.

N R - R_ J R .x _ _y _B L
 IX

N " R- - R X T&.
y 3 x L iy

In Figure 1 we choose 2 as a dilution ratio for N /W.. Therefore the
y x

Plutonium 242/239 ratio in the blend is also about 2. Z&±% is the sum of all

the ratios of the isotopes occurring in the unknown; ER-j™ is the sum of all

ratios of the isotopes in the spike. (There is no need to have a mixing ratio

of 1:1 to be "optimal" by the way.) We total up the sum of all the ratios for

the unknown, 238:239; 239:239 (which always yields unity), 240:239; 241:239,

and 242:239. The error is remarkably low because of the 239:239 ratio with a

value of unity and an error of zero. The error on this total sura is very

small because it is dominated by this largest term and this term is error

free. If one makes the same summation for the spike, then the error for this

term is going to be determined by the 242:239 ratio. Going back to the

structure of this relation, the same error will occur in Ry. The error on the

spike ratio, therefore, will cancel out and will not make a significant
N

contribution to the error of the end result: the unknown ratio •=- .The only
y

real error is the one from measuring the Rg ratio (and then only being

generated by Rfl in the denominator). Therefore, the main error in the isotope

dilution measurement is again caused by the error of the determination of the
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isotope dilution ratio only as in the previous simple isotope dilution

example.

In real life one can work with this simple approach, but it is time that

V7e realize, in mass spectrometry, that the correct, orthodox, and complete

error propagation for isotope dilution, in its general form, has not been

developed and applied in practice. I doubt whether many laboratories are at

all aware of this. It is therefore important to look at the ability to

measure isotope ratios, if one examines status and potential for improvement

of our ability to determine isotope dilution mass spectrometry. If one

doesn't control thermal ionization parameters to measure a simple isotope

ratio, one will not achieve isotope dilution to an accurate level.

When we look at the 1978/1979 SALE data (see Figure 2) we find a ±0.5%

spread in the results. It means that the parameters for thermal ionization

ratio measurements are not recognized or are not controlled. Therefore

isotope dilution carried out by the same laboratories will also be ± 0.5%.

Although it is difficult to make full orthodox error propagation of isotope

dilution measurements, there are simpler approaches that are acceptable as

approximations. In safeguards and nuclear material management, we are

essentially after the number of atoms of unknown U-235 and we are using the U-

233 spike. The expression as used in Figure 3 allows a very simple error

propagation. The uncertainty of the unknown is equal to the uncertainty on

the spike, (usully that is a reference material) plus the uncertainty on the

ratio measurement. Use of U-238 complicates things since if one measures the

233:238 ratio, one has to do an additional measurement of the 238:235 ratio in

order to achieve the same overall result. This means adding a term to obtain

the same mathematical result, and adding a second uncertainty contribution.

In the latter case, doing two measurements, results mostly in a larger overall
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uncertainty than just performing one measurement (U-235/U-233). What is

required in safeguards is the amount of U-235. This requires 1) the number of

atoms of the unknown to be divided by the abundance, converted into number of

atoms of the element times the atomic weight or 2) the number of atoms times

the nuclidic mass of U-235 to get directly the mass of U-235 which is simpler

(see Figure 3).

Another limitation, of isotope dilution, is the preference for the

isotope dilution mixing ratio of 1:1. This limitation is not a real one, the

ratio measurements can be varied with a modern mass spectrometer over quite a

large range (at least 10 - 10+1) because the capability to measure the

ratio, in the central part of the ratio range, is quite independent of the

ratio value. Only very large or very small dilution ratios suffer from loss

in precision and accuracy.

The ability to measure an isotope ratio is diminished due to lack of

control of the isotope fractionation. There are encouraging attempts at

trying to have microprocessor controlled filament loadings, reproducible

temperatures during a reproducible number of minutes, and microprocessor

controlled measurement patterns in the mass spectrometer. That is indeed one

way of relieving the analyst from tbp demanding burden of having to reproduce

these patterns exactly. One also must check whether isotope fractionation is

linearly dependent on mass (at least as a first approximation). Current work

has indicated that it probably is See Figure t: a 0.15% correction for

isotope fractionation per mass unit yields consistent results in calibration

of a Pu spike with "'Pu an(» 2 4 2 ^ Q ^ m u s t either control the isotopes to

reduce isotope fractionation or one must avoid isotope fractionation

altogether. With the advent of recent mass spectrometers, there appears to be

the possibility to avoid fractionation errors. At about 60% depletion time,
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we essentially reach th* exact value; meaning that if the depletion time was

carefully reproduced, say at about 80% one would not have to apply corrections

(see Figure 5).

Thermionic mass spectrometry still has great potential for more precise

and accurate measurements but it is going to place tremendous requirements on

1) the chemical purity of the samples we measure, 2) the temperature of both

ionization and the filaments and 3) the number of molecular species being

handled in ion sources which could increase to several dozen for one type of

isotopic analysis. The lack of control by mass spectrometrists over the

chemical preparation of the samples for isotopic analysis is an inherent

limitation to further improvement of isotope dilution mass spectrometry

(Figure 6). Most of the commercial mass spectrometers and volt meters for

controlling filament currents cannot give reproducible temperature and

stability alone (Figure 7). We are now talking 0.1% and possibly 0.01%

reproducibilities that modern mass spectrometry will be requiring. Although

substantial improvements in instrumentation have been made, uncertainties are

still compounded by the extreme requirements on the instrumentation. For the

measurement of a U-235 abundance of 1%, 235:238 isotope ratio of 10 , one

must go down to 10 as reproducibility, and hence wants instrumentation which

is linear and constant over at least five orders of magnitude. That puts

requirements on high voltage power sources and regulated filament currents of

10 in a single specification to be achieved simultaneously for a rather

lengthly period of time. More work will have to be done on this reliability

during the 1980's to allow further progress.

As stressed earlier, a limiting factor in isotope dilution is the ability

to measure the ratio. At present, uranium isotopic reference materials are

0.1% and recently one was prepared at 0.05% (Figure 8). As these serve to
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calibrate isotope ratio measurements one cannot do better than these values,

because the mere fact of relating one's measurement to a Reference Material

adds additional uncertainties. There is no way in which isotope dilution can

be improved until these reference values improve. For plutonium there are not

even absolute isotope ratio standards. The National Bureau of Standards has a

few materials but they have not been calibrated against synthetic isotope

mixtures. At Geel, it has been decided and facilities are being established

to make plutonium isotope ratio reference uaterials according to the following

procedure: 1) starting materials: Pu-239 enriched to 99.9%, and of Pu-242

enriched to 99.99% in 10 g quantities each, 2) purification to a reproducible

purity with a sum of impurities of the order of <50 ppm, to contribute less

than 10 uncertainty on each synthetic mixture, 3) calcination to a

reproducible stoichiometry should contribute less than 10 uncertainty and 5)

weighing of the two materials in order •• o make synthetic isotope mixtures

242:239 ratios in tha range 5 x 10~2 - 5 x 10 + 1. The objective is to achieve

synthetic mixtures with a total uncertainty of less than 2 parts in 10,000.

This would provide a meaningful reference material to calibrate isotope ratio

measurements for both isotope composition and for isotope dilution. These

synthetic mixtures will then serve to place absolute values on existing

batches of 98, 90, 75 and 60% Pu-239. In addition, mass spectrometry and NDA

measurements will have at their disposition common reference materials.

An agreement has b-̂ en established between CBNM, Geel and the National

Bureau of Standards, Washington, to prepare the isotope ratio reference

materials jointly so that they will be common to both communities and in fact

for worldwide use. The world currently is moving towards multiple reference

material systems, meaning that several countries are establishing their own

reference systems. We strongly recommend that common batches of reference
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materials should be established and stored at several places to guarantee

accessibility at all times. The current thought in Washington, Gael and

possibly Vienna is to establish multiple storage of one set of Pu reference

materials rather than to continue to establish multiple reference systems. If

the United States and the European nuclear communities continue to establish

different sets of reference materials, more problems of (in)compatibility will

arise. For example, when measuring the same commercial materials versus

different reference materials, one is inviting problems of discrepancies at

some point in time.

To close: a subject entirely different from isotope dilution. During

the past five years we have been doing half-life measurements on Pu-241 in

highly enriched (92%) material. The evaluation was performed after the 1981

mesurements and I .ake pleasure in communicating to you an advanced result.

Each year we made a measurement of the decay of the Pu 241:240 ratio and

measured the 240:239 ratio which stays constant, as well. The latter

convinced us on the integrity of the sample and demonstrated that the sample

was not contaminated during the separation preceeding the determination. The

result of this determination is a clear option for a value somewhere around

14.33 years (Figure 11). The measurements were concluded ten days ago, so the

evaluation of the uncertainties is not completed yet. The results will be

published later.

Thank you for your attention.
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Figure. 1
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Figure. 3

Simpler approaches:

- calculate in moles of isotope

N235 = "233"— * N233 ^cf' i s o t o P e geology chronology)

^233: a s P ^ e *s a known number of atoms of an isotope

2iS 235
fir- • M — N
ur* W235 233JJ * 238^ * 233

- work in isotope concerned:
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W235 U U
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N235
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Figure. 4

CHARACTERIZATION OF 24APU SPIKE SOLUTION

WITH 239PU AND '

Concentration

with observed

Ratios.

Atoms 244 p u / g ( 1 Q15 )

242/244 2.3159

2.3157

2.3177

2.3164

242

K

0.997

0.997

0.997

Concentration

with corrected

Ratios.

Atoms 244 p u / g ( 1 015 )

2.3090

2.3088

2.3107

2.3095

239/244 2.3241

2.3290

2.3266

0.9925 2.3067

0.9925 2.3115

2.3091

Overall

Mean

2.3093

±0.0019 (0.08%)
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K (a* Ai

0,993,
0.992

0.9 JO L'

FTactionottton U-235, U-235, U>238

595 I / | / o . U-235/U-238
, U-233/U-238

Total I odd = 2

30' •fio' 180' 2.20'



-200-
Figure. 6

Limitation; Isotope chemistry

- recognition by management

- full control of chemical preparation (= isotope chemistry) by

Mass Spectrometrist

- valorize thermionics by improving purity, stabler temperatures,

rain, species
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Figure. 7

Limitation; The mass spectrometer

- breakdowns of instrumental parts at 10 precision, requirements on

reliability of instrumentation are FIERCE

NASA - type testing required!

- memory in many UF^ M.S.

- Size/Purity of filaments
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Figure. 8

Limitations: 0.1% on ratios of IRM"s

2 3 5U/ 2 3 8U ± 0.1% in NBL IRM's

± 0.1% in Pierrelatte IRM's

± 0.05% in Capenhurst IBM's

Pu: ?

Way out: better than 0.05% on ratios of U and Pu IRM's
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Figure. 9
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Figure. 10
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Discussion

Q - If standard circumstances are realized what would be the potential for

accuracy of plutonium and uranium measurements by isotope dilution?

A - If you calibrate a 239:242 ratio from a dilution with one of the new

reference materials, and assume that they have a conservative uncertainty

of 0.03%, if you are doing the dilution ratio measurement with a

reproducibility of 0.05%, which modern machines in isotope chemistry can

do, and if the reproducibility of your calibration measurement with

standards, is 0.05%, then you end up with a total accuracy of 0.13% as a

conservative error, namely adding everything up. If you are less

reproducible, say 0.1% on the ratio measurement, 0.1% on the calibration,

and 0.03% on the reference material that makes something like 0.23%.

Some people will use standard errors, others will use standard deviations

and still others will use other estimates, tut that is the range that we

are talking about. The same applies roughly to the uranium; there is no

reason for a difference between the two.

Q - You briefly mentioned a filament fractionation shift. I wonder if you

determined why or what had happened?

A. - With uranium batches you had better make sure that you really look at

your procedure, because you are likely to come up with different isotope

fractionation factors. My people will carefully guard a uranium batch

when it comes in. They get hold of it, place it in a safe and lock it up

so that for months they can work from the same batch. We know very

little about the solid state chemistry which goes on in such a

complicated system as a high temperature oxide on rhenium. Second we

know very little about what is happening with rhenium itself in terms of

crystallization and changes of the work, function. Y.ou have a constant

current of ions leaving the rough surface of the heated solid that cannot

change from one second to the other by more than 0.1% or in a number of

cases 0.02%. That is really amazing and I don't think we understand it.
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Q - I understand your skepticism on the plutonium standards as they are today

because of the way they probably have been prepared. The question I have

is why the variety of ranges and ratios for a set of standards if you can

determine any ratio with one, unless you are looking for linearity

problems with point calibration.

A - If you can determine your instruments linearity and that can be done with

uranium or lithium, that is fine. Then you need just one standard for

the element in question. You are simply not successful in convincing the

user that that is true; he wants a reference material that is as close to

his unknown as possible. A large number of reference materials to

calibrate a certain measurement has been historically due to the lack of

mastering the measuring technique.

Q - In the practical world you always have to worry about the samples you get

from the reprocessor having a lot of contamination. How can we go about

resolving this better than with reference materials?

A - You cannot resolve chemical problems with better isotopic standards. The

answer is careful chemical preparation, possibly semi-automated as far as

that is possible. Have it under the control of the mass spectrometrist,

because he has the tool to verify the chemist. He must be in a position

to improve what he needs for his measurement, because he needs to come up

with the final product. In most laboratories I think the situation is

reversed; therefore, the mass spectroiaetrist is in trouble and the

quality of the data is medium.
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Part 1. Resin Bead Mass Spectrometry

Introduction and Background

One of the most difficult stages of the nuclear fuel cycle to sample

is spent reactor fuel dissolver solutions. These solutions are highly

radioactive, containing fission products and actinides, primarily uranium

and plutonium. It is nevertheless essential that such materials be sampled

for plutonium and uranium for process control and to establish material

balances for safeguards purposes.

A technique of using anion resin beads selectively to adsorb plutonium

and uranium from highly radioactive solutions for subsequent mass spectrometric

analysis was developed at our laboratory in 1974. The method involves the

adsorption of both elements on Dowex-1 x 2 anion resin from 8 M̂  HNO, solutions

of the spent fuel. Equilibration of a diluted portion of the sample with

a number of beads separates sufficient (several nanograms/bead) plutonium

and uranium from the radioactive solution to permit sequential isotopic

analysis of both elements from a single bead. The approach aimed at sequential

Plutonium and uranium analyses in spent fuels was and remains the principal

purpose of the method. However, other applications to low-level analysis

have been developed, e.g., alloys, waste streams, and environmental samples.

Many investigations of anion exchange resin separations of plutonium

and uranium have been reported in the literature. Figure 1 shows

adsorption characteristics of elements of interest ir. nitric acid systems

on anion resin. This was taken from the work of Buchanan and coworkers
p

at Argonne National Laboratory. As can be seen, plutonium and uranium
exhibit adsorption maxima at about 8 M HNOg concentration. Approximately

equal quantities of each element are absorbed as a result of the stronger

affinity of the resin for plutonium, which is commonly about 1/100 the

concentration of uranium in spent fuel dissolver solutions from uranium-

fueled power reactors. Several nanograms of each element are adsorbed

on each bead under these conditions. Note also that there is no adsorption

of americium or curium, the elements which have isobaric interferences in
241plutonium analysis. This is important since Am is always present from

the beta decay of 2 4 1Pu (T1/2 = 14.35y), and
 2 4 4Cm would interfere if 2 4 4Pu
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were to be added as the spike for isotope dilution analysis.

The primary advantages of the method are: 1) beads are simple separations

devices for isolating Pu and U from "hot" dissolver solutions, 2) the hazard

and cost in shipping are greatly reduced in comparison to conventional

samples, 3) beads permit analysis of both Pu and U from a single filament

loading, 4) enhancement of the ion emission is achieved from the point

source of the bead, and 5) Am and Cm interferences are eliminated in Pu

isotopic analysis.

The Batch Resin Bead Method

In the original technique, about ten anion resin beads in the nitrate

form were exposed to the diluted sample solution. The solution was adjusted

to be 8 ^ HN03 and to have about 1 yg U per bead exposed. Up to 48 hours

of static contact between beads and solution was required for adsorption

of 1-3 r.g Pu and U per bead to be achieved. Under these conditions,

contamination was a problem at reprocessing facilities where high levels

of plutonium and uranium are inevitable.

The batch technique addresses two weaknesses of the original static

system: length of adsorption time for sample preparation and the possibility

of cross-contamination due to the small amount of uranium (10 yg) involved.

The new technique only requires ten minutes adsorption time to provide

MOOO purified samples for mass spectrometry. Only a few are needed for

analysis, but the system has been scaled up to use the same quantity of

U (1 mg) that is used for typical solvent extraction preparations often

employed in isotope dilution analysis. Thus, the solution is adjusted to

have about 100 times more uranium than the static system, but the 1 yg U

per bead exposure is maintained. For isotopic dilution work, the quantity

of the spike is not considered for estimating the amount to be exposed

per bead. The amount of Pu and U adsorbed versus exposure time has been

determined; results are given in Table 1. Individual beads were chosen

at random from a batch preparation and chemically oxidized with concentrated
242 233HNO,; the plutonium and uranium were spiked with Pu and U and

redissolved. Subsequent isotope dilution analysis gave the quantity of
Pu and U per bead, which was then converted to a concentration of Pu and
U per ym of bead.
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Table 1. Batch Resin Bead Adsorption Study

Time, min

5

10

15
20

30

60

Bead

Diameter, ym

284

302

248

275

289

256

Bead

Vol. x 10"6ym3

12.22

15.48

7.98

11.03

13.11

9.14

ng/bead

U
10.7

10.4

5.6

8.8

11.8

13.6

Pu
4.1
5.4

5.0

6.7

7.0

9.2

ng/pm

U
0.88

0.71

0.72

0.81

0.90

1.46

x 10"5

Pu
0.34

0.39

0.64

0.61

0.56

1.00

U/Pu
2.59

1.82

1.13

1.33

1.61

1.46

The above results are the averages for 2 determinations.

The 100-fold increase in the amount of uranium and plutonium in the

sample solution should reduce the effect of contamination by the same factor.

Successful transfer of the technique from a clean laboratory to a reprocessing

facility was carried out in cooperation with the International Atomic Energy

Agency and the Power Reactor and Nuclear Fuel Development Corporation (PNC)

at Tokai-mura, Japan. Results of this work are described in the next section.
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Part 2. Results of a Resin Bead Field Experiment - Tastex-J

Introduction

This part of the report will briefly summarize the results of field

tests completed at the Power Reactor and Nuclear Fuel Development Corporation

(PNC) reprocessing plant in Tokai-mura, Japan. It was carried out under

the TASTEX program, subtask J, sponsored by the International Safeguards

Program Office of the U.S.A. with the cooperation of The International

Atomic Energy Aqency (IAEA).

Field Tests at PNC

The first test was carried out on five spent fuel solutions, using the

original small-sample resin bead method, with resin bead samples being

prepared by PNC for analysis at ORNL and IAEA; dried residues for preparation

of resin beads in the laboratory at both IAEA and ORNL were shipped. The

preparation at PNC included spiking and valence adjustment using Fe(II)/nitrite.

The results of the first Tastex-J exercise indicated that the potential

problem of failing to obtain chemical equilibration was not a significant

factor. Instead, discrepancies were noted in the D concentration measurements

which were ascribed to contamination of the samples. Since resin beads contain

only nanogram amounts of U and Pu, and very small aliquots of diluted dissolver

solutions containing 10 pg - 20 pg of U were used in the original technique,

it is necessary to provide clean facilities for their handling. The isotopic

measurements on the unspiked samples showed acceptable agreement.

A second test of the resin bead method has taken place as a follow-up

to the first Tastex-J experiment. A new bead handling procedure was developed

at ORNL and further training of PNC personnel carried out. This new "batch

technique", described earlier, was designed to reduce the risk of contamination.

It handles one hundred times more U in the final diluted sample which is

exposed to a proportionately larger number of beads. A single spent fuel

solution was sampled and five suosamples prepared (Figure 2). Each of these

was spiked and subjected to the chemical equilibration procedure of Marsh,

et al. , before bead preparation. Beads were prepared at PNC and distributed

to IAEA and ORNL along with dried residues for conventional mass spectrometric

analysis at IAEA. Pa allel measurements were made at PNC using their normal

measurement routines.
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The results of all resin bead measurements and those of PNC are in
excellent agreement. Shown in Table 2 are the results for the unspiked

238

sample. The largest variation is observed in the Pu analysis; other-
wise, no large statistical differences are observed in the measurements.

