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FOREWORD 

The first symposium on the caiorimetric assay of plutonium was held at 
Mound Laboratory, Miamisburg, Ohio, on October 24-25, 1973. The 38 
participants represented industry, the AEC, government laboratories, 
and AEC contractors. The papers presented covered all aspects of 
caiorimetric assay including the principles of calorimetry, calorim
eter construction, uses of and experiences with caiorimetric assay and 
isotopic measurements, and requirements for current and projected 
Plutonium reactor fuel assay. 

Direct traceability of caiorimetric assay to the National Bureau of 
Standards was discussed extensively by the participants during the 
symposium. A clear definition of traceability was the focus of much of 
the discussion. 

In addition to the formal program, the participants toured the calorim
etry and gamma ray spectroscopy areas of Mound Laboratory and inspected 
the calorimeter system installed in the Measurement Van operated by the 
AEC Directorate of Regulatory Operations, Region I. Also at a dinner 
meeting held jointly with the Southwestern Ohio Section of the American 
Nuclear Society, General Delmar Crowson, past director of the USAEC 
Division of Nuclear Materials Security, addressed the combined groups 
on "Safeguards - Past, Present, and Future." 



TABLE OF CONTENTS 

Page 

Introduction to the Symposium on the Caiorimetric Assay of Plutonium -
V. C. Bartele . . . . . . . . . . . . . . . . . . . . . . . . . . 4 
Nondestructive Assay Guides for Special Nuclear Material Control -
J. E. Glanoy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 

Fundamentals of Caiorimetric Assay - W. W. Rodenbuvg . . . . . . . . 14 
The Determination of Plutonium Isotopic Composition by Mass Spectrometry 
and Alpha Spectrometry, and Americium-241 Content by Radiocounting -
C. E. Pietri . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 

Plutonium Isotopic Measurements by Gamma-Ray Spectrometry - R. Gunnink. . . . . 45 

Nondestructive Measurement of Plutonium Isotopic and Americium Concentrations 
Using Gamma-Ray Spectroscopy - F. X. Haas . . . . . . . . . . . . . . . . . . . 60 

Calorimetry at Dow Rocky Flats - F. L. Oetting . . . . . . . . . . . . . . . . 66 

Calorimetry of Plutonium Recycle Fuels: Applications, Incentives and Needs -
D. M. Bishop and I. N. Taylor . . . . . . . . . . . . . . . . . . . . . . . . . 75 

Calorimetry at Babcock § Wilcox/NUMEC - S. C. Nattsas and R. N. Kubik . . . . . 94 

Caiorimetric Verification of Plutonium Inventories for Safeguards Surveys -
R. B. Crouch 96 
Small, Fast-Response Calorimeters Developed at Argonne National Laboratory 
for the Nondestructive Assay of Plutonium Fuel Rods - N. S. Beyer, R. N. Lewis, 
and R. B. Perry . . . . . . . . . . . . . . . . . . . 9y 

R § D Efforts at Mound Laboratory in the Caiorimetric Assay of Plutonium -
W. W. Strohm . . . . . . . . . . . . . . . . . . . . . 119 

List of Attendees . . . . . . . . . . . . . . . . . . . . 127 



v ^ 

*3 
i . ; \ 

INTRODUCTION 
TO THE 

SYMPOSIUM ON THE CALORIMETRIC ASSAY OF PLUTONIUM 

William C. Bartels, Chief 
Technology Branch 

Division of Nuclear Materials Security 
USAEC 

Recycle plutonium from present-day power 
reactors constitutes a great intrinsic 
risk for safeguards. Because it is direct
ly capable of nuclear detonation, the 
principles of graded safeguards require 
that highly effective safeguards be 
applied to this plutonium. 

Last week the AEC announced' new effective 
Regulations! which included a strengthen
ing of the physical containment, trans
portation, and accountability measures 
licensees will have to provide for 
plutonium and other nuclear materials. 
While these requirements apply to 
licensees, the requirements for AEC 
license - exempt facilities are compatible 
with those for licensees. The differences 
in details relate primarily to the fact 
that AEC security clearances apply for 
access to nuclear material in license-
exempt operations but, due to the 
absence of specific statutory authority, 
cannot apply to licensees. 

The precision and accuracy wi 
plutonium measurements will h 
made at a particular licensee 
can be derived from the new m 
accountability requirement, 
error of material unaccounted 
plant in-process material bal 
ing a two-month period is con 
one-half percent of the addit 
removals from material in pro 
new requirement for measureme 
plutonium serves to emphasize 
vancy of the Symposium we are 
today on the Caiorimetric Ass 
Plutonium. 
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Calorimeters are well known for the 
accuracy of their heat measurements. 
With the new requirement for plutonium 
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n each pan. The very best 
used for precise half-life 
achieve a similar precision." 

ement between various 
at Mound is 20 parts per 
ctical calorimetry is a high 
suremcnt technique. 

The AEC Division of Nuclear Materials 
Security has a research and development 
program, seeking the technology for more 
effectively safeguarding plutonium and 
other special nuclear materials. It is 
broad in scope as you can see by the papers 
to be presented in three sessions on safe
guards at next month's meeting of the 
American Nuclear Society in San Francisco. 
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AEC efforts to develop better safeguards 
technology have used Mound calorimeters 
at Mound, at Los Alamos, at GE-Vallecitos, 
and elsewhere. Calorimeters at Mound are 
also being used on a routine basis for 
inventory verification operations by AEC 
staff, with samples being sent here from 
other license-exempt sites. 

Mound calorimeters used in the Space 
Nuclear and other AEC programs have 
demonstrated accuracy that is among the 
best in measurements now being made in 
plants processing nuclear materials. Let 
me give you a few samples. 

Plutonium-238 
receiving sou 
8 0 % 238py^ £j, 
is made. In 
and Mound Lab 
receiver meas 
fers which we 
of 200 g of e 
of heat. Ove 
discrepancy i 
was less than 
g transferred 
0.026%. That 
of our attent 

recessing at Mound involves 
rce plutonium, typically about 
om the reactor site where it 
late 1967, the reactor site 
oratory began making shipper-
urements on plutonium trans-
re typically in the size range 
lemental plutonium or 100 W 
r a 2-yr period, the total 
n shipper-receiver reports 
10 g of ^^^Pu out of 35,000 
, a discrepancy of some 
is a success story worthy 

ion. 

fuel cycle. Spent fuel processing plants 
recover slightly enriched uranium and 
plutonium. Fuel manufacturers and 
electrical generating companies define 
recycle plutonium as an asset and commit 
themselves to using it in replacement fuel. 

The recycle plutonium from power reactors 
contains varying mixtures of the plutonium 
isotopes. The radioactive decay products 
and, particularly, the '̂*'Am build up with 
time after chemical separation. Typical 
plutonium recovered from power reactor 
fuel might contain about 75% ^^^Pu. Rough
ly equal amounts of heat would come from 
the 238, 239, and 240 isotopes along with 
nonnegligible heat from the ^ "*' Pu and its 
"̂•̂ Am daughter. Determination of the 
quantity of such plutonium in a container 
by calorimetry therefore requires isotopic 
analysis of the plutonium and information 
on the Am content. Uncertainties in 
the isotopic analysis rather than the 
calorimetry will usually limit the accuracy 
of caiorimetric assay. As you can see from 
the program, much of the emphasis in our 
Symposium on the Caiorimetric Assay of 
Plutonium, is on the isotopic and ameri
cium determinations needed for caiorimet
ric assay. 

Calorimetry has been used as a prime 
quality control technique by many programs 
at Mound. Over a 12-yr period Mound made 
many thousands of quality control measure
ments . The measurements were made in an 
automated, low-wattage assay calorimeter 
at the rate of one per hour and actual 
operator time was less than 10 min per 
assay. The samples had approximately 
the same rate of heat output as an 
individual plutonium-uranium oxide fuel 
pellet for the FFTF reactor. 

Let us now consider the plutonium of 
particular concern to the power reactor 

Six months or so ago, I suggested that 
this Symposium be held for licensees and 
others faced with the need to account for 
plutonium. Mound Laboratory accepted 
the assignment and made all the arrange
ments not directly involving the AEC, 
including the program, announcements, and 
invitations. 

The AEC Division of Nuclear Materials 
Security is grateful to Mound Laboratory 
for holding this Symposium. We are 
pleased that you have come. We earnestly 
hope that it will help you to achieve a 
better safeguarding of your plutonium. 

REFERENCE 

1. USAEC press release, "AEC Imposes Strict New Requirements to Protect Nuclear 
Facilities and Materials," October 15, 1973. 
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Paper No. 1 

NONDESTRUCTIVE ASSAY GUIDES 
FOR SPECIAL NUCLEAR MATERIAL CONTROL 

J. E. Glancy 
Directorate of Regulatory Standards 
U. S. Atomic Energy Commission 

Abstraot 

The Atomic Energy Commission is continu
ing its program to determine acceptable 
techniques for measuring the various 
forms of special nuclear material encoun
tered in nuclea,r fuel processing. These 
measurement methods are being documented 
in Regulatory Guides issued by the AEC 
for the purpose of illustrating satis
factory means for implementing its regu
lations. Nondestructive assay is the 
recommended approach on heterogeneous 
material forms not amenable to tradition
al destructive analysis. The two non
destructive assay guides now available 
and the 15 soon to be published are 
presented and discussed. The Regulatory 
Guide on the caiorimetric assay of plu
tonium, developed in cooperation with 
the INMM standards committee N15, is re
viewed with particular emphasis on accept
able methods for converting power to 
plutonium content and the use of calori
metry for NDA standards preparatIon and 
certification. 

The Atomic Ener 
amendments to 1 
Nuclear Materia 
creased and mor 
control and pro 
amounts of spec 
primary impact 
a requirement f 
material balanc 
ventories and a 
tude of the lim 
uncertainty, in 
unaccounted- for 

gy Com.mission has issued 
0 CFR Part 70, "Special 
1", which require in-
e timely assurance of the 
tection of significant 
ial nuclear material. The 
of these new regulations is 
or more frequent measured 
es based on physical in-
constraint on the magni-
it-of-errer (LEMUF), or 
the amount of material-
(MUF) . 

To supplement these and previously exist
ing regulations the Commission maintains 
a program to provide guidance on accept
able procedures for implementing its 

rules. In the area of special nuclear 
material (SNM) accountability the Com
mission is determining satisfactory 
measurement techniques for the various 
material forms encountered in nuclear 
fuel processing. These techniques are 
being documented in the form of Regulatory 
Guides on Materials and Plant Protection. 
These guides illustrate methods which, 
although not required, are recognized 
by the Regulatory staff as acceptable for 
accounting for a particular form of SNM. 
In some cases, especially for hetero
geneous material, nondestructive assay 
is the appropriate and perhaps only 
applicable technique. 

The adoption of the measurement techniques 
in the Regulatory Guides on SNM account
ability by the nuclear industry will 
assist in expediting the licensing process 
and will promote an industry-wide measure
ment capability consistent with current 
technology. While encouraging adoption 
of its guides the AEC is, at the same 
time, eager to work with industry through 
national standards organizations such as 
the N15 committee, sponsored by the Insti
tute for Nuclear Material Managers (INMM), 
and the C26 committee, sponsored by the 
American Society for Testing and Material 
(ASTM), in developing standards on 
measurement techniques for SNM. Appropri
ate industrial standards have been and 
will be endorsed by the AEC in Regulatory 
Guides. Just as standards are revised to 
keep up with a changing technology, so 
too the Regulatory Guides may be amended 
as needed. This is particularly important 
in an area as new and dynamic as non
destructive assay. 

64% 



A number of the Regulatory Guides avail
able on Material and Plant Protection 
are shown in Figure 1. These guides are 
being issued in the areas of physical pro
tection and material control procedures as 
well as accountability. Three of the 
existing accountability guides endorse 
ASTM standards on destructive analytical 
techniques. Additional guides on chemi
cal analysis, as well as sampling, sample 
preparation, and weight and volume 
measurement, are planned or are now under 
development. The nuclear industry is 
actively involved in generating standards 
in these areas and Regulatory Guides are 
therefore being planned in cooperation 
with these standards efforts. 

Regulatory Guides 5.9 and 5.11 are not 
specific to a particular NDA method but 
deal with general aspects of nondestruc
tive assay and form part of the founda
tion for more specific NDA guides. These 
two guides were developed within the AEC. 
Although three standards are under devel
opment by INMM standards committee N15, 
"Radiometric Calibration Techniques," 
"Calibration Techniques for Caiorimetric 
Assay of Plutonium-Bearing Solids," and 
"NDA of Low-Enriched Fuel Rods," the 
majority of the NDA guides planned for 
the near future will also be developed 
within the Commission. 

Number 

TABLE OF CONTENTS 

Title 

5.1 Serial Numbering of Light-Water Power Reactor Fuel Assemblies 

5.2 Classification of Unirradiated Plutonium and Uranium Scrap 

5.3 Statistical Terminology and Notation for Special Nuclear Materials 
Control Accountability 

5.4 Standard Analytical Methods for the Measurement of Uranium 
Tetrafluoride (UF^) and Uranium Hexafluoride (UFg) 

5.5 Standard Methods for Chemical, Mass Spectrometric, and 
Spectrochemical Analysis of Nuclear-Grade Uranium Dioxide 
Powders and Pellets 

5.6 Standard Methods for Chemical, Mass Spectrometric, and 
Spectrochemical Analysis of Nuclear-Grade Plutonium Dioxide 
Powders and Pellets and Nuclear-Grade Mixed Oxides ([U, Pu]02) 

5.7 Control of Personnel Access to Protected Areas, Vital Areas, 
and Material Access Areas 

5.8 Design Considerations for Minimizing Residual Holdup of Special 
Nuclear Material in Drying and Fluidized Bed Operations 

5.9 Specification of Ge(Li) Spectroscopy Systems for Material 
Protection Measurements - Part I: Data Acquisition 

5.10 Selection and Use of Pressure-Sensitive Seals on Containers 
for Onsite Storage of Special Nuclear Materials 

5.11 Nondestructive Assay of Special Nuclear Materials Contained in 
Scrap and Waste 

FIGURE 1 - Division 5 Regulatory Guides - Materials and 
Plant Protection 
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Regulatory Guide 5.11, "Nondestructive 
Assay of SNM Scrap and Waste," contains 
general guidance on NDA method selection, 
measurement control, operating procedures, 
and calibration standards preparation. 
Forthcoming technique specific guides 
will use the recommendations in Regulatory 
Guide 5.11 (Figure 2) as a foundation and 
in this manner should promote a consistent, 
standardized NDA measurement philosophy 
throughout the nuclear industry. 

As an example, one recommendation of this 
guide is for standard containers for 
scrap and waste for use throughout the 
industry and emphasis on the necessity for 
container uniformity, at least in-house. 
The wide variety of container sizes and 
materials is presently one of the major 
problems in the application of NDA. 
Follow-on guides will be specific, when 
appropriate, in recommending containers 
and methods for packaging the containers. 
Categorization of scrap and waste material 
is also essential for accurate NDA. 

Guidelines on the characteristics on which 
to base material categorization and the 
sensitivity of different NDA techniques 
to these characteristics are provided in 
5.11. 

Another necessity for accurate NDA is the 
use of physical calibration standards 
which are representative of the items to 
be assayed. This guide attempts to de
fine a representative standard and empha
sizes the need for a sufficient number of 
NDA standards. It also recommends the 
consideration of "standardizing" or 
calibrating selected items from the pro
cess, when possible, to assure adequate 
calibration. This "standardization" may 
be achieved by a comparative measurement 
with a more accurate technique. 

A summary of the NDA interferences, taken 
from Regulatory Guide 5.11, is presented 
in Figure 3. Existing NDA techniques are 
listed along with their sensitivity to a 
variety of interferences. Technique 

STANDARDIZED CONTAINERS FOR SNM SCRAP AND WASTE 

STANDARDIZED PROCEDUP^S FOR PACKAGING SOT! SCRAP AND WASTE 

CATEGORIZATION OF SNM SCRAP AND WASTE 

CALIBRATION OF NDA IN EACH CATEGORY OF SIffI SCRAP AND WASTE 

"REPRESENTATIVE" PHYSICAL CALIBRATION STANDARDS 

COMPARATIVE MEASUREMENT OF SELECTED ITEMS TO ASSURE CALIBRATION 

SUFFICIENT NUMBER OF CALIBRATION STANDARDS 

RIGOROUS CALIBRATION FUNCTION FITTING PROCEDURES 

FIGURE 2 - General recommendations for a c c u r a t e NDA from 
Regula tory Guide 5.11 
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d Moderated-neutron stimulating source 
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FIGURF 3 - NDA interference control 



selection should consider all the listed 
interferences, as well as specific plant 
problems. However, efforts should be 
made to go beyond the qualitative evalua
tion presented in the table and quantify 
the effects of these interferences before 
selecting a technique. As shown in this 
figure, calorimetry is the NDA technique 
susceptible to the fewest number of 
interferences. 

Regulatory Guide 5.11 also provides 
guidance on technique selection by the 
particular form of SNM, i.e., plutonium, 
uranium233, and high and low enriched 
uranium. This is presented in Figure 4. 
Although the table requires some study 
for full appreciation, the point of 
major importance is the recommendation 
that calorimetry receive first considera
tion for nondestructive assay of plutoniu 

The major difficulty in obtaining accurat 
results with calorimetry is in the con
version of the power, measured calorim
etrically, to plutonium content. This 
conversion is based on a knowledge of the 
effective specific power of the material 

TECHNIOUt Pu = " u ^70'i " ' U <-20% ' = = U 

(I) 1st ( i ^ 2 r ~~~ ' 
nd 

XA XA 
CALORIMETRY 

NR XR XA XA 

(2) 3 i d :nd 2nd 1st (2+5) 
GAMMA RA\ 

1st 1st 1st ist 

(3) :nd (3+?) X-\ XR 3id (3+2)** 
SPON'rANLOl'S 

1 iSSIOX 2nd (3+2) X A XR XR 

(4) 4th 1st 1st 2nd 
SriMULATlD 

\ ISSiOX 3rd 2i,d 2nd 2nd 

(5) NR XR X!R [5+2) XIR(5+2) 
GROSS NFL' i R 0 \ 
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*Abo^ - rCLvTiPH ndiTi ^n r^-ttr- !o n _̂ i d^'i-. ' 'ti ) s^'-i ^. ^ eni ueris LoACi 
rccomPHnd ' tnr i r- i_-rs lO loVv-d^ns'n k u S\M lUirs 

^ Sponlan:i)Vis tiSvMp o ■ ^t 
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N I R - N O T INDl PI \ i l l \ m 1̂ 1 COM^'.l X n i D Sli vdd bo u.ed onlv m loniu . ' . iion 
wittr a complcint ' i i j \ j-,-,i\ 'ne'ivid 

(watts per gram of plutonium), usually 
determined by measuring the abundance of 
the isotopes of plutonium and americium
241. Guides are planned dealing with thej 
measurement of these radionuclide abun
dances and research is continuing to 
improve the state of the art. 

Regulatory Guide 5.11 on the NDA of scrap 
and waste only recommends calorimetry 
for primary consideration. Each individ
ual should select the appropriate tech
nique for his specific problem. The 
passive techniques of gammaray spec
trometry and coincident detection of 
spontaneous fission neutrons are certain
ly appropriate for plutonium assay in 
certain situations. In fact, for low 
level waste, gammaray spectrometry is 
the recommended selection because of the 
low thermal power density of the waste, 
the possibility of mixed radionuclide 
compositions, and the time required for 
the waste to come to thermal equilibrium. 