Table 2. Comparison of Isotopic Results - TASTEX - J

Uranium, wt.

Lab-Technique

PNC-Conv.

SAL-Dried

SAL-Beads

ORNL-Beads

234

0.0191

0.0211

0.0206

0.0201

235

1.094

1.088

1.090

1.096

236

0.375

0.372

0.370

0.372

238

98.512

98.519

98.519

98.511

MEAN

SD
0.0202

0.0009

1.092

0.004

0.372

0.002

98.515

0.004

238

Plutonium, wt. %

239 240 241 242

PNC-Conv.

SAL-Dried

SAL-Beads

ORNL-Beads

1.458

1.369

1.375

1.366

60.178 22.623 11.515 4.227

60.301 22.642 11.483 4.206

60.171 22.599 11.624 4.231

60.232 22.635 11.529 4.239

MEAN
SD

1.
0.

392
044

60.

0.

220

060

22.
0.
625
019

11.

0.

538
061

4.
0.
226

014

Table 3 contains the comparison of the mean concentration r&sults

obtained for the five samples. The variation of the laboratory means are

0.33% for uranium and 0.47% for plutonium.



164.70

164.83

164.68

163.95

164.54

0.53

1.507

1.492

1.498

1.492

1.497

0.007
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Table 3. comparison of Concentration Results - TASTEX-J

U, Cone. Pu Cone.
Lab-Technique g/1 g/1

PNC-Conv

SAL-Dried

SAL-Beads

ORNL-Beads

MEAN

SD

This experiment is the culmination of years of experience with the

resin bead technique, performed under actual field conditions. It proved

that the resin bead technique meets the accuracies required for the verification

of the accountability of spent fuel dissolver solutions and that it can

successfully be applied in a reprocessing plant environment.

References:

1. R. L. Walker, R. E. Eby, C. A. Pritchard, and J. A. Carter, Anal. Letts.

1, 563 (1974).

2. R. F. Buchanan, J. P. Fan's, K. A. Orlandini, and J. P. Hughes, U.S.A.E.C.

Report TID-7560 (1958).

3. I. K. Kressin and G. R. Waterbury, Anal. Chem. 34_, 1598 (1962).

4. S. F. Marsh, R. M. Abernathy, and J. E. Rein, Anal. Letts. ]_3(A17), 1487

(1980).

Figures:

1. Ionic Metal Adsorption by Strongly Basic Anion Exchange Resin (Dowex l-X-2).

2. Outline of TASTEX-J Experiment.
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Figure 2

OUTLINE OF TASTEX-J EXPERIMENT
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Discussion

Q - I'm not sure I understand the advantages of depositing a resin bead on a

filament in the mass spectrometric analysis of plutonium. Would there be

an advantage in stripping from the bead and electroplating on the

filaments? You might achieve better control of the mass spectrometers

parameter s.

A - I think that's probably true vut there's a lot of time involved in

that. This gives you a chemical separation, but if you are going to do

chemical separations per se, I don't see much advantage in using the

resin bead. The only difference would be the effect on the work

eliminated for the reprocessing plant.

Q - Were all these measurements done with counting equipment?

A - Three were and one was not. PNC's were not done with counting equipment.

Q - Can you address how long it was from loading the beads until they were

measured at the respective laboratories? Do these numbers reflect a

decay correction to a common point in time?

A - Yes, to the last part, they were all corrected to a common place in time.

The delay between the preparation of the sample in Japan and the

measurements in the analytical laboratory varied at ak Ridge and SAL. I

think Oak Ridge did the resin beads 2 months after the beads were

prepared and SAL did it about 4 months later.

Q - So there is appreciable Americium grow in along the bead as received.

A - Yes.
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ABSTRACT

Ten chemical treatments are evaluated for the attainment of

isotopic equilibration of plutonium prior to its sorption on resin

beads for assay of dissolved reactor fuel by isotope-dilution mass

spectrometry. The one consistently reliable treatment is reduction

to Pu(III) with heated ferrous sulfamate followed by oxidation to

Pu(IV) with heated sodium nitrite.

INTRODUCTION

A method has been developed at the Oak Ridge National Labora-

tory (ORNL) for safeguards verification of plutonium and uranium

1487

Copyri|ht © 1980 by Marcel Dekker, Inc.
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1488 MARSH, ABERNATHEY, AND REIN

input measurements at reprocessing plants. A sample of the dis-

solved nuclear fuel with internal standards (spikes) of U and
242Pu (or 244Pu) in 8M HH03 is contacted with a small number of

anion exchange resin beads. About 50 to 75% of the plutonium

and 1 to 2% of the uranium are sorbed, essentially free of fission

products and other elements. A single resin bead containing the

sorbed plutonium and uranium in nearly equal amounts is analyzed

directly for both elements by isotope-dilution mass spectrometry.

Accurate measurements require a chemical treatment of the

sample and spike prior to the contact with the resin beads to en-

sure isotopic eqilibration. This is attained readily for

uranium, because the (VI) oxidation state is highly stable in

nitric acid. Plutonium, however, can exist in at least the (IV),

(V), and (VI) oxidation statss in nitric acid. Their affinities

for anion exchange resin from 8M HNO, are greatly different with

Pu(IV) > Pu(VI) > Pu(V).

Ten chemical treatments have been evaluated for the dual

purpose of isotopic equilibration and conversion to a final

Pu(IV) oxidation state. Only one treatment, reduction with heated

ferrous sulfamate followed by oxidation with heated sndium nitrite,

is reliable.

EXPERIMENTAL

Sample Simulation and Analysis

To attain greatest leverage in evaluating the extent of

Plutonium isotopic equilibration, two isotopes, each in a
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ISO1OPIC EQUILIBRATION OF PLUTONIUM 1489

different oxidation state, were used. The sample was repre-

sented by 2 3 9Pu, adjusted initially to Pu(IV), and the
242

sp.ke was represented by Pu, adjusted initially to

Pu(VI). Nearly equal amounts of these two isotopes combined with
235

enriched U at a U/Pu ratio of 100, to simulate spent PWR fuel,

were subjected to ten chemical treatments followed by resin bead
235contacts. (Enriched U was used to decrease adverse effects of

natural uranium contamination.) After the contacts, the resin

beads were filtered and freed of adhering solution fay vacuum as-

piration. The sorbed plutonium and uranium were eluted from the
244 233

resin,spiked with Pu and I), and analyzed by mass spectrometry.

The measured 239Pu/242Pu ratios relative to the initial 239Pu/242Pu

ratio established the extent of isotopic equilibration and the

measured (239Pu + 242Pu)/244Pu and 2 3 5u/ 2 3 3u ratios established the

percentages of plutonium and uranium sorbed on the resin.

The 239Pu(IV) was produced by reduction to Pu(III) with

excess H20« in 8M HNOj, followed by heating to destroy the H.O2

and oxidize Pu(III) to (IV). The 242Pu(VI) was produced by

saturating a 3M HflO, solution of Pu with ozone for several hours.

These two solutions were combined and apportioned for the ten

chemical treatments. Several portions also were spiked with
244

Pu and analyzed by mass spectrometry to establish the initial
239 242

Pu/ Pu ratio and plutonium concentration. In another portion,

the isotopic composition of the Pu(IV) fraction was determined

by its selective extraction from 1M HN03 into a 0.5M 2-thenoyltri-
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fluoroacetone-xylene mixture, followed by its mass spectrometric
239 242measurement. The measured Pu/ Pu ratio of approximately 10

in the extracted fraction verified the effectiveness of the

initial treatment to produce 239Pu(IV) and 242Pu(VI).

Chemical Treatments

The chemical treatments were applied to portions of the
239plutonium and uranium containing about 0.75 ug of Pu(IV),

0.75 ug of 242Pu(VI), and 150 ug of 2 3 5U. After each treatment,

the resulting solution was adjusted to 3 ml of 8^HN0, and con-

tacted with 300 beads of 50-mesh Dowex 1x2 anion exchange resin.

This gave quantities of 0.005 ug Pu and 0.5 ug U per resin bead.

The ten chemical treatments are outlined in Table 1.

Dynamic contacts were attained with a rotary motion shaker. The

first treatment, recommended by ORNL , involves fuming with a HF-

HC10. mixture to produce Pu(VI). Ho reductant is added, based on

the assumption that Pu(VI) reduces to Pu(IV) during the 40-hour

contact with the resin. Treatments 2 through 4 are variations in

which increasing levels of hydrogen peroxide are present as a re-

ductant during the 2-hour dynamic contact with the resin. In

Treatment 5, periodic acid is added to ensure oxidation to Pu(VI):

however, no reductant is added prior to the 2-hour dynamic resin

contact.

Treatment 6 uses potassium permanganate as the oxidant for

Plutonium, based on a procedure for the separation of plutonium

and uranium by solvent expraction preceding their mass spectro-
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TABLE 1

Chemical Treatments

1491

Treat-
ment

1

2

3

4

5

6

7

8

9

10

Reagents

2 mmol HC104 +
0.1 mmol HF

a. 2 mmol HCIO4 +
0.1 mmol HF

b. 0.006 umol H202*

a. 2 mrnol HCIO4 +
0.1 mmol HF

b. 0.06 umol H2O2*

a. ?. mmol HC104 +
0.1 mmol HF

b. 0.6 umol H2°2*

2 mmol HCIO4 + 0.1 mmol
HF + 0.02 mmol H5I06

a. 0.005 mmol KlWty
in 5MHNO3

b. 0.02 mmol NaN02

a. 0.005 mmol ;'MnO4
in 5M HNO3

b. 0.02 mmol NaNO2

a. 0.005 mmol KM11O4
in 5M HNO3

b. 0.025 mmol H202

a. 0.005 mmol KMnO4
in 5MHN03

b. 0.025 mmol H2O2

a. 0.04 iimol Fe(II) + 0.15 mrnol
sulfamic acid in 5M HNO3

b. 0.9 mmol NaNO2

Temp,
°C

Fume

Fume

Fume

Fume

Fume

Room

Room

60

60

Room

Room

60

60

60

60

Reaction
Time, Min

To dryness

To dryness

To dryness

To dryness

To dryness

15, dynamic

10, static

20, static

10, static

15, dynamic

10, static

20, static

10, static

20, static

20, static

Resin
Bead
Contact

40-hour
static

2-hour
dynamic

2-hour
dynamic

2-hour
dynamic

2-hour

dynamic

40-hour
dynamic

2-hour
dynamic

2-hour
dynamic

2-hour
dynamic

2-hour

dynamic

*Added to 8{1 HN03 used for resin contact.
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metric measurement . ORNL recommended the addition of sodium

nitrite prior to the 40-hour contact with the resin beads to

destroy excess permanganate which decomposes the beads. Treatment

7 is similar to 6, except that a short heating period follows the

addition of each reagent, and the contact period is 2 hours. In

treatments 8 and 9, sodium nitrite is replaced with hydrogen

peroxide, with and without heating.

Treatment 10 differs from all others in that a reduction step

precedes the oxidation. The reductant, ferrous sulfamate was

selected based on its effectiveness established in preliminary

evaluations of reductants, including hyd"oxylamine. These pre-

liminary studies showed that the reduction of Pu(VI) with hydro-

xylamine, a commonly used reagent for this purpose, was low and

variable.

CONCLUSIONS

Table 2 summarizes the results of the ten treatments relative

to attainment of isotopic equilibration and percentage of total

Plutonium sorbed on the resin beads. Attainment of isotopic

equilibration is represented by a value of unity for the ratio of

239Pu (i.n-itially present as the IV oxidation state) relative to

Pu (initially present as the VI oxidation state) sorbed on the

resin beads. A high percentage of total piutonium sorbed shows

attainment of P.u(IV). Only treatment 10, reduction with ferrous

sulfamate and oxidation with sodium nitrite, gives complete and

reproducible (0.3% relative standard deviation) isotopic equili-
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TABLE 2

Effect of Chemical Treatments on Pu Sorption

Total Pu Sorbed Ratio of
Treat- Sorbed 239pu/242Pu

ment* on Resin,J** to Initial Ratio** Conclusion

1 65 ± 5

38 ± 9

41 4 4

5 ± 4

38 4 2

8 58 ± 2

17 ± 1

10 69 t 2

1.010 ± 0.014

1.007 ± 0.012

0.988 ± 0.016

35 4 11 0.979 ± • ,J01

0.978 ± 0.003

11.3 ± 1.0

1.3 ± 0.2 0.992 ± 0.003

1.179 ± 0.043

0.994 ± 0.001

0.999 ± 0.003

Erratic, Pu(VI) incom-
pletely reduced

Erratic, sorption
decreased

Erratic, possible com-
plexation of Pu(IV) by
peroxide

Possible complexation
or precipitation of
Pu{IV) by peroxide

Periodate maintains
Pu(VI) in presence of
resin

Pu(IV) only slightly
oxidized by unheated
KMnO4, Pu(VI) not re-
duced by NaN02

Pu(IV) oxidized by
heated KMnO^ Pu(VI)
not reduced by NaN02

Pu(IV) only slightly
oxidized by unheated
KMnO4, Pu(VI) incom-
pletely reduced by
H 20 2.

Pu(IV) oxidized by
heated KMnO4, Pu(VI)
incompletely reduced
by heated H2O2.

Only effective treatment

•Number of replicates is 6, except 3 for treatments 2, 6, and 8.

••Uncertainty units are standard deviation.
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bration and high sorption. (This treatment now is being used by ORNL).

Treatment 1, fuming with a HF and HC104 mixture is considered next

best. However, the ~\% bias and 1.4% relative standard deviation in
poo on?

the sorbed Pu/ Pu ratio relative to the initial ratio is con-

sidered too large for safeguards verification use for cases in which

the oxidation states of plutonium are predominantly different in the

samples and spikes. The postulated causes for nonattainment of iso-

topic equilibration and low sorption for Treatments 1 through 9 are

given in the last column of Table 2.

As expected, the sorption of uranium was not affected by the

chemical treatments. The percentage of uranium sorbed was in the range

of 1.0 to 1.7 for all treatments.
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CHEMISTRY TO ATTAIN ISOTOPIC EQUILIBRATION
OF PLUTONIUM PRECEDING RESIN BEAD EXCHANGE

NEED

• Accurate isotope — dilution mass spectrometic
measurement of U and Pu concentration requires
equal recoveries of 233U spike and sample U
isotopes and of 242Pu (or 244Pu) spike and
sample Pu isotopes.

•Attained readily for U because it is in stable
VI oxidation state.

•Pu expected in IV, V, and VI oxidation states
in dissolver solutions, each having a different
affinity for anion exchange resin from ~ 8M
HNO3.
• Pu(IV) > Pu(VI) > Pu(V).

Los Alamos



OUTLINE OF EXPERIMENT

SIMULATED DISSOLVER SOLUTION - SPIKE MIXTURE

•Sample represented by 239Pu(IV)
Reduction to Pu(III) with H202 in 8M HNO3

followed by heating.
• Spike represented by 242Pu(VI)

Oxidation with ozone in 3M HN03.
•Nearly equal amounts of 239Pu(IV) and 242Pu(VI)

mixed with 235U to give one mixture with a U/Pu
ratio = 100.

•Aliquots spiked with 244Pu and 233U and mass
speclrjmetrically analyzed to establish initial
239Pu/248Pu ratio and concentrations of Pu and U.

• Attainment of 239Pu(IV) and 242Pu(VI) verified by
mass spectrometric analysis of TTA—extracted
f r a c t i o n LosAlamos

t
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OUTLINE OF EXPERIMENT (cont)

RESIN BEAD CONTACTS

• Ten chemical treatments evaluated
• Quantities of Pu, U, and resin beads

• 0.75 jag 239Pu(IV), 0.75 fig 242Pu(VI), i
150 jug 233U, 300 beads Dowex 1 x 2 to give ?

• 0.005 jug Pu and 0.5 jug U per bead
• Medium was 3 ml of 8M HN03

• Static and dynamic contacts
• Dynamic with rotary motion shaker

Los Alamos



OUTLINE OF EXPERIMENT (cont)

EVALUATION OF CHEMICAL TREATMENTS

• After contacts, beads filtered and vacuum
aspirated

• Sorbed Pu and U eluted from beads
• 244Pu and 233U spikes added
• Mass spectrometr ic analysis

• Isotopic equilibration measured by
239Pu/242Pu r a t i o r e l a t i ve to initial
239pU//242pu r a t i Q

• Value of unity is complete
equilibration

• Percentages of Pu and U sorbed on
beads established by [(839Pu + 242Pu)/244Pu]
and (^U/23^) ratios.

Lo8Alamo8



CHEMICAL TREATMENTS
FUME WITH HCIO4 + HF

TREATMENT

1. Fume to dryness wi th
2 m m o l HCIO4 + 0.1 mmol
HF. Static contact
with resin for 40 h.

SORBED RATIO
239/242 RELATIVE
TO INITIAL RATIO

1.010 + 0.014

TOTAL Pu
SORBED

ON RESIN

65 + 5

1
to
u

CONCLUSION

1. High ratio attributed to combination of incomplete
oxidation of 8a9Pu(IV) by fuming HCIO4 and incomplete
reduction of 2**Pu(VI) by resin.

2. Standard deviation large for safeguards use.

Los Alamos



CHEMICAL TREATMENTS (cont)
FUME WITH HCIO4 + HF, THEN REACT WITH H2Q2

TREATMENT

2-4 . Fume to dry ness wi th 2
m m o l HCIO4 + 0.1 mmol
HF, then add 0.006, 0.06,
and 0.6 '/xmol H202 to 8M
HNO3. Dynamic content
wi th resin for 2 h.

SORBED RATIO
239/242 RELATIVE
TO INITIAL RATIO

1.007 ± 0.012
0.988 ± 0.016
0.979 + 0.001

TOTAL Pu
SORBED

ON RESIN

38 ± 9
41 ± 4
35 + 11

CONCLUSION

Decreasing ratio as HdO8 increases and lower sorption
of total Pu attributed to combinations of incomplete
oxidation of ^'PuOV), incomplete reduction of

and complexation of Pu(IV) by peroxide.

Los Alamos



CHEMICAL TREATMENTS (cont)
FUME WITH HCIO4 + HF, THEN REACT WITH H5IO6

TREATMENT

5. Fume to dryness wi th 2 mmol
HCIO4 + 0.1 m m o l HF + 0.02
mmol HsIOe. Dynamic c o n -
tact with resin for 2 h.

SORBED RATIO
239/242 RELATIVE
TO INITIAL RATIO

0.978 + 0.003

TOTAL Pu
SORBED

ON RESIN

5 + 4

CONCLUSION

Periodate maintains Pu in low—sorb ing VI oxidation
state. Low ratio possibly caused by formation of
insoluble ^PuOV) iodate.

Los Alamos



CHEMICAL TREATMENTS (cont)
SEQUENTIALLY REACT WITH KMnO4 a n d NaNOg

TREATMENT

SORBED RATIO
239 /242 RELATIVE
TO INITIAL RATIO

11.3 + 1.0

TOTAL Pu
SORBED
ON RESIN

38 + 2

0.992 + 0.003 1.3 ± 0.2

6. React with 0.005 mmol
KMnO4 in 5M HNO3 for
15 min, then with 0.02
mmol NaN02 for 10 min,
both at room temperature.

7. Essentially as above,
except both reactions at v
60° C , and dynamic con- I

/Dynamic contact wRh~?esTn~)
Vfor 40 h. s

CONCLUSION

1. 238Pu(IV) slightly oxidized by KMnO4 at room temperature
and completely oxidized at 60°C.

2. Pu(VI) not reduced by NaN0z.
Los Alamos
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CHEMICAL TREATMENTS (cont)
SEQUENTIALLY REACT WITH KMnO4 a n d H202

TREATMENT

8. React with 0.005 m m o l
KMnCU in 5M HNO3 for
15 min, then wi th 0.025
m m o l H >̂2 for 10 min,
both at room temperure.
Dynamic contact wi th
resin for 2 h.

9. Essentially as above, except
both reactions at 60 °C.

CONCLUSION

1.

SORBED RATIO
239 /242 RELATIVE
TO INITIAL RATIO

1.179 ± 0.043

0.994 + 0.001

TOTAL Pu
SORBED

ON RESIN

58 + 2

17 + 1

C ) s l ightly oxidized by KMnO4 at room
temperature and complete ly oxidized at 60°C.

Pu(VI) incomplete ly reduced by HgO8 or Pu(IV)
complexed by peroxide.

LosAlamo8
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CHEMICAL TREATMENTS (cont )
SEQUENTIALLY REACT WITH Fe(II) - SULFAMATE AND NaNO2

TREATMENT

10. React wi th 0.04 m m o l
Fe(II) + 0.15 m m o l
sulfamic acid in 5M
HN03 for 20 min, then
wi th 0.9 m m o l NaNO2 for
20 min, both at 60° C.
Dynamic contact wi th
resin for 2 h.

SORBED RATIO
239/242 RELATIVE
TO INITIAL RATIO

0.999 + 0.003

TOTAL Pu
SORBED

ON RESIN

69 + 2

1
tsJ

CONCLUSION

Isotopic equilibration reproducibly attained.

Los Alamos



CHEMISTRY TO ATTAIN ISOTOPIC EQUILIBRATION
OF PLUTONIUM PRECEDING RESIN BEAD EXCHANGE.

SUMMARY

1. Reduction with Fe(II) - sulfamate and oxidation with
was consistently effective.

2. Fuming with HF and HC104 next best, but considered
insufficiently reliable for safeguards verification.

3. Substitution of hydroxylamine for Fe(II) - sulfamate
as the reductant was not satisfactory.

4. Sorption of uranium ranged from 1 to 1.7% and was
not affected by treatments.

Los Alamo*
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Discussion

Q - Was there any significant difference in the isotopic equilibration with

dynamic mixing of less than 2 hours?

A - We didn't do any dynamic mixing of less than 2 hours. We did ours for 2

hours dynamic or 40 hours static. In the original recommendations and

initial work, Oak Ridge used 40 hours of static time. That's why Ray

discussed vortex mixing. He is now able to do it in 10 minutes. I think

I would verify what he says. In fact, I may have picked something with

not as effective mixing as his vortex mixer, but I think it is very valid

when he says that he gets there in 10 minutes.

Q - What is the advantage of the nitric system over an HC1 system for anions?

A - The objective of analyzing a dissolver solution, that is 100:1, U:Pu

ratio to begin with, is that what you want on the ion bead is close to

unity, maybe 2 parts uranium to 1 part plutonium. You use the HNO.J

system rather than an HC1 system, because you can selectively absorb most

of the plutonium and only a very small quantity of uranium. In the HC1

system, you will absorb almost quantitatively both the uranium and the

plutonium. You will end up with 100:1 uranium to plctonium on your bead

and will have a hard time determining your plutonium.

There is a second point one should keep in mind also. Americium is

effectively separated from the uranium and plutonium in the HNO,

system. In HC1 there is a slight absorption of americium.
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Evaluation of Errors for Mass-Spectrometric Analysis with

Surface-Ionization 'i/pe Mass-Spectrometer

(Statistical Evaluation of Mass-Discrimination Effect)

Yukio Wada

Chemical Analysis Section,

Chemical Technology Division,

Tokai Works,

Power Reactor and Nuclear Fuel

Development Corporation,

Japan

Abstract

The surface-ionization type mass-spectrometer is widely

used as an apparatus for quality assurance, accountability and

safeguarding of nuclear materials, and for this analysis it has

become an important factor to statistically evaluate an analytical

error which consists of a random error and a systematic error.

The major factor of this systematic error was the mass-discrimi-

nation effect.

In this paper, various assays for evaluating the factor of

variation on the mass-discrimination effect were studied and

the data obtained were statistically evaluated.

As a result of these analyses, it was proved that the factor

of variation on the mass-discrimination effect was not attributed

to the acid concentration of sample, sample size on the filament

and supplied voltage for a multiplier, but mainly to the filament

temperature during the mass-spectrometric analysis.

The mass-discrimination effect values /3 which were usually

calculated from the measured data of uranium(u), plutonium(Pu)

or boron(B) isotopic standard sample were not so significant

dependently of the difference of U-235, Pu-239 or B-10 isotopic

abundance.

Furthermore, in the case of U and Pu, measurement conditions

and the mass range of these isotopes were almost similar, and

these values 0 were not statistically significant between. U and Pu.

On the other hand, the value £ for boron was about a third

of the value /3 for U or Pu, but compared with the coefficient

of the correction on the mass-discrimination effect for the
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difference of mass-number, 4M, these coefficient values were

almost the same smong U, Pu and B.

As for the isotopic analysis error of U, Pu, Nd and B, it

was proved that the isotopic abundance of these elements and the

isotopic analysis error were in a relationship of quadratic

curves on a logarithmic-logarithmic scale.

It is considered that these relationships indicated in this

paper are more detailed than that of ASTM or Los Alamos.
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1. Factor of Analytical Error

The mass spectrometrie analysis error for one determination

(measuring1 one filament bead) is denoted as the forniura (l)

(1)

where

<rF = isotopic analysis error for one determination

aK = between-filament bead standard deviation

(systematic error)

aE = within-filament bead standard deviation (random error)

n = repetition number of the measured mass spectral pair

The between-filament bead effects of error are mainly due

to mass discrimination. For this reason, various NBS isotopic

standard samples were measured using the surface ionization type

mass spectrometer and atom $> of each isotope were calculated.

The measurement conditions are shown as follows.

Apparatus = Nuclide 12-90-su of Nier type with Single

focus

Filament bead = Triple filament bead

(renium filament ribon)

Collector = Multiplier of 16 stages and gain of 5X10

Magnet = Max. 100000 gauss, 90° magnetic sector

field and 12 inch radius

Accelating voltage = 10 kV

Operation = Manual

A one-way analysis of variance technique was used to estimate

the variance components for each calculated atom $ data of U-234,

U-235, U-236 and U-238 isotopes as well as to obtain a test of

significance for the filament bead effect.

The simplified table for one-way analysis of variance is

given as follows.
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o _ • j.- Degrees of Mean
Source of^vanation freedom square

Between-filament beads Df MSf .

Wi thin-filament beads De MSe

* E(V) = Expected mean square

m = Number of measured filament beads

As a result of these statistical evaluations, in most case

of the minor isotopes, U-234 or U-236, and the major isotopes,

U-235 or U-238, the effects due to between-filament beads were

significant at 5$ or 1$ level. The examples of these analyzed

results are shown in Tables 1 and 2.

However, in the only case of U-235 and U-238 of NBS-500 of

which the abundance of two major isotopes were almost equal,

these effects were not significant at 5$ level. This result is

shown in Table 3. Furthermore, when the major isotopes in the

sample consisted of more than three isotopes, the effect were

significant at 1$ level. These results are shown in Table 4, 5

and 6 of which the data were obtained from the measurement of

the sample of NBS-500 sample solution spiked with U-233 spike

solution at the rate of U-233:U-235:U-238 = 1:1:1. And then,

from the comparison among Table 4, 5 and 6, it was proved that

the variance of between-filament beads for the midle isotope

U-233 was smaller than that for the other isotope U-233 and U-238.

The variance for U-233 and U-238 was three times as large as

that for U-235.

Even if the measured sample was NBS-500, when the loading

sample size was extremely small, O.lp.g , as compared with the

ordinary sample size, 10Ugu, the effects of between-filament

beads for U-235 and U-238 were significant at 1$ level. These

results are shown in Table 1.

This phenomenon was caused by the fact that the variance

of between-filament beads aF changed by about 15 times, while

that of within-filament beads changed by only 2 times. These

comparison are shown in Table 8.

This result indicated that when the loading sample size is

very small, the variation of mass-discrimination effect among

the filament beads is extremely large as compared with the ordi-

nary loading sample size.
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2. The Variance Components of Mass Discrimination Effect

The within-filament beads error and the between-filament

beads error can be reduced to 1/Vn times of the values by measur-

ing 10-20 pairs of mass spectra or measuring several filament

beads as the error for their mean value. The value of n is the

number of the repetition or the filament bead.

However, it is difficult to analyze several filament beads

for one sample because of the longer procedure time and the

highter cost. Therefore, it is important that the variance

components of mass discrimination effect are identified and the

analytical errors are reduced by improving the measurement

procedure.

The mass-discrimination effect value p is defined as follows

Rij
T

where

M = Mass number of isotope j

JM = Difference of mass number between isotope j and

isotope i

Rij = Average of measured atom ratios

Rij = Certified atom ratio of the standard sample

After correcting measured values, the average ratio l?ij' is

given by

Though the same sample is analyzed with several filament

beads, the /S value for each bead is slightly different each

other. This difference of the /3 value results in the main com-

ponent of analytical error.

It is supposed that the variance components of mass discri-

mination effect are caused by the temperature of measuring

filament, the concentration of acid in the sample, the voltage
2)

supplied to a multiplier and the time of measuring, etc. .

Therefore, various tests under different levels of the

effects were exercised to identify the variance components as

follows.
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An uranium sample solution of 1.6mg /ml, was prepared by

disolving U 0 g of NBS-500 with 7N HNO-. Then, the U-233 spike

solution of 0.8mgu/ml 7N HNO.,, was prepared. After 2ml of these

sample solutions were put into a vial and mixed, lml of the

mixed solutions was put into three vials and 10(11 of the mixed

solution was put into one vial. These solutions in four vials

were heated to dry up on the hot plate. The four samples dried

in their vials were redissolved with lml of 2N HNO , 0.3N HN0_,

distilled water and 0.3N HNO.,. Which were named as No. 1,2,3 and

4 samples respectively. Each 20^1 of these sample solutions were

loaded on five triple filament beads. These filament beads were

analyzed under the various measurement conditions shown Pig.l.

2-1. Acid Concentration of Sample Solution

In the routine procedure, the sample solution is dried and

redissolved with 0.3N HN0_. This solution is the sample for

loading on the filaments.

The five filament beads which were loaded with 20ul of No.l,

No.2 and No.3 sample solution were analyzed on the routine

measurement conditions. The data R38 (U-233/U-238 Ratio) and

R58 (U-235/U-238 Ratio) obtained from these measurements were

statistically evaluated with two-way analysis of variance.

As a result of this analysis, the effect of the difference

of acid in the sample solution was not significant at 5$ level.

2-2. Loaded Sample Size

Each 20̂ .1 of No.2 and No.4 sample solutions were loaded on

five filament beads and these filament beads were analyzed.

Tests of significane for these data of R38 and R58 were

performed at both 5$ and 1$ levels. In consequence of these

tests, the effect of the difference of the loaded sample size

was not significant at 5$ level. This result was caused by the

fact that the measurement temperatures of the filaments were

almost the same for both levels of loaded sample size.

However, the measurement accuracy was not good when the

loaded sample size was extremely small as compared with the

ordinary sample size.
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2-3. Temperature of the Triple Filaments

The triple-filaments bead consists of two sample filaments

and one ionization filament. The temperature of these filaments

causes mass-discrimination effect. Therefore, the filament beads

loaded with No.l sample solution were measured on the conditions

that the temperature of the ionization filament was holded at

constant and the temperature of the sample filaments were changed

at three steps, and then in the opposite conditions.

Since it was difficult to measure the temperature of fila-

ments in the ion chamber, the temperature was controlled by an

electric current of the filament. The electric current was

controlled at three steps and R38 and R58 ratios were measured

in the ranges of 0.1V, IV and 10V of the amplifier.

The tables of two-way analysis of variance for these data

are shown in Table 9-12.

These results indicate the following facts.

(1) The effect of the filament temperature was significant at

V$> level. The effect of the sample filament temperature was

larger than that of the ionization filament temperature.

(2) From the results of the significance test, it was proved

that the analytical error of R38 due to mass discrimination

effect, which the differences of the mass number were five, was

larger than that of R58, which the differences of the mass

number were three, in spite of the equal abundance of these

isotopes being equal abundance.

(3) A light isotope was more easily evaporated from the filament

than the heavy isotope for the same element.

As a result of these evaluations, it is important that the

temperatures of the sample filaments and the ionization filament

are controlled at constant to reduce the variance of mass dis-

crimination.

2-4. Voltage Supplied to Multiplier

It was generally known that the mass discrimination effect

also issues from the multiplier used.

Therefore, the effect of voltage supplied to multiplier on

mass-discrimination was investigated. Five filament beads loaded

with 20|il of No.2 sample solution were analyzed under supplied

voltages of 500V, 670V and 900V.
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The data, R38 and R58, of these measurements were tested

by two-way analysis of variance.

However, the effect of voltage supplied to multiplier were

not significant at 5$ level.

3. Control of the Correction Value for Mass Discrimination

Mass discrimination effect is corrected by measurement of

the isotopic standard sample and use of the formuras (l) and (2).

Therefore, it is important to identify how the 0 value depending

on analyzed elements, time, an apparatus and a filament bead

change in order to correct accurately for mass discrimination.

Table 13 shows the fi values which were calculated from the

data of the isotopic standard samples of uranium, plutonium and

boron measured for the past five years. These p values were

shown according to every apparatus and measured element in the

table. The mean j3 values obtained from the data of the uranium

isotopic standards respectively, Nuclide 12-90-su-2.3, -2.9 and

-2-19,were estimated at 0.72, 0.54 and 0.60.

The difference of these values were not significant for

three apparatuses. Further, the difference of these values were

not significant for every standard sample, and between uranium

and plutonium. On the other hand, the mean p value for boron

was 0.28 and this value was apparently smaller than the mean /S

value for uranium and plutonium.

However, as compared with the coefficient of the correction

for mass discrimination effect in the range of their mass number,

Table 14 shows that these coefficient values are almost the same

for uranium, plutonium and boron.

The variation of mass discrimination effect due to time

was evaluated with the data of NBS-010 sample measured for about

two years.

In Table 15, the data of No.l-No.14 and No.9-No.13 respec-

tively show the variation of the ratios, R48, R58 and R68

measured for about two years and for about one week. From these

results, it was proved that the mean of the measured R58 ratio

for about two years was not different from the mean of the

measured R58 ratio for about one week.

From these results, in this paper the control chart of the
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measured ratios of the isotopic standard sample and 0 values as

shown in Fig.2 were made every standard sample. If the point

of the measured ratio at each time is within the 2" control

limit, this is judged as the controlled state and the 0 value

of the center line is used to correct mass discrimination effect

every time.

4. Error of the Isotopic Analysis

The main component of the isotopic analysis error was, as

mentioned in the chapter 2, the variation of between-filament beads

due to mass discrimination effect. These variance were calculated

from the data for isotopic standard samples of uranium, plutonium

and boron, neodium samples and U-233 spiked samples measured for

the past five years.

From these calculated results, the isotopic abundance of

these elements and the isotopic analysis error were n a rela-

tionship of quadratic curves on logarithimic-logarithimic scale

as shown in Pig.3 and 4. The interval of X-coodinate in Fig.4

is magnified by about 30 times compai'ed with Fig. 3..,

Therefore, the relationship, in the range of 90-100 atom #,

is more clearly indicated than Fig.3. These relationships are

more precisely indicated with the following four mathematical

formulas according to four ranges of the isotopic abundance.

Range of Isotopic Abundance Formulas

99.5# <atom # Y=-644.63X+1285.4

90.0^6< atom #^99.5# Y=-19.46X+36.41

5.0#<atom #£90.0$ Y=-0.4816X2+0.4010X-0.6237

0.001#<atom # < 5.0# Y=-0.2351X-0.4207

where

X : isotopic abundance on log (atom %) scale

Y : isotopic analysis error (variance of between-filament)

on log (cv #) scale

From these results, isotopic analysis error for one deter-

mination was calculated from the isotopic abundance obtained by

mass spectrometric analysis and these formulas.

Table 16 shows the example cf the values of isotopic analysis
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error calculated from these formulas. These relation were able

to be well fitted to the results for uranium, plutonium,

neodium or boron as shown in Fig.3 and 4.

Consequently, it is considered that these relationships

indicated in this paper are more detailed than that of ASTM

and Los Alamos shown in Pig.5 and Pig.6.
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Standards. E267 (p7O8)
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Material Assay ", Los Alamos Scientific Laboratory Report

LA-6574. p.11 (1977)



Table I Variance of Between-Filaments for U-234(minor isotope)

IMPUT DATA

A1 0.5176 0.5183 0.5237 0.5228 0.5259 0.5210 0.5201 0.5166 0.5182 0.5154 0.5185 0.5155 0.5132 0.5148

A 2 0.5195 0.5241 0.5253 0.5225 0.5227 0.5223 0.5221 0.5230 0.5221 0.5202 0.5220 0.5260 0.5240 0.5216

A3 0.5215 0.5242 0.5214 0.5250 0.5274 0.5290 0.5308 0.5311 0.5264 0.5267 0.5239 0.5271 0.5262 0.5197

A 4 0.5240 0.5232 0.5174 0.5174 0.5192 0.5185 0.E262 0.5205 0.5200 0.5256 0.521S 0.5202 0.5194 0.523 1

A 5 0.5202 0.5231 0.5244 0.5209 0.5227 0.5240 0.5230 0.5200 0.5231 0.5224 0.5196 0.5241 0.5222 0.5261

A 6 0.5170 0.5205 0.5199 0.5189 0.5195 0.5155 0.5143 0.5197 0.5181 0.5169 0.5174 0.5188 0.5191 0.5199

A 7 0.5227 0.5250 0.5243 0.5230 0.5209 0.5221 0.5190 0.5218 0.5214 0.5203 0.5233 0.5229 0.5223 0.5214

A 8 0.5251 0.5258 0.5233 0.5207 0.5228 0.5231 0.5219 0.5215 0.5251 0.5201 0.5196 0.5205 0.5260 0.5201

A 9 0.5231 0.5207 0.5207 0.5197 0.5208 0.5198 0.5239 0.5266 0.5196 0.5201 0.5231 0.5245 0.5260 0.5240

AtO 0.5207 0.5203 0.5225 0.5243 0.5237 0.5248 0.5234 0.5226 0.5215 0.5211 0.5221 0.5224 0.5740 0.5194

Analysis of Variance Table

Component Sum of Squares DF Mean Square F-Radom

Between Filaments 0.5663 E-03 9 0.6293E-04 10.66

Error 0.7671 E-03 130 0.5901 E-05

F-TABLE(0.01) =

0>= 0.20182 E-02

(TE * 0.24291 E-02



Table 2 Variance of Between-filaments for U-238 (major isotope)

INPUT DATA

A 1 89.9460 89.9200 89.9240 89.9050 89.8720 89.9020 89.9460 89.9520 89.9160 89.9190 89.9410 90.0000 89.9830 89.8820

A 2 89.9230 89.9900 89.9800 89.9340 89.9470 89.9430 89.9350 89.9630 89.9520 89.9470 89.9250 89.9500 89.9310 89.9340

A3 89.9370 90.0050 89.9550 89.9340 89.9590 89.9740 89.9480 89.9730 89.9560 89.9370 89.9220 89.9500 89.9480 89.9370

A 4 89.9260 89.9560 89.9780 89.9340 89.9300 89.9300 89.9630 89.9520 89.9490 89.9920 89.9620 89.9190 89.9450 89.9270

A 5 89.9380 89.9430 89.9340 89.9520 89.9480 89.9270 89.9320 89.9760 89.9940 89.9230 69.9340 89.9520 89.9400 89.9360

A 6 89.9210 69.9820 89.9540 89.9250 89.9150 89.9300 89.9180 89.9220 89.8970 89.9140 89.9520 89.9670 89.9410 89.9420

A 7 89.9240 89.9460 89.9490 89.9340 89.9370 89.9230 89.9320 89.9070 89.9240 89.9310 89.9530 89.9310 89.9260 89.9420

A 8 89.9380 89.9310 89.9680 89.9850 89.9090 89.9200 89.9340 89.9360 89.9340 89.8970 89.8970 89.9290 89.9120 B9.9160

A 9 89.8790 89.7650 89.8660 89.9180 89.9060 89.9870 89.9480 89.8680 89.9070 89.9630 89.9120 89.9000 89.9100 89.8690

Analysis of Variance Table

Component Sum of Squares DF Mean Square F-Random

Between-filaments 0.2856E-01 8 0.3570 E-02 4.56

Error 0.9164E-01 117 0.7832 E-03

F-Table(O.OI) = 2.67
(TF= 0.14110 E-01
CTE= 0.27986 E-01



Table 3 Variance of Between-filaments for U-235 (NBS-500)