Because any of these different methods 
may be appropriate to the variety of 
measurement problems in nuclear fuel 

FIGURE 4  NDA technique selection 



processing, a number of guides for non
destructive plutonium assay are planned. 
These are presented in Figure 5. Each 
of the plutonium guides is primarily 
applicable to a specific material form, 
i.e., gamma-ray spectrometry to low-level 
waste, spontaneous fission neutron coin
cident detection to moderate-level scrap 
and waste, and calorimetry to scrap and 
process material. However, the guides are 
organized so that each may also be applied 
to other material forms if the recommenda
tions in the guide are followed. These 
recommendations attempt to promote 

attainment of the highest possible per
formance while assuring that all inter
ferences are considered and proper error 
analysis is conducted. In other words, 
while guidance is provided in method 
selection, this is still the responsi
bility or option of the fuel processor. 
The operation, calibration, control 
procedures, and especially the error 
analysis for each method, however, will 
be specified in the guides. If the 
technique is used and the guide is not 
followed it is the burden of each licensee 
to provide satisfactory alternatives. 

I. GENERAL 
**1. Radiometric Calibration Techniques 
*2. NDA of SNM Contained in Scrap and Waste 
*3. Specifications for Ge(Li) Spectroscopy Systems for Material 

Protection Measurements Part I: Data Acquisition. 
4. Specifications for Ge(Li) Spectroscopy Systems for Material 

Protection Measurements Part II: Data Reduction. 

II. PLUTONIUM ACCOUNTABILITY 
5. Nondestructive Gamma-Ray Spectrometry for Plutonium Waste Assay. 
6. Nondestructive Plutonium Scrap and Waste Assay by Spontaneous 

Fission Detection. 
**7. Nondestructive Caiorimetric Assay of Plutonium-Bearing Solids. 
8. Gamma-Ray Spectrometric Analysis of Radionuclide Abundance Ratios 

for Prepared Plutonium-Bearing Samples. 
9. Nondestructive Gamma-Ray Spectrometric Analysis of Radionuclide 

Abundance Ratios of Plutonium Process Materials. 
10. NDA of Plutonium Bearing Fuel Rods 
11, NDA of Plutonium Residue in Process Equipment. 

III. URANIUM ACCOUNTABILITY 
12. Nondestructive Gamma-Ray Spectrometry for Highly-Enriched Uranium 

Waste Assay. 
13. NDA of Highly-Enriched Uranium-Bearing Solids by Neutron Induced 

Fission Detection. 
14. Nondestructive 0ranium-235 Enrichment Assay by Gamma-Ray Spectrometry. 
15. NDA of Highly Enriched Uranium Metal Fuel Plates 

**16. NDA of Total Fissile Content of Low-Enriched Uranium Fuel Rods 
17. NDA of Uranium Residue in Process Equipment 

* issued 
** Developed in cooperation with ANSI 

FIGURE 5 - Material protection nondestructive assay guides 
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Guides, such as those on uranium and 
plutonium fuel rod and plate scanning, 
will be issued for the measurement of 
well-defined material forms common to a 
large segment of the industry. In addi
tion, guides on nondestructive techniques 
used to complement a number of other 
analytical methods are planned. The 
uranium-235 enrichment guide and the 
radionuclide abundance guides are of this 
type. The major incentive for these 
latter guides, both the nondestructive 
measurement and the spectroscopy of pre
pared samples, is for use in conjunction 
with calorimetry for the conversion of 
power to plutonium content. 

Guides are also now under development 
for the assay of uranium and plutonium 
residue, or holdup, in process equipment. 
These guides will be extremely relevant 
and timely in light of industry comment 
on material accountability problems. The 
lack of experience in this area necessi
tates general guidance in technique 
selection, calibration, operation, and 
error analysis. Adoption of these tech
niques, as tvell as research in this area, 
will generate data necessary for more 
specific guidance. 

The Regulatory Guide on "The Caiorimetric 
Assay of Plutonium-Bearing Solids" is 
being developed in conjunction with the 
ANSI standards committee N15, sponsored 
by the INMM through its task force 
N15.8.4. This task force has completed 
the final draft of a standard on calibra
tion methods for calorimetry applied to 
plutonium assay. This draft is now under 
review by appropriate technical experts 
within the nuclear industry and should 
receive N15 approval early next year. 
The standard describes calibration pro
cedures which provide traceability of the 
power measurement, via intercomparative 
measurements, to the National Bureau of 
Standards. The standard also prescribes 
procedures for converting the measured 
power to the quantity of plutonium, 
provides recommended values for the nuclear 
constants used in this conversion, gives 
guidelines for including americium-241 
in-growth, and details procedures for 
propagating the errors in the power 
measurement, the nuclear constants, and 
the radionuclide abundances. The Regula
tory Guide on calorimetry is planned for 

publication in the early spring of 1974 
and should endorse this draft ANSI stand-^ 
ard. m 

The calorimetry guide now in preparation 
considers only the measurement of plu-
tonium-bearing solids, i.e., pellets, con
tainers of pellets and oxides, and con
tainers of scrap and high-level waste. 
Developmental work now in progress should 
extend the applicability of calorimetry 
to fuel rods and liquids, e.g., plutonium 
nitrate. 

In addition to use strictly as an account
ability instrument calorimetry may have 
applications in the calibration of other 
nondestructive techniques. If NDA is to 
provide a viable alternative to chemical 
analysis then nondestructive measurements 
should be traceable to the National 
Bureau of Standards via intercomparative 
measurements. Acceptable means for 
tracing nondestructive assay are not 
available because of the lack of primary 
or national nondestructive standards. 
Guidance in tracing NDA to the national 
measurement system through comparisons 
ivith more accurate, traceable techniques, 
such as destructive chemical analysis, is 
needed. Calorimetry is also being con
sidered as a means for "standardizing," 
or tracing, the results of nondestructive 
techniques, such as spontaneous fission 
neutron coincidence detection, gamma-ray 
spectrometry, and induced fission fuel 
rod scanning, to primary standards. 

The insensitivity of calorimetry to the 
multitude of interferences that affect 
other radiometric techniques is the major 
reason for recommending it for primary 
consideration. In addition to its 
specificity it is reliable, rugged, trace
able to standards, and has been used in 
glovebox lines, thereby eliminating the 
need for bagging and load-out. However, 
the Commission is aware of the problems 
in applying calorimetry because of either 
the uncertainty in measurements of the 
radionuclide abundances or the inability 
to meet throughput requirements due to 
the time required for the calorimeter to 
reach equilibrium. 

The Commission is, therefore, supporting 
efforts to improve calorimetry, radio
nuclide abundance determinations, and 



other nondestructive assay techniques. 
The Regulatory Guides on NDA will reflect 
these improvements in technology in a 
continuing attempt to promote a quality 
measurement capability. Your opinions 
on the Regulatory Guide program for NDA 
and suggestions on increasing the 
applicability of NDA and NDA guides to 
your particular measurement problems 
would be welcomed. 
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FUNDAMENTALS OF CALORIMETRIC ASSAY 

W. W. Rodenburg 
Monsanto Research Corporation 

Mound Laboratory 
Miamisburg, Ohio 

Introduction 

The purpose of this presentation is to 
provide a fundamental understanding of 
caiorimetric assay as applied to the nu
clear fuel industry. It is hoped that this 
presentation will provide a basic founda
tion which will bring the rest of the pro
gram into perspective. In explaining the 
technique, I will rely heavily on examples 
of its use here at Mound. 

First of all, I would like to answer a 
couple of questions which I am sure have 
occurred to at least some of you. These 
are "why calorimetry?" and "why Mound 
Laboratory?" Calorimetry is a nondestruc
tive method of nuclear material assay. 
As such, it has several advantages. First 
of all, handling of nuclear material and 
the related risk of personnel or environ
mental exposure is greatly reduced. This 
is no small factor in these days of tighten
ing standards. Second, the technique is 
applicable to all kinds of bulk material 
since attenuation and self-adsorption have 
no appreciable affect on the results. 
Third, calorimeters are relatively simple 
to operate and maintain. A high school 
education is normally all that is required. 
Calorimeters are very rugged and have been 
mounted in gloveboxes. This, in turn, 
makes it possible to get results on a more 
timely basis and also reduces the time, 
expense, and environmental hazards 
associated with passing samples out of the 
gloveboxes. The reliability of calorimeters 
is exemplified by Mound Calorimeters 39 and 
49. Calorimeter 39 is 26 yr old and is 
still accurate to 0.01%. Calorimeter 49 is 
25 yr old but is still so sensitive it is 
on loan to the U. S. Army for measuring 
bacterial growth in packaged foods. 
Fourth, calorimeters are extremely precise 
and accurate. Precisions of 0.1% or better 

are achieved in most of the assay calorim
eters in use at Mound. Precisions of 3 
ppm have been achieved in research 
calorimeters at Mound. 

Thus calorimetry has the potential of 
being the most accurate and precise non
destructive technique available for the 
assay of nuclear materials. In addition, 
it has many advantages in terms of 
economics, personnel safety, and environ
mental safety. 

Why Mound Laboratory? Because calorimetry 
has been in continued use and development 
by Mound scientists for 30 yr. In that 
period, calorimetry has been used to solve 
untold problems. The Calorimetry Develop
ment Group and the Nuclear Measurements 
Group at Mound not only do all the re
search, development, and testing of new 
instrumentation and techniques for use at 
Mound and other sites but are also respon
sible for all the day-to-day routine assay 
work for the Laboratory. As such, our 
work has always had a very practical bent 
to it. 

Fundamentals 

"A calorimeter is a device to measure heat. 
In the case of radioactive material, we 
are actually measuring heat emitted per 
unit time or power. The unit of measure
ment is the watt. Thus the calorimeters 
are calibrated electrically using elec
trical standards traceable to the National 
Bureau of Standards. 

Each time an atom decays, energy is re
leased and absorbed by the surroundings, 
generating heat. For example, every time 
an atom of plutonium-239 decays, 5.2 MeV 
of energy is released. 

14-̂ v 



'Pu 'U + a + 5.2 MeV 

The specific power, that is the quantity 
of heat generated per gram of material 
per second (watts/gram), can be calculated 
from the equation 

2.11935 X lO^Q 
T^ A 

where P = specific power of isotope 
(watts/gram) 

Q = total disintegration energy of 
isotope (MeV) 

T'̂= half-life of isotope (years) 
A = atomic weight of isotope (grams). 

This equation assumes all energy is de
tected. In fact, some high energy gamma 
and neutron radiation escapes the calorim
eter without being detected. However, in 
the assay of plutonium this effect is 
less than 0.01% and is not considered 
significant. Of course the specific 
power of any isotope can be determined 
by calorimetrically measuring a known 
quantity of the isotope. 

When a sample contains more than one 
isotope, one must also have a knowledge 
of the relative abundance of each iso
tope present. For example, for a sample 
of plutonium the total wattage of the 
sample (Wg) would be given by summing 
the heat produced by the individual iso
topes 

n 
W " E Mi Pi = M £ Ri Pi = MPgff 

i=l i=l 

where Mi = mass of the i isotope , 
Pi = specific power of the i 

isotope 
M = total mass of plutonium . th Ri = ratio of the mass of the i 

isotope to the total plutonium 
mass 

R^ ?^ = effective specific 
power of the par
ticular isotopic 
mix. 

eff E 
i=l 

Thus one can calculate the grams of 
material from the wattage of a sample 
and its Peff-

W. 

Table I gives some typical isotopic 
ratios and specific powers for some of 
the more common plutonium fuels in use 
today. Since the mass ratios are all 
relative to plutonium, the summation of 
the weight percentages is not 100, but 
100 plus the americium weight percentage. 
Thus the specific powers are in terms of 
milliwatts per gram of plutonium present. 
As you can see, the effective specific 
power of the various types of plutonium 
grow as the material is recycled. This 
is due to the increased amounts of ^^®Pu 
and ^''"Pu in the material. 

An alternate technique of measuring the 
specific power of an isotopic mix is to 
first weigh an aliquot of plutonium from 
a large blend, calorimetrically assay it, 
and chemically determine the plutonium 
content. The specific power to be used 
for the material in that blend would then 
be 

M^ [Pu] 
^eff - ŵ ^ 

where M. = weight of the aliquot in grams 
W = calorimeter value of aliquot 

in watts 
[Pu] = plutonium concentration in 

grams per gram 

This latter technique assumes that the 
material in a blend is isotopically 
homogeneous throughout. A good procedure 
is to make at least three separate deter
minations to verify this and also to 
generate reliable statistics on the 
specific power used. Once the specific 
power for a blend is determined, it can 
be used throughout the process. For 
example, one can determine plutonium 
content in a batch of mixed U, Pu oxide 
pellets by weighing them and assaying 
them calorimetrically. 

W P î r 
% Pu + rf ^i^ X 100 M s 

In either case, the uncertainty of 
caiorimetric analysis primarily depends 
on how P ._ is determined, eff 
When mass ratios are combined with 
specific powers of the individual 

M 's 
P^ff 
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Table 1 

RADIONUCLIDIC ABUNDANCES OF TYPICAL PLUTONIUM BEARING FUELS 

Abundance 
(wt %) 

Nuclide WR FBR 

^^Vu 0.01 0.05 

^^^Pu 93.5 86.7 

^"•"Pu 6.0 11.5 

^■^^Pu 0.5 1.5 

^^^Pu 0.03 0.2 

^"Am 0.05 0.15 

Typical 
Peff 
(mW/g) = 

100. 1 

2.35 

100.1 

2.92 

British 

0.1 

90.2 

8.5 

1.0 

0.2 

0.1 

100.1 

3.05 

LWR 

0.2 

75. 7 

18.4 

4.6 

1. 1 

0.7 

100.7 

5. 19 

Recycle 

0.5 

65 

24 

isotopes, the variance has three major 
components. 

A<, Ppff 
1=1 eff 

The first term in this equation is the 
uncertainty in the measured power. The 
second term is the uncertainty in the 
specific powers used. These two terms 
are normally quite small and by them
selves can usually be held to less than 
0.1%. The third term is due to the 
uncertainty in mass ratios and normally 
dominates this uncertainty analysis. An 
important point to note about this term 
is that the uncertainties in the mass 
ratios are weighted according to the 
specific power of the isotopes. This 
means that in some cases uncertainties 
in the mass ratios of highheatproducing 
isotopes such as ^^'Pu and '̂*''Pu are of 
equal importance to uncertainties in the 
mass ratio of ^'^Pu. 

For comparison, Table 2 shows the 
percentage of the total heat generated 
by each isotope by plutonium type. Here 

the increased co 
'̂'"Pu in recycle 

apparent. For e 
case more heat i 
"'^Pu, and ^opu 
"̂•̂ Am content is 
separation and ^ 
case, it is obvi 
of recycle pluto 
techniques for i 
required. 

ncentrations of ^^^Pu and 
material is readily 
xample, in the recycle 
s generated by ^'*^Am, 
than by ^^'Pu. Of course, 
dependent on time from 
"•̂ Pu content. In any 
ous that as the quantity 
nium increases, improved 
sotopic analysis will be 

When Pgfp of a blend is determined by 
comparing chemical assay values with 
calorimetry values the variance of the 
method is given by 

oM 
M 

oW. 
Wc 

oP £££ 
eff 

Again the first term of the equation is due 
to the variance in the calorimeter measure
ment and can normally be made less than 
0.1%. The second term (c^Pgff/^eff^ ̂  ^^ 
due to the variance inthe specific power 
determination and can best be determined 
by making multiple determinations. 

Neither of these analyses considered the 
effect of decay on the Pgff of a blend. 
By far the most important effect is the 
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Table 2 

TYPICAL PERCENTAGE OF SPECIFIC POWER BY ISOTOPE 

Total Heat General 
0 

;ed 

Nuclide TO FBR British LWR R. ecycle 

25=PU 4 9 19 23 36 
2 3 9pu 75 56 57 30 16 
2H0p^ 18 27 19 27 22 

'̂'•̂ Pu 1 2 1 3 4 
2U2p^ _ _ _ . . 

'Am 17 22 

ingrowth of '̂•'•Am from the decay of ^''^Pu. 
Since '̂'■̂ Am generates 34 times as much 
heat per gram as ^"^Pu, the Peff actually 
grows with time. Table 3 shows how this 
effect varies for the plutonium types 
considered earlier. As the material is 
recycled, the rate of growth of power 
increases with "̂̂ Pu content. 

A good test of any system is to nondes
tructively analyze a batch of unknown 
samples. Then after the results are in, 
chemically analyze them and compare re
sults. Table 4 shows the result of just 
this type of test. 

As you can see, for a nondestructive 
technique the results are very good. 
There does appear to be a slight positive 
bias which probably is in the isotopic 
analysis or the specific powers used. 
This early work clearly indicated that 
for bulk samples of plutonium, calorimetry 
has great promise. There was also an ash 
category, but these samples have proven 
to be very difficult to dissolve and no 
data are yet available on them. In any 
case, these results are very encouraging 
when one considers they were made on ac
tual inprocess material rather than very 
pure researchgrade materials. Since 
then further samples have been calorimet
rically assayed and chemical analysis is 
now being done. These will be discussed 
by W. Strohm, Paper 11. 

Calorimeter System 

Now we have covered most of the funda
mentals of the technique and will con
sider what composes a calorimeter system, 
how it operates, and some data. Again, 
the intent of this talk is not to go too 
deeply into any of the details but rather 
to give a broad background for relating 
the other talks. 

A typical calorimeter system is composed 
of a calorimeter, a constant temperature 
environment, a readout device, and a set 
of electrical or radiometric calibration 
standards. The calorimeter may be any one 
of several designs but, in general, is 
simply a device which produces an analog 
or digital signal which can be related 
to the amount of power being generated 
by a s amp 1e. 

Normally a water bath serves as a constant 
temperature environment for the calorim
eter. The readout device measures the 
calorimeter output and is usually a 
potentiometer, digital voltmeter, or 
recorder. Calibration is provided in 
one of two ways. One way is to have an 
electrical heater in the sample chamber. 
The system is then calibrated electric
ally using a highly regulated power 
supply, a set of resistance and voltage 
standards, and a potentiometer or digi
tal voltmeter to determine the electric
al power delivered. An alternate method 
of calibration is to use a set of cali
brated heat sources. 
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Table 3 

RATE OF GROWTH OF SAMPLE POWER BY PLUTONIUM TYPES 

Plutonium type WR FBR British LWR 

Rate of sample 0.004 0.008 0.004 0.012 
power growth 
(%/day) 

Recycle 

0.016 

Table 4 

COMPARISON OF CALORIMETRIC ASSAY WITH CHEMICAL ASSAY 

Sample Plutonium Content (g) Difference Difference 
Material Type I.D. 

M-2 

Caiorimetric 

1782.1 

Chemical 

1798.1 

(g) (g) 
Metal Buttons 

I.D. 