INPUT DATA

A 1 49.8877 49.9031 49.9165 49.9120 49.8045 49.9254 49.9928 49.8244 49.9578 19.8079 49.9548 49.8875 49.8701 49.7862

A 2 49.8891 49.9279 49.9054 49.8847 49.9653 49.9036 49.8221 49.8403 49.8983 49.8977 49.8759 49.8718 49.9668 49.9086

A 3 49.8758 49.8497 49.8742 49.8968 49.8474 49.8708 49.8688 49.9161 49.8453 49.9393 50.0578 50.0071 49.8890 49.9619

A 4 49.8437 49.8676 49.9197 49.9205 49.9431 49.8707 49.8919 49.8933 49.8927 49.8664 49.8681 49.8451 49.9160 50.0090

A 5 49.8474 49.8222 49.8941 49.9199 49.8952 49.6700 49.9183 49.8483 49.8956 49.9197 49.8460 49.7739 49.8956 49.9175

A 6 49.8861 49.8237 49.6239 49.6543 49.8540 49.8254 49.8260 49.8823 49.9123 49.9124 49.6527 49.8803 49.9094 49.8796

A 7 49.9305 49.8776 49.9019 49.8764 49.9263 49.8269 49.8510 49.8492 49.8972 49.9682 49.8939 49.8462 49.9173 49.8691

A 8 49.9026 49.8717 49.8422 49.8120 49.8114 49.8645 49.9432 49.9386 49.8086 49.8566 49.8802 50.0025 49.9447 49.8455

A 9 49.8601 49.8240 49.8236 49.8742 49.8709 49.8697 49.8321 49.8455 49.8465 49.8603 49.8720 49.8697 49.8818 49.9115 ,'o

A10 49.8686 49.9094 49.8932 49.9045 49.8904 49.8759 49.9016 49.9007 49.8605 49.7951 49.8600 49.9390 49.9508 49.9007 V

Analysis of Variance Table

Componet Sum of Squares DF Mean Square F-Rordom
Between-filaments 0 .2623E-0 I 9 0.2914E-02 1.40

Error 0.2714 E+00 130 0.2088E-02

F-Table(0.05) * 1.95
Op * 0 . 7 6 8 4 5 E - 0 2
O*E*0.45689E-01 *



Table 4 Variance of Between-filaments for U-233 (U-238'- U-235:
u-233=r-r-n

INPUT DATA

A 1 36.8100 36.7800 36.8200 36.8500 36.8000 36.7900 36.7900 36.7500 36.7400 36.8100 36.7700 36.7600 36.8100 36.8200

A 2 36.7300 36.7500 36.7600 36.7800 36.7500 36.7700 36.7600 36.7600 36.7700 36.7500 36.7400 36.7500 36.7800 36.7700

A 3 36.7300 36.7200 36.7700 36.7400 36.7600 36.7800 36.7600 36.7600 36.7800 36.7400 36.7400 36.7600 36.7600 36.7300

A 4 36.8000 36.7700 36.8000 36.7900 36.7700 36.8100 36.8200 36.8300 36.8100 36.7400 36.8000 36.7900 36.7700 36.7400

Analysis of Variance Table

Component
Between-filaments

Error

Sum of Squares

0.1792E-01
0.2926 E-01

F-table (0.01) = 4.19
OF

Ok
= 0.19660E-01

= 0.23723 E-01

DF
3

52

Mean Square

0.5974E-02
0.5628E-03

F-Random

10.61

I



Table 5 Variance of Between-filaments for U-235 (J-238•U-235:
U-233=1: | : | )

INPUT DATA I

A 1 31.4700 31.4400 31.4100 31.4300 31.4600 31.4700 31.4700 31.4900 31.5100 31.4800 31.4800 31.4800 31.4700 31.4500

A 2 31.4700 31.4500 31.4400 31.4300 31.4600 3i.4400 31.4600 31.4500 31.4500 31.4600 31.4600 31.4900 31.4700 31.4800

A3 31.4800 31.4600 31.4700 31.4900 31.4900 31.4800 31.4S00 31.4800 31.4900 31.4600 31.4700 31.4700 31.4700 31.4700

A4 31.5000 31.4800 31.4700 31.4600 31.4700 31.4700 31.4600 31.4600 31.4600 31.4800 31.4600 31.4700 31.4700 31.4900

Component

Analysis of Variance Table

Sum of Squares DF Mean Square

Between-filamerts

Error
O.272OE-O2 3

0.I548E-0I 52

0.9067E-03

0.2977E-03

to

F-Random

3.05

F-table (0.01 ) = 4.19 , F-table (0.05 ) = 2.77

CTF = 0.65956E-02

0 | = 0.17253 E-01



Table 6 Variance of Between-filaments for U-238 (U-238:U~235:
U-233=1: | : | )

INPUT DATA

A 1 31.2600 31.3100 31.3100 31.2600 31.2700 31.2800 31.2800 31.3000 31.2800 31.2500 31.2800 31.3000 31.2600 31.2700

A 2 31.3400 31.3400 31.3400 31.3300 31.3300 31.3300 31.3300 31.3200 31.3200 31.3300 31.3300 31.3000 31.2900 31.2900

A 3 31.3300 31.3600 31.3000 31.3000 31.2900 31.2800 31.2900 31.2900 31.2700 31.3400 31.3000 31.3000 31.3000 31.3300

A 4 31.2400 31.3000 31.2700 31.2900 31.2900 31.2600 31.2600 31.2500 31.2600 31.3100 31.2800 31.2700 31.3000 31.3100

Analysis of Variance Table

Component Sum of Squares DF Mean Square F-Random

Between-filaments 0.1993E-0I 3 0.6643E-02 14.66

Error 0.2356E-0I 52 0.4530E-03

F-table (0.01) = 4.19

0> = O.21O28E-OI

CTE = 0.21285E-01



Table 7 Variance of Between-filaments for U-235 (extremely small loading
sample size.)

INPUT DATA

A 1 49.5933 49.6128 49.6075 49.6238 49.4827 49.6071 49.5545 49.5959 49.7190 49.6952 49.6590 49.5858 49.6991 49.5833

A 2 49.8077 49.9099 49.9850 49.9563 49.7886 49.4628 49.7264 49.6846 49.7630 49.7290 49.7884 49.7756 49.7984 49.6980

A 3 49.8637 49.8649 49.8692 49.8491 49.8501 49.9293 49.9307 49.8823 49.8324 49.8342 49.8355 49.9200 49.8360 49.8656

A 4 49.8323 49.8954 49.8370 49.7364 49.7805 49 ""584 49.8674 49.6968 49.6964 49.8350 49.7904 49.7690 49.7683 49.7322

A 5 49.8550 49.8823 49.8196 49.8901 49.8116 4 ,23 49.8692 49.7819 49.8465 49.8246 49.8875 49.8250 49.9276 49.9029

A 6 49.9232 49.9486 49.9213 49.9656 49.9146 50.1322 50.1243 50.0049 49.9933 50.0297 49.9421 49.9232 49.8234 49.9068

Analysis of Variance Table

N3
Ul

I

Component
Between-filaments

Error

Sum of Squares
0.I023E+01
0.4580 E+00

F- table (0.01) = 3.27
Oy * 0.11917 E+00

OF
5

78

Mean Square
0.2047 E+00
0.5872 E-02

F-Random

34.86

(TE * 0.76631 E-OI



Table 8 Comparison of variance between Within-filament and Between-filament

Normal (lOjug U/Filament)

Nuclide

Atom%( f fF,CV)*

a E ( C V ) * *

a A ( C V ) * *

o'E/o'A

U-234

0.5218(0.0021.0.41%)

0.00243(0.47%)

0.00202 (0.39%)

1.2

U-235

49.886(0.016.0.032%)

0.0457(0.092%)

0.00768(0.015%)

6.0

U-236

0.0737(0.006,0.81%)

0.00101(1.4%)

0.000531 (0.72%)

1.9

U-238

49.519 (0.016.0.032%)

0.0460(0.092%)

0.00979(0.020%)

4.7

o Small (0.1 jug U/Filament)

Nuclide

Atom%(°"F,CV)*

°"E(CV)**
ffA(CV)**

ffE/°A

U-234

0.5302(0.0035,0.65%)

0.00625(1.2%)

0.00304 (0.57%)

2.1

U-235

49.812(0.12,0.24%)

0.0766 (0.15%)

0.119(0.24%)

0.64

U-236

0.0779 (0.0010.1.3%)

0.00166(2.1%)

0.000948(1.2%)

1.8

U-238

49.580 (0.12,0.24%)

0.0770(0.16%)

0.121 (0.24%)

0.64

* : standard deviation from the arerage of each effect level
* * "• calcalated by one-way variance analysis

relationship among 0>.CFE and $ : 0"2f = { a e / / n " ) 2 +



Table 9 Significance Test of Temperature of Sample Filaments, R38

A1

A1
A3
A4

A5

Bl
1.1739
1.1761
1.1740
1.1736
1.1763

INPUT
B2
1.1777
1.1811
1.1802
1.1785
1.1817

DATA

B3
1.1776
1.1810
1.1822
1.1833
1.1825

Analysis of Variance Table
I

I

Component Sum of Squares DF Mean Square F- Radom

Between-filaments (A)

Temperature (B)

Error

T

0.2395E-04 4
0.1176E-03 2
0.1449E-04 8
0.1560E-03 14

0.5987 E-05

0.5879 E-04

0.1811 E-05

3.31
32.46

= 0.11798 E-02
CTB = 0.3375E-02
0-E * 0.1345E-02



Table 10 Significance Test of Temperature of Sample Filaments, R58

INPUT DATA

A1
A2
A3

A4
A5

B 1
1.0050
1.0062
1.0047
1.0056
1.0064

B2
1.0075
1.0078

1.0085

1.0073
1.0090

B3
1.0074
1.0078

1.0090
1.0078
1.0080

Component

Analysis of Variance Table

Sum of Squares DF Mean Square

m
oa

F-Radom

Between-filaments (A)
Temperature (B)

Error
T

0.2448 E-05
0.1968 E-04
0.3197 E-05
0.2532 E-04

aA = 0.26614 E-03
aB =0.13739 E-02
CTE =0.63214 E-03

4

2

8

14

0.6121 E-06

0.9838 E-05

0.3996 E-06

1.53
24.62

F(0B,*E. 0.05) = 4.45



Table 11 Significance Test of Temperature of Ionization Filament, R 3 8

INPUT DATA

A I
A2
A3
A4
A5

B1
1.1739
1.1761
1.1740
1.1736
1.1763

B2
1.1760
1.1777
1.1745
1.1760

1.1754

B3
1.1783
1.1784
1.1754
1.1769
1.1800

Component

Analysis of Vaniance Table

Sum of Squares DF Mean Square

to
In

F-Radom

Between-filaments (A)
Temperature ( B )

Error
T

0.1639E-04
0.2325 E- 04

0.7939 E-05
0.4758 E-04

4
2
8

14

0.4098E-05
0.1162E-04

0.9924 E- 06

4.13

11.71

= 0.10174E-02
CTB = 0.14582 E-02
Ojr = 0.99617 E-03

,0.05) -4.45



Table 12 Significance Test of Temperature of Ionization Filament, R58

A
A
A

A

A

1
2
3

4

5

INPUT

Q 1

1.0050
1.0062
1.0047
1.0056
1.0064

B2
1.0063
1.0061
1.0054
1.0063
1.0063

DATA

B3
1.0074
1.0062
1.0058
1.0073
1.0069

Component

Between-filaments (A)

Temperatune (B)

Error

T

Analysis of

Sum of Squares

0.2810 E-05
0.3263 E-05
0.1916 E-05
0.7990 E-05

CTA = 0.39282 E-
OB S 0.52766 E-
0-E = 0.48945 E-

Variance

DF

4

2

8

14

03
03

03

Table

Mean Square

0.7025 E-06
0.1632 E-05
0.2396 E-06

F(0A, PE.0.01)
F(0A, J&E.O.O5)
F(£B . ^E.0.01)
F(^B , PE.0.05)

= 7
= 3
= 8
= 4

.12

.84

.73

.45

F-Radom

2.93
6.81

260-
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Table 13 Mass Discrimination Effect Value( ) Calculated from Measured Data
of Isotopic Standard Sample for Past Five Years

Sample Name

NBS U-O1O

U-030

U-O5O

U-IOO

U-900

U-93O

Pu~947

Pu-948

NBS U-OtO

U-O3O

U-O5O

U-IOO

U-500

U-900

Pu-947

Pu-948

8-952

NBS U-OO5

U-O15

U-5OO

U-930

B-951

B-952

Awrageof

0.69.

0.88.

0.59.

0.94.

C.65 .

0.54.

0.69.

0.41 .

X--0.67 .

0.54.

0.53.

0.47.

0.62,

0.62.

0.46.

0.99.

0.55.

0.4! .

"x-0.60 .

0.65,

0.44,

0.58.

0.55.

0.14.

0.28.

7=0.60 ,
x-0.21 ,

,±(sH,a)x»/Wn, Range

±0.34, (1.03^0.35)

±0.08 . <0.96~0.80)

±0.12 , J0.71~0.47)

±0.17 . {1.10^-0.77)

±0.08 . (0.73^0.57)

±0.32 . (0.86-*Q.22)

±0.43 . (1.12*0.26)

±0.40 . (0.81^0.01)

ff'-0.17 (U.Pu)

±0.11 , (0.65^0.43)

±0.07 . (0.60~0.46)

±0.17 . (0.64~0.30)

±0.11 . (0.73~0.5U

±0.05 , (0.67-^0.57)

±0.10 , (0.56-X0.36)

±0.33 . (1.32^0.66)

±0.16 , IO.71~O.39)

±0.15 . tO.56~O.26)

<rOA7 (U.Pu)

±0.29 , (l.14~0.56)

±0.11 . (0.55~0.33)

±0.05 . IO.63~O.53)

±0.12 . (0.67~0.43)

±0.07 . (0.21~0.07)

±0.11 . (0.39^0.17)

tf:0.17 (U.Pu)
(T'-O.IO ( 8 )

Number of
FlIanMnt beads

6

21

12

7

5

5

5

Apparatus

12-90-SU-2-3

13

14

1 1

9

7

13

5

7

7

6

12-90-SU-2-9

S

12

6

9

18

12

12-90-SU-2-19
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Table 14 Comparison of Mass discrimination Effect Value ( £ )
and Coefficient of Correction

* '• F58 = l / {1+(3/ 2 38)x£) , * * : F 6 9 = l / { 1 + ( 3 / S 9 ) x £ )
Value of JM=3, U-238 base Value of JM=3, Mass Number 89{No2BO2

+) base

O.I

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

F58 (U) *
0.9987
0.9975

0.9962
0.9950

' 0.9937

0.9925
0.9913

0.9900
0.9888

0.9876

F69 (B)
0.9966
0.9933
0.9900
0.9867

0.9834

0.9802
0.9769

0.9737
0.9706
0.9674
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Table 15 Variance of Measured Ratio due to Time

No.

1

2

3

4

5

6

7

8

9

!O

11

12

13

14

Atom %

U-234

0.00542

0.00549

0.00548

0.00526

0.00517

0.00523

0.00526

0.00529

0.00540

0.00530

0.00534

0.00537

0.00534

0.00527

U-235

1.008

1.010

1.009

1.012

1.013

1.012

1.0 It

1.012

1.007

1.014

t.007

1.014

1.012

1.010

U-236

0.00696

0.00699

0.00696

0.00654

0.00659

0.00668

0.00658

000629

0.00674

0.00635

0.00645

0.00649

0.00663

0.00654

U-238

98.980

98.978

98.979

98.977

98.976

98.977

98.978

98.977

98.981

98.974

98.982

98.974

98.976

98.979

Ratio

R46

0.00005478

0.00005543

0.00005533

0.00005312

0.00005226

0.00005284

0.00005310

0.00005343

0.00005459

0.00005354

0.00005392

0.00005427

0.00005396

0.00005325

R58

0.01018

0.01020

0.01019

0.01022

0.01023

0.01022

0.01021

0.01022

0.01017

0.01025

0.01017

0.01025

0.01022

0.01020

R68

0.00007003

0.00007006

0.00007033

0.00006607

0.00006656

0.00006745

0.00006651

0.00006352

0.00006807

0.00006418

0.00006512

0.00006557

0.00006694

0.0000661 1

Oat*

Aug. 25,1976

F«b.25,1977

Apr. 5,1977

Aug. 5,1977

S«p.22,1977

Oct.21,1977

Nov. 16,1977

OK. 16,1977

Jan.25,1978

Jan.27,1978

Jan.27,1978

Jan. 28,1978

Jan. 31,1978

Apr. 4,1978

Sample
Apparatus

R58 Average of No I ~ No 14
(7

CV (%)
R58 Average of No 9 ~ No 13

0"

CV(%)

: NBS U-010

: Nuclidt 12-90-SU-2- 9

• 0.01021

0.00003

• 0.3 %

0.01021

0.00004

0.4 %
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Table 16 Isotopic Abundance and Between-filament Variance

Isotopic Abundance

99.97%

99.56%
99.0Q%

90.00%
50.00%

10.00%
1.00%
0.10%

0.01%
0.001 %

Betvwen-filament Variance (a)

0.00017

0.0034

0.0038
0.019

0.023
0.020

0.0038
0.00065

0.00011
0.000019

CV (%)

0.00017 %

0.0034 %

0.0038%
0.021 %

0.046 %
0.20 %

0.38 %
0.65 %

I.I %
1.9 %
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U-233 Spl. Sol.

2mL

0.8mgU/mL

NBS-500 Sol.

2 ml

1.6mgU/mL
A

mixing
4.8mgU/4mL

1ml I m l I m l

drying

redlssolvlng

loading 2Ojul

on 5 filament beads

I I

\

I
measuring

at range of 107,17
,0.17 of amplifier

1 lOjul

' / / / / / / /

2N HN03
(No.1)
1ml

n.
0.3N HNO3
(No.2)
Iml

n HIctillnH

water
(No.3)
Iml

r\

t//////i

0.3N HNO3
(No.4)
1ml

i

at range of only 107 at range of only 17
of amplifier of amplifier

1) current of Ion. Fil.
being constant

current of Sam. Fit.
rising d 3 steps

2) opposite
conditions

1)5007,6707,9007
of Sup. volt.

Fig. 1 Flow of Test for Mass Discrimination Effect



Uranium
0.03190

85

60

75

R53 0.03171

65

60

55

0.03152

NBS-030, R 5 8 , £ Control Chart (20") Su-2-19

1.19

)3 0.71

0.23

1.11
1.01
0.91
0.81

I
0.61
0.51
0.41
0.31

Date
Analyst

r*^

8 1 4 10 4 12 2 4 4 4 5 5 6 8 10 12 12 3
15 14 21 14 19 1326 9 17 29 14 15 17 8 II 4 15 31

75 76 76 76 78 79 80 80 80 80 80 80 80 80 80 80 80 81

Fig. 2 Control Chart of Measurured Ratio of Standard and B Value
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0.01

>

0

0.001 %<Atom%< 5.0%
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: Y = - 0 4816 X^O 4010X-06237—

: Y = - 19.46 X+36.41 —
: Y = -644.63X+I285.4

0.1 1 10

g(Atom%)

o

rtf-

.. o :U
A : Pu

- - D : Nd
x :B

-- 1

a?

o
- 0 . 1 —a

o

i

: | 0.01

: : 0.001

oo a 0 0 0 1

Fig. 3 Relationship between Isotopic Abundance and Analytical Error
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o:U
A. PJJ
x - B

( 0

c
0

x*

* X

X.

x . (
^\
n j

J

?\
\

|

1
I j
II
1

—H
IIII
1
1I

0.01 _

O

o

0.001

90 95 100

log (atom%)
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SUMMARY

Total plutonium is selectively determined by a controlled-potential coulometric
method in which plutonium is reduced to Pu(III) at 0.25 V (vs. SCE) in a 5.5 M hydro-
chloric acid—0.015, M sulfamic acid electrolyte, diverse ions are oxidized at 0.57 V,
phosphate is added to reduce the Pu(III)—Pu(IV) potential, and Pu(IH) is oxidized to
Pu(IV) at 0.68 V. None of more than 50 metal ions present in nuclear fuel-cycle material
interferes. Many anions are without effect and most interfering ones are removed by
preliminary fuming with perchloric acid. The apparatus described consists mainly of
commercial components. The relative standard deviation is <0.1% at the 5-mg plutonium
level.

In about a 10-year span following the development of a reliable controlled-
potential coulometer by Booman [1] in 1957, many methods were developed
for the determination of plutonium. Several reviews have been published
[2—7]. These show that various electrolytes have been used for both reductive
and oxidative titrations of the Pu(III)—Pu(IV) and Pu(V)—Pu(VI) couples.
The Pu(III)—Pu(IV) couple behaves reversibly and nearly stoichiometrically
and, therefore, has been used almost exclusively. Mineral acid media used as
the electrolyte include hydrochloric acid, nitric acid, perchloric acid, and
sulfuric acid. A worrisome interference has been iron. The general order of
increasing differences in the potentials of the Pu(III)—Pu(IV) and Fe(II)—
Fe(III) couples in mineral acid electrolytes is sulfuric acid, nitric acid,
perchloric acid, and hydrochloric acid. In hydrochloric acid media, the
difference increases with increasing acid concentration. Although interference
of iron is greatest in sulfuric acid medium, sulfuric acid has been used
extensively because of the high degree of stoichiometric reaction and its use
in prefuming samples to volatilize interfering anions snd organic components
and to dissociate polymetric plutonium species.

The current need for a controlled-potential coulometric method for
plutonium was its use in an automated analyzer. Initial objectives were high
selectivity, a precision of 0.1% relative standard deviation at the 5-mg
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plutonium level, determination of total plutonium when present in any
oxidation state, and long-term stability of electrode performance. When this
investigation was started, Davies and Townsend [8] reported a selective
potentiometric method for plutonium. They used a hydrochloric acid-
aluminium chloride—sulfamic acid electrolyte. Plutonium was reduced to
Pu(III) with excess of copper(I) chloride, the excess of Cu(I) and Fe(II)
were titrated with potassium dichromate to an end-point without oxidation
of Pu(III), suifuric and phosphoric acids were added to lower the Pu(III)—
Pu(IV) potential, and Pu(III) was titrated to Pu(IV) with potassium di-
chromate to a second end-point. Salient features were the strong chloride
medium in which the potentials of the Fe(II)—Fe(III) and Pu(III)—Pu(IV)
couples are well separated, use of aluminium(HI) to complex fluoride and
hence nullify its interference, use of sulfamic acid to increase tolerance for
nitrite, and addition of sulfate and phosphate to complex Pu(IV) and lower
the Pu(III)—Pu(IV) potential to a value at which Pu(III) is titrated to Pu(IV)
without oxidation of chloride.

The controlled-potential coulometric method developed here for deter-
mining total plutonium is based on concepts incorporated in the Davies—
Townsend method. A platinum-gauze working electrode and a 5.5 M hydro-
chloric acid —0.015 M sulfamic acid electrolyte are used; plutonium is
reduced to Pu(III) at 0.25 V, diverse ions are oxidized at 0.57 V, sodium
dihydrogenphcsphate is added, and Pu(III) is oxidized to Pu(IV) at 0.68 V.
All potentials in this paper are relative to the saturated calomel electrode. In
addition to experiments associated with the development of this method, an
ty tensive investigation of tolerances to diverse ions is presented.

Instrumentation mainly consists of commercial electronic components
which serve in a recently constructed automated analyzer. The precision of
measurement is <0.1% relative standard deviation at the 5-mg plutonium
level. Precision is improved by daily calibration of the electronics. A later
Los Alamos Scientific Laboratory Report will describe in detail the mechan-
ical and electrical features of the automated analyzer.

EXPERIMENTAL

Apparatus
The commercially available electronic components selected provide more

than the minimum required for controlled-potential coulometry. The complete
mechanical and electrical operation, as well as data processing, are controlled
by a programmable calculator. The equipment (Fig. 1) provides capability
for several eiectrometric analysis techniques. The apparatus is centered
about a Princeton Applied Research 173D potentiostat-galvanostat (having
a compliance voltage of ±100 at currents up to 1 A) and a 179D digital
coulometer (having an integration reproducibility of 0.02% full scale) that
are interfaced to a Hewlett-Packard 9825A programmable calculator.
Interfaced and under control of the calculator are a scanner, digital multi-
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Fig. 1. Electronic components.

meter, a digital-to-analog converter, a clock, and a digital plotter. The
calculator controls most functions of the potentiostat and the coulometer,
and receives and processes data from them.

Controlled-potential or controlled-current titrations are done with the
calculator establishing and controlling electrolysis conditions and monitoring
the variables of interest such as current, voltage, coulombs, and time. The
output data can be processed on-line, decisions made, and conditions adjusted,
or the data can be stored on a magnetic tape cassette for later analysis. The
digital multimeter measures the variable selected by the scanner. The digital-
to-analog (D/A) converter makes it possible (for the calculator) to select
a required electrode potential in the controlled-potential mode or current
in the controlled-current mode. During all phases of an electrolysis, the on-
line digital plotter records the variables of interest, usually a plot of logl0
current vs. time or electrode potential vs. time.

Programs are written in a high level language, HPL, and are easily changed.
This flexibility allows the many factors that influence an electro-titration to
be thoroughly evaluated. For example, one program carries out a controiled-
potential coulometric titration involving reduction at a set potential and
sequential oxidation at two different potentials. The controlled operational
sequence includes (1) clearing the coulometer, (2) setting the reduction
electrode potential, (3) electrolysis to a selected background current level,
(4) outputting coulombs, (5) resetting the coulometer, (6) setting the first
oxidation potential, (7) electrolyzing to a selected background-current-level
end-point, (8) outputting coulombs, (9, 10, 11, 12) repeating steps (5-8)
for the second oxidation, and (13) stopping the electrolysis. The electrolysis
can be interrupted at any time for manual operation and can be returned
to any point in the calculator-controlled mode.
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The controUed-potential coulometric cell (Fig. 2) provides good long-
term stability. The cell is fabricated simply by flame-sealing a flat glass bottom
onto a section of glass tubing. The 45-mesh platinum-gauze working electrode
rests on the bottom of the cell. The platinum counter electrode and the
saturated calomel reference electrode, each in separate compartments
containing 5.5 M HC1, are isolated from the cell solution by porous Vycor
disks. The counter electrode is located in the center of the cell to provide a
uniform potential gradient relative to the working electrode. The SCE is
located adjacent to the working electrode for best control. Stirring is provided
by a glass paddle driven by a 1800-rpm synchronous motor. The cell cover
is a teflon plate with holes for the stirrer, electrode connections, and an inlet
tube delivering nitrogen sweep gas. The teflon plate provides a low-friction
bearing surface for the stirrer to give wobble-free operation.

Reagents
The 5.5 M hydrochloric acid was prepared by passing hydrogen chloride

into distilled—deionized water, and then diluting with the same water as
necessary, based on titration with standardized sodium hydroxide. The 5.5 M
HC1—0.015 M sulfamic acid electrolyte was prepared by dissolving 1.46 g of
sulfamic acid in 5.5 M hydrochloric acid to a final volume of 1 1. This
mixture is stable for at least two months.

A 5 M phosphate solution was prepared by dissolving 690.0 g of NaH2PO4

• H2O (AR grade) in purified water to a 1-1 final volume. Of several brands
evaluated, Mallinckrodt has proven consistently reliable.

RESULTS AND DISCUSSION

The initial experiments established an electrolyte composition and the
potentials for reduction of plutonium to Pu(III) and the oxidation of diverse
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ions, especially iron. Complexing agents were evaluated for decreasing the
Pu(III)—Pu(IV) potential, and the potential for oxidation of Pu(III) to
Pu(IV) was checked. The effects of over 75 diverse metal ions and non-metal
anions were measured. A procedure for daily calibration of instrumentation
electronics was devised to improve measurement precision. During the course
of the investigation, long-term, as well as short-term, precision was evaluated,
and a treatment was devised for restoring effective electrode behavior.

Electrolyte composition and potentials of initial reducticn and first oxidation
The potentials of the Fe(II)-Fe(III) and Pu(III)-Pu(IV) couples in the

1.1 M HC1—1.1 M A1C13—0.15 M sulfamic acid electrolyte used in the Davies
and Townsend potentiometric method were found to be 0.41 V and 0.67 V,
respectively, giving a difference of 0.26 V. A larger difference was considered
necessary to reduce interference from iron to a level permitting determination
of plutonium with a relative standard deviation of 0.1%. Also, this electrolyte
was viscous, which impaired stirring.

Lithium chloride and hydrochloric acid, each alone and in mixtures over a
total chloride concentration range of 2.5—7.5 M, were evaluated. The
potentials of the Fe(II)-Fe(III) and Pu(III)-Pu(IV) couples (Table 1)
decrease as expected, because of preferential chloride complexing of Fe(III)
and Pu(IV); as can be seen, the largest difference between the potentials of
the two couples is obtained in hydrochloric acid alone. To establish an
optimum hydrochloric acid concentration, these potentials were measured
with greater accuracy over the range 2.5—7.4 M HC1 (Table 1). The values
generally agree with values reported earlier. From 5.5 to 7.4 M, the difference
in the potentials is maximal and essentially constant at 0.315 V. At this
difference, the Nemst equation predicts that 99.6% iron(II) can be oxidized
with less than 0.1% plutonium(III) oxidized. This was considered adequate
to allow eventual selection of first and second oxidation potentials that
would provide plutonium determinations with 0.1% relative standard
deviation. The lower level of 5.5 M HC1 was selected for the electrolyte. The
apparent advantage of using stronger hydrochloric acid, to oxidize Pu(III)
to Pu(IV) at a lower potential and thereby decrease diverse ion interferences,
is more than offset by the increased background current caused by electrolysis
of the hydrochloric acid.

Plutonium(IV) complexation and potential for oxidation ofPu(III) to
Pu(IV)

Attainment of >99.9% oxidation of Pu(III) to Pu(IV) in 5.5 M HC1
requires a 0.863-V potential at which electrolysis of the hydrochloric
acid prevents measurement. In the Davies and Townsend method, a mixture
of sulfate and phosphate was added to lower the oxidation potential of the
Pu(III)—Pu(IV) couple. To minimize the number of chemicals added and,
therefore, the possible introduction of diverse ion interferences, sulfate and
phosphate were evaluated independently. At a practical upper level of 2 M
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TABLE 1

Potential* of Fe(II)—Fe(III) and Pu(III)—Pu(IV) couples in various mixtures of LiCl and
HC!

Solution composition

Initial measurements
2.5 M LiCl
1.5MLiCl-lMHC]
2.5 M HCI
5 M LiCl
4 M LiCl-1 M HCI
3 M LiCr-2 M HCI
5MHC1
4.5 M LiCl-3 M HCI
7.5 M HCI

Potential of couple
Fe(II)-Fe(ni)

0.47
0.44
0.42
0.42
0.41
0.39
0.37
0.35
0.31

Later measurements in HCI alone (av. ± s.d. for n
2.5 M
4.7 M
5.5 M
5.8 M
6.6 M
7.0 M
7.4 M

0.446 ± 0.0026
0.397 ± 0.0015
0.372 ± 0.0021
0.371 ±0.0017
0.343 ± 0.0021
0.332 ± 0.0015
0.323 ± 0.0010

Pu(III)-Pu(IV)

0.68
0.67
0.68
0.65
0.69
0.69
0.67
0.65
0.63

= 3)
0.705 ±
0.701 ±
0.686 ±
0.686 ±
0.662 ±
0.649 ±
0.640 .

0.0080
0.000
0.0013
0.0015
0.0010
0.0006
0.0017

Difference

0.21
0.23
0.26
0.23
0.28
0.30
0.30
0.30
0.32

0.259
0.304
0.314
0.315
0.319
0.317
0.317

± 0.0084
±0.0015
± 0.0025
± 0.0023
± 0.0023
±0.0016
± 0.0020

sulfate, added as sulfuric acid, the potential was lowered by an inadequate
0.1 V. Phosphate proved effective. The potential of the Pu(III)—Pu(IV)
couple decreased from 0.69 V in 5.5 M HCI alone, to 0.54 V at 0.56 M
phosphate, and to 0.48 V at 1.33 M phosphate. A level of 1 M phosphate,
giving a potential for the Pu(III)—Pu(IV) couple of 0.50 V, was selected.
It is practical to attain this molarity and >99.9% oxidation of Pu(III) to
Pu(IV) was predicted at 0.68 V at which the electrolysis of 5.5 M HCI is
insignificant.

As sources of phosphate, phosphoric acid and the most soluble salt,
sodium dihydrogenphosphate, were evaluated. At first, both proved effective,
but the performance of the platinum-gauze working electrode gradually
deteriorated on continued exposure to phosphoric acid. This was observed
in various degrees for different brands. In preference to lengthy testing for
a suitable phosphoric acid reagent, a 5 M NaH2 PO4 solution was adopted.

A series of tests showed that the potentials of the Fe(II)—Fe(III) and
Pu(III)—Pu(IV) couples were not significantly different for 5.5 M HCI and
the mixture of 5.5 M HCI and 0.015 M sulfamic acid as electrolytes. An
initial reduction potential of 0.25 V was experimentally established to
reduce >99.99% of both Pu(IV) and Pu(VI) in less than 5 min and 8 min,
respectively, in the 5.5 M HCI—0.015 M sulfamic acid electrolyte. The
reduction of Pu(VI), reported [3] to be incomplete in hydrochloric acid
media of unstated concentration, proceeds at a fast rate in 5.5 M HCI. A
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plot of the reduction current vs. time shows a two-step reduction of Pu(VI)
to Pu(IV) and Pu(IV) to Pu(III). Apparently, the rate of the first reduction
is increased at higher acidity in accordance with the reaction PuO2

2+ + 4H*
+ 2e~ - Pu4* + 2H2O, and the second reduction, Pu4+ + e" - Pu3+, which
does not involve extensive dissociation of Pu—O bonds, proceeds rapidly.

With conditions thus selected for the electrolyte, the plutonium com-
plexant, and the potentials for the initial reduction and second oxidation,
experiments were undertaken to establish an "optimum" potential for the
first oxidation. The general experimental conditions included approximately
equal molar amounts of plutonium (5 mg) and iron (1 mg) separately and
together, 10 ml of 5.5 M HC1—0.015 M sulfamic acid electrolyte, nitrogen
sweep for 10 min prior to electrolysis and then during electrolysis, initial
reduction at 0.25 V, first oxidation at variable voltages, addition of 2.5 ml
of 5 M NaH2PC>4, and second oxidation at 0.68 V. The reduction and two
oxidations were continued until a 50-jxA current was attained. Background
corrections were applied to the coulombs measured at the two oxidations
using values obtained for equal elapsed reaction times of electrolyte alone
and then with added sodium dihydrogenphosphate. The average results of
at least four measurements (given as percentage iron and plutonium oxidized
at initial oxidation voltages from 0.54 to 0.57 V and at the second oxidation)
are presented in Table 2. The reaction end-point of 50 //A selected for the
first oxidation represents a mixture of unoxidized iron, unoxidized
plutonium, and residual current with ratios varying as a function of the
potential. A potential of 0.57 V was selected for the method; virtually all
iron is then oxidized and onlv' 0.07% plutonium is oxidized. The high stability
of the cell components, including the platinum-gauze working electrode, and
of the instrumentation provides long-term reproducibility of voltages so that
the low percentage of plutonium oxidized at the first oxidation is essentially
constant.

Tolerances of diverse metal ions and nonmetal anions
The results of detailed measurements of 50 metal cations are presented

in Fig. 3. No metal cation normally present in the nuclear fuel cycle at a

TABLE 2

Oxidation of iron and plutonium at various first oxidation potentials and 0.68 V for the
second oxidation

First oxidation

Potential
(V)

0.54
0.55
0.56
0.57

%Fe
oxidized

99.89
99.93
99.97
99.99

%Pu
oxidized

<0.01
0.01
0.04
0.07

Second oxidation

%Fe
oxidized

0.11
0.07
0.03
0.01

%Pu
oxidized

100
99.99
99.96
99.93
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Fig. 3. Cation tolerances.

molar ratio of one relative to plutonium interferes; interference is defined
as a change significant at the 95% confidence level relative to plutonium
alone. The level of plutonium used for each test was 0.02 mmol (5 mg).
Only four metals, antimony, gold, iridium, and selenium, interfere at a
0.1 molar ratio; these oxidize at 0.68 V to cause positive bias. Tungsten
and thallium partially oxidize at 0.68 V to cause positive bias at an equal
molar ratio but have no significant effect at a 0.1-molar ratio. Zirconium
and hafnium precipitated on addition of the dihydrogenphosphate; results
are low at equal molar ratios, possibly because of slight occlusion of
plutonium in the precipitate.

Platinum interfered unexpectedly; at 0.25 V,, it reduced and adhered to
the working electrode. At the 0.57-V initial reduction, it stripped from the
electrode and oxidized partially. It oxidized further at 0.68 V to cause
positive bias, and also impaired the response of the electrode so that chemical
cleaning was necessary.

Not all the elements in the alkali metal, alkaline earth, and lanthanide
groups were tested. The results for representative members are considered
to apply to all members. In the lanthanide group, the representative members
were cerium and europium which have tetravalent and divalent states,
respectively, in addition to the trivalent state of the other members.

To ensure the applicability of the method for determining plutonium
in mixed uranium—plutonium cermet-type fuels, the tolerance for uranium
was measured carefully at a 10:1 molar ratio. There was no significant
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TABLE 3

Anion tolerances

Anion

Acetate
Borate
Br"
BrO,"
Citrate

cr
cio,-
cior
EDTA
F-
Fortnate
H A

Tolerance
level"

500
500

5
<5

500 •
500
<5

500
500
<5

500
50

Anion

r
IO 3 -
NO3-
Oxalate
PO4

3"
S2"
so5

3-
so. j-
s2o3

1-
s2o, j-
SCN-
Tartrate

Tolerance
level*

50
<5
50b

<5
<25
<5
<5
50
<5

5
<5
50

Metal
ion

MnO4-
MoO,2"
vo3-

Tolerance
level*

1
1
1

'The highest molar ratio tested without interference. Molar ratio relative to plutonium
(0.02 millimole; 5 mg). A < 5 value means interference at this level. bNot tested at 500
molar ratio because of possible degradation of platinum gauze working electrode by
HC1-HNO3 mixture.

difference in the results for six measurements relative to six measurements
of plutonium alone.

Nonmetailic anions were tested first at a 500:1 molar ratio relative to
plutonium (0.02 millimol; 5 mg). The results are given in Table 3. If an
effect was significant at the 95% confidence limit, lower molar ratios of
50 and then 5 were tested. The three metal anions, MnO4", MoO4

2~, and
VO3", were tested at a 1:1 molar ratio. Most interfering nonmetal ions
can be effectively removed by a single fuming with perchloric acid; this
was successfully tested for Br", BrOj", C1O3~, F", H2O2, I", NOf, S2~,
SO3

2-,andSCN-.
Additional tests were made regarding the interference of fluoride because

it is often present as a minor component in acid mixtures used to dissolve
plutonium compounds. It interferes mainly by lowering the potential of the
Pu(III)—Pu(IV) couple so that Pu(III) is partially oxidized in the initial
oxidation. At fluoride levels of 0.01 and 1 mmol, oxidation of 0.02 mmol of
plutonium was 0.5% and 68%, respectively. Addition of aluminium (as
AICI3) and boric acid reduced, but did not eliminate, fluoride interference.
At a fluoride level of 0.1 mmol, oxidation of 0.02 mmol of plutonium was
still 0.4% and 0.8% in the presence of 2 mmol of aluminium(III) and boric
acid, respectively.

Two precautions apply to the fuming with perchloric acid which was
used to eliminate the interference of fluoride and other nonmetal anions.
Fuming at moderate temperatures can leave some plutonium as Pu(III)
which forms insoluble PuF3. Addition of nitric acid with the perchloric acid
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prevents this. Effective dissolution of fumed residues, especially when baked,
in hydrochloric acid or in the 5.5 M HC1—0.015 M electrolyte requires
heating.

Method calibration and supplemental calibration of instrumentation
electronics

The oxidation of Pu(III) to Pu(IV) in the measured oxidation at 0.68 V is
about 0.9% less than theoretical. In preference to an electrical calibration
factor which may vary as a function of cell characteristics, a National Bureau
of Standards primary certified reference material, usually SRM 949 plutonium
metal, was used for calibration. For highest precision, calibrations are done
daily with two aliquots of the reference material.

A small day-to-day variance, typically <0.04%, was observed, from
instability of overall instrument electronics. This can be effectively eliminated
at the start of each day as follows. A 100-ohra resistor is substituted for the
cell and a 1-V potential from the potentiostat is applied across it. Time is
measured very accurately with a timer having a time base of 10 MHz and a
line-voltage stability of <1 part in 107 for 10% line variation. The calculator
controls the coulometer and timer. The chemical calibration factor is adjusted
by the ratio of the coulombs measured by the coulometer relative to the
coulombs calculated from the time—current measurement.