M-2 

Caiorimetric 

1782.1 

Chemical 

1798.1 -H6.0 + 0.89 
M-6 632.5 642.9 + 10.4 + 1.6 
M-10 1420.1 1423.6 + 3.5 +0.25 
M-4 1743.6 1754.1 + 10.5 + 0.60 
M-9 2217.0 2222.3 + 5.3 + 0.24 

Green Cake G-2 926.5 927.4 + 0.9 + 0.10 
G-4 641.0 648.6 + 7.6 + 1.2 

Oxides 0-4 793.4 798.3 + 4.9 + 0.61 
0-8 1339.3 1350.2 + 10.9 +0.81 
0-6 103.7 105.4 + 1.7 + 1.6 

Dirty 
"Fluorides" F-4 427.8 423.3 - 4. 5 -1.1 

F-5 24.5 23.7 - 0.8 -3.4 
F-7 833.6 825.6 - 8.0 -0.97 

Most radiometric calorimeters are of the 
heat flow type (Figure 1). They consist 
of a sample chamber, a temperature sen
sor, and an electrical heater for cali
bration. The sample chamber is insu
lated from the environment by a thermal 
resistance. Thus heat from the sample 
causes the temperature of the insulated 
sample chamber to rise above the en
vironment. The temperature sensor is 
used to measure this temperature rise, 
and the electrical heater is used to 
calibrate the temperature rise in terms 
of watts of power delivered. 

The sensitivity is determined primarily 
by the amount of insulation used. The 
more insulation used the higher the tem
perature rise and also the longer the 
time to reach equilibrium. As a result 
there is also a direct relationship be
tween accuracy and time per assay. The 

more accuracy needed, the more time is 
required to reach equilibrium. Thus 
each calorimeter must be engineered 
according to the accuracy and time re
quired. 

When both high accuracy and fast equilib
rium times are required, the calorimeter 
can be servo-controlled. Here the sample 
chamber is controlled at a constant tem
perature. The control power is measured 
( W Q ) , and then a sample is placed in the 
calorimeter. The control power (W) is 
again measured; the decrease in control 
power is due to the heat generated by 
the sample (Wg). 

W = W s o W 

Thus the servo-controller maintains the 
calorimeter at equilibrium and eliminates 
the time constant so that only the sample 
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Figure 1 - Heat flow calorimeter 

need come to equilibrium. This time 
limitation can be reduced still further 
by pre-equilibrating the sample in a 
"thermalizing well" to the same tempera
ture as the calorimeter chamber. 

Table 5 gives an indication of the effects 
of these various configurations. First 
of all, the three different equilibrium 

times given indicate that more precise 
values require longer times. For clarity, 
we shall consider only the,0.1% measure
ment. In case #1, 3.6 hr were required 
for the empty calorimeter to come to 
equilibrium. When a can of plutonium 
oxide packaged inside a plastic bag in
side a second tin can inside a second 
plastic bag was added, the equilibrium 

Table 5 

TIME TO REACH DESIRED EQUILIBRIUM 

Time (hr) 
0.01% 0.1% 1.0% 

Case Equilibrium Equilibrium Eq jilibrium 

1 4.8 3.6 2.8 

2 13.1 10.2 8.1 

8.0 

3.0 

3.0 

8.0 

6.1 

1.6 

1.3 

6.3 

4.7 

0.8 

0.4 

5.2 

Comments 

Heater only, no 
s amp 1e 
Poorly packaged 
sample in unauto-
mated calorimeter 
Same as Case #2 with 
calorimeter automated 
Same as Case #3 with 
sample pre-equili-
brated within 0.007°C 
Ideal case; sample 
at exact calorimeter 
temperature 
Same as Case #2 with 
improved packaging 
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time jumped to 10.2 hr. This jump was 
due to the increased heat capacity and 
thermal resistances of the sample. 
When the calorimeter was servocontrolled 
the time to reach equilibrium \vas reduced 
by 40% to 6.1 hr. Nearly the same re
duction was achieved (case #6) by pack
aging the sample inside a single can in
side copper shot for heat distribution. 
Thus calorimeters located in process 
lines are faster since samples which 
are only singly contained may be used. 
The next step is to preequilibrate the 
samples to the calorimeter temperature. 
In this case, the time per assay is re
duced to less than one and a half hours. 
With singly contained samples, this num
ber can probably be reduced to less 
than an hour. 

Prediction of equilibrium has often 
been suggested to further speed the pro
cess. With multiply packaged samples 
this is difficult since it involves 
analyzing an equation with 6 to 10 vari
ables in real time. Singly contained 
samples are easier to predict and, in 
those cases, prediction of equilibrium 
is feasible. 

Practical Aspects 

Now we will consider some of the prac
tical aspects of calorimetry. Here I 
will be relying heavily on applications 
here at Mound. 

First Figure 2 gives a layout of our 
plutonium processing building. About 
half the calorimeters are located in the 
control room (Figure 3) located next to 
the building vault. The rest of the 
calorimeters are located in the process 
lines and cables run back to the control 
room. In this way all the calorimeters 
are operated from a single readout facil
ity. 

Figure 4 shows a newly received shipping 
container of ^'^Pu oxide being loaded in
to a calorimeter. Over a recent 2yr 
period the total shipperreceiver dis
crepancy on this material between Mound 
and the reactor site was only 0.026%. 
All material entering or leaving the 
building is calorimetered with the ex
ception of low level scrap. The scrap 
is assayed by gamma scanning. The 
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calorimeter shown in Figure 5 is used to 
provide a random check of the gamma ^ 
scanning system. This comparison pro ■ 
vides an ongoing check of the gamma de ^ 
terminations. Once the incoming material 
is assayed it is passed into the process 
lines. Here inline calorimeters are 
provided for batch measurements and analyt
ical determinations. All the boxes are 
connected by an overhead conveyor system. 
In Figure 5 we see a manipulator being 
used to load the calorimeter sample. The 
manipulator is necessary because of the 
high radiation levels generated by the 
sample. Figure 7 shows a calorimeter de
signed for use in the californium pro
cessing lines at E. I. duPont Savannah 
River Plant (SRP) where samples are ex
pected to generate flux levels of 10*' 
n/sec. This again exhibits the extreme 
ruggedness of calorimeters compared to 
other analytical instruments. 

Figure 8 shows the environmental bath for 
an inline calorimeter. The calorimeter 
is sealed to the bottom of the glovebox 
so that the water in the water bath cannot 
enter the glovebox. 

As mentioned earlier, the primary advan
tage of inline equipment is that it 
eliminates the time, expense, and en
vironmental hazard associated with re
moving radioactive material from the pro
cess lines. 

In our audit verification laboratory we 
nondestructively analyze plutonium samples 
pulled from various contractor inventories. 
R. Crouch and W. Strohm will be saying 
more about this program later. In Figure 
9 we see a sample being loaded into a 
model 102 calorimeter. It is 4.75 in. 
in diameter by 8 in. tall and has a de
tectability of approximately 300 yW or 
0.1 g of FBRtype plutonium. Accuracy at 
the 20 confidence level is 0.05% on a 
2W sample. This particular model is 
quite versatile and Mound has supplied a 
calorimeter of this type to ARHCO, HEDL, 
LASL, SRP, and GEVallecitos. 

Figure 10 shows a sample being placed in 
a calorimeter designed for assay of gallon 
cans of scrap. The detectability of this 
instrument is 1.2 pW or about 0.4 g of 
FBR plutonium. This calorimeter would 
serve as an ideal device to check plu
tonium assay done by other methods such 



CALORIMETER 
INSTALLATIONS 

FIGURE 2 - Calorimetry installation in the Plutonium Processing Building. 

as gamma scanning or neutron coincidence 
counting. 

Figure 11 shows a portable calorimeter 
system to provide infield measurements. 
The entire system is rack mountable and 
a recorder serves as the readout for the 
system. This unit was installed on the 
Regulatory Operations Area I measurement 
van and both the van and the calorimeter 
will be seen on the tour. 

In addition to SS material accountability 
the calorimeters at Mound are used ex
tensively for quality control programs. 
Figure 12 shows a very simple calorimeter 
system for routine quality control meas
urements. The calorimeter is permanent
ly mounted in the wooden bath shown at 
the left. The samples are stacked one 
on top of another in the Lucite tube 

sticking out of the top of the bath. In 
practice, the operator loads a standard 
heat source, four unknowns, another 
standard, four more unknowns, etc. The 
first source is then dropped down into 
the calorimeter and the calorimeter out
put is recorded. After 38 min the first 
source drops out of the calorimeter into 
a catch basin under the bath and the 
next source is dropped into the calorim
eter. The cycle is repeated until all 
sources have been measured. The operator 
then calculates the value of the un
knowns by comparing the calorimeter out
put when the unknown was in the sample 
chamber with the calorimeter output when 
a standard was in the calorimeter. Cal
culating and recording the data normally 
require about 15 min/8 hr of operation. 
The samples generate about the same 
amount of power as 1/2 g of plutonium. 
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FIGURE 5 - Calorimeter for check of gamma scan results. 
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FIGURE 9  A sample being loaded into a Model 102 calorimet 
er. 
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FIGURE 10 - Gallon can calorimeter. 
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FIGURE 11 - Calorimeter for USAEC Regulatory Operations Area I measurement van. 
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The calorimeter values are compared with 
weight and chemical values, and if they 
agree within 3% the product is acceptable. 
The calorimeter itself is accurate to 1% 
at the 95% confidence level. 

In support of our production requirements. 
Mound has a continuing program of research. 
For example, research calorimeters have 
been developed to make half-life measure
ments which have standard deviations of 
less than 5 ppm. This precision makes 
it possible to measure rates of decay 
very precisely and in turn provides some 
of the most accurately known half-life 
measurements available. These instru
ments are also used to provide accurate 
and specific powers for many of the iso
topes of interest in the nuclear fuel 
cycle. 

As a further aid in developing the calo
rimeters a series of heat standards (Fig
ure 13) has been prepared. These range 
from 1 mW to 40 W. The standards have 
all been calibrated in Mound calorimeters 
using electrical standards traceable to 
the National Bureau of Standards. At the 
present time these sources are the 
"standard" of the nuclear industry having 
been used by LASL, SRP, Dow-RF, GEND, ANL, 
ARHCO, HEDL, LLL, NUMEC, and General 
Electric's Vallecitos nuclear center to 
calibrate their calorimeters. These 
standards are available for sale or loan 
as the need arises. 

Commercial Availability of Calorimeters 

Last but not least is the question of 
commercial availability of calorimeters. 
So far there are four companies inter
ested in this market and they all have a 
representative at this meeting. They are 
TRONAC, Inc., Sanda, Inc., Babcock § 
Wilcox, and Monsanto Research Corporation. 

Babcock § Wilcox built a calorimeter for 
their NUMEC subsidiary and S. Nattsas wil 
be reporting on their experience later ir̂  
the program. 

TRONAC, Inc., of Orem, Utah, builds calo
rimeters and related equipment for chem
ical studies. They built one isothermal 
controller and one calorimeter for assay 
of radioactive materials for us. The 
controller works well (see Figure 14) and 
seems reasonably priced. The calorimeter 
was just delivered and we have absolutely 
no data and thus cannot comment on it. 
W. Babcock and R. Hart are the TRONAC 
representatives. 

Sanda, Inc., of Philadelphia, Pennsyl
vania, has also expressed an interest in 
supplying this market. It is my under
standing that they would primarily use 
the design developed here at Mound. E. 
Becker and P. Sadtler are the Sanda rep
resentatives . 

The Dayton Laboratory of Monsanto Re
search Corporation is separate and dis
tinct from Mound Laboratory. It is 
privately owned and not government owned 
as is Mound. The Dayton Laboratory has 
built several calorimeters for their own 
use along the lines of the Mound calorim
eters. B. Taylor is the MRC representa
tive. 

Mound Laboratory is the technical con
sultant for calorimetry for the Division 
of Nuclear Materials Security and would 
be glad to help any of you analyze your 
needs. If you have special needs which 
these suppliers cannot fill or you wish 
to build your own instrument, please 
contact us and we will attempt to solve 
your problem. Feel free to contact 
W. Strohm, K. Jordan, F. Haas, me or 
anyone else at Mound who can help you. 
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FIGURE 13 - Mound heat standard for calorimeter calibrati on. 
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Paper No. 3 

THE DETERMINATION OF PLUTONIUM ISOTOPIC COMPOSITION 
BY MASS SPECTROMETRY AND ALPHA SPECTROMETRY, AND 

AMERICIUM-241 CONTENT BY RADIOCOUNTING 

Charles E. Pietri 
New Brunswick Laboratory 

U. S. Atomic Energy Commission 
New Brunswick, New Jersey 

Abstract 

The determination plutonium isotopic com
position at the New Brunswick Laboratory 
involves the following considerations. The 
mass spectrometric determination of iso
topic composition with high precision and 
accuracy requires a separation of any 
uranium from the plutonium. To avoid the 
interference of '̂•̂ Am with the ^'*^Pu 
determination, americium must also be 
separated from the plutonium fraction. 
Finally, since traces of uranium may 
accompany the plutonium in the separation 
and may give high ^^^Pu values because of 
the 238y rnass, the ^^^Pu content is best 
determined by alpha spectrometry. 

Americium-241 is determined at this 
laboratory by either a direct gamma count
ing method in the presence of plutonium or 
by a separations procedure using thenoyl-
trifluoroaoetone (TTA)/tributyl phosphate 
(TBP) extractions and alpha counting. 

An outmoded concept of chemical analysis 
is the cluttered lab filled with retorts 
and test tubes. Modern chemical analysis 
today, however, relies heavily on instru
mentation (spectrometers, titrimeters), 
computers, and automated techniques. 
Furthermore, it is a common misunderstand
ing even among technically trained 
individuals that the opposite of "non
destructive assay" is "destructive" 
analysis. The correct terminology is, 
of course, "chemical analysis." Accord
ingly, the chemical analysis of plutonium 
for isotopic composition and americium 
content at the New Brunswick Laboratory 
involves the following considerations. 

The mass spectrometric determination of 
isotopic composition with high precision 

and accuracy requires a separation of any 
uranium from the plutonium. To avoid the 
interference of ^""Am with the ^"' Pu 
determination, americium must also be 
separated from the plutonium fraction. 
Finally, since traces of uranium may still 
accompany the plutonium in the separation 
and may give high 2 3 I Pu values because of 
^̂ ''U mass, the ^'^Pu content is best de
termined by alpha spectrometry. Thus, the 
complete analysis consists of three main 
operations: (1) the required separations 
of americium and uranium from the plu
tonium; (2) the mass spectrometric measure
ments to determine isotopic composition of 
plutonium on the prepared samples; (3) the 
determination of ^^'Pu by alpha spectrom
etry on a separate aliquot of the isolated 
plutonium fraction. 

Americium-241 is determined at this labora
tory by either a direct gamma counting 
method in the presence of plutonium^'' or 
by a separations procedure using thenoyl-
trifluoroacetone (TTA)/tributyl phosphate 
(TBP) extractions and alpha counting.'*'" 

A. Determination of Plutonium Isotopic 
Composition 

1. Separation 

The isotopic analysis of plutonium by 
surface ionization mass spectrometry 
and alpha spectrometry at this laboratory 
involves the prior separation of inter
ferences. One such separation. Figure 1, 
is an anion-exchange procedure in which 
plutonium and a small part of the uranium 
are retained by Dowex-1 resin from 8N 
nitric acid solution and the remaining 
uranium is eluted with additional acid 
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Pu (IV) 
A m ( l l l ) 
U (VI) 
8 N HNO, 

Wash 

I n i t i a l ; 
Frnal . 

Pu (<-U) 
Pu 

\ J 

i 

A - Glass Wool Plugs 
B - I on -Exchange Resin 
C - 3 m m . I. D. 
D - 1.5 cm. I.D. 

V:7 

Wash 

FIGURE 1  Micro ionexchange column 

washing; americium and many metallic 
impurities are not retained and pass 
directly into the effluent (uranium frac
tion) . The plutonium is eluted with a 
dilute hydrochlorichydrofluoric acid 
solution. Traces of neptunium (as ^̂ ''Np) 
may be found in the plutonium fraction 
since neptunium has similar sorption
elution characteristics in this procedure. 

The ^^'Pu content is determined by alpha 
spectrometry on a separate portion of the 
plutonium fraction since traces of ^'^U 
possibly remaining in the plutonium frac
tion give apparent high ^'^Pu values by 
mass spectrometric techniques. With 
initial quantities of 800 yg of uranium 
and 8 pg of plutonium about 1 yg of 
uranium, or about 0.1%, is found in the 
plutonium fraction. This separation may 
be satisfactory for ordinary chemical 
manipulations at these concentration 
levels, but the amount of uranium 
remaining in the plutonium fraction may 
seriously affect the mass spectrometric 
determination of ^^^Pu. It is for this 

reason that the ^'®Pu must be measured by 
alpha spectrometry. 

Any '̂•"'Am, which may be present in plu
tonium as a result of radioactive decay 
of '̂'■'Pu, does not interfere with the mass 
spectrometric determination of '̂*̂ Pu since 
americium is separated from plutonium in 
the ionexchange procedure. But it should 
be noted that because of similar alpha 
energies any '̂*̂ Am remaining in the plu
tonium fraction after the separation will 
affect the ^^'Pu value obtained by alpha 
spectrometry. However, data on the 
efficiency of the Am/Pu separation shows 
that less than 0.002% '̂*̂ Am remains in 
the plutonium fraction. For example, a 
typical plutonium product with about 
0.0013% americium is obtained from start
ing material containing about 0.18% 
americium. This quantity of "̂"̂ Am will 
give an apparent ^^^Pu value high by less 
than 3% relative at a ^^^Pu level of 0.01%. 
Of course, the effect is much less at 
higher ^'^Pu concentrations. 
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It is of interest to note that traces of 
a mass 237 which is assumed to be '̂''Np 
is occasionally found in the mass spectro
metric analysis of the uranium fraction 
although neptunium is presumably retained 
along with plutonium on the resin. Ap
parently the retention is less than that 
for plutonium and traces are eluted on 
the washing step used to remove the 
uranium. 

2. Mass Spectrometry 

The mass spectrometric method is appli
cable to the determination of the iso
topic composition of plutonium with 
sample sizes in the range of 0.5 to 
5 Ug. These relatively large sample 
sizes are recommended not because of 
instrumental limitations, but rather to 
minimize environmental and reagent con
tamination in the sample preparation. 

The method is applicable to the entire 
range of ^''Pu isotopic composition, 
and it is absolute to the extent that 
intrumental bias is determined with 
uranium and plutonium standards. 

The analyses are made with a Nuclide 
Analysis Associates tandem mass spectrom
eter equipped with a triple-filament 
thermionic emission ionization source.^ 
A txfo-stage directional focusing mass 
spectrometer with magnetic fields of 90°, 
sector shape, and radii of deflection of 
12 in. is used either in a tandem arrange
ment or as a single-stage magnetic analy
zer. The tandum analyzer configuration 
is shown in Figure 2. Two ion-detection 
systems are used: a Faraday cup direct 
current, and an electron multiplier (EM)-
vibrating reed electrometer (VRE) measur
ing system. The EM-VRE, which is suitable 
for handling a small, safe sample, is the 
ion-detection system used for analyzing 
plutonium. 

Routine instrumental calibration is per
formed on various components of the mass 
spectrometer to ensure operational reli
ability. Instrumental bias is determined 
with National Bureau of Standards (NBS) 
uranium SRM U-500 and others, and plu
tonium SRM 948, and all mass spectrometric 
ratio measurements are corrected. Re
cently, two additional plutonium isotopic 

12.75 

12.75 

12" Radius 90 'Sec to r 
.3." A i r Gap Magnets 

Def in ing Sl i t 

Retractable Cup 

D e f i n i n g S l i t 

< — Ret rac tab le Cup 

E l e c t r o n Mu l t i p l i e r Col lector 

12.75" 
I I y<—Source Collimating 
i _ j - y Slits 

FIGURE 2 - Tandem analyzer configuration 
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standards SRM 946 and 947, became avail
able. A list of available NBS standards 
is shown in Figure 3. 

The isotopic analyses include all measur
able (>5 ppm) isotopes. The calculations 
consist of correcting the ratios for 
instrumental bias and converting the 
ratios to weight percent values. 

The purified plutonium sample is loaded 
onto a disposable filament holder and 
placed in the ion source assembly of the 
mass spectrometer. Each plutonium iso
tope is then measured relative to another, 
measuring the ion currents so that 
maximum intensity comparisons can be 
achieved without exceeding the dynamic 
range of the amplifier system. A typical 
set of ion peak deflections is shown in 
Figure 4. Ten independent ratios of the 
more abundant isotopes and at least five 
independent ratios of the less abundant 
ones are obtained from the strip chart 
recorder readout. Usually five isotopes, 
^^^Pu through '̂*̂ Pu, are determined. The 
precision of these measurements is noted 
in Figure 5. About six samples (including 
standards) can be run daily using a 
vacuum lock to reduce sample change time. 
The instrument is presently being converted 
for computer control and readout which 
would increase the daily output to ten 
samples. 

3. Alpha Spectrometry 

The difference between the alpha parti
cle energy of ^'^Pu and that of ^'^Pu, 
"̂̂ 'Pu, and 2̂ û makes it possible to deter

mine ^'^Pu in a mixture of plutonium and 
uranium isotopes by alpha-particle spectros
copy (Figure 6). Ideally, the ratio of the 
^^^Pu to ^^'Pu masses would be obtained 
from the ratio of their activities, simul
taneously determined, multiplied by the 
respective half-lives. 

is complicated, however, by 
the ^^'Pu and '̂"'Pu alpha 
closely similar energies and 

The situation 
the fact that 
particles have 
cannot be resolved. The ^'°Pu activity, 
therefore, has to be compared to a weighted 
average of the 
mined from mas; 
addition, the 
"̂̂ Ara daughter 
that of ^^^Pu, 
the ^"Am base 

'Pu and '̂'"Pu peaks deter-
s spectrometric data. In 
alpha particle energy of the 
of '̂* ̂  Pu is very similar to 
and the contribution from 

d upon the growth time from 

the last plutonium purification must be 
subtracted from the apparent ^^^Pu value. 

The sample, containing about 50,000 
counts/min is placed in a counting 
chamber of a 2.2 cm^ surface barrier type 
alpha particle detector, and the alpha 
spectrum is accumulated over the desired 
peaks (5.50 and 5.15/5.16 MeV) using a 
256-channel analyzer. The ^^^Pu/^"Pu 
ratio, corrected for any '̂*'Am growth, 
is calculated from these data. 

B. Americium-241 Determination by Radio-
counting 

The two basic methods used to determine-
'̂'̂ Am at the Nev/ Brunswick Laboratory 
are the direct gamma-ray method and the 
extraction/alpha-counting method. 

The direct gamma-ray method takes advan
tage of the fact that the gamma-to-alpha 
activity ratio for americium is several 
orders of magnitude greater than it is 
for plutonium. As little as 5 ppm 
americium in the presence of plutonium 
can be determined with a relative stan
dard deviation of about 2%. An aliquot 
containing about 10^-10^ dis/min/ml of 
^"^Am in a Teflon tube is gamma counted 
at 60 keV using a well-type Nal(Tl) crys
tal and a gamma scintillation spectrometer. 
The instrument is calibrated using a 
purified '̂'̂ Am standard. The small 
correction for plutonium is made by 
determining the alpha activity in another 
aliquot of solution in a proportional 
counter and computing the corresponding 
gamma activity from the plutonium alpha-
gamma ratio. This alpha-gamma activity 
ratio is determined by alpha and gamma 
counting separate aliquots of a purified 
plutonium standard. The method is rapid 
but requires a series of plutonium stan
dards to correct for the effect of plu
tonium gamma ray contributions when the 
^""Pu content varies widely from sample 
to sample. 

A more lengthy procedure but more 
specific for americium is the extraction/ 
alpha-counting method. If the americium 
is to be determined by alpha-energy 
analysis, it is not necessary to separate 
it from neptunium-237 (Figure 6). It 
is necessary, however, to separate it 
from plutonium because the ^^'Pu alpha-
energy peak interferes. The plutonium 
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Material 
SRM 

946 Plutonium 
sulfate 
tetrahydrate 

Isotopic Abundance (At. %) Quantity Cost 
"^Pu "^Pu '̂'"Pu ^"'Pu ^"'Pu [g(Pu)] ($) 

0.247 83.121 12.069 3.991 0.565 0. 25 154.00 

947 Plutonium 
sulfate 
tetrahydrate 

0 . 2 9 6 7 5 . 6 9 6 1 8 . 2 8 8 4 . 5 0 0 1 .180 0 . 2 5 1 5 4 . 0 0 

948 Plutonium 
sulfate 
tetrahydrate 

0 . 0 1 1 9 1 . 4 7 7 7 . 9 1 0 0 . 5 6 9 0 . 0 3 3 0 0 . 2 5 7 1 . 0 0 

Isotopic Abundance (At. %) 

U-0002 
U-005 
U-010 
U-OIS 
U-020 

U3O8 
U3O8 
U3O3 

Depleted 
Depleted 
Enriched 
Enriched 
Enriched 

*U 
0.00016 
0.00218 
0.00541 
0.00850 
0.0125 

>U 2 3 6 

0.01755 
0.4895 
1.0037 
1.5323 
2.038 

U 
<0.00001 
0.00466 
0.00681 
0.0164 
0.0165 

'U 
99.9823 
99.504 
98.984 
98.443 
97.933 

Quantity 
_jgimi_ 

Cost 
($) 

6 3 . 0 0 
5 3 . 0 0 
5 3 . 0 0 
5 3 . 0 0 
5 3 . 0 0 

U-030 UjOg E n r i c h e d 0 . 0 1 9 0 3 . 0 4 6 0 . 0 2 0 4 9 6 . 9 1 5 1.0 5 3 . 0 0 
U-050 U30e E n r i c h e d 0 . 0 2 7 9 5 . 0 1 0 0 . 0 4 8 0 9 4 . 9 1 5 1.0 5 3 . 0 0 
U-100 UjOg E n r i c h e d 0 . 0 6 7 6 1 0 . 1 9 0 0 . 0 3 7 9 8 9 . 7 0 4 1.0 5 4 . 0 0 
U-150 U3O8 E n r i c h e d 0 . 0 9 9 3 1 5 . 3 0 7 0 . 0 6 6 0 8 4 . 5 2 8 1.0 5 5 . 0 0 

U-200 UjOg E n r i c h e d 0 . 1 2 4 6 2 0 . 0 1 3 0 . 2 1 1 6 7 9 . 6 5 1 1.0 5 6 . 0 0 
U-350 U3O3 E n r i c h e d 0 . 2 4 9 8 3 5 . 1 9 0 0 . 1 6 7 3 6 4 . 3 9 3 1.0 5 9 . 0 0 
U-500 U3O8 E n r i c h e d 0 . 5 1 8 1 4 9 . 6 9 6 0 . 0 7 5 5 4 9 . 7 1 1 1.0 6 0 . 0 0 
U-750 U3O8 E n r i c h e d 0 . 5 9 2 3 7 5 . 3 5 7 0 . 2 4 9 9 2 3 . 8 0 1 1.0 6 6 . 0 0 

U-800 
U-8 50 
U-900 
U-930 
U-970 

U3O3 
U3O3 
U3O8 
U3O8 
U3O8 

Enriched 
Enriched 
Enriched 
Enriched 
Enriched 

0.6563 
0.6437 
0.7777 
1.0812 
1.6653 

80.279 
85.137 
90.196 
93.336 
97.663 

0.2445 
0.3704 
0.3327 
0.2027 
0.1491 

18,820 
13.848 
8.693 
5.380 
0.5229 

1.0 
1.0 
1.0 
1.0 
1.0 

66.00 
67.00 
68.00 
70.00 
73.00 

FIGURE 3 - Special nuclear standard reference materials 
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Pu 
(Wt %) 

0.001 
0.01 

0.7 
0.8 
2. 
3. 
5 
8 

10 
15 
20 
25 
28 

0.01 
0.09 

0.7 
0.8 
1.0 

r u 
(Wt %) 

>15 31 
> 8 >15 34 
9 37 
8 40 
7 43 
6 45 
5 50 
4 65 
3 67 
2 71 

1.77 73 
1.50 76 
1.3 79 
1.2 82 
1.0 84 
0.8 87 
0. 5 90 
0. 25 95 

L.E, 
ill 
0 .24 
0 .23 
0, .22 
0, .22 
0, .21 
0, .20 
0, .20 
0, ,10 
0. .09 
0, .09 
0. ,08 
0. .07 
0. ,07 
0. ,06 
0. ,05 
0. .05 
0. ,04 
0. ,03 

0.24 

FIGURE 5 - Relative limit of error for plutonium 
isotopic analysis (95% confidence limit) 

is adjusted to the proper ocidation state, 
the pH is adjusted to 4.8, and the mixture 
is extracted with'thenoyltrifluoroacetone 
(TTA) in xylene. The americium is separated 
from the plutonium in the organic extract by 
extraction with dilute nitric acid. The 
aqueous phase is alpha counted for americium. 
A precision of 2.5% (95% confidence limits) 
is obtained with no bias. However, if uran
ium is present it will accompany the 
americium and cause difficulties with the 
determination because of the effect of 
dissolved salts on the alpha counting. 

The interference of large amounts of 
uranium can be prevented by separating the 
uranium from plutonium and americium using 
tributyl phosphate (TBP) as an extractant. 
In this method (Figure 7), the 2M nitric 
acid solution containing americium, 
plutonium, and uranium is extracted with 
30% TBP in xylene. The uranium and part 
of the plutonium are extracted. The 
aqueous phase, containing the americium 
and the remaining plutonium is adjusted 
to pH of 4.5 and is extracted with 0.5M 
TTA in xylene. The americium and plu
tonium are extracted into the organic 
phase to which, in turn, is added TBP. 
The americium in the resultant organic 
phase is then extracted with 0.5M nitric 

acid. An appropriate aliquot is taken 
and the alpha energy is analyzed. Re
coveries of 99.8% with a precision of 
2.5% (95% confidence limits) have been 
obtained. 

C. Conclusion 

The procedures presented here are the 
basic methods that have been used for 
the determination of plutonium isotopic 
composition and americium content at the 
New Brunswick Laboratory. These methods 
have been in use for many years and have 
proved to be the most reliable techniques 
for our purposes. Presently, other 
methods or modifications are being 
studied which may offer greater reliability 
and efficiency. For additional information 
several reports are available which give 
more specific details of the methods 
presented here.̂ '̂ '"*'̂  The data reported 
here result from the efforts of the Mass 
Spectrometry, Plutonium Chemistry, and 
Radiochemistry and Nondestructive Assay 
Sections. 
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Alpha-Particle 
Abundance 

Nuclide (MeV) W 

238pu 5.499 72 

28 

239PU 5.157 73.3 

15.1 

11.5 

3pu 5.168 76 

24 

Alpha-Particle 
Energy 
(MeV) 
5. 499 

5. 456 

5. 157 

5. 145 

5. 107 

5. 168 

5, ,123 

5, .486 

5, .443 

5, .389 

4. .195 

4 .15 

4 .787 

4 .770 

4 .765 

4 .638 

'Am 5.486 86 
12.7 

1.3 

77 

23 

zs'Np 4.787 51 

19 

17 

5 

FIGURE 6 - Alpha energies of various isotopes 
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Am (III) 
Pu (III, IV, VI) 
U (VI) (2 M HNO3) 

organic / 

30% TBP 

aqueous 

I Pu (IV, VI) I 
' __U _(VI) J 

/ scard 

Am (III) 
Pu (III5 IV) (pH 4.5) 

organic 
0.5 M TTA 

X \ X N 
Am (III) 
Pu (Ills IV) (add TBP) 

aqueous 

discard 

organic 

0,5 M HNO3 

aqueous 
X 

discard 

[ Pu (III, IV) j Am (III) 

FIGURE 7 - The TBP-TTA separation of americium 
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Paper No. 4 

PLUTONIUM ISOTOPIC MEASUREMENTS BY GAMMA-RAY SPECTROMETRY* 

Raymond Gunnink 
Lawrence Livermore Laboratory 

University of California 
Livermore, California 

Abstract 

The assay of nuclear materials is generally 
characterized by both the elemental com
position and the isotopic abundances. 
Traditionally, the isotopic measurements 
for plutonium have been made by mass 
spectrometry with measurements for ^^^Pu 
and '̂*'4m being performed by alpha spec
trometry . 

We have developed techniques whereby the 
isotopic and total plutonium analyses can 
now be made by detecting and properly 
analyzing gamma rays emitted by the 
sample. A computerized, prototype system 
was developed and is now being routinely 
used at the Savannah River Plant for the 
nondestructive assay of solution samples . 

' ''Pu, The analyses for ^^^Pu, ^^"^Pu, 
'Pu, and Am, when it is present, can 

10 
Com

be made in counting times as short as 
to 16 min under optimum conditions. 
parison of isotopic ratio values with 
mass spectrometry generally shows agr 
ment within 0.1% for 
for ^"'^Pu and ^"^Pu. 

Pu and about 
ee-
1% 

Some preliminary isotopic measurements 
on solids are also discussed. 

The total assay of plutonium is generally 
characterized by two quantities; namely, 
the amount or weight of the element and 
the isotopic composition. Although many 
techniques are available for measuring 
amounts of materials, the ratio of iso
topic abundances has been almost exclu
sively measured by the combination of mass 
spectrometry and alpha-pulse height analy
sis . 

*Work sponsored by the Office of Nuclear 
Materials Safeguards for the U. S. 
Atomic Energy Commission. 

In this report, we describe some techniques 
for the measurement of plutonium isotopic 
abundances using gamma-ray spectrometry. 
We will emphasize the description of 
techniques involving homogeneous solutions 
and the results that we have obtained using 
a self-contained, computer-based spec
trometer system which we have fielded at 
the AEC's Savannah River Plant for evalu
ation. At the conclusion, however, we 
will also describe some preliminary studies 
we have made on the isotopic assay of 
solids. 

The spectrometer system we assembled is 
shown in Figure 1. The equipment is both 
an analyzer - it acquires and displays 
spectral data - and it is a computer - it 
reduces and interprets the data. The 
12,000-word, 12-bit minicomputer is inter
faced to several I/O devices including 
two discs capable of storing 3.6 million 
words. These mass storage devices are 
used for storing the large number of sys
tem and analysis software programs, for 
storing (and retrieval) of data files, 
and for memory extension. The data 
acquisition and display routines are 
written in machine language. However, all 
of the data reduction and interpretation 
programs are written in FORTRAN. The 
longer programs are managed through a 
process of chaining-in logical sections 
of program which had been previously 
stored as files on the discs. Calcula
tions are generally under a minute with 
the more complex programs running for a 
few minutes. 

The measurements of plutonium, in solution 
form, is best accomplished by detecting 
and analyzing the lower energy gamma rays, 
that is, those less than 210 keV. For 
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this purpose, a small (~1 cc) germanium 
detector is used with an energy resolution 
of <600 eV FWHM measured at 122 keV. 

The low energy portions of the gammaray 
spectra of the individual isotopes of 
interest are shown in Figures 2 through 6.'' 
Figure 2 shows the peaks of ^^*Pu, where 
the prominent peaks of interest are at 
43, 99, and 152 keV. Figure 3 shows the 
low energy peaks due to ^'^Pu. The main 
lines of interest here are at 51 and 129 
keV as well as the K„ xrays. The 2'*°Pu 
spectra, shown in Figure 4, exhibit 
prominent peaks at 45 and 104 keV and a 
weak peak at 160 keV. Figure 5 shows a 
"̂•̂ Pu spectrum. Some of the peaks are 
due to 6.75d ^^^U which results from the 
alpha decay of '̂*'Pu. The xrays and a 
peak at 148 keV are due to '̂*̂ Pu decay. 
If the ^ ̂■'U is in equilibrium with the 
parent, the 208 keV peak is very useful. 
Finally, Figure 6 shows a spectrum due to 
'̂*'Am decay. The 59 keV radiation is 
very intense and an absorber must frequent
ly be used to reduce its effects. The 
99 and 103 keV radiations can also 
generally be seen. 

Experimental Approach 

Before proceeding with a discussion of 
analysis techniques, a distinction should 
be made between freshly reprocessed 
materials and older materials. In aged 
materials, the growth of ^^^U and "̂"̂ Am 
from ^"^Pu will significantly add to the_ 
spectral distributions. As a result, the 
spectral information below the 59 keV line 
of "̂̂ Âm becomes obscured and cannot be 
used. However, for recently processed 
material, as shown in Figure 7, the 
region below 59 keV contains very good 
information for "''Pu, ^''Pu, and ^""Pu. 
As one goes to a more reactor grade 
material, as shown in Figure 8, the peaks 
due to ^'^Pu and '̂*°Pu become more 
prominent and can, therefore, be more 
precisely measured. The '̂*̂ Pu assay is 
made using higher energy lines at 103 and 
148 keV. 

In aged materials, this low energy infor
mation is no longer accessible and one 
must resort to using spectral regions at 
higher energies, as shown in Figure 9. 
Although clean peaks due to ^^'Pu and 
'̂'■'Pu are available for measurement, the 
analysis for ^^^Pu, and particularly ^''"Pu, 

are much more difficult. The position of 
the only prominent peak of '̂*''Pu at 104 
keV in relation to the other members of 
the miltiplet is shown more clearly in 
Figure 10. This figure also reveals the 
complexity of this multiplet and how each 
component contributes to the overall 
structure of this composite of peaks. 

Obviously the proper analysis of such 
peak groupings require very precise, 
peakfitting algorithms. The one we use 
very extensively in all our gamma analysis 
codes is shown in Figure 11. It consists 
of a central Gaussian shaped component and 
a term describing the low side tailing. 
An additional term, similar to the tailing 
term but symmetric, is added for the line 
shape of xrays to account for the in
fluence of the broader intrinsic xray 
line width and its Lorentzian distribution. 
Techniques have been found and mathemati
cally formulated whereby all of the param
eters not of analytical interest can be 
predetermined for a system and can, there
fore, be calculated and held fixed in 
subsequent analyses.^ 

Results 

In two similar experiments, samples were 
counted many times in succession. The 
purpose was to check the precision of the 
results and to compare the standard devi
ation with the average quoted error. The 
results of these two studies are shown 
in Table 1. The samples had been recently 
processed so that spectral information 
below 59 keV was used for these analyses. 
After following one sample for two months, 
no significant bias in the results 
appeared although the general precision 
deteriorated somewhat. 

Table 2 summarizes a comparison of some 
20 gamma spectrometry measurements with 
mass spectrometry. The result, particu
larly for '̂*'Pu, could have been improved 
significantly by a longer count. We also 
feel that these analyses, which were for 
AEC grade plutonium, represent a worst 
case situation and that measurement 
precisions will generally improve as one 
goes to the more nearly reactorgrade 
materials. 