Measurement precision and treatment to restore effective electrode behavior
Under normal operating conditions, the platinum-gauze working electrode

can be stable for several months. When not in use, the cell is filled with 5.5
M HC1. The cleaning procedure to restore effective electrode behavior is
as follows: immerse the electrode in hot concentrated nitric acid for 1 h,
rinse in water, immerse in concentrated hydrochloric acid at room tem-
perature for 2 h, and process through the electrolysis conditions of the
method until the residual current is satisfactorily low. Usually two elec-
trolyses are adequate.

Measurements of the precision of the method and apparatus were obtained
at various stages of the method development and during use for routine
and special project analyses. During the investigation of interference effects,
5-mg portions of a plutonium reference material were analyzed over a three-
month period. The relative standard deviation, computed for 23 analyses,
was 0.19%. This investigation preceded development of the calibration
technique for instrumentation electronics which is estimated to improve
the relative standard deviation by 0.03—0.05%.

The method has been applied to special projects in which an effort was
made to attain highly reliable measurements. Replicate weighed portions of
samples were analyzed over periods of one to two weeks in each project.
Table 4 summarizes the precisions obtained for the last three projects;
precisions computed for the daily-processed aliquots of reference material
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TABLE 4

Precisions obtained for various samples

Material type

(U-Pu)O :; U/Pu = 3:1
calibration reference material
samples

PuO,
calibration reference material
samples

Pu nitrate solution
calibration reference material
samples

Miscellaneous
calibration reference material

Number of
measurements

6
18

12
16

12
4

15

Elapsed time
(days)

6
6

10
10

10
4

40

R.s.d.
(%)

0.084
0.100

0.090
0.109

0.090
0.070

0.074

and pooled precisions for the samples are presented. It should be noted that
the precisions, generally about 0.1% relative standard deviation for the
samples, represent the total random measurement error including components
from weighing, chemical operations, and the daily used calibration factors
computed from the reference material values.

This work was sponsored by the U.S. Department of Energy, Office of
Safeguards and Security.

REFERENCES

1 G. L. Booman, Anal. Chem., :\9 (1957) 213.
2 C. F. Metz and G. R. Waterbury, in I. M. Kolthoff and P. J. Elving (Eds.), Treatise on

Analytical Chemistry, Part II, Vol. 8, Interscience, New York, 1962, pp. 302—303.
3 W. D. Shuits, Taianta, 10 (1963) 833.
4 G. W. C. Milner and G. Phillips, in H. W. Nurnberg (Ed.), Electroanalytical Chemistry,

Wiley, London, 1974.
5 G. W. C. Milner, A. J. Wood, G. Weldrick and G. Phillips, Analyst, 92 (1967) 239.
6 E. Schmid, Oesterr. Chem. Ztg.,-68 (1967) 329.
7 E. Bishop, in C. L. Wilson and D. W. Wilson (Eds.), Comprehensive Analytical Chemistry

Vol. II D, Elsevier, Amsterdam, 1975, pp. 354—356.
8 W. Davies and M. Townsend, United Kingdom Atomic Energy Authority TRG-Report-

2463(1974).



LOS ALAMOS CONTROLLED POTENTIAL COULOMETRIC
METHODS FOR PLUTONIUM DETERMINATION

• Sulfuric Acid Electrolyte
• Well-established; over 13 years experience
• Routinely used for wide variety of samples

• Hydrochloric Acid-Sulfamic Acid Electrolyte
• Recently developed and incorporated into an

automated analyzer
• Used mainly to characterize reference materials

Los Alamos

00



SULFUR IC ACID ELECTROLYTE METHOD

• Sample Quantity
5 to 7 mg

• Pretreatment
Fume to dry ness with H2SO4

• Electrolyte
0.5M H2SO4 , Ar flow

• Electrodes
Pt gauze working, Pt wire
counter, SCE Reference

N5
00
U



SULFUR IC ACID ELECTROLYTE METHOD
(cont)

Apparatus
• Par Potentiostat/Galvanostat, 173 D
• Par Digital Coulometer, 179

Operating Potentials
• Reduce Pu to (III) at + 310 MV, 30/xA
• Oxidize Pu to (IV) at + 670 MV, 30/xA

Iron Correction
Quantitatively interferes,
Spectrophotometr ic determination
as Fe(II)- 0 - phenanthrolate

LosAlamoa

00
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SAMPLES ANALYZED AND TREATMENTS
FOR SULFUR IC ACID ELECTROLYTE METHOD

Pu Metal
Dissolve in HCl, one H2SO4 fuming

Pu Oxide
Dissolve 0.3 - 1G wi th
5 Ml 12M HCl, 0.15 Ml
16M HNO3 , 0.3 M1 1M HF at 160°C
in sealed reflux dissolver

L M Alamos

1
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SAMPLES ANALYZED AND TREATMENTS
FOR SULFUR IC ACID ELECTROLYTE METHOD

(cont)

Pu Fluoride
As oxide, but omit HF

(Put U) Carbide
• Ignite 0.3 - 1G at 800°C for 4 H
• Dissolve in 5 Ml 16M HN03 , 0.5M1 1M HF,

1 Ml 9M HsSO*. 1 Ml 12M HC104 a t
ambient reflux

• Fume twice with H2SO4
• Dissolve in 0.5M HgS04

Lo* Alamo*

00
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ALIQUANT DELIVERY FOR SULFUR IC
ACID ELECTROLYTE METHOD

• Transfer dissolved sample quantitatively to tared
polyethylene "squeeze" bottle using 0.5M H&Q4
rinses

• Usual concentration is 3 to 6 mg/g

• Deliver aliquants of 5 to 7 mg Pu into cells

• Fume aliquants with 0.5M HaS04 to dryness and
dissolve in heated 0.5M H2SO4

• Also done for dissolved Pu carbide if left
overnight

Only freshly H^Oi fumed aliquants are analyzed
• Otherwise lengthy reductions and erratic

results
• Perhaps sorption of atmospheric moisture

to form hydrolyzed species
Los Alamos
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REFERENCE MATERIALS AND BLANKS FOR
SULFUR IC ACID ELECTROLYTE METHODS

Characterization of reference materials and other special
materials
• NBS SRM 949 Pu metal
• Processed alternately with sample aliquants
• Minimum of three blanks per day including one at

day start

Routine samples
• Secondary reference material of dissolved, highly

pure Pu metal calibrated relative to SRM 949
• Minimum of three aliquants per day; precision

limit = 0.1% RSD
• Minimum of three blanks per day including one at

day start
• Calculate on basis of factor computed from secondary

reference material results
Ic* Alamos

00
00
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ELECTRODE TREATMENT FOR SULFURIC
ACID ELECTROLYTE METHOD

Alternate two Pt working electrodes

Unused electrode maintained in heated 16M HNO3



TYPICAL PRECISION FOR SULFUR IC
ACID ELECTROLYTE METHOD

•Reference material characterizations with SRM 949
processed alternately

• 0.05% RSDj both for sample and SRM 949 aliquants
| •Equivalent to 0.07% RSDi total

•Does not include NBS stated uncertainty on SRM 949
certificate which can be dominant

•Routine samples

•0.05 to 0.08% RSDi both for sample aliquants and
secondary reference material

•Equivalent to - 0.1% RSDi total
•Uncertainty of secondary reference material,

including uncertainty of SRM 94C, approaches
0.2% RSD

Los Alamos



HYDROCHLORIC ACID - SULFAMIC ACID
ELECTROLYTE METHOD

• Sample quantity
5 to 7 mg

• Pretreatment
Fume to dryness with HC104 if necessary to
remove anionic interferences

• Electrolyte
5.5M HCl, 0.015 sulfamic acid, N2 flow

• Electrodes
Pt gauze working, Pt wire counter, SCE
reference

V

• Apparatus
Par potentiostat/galvanostat, 173D
Par digital coulometer, 179 Lo8Alamo8



HYDROCHLORIC ACID - SULFAMIC ACID
ELECTROLYTE METHOD

Operating Potentials
• Reduce Pu to (III) at 0.57 V, 50/4A
• Add 12.5 mmol Na2HP04 to lower Pu(III) - Pu(IV)

couple
• Oxidize Pu to (IV) at 0.68 V, 50/xA
• Original procedure had initial reduction at

0.25 V. This has been demonstrated to be
unnecessary
• Pu reduces to (III) and Fe oxidizes to (III)

at 0.57 V

Interferences
• Very robust for metal ions
• Only Au, Ir, Sb, and Se interfere electro lytically

at 0.1 mole ratio relative to Pu
• Anion tolerances, mole ratio relative to Pu

• Ft <5
N02" N03- SO4*, 50

Los Alamo*
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SAMPLES ANALYZED AND TREATMENTS FOR
HYDROCHLORIC ACID - SULFAMIC ACID

ELECTROLYTE METHOD

Directly Applicable to Samples Dissolved in HC1

• Applied mainly to reference material
character izations

• Oxides dissolved using sealed quartz tube,
Teflon-container metal-shell apparatus, or
sealed reflux dissolver

Other Acid Media

• Fume to dry ness with HC104 in electroylsis
cell of simple design

• Dissolve residue with heated HC1
Loe Alamos
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ALIQUANT DELIVERY FOR HYDROCHLORIC
ACID - SULFAFIIC ACID ELECTROLYTE METHOD

Have used both polyethylene - "squeeze" bottles and

delivery into tared cells

• Difference is small but significant

• Thus same delivery technique used for sample and

reference material aliquants

Evaporated samples are freshly dissolved in heated HC1

• Otherwise lengthy., incomplete reductions attributed

to hydrolyzed, polymeric Pu



INSTRUMENT ELECTRONIC CALIBRATION

Small day-to day variance, typically <0.04%, caused
by overall instrument electronics

Reduced to insignificance as follows

• Substitute 100-OHM resistor for cell
• Apply 1 V
• Measure time very accurately with timer having

a time base of 10 MHZ and line-voltage stability
of <lE-7 for 10% line variation

• Use factor of ratio of coulombs measured by
coulometer relative to calculated coulombs from
the time-current measurement

Loa Alamos



REFERENCE MATERIALS AND BLANKS FOR
HYDROCHLORIC ACID - SULFAMIC ACID

ELECTROLYTE METHOD

Mainly applied to reference material characterizations

• Chemical Calibration

• NBS SRM 949 Pu metal
• Processed alternately with sample aliquants

• Blank

• Obtain longer-than-normal blank measurements
at the two potentials

• Apply blank coulomb values at elapsed times
unique for each reference material or sample
aliquant

Los Alamos



ELECTRODE TREATMENT FOR HYDROCHLORIC
ACID-SULFAMIC ACID ELECTROLYTE METHOD

• Pt working electrode maintained in 6M HC1 when
not in use

• Clean working electrode as follows

• Immerse in hot 16M HN03 , lhour
• Rinse with H20
• Immerse in 12M HC1, 2 hour
• Process blanks until residual currents

of 50 /j,k are attained in usual
elapsed times

• Immersion in molten KHS04 followed by blank
processing also used satisfactorily

Los Alamos
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TYPICAL PRECISION FOR HYDROCHLORIC ACID-
SULFAMIC ACID ELECTROLYTE METHOD

• 0.07% RSDi both for sample and SRM 949 aliquants

• Equivalent to 0.1% RSDj total

• Does not include NBS stated uncertainty on SRM 949

certificate which can be dominant
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Diseussion

Q - Could you elaborate on your experiences with samples or reference

materials that have been fumed and left to stand? I think that's new

information.

A - It is intriguing, because we recognized this when we were doing t;h"e

research on the HC1 electrolyte. I talked to our analysts in the routine

laboratory where the ^ S O ^ method is being used. I specifically asked

them, "Do you ever have any trouble after you fume a sample and let it

sit", and they replied "Co we have troubles". We talked about it and it

is indeed a problem; distinctly more of a problem with the H2SO4 than

with the HC1. It seems to pick up moisture and form a hydrolyzed

species. Then, you're in trouble. In the HC1 method, we ran into this

after we had distributed a very large set of standards by weight, that we

were going to use in the future. We had distributed them in cells, at

one tima for use over a month or two. Some of these had evaporated to

dryness and we thought, "this is simple we'll just add the HC1 and go

on". That is where we ran into the problems; those that had evaporated

to dryness ran very poorly.
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The New Brunswick Laboratory Method for the Determination

of Plutonium by Controlled-Potential Coulometry

Michael K. Holland, Jon R. Weiss and Charles E. Pietri
U.S. Department of Energy, New Brunswick Laboratory

Argonne, Illinois 60439
Introduction

Controlled-potential coulometry with several variations has been used

successfully for many years for the determination of plutonium. These various

methods can be both precise and accurate with uncertainties less than 0,2%

(relative). The basic method characteristically uses small samples (1-10 mg

Pu) and under ideal conditions is affected by only a few interferences.

Unfortunately, in actual practice many plutonium materials, whether scrap,

waste, or product types, and even those of reference material caliber, may

have unknown or uncertain compositions which preclude analysis by coulometry

with high reliability. These materials may contain extensive and varied

impurities from manufacturing, handling, or dissolution processes. They

frequently contain sufficient organic or other substances from pelletizing

operations or separations/purification processes, not readily removed by usual

chemical treatments, that rapidly poison the coulometer electrodes or preclude

the attainment of optimum current efficiency during electrolysis. These

effects may not be noticeable at the 0.2% uncertainty level, but become

significant when performing measurements requiring an uncertainty of better

than 0.05%.

Method Development

The historical direction for studying the controlled-potential

coulometric determination of plutonium at NBL is traceable to a basic

objective: to develop a reliable method for the routine determination of

plutonium capable of state-of-the-art accuracy and traceable by electrical

calibration to the national measurement system through electrical standards

and the Faraday.

Early studies showed that accurate and precise plutonium measurement

required a reproducible sample matrix, and corrections for background current

as well as for the fraction of plutonium not electrolyzed.^ '

Since a wide variety of plutonium-containing materials with unknown or
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uncertain histories are received by the New Brunswick Laboratory for analysis,

a purification of the plutonium is routinely made using a Dowex-1 (X-2) anion-

exchange separation in 8M H N O ^ ' ^ J ) b ef o r e determination by coulonetry.

following oxidation state adjustment to Pu(IV) by ferrous sulfate and nitric

acid treatments, plutonium is separated from most impurities. Only Th,

Np(IV), Au, Pt, Ir, and Pd remain with the plutonium to any significant

extent.' » ' These elements are either not normally present in plutonium

materials, or do not effect the coulometric determination, or their effect can

be readily eliminated.

While this couloraetric method^ ' produced acceptable'accuracy and

precision (mean plutonium recovery = 100.03%, RSD = 0.06%), the time required

for a single measurement of plutonium was well over an hour. Improved

stirring'*^ aad attention to working electrode conditioning' ' proved

effective in significantly reducing the analysis time. Electrolysis of the

supporting electrolyte to a background current of < 10 uA in approximately

three minutes and electrolysis of the plutonium solution to the same

background current in approximately fifteen minutes was achieved. While the

precision remained the same (RSD range = 0.05-0.08%), the recovery of

plutonium was unexplainably biased low (mean Pu recovery range •

99.83-99.93%).(6>7) The introduction of the control-potential adjustment

technique' ' further reduced the analysis time; background currents to 1-2 yA

were obtained for the supporting electrolyte in approximately two minutes and

electrolysis of the plutonium solution to this same background current took

five minutes. The use of the control-potential adjustment technique

eliminated the previous bias in plutoniura recovery' ' although the reasons for

this change were not obvious. The above variations in the bias were explained

later in further work in which a detailed evaluation of the MT Mr»del 3

coatrolled-potential coulometer was carred out, resulting in a more complete

description of the contribution of instrument error in plutonium

measurement.' ' While each of the method modifications described

above^*» '5»'»°) were theoretically valid, the presence or absence of a

measurement bias, was determined to be caused by the non-ideal responses of

the integrating capacitor and amplifier and by the effect of these non-ideal

responses upon the background current corrections and the instrument

calibration techniques used. For example, the fortuitous lack of plutonium

measurement bias observed in the early work^ ' and the appearence of
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measurement bias when improvements in stirring and electrode conditioning were

made' * * ', can be explained by the effect of analog integration errors upon

the plutonium measurement procedure. While signal loss due to leakage and

dielectric absorption will cause the electrolysis current integration data to

be biased low and the calibration factor to be biased high' ' causing a

partial cancellation of errors, the method for constant background current

correction further complicated this situation. Prior to the development of

corrections for analog integrator bias, corrections for constant background

current occurring during both supporting electrolyte and plutonium solution

electrolysis were made by mathematically extrapolating the integrator output

vs. time curves from the constant background current regions to time zero of

the electrolyses.^ ' The extrapolation of data from the electrolysis of the

supporting electrolyte yielded a reliable constant background current

correction because the magnitude of the integrator output data was small and

thus not seriously affected by non-ideal integrator phenomenon. However, data

from the plutonium solution electrolysis were biased low significantly because

of integrating capacitor dielectric absorption and leakage.*- ' Extrapolation

of these data yielded an inaccurate correction for the combination of constant

background current, integrating capacitor leakage, and dielectric

absorption. Effectively, extrapolation accurately corrected for constant

background current, neglected dielectric absorption, and overcorrected for

signal loss due to leakage. Extrapolation overcorrected for leakage, L,

according to the equation:

L VF
extrapolation = =—7;—

RL°
where RLC is the leakage constant and Vf is the final integrator voltage

output at time, tf. An accurate correction for signal loss due to leakage was

previously derived^ ':

V (t - T )
Lderived = f \ „ c

where T C is the time constant of the exponentially decreasing plutonium

solution electrolysis current. Extrapolation overcorrects for signal loss due

to leakage by the quantity VfTc/RLC, partially cancelling the neglected signal
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loss due to dielectric absorption. Since R^C is constant for a given

integrator and T dictates the electrolysis time, if the electrolysis time is

adequately long, then extrapolation can yield bias-free results. Furthermore,

decreasing the electrolysis time without consideration for the fortuitous

cancellation of errors should yield lower results, as was observed.

A representative portion of the material to be assayed must be weighed

with sufficient accuracy so that the random weighing error is not a major

limiting factor in the overall measurement uncertainty, i.e., a sufficiently

large sample must be taken. However, the resulting sample usually contains

substantially more plutonium than is required for measurement by controlled-

potential couloraetry. Aliquots of this sample (after dissolution, where

necessary) must be accurately prepared to obtain smaller portions more

appropriate for couloraetric measurements. Weight aliquots are normally

preferred to volume aliquots since greater accuracy is possible, sensitivity

to temperature fluctuation is reduced and, generally, the technique is more

adaptable to plutonium glove box operations.

While controlled-potential coulometry has a high tolerance for the effect

of impurities relative to other methods, for optimum results the measurement

should be made on plutonium of the highest possible purity, in a reproducible

matrix, and, with the exception of measurements made in dilute ^SO^

supporting electrolyte and 5.5M_HCl^ ', free from Pu(VI). Oxidation state

adjustment to Pu(IV) followed by anion-exchange purification with subsequent

fuming to dryness in sulfuric acid serve to produce and maintain the plutonium

in a near ideal state for coulometric measurement. The plutonium oxidation

state adjustment is accomplished by ferrous ion reduction:

Pu(IV) + Fe(II) •»• Pu(III) + Fe(III)

Pu(VI) + 3Fe(II) + Pu(III) + 3Fe(III)

The resulting Pu(III), and excess Fe(II), are oxidized to Pu(IV), and

Fe(III), with nitric acid:

3 Pu(III) + 4H+ + N0~3 + 3 Pu(IV) + NO + 2H20.



-304-

In 8M HHO3, the divalent plutonium(IV) hexanitrato anion, Pu(NO3)6 ,

quantitatively sorbs on Dowex-1 (X-2) anion-exchange resin. After eluting the

impurities from the resin with 8M_ HNOg, the plutonium is quantitatively

desorbed using dilute HC1-HF solution. The resulting Pu(IV) solution is

heated to dryness in sulfuric acid, thereby maintaining the oxidation state of

the plutoniura, removing volatiles (Cl~, F~, etc.), and yielding a readily

storable form, PuCSO^^. (Experience over many years has shown that PuCSO^^,

although slightly hygroscopic, naintains a stable Pu(IV) oxidation state under

ordinary glove box conditions.)

The fundamentals of controlled-potential couloraetry as applied to the

determination of plutoniura can be summarized as follows. In a controlled-

potential coulometric measurement, the substance being determined reacts at an

electrode, the potential of which is maintained at such a value that unwanted

electrode reactions are precluded or their effects minimized under the

prevailing experimental conditions. Those substances which have redox

potentials near that of the ion being determined constitute interferences.

Electrolysis current decreases exponentially as the reaction proceeds until

constant background current is obtained.

The procedure for the controlled-potential coulometric determination of

plutonium used at the New Brunswick Laboratory incorporates electrical

calibration traceable to a national measurement system; accurate corrections

for the background current, the fraction of plutonium not electrolyzed, and

the systematic error arising from non-Ideal analog integration; a reliable

NBL-designed stirring system; and the application of the control-potential

adjustment technique.(6»8»10)

Experimental

A summary of the standard and sample preparation, and controlled-

potential coulometry system used for the determination of plutonium is given

below. Plutonium Standard Solution. National Bureau of Standards SRM 949

(current issue) plutonium metal is used. A primary standard solution traceable

through the certified weight and assay of National Bureau of Standards

plutonium metal is prepared. The plutonium standard is quantitatively removed

from the ampoule and dissolved in a hydrochloric acid-nitric acid-hydrofluoric

acid mixture. Saaple Preparation. A sample of appropriate size is weighed so
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that the overall weighing error Is < 0.01%. If homogeneity of samples cannot

be assumed, multiple subsamples are taken.^ ' ' The sample is dissolved

according to standard practices.^ ' Weight Aliquots. After dissolution

of the sample and standard, HNO^ is added and the resulting solutions are

evaporated to a low volume to eliminate trace quantities of HF. Each solution

is transferred to a tared container with 8M_ HNO-j and aliquots containing 5-10

mg of plutonium are taken by weight. Sulfuric acid is added to each aliquot,

and the solution is heated gently to dense fumes of SO^, and the resulting

Pu(S0^)2 is fumed to dryness. Anlon Exchange Purification. The previously

prepared aliquots of the sample and the standard art dissolved in 1.5M_HNC>2,

and the plutonium(IV,VI) is reduced to plutonium(III) by 0.1M_ ferrous sulfate

solution. Sufficient 15M_ HNO3 is then added to oxidize the plutonium to

Pu(IV) and to adjust the acid concentration to 8M HNOg. The solution is

adjusted to 25 ml with 8M_HNO3 and poured into a polypropylene column

containing 5 ml of Dowex-1 (X-2), 50-100 mesh anion-exchange resin. After the

impurities are eluted with 8M^HNO3, the plutonium is quantitatively desorbed

from the column with 0.36M^HCl-0.01M_HF and collected in coulometry ceils.

Sulfuric acid is added to each cell, the solution is first heated gently to

dense fumes of SO^ under a heat lamp, and then fumed to dryness using

increased lamp intensity. Coulometer Calibration. The potentiostat is used

to impose a stable potential to a circuit containing a precision resistor.

The resulting current is integrated for a measured period of time, thereby

permitting the relationship between coulombs of electricity and integrator

output to be established by calibration. Faraday's constant, the atomic

weight of the plutonium, and appropriate procedural and mathematical

corrections for integrator error^ ' are applied to convert from the coulombs

of electricity to the quantity of plutonium, thereby directly relating mass of

plutonium electrolyzed to integrator output. Plutonium Determination. About

18-20 ml of 0.9M_nitric acid supporting electrolyte and three drops of

saturated sulfamic acid are placed into a clean cell which is attached to the

cell head. The solution Is stirred at 500-600 rpm and purged with argon

gas. The electrolyte Is reduced at 0.40 V vs.- ?r-% until current drops to ~30

yA at which time the control-potential is adjusted to 0.48 V vs. SCE. The

solution is allowed to equilibrate for about one minute and the potential

difference between the working electrode and reference electrode is

measured. The electrolyte is then oxidized at 0.91 V vs. SCE. After 210
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seconds, the control-potencial is adjusted to 0.85 V. After 300 seconds total

elapsed time, the integrator output and working electrode vs. reference

electrode potential difference are recorded. The analyzed electrolyte is

transferred using a transfer pipet to a cell containing the dried plutonium

sample and the cell attached to the cell head. The solution is again stirred

at 500-600 rpm and purged with argon gas. The sample is reduced at 0.40 V vs.

SCE until the current drops to the 100-200 uA range. The control-potential is

then adjusted until the current is approximately zero (± 2 uA). The potential

between the working and reference electrodes is recorded. The sample is

oxidized at 0.91 V _vs_. SCE until the current drops to ~100 yA. The control-

potential is again adjusted until the current is approximately zero (± 2

yA). The integrator output and the electrolysis time are recorded. The

working electrode vs. reference electrode potential is recorded. If blank and

sample oxidation are not performed for the same length of time, a constant

background current correction is made. Mathematical correction of the

integrator output data is made and the plutonium content is calculated. ^

Results and Discussion

Controlled-potential coulometry, as applied at NBL, affords several

advantages: (1) the coulometer may be calibrated electrically permitting

chemical standards to be used independently to verify method performance and

measurement accuracy; (2) plutonium electrolysis proceeds directly to a

constant background current approaching zero amperes (1-2 yA) which allows the

fraction of plutonium electrolyzed to be calculated from the Nernst equation;

(3) electrolysis to constant background current in 4-6 minutes is readily

obtained using the control-potential adjustment technique; and (4) the metho.-J

is suited to automation.

While controlled-potential coulometry affords many advantages, there are

also areas requiring special consideration. The cell geometry and solution

stirring rate must be such that 100% current efficiency is obtained. The cell

design described herein permits satisfactory potential control for the working

electrode, provides superior stirring conditions, and permits 100% current

efficiency for purified plutonium. The instrumentation used must be of the

required quality. While numerous potentiostats which possess the desired

potential control, accuracy and stability of output signal for integration
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have been designad, the comnterical electronic integrators commonly available

are not as universally applicable to the determination of plutonium with an

uncertainty better than 0.05%. Either digital or analog integrators can be

used in coulometry, each requiring special consideration in- design and

operation. Digital integrators are inherently dependent upon the linearity of

the voltage-to-frequency conversion used for integration and must be designed

to cope effectively with the fluctuations and noise of the input signal

encountered in the plutonium determination. Analog integration, which more

readily controls fluctuations and noise, is affected by integrating capacitor

dielectric absorption and leakage, and by operational amplifier drift and

offset. Procedural and mathematical corrections are required in order for

analog integration to approach the deeired accuracy. The MT Model 3

controlled-potential coulometer with analog integrator, for which these

corrections have been developed, has proven satisfactory for the determination

of plutonium with reliabilities better than 0.05%.^ ' Data obtained using

these procedures are summarized in Table I.

Table I. Controlled-Potential Coulometric

Determination of Plutonium

preparation

I

J

K

L

M

N

0

P

Q
R

S

no. of

aliquotsa

32

15

13

18

36

44

49

11

21

10

12

mean Pu

recovery, %

99.99

99.99

99.97

99.98

100.00

99.99

99.98

100.00

100.01

99.98

100.00

RSD, %

0.05

0,03

0.03

0.05

0.05

0.05

0.07

0.06

0.04

0.06

0.02

aAliquots were prepared from National Bureau of Standards SRM 949e plutonium

metal.
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The focus of future method development is directed toward an automated

controlled-potential coulometry system which utilizes an NBL-designed

potentiostat and digital integrator. Such a system would provide even greater

accuracy and precision, and eliminate the need for analog integrator error

corrections.
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NONDESTRUCTIVE ASSAY OF SALE MATERIALS

W. W. Rodenburg and J. G. Fleissner

Monsanto Research Corporation

Mound Facility

Miamisburg, Ohio 45342

This talk covers three primary areas: 1) our reasons for performing

nondestructive assay on SALE materials, 2) the techniques use. and

3) a discussion of our revised results.

The reason the results are revised is that, due to a breakdown in

internal communications, some of the results were reported on a

"grams Pu contained" basis rather than as grams Pu per gram of sample.

Thus the results printed in the recent SALE report are incorrect.

The correct results have been supplied to the SALE coordinator and

will be discussed today.

First let us answer the question, Why use NDA? For bulk materials

there are several good reasons. First, it minimizes sampling problems

and, as Dr. McDowell pointed out yesterday, sampling errors are often

the predominant error in the measurement of special nuclear materials.

Second, no liquid wastes are generated when NDA techniques are used;

thus the time, expense and effort needed to process liquid wastes for

safe disposal can be saved. Third, in many instances NDA provides a

more timely analysis and fourth, very little hands-on operator time

is required to perform a NDA measurement.
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Given the natural advantages of NDA for bulk materials, the next

logical question is, Why apply NDA techniques to such small samples

as the SALE materials? The answer is twofold. First, this technique

provides a link between NDA and traditional wet chemical techniques.

Despite the many advantages of NDA, most accountability measurements

are by weighing and traditional wet chemical methods. This is

because the accuracy of NDA techniques has not been demonstrated

rigorously enough to satisfy analytical chemists. Second, use of

this technique demonstrates the feasibility for small samples so that

the practicing analytical chemist can include it in his arsenal of

techniques.

The NDA technique selected is nondestructive calorimetric assay.

The reasons for this selection are that nondestructive calorimetric

assay is: 1) the most precise NDA method for plutonium, 2) the method

least affected by matrix and container and 3) the most accurate plu-

tonium NDA method.

Nondestructive calorimetric assay is a two-step process consisting

of a power measurement (watts) by calorimetry and an isotopic deter-

mination by high resolution gamma-ray spectroscopy. For details of

the procedure and the calculations involved, see ANSI N15.22 on calo-

rimetric assay [1].

The calorimeter used is a Mound designed microcalorimeter. The

specifications for this analytical calorimeter were:

1. a precision of 0.1% or better on a 10 mW sample

(about 3 grams Pu),

2. A sample chamber to accommodate a one dram glass yial, and

3. An operator independent operation featuring automatic

sample loading, data acquisition and data processing.
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Slide one shows the one dram glass vial, as well as the secondary
metal container used. Shown in the second slide is the calorimeter
system with its Hewlett Packard 9825 calculator used for automatic
data acquisition and processing, the separate environmental bath and
the automatic sample loader.

Gamma-ray isotopic measurements were used to nondestructively determine
the effective specific power, P e«» of the material. P ^ is merely
the analytical factor for converting watts to grams Pu. It is cal-
culated from the isotopic data as follows:

P e f f = Z Ri Pi

where Ri = mass fraction (g/g - Pu) of isotope i
Pi = watts/gram of isotope i

The method used employs two gamma-ray detectors and has been described
elsewhere [2]. Basically, the method consists of two simultaneous
spectral measurements over two energy regions, 120 to 300 keV and 300
to 700 keV. Absorbers are used to tailor the spectral response from
the different energy regions. In addition, a highly sophisticated
analysis routine, GRPAUT, is used to automatically perform the spectral
reduction and obtain the isotopic composition of the sample.

The two detectors shown in slide three are matched to the spectroscopic
requirements for each energy region. A small volume, Planar GE detector
provides the high resolution needed for resolving the complex multiplets
contained in the low energy region. A large volume, 70 cc Ge detector,
provides the high efficiency required for the lower gamma-ray intensities
of Pu-239, PU-240 and Am-241 in the high energy region (see Figure 1).
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Slide 1. SALE materials were weighed into a glass vial and enclosed in
a secondary aluminum capsule for these tests. Calibration was against
Pu-238 fueled heat standards (shown in glass vial).

Slide 2. Analytical Calorimeter System.
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Slide 3. Two detectors were used to improve the quality of the gamma-ray
results.

Slide 4. Analysis of spectra is performed on a Canberra/Scorpio system
with a PDP-11/34 minicomputer.
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Analyses of the spectra are performed on a Canberra-Scorpio System
(Slide 4) using the computer code, GRPAUT. This program is general
in use and has been used for a wide variety of materials, including
oxides, metals, ashes, fluorides, graphite scarfings, Pu/U mixed
oxides and others. Isotopic reference materials of the same chemical
composition as the unknowns are not required. In addition, the
program is run by a technician and analyzes multiple spectra without
continual operator intervention.

The wide applicability of GRPAUT is due in part to the intrinsic
efficiency correction calculations performed by the program. GRPAUT
determines the relative intensities of 22 prominent gamma-ray peaks
of Pu-239, Pu-241 and Am-241. It then calculates the efficiency
response of the system using the known gamma branching intensities.
This method not only corrects detector efficiency, but also includes
corrections for self-attenuation within the sample and in the container.

The results are summarized in Table 1. For comparison purposes, the
specific power was also determined by destructive isotopic methods:
mass spectroscopy and alpha pulse height analysis. For the destructive
isotopes, the calorimetry variability is the predominant error. Based
on 3 replicate analysis, the precisions of the mW/g determination were
0.39% and 0.28%, respectively, for the plutonium oxide and the mixed
oxide materials. For nondestructive calorimetric assay, the larger
uncertainties are due to the statistical uncertainty in the gamma-ray
isotopic measurements. For an indication of the variance of specific
isotopic ratios, see Figures 3 and 4.
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M Y PEAKS USED FOR Pu ISOTOPIC KASUDEMENTS

Slide 5. Gamma-ray peaks used for Pu isotopic measurements.

GHPAUT: 1HTRIHSIC EFFICIEHCY CORRECTIOHS PROVloe tHOE APPIICMILIIY

• : PU-239
A : PU-2141
^ : f?M-2ttl

130. ISO. ISO. 210. 210. 270. 300. 330. 3E0. 390. U20. USO. "480.
ENERGY (KEV)

Slide 6. Intrinsic efficiency corrections.
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TABLE 1

SUMMARY: Pu ASSAY BY CALORIMETRY

Destructive Isotopics

*n = 7

**n = 8

Ratio To Reference
Value Std. Dev.

PuO2* 1.0019 0.44%

MOX** 0.9984 0.33%

Non-Destructive Isotopics

PuO2* 1.0014 0.60%

MOX** 1.0005 0.64%
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Summary

In summary, nondestructive calorimetric assay offers a viable

alternative to traditional wet chemical techniques. For these

samples, the precision ranged from 0.4 to 0.6% with biases less

than 0.2%. Thus, for those materials where sampling errors are

the predominant source of uncertainty, this technique can provide

improved accuracy and precision while saving time and money as well

as reducing the amount of liquid wastes to be handled.

Ir addition, high resolution gamma-ray spectroscopy measurements of

solids can provide isotopic analysis data in a cost effective and

timely manner. The timeliness of the method can be especially useful

to the plant operator for prodiction control and quality control

measurements.

For further details on nondestructive calorimetric assay, contact

Dr. Rodenburg, Area Code 513-865-3136 (FTS 774-3136). For details

of the gamma-ray isotopic measurements, contact Dr. Fleissner,

Area Code 513-865-3766 (FTS 774-3766).
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Abstract

The interpretation of non-destructive measurements of plutonium

materials require more accurate determinations of the isotopic abundance

of Pu-238 than conventional chemical assays. The requirements of

calorimetry, passive neutron and conventional chemical assays are presented

.and compared.

When Pu-238 is measured by alpha spectrometry, these requirements

define how well the plutonium must be separated from americium, and what

should be the accuracy of the spectroroetry. The latter can strongly

depend upon the resolution of the alpha spectrum.

The authors describe a procedure to produce sources by drop deposition

which ensure a resolution of 17 k^V with commercial instrumentation.
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PKDELEMS AND PROGRESS IN THE PREPARATION OF SOURCES

FOR THE ALPHA SPECTBCMETR5T OF PLOTCKILM

M. Miguel, S. Deron, H. Swietly, IAEA (Vienna)

0. J. Heinonen, Technical Research Center Finland, Otakaari 3

. 1. INTHXJUCTICN

Three types of techniques are caunonly used to prepare plutonium sources

* for alpha spactronetry. Evaporation under vacuum (1) remains the method of

reference to prepare standard sources: it yields the finest alphaspectra with

resolutions down to 11 KeV HW. But analytical chemists find solution tech-

niques more practical. Among the latter, one reccranends conrnonly electro-

deposition (2,3,4,5) because it is expected to provide better resolutions

than simple drop deposition methods. In fact electrodeposition is still a

delicate and lenghty process. Efficient electrcdeposition of good alpha

sources requires also a very inert metal support, like platinum (6), very

pure electrolytes, an efficient design of the electrolytic cell, as well as

the optimization of the current density and stirring of the cell. Indeed,

our experience of eletrodepositior^ on polished stainless steel planchets

was up to now rather disappointing. Figure 1 shows a typical spectrum of

a source obtained by electrodeposition from a bisulfate buffer solution of

pH 2 : the 5.50 and 5.46 MsV peaks of Pu-238 are not resolved, and the

Pu-238 peak tails significantly under the Pu-239 and Pu-240 peaks. The result

is a bias of + 1 to + 2 % of the measurement depending upon the technique of

peak stripping (Table 1).

Drop deposition, by far the most practical technique for routine measure-

ments, can also produce sources of excellent quality (7,8,9). This paper

describes the technique now in use in the laboratory of the Agency in support

of Safeguards verifications (SAL).
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2. REQUIREMENTS OF SAFEGUARDS MEASUREMENTS

Under existing international Safeguards agreements (10) the verifi-
cation of the accountancy of plutonium is limited to the control of the
flow and inventory of total element : the accountancy of individual isotopes
is generally not verified.

Thus isotopic analyses of plutonium are required essentially only to
calculate the contents in total plutonium element. The precisions and
accuracies needed in these isotopic analyses depend very much upon which
technique is. applied to measure the chemical composition.

2.1 CHEMICAL ASSAY

In chemical analyses it is sufficient to know the average atonic
weight of plutonium with an accuracy of about 0.1 %. The error in the
estimate of the mean atonic weight is not very sensitive to analytical
errors. Their contributions may be calculated by equation-. (1>:

i

EVT

2

* W j 2 (1)

w.- abundance of isotope j, other than Pu-239

w. coefficient of variation of W.

M. atonic weight of isotope j

MU atomic weight of Pu-239

M mean atomic weight

Even with a rather poor isotopic analysis the mean atomic weight can
be calculated with a precision better than 0.003 % (Table 2).
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2.2 NON DESTRUCTIVE TECHNIC0ES

The situation can be very much different «4ien non destructive tech-

niques are used for- the plutonium assay. We shall examine briefly the cases

of calorintetry (11) and neutron assay (12,13). Both types of techniques are

very promising and find already wide application in field verifications.

2.2.1 CftLOKEMETRy ASSAYS

In calorimetry the amount of plutonium in the sample, m _ , is related

to the heat power P dissipated and measured in the calorimeter.

The calculation of n^ requires a knowledge of the total effective

specific heat power, P-fj/ of the plutonium carried by the sample. This

parameter is a function of the abundance of all alpha emitters according to

equation (3):

P~eff (3)

where P. is the specific heat power of isotope i and W. its abundance, in

weight %.

The specific heat .power of pure isotopes may be measured directly by

calorimetry or it can be calculated frcm basic nuclear data by the follow!:̂ ;

equation:

Pi = ^ * \

viiere Jv = the Avogadro number

M^ = the atomic weight of isotope i

E i = its total desintegration energy

T± = its half life
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Table 3 presents the nuclear data reccnrnended in these calculations (11).

The total relative error SP includes therefore two categories of

errors: the errors in isotopic analyses, SW; and the errors in the specific

heat power of the pure isotopes, SI.

SP2 = SW2 + SI2 (5)

Hie canponent SI is usually anall and discussed in another report (14),

Equation (6) was used to estimate the canponent SW

WA PA 12

lOO P e f f J
SW2 = -2- . -A. . w2,

peff

where P A is the specific heat power of Anr241

W, its abundance with respect to plutonium, in weight %

Wj. the coefficient of variation of W,.

P. the specific heat power of plutonium isotope j

W. its abundance in weight %

w. the coefficient of variation of W.

Pg the specific heat power of Pu-239

The exanples of tables 4 and 5 show that the major errors cane from

the Pu-238 and Am-241 measurements. In conclusion, these isotopes must be

measured within about 0.3 % and 0.15 %/ respectively in medium and high

burn-up plutonium, if their calorimetric assay should have a 0.1 % accuracy.

2.2.2 NEUTRON ASSAY

A similar situation can occur in neutron assays. The plutonium con-

tent of the sample M__ is related here to the rate of emission of neutrons, N:

N

Neff
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The total specific emission rate of the plutonium in the sample,

, is again a function of its isotopic composition:

Neff

Wi

N. being the specific emission rate of neutrons by isotope i. Here too,

uncertainties/ w., in the isotopic abundances

errors to the estimate of N ^ - , according to

uncertainties/ w., in the isotopic abundances, W., will all contribute

NW2 = ]S
Wi Ni " N!?l 2
-3- * -2 2 . w. (9)
100 « I D3*9

The High Level Neutron coincidence Oounter (HLNOC) will measure

essentially the neutrons emitted through spontaneous fissions (12). The

Shield Neutron Assay Probe (SNftP) on the opposite will count also the

neutrons produced in a,n reactions (13) such as

(10)

or

The relevant data on specific anission rates by plutoniun isotopes

are given in Table 6.