The aged materials containing '^^U and 
'̂*'Am require a different analysis 
routine, as was pointed out earlier. 
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Table 1 

ANALYSIS PRECISION OF RECENTLY REPROCESSED SAMPLES 
USING >10 REPLICATE RESULTS 

Isotope Abundance (I) 

238 0.008 
239 93.46 
240 5.88 
241 0.65 

Total (3 mg/ml) 
assay 

Ave, computed error (I) Precision (%) 
10 minute* 60 minute* 10 minute 60 minute 

5.6 2.7 4.7 2.0 
0.048 0.05 0.049 0.032 
0.75 0.40 0.72 0.043 
0.96 0.38 1.9 0.37 
0.16 0.11 0.36 0.22 

Table 2 

COMPARISON OF GAMMA AND MASS SPECTROMETRY RESULTS 
(10 min counts on 20 samples of AEC grade Pu) 

Std. dev. Bias Std. dev. (%) 
Isotope (%) 

-0.019 

bias removed 

239 0.056 -0.019 0.052 
240 1.0 ■4-0.46 0.65 
241 1.8 

Table 3 

-0.5 1.6 

ANALYSIS PRECISION OF "OLDER" SAMPLES 
USING 13 REPLICATE RESULTS 

(60 min counting time at optimum counting rate) 

Ave. computed Precision 
Isotope Abundance 

0.0176 
(%) error (%) (%) 

2 3 8pu 

Abundance 

0.0176 
(%) 

7.6 5.7 
239PU 90.92 0.14 0.09 
-̂''Pu 8.40 1.6 0.94 
2-iPu 0.661 0.64 0.61 
2-iAm -- 0.08 0.26 

Total 5.44 mg ;/ml 0.46 0.35 
assay 
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Table 3 shows the precision that we have 
achieved for this kind of material. 

Solids 

In addition to samples taken from the 
final accountability tank, dissolved 
specimens taken from the final plutonium 
metal buttons are also routinely analyzed 
by gamma spectrometry. In fact, this is 
now the accepted analysis technique, 
with mass spectrometry being performed 
only on every tenth sample. 

Plans are currently under way to install 
a detector "in-line" at the accountability 
tank so that sample taking can be elim
inated and results can be obtained in 
just a few minutes. 

Before moving on to a discussion on 
solids, I would like to summarize some of 
the advantages and disadvantages of our 
analysis techniques. 

Some of the advantages are: 

1) It is nondestructive (amenable 
to in-line monitoring). 

2) Quite fast (as short as 10-min 
counts). 

3) Much lower cost than a mass 
spectrometer. 

4) Quantitative or total assay 
results can be obtained through 
proper calibration. 

5) ^-^Am is simultaneously assayed 
when it is present. 

Some disadvantages include: 

1) The analysis for '̂'̂ Pu is ex
cluded. 

2) It is difficult to achieve the 
precision that is attainable 
with high quality mass spec
trometry. 

3) The data reduction and inter
pretation methods are more in
volved and generally require 
a computer. 

4) The initial calibrations are 
more involved and the detector 
must be routinely monitored 
for possible drifts. 

We made some preliminary studies two years 
ago and made some suggestions as to how one 
might make isotopic measurements on solid 
materials. ^''*We are now attempting a more 
critical assessment of xvhat can be done 
by gamma-ray spectrometry. 

This type of measurement 
large quantities of mater 
preferred procedure is to 
tightly grouped sets of p 
good representations of a 
of interest. The virtue 
is to minimize the effect 
by the material and by th 
that these effects can be 
or accurately measured in 

generally involves 
ial (>1 g). The 
use one or more 

eaks containing 
11 of the isotopes 
of this approach 
s of attenuation 
e container so 
either calculated 
the experiment. 

2^^Pu and ^-'Pu are again the two isotopes 
that give the greatest difficulty. One 
group of peaks, shown in Figure 12, is 
in the 600 keV region. In addition to the 
three components shown in this figure, 
2^^Pu exhibits a peak at a 743 keV, and a 
2'*-'Pu measurement can be made relative to 
2^5pu in the 330-340 keV region. 

Our approach here is again to compute the 
isotopic response functions for each 
isotope present and then to perform a 
least squares fit to the observed counts. 
Additional degrees of freedom can be 
allowed for slight variations in the 
background line and for slight changes 
in gamma-ray attenuation from that which 
is predicted. 

The major problem with this approach is 
that the ^^Zr and ^^Nb content in recently 
processed plutonium is too high and its 
gamma emissions obscure the other features 
of this region of the spectrum. The 
data in this energy region can, therefore, 
be used only in analyzing older materials. 

With this possibi 
only other altern 
use the 100 keV r 
shows, this regie 
on all of the iso 
ever, in comparis 
already complex r 
two additional pe 
Kai and Kaa x-ray 
come from alpha i 
cence. 

lity removed, about the 
ative that is left is to 
egion. As Figure 13 
n contains information 
topes of interest. How-
on with Figure 10, this 
egion has now acquired 
aks. They are the 
s of plutonium which 
nduced x-ray fluores-
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At this time we have only very preliminary 
experimental information on the feasibility 
of using the region. Since detailed 
experiments are difficult and time con
suming, we have recently written a com
puter program to simulate the variety of 
conditions and problems that are antici
pated for this spectral region, as well 
as any other region which is of interest. 
By running this code, we can predict the 
limiting precision that can be obtained 
for any given type of analysis assuming 
the principal source of error is a statis
tical one. In this way we are able to 
prejudge, to some extent, the success of 
an experiment before we attempt it. 
Furthermore, we are able to determine 
which parameters are the sensitive ones 
in the experiment and by varying them 
slowly, we can see how they affect the 
results, 

Because of the preliminary nature of these 
studies, we are not prepared to elaborate 
on them at this time. However, we do not 
feel that the results are altogether dis
couraging but instead indicate that we 
can proceed with some of the verifying 
experiment. They do indicate that a great 
deal of attention will have to be devoted 
to experiment detail. 
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Abstract 
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INTRODUCTION 

The work described here is that developed 
to determine nondestructively the atomic 
ratios of 2^«Pu, '̂̂ "Pu, "^^Pu, and ""Am 
relative to Pu in bulk nuclear material. 
The technique used is that of high resolu
tion gamma-ray spectroscopy and is based 
upon a measurement of the ratios of the 
intensities of gamma rays characteristic 
of the isotopes of interest. 

DEFINITION OF TECHNIQUE 

Plutonium contains the isotopes 238 
through 242 in varying quantities. With 
the exception of '̂'"Pu these isotopes 
emit many gamma rays. The observed 
plutonium gamma-ray spectrum contains 
the contribution of all gamma rays from 
each isotope together with the gamma 
rays emitted in the decay of "''̂ Am. 
Figure 1 shows a typical gamma-ray spec
trum obtained using a 70 cc Ge(Li) 
detector with 1.8 keV resolution for 
*°Co gamma rays. The major peaks are 

labeled according to energy and isotope. 
The spectrum is quite complicated. Very 
few of the peaks are due to a single 
isotope. Even though the intensity of 
each gamma ray emitted by the sample is 
proportional to the amount of each iso
tope present, the intensity of the peak 
recorded in the spectrum is affected by 
the efficiency of the detector for the 
energy of the peaks involved, the self-
attenuation of the gamma rays in the 
plutonium material itself, and the 
attenuation of the gamma rays by the 
packaging material. In order to neglect 
these effects for our isotopic deter
minations completely, we chose gamma rays 
from the decay of "^Pu, '̂'"'Pu, ""Pu, 
and "-^Am whose energies are within 10 
keV of gamma rays from the decay of " '^Pu. 
The higher the energy of these gamma-ray 
pairs the deeper the sampling penetration 
of the source because of reduced attenua
tion effects. 

The only assumption that is made is that 
the isotopic composition of the plutonium 
material is homogeneous even though the 
sample shape and distribution of the 
plutonium in the sample is not. In order 
to decrease the effects of sample shape, 
the samples are rotated at a few rotations 
per minute to increase the size of the 
source (sampling area) as seen by the 
detector and to average any inhomogenei-
ties . 

The intensity of the gamma-ray peak in 
the spectrum is related to the number of 
atoms Ni of the isotope of interest by 
the relation 

Il ~ N, \, B, (1) 
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FIGURE 1 - Typical gamma-ray spectrum obtained using a 70 cc Ge(Li) detector with 
1.8 keV resolution for ^"Co gamma rays. 



where Ii is the intensity of the gammaray 
peak in the spectrum, Bi is the branching 
intensity of the gamma ray of interest, 
and Xj is the decay constant of the iso
tope. Xi = iln2/Ti/2,i , where T1/2 is the 
halflife of the isotope. When the gamma 
rays used for the isotopic analysis are 
chosen so that attenuation effects can 
be ignored, the ratio of the number of 
atoms of the isotope of interest to that 
of "'^Pu is given by the equation 

N_i 
N239 

liX 1^23 9,j B 2_3J.jJ_ 

K 
2 39.4 
I, 
I2 39,4 

(2) 

where the quantities Xaag.j are the 
quantities from Equation (1) associated 
with the Pu gamma ray of interest. 

Table 1 lists the gamma rays of interest 
which were chosen for our analyses. The 
halflives and branching intensities are 
obtained from the work of Gunnink and 
Morrow.^ Uranium237 is the daughter of 
""̂ P̂u and its activity is in secular 
equilibrium with the "'*̂ Pu activity. The 

"''^Pu/^^Pu ratio is easily obtained using 
the Bateman equation of radioactive decay 

Table 2 shows the gammaray peak pairs 
used in the isotopic determinations and the 
conversion factors for obtaining the ratios 
in parts per million. 

Two peak pairs are given for the '̂*'Pu and 
'̂'■'Am ratio determinations which deserve 
some comment. The additional term in the 
208 keV/203 keV determination comes from 
the contribution of "'*̂ Am to the 208 keV 
peak. The second peak pair for the "'*̂ Pu 
determination is used as a check for the 
"goodness" of the intensity of the 144 
keV peak for "^'Pu which also enters 
into the "'^Pu ratio. At concentrations 
of "'*̂ Am above approximately 1000 ppm, 
the 146 keV peak starts to tail into the 
144 keV peak making the extraction of 
the 144 keV peak intensity more diffi
cult. Agreement for the "'*̂ Pu deter
mination between the two peak pairs should 
be SI or better. 

For the "'*̂ Am determination the use of the 
662 keV peak assumes the absence of ^"Cs 

Table 1 

Isotope 

2 3 8pu 

" 3 9 p u 

LIST OF GAMMARAYS AND BRANCHING INTENSITIES 
OF ISOTOPES OF INTEREST 

(Gunnink and Morrow) 

(days) 

3.2 X 10" 

8.908 X 10^ 

Energy (keV) 

152.77 

141.64 
144.19 
146.05 
203.52 
637.97 
640.15 
658.99 
717.76 

Branching 
In tens i ty 

1 .01 X 10-. 5 

3 . 1 1 X 10" • 7 

2 . 8 4 X 10-- 6 

1 .13 X 10-- 6 

5 . 6 3 X 1 0 ' • 6 

2 . 5 0 X 10-- 8 

7 . 9 5 X 10" - 8 

9 . 5 0 X 10" ■ 8 

2 . 6 7 X 10" ■ 8 

""►'Pu 

2 3 7 
U 

""ipu 

2.41 X 10= 

2.070 X 10= 

6.75 

1.582 X 10* 

642.30 

148.60 

207.97 

146.55 
207.98 
662.37 
721.92 

1.45 X 10' 

7.74 X 10"" 

2.080 X 10"' 

4.58 X 10"= 
7.60 X 10"= 
3.46 X 10"= 
1.58 X 10= 
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Table 2 

GAMMA RAYS AND CONVERSION FACTORS USED FOR ISOTOPIC DETERMINATIONS 

Isotopic Ratio 
238py/239pu 

Gamma Rays Used 

153 keV/144 keV 

Conversion Factors to 
Express Ratio in ppm 

I, 
1010.3  1 5 3 

; I* 0 2 3 9 
Pu/ Pu 

2..1pu/2 3 9pu 

642 keV/640 keV 

208 keV/203 keV 

148 keV/144 keV 

153600 

852.7 

623.7 ^ I: 
I. ,0373 

■Am/ 'Pu 662 keV/659 keV 487.5 

722 keV/717 keV 156.3 

in the material. The 722 keV/717 keV peak 
pair determination is used as a check 
against this calculation. However, the 
presence of ^^Zr in some of the material 
we have analyzed contributes a peak at 
723 keV which interferes with the second 
determination. 

DATA ACCUMULATION AND REDUCTION 

The spectrum shown in Figure 1 was taken 
with a 70 cm'Ge(Li) detector having 1.8 
keV resolution at 1332 keV and 940 eV at 
122 keV. The spectra are accumulated in a 
4096 channel analyzer at a fixed gain of 
0.25 keV/channel. Sourcetodetector 
distances are typically 1 m and a Cd ab
sorber is placed over the front face of 
the detector. 

The intensities of the peaks are obtained 
in a very simple manner. The determina
tion of the ratios for 2 3 i Pu/"^'Pu and 
""•'Pu/^^'Pu is made in a straightforward 
manner. The intensities of the peaks 
(peak areas) are obtained by drawing a 
straight line background under the peaks 
of interest. The areas thus extracted are 
used in Equation (2) to obtain the iso
topic ratios. 

The 'Am determination is made in a 
slightly different fashion. Since the 
658 keV and 662 keV peaks are not 

completely resolved, the ratio of the 
peak heights is used to determine the 
""^^Am/^^^Pu ratio. This technique is based 
on the assumption that the peaks are 
Gaussian in shape and of the same width. 
The background is taken as point B in 
Figure 1. These calculations are performed 
at the termination of the data accumula
tion. Our multichannel analyzer is inter
faced to a 4K computer. The above calcula
tions are performed using a conversational 
language program written in FOCAL. Re

sults are typed out within 30 sec of 
program initialization. 

The """Pu ratio requires more extensive 
data manipulation of the 638, 640, 642 keV 
triplet. We have obtained a program Gauss 
V from R. G. Helmer and M. H. Putnam at 
Aerojet Nuclear." This program performs 
a nonlinear least squares fit of a Gaus
sian function to the triplet to give the 
areas of the peaks. Use of this program 
requires that the spectral data be sub
mitted to our IBM 360 facility. 

RESULTS 

The method was developed and tested using 
high fissile plutonium samples obtained 
by Mound Laboratory as part of a plutonium 
Metals Exchange Program sponsored by the 
USAEC. These samples were nominally 9g 
metal samples and were subjected to a 
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complete destructive analysis. The re
sults of these analyses are shown in 
Table 3. The destructive analysis for 
"̂  = Pu and "'*'Pu were obtained by mass 
spectroscopy. The "'*'Am data were ob
tained by radiocounting a thin sample. 

The results of the two techniques show 
very good agreement. Fifteen samples have 
been run to date on the Metals Exchange 
Program. The '̂*'Pu/"̂ P̂u ratios show a 
slight positive bias of about 1% above the 
destructive analysis results. The ""̂ 'Am/ 
"^^Pu ratios are on the average 3% below 
the radiocounting values and the "'=Pu/ 
"^'Pu values are about 51 low on the 
average. The nondestructive "'*°Pu/"^'Pu 
values have not been determined for these 
samples because Gauss V has just recently 
been operational on our computer. 

In addition to these samples, 34 other 
samples with a weight of 1 g or less were 
analyzed by gamma-ray spectroscopy and 
subjected to complete chemical analysis. 
The "'=Pu/""Pu ratios varied between 50 
and 300 ppm and the gamma-ray analysis 
again showed a bias of 51 below the chemi
cal analysis on the average, the "''"'Am/ 
"''Pu ratio 6% low and the "'*'Pu/"''Pu 
ratio 5% high. The "'̂ ''Pu ratio was 
determined for these samples and has a 
bias of -1% of the mass spectroscopy data. 

DISCUSSION 

On the basis of these results, this 
technique has been used to determine the 
isotopic data, excluding the """Pu values, 
for over 225 samples selected at random 
from contractor inventories by the 
Albuquerque Operations Office. The samples 
included plutonium metals, oxide, green 
cake, fluoride, and ash wastes with weight 
variations from 10 g to several kg. 

Combining the nondestructive isotopic 
analysis for "'=Pu, ""Pu, ""̂ 'Am, and 
stream average values for """"Pu with the 
calorimetrically determined heat output 
gave values of the total plutonium present 
in the samples to within 0.6% of the total 
plutonium for the samples inventoried. 

All samples which we have counted to date 
have had no special packaging. The 
samples have simply been removed from 
their shipping containers and placed on 
the turntable for counting. Any low Z 

containers which would meet the Health 
Physics requirements of your particular 
facility would be acceptable for counting. 

Counting rates for the sample have been of 
the order of 1500 to 2000 counts/sec. 
Total counting times have been of the 
order of 4 hr or more per sample in order 
to obtain at least 10% statistics for the 
"'=Pu/""Pu ratio. Ten percent statistics 
for the "'•'Pu/"''Pu and " " ̂ Am/̂  " pu ratios 
can usually be obtained in an hour or less 
No attempts have been made to optimize 
count rate and counting times since the 
throughput rate of three to four samples 
a day matches the current capabilities of 
the calorimeters associated with the 
verification program. 

In summary the "'=Pu, ""̂ 'Pu, and "'*'Am 
atomic ratios relative to "='Pu can be 
determined on bulk samples with an agree
ment of a few percent of mass spectrometry 
values without the need for elaborate 
data analysis. The "''"Pu ratio requires 
more elaborate data manipulation such as 
Gauss V or R. Gunnink's GAMANAL. 

We are presently reworking all of our past 
data on sources which have a destructive 
analysis of isotopics associated with 
them using Gauss V. Initially this effort 
involves only the "'*°Pu and "'*'Am deter
minations. Statistically we see no 
difference in the "'*'Am values obtained 
from the simple-minded peak height method 
when compared to the peak area method 
using Gauss V. 

We are also in the process of extending 
our technique to lower fissile material. 
Results to date are of a very preliminary 
nature but look promising. 

For the present we feel we have developed 
a reliable nondestructive assay system of 
plutonium isotopics for high fissile 
material. Combining this assay with 
caiorimetric data gives accurate total 
plutonium analysis. When one considers 
the potential errors involved in sampling, 
especially heterogeneous samples such as 
scrap, a less precise measurement of the 
total sample, as obtained by gamma-ray 
analysis, is more useful and accurate than 
extrapolating the results of very precise 
measurements on small aliquots of the 
total sample. 



Table 3 

COMPARISON OF DATA OBTAINED BY NONDESTRUCTIVE GAMMA-RAY ANALYSIS AND 
DESTRUCTIVE ANALYSIS OF 8-GRAM PLUTONIUM METAL SAMPLES 

"'=Pu/"''Pu (ppm) ""Pu/"^^Pu (ppm) "'*'Am/"='Pu (ppm) 
NDA DA % Diff. NDA DA % Diff. NDA DA %Dif 

135±30 125±26 7 4440±880 4350±240 2 224±10 210+10 7 
130±50 130+20 0 4400±880 4255+180 3 387±14 405+20 -4 
111±26 135±30 -18 4220+840 4265+120 -1 372±22 403+20 -8 
117+40 125±40 -6 4450±890 4345±120 2 211±14 234+12 -10 
140±58 187+11 -25 4380±320 42081148 4 396±26 415+21 -5 
107+28 170±20 -37 4380±200 4243±83 3 390+46 431+22 -10 
130±28 158±18 -18 43601200 4321+50 1 242±28 261+13 -7 
150+56 162±2Q -7 4311±340 4328+50 0 252±20 255+14 -1 
125+26 139±10 -10 4260±420 4186±65 2 528±100 471 + 6 12 
122±24 139±10 -12 4400±440 4259±70 3 288+38 312 + 8 -8 
129+26 128 + 9 1 4390±440 4282±70 3 286+38 313+10 -8 
124+30 117 + 9 6 4090±400 4196+70 -3 390±140 378+12 3 
129±22 138±10 -7 4125±400 4110+65 0 543±110 531+13 2 
182±24 171±20 6 4890+400 4850+75 1 452±90 488 + 6 -7 
280±48 171±20 64 4930±400 4850±75 2 500±180 489 + 9 2 

ons at ±2a level. 
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CALORIMETRY AT DOW ROCKY FLATS 

F. L. Oetting 
DOW CHEMICAL U.S.A. 
Rocky Flats Division 
Golden, Colorado 

Abstract 

The development of analytical calorimetry 
at the Rocky Flats Division of Vow Chemi
cal U.S.A. is described. 