According to the example given in Table 1, the HLNOC measures

esentially the Pu-240 content. This assay depends little on the quality

of the isotopic analysis of the other isotopes. This is still true with

the SNftP when measuring metal or oxide of low or medium burn-up materials

(Table 8). The picture changes for oxides of high burn-up plutonium with

increased contributions from Pu-238 and Pu-242. The change is dramatic

for PuF4 because of the tremendous reactivity of fluorine to alpha
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bccnbardment (Table 9). In this case Pu-238 Is again the most important

isotope, and should be measured with about 0.1 % accuracy if plutonium is

to be assayed in PuF4 with the SNAP to this same accuracy.

2.3 CCNCLUSICN

The above discussion points out a potential need for routine iso-

topic analyses of Pu-238 with accuracies of the order of 0.1 % in support

of calorimetric or neutron assays of plutonium. While this is still

difficult to achieve by mass spectxcnetry, alpha spectranetry nay meet

the requirement easier.

Alpha spectronetric analysis involves three major steps: a chemical

purification, the source preparation and the spectranetry proper. We shall

now examine the features of the procedure in use in SAL which limit the

accuracy of the final measurement.

3. THE CHEMICAL PUKEFTCATION OF THE PLUTCMILM

Chloride anion exchange is the preferred technique in our labora-

tories for the purification of plutonium before mass spectrcmetric analysis

because the separation from uranium is particularly good (15). The same

procedure is also applied for convenience and with success before alpha

spectranetry. But two limitations of this method of purifiction need to

be pointed out.

First, Fe(III) is also adsorbed onto the resin from concentrated

hydrochloric acid, and is eluted as Fe(II) along with Pu(III) when washing

the column with the HCl 12M - HI Q1M mixture (16). Thus, too much iron

with the plutonium is likely to ruin the quality of the alpha sources.

The second limitation concerns the decontamination frcm An. An (III)

ions form indeed anionic complexes in concentrated hydrochloric acid. These

complexes are partially adsorbed on the resin. A recent publication (17)
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defines the conditions to obtain a decontamination factor of at least 400.
It is worth noting however that this nay not be sufficient to eliminate
measurable An interferences in the alpha spectrometry of Pu-238. Take for
example the standard reference material NBS-947. Since its certification
in October 1971, its content in americium has increased at this date by
1.7O %. With a 400 fold decontamination the activity in the Pu-238 peak
would still carry a positive bias of 0.3 % realtive. Particular attention
must therefore be paid to the purification of plutonium produced fran high
burn-up fuel, or in store for many years. The decontamination factor, Dp,
to be achieved depends upon the bias B that may be acceptable and upon the
ratio of the abundances of 2m-241 and Pu-238 isotopes in the original
sample, V»A and Wg

ft A 1 fi 1
n = _° * -£ * ± = o.2 * -£ * - (12)
T1 TA W8 B Wg B

The above discussion is particularly relevant when alpha sources are
to be prepared by drop deposition. This technique indeed brings no further
change in the relative composition of non volatile cations like Pu, U, Am,
Fe, etc ... On the contrary, the two other types of source preparation,
vacuum evaporation and electrodeposition, may in principle provide a further
decontamination of the plutonium.

But very definitively, for drop deposition the primary requirement
is to apply a separation technique which provides a solution of plutonium
free fran carrier and radioisotopic interferences.

4. DBOP EEPOSmCN OF PLUTONItM SOURCES FOR ALPHA SPBCTBOETKY

After the purification of the plutonium, the following conditions
must also be fulfilled to obtain sources of acceptable quality:

(a) the solid support on which the source is deposited must be
sufficiently stable both mechanically and chemically to remain essentially
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unaltered during the preparation.

(b) its surface must be very smooth

(c) the solution of the sample must be spread and dried very evenly

on this support.

(d) the dried film must be ignited to decompose the plutonium salts

and to volatilize the spreading agents

* (e) the ignited film must be adherent so that the source can be

handled safely and without undue risk of cross contaminations

(f) for the economy of the analysis, the source subject should be

disposable.

Polished stainless steel was yet the most popular support for spectre—

metry sources. Good sources are obtained by igniting very briefly the dried

film in the reducing flame of a Bunsen or a Meker burner ( 7 ) . Open flames

being undesirable in SAL, we ignited stainless steel planchets at 700°C in

a snail electrical furnace. The quality of the resulting sources was rarely

very good because of a significant oxidation of the stainless steel surface

during ignition. Vitreous materials would make very attractive supports

because their surface is so smooth and they are quite inert to chemical

reagents. Normal or pyrex glass unfortunately becomes soft when the

plutonium salts need to be ignited close to 600°C (9).

We have, on the other side, very good success with quartz

plates. But white enameled ceramic tile gives also excellent results. This

material is now our preferred support to prepare alpha spectrometry sources

because it is so readily available, very cheap and a good refractory.

The preparation of the sources is described in the Annex.

Conventional tiles used in the construction industry for kitchen

and sanitary appliances are perfectly suitable. However tiles covered with

colored enamels were not satisfactory because the enamel was attacked

during the evaporation of nitric acid solutions. There exists also an
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optimal range for the ignition temperature. This can be seen in table 10,

the best spectra being obtained when the ignition is carried out around

700°C: the Pu-238 peak is thai the narrowest and its tailing the smallest.

At 400°C or below the plutonium salts are not properly decomposed, and

the tetraethylene glyool used as a spreading agent may not be totally

evaporated ( T ^ = 328°C). At 1C00°C the enamel softens and the film of

plutonium oxide may gradually be anbedded in it. It is then bound so

strongly to the support that it resists energic wiping and boiling nitric

acid. Sources ignited and cleaned in this way are therefore very safe to

handle, and still very acceptable in quality. This very strong bounding

however relaxes after 3 - 4 weeks possibly because of radiation damage.

The quality of the alpha spectrum does not change with the surface

density of the sources, i.e. when depositing 0.1 or 1 pg of plutonium '

per cm .

5. THE ALPHA SPECYBCfETSS fiND ITS RESULTS

The airpressure in the measurement chamber, the collimation of

the source, the size, and resolution of the detector, the quality and ad-

justment of the electronics will all influence the sharpness of the final

spectrum. These factors need to be optimized very carefully when accuracies

of the order of 0.1 % are sought for.

This goal requires of course also to accumulate around 10 counts

in the smallest of the Pu peaks.

The actual conditions of our measurements are presented in the Annex.

The resolution of the procedure, about 15.5 keV at present,is illus-

trated in Figure 2 by a spectrum of an Ant-241 source prepared according to

the same procedure.

Its accuracy was tested on 5 plutonium materials.
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As mentioned earlier when cementing table 1, the tailing of the

peaks and the mode of correction of this effect will influence the

accuracy of the measurement. In fact when the spectra are very sharp,

tailing corrections are superfluous (Table 11).

But it is always good practice to correct the measurements for the

j.n-growth of Am-241 in the source and to refer the corrected measurement

to the date of the separation of the plutonium. The relative correction is

estimated by equation (13):

R(t) " ( O ) - i«2 * -* * - * (13)
R(to) - -

where t and to are the times of the measurement and separation,
respectively

Tg, TA, T.j the half lives of Pu-238, An-241, Pu-241

W.j, Wg the abundances of Pu-241 and Pu-238 when t = to

The Tables 12 and 13 show the magnitude of this correction. They show

also that the replicate measurements, corrected to the date of separation

of the plutonium, have the precision expected from Poisson statistics.

The measurements of the isotopic abundance of Pu-238 in the reference

material NBS-947 reported in Table 14 are all consistent with the reference

value. The alpha spectranetry measurements are in particulary good agreement.

They are also more precise than the mass spectranetry measurements and the

reference value.

The same observations apply to the results of the analyses of nuclear

fuel materials presented in Table 15.

The mass spectranetric analyses of Tables 14 and 15 were all obtained

with a voltage scanning and pulse counting instrument. The systematic error

of this measurement expresses essentially the uncertainty of its mass dis-

crimination correction. The relative systematic error SS of the alpha

spectranetric measurements is a combination of the errors in the nuclear
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data and the estimate of the Pu-24O/Pu-239 isotopic ratio:

where TQ, T Q, Trt are the half lives of Pu-239, Pu-238, Pu-240

tg, t_, t Q their respective coefficient of variation

A , Ag the atomic abundances of Pu-240 and Pu-239

s g the standard deviation of the isotope ratio* A/Ag

Actually in all cases encountered,

SS/vt 8 - 10"3 (15)

6. CONCLUSION

Drop deposition on quartz and ceramic tile is a very simple and

efficient method to prepare alpha sources of excellent quality. The alpha

spectranetry of such sources can provide Pu-238 isotope analyses with

accuracies of a few parts per thousand. Such data are needed when plutonium

is assayed by caloriroetry or neutron counting.

To achieve such results, a very good purification of the plutonium

is necessary, too. Chloride based anion exchange is convenient because it

is a good separation technique before mass spectranetry also. But care must

be taken to reach a satisfactory decontamination from americium. The possible

interference of iron is also to be noted.

Finally the in-growth of americium in the source needs to be corrected

for.
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TABLE 1

ALPHA SPECTROMETY OF ELECTRODEPOSITED SOURCES;

EFFECT OF PEAK STRIPPING TECHNIQUE

ON THE MEASUREMENT OF PU-238^(PU-239 + PU-24O) ACTIVITY RATIO

SAMPLE

B

C

0

REFERENCE
VALUE

1.M»6
+ .004

2.985
+ .010

1.637
+ .006

Mean Bias

Standard
deviation

RELATIVE

UNCORRECTED

- 1.90
+ 9.55

- 3.52 .
+ 0.34

- 1.80
+ .086

- 2.41

+ 0.97

BIAS OF MEASURED VALUE
IN %

L1 NEAR
TAIL CORR.

+ 2.70
+ 0.55

+ 2.40
+ 0.34

0.63
+ .086

+ 1.9!

+ 1.12

EXPON.
TAIL CORR.

1.25
+ 0.55

- l.M>
+ 0.34

0.13
+ .086

- 0.02

+ '-35
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TABLE 2

MEAN ATOMIC WEIGHT OF HIGH BURN-UP PLUTONIUM

M - 239.692 - 0.006

1sotope

Pu-238

Pu-239

Pu-2A0

Pu-2*»1

Pu-2A2

Abundance
in weight %

KO

-O.I (10*)

55.0

- .k (1%)

28.0
t -3 (1*)

11.0

- -2 (2%)

5.0
t .1 (2*)

Contribution
in %

1.0

55.2

28.0

10.9 •

h. 9

Variance
in %

2.5

-

22.9

51.6

22.9



TABLE 3: NUCLEAR DATA FOR CALORI METRIC ASSAY OF PLUTONIUM (II)

1sotope

Pu-238

Pu-239

Pu-240

Pu-24l

Pu-242

Am-24l

Total Decay Energy

E in MeV

5-5921

5.2428

5-2551

0.00553

4.985

5.6402

RSE (%)

0.03

0.03

0.03

0.18

0.20

0.03

Half Life

T in years

87.79

24082

6537

14.35

379000

434.1

RST (S)

0.09

0.19

0.20

0.14

0.55

0.14

Specific Power

P In mW/g

567.16

1.9293

7.098

3.390

0.1146

114.23

RSP (%)

0.10

0.27

0.20

0.06

0.14 00
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TABLE U

EFFECTIVE SPECIFIC HEAT POWER OF MEDIUM BURN-UP PLUTONIUM

Peff * 5'129 " °-

Isotope

Pu-238

Pu-239

Pu-240

Pu-24!

Pu-2^2

Am-241

Abundance
in weight %

0.240

±.0035

75.65

±.060

18.42

±.055

±.023

1.11

±.006

0.7V

±.01!

Power
in %

26.5

28.5

25-5

3-0

16.5

Variance
In %

69.6

1,1

27.2
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TABLE 5

EFFECTIVE SPECIFIC HEAT POWER OF HIGH BURN-UP PLUTONIUM

Peff

1sotope

Pu-238

Pu-239

Pu-240

Pu-24l

Pu-242

Am-241

Abundance
in weight %

1.00

-.005

55.00

28.00

-.084

11.00

±.055

5.00

-.025

2.00

±.010

Power
in %

49.8

9-3

17.5

3.3

0.04

20.1

Variance
in %

81.6

0.5

4.7

0.1

«...

13.1
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TABLE 6

SPECIFIC RATES OF EMISSION OF NEUTRONS IN PuO2 AND PuFj,

Isotope

Pu-238

Pu-239

Pu-240

Pu-241

Pu-242

NS
SPONTANEOUS
N/g x sec

25.30'

0.025 x 10~2

10.36

0.02 x 10~2

17.60

NA
a/N . N/g x sec

PuO2

140

0.45

1.7

0.1

0.1

™k

21000

43

160

10

10

1sotope

Pu-238

Pu-239

Pu-240

Pu-241

Pu-242

HS,-«Sg

25.30

10.36

17-60

Nl " N g

PuO2

165

11.6

-0.35

17-2

PuF^

21000

127

-33

-15.4
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TABLE 7

SPECIFIC RATE OF EMISSION OF NEUTRON IN MEDIUM BURN UP PU FROM

SPONTANEOUS FISSION

N e f f - 2.128 i 0.006

1sotope

Pu-238

Pu-239

Pu-2i»0

Pu-2i»l

Pu-242

Abundance
in weight %

0.240
±.OO35

75.65

±.060

18.*2

±.055

^.59

-.023

1.11

-.006

Emission
in % .

2.8

88.3

-

8.9

Variance
in %

2.5

-

9*».7

-

2.8
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TABLE 8

SPECIFIC RATE OF TOTAL EMISSION OF NEUTRONS IN MEDIUM BURN UP PuO.,

- 3-123 * .006 N/g.s

1 sotope

Pu-238

Pu-239

Pu-240

Pu-24l

Pu-242

Abundance
in weight %

0.240
t.0035

75.65
-.060

18.42

±.055

4.59

±.023

1.11

-.006

Emission
in %

12.7

10.9

70.2

0.1

6.1

Variance
in %

2.1

-

95.7

<0.2

2.1
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TABLE 9

SPECIFIC RATE OF TOTAL EMISSION OF NEUTRONS IN MEDIUM BURN UP PuF.

- 115.10 - 0.76 N/g.s

Isotope

Pu-238

Pu-239

Pu-240

Pu-24l

Pu-242

Abundance
in weight %

0.240

^.0035

75.65

-.060

18.42

±.055

4.59
-.023

1.11

-.006

Emission
in %

43-8

28.3

27-2

0.4

0.3

Variance
in %

• 99.2

—

0.8

<0.1

<0.1
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TABLE 10: RESOLUTION OF THE 5-5 MeV PEAK OF Pu 238 AS A FUNCTION OF THE

IGNITION TEMPERATURE

IGNITION
TEMPERATURE

4oo°c
700°C

1000°C

RESOLUTION
FWHM

25 Kev

21 Kev

28 Kev



-346-

TABLE II: ALPHA SPECTROMETRY OF DROP DEPOSITED SOURCES; EFFECT OF PEAK

STRIPPING TECHNIQUE

Stripping
Method

No tail correction

Linear correction

Exponential
Correction

Activity Ratio
238/(239 + 240)

2.322 - 0.0037

2.323 - 0.0037

2.330 - 0.0037

Relative
Difference in %

0.00*

0.04

0.34

* "reference" value.

COMPOSITION OF THE SPENT FUEL SAMPLE

U/Pu

U-234 wgt %

U-235

U-236

U-238

Pu-238 wgt %

Pu-239

Pu-240

Pu-24l

Pu-242

145.

0.013

0.790

0.244

98.953

1.276 •

61.773

24.535

8.839

3-578



-347-

TABLE 12: THE REPRODUCTIBILITY OF THE SPECTROHETRY OF A SOURCE OF NBS - 947

REFERENCE MATERIAL

Date of separation: 81-05-05 (to)

Pu - 241 atom % « 2.9U

?u - 238 atom % - 0.279*

t

0

1

3

6

8

13

14

Measurement
Date

81-05-05

81-05-06

81-05-08

81-05-U

81-05-13

81-05-18

81-05-19

Mean

Standard
Deviation

Measured
Ratio
R(t)

0.5278

-.0040

0.5320

-.0030

0.5350

-.0027

0.5353

-.0027

0.5362

-.0027

0.5328

-.0027

0:5333

-.0027

0.5332

-.002S

Corrected
Ratio
R(to)

0.5278

0.5319

0.5348

0.5348

0.5356

0.5318

0.5322

0.5327

^.0027

Correction
Factor

100 x R(t) - R(to)
R(to>

0.000

0.015

0.042

0.089

0.12

0.19

•

0.21
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TABLE 13: THE RE PRODUCT HH LI TV OF THE SPECTROMETRY OF A SOURCE OF PLUTONIUM

PRODUCT MATERIAL

Oate of Separation: 81-05-19 (to)

Pu - 241 atom % - 2-91%

Pu - 235 atom % - 0.099%

t

3

15

23

Measurement
Date

81-05-22

81-06-02

81-06-10

Mean

Standard
Deviation

Measured
Ratio
R(t)

0.18055

-.00046

0.18086

-.00046

0.18239

-.00050

0.18127

-.00099

Corrected
Ratio
R(to)

0.18012

0.17873

0.17909

0.17931

-.00072

Correction
Factor

100 x R(t)-R(to)
R(to)

0.24

1.18

1.81



TABLE I4: ACCURACY OF Pu-238 JSOTOMIC ANALYSES OF NBS - 947 REFERENCE MATERIAL

Origin
of Data

NBS-Certificate

Mound Lab.
W

SAL (Mass Spec)
SAL (<X)

Mean

Standard
Deviation

Date of
Reference

81-05-0*1

81-04-03

81-05-25

81-05-05

Pu-238
Pu-239

Atom rati.o
In ppm

3627

3658

3647
3662

3649
* 16

Total
Standard
Error
SE

26

8.3

20

8.3

17

Random
Error
SR

7

18

7

System-
mat ic
Error

SS

4.5

8

4.5

Degree
of

Freedom
df

3
6

I
u>

-2 -2 -2
SE - SR + SS



TABLE 15: ACCURACY OF Pu-238 ISOTOMIC ANALYSES OF NUCLEAR FUEL MATERIALS

Material

PuOj Product

S»uQ, Product

Analytical
Method

Mass Spec

04

Relative dif-
ference
in 1

Mass Spec

a

Relative dif-
ference
in 1

Pu-238
Pu-239

Atom ratio
tn ppm

5»»75
5M9

-0.48%

1295

127*1

-1.6*

Total
Standard
Error
SE

37
6.3

5.0
3.3

Random
Error
SR

35
2.0

It.2

2.9

Systematic
Error
SS

12

fe.O

2.8

1.6

Degrees
of

Freedom
df

1

2

i

2
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ANNEX I.

PREPARATION Of ALPHA SOURCES BY DROP DEPOSITION

I. EQUIPMENT AND REAGENTS

1.1. Colourless varnish, VYNS

1.2. Solution of the sample in I-3M nitric acid, containing 10-100 nci of

plutonium/microliter.

1.3. Tetraethyiene glycol, analytical grade.

\.k. 2 cm wide planchets, of fused, quartz or white enameled ceramic tile.

1.5. Muffle furnace, HERAEUS ROK/A 6-30.

1.6. Infra red overhead heater.

1.7' Paint brush.

1.8. Eppendorf pipette 10 micro]iter.

2. PROCEDURE

2.1. A planchet is preignited at IOOO°C. Discard the planchet if the

pretreatment damages its surface.

2.2. Dip a paint brush in the varnish and drt with it a circle of ! cm

diameter on the surface of the cool planchet.

2.3. Let the varnish dry.

2.k. Mix 10 microliters of the sample with 10 microiiters of the spreading

agent.

2.5- Deposit 10 micro?Iters of the mixture in the center of the planchet.

2.6. Swirl the planchet so that the liquid mixture covers evenly the surface

within the circle of dried varnish.

2.7> Continue swirling under the infra red lamp until all water has

evaporated.

2.8. Set the muffle furnace at 700°C.

2.9. introduce the planchet in the furnace and leave it 30 minutes at

700°C.