The first analytical calorimeter con
structed at Rocky Flats is described 
along with the research and development 
efforts pertaining to analytical calorim
etry which deal primarily in the area of 
halflife determination of particular 
isotopes of interest to our facility. 
The adaptation of the initial calorimeter 
to production calorimetry and a brief 
summary of the function of the analytical 
calorimeters now used in the production 
facilities are given. 

Calorimetry originated at Rocky Flats 
approximately 10 yr ago with the realiza
tion that it may be possible to analyze 
various samples of plutoniumbearing 
materials for plutonium content by 
determination of the heat generated by 
the radioactive decay of the plutonium 
nuclides.' 

The heat generated by any given nuclide 
is correlated with the number of dis
integrations of the given nucleus per 
unit time and the energy associated with 
each disintegration. Even though this 
interpretation of energy decay may be com
plicated for some isotopes, it is not 
that complicated from a caiorimetric view 
for the isotopes in which this application 
is primarily concerned. 

The determination of the energy (which 
is in the form of heat) being emitted by 
a decaying radionuclide is accomplished 
by means of a calorimeter. The conven
tional calorimeter used for this type 
of experiment where the object is simply 
to determine the heat generated from a 

given material is the twincell type 
(Figure 1). As the primary intention of 
this paper is not to elaborate on the 
calorimetry aspect per se (it is fully 
described in reference 1), a brief des
cription will suffice. The twin calorim
eter is basically one where the heat 
source is placed in one unit and the re
sulting temperature rise of that unit 
after steady state conditions are ob
tained is compared to the temperature rise 
of that same unit when it contains a known 
heat source. 

The constant temperature bath as well as 
the other unit serves as a reference in 
which the behavior of the measuring unit 
can be compared. Figure 2 shows the de
tails of the measuring unit. The main 
objective of this conventional design is 
to distribute the heat laterally so that 
the temperature rise is detected by the 
nickel wire (Maier bridge) would on the 
exterior of the cell. The air gap separat
ing the inner cell from the environmental 
bath serves as a heat flow deterrent so 
that the inner cell will maintain a posi
tive temperature under steady state con
ditions with respect to the environmental 
bath. 

Figure 3 shows the loading procedure for 
a typical sample of plutonium. The sample 
can is inserted in a holder which is in 
turn inserted into the calorimeter. Here 
two of the advantages of analytical 
calorimetry become apparent. One is that 
this method of analysis is nondestructive. 
After analysis, the sample is taken out 
of the calorimeter and the purpose of the 
sample remains intact. Two is that there 
is no sampling error as this analytical 
technique utilizes the complete sample. 
In conjunction with this, it is also 
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FIGURE 1 - Twin isothermal calorimeter 
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FIGURE 3 - Caiorimetric measuring unit exploded view 



obvious that one does not have to be con
cerned with the homogeneity of the sample. 

This figure also points out the fact that 
the samples are comparatively large which 
has an additional implication. In the de
sign of accurate calorimeters, one very 
seldom constructs a unit of this size, 
primarily because of containment of the 
heat flow in the proper direction and the 
comparatively lengthy time involved in 
reaching steady state conditions. Never
theless, in spite of these undesirable 
characteristics, this calorimeter main
tains a sufficient accuracy to be used 
as an analytical tool. 

Since Dow Rocky Flats is primarily 
concerned with plutonium with an isotopic 
composition roughly in the range as seen 
in Table 1, attention shall be addressed 
to the heat released from this type of 
material. 

Ideally, a calorimeter assay would concern 
itself with a single isotope in which 
that isotope would have a characteristic 
energy of decay per unit mass. It would 
be a simple calculation to then calculate 
the amount of the given material in the 
sample after the total energy output had 
been determined by calorimetry. As is 
obvious from this table, there is not a 
single isotope of samples but a mixture 
of isotopes. This emphasizes the fact 
that it is necessary to know the isotopic 
composition if one is to calculate the 
heat released by a sample of this nature. 
This table also emphasizes the contribu
tion of individual power to the total 
power em.itted by the sample. The highest 
contributor is "'^Pu as would be expected 
because this isotope accounts for over 
93% of the sample. The next highest con
tributor is "''"Pu accounting for over 18% 
of the total power. The surprising 
development from this list of contributors 

Table 1 

DATA ON A 20 8 2.114 g SAMPLE OF 100% PuOz 
EQUIVALENT TO 1836.300 g OF PLUTONIUM METAL 

Isotope 

0.0115 

Weight 
of each 
Plutonium 
Isotope 

(g) 

Selected 
Power 

Output 
(W/g) 

0. 569 

Power 
Output 

(W/Isotope) 

0.1202 

Total Power 
Output 

"3 8pu 

Isotope 

0.0115 0.2112 

Selected 
Power 

Output 
(W/g) 

0. 569 

Power 
Output 

(W/Isotope) 

0.1202 2.8 25 
"35PU 93.445 1715.931 0.001931 3.3135 77.888 

"''"Pu 6.01 110.362 0.007097 0.7832 18.410 

"^'Pu 0.515 9.457 0.00362 0.0342 1.804 

"^"Pu 0.02 0.367 0.00012 ~0 ~0 

Am 13 ppm 
as AmOa 

0.0271 
as Americium 

0.1145 0.0031 0.072 

Total 100.00 1836.368 _ 4.2542 100.000 
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is the 2% heat contribution of "''̂ Pu even 
though there is only 115 ppm of this iso
tope present in the sample. This effect 
is due to the comparatively short half
life of "'̂ 'Pu (87.78 yr as compared to 
24,000 yr for ""Pu). This contribution 
also emphasizes the need for an accurate 
isotopic analysis for "^^Pu which is 
obtained by radiochemical means. 

This table also gives the amount of power 
being emitted by the total sample. If 
one studies the power output (heat/unit 
time) it is immediately evident that the 
heat liberated by this sample is not con
siderable. To put this realization on a 
more conventional basis, let us assume 
that this sample were to be used as a heat 
source (1 cal/sec). If one takes a liter 
of ice at 0°C, it would take 22 hr to melt 
this piece of ice to a liter of water at 
0°C. This illustrates the fact that 
there is not a large amount of heat that 
the calorimeter is trying to measure and 
also emphasizes the fact that the calorim
eter is indeed a precision device. 

In the initial investigation on a sample 
such as this, the first measured power 
exceeded the calculated power value ob
tained from accepted halflife values by 
about 1% which indicated that there was 
more plutonium in the sample than 
theoretical. This is of course impossible. 

The confidence of the calorimeter had 
been previously established to be within 
±0.1% by interchange of standard heat 
sources with LLL and Mound and this did 
not indicate that the calorimeter was in 
error. A critical examination of the 
theoretical aspects of this power calcula
tion indicated that all considerations 
were in order except the "accepted" 
values for the halflives which are 
directly proportional to the rate of 
disintegration of the individual radio
nuclide . 

Actual support for this conclusion was 
derived from other evidence. During this 
period of time a good analytical method 
was needed for ""^Am of which calorimetry 
was a suitable candidate. Analysis of 
"''■'Am by calorimetry was also an excellent 
opportunity to further investigate calo
rimetry as the samples contained only one 
radioactive isotope. As the reported 
halflife values were in suspect, the 

first order of business was to determine 
the halflife of "''̂ Am by calorimetry. 
The details of this vror'k are found else
where." The results are seen in Table 2. 
The suspicion that the halflives were in 
error was confirmed when the calorimetric
ally measured halflife value of '̂*'Am was 
found to be some 5% lower than the accepted 
alpha counting value at that time.^ Accurate 
alpha counting procedures at LLL thus con
firmed the caiorimetric value for the half
life of ^"^Am. The results of this work 
not only established a reliable method for 
analytical investigation of americium but 
also afforded information for the attack 
on the plutonium problem. 

The first experiments in the analytical 
investigation of plutonium were set up to 
look at the halflife of "''Pu by calorim
etry. Two different metal samples were 
selected containing a quite different 
isotopic composition (Table 3). The power 
output of these two samples was measured 
at random for a period of four months with 
the results shown in the next table (Table 
4). These results are normalized to the 
power output of 1 g of "^'Pu. It is 
significant to mention that the power value 
for "'^Pu using the counting halflife 
value is 1.907 x 10"^ Vl/g, and indeed these 
results did not confirm this va/lue. The 
results of this investigation may be found 
elsewhere"* and the halflife of "''Pu is 
given in Table 5 where it is evident that 
the calorimetry value is approximately 
1% lower than the average of the alpha 
counting value. 

Table 6 gives a summary of the halflife 
investigations; there is an approximate 
difference of 1% for all nuclides that 
were investigated. The details of the 
caiorimetric determination of halflives 
may be found elsewhere.^"'' The essence of 
this table confirms the initial investi
gation of a caiorimetric assay on a mixture 
of plutonium isotopes in that the correct 
answer for an assay of a knoxvn amount of 
plutonium is obtained if one used the 
caiorimetric halflives as opposed to the 
alpha counting halflives. 

Having established the accuracy of the 
caiorimetric assay of plutonium to be 
±0.2% under ideal conditions," the prob
lem of converting this method to a produc
tion basis was encountered. The main 
objective from a production standpoint was 

71 



Table 2 

REPORTED HALF-LIFE OF AMERICIUM-241 
Half-life Value 

Investigator Year Method (yr)  

1 Hall and Markin^ 1957 Specific 458.1 ± 0.5 yr 
Activity 

2 Wallman, Graf, Goda^ 1958 Specific 457.7 ± 1.8 yr 
Activity 

3 This Work'̂  1967 Calorimeter 432.7 ± 0.7 yr 

a. J. Inorg. Nucl. Chem., 4, 137 (1957). 

b. J. Inorg. Nucl. Chem., 7, 199 (1958) 

c. J. Inorg. Nucl. Chem., 29, 2659 (1967) 

Table 3 

ISOTOPIC ANALYSIS 

Sample A Sample B 
2 3 8 p ^ 3 2 ppm 103 ppm 
"'^Pu 97.618% 93.847% 
"^°Pu 2.302% 5.737% 
2 U l p ^ 0.0 73% 0.386% 
"-"Pu 0.004% 0.021% 
"-^Am 157 ppm 

Table 4 

459 ppm 

CALORIMETRIC RESULTS 

Da-
1 
3 
7 
10 
34 
39 
42 
74 
77 
83 
85 
134 
136 
137 

Power of "35PU 
(W/g X 10") 

Sample A Sample B 
1931.0 
1930.8 

1930.9 
1933.2 

1930.5 
1933.0 
1933.6 

1929.6 
1932.4 

1930.3 
1929.3 
1929.2 
1930.3 

1932.4 
1931.1 ± 0.9 1931.2 ± 1.3 



Table 5 

PLUTONIUM-239 HALF-LIFE 

Half-life Value 
Investigator Year Method (yr) 

Farwell, et al.^ 1945 Sp Ac 24,400 

Westrum, et al. 1946 Sp Ac 24,000 ± 70 

Cunningham and Werner''1949 Sp Ac 24,300 

Wallmann 1951 Sp Ac 24,360 ± 100 

Sp Ac 

Sp Ac 

Sp Ac 

Sp Ac 

Sp Ac 

Sp Ac 

Ca] 

Ca] [ 

Dokuchaev^ 1959 Sp Ac 24,390 ± 30 

Markin^ 1959 Sp Ac 24,412 ± 30 

Stout and Jones^ 1945 Cal 24,100 ± 240 

This Work^ 1970 Cal 24,065 ± 26 

a- Phys. Rev., 9_4, 363 (1954). 

b. Report CC-389-1 (1946). 

c. J. Am. Chem. Soc. , n , 1521 (1949). 

d. Report UCRL-1255 (1951). 

e. Atomnaya Encrg, 6, 74 (1959). 

f. J. Inorg. Nucl. Chem., 2_9, 320 (1959). 

&■ Phys. Rev., n , 582 (1947). 

h. Plutonium 1970, 154 (1970). 

Table 6 

HALF-LIFE VALUES IN YEARS 

Specific 
Calorimetry Activity Difference 

"39pu 24.065 ± 50 24,400 ± 30 1.37% 

""•"Pu 6524 ± 10 6,600 ± 40 1.15% 

" ^ ' U 1 .540 ± 0 . 0 0 3 X 10=̂  1 .553 ± 0 . 0 1 x 1 0 ' 0.84% 

""^Am 4 3 2 . 7 + 0 . 7 4 3 6 . 6 ± 3 .0 0.89% 
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In contrast to the production load which 
is fairly constant, random jobs which 
include various types of plutonium-bearing 
materials are also handled. As these jobs 
are not concerned with production material, 
the stream average isotopic composition 
is obviously not used. In addition to 

these analyses, the calorimeter also 
analyzes all americium samples going off 
plantsite. This amounts to roughly eight 
samples per month. 

To handle all of these samples one 
obviously needs more than one twin-unit 
calorimeter. Accordingly, an eight-unit 
calorimeter has been designed which is 
described in detail elsewhere.' This unit 
basically consists of eight cells placed 
in a bath in a circular fashion. Instead 
of a twin-unit arrangement as described 
earlier, there are seven units operating 
against one null unit so that each eight-
unit configuration has the capability of 
seven measuring units. To handle the 
production load there are currently 
three of these eight-unit calorimeters. 
Accordingly, there are 21 caiorimetric 
spaces available any given day for the 
determination of nulls, caiorimetric 
standards, or samples. The production 
schedule of course dictates the sample 
load. 

Currently design of t̂ /̂o new multiple 
caiorimetric units are under way for the 
new 371 process building. In addition to 
these, investigations are being made to 
automate the current equipment so that 
the caiorimetric data will be automatically 
recorded and fed to a mini-computer for 
calculation of plutonium content, and the 
answer will be available to interested 
personnel via the computer. 

F. L. Oeting, J. Inorg. Nucl. 
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Dennis M. Bishop and Ira N. Taylor 
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Boiling Water Reactor Systems Department 
Plutonium Fuel Development 
San Jose, California 95114 

Abstract 

Caiorimetric assay experience during the 
fabrication of Light Water Reactor (LWR) 
plutonium recycle fuels is presented. 
Sources of heat generation and measurement 
uncertainty on (Pu,li)02 fuels are related 
to plutonium burnup history, Process 
applications, including feed, process, and 
scrap materials streams, ave discussed. 
Total caiorimetric measurement uncer
tainties are shown to relate to ^^^Pu and 
"'*̂A??? abundance and measurement capabili
ty. Caiorimetric measurement errors as 
a function of process application and 
plutonium burnup history are defined. 
Development needs are identified to 
facilitate the implementation of caiorime
tric assay methods as a routine analytical 
tool in licensee plutonium processing 
faoilities. 

I. INTRODUCTION 

Calorimetry is a nondestructive assay 
technique based on the highly accurate 
determination of heat (wattage) emitted 
by a radionuclide. These data are 
absolute measurements; i.e., the heat 
from a sample is measured and compared 
to a known amount of electrical heat. 
When combined with a knowledge of sample 
isotopic distribution, wattage data 
provide the basis for a quantitative 
method of determining the abundance of 
specific nuclear materials. 

Considerable operating experience is 
available concerning the application of 
caiorimetric methods to the measurement 
of safeguards, process, and quality 
attributes in plutonium processing 
facilities. Much of this experience, 
primarily in contractor facilities, has 

been summarized in other presentations at 
this symposium. By comparison, the 
application of caiorimetric methods to 
similar applications in licensee plutonium 
facilities is in its infancy. However, 
much of the technology and experience 
generated to date can be related to the 
solution of licensee measurement problems. 
All that is needed is careful recognition 
and analysis of significant differences 
in the areas of process parameters and 
measurement requirements to assure the 
success of caiorimetric assay methods 
on specific licensee applications. 

II. BASIS 

The major heatemitting isotopes of 
plutonium include "^^Pu, "^'Pu, "''"Pu, and 
""^Am (a daughter of ""'Pu). This is true 
irrespective of the chemical form of the 
nuclide [e.g., Pu(N03)i, or PuOj]. Even 
at the relatively low abundances typical 
of LWR plutonium recycle fuels (e.g., 1% 
<Pu/Pu■̂ U < 6% in natural or depleted UO2), 
uranium isotopes do not contribute sig
nificantly to the total heat output. 
Although "^*Pu and "'•Hm have the highest 
specific power, their low relative abun
dance results in only a subsidiary con
tribution to the total heat output from 
currently available plutonium materials. 

This points to a principal distinction 
between contractor and licensee appli
cations of caiorimetric assay methods. 
As previously noted, the heat output from 
a specific lot of plutonium material is 
intimately tied to isotopic distribution. 
The isotopic abundance of typical con
tractorgrade plutonium is both relatively 
uniform and well known, allowing accurate 
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estimates of caiorimetric measurement 
uncertainties. This is a luxury not 
afforded to commercial users of plutonium 
for purposes of light water reactor re
cycle. Plutonium recycle materials 
currently available are neither isotopically 
uniform from lot to lot nor well charac
terized. In this case, gross isotopic 
differences resulting from varied irradia
tion histories provide a new variable. 

Data 

Examples of the relative changes in 
isotopic distribution over a typical range 
of LWR plutonium fuel burnups are present 
in Figure 1. The isotopic abundances of 
these materials (and therefore the heat 
output) are intimately tied to the 
irradiation history of the plutonium. For 
example, the relative "^'Pu content change; 
from 87.1 % at an exposure of -9,000 MWd/t 
45% at -39,000 MWd/t. The relative "'*Pu 
content changes from 0.1% to 2% over the 
same burnup range. 

t o 

_ _ _ _ _ ABUNDANCE (%) 

j l M W d / t ) Po-238 Pu-239 Po-240 Pu-241 Pu-242 Am-241 

_ _ _ _ _ _ _ 0.10 87.1 10.1 2.4 0.3 0.13 

16-18,000 0.25 75.7 18.5 4.5 1.1 0.24 1 

25-27,000 1.0 58.0 25.0 9.0 7.0 0.48 

38-40,000 I 2.0 45.0 27.0 15.0 12.0 0.70 

Relationship 

100 

^ 80 

u 
z 
< 6 0 
Q 
z 
m 
o. O i_ 
O 
2 20 

Pu-239 

Pu-240 

Py-241 
Pu-242 

Pu-238 
10 20 30 40 50 
PLUTONIUM BURNUP { M W d / f X 1 0 3 ) 

FIGURE 1 - Plutonium isotopics versus irradiation history 
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The effect of isotopic changes with 
irradiation history on the sources of heat 
for caiorimetric measurements of plutonium 
recycle fuels are summarized in Figure 2. 
For low burnup plutonium (e.g., -9,000 
MWd/t), "'^Pu and "''"Pu are the major 
heat emitters, contributing over 751 of 
the total heat. At -17,000 MWd/t, "^^Pu, 
" " P u , and '̂*''Pu each contribute essen
tially 30% of the total heat output. 
More important, at the -39,000 MWd/t range, 
typical of equilibrium burnup plutonium 
recycle fuels, ^^spu contributes more 
than 73% of the total heat output. As a 
result of this dependence on plutonium 
burnup history, relative calorimetry heat 
and error contributions vary dramatically 
for the range of future plutonium recycle 
fuels. Such changes and their effects 
on measurement uncertainty can determine 
the feasibility of using caiorimetric 
assay methods on specific applications. 

III. APPLICATIONS 

The projected future availability of 
plutonium materials for private appli
cations puts a considerable burden on 
members of the nuclear community to 
develop meaningful methods for satisfying 
increasing stringent safeguards, process, 
and quality control measurement require
ments. Calorimetry is one of several 
nondestructive assay techniques which 
has shown potential as a contributor 
to the attainment of these goals. 

The evaluation of possible applications 
of calorimetry in the plutonium recycle 
fuel fabrication process centers around 
three basic incentives: 

1. Improved measurement capability 
2. Reduced analytical time 
3. Improved measurement economics. 

IV. PERFORMANCE 

The evaluation of caiorimetric measurement 
performance relies on uncertainty contri
butions from five principal sources: 

1) Isotopic power constants 
2) Isotopic half lives 
3) Decay period 
4) Wattage precision 
5) Isotopic abundance uncertainties 

Uncertainties in the isotopic power con
stants and half lives are relatively well 
established and beyond the scope of veri
fication in most licensee facilities. 
The decay period (time between isotopic 
and calorimetry measurements) is also 
well defined and contributes negligibly 
to the total measured error. Further, 
calorimetry has demonstrated an exceptional 
ability for measuring heat output from 
plutonium materials. Wattage measurement 
precisions on the order of 0.01% (95% 
confidence) have been attained on bulk PUO2 
materials. Therefore, isotopic abundance 
uncertainties can be the single most sig
nificant determinant of calorimetry 
measurement uncertainty capable of control 
in a plutonium processing facility. As a 
result, the plutonium burnup history, 
methods of wattage output data reduction, 
and isotopic measurement uncertainties 
can define the limits for caiorimetric 
measurement performance on plutonium re
cycle fuel applications. 

Heat output (wattage) data can be analyzed 
in either of two manners: 

(1) One approach involves the con
version of observed wattage 
measurements to grams plutonium 
based on a knowledge of plu
tonium and americium isotopics 
(Mass Method). 

(2) An alternate approach involves 
a comparison of wattage data 
irrespective of plutonium 
isotopics. This technique 
relies on the highly predict
ably heat output of plutonium 
dioxide and nitrate materials 
to make extremely accurate, 
but qualitative, measurements 
(Wattage Method). 

In general terms, the advantages and 
disadvantages of calorimetry on plu
tonium recycle fuel applications are 
outlined in Figure 3. Specific examples 
of plutonium fuel process experience 
by General Electric with caiorimetric 
assay techniques are summarized in 
Figure 4. These applications include 
shipper-receiver and feed material 
measurements, in-process fuel enrichment 
determinations on powder and pellet 
materials, and scrap assay analyses. 
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Data 

PLUTONIUM BURNUP (MWd/ tX103 ) 

ISOTOPE 8-10 15-18 25 -27 3 8 - 4 0 

[~T7^238 17.7% 30.7% 60 .2% 73 .4% 

Pu-239 52.6 31.6 11.9 5.6 

Pu-240 22.5 28 .4 IS.8 12.4 

Pu-241 2.5 3.3 3.2 3^2 

Pu.242 1 0.0 0.0 0.1 0.1 1 
1 Am.241 4.7 6.0 5.8 5.2 

[TOTAL HEAT 100.0% 100.0% 100.0% 100.0% 

R e l a t i o n s h i p 

&5 8 0 

0 10 20 30 40 50 

PLUTONIUM BURNUP fMWd/ tX103| 

FIGURE 2 - Heat contributions versus irradiation history 



Key advantages of calorimetry over chemical analytical measurement methods 
include: 

(1) Sampling is not required. Production fuel materials can often be 
measured "atline" without perturbing production operations. 

(2) One hundred percent measurement is possible. This minimizes sampling 
errors and provides added confidence in feed and product material 
streams. 

(3) No change in the chemical or physical form of the material occurs. 
In addition, materials can be analyzed without further preparation 
and returned to the process stream. 

(4) Measurement errors resulting from weight change and humidity effects 
are eliminated. 

(5) Rapid measurements are possible. Conventional materials handling and 
chemical separation delays are eliminated. Test results can often be 
available within 14 hr to allow evaluation of suitability for further 
processing. 

(6) Highly accurate plutonium assay and wattage measurements are possible. 

(7) Meaningful measurements can often be accomplished that could not be 
made with any other method. For example, plutonium dioxide or nitrate 
shipments can be nondestructively measured prior to receipt or ship
ment, or while in storage, without disturbing the integrity of the 
primary containment. 

Principal disadvantages of calorimetry include: 

(1) A relatively long test time compared to other nondestructive assay 
techniques (=14 hr). However, test times are still significantly 
shorter than cumulative unloading, sampling, dissolution, and 
analytical requirements associated with conventional methods. 

(2) Dependence on prior knowledge of plutonium isotopics. Even when 
isotopics are known, "stateoftheart" technology in the areas of 
"^^Pu and "'•■'Am measurement capability can result in disproportionate 
contributions to total measurement uncertainty from these isotopes. 

FIGURE 3  Advantages and disadvantages of calorimetry 
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FIGURE 4  Plutonium recycle applications 

A. Mass Method 
The first method of analyzing calorim

etry measurement data involves the conver
sion of watts to plutonium mass, based on 
a knowledge of sample isotopics. As 
previously described, the net contribution 
of each isotope to the total heat output 
is dependent on the irradiation history 
of the plutonium. As a result, analyses 
of relative heat contributions and 
isotopic measurement capabilities can be 
used to estimate the expected calorimetry 
measurement uncertainty as a function of 
plutonium burnup history. 

Relative isotopic error contributions 
to calorimetry measurement uncertainty 
for plutonium from a range of recycle 
burnup histories is presented in Figure 5. 
It is highly significant to note that 
although less than 25% of the total heat 
output from low burnup 9,000 MWd/t 
plutonium recycle fuels results from 
"'^Pu and ""Am, more than 90% of the 
total measurement uncertainty results 
from these isotopes. In the case of high 
burnup plutonium fuels (39,000 MWd/t), 
these isotopes contribute almost 80% 
of the total heat and over 98% of the 
total error. This relative error analy
sis is based on current isotopic measure
ment capabilities as defined in Figure 6. 

As a result of these analyses, predicted 
measurement uncertainties for bulk 
plutonium recycle fuel materials range 
from 0.50 tO 1.60%, depending on plutonium 
burnup history (see Figure 7). Future 

calorimetry measurement uncertainties , 
based on the development of improved "'''Am jt 
and "^®Pu measurement capability, were ■ 
estimated to range from 0.25 to 0.78%, ^ 
depending on the plutonium burnup history. 
The effects of current and projected 
future isotopic measurement capabilities on 
relative contributions to caiorimetric 
measurement uncertainty for "'°Pu and "'*'Am 
are shown in Figure 8. 

Examples of caiorimetric assay measurement 
precision on PUO2 feed material, (Pu,U)02 
process samples, and scrap are summarized 
in Tables 1, 2 and 3. These data confirm 
previous comments concerning the insignifi
cance of wattage precision in the deter
mination of caiorimetric measurement 
uncertainty on large bulk plutonium fuel 
samples. However, they do indicate that 
in each case the attainment of optimal 
precision must be related to the proper 
combination of calorimeter wattage range 
capability and fuel application (wattage 
output), particularly with small samples. 

B. Wattage Method 
An example of the second method of 

analyzing caiorimetric assay data is shown 
in Figure 9. These data represent repeti
tive wattage measurements on one kilogram 
of plutonium dioxide material. The gradual 
increase in heat output with time results 
from the ingrowth of "'•̂ Am by "'''Pu decay. 
It is possible to utilize the heat output 
corrected for """Am ingrowth as a basis 
for qualitative plutonium measurements. 

Using the evaluation of shipperreceiver 
differences as an example, a shipper can 
perform repeated calorimetry measurements 
on a plutonium dioxide sample. The increase 
in heat output resulting from americium in
growth is then plotted versus time. The 
receiver can perform similar measurements 
for comparison to predicted shipper wattage 
levels. The result is a quantitative 
basis for accepting or rejecting the ship
ment. No knowledge of plutonium or 
americium isotopics is required and it 
should be possible to complete the measure
ment without violating the integrity of 
a sealed sample. 

The method is equally applicable to the 
verification of stored plutonium inven
tories . 
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Data 

BURNUP (X103 M W d / f ) 

ISOTOPE 8-10 16-18 2 5 - 2 7 38 -40 

Pu-238 71.2% 7 7 . 2 % 88 .7% 92 .0% 

Pu-239 4.3 3.2 0.9 0.4 

Pu-240 4.6 3.6 1.4 0.8 

Pu-241 1.0 0.9 0.4 0.3 

Fu.242 0.0 0.0 0.0 0.0 

Am-241 18.9 15.1 8.6 6.5 

TOTAL UNCERTAINTY 100.0% 100.0% 100.0% 100.0% 

Relationship 

100 
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3 
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O 40 
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_̂ 
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PLUTONIUM BURNUP ( M W d / t X103) 

FIGURE 5 - Error cont r ibu t ions versus i r r a d i a t i o n h i s to ry 
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Data 

UNCERTAINTY (%) 

ISOTOPE CURRENT FUTURE 

Pu-238 2.00 1.0 

Pu-239 0.04 0.04 

Pu-240 0.1 0.1 

Pu-241 0.2 0.2 

Pu-242 0.6 0.6 

Am-241 2.0* 0.5 

*Determined using gamma ray counting technique; all others based on 
mass spectrometry analyses. 

Relationship 

10.0 

0.01 

T!|—rTTTTTni—rTTTTlTl]—I I UHllj I I i l t l l l 

U M I I I mini I LLLmij I Miiiiil I i i m u l 
0.001 0.01 0.1 1.0 10.0 100.0 

ISOTOPIC ABUNDANCE, % 

FIGURE 6 - Measurement capability 
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Data 

Relationship 

CURRENT FUTURE 

1 BURNUP 
1 f MWd/t) ERROR* SOURCE*- ERROR* SOURCi " 

_ _ _ _ _ 0.50% 90% 1 0.25% 80% 

n^Iii^ooo"" 0.80% 92% 0.40% 85% 

[25-27,000 ; 1.40% 97% 0.67% 94% 1 

138-40,000 L60% 98% 0.78% 97% 

• CALORIMETRY MEASUREMENT UNCERTAINTY. 
" ERROR DUE TO Pu-238 AND Am-241. 

2.0 
> ■ 
I— 
Z 

-< 1.5 

u 
z 
= ,.0 

z 

« 0.5 

< 

CURRENT 

FUTURE 

10 20 30 40 

PLUTONIUM BURNUP (MWd/ f X103) 

FIGURE 7  Calorimetry measurement capability 
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Table 1 

PuO, FEED MATERIAL CALORIMETRY 

Batch A0122 (90% Fissile Pu) 

Sample Date Calorimeter Plutonium Mass . (grams) 
Can Analyzed 

7/31/70 

Wattage Calorimeter 

486.50 

Chemical 

487.46 

Difference, % 

A 

Analyzed 

7/31/70 1.718000 

Calorimeter 

486.50 

Chemical 

487.46 -0.19 
A 8/11/70 1,719435 486.64 -0.17 
A 8/21/70 1.721044 486.45 -0.21 
A 8/26/70 1.722616 486.58 -0.18 
A 8/31/70 1.722531 486.30 -0.24 
A 9/3/70 1.723511 486.42 -0.21 

B 7/21/70 2.068589 586.56 581.58 + 0.86 

C 8/5/70 2.894039 819.33 821.10 -0.22 

D 7/29/70 3.456342 979.24 973.52 + 0.59 
D 8/4/70 3.457878 979.08 + 0.57 
D 8/10/70 3.459859 979.03 + 0.56 
D 8/12/70 3.462494 979.06 + 0.57 
D 8/20/70 3.464772 979.40 + 0.60 
D 8/24/70 3.465533 979.29 + 0.59 
D 8/28/70 3.466933 979.08 + 0.57 
D 9/1/70 3.468854 979.22 + 0.58 
D 9/3/70 3.469366 979.15 + 0.58 

E 7/24/70 3.499556 991.86 984.92 + 0.70 

F 7/30/70 3.603188 1020.74 1019.74 + 0.10 
F 8/14/70 3.609739 1021.02 +0.12 

G 8/6/70 3.593811 1017.35 1017.60 -0.03 
G 8/18/70 3.597854 1017.36 

Sample Can A 
a = +0.122 

95% confidence level for individual 
results = ±0.316 

Relative standard error - 0.025% 

Sample Can D 
0 = ±0.123 

95% confidence level for individual 
results = ±0.278 

Relative standard error - 0.013% 

Batch A0146 (80% Fissile Pu) 

A 9/11/70 0.068965 12.96 
A 9/17/70 0.068815 12.93 

B 9/15/70 4.187611 787.05 
B 9/21/70 4.189144 786.69 

C 9/22/70 4.493089 843.76 
C 9/29/70 4.496009 843.80 

D 9/24/70 4.277313 803.09 
D 10/6/70 4.282511 802.69 

1 2 . 9 

7 8 8 . 7 

845.6 

8 0 4 . 8 

+ 0.46 
+ 0.23 

- 0 . 2 1 
- 0 . 2 5 

- 0 . 2 2 
- 0 . 2 1 

- 0 . 2 1 
- 0 . 2 6 



B. Summary 

Table 2 

PROCESS FUEL PELLET CALORIMETRY 

Test Results 

Fuel Date Calorimetry 
Batch Sample 

1 

Analyzed 

1/1/70 

Weight (gm) 

10.1119 

Wattage Pu/Pu+U X 100 

M0095 

Sample 

1 

Analyzed 

1/1/70 

Weight (gm) 

10.1119 0.00136439 4.22 
2 9/1/70 9.9649 0.00125413 3.95 
3 9/2/70 10.4303 0.00126080 3.78 
4 9/2/70 11.0001 0.00146709 4.18 
5 9/3/70 11.0340 0.00142577 4.05 
6 9/4/70 11.1678 0.00149469 4.19 
7 9/4/70 10.6191 0.00136787 4.04 
8 9/8/70 9.9389 0.00128607 4.03 
9 9/9/70 10.4071 0.00128016 3.82 
10 9/9/70 9.6761 0.00126506 4.08 
11 9/10/70 10.7616 0.00135794 3.92 

M0098 1 9/14/70 11.2083 0.00137675 3.84 
2 9/15/70 12.1192 0.00157373 4.07 
3 9/15/70 11.4298 0.00144547 3.96 
4 9/16/70 10.5216 0.00125590 3.73 
5 9/17/70 10.8707 0.00147689 4.22 
6 9/18/70 10.9575 0.00140395 4.01 
7 9/21/70 11.5136 0.00151589 4.12 
8 9/22/70 12.1803 0.00158617 4.07 
9 9/24/70 12.0470 0.00147539 3.83 
10 9/25/70 11.9164 0.0014676 3.85 
11 9/29/70 11.1310 0.00139285 3.91 
12 9/28/70 11.6469 0.00141266 3.79 
13 9/30/70 12.3381 0.00146469 3.71 
14 11.1283 0.00132520 3.83 

Fuel Batch 

M0095 

M0098 

Enrichment (% Pu/Pu+U) 
Known Measured 

4.023 4.02 ± 0.14 (3.5%) 

3.905 3.92 ± 0.15 (3.8%) 
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Standard Sample 

PP008 

PP009 

PPOIO 

PP008+PP009+PP010 

PP008+PP009+PP010 

Table 3 

(Pu,U)02 FUEL SCRAP CALORIMETRY 

Description 

50 gm (Pu,U)02 -
1.56% Pu/Pu+U 

100 gm (Pu,U)02-
1.56% Pu/Pu+U 

500 gm (Pu,U)02-
1.56% Pu/Pu+U 

650 gm (Pu,U)02-
1.56% Pu/Pu+U 

680 gm (Pu,U)02-
1.56% Pu/Pu+U 

Measured 
Mass Plutonium 

Chemical Calorimetry 

1.15 

2 . 3 0 

1 1 . 2 3 

1 4 . 6 8 

1 4 . 6 8 

0 . 9 5 

2 . 8 7 

1 1 . 5 1 

1 5 . 3 6 

1 5 . 0 8 

D e v i a t i o n 
From Known (%) 

+ 1 7 . 4 

- 2 4 . 8 

- 2 . 5 

- 4 . 6 

- 2 . 5 

O 100 

a 

O 
u 

80 

^ 60 
E 
< 

m 
m 

I 
3 

40 

20 

CURRENT ERROR — 
CONTRIBUTION 

HEAT -
CONTRIBUTION 

10 20 40 50 

PLUTONIUM BURNUP f M W d / t X103) 

FIGURE 8 - Dominant heat and error source 

86 



Data 
Typical Data 
Time, days 

Can D 
Wattage Pu> gm 

0 
6 
12 
14 
22 
26 
30 
34 
36 

3.456342 
3.457878 
3.459859 
3.462494 
,464772 
.465533 
,466933 
,468854 
,469366 

979.24 
979.08 
979.03 
979.06 
979.40 
979.29 
979.08 
979.22 
979.15 

95% confidence level for individual results = ± 0.278 gm 
Relative standard error - 0.013% 

Relationship 

3 a. 
f— 3 
o 

/ 

/ 

/ 

SHIPPER RECEIVER 

TIME, DAYS 

FIGURE 9 - Wattage ou tpu t comparison 
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This technique allows significant reduc
tions in conventional analytical measure
ment errors by comparing wattages instead 
of grams plutonium. Its principal appli
cation would be to supplement existing 
accountability procedures, reducing 
analytical laboratory loads, and providing 
greater confidence in plutonium receipts, 
inventories, and shipments. 

V. NEEDS 

As safeguards, process, and quality control 
measurement requirements in plutonium 
processing facilities become more strin
gent, needed analytical capabilities are 
approaching the current "state-of-the-
art." At throughput levels projected for 
forthcoming LWR plutonium recycle fuel 
fabrication facilities, the need for high 
accuracy, rapid turnaround, analytical 
methods becomes even more severe. 

Experience to date with caiorimetric assay 
methods indicates areas of potential con
tribution to the solution of several 
difficult plutonium measurement problems. 
However, much of the basis for currently 
defined capabilities results from methods 
relatively untested under high throughput 
production operating conditions. Although 
such experience is a necessary prerequisite 
to the development and implementation of 
caiorimetric assay methods, it is not the 
final step. Further development work 
aimed at practical demonstrations in the 
manufacturing environment are needed 
before caiorimetric assay methods measure
ment potentials can be fully realized in 
plutonium recycle fuel processing facili
ties. In order to address these needs, 
future development programs should include: 

(1) Development of improved iso
topic measurement capabilities; 
particularly "'̂ 'Pu and "'''Am. 
This will allow the reduction 
of caiorimetric measurement 
uncertainty. 

(2) Improved calorimetry sensitivity 
and software capabilities to 
allow the reduction of total 

measurement time. This may in
clude procedures for end-point 
prediction, pass-through capa
bility, and in-box applications 
of calorimetry equipment. 

(3) Development of measurement capa
bility and uncertainty versus 
test time and equipment cost 
relationships. This will allow 
the matching of economics and 
measurement criteria on specific 
applications. 

(4) Practical demonstrations of long 
term measurement capability 
under in-plant operating con
ditions on typical plutonium fue 
applications. A principal can
didate for such testing is the 
shipper-receiver measurements 
problem. 

(5) Verification of isotopic half-
life and power constant parame
ters for plutonium isotopes. 
This will allow the definition 
of error contributions from 
these sources. 

(6) Verification of plutonium ni
trate heat output stability as 
a function of time from re
covery. This will assure that 
no undefined sources of measure
ment bias exist for plutonium 
nitrate measurements. 

(7) Development of certified stan
dards traceable to a recognized 
source. This will allow the 
determination and intercompari-
son of equipment capability. 

In addition, it is important for members 
of the nuclear community at all levels 
to continue communicating in order to 
assure that developmental and implementa
tion efforts stay abreast of current and 
future measurement needs and operating 
capabilities. 
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APPENDIX 

CALCULATIONAL BASES AND ASSUMPTIONS 

Table A-I 

CALORIMETER FEED MATERIAL INSPECTION CALCULATION DATA 

A. Typical Isotopic Analysis 
Isotopic Abu ndance (wt %) 

Isotope 90 % Fissile (1) 80 % Fissile*^^^ 
Pu-238 0.104 0. 244 
Pu-239 86.92 75.54 
Pu-240 10.16 18.51 
Pu-241 2.53 4.56 
Pu-242 0.28 1.14 
Am-241 0.278 0.812 

2, ,1614 X 10-5 
7. .860 X io-« 
2, .903 X 10-^ 
1. .2981 X lo-'* 
4. .3859 X 10-6 

10-' 

(1) The chemical/isotopic analyses were made on 7/8/69. 
(2) The chemical/isotopic analyses were made on 8/18/70, 

B. Wattage and Half-Life Data 

Isotope W/g A/Day 

Pu-238 0.566420^]-^ 
Pu-239 0.001924^^:^ 
Pu-240 0.007089^:^ 
Pu-241 0.003348^^:^. 
Pu-242 0.0001146| -* 
Am-241 0.11450'--' 

(1) Mound Laboratory 
(2) Journal of Inorganic and Nuclear Chemistry, Vol. 29, p. 2659. 

C. Calculations Methods 

1. Correction for decay of Pu-241 to Am-241 
% decay Pu-241 = % buildup Am-241 
% decay Pu-241 = (% Pu-241)e-^T 
% Pu-241 = isotopic abundance at time of chemical assay (day 1) 
X = 1.2981 X 10 
T = elapsed time in days from time of chemical assay 

% Pu-241 - % decay Pu-241 = Pu-241 at time of calorimetry 
% Am-241 (day 1) + % decay Pu-241 = Am-241 at time of calorimetry 

2. Total Plutonium grams 
wattage via calorimeter* 100** 

E (isotopic abundance) (watts/gm/isotope) S% isotopes 

* Isotopes include Pu-238, Pu-239, Pu-240, Pu-242 and corrected values 
for Pu-241 and Am-241. 

** % isotopes is greater than 100 because of the presence of americium. 



Table A-II 

RELATIVE ISOTOPIC HEAT CONTRIBUTION vs PLUTONIUM BURNUP 

D. 

Relative 
Relative Watt/Gram Abundance Contribution 

Isotope Abundance, % 

Burnup: 8-10, 000 

Constant 

MWd/t (90% 

X W/gm to Total Heat 
Plutonium 

Abundance, % 

Burnup: 8-10, 000 

Constant 

MWd/t (90% fissile) 

Pu-238 0.10 0.566420 0.05664 17.7% 
Pu-239 87.1 0.001924 0.16758 52.61 
Pu-240 10.1 0.007089 0.07160 2 2.5% 
Pu-241 2.4 0.003348 0.00804 2.5% 
Pu-242 0.3 0.000146 0.0 0.0% 
Am-241 0.13 0.11450 0.01489 4.7% 

Total 0.31875 100.0% 

Plutonium Burnup: 16-18 ,000 MWd/t (80̂  \ fissile) 

Pu-238 0.25 0.566420 0.14161 30.7% 
Pu-239 75.7 0.001924 0.14565 31.6% 
Pu-240 18.5 0.007089 0.13115 28.4% 
Pu-241 4.5 0.003348 0.01507 3.3% 
Pu-242 1.1 0.000146 0.00016 0.0% 
Am-241 0.24 0.11450 0.02748 6.0% 

Total 0.46112 100.0% 

Plutonium Burnup: 25-27, 000 MWd/t (70% fissile) 

Pu-238 1.0 0.566420 0.56642 60.2% 
Pu-239 58.0 0.001924 0.11159 11.9% 
Pu-240 25.0 0.007089 0.17723 18.8% 
Pu-241 9,0 0.003348 0.03013 3.2% 
Pu-242 7.0 0.000146 0.00102 0.1% 
Am-241 0.48 0.11450 0.05496 5.8% 

Total 0.94135 100.0% 

Plutonium Burnup: 38-42, 000 MWd/t (60% fissile) 

Pu-238 2.0 0.566420 ■ 1.13284 73.41 
Pu-239 45.0 0.001924 0.08658 5.6% 
Pu-240 27.0 0.007089 0.19140 12.4% 
Pu-241 15.0 0.003348 0.05022 3.2% 
Pu-242 12.0 0.000146 0.00175 0.1% 
Am-241 0.70 ■ 0.11450 0.08015 5.2% 

Total 1.54294 99.9% 



Table A-III 

CALORIMETRY MEASUREMENT ERROR vs CURRENT ISOTOPICS MEASUREMENT CAPABILITY 

Fractional Total Absolute Relative 
Heat Measurement Contribution Contribution 

Isotope Contribution* Error (%)** to Error to Error 

^• Plutonium Burnup: 8-10,000 MWd/t (90% fissile) 

Pu-238 0.177 2.0 0.354% 71.23% 
Pu-239 0.526 0.04 0.021% 4.23% 
Pu-240 0.225 0.1 0.023% 4.63% 
Pu-241 0.025 0.2 0.005% 1.01% 
Pu-242 0.0 0.6 0.00% 0.00% 
Am-241 0,047 2.0 0.094% 18,91% 

Total 0.497% 100.01% 

B• Plutonium Burnup: 16-18,000 MWd/t (80% fissile) 

Pu-238 0.307 2.0 0.614% 77.23% 
Pu-239 0.316 0.08 0.025% 3.15% 
Pu-240 0.284 0.1 0.029% 3.65% 
Pu-241 0.033 0.2 0.007% 0.88% 
Pu-242 0.0 0.4 0.00% 0.0% 
Am-241 0.060 2.0 0.120% 15.09% 

Total 0.795% 100.00% 

C. Plutonium Burnup: 25-27,000 MWd/T (70% fissile) 

Pu-238 0.602 2.0 1.204% 88.73% 
Pu-239 0.119 0.1 0.012% 0.88% 
Pu-240 0.188 0.1 0.019% 1.40% 
Pu-241 0.032 0.2 0.006% 0.44% 
Pu-242 0.001 0.4 0,00% 0.0% 
Am-241 0.058 2.0 0.116% 8.55% 

Total 1.357% 100.00% 

D. Plutonium Burnup: 38-42,000 MWd/t (60% fissile) 

Pu-238 0.734 2.0 
Pu-239 0.056 0.1 
Pu-240 0.124 0.1 
Pu-241 0.032 0.2 
Pu-242 0.001 0.4 
Am-241 0.052 2,0 

Total 
* From Table A-1 
**Current plutonium measurement capability 

1.468% 91.98% 
0.006% 0.38% 
0.012% 0.75% 
0.006% 0.38% 
0.00% 0.00% 
0.1040% 6.52% 
1.596% 100.01% 
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Table A-IV 

CALORIMETRY MEASUREMENT ERROR vs FUTURE ISOTOPIC MEASUREMENT CAPABILITY 

A. 

Fractional Total Absolute Relative 
Heat Measurement Contribution Contribution 

Isotope Contribution* 

Burnup: 8-10,000 

Error (%)** 

MWd/t (90% fissi 

to Error to Error 

Plutonium 

Contribution* 

Burnup: 8-10,000 

Error (%)** 

MWd/t (90% fissi le) 

Pu-238 0.177 1.0 0.177% 70.80% 
Pu-239 0.526 0.04 0.021% 8.40% 
Pu-240 0.225 0.1 0.023% 9.20% 
Pu-241 0.025 0.2 0.0051 2.00% 
Pu-242 0.0 0.6 0.00% 0.00% 
Am-241 0.047 0.5 0.024% 9.60% 

Total 0.250% 100.00% 

Plutonium Burnup: 15-18,000 MWd/t (80% fis sile) 

Pu-238 0.307 1.0 0.30 7% 7 7.53% 
Pu-239 0.316 0.08 0.025% 6.31% 
Pu-240 0.284 0.1 0.028% 7.07% 
Pu-241 0.033 0.2 0.0 06% 1.52% 
Pu-242 0.0 0.4 0.00% 0.0% 
Am-241 0.060 0.5 0.030% 7.58% 

Total 0.396% 100.01% 

C. Plutonium Burnup: 25-28,000 MWd/t (70% fissile) 

Pu-238 0.602 
Pu-239 0.119 
Pu-240 0.188 
Pu-241 0,032 
Pu-242 0.001 
Am-241 0.058 

Total 

0.602% 90.12% 
0.012% 1.80% 
0.019% 2.84% 
0.006% 0.90% 
0.00% 0.0% 
0.0 29% 4.34% 
0.668% 100.00% 

D. Plutonium Burnup: 38-42,000 MWd/t (60% fissile) 

Pu-238 0, .734 
Pu-239 0, .056 
Pu-240 0. .124 
Pu-241 0, .032 
Pu-242 0. .001 
Am-241 0, .052 

Total 

0.734% 93.62% 
0.006% 0.77% 
0.012% 1.53% 
0.006% 0.77% 
0.00% 0,0% 
0.0 26% 3.32% 
0.784% 100,01% 

* From Table A-I 
** Estimated future plutonium measurement capability 
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Paper No. 8 

CALORIMETRY AT BABCOCK § WILCOX/NUMEC 

S, C. Nattsas and R. N. Kubik 
The Babcock § Wilcox Company 
Industrial Systems Section 
Lynchburg Research Center 
Lynchburg, Virginia 24505 

This paper describes the design and con
struction of the Plutonium Calorimeter 
which was built by the Industrial Systems 
Section for B&W's subsidiary Nuclear 
Materials Equipment Corporation (NUMEC). 
The difficulties encountered in building 
and maintaining this system are discussed. 
The system's accuracy is assessed. 

One must start with a good design. How
ever, careful attention to the details of 
workmanship is also important. Thermal 
leaks must be minimized. This is done by 
holding close dimensional tolerances and 
by making the insulation uniform. 

This calorimeter has been working for 
fourteen months. In that time, some field 
service was required. Several vacuum 
tubes, a recorder pen guide rod, and a 
thermoregulator were replaced. The water 
bath insulation got wet and was replaced. 

This calorimeter is capable of an accuracy 
of: ±2 g out of 900 g of "''Pu in incom
ing Pu02, or ±0.0004 g out of 0.2239 g in 
"'^Pu heart pacer power source material. 

The system has performed well, except for 
those times when the room environment was 
not under control. Large temperature and 
humidity changes in the room lead to much 
less accurate plutonium assasy. Improve
ments are planned to the room air-condition
ing equipment as well as measurement and 
display of both water bath and room tempera
ture. Until these are made, this instrument 
will not be used for official receipt 
measurements on PuO- It is being used 
routinely, however, to check incoming 
material for diversion. 
Babcock and Wilcox can build similar cal
orimeters on a commercial basis. 

BATH SAMPLE 
TEflPEMraRE CHAfSER 

CONTROL _ 

BATH 

REFERENCE CIRCULATOR 

CHAMBER 

V 

LJ 

CONSTAKT TEBPERATORE 
WATER BATH 

FIGURE 1 
design 

We used a Mound Laboratory 

FIGURE 2 - Adding to it automatic control 
and computation 
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Paoer No. 9 
CALORIMETRIC VERIFICATION OF PLUTONIUM INVENTORIES 

FOR SAFEGUARDS SURVEYS 

Roy B. Crouch, Jr. 
Division of Nuclear Materials 
and Waste Management 

Albuquerque Operations Office 
U. S. Atomic Energy Commission 

Albuquerque, New Mexico 

The Beginning 

In 1971, the USAEC Albuquerque Operations 
Office (ALO) was considering alternatives 
available to meet the USAEC Division of 
Nuclear Materials Security (DNUMS) require
ments for verification of plutonium inven
tories at contractor facilities. 

The major problem existed in trying to 
verify quantities of plutonium in various 
scrap and residue categories where 
chemical assay was out of the question. 
For most of the categories, the con
tractor assayed plutonium using gamma-
ray and/or neutron measurements. Be
cause Mound Laboratory is one of our 
contractors and we were well aware of 
their expertise in the field of calorim
etry, we solicited their help in solving 
our problem. 

It was concluded that caiorimetric assay 
met our requirements by providing a 
±1% nondestructive assay of an entire 
sample which we could use to verify the 
approximately ±10% routine assay measure
ments at contractor facilities. This 
plan was presented to DNUMS in order to 
obtain their guidance and support, 
which was provided. The first sample 
selection from a contractor facility 
was shipped to Mound Laboratory for 
caiorimetric assay in the spring of 1972. 

This particular selection was chosen by 
DNUMS for additional nondestructive 
measurements by Los Alamos Scientific 
Laboratory and by Gulf Radiation Tech
nology and then by chemical assay at LASL. 
This program, supervised by Brookhaven 
National Laboratory, Technical Support 

Organization is nearly completed and the 
final report is expected soon. 

Survey Experiences 

Transition from conception of the program 
to the real world of implementation re
quired the solution of problems some of 
which were anticipated and many of which 
were not. 

Because of the large inventory population, 
a statistical sample size of between 200 
and 300 would be required to certify an 
inventory. Since entire samples, not 
aliquots, were being shipped to Mound 
Laboratory, this was considered prohibi
tive. The solution to this problem was 
to define the goal of the program as 
verification of the contractor's precision 
and accuracy statements. This is accomp
lished through the selection of approxi
mately 70 samples. 

A classic sample selection would consist 
of randomly selecting samples and ship
ping them untouched. However, the con
tainers used for storage at contractor 
facilities are often not suitable for 
shipment and often require repackaging 
in metal containers. This required a 
safety analysis of the various scrap 
categories since they often contained 
moisture, acids, solvents, nitrogen com
pounds, resin, and free metal. Procedures 
were determined for drying or calcining 
certain categories prior to repackaging. 

An interesting and necessary result of 
the repackaging procedures was that while 
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there were occasionally dramatic losses 
of sample weight during drying, there was 
no appreciable loss of plutonium. This is 
checked by the contractor who remeasures 
these samples after repackaging. 

Shipping of some of the nonroutine cate
gories required the increase of DOT special 
permits. The samples are shipped via AEC 
courier trucks. 

Some Results 

Table 1 shows a representative selection 
of containers of incinerator ash shipped 
from one AEC contractor to another. In 
this case the shipper's values are esti
mates although we believe he arrived at 
them by gamma scan. 

Note a significant bias in the shipper's 
values and the receiver's values for 
neutron count. 

The receiver's values for gamma scan look 
very good. 

Table 2 shows the various categories of 
material that we have sampled and some of 
the results. 

In the example for oxide, the contractor 
has switched from grab sample and chemical 
analysis to calorimetry. 

Program Benefits 

The verification program has provided ALO 
assurance that contractor assay measure
ments are within the stated measurement 
uncertainties. In some cases where they 
were not, more reliable assay methods have 
been adopted. Notably, the use of 
caiorimetric assay for plutonium has in
creased. 

Contractors have placed more emphasis on 
their internal measurement control pro
grams. This has led to the use of more 
representative assay standards for NDA and, 
in some cases, the samples returned to the 
contractors after caiorimetric assay at 
Mound Laboratory are used as NDA working 
standards. 

Contractor use of calorimetry as a cross 
check of other NDA measurements has in
creased. The contractors thus generate 
their own working standards from actual 
scrap samples. This has reduced the 
amount of plutonium tied up in standards. 

Table 1 

VERIFICATION VALUES FOR CONTAINERS OF INCINERATOR ASH 

Shipped 
Value 
(g) 

Received Value (g) 
Gamma Neutron 

Mound Verification 
Value 
(g) 

115 149 125 152 

87 110 67 

81 97 138 

72 102 81 

70 82 139 

61 78 103 

108 

98 

95 

87 

74 

-20 ± 6% 

Apparent Bias (One Sigma) 

+2 ± 6 % +8 ± 27% 
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Table 2 

CATEGORIES OF MATERIAL SAMPLED 

Stated Average Verification Values 
Uncertainty Amount Bias Uncertainty 

Category Method 

S/CA 
- (%) (g) 

+ 1.0 

(%) 
Buttons (I) 

Method 

S/CA 
-

±0.07 2000 + 1.0 ±0. 5 

Buttons (II) S/CA 0.07 2000 + 1.4 0.7 

Ash Gamma 10.0 200 -0.4 4.0 

Ash Heels Gamma (A) 12.0 150 -4.0 4.0 

Ash Heels Gamma (B) 12.0 150 + 40.0 4.0 

Fluoride Cal 0.4 100 + 0.7 1.8 

Green Cake S/CA 1.0 800 + 1.6 0.7 

Oxide S/CA 1.0 1000 -0.1 8.0 

Oxide Cal 0.4 1000 + 0.2 0.8 

Slag Gamma 16.0 200 

Crucibles Gamma 16.0 200 

Scarfings Gamma 25.0 60 

Where We Hope to Go 

We are currently evaluating an all safe 
shipping container which will allow us 
to select samples without having to go 
through any sample preparation. 

Mound has automated its calorimeters and 
currently reports assay results six weeks 
from receipt of a shipment. Mound is 
actively working on automation of calorim
eters to provide even faster measurement. 
The availability of faster caiorimetric 

assay will undoubtedly lead to even greater 
use of the measurements by the contractors. 

We are investigating the possible use of 
portable or semi-portable calorimeters 
for on-site verification. 

AEC/ALO will encourage the development of 
an on-going standards program where actual 
scrap categories are calorimetered and 
then become NDA standards. 
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Paper No. 10 

SMALL, FAST-RESPONSE CALORIMETERS DEVELOPED 
AT ARGONNE NATIONAL LABORATORY 

FOR THE NONDESTRUCTIVE*'ASSAY OF 'PLUTONIUM FUEL RODS* 

N. S. Beyer, R. N. Lewis, and R. B. Perry 
Argonne National Laboratory 

Argonne, Illinois 

Abstract 

The purpose of this'report is to describe 
the design and operating characteristics of 
three calorimeters which were developed at 
Argonne for the nondestructive measurement 
of the plutonium contained in mixed-oxide 
fuel rods. Two of these instruments ''i.e.. 
Models 1 and 2) were built to specifically 
handle the ZPPR (Zero Power Plutonium Re
actor) mixed-oxide fuel rods. The third 
calorimeter which was named with a Roman 
numeral rather than Arabia is currently 
under construction. It is designed to 
handle a 36-in. column of fuel contained 
in jackets having a diameter equal to or 
less than the ZPPR rods. The bulk of the 
material in this report has previously 
appeared in the literature 5̂" and oonaerns 
the design details and an evaluation of 
the operating characteristics of Models 1 
and 2. Only the design details of Model 
III are presented since it has not been 
possible to complete an evaluation of its 
operating characteristics at the time of 
the writing of this report. The evaluation 
of Models 1 and 2 is based upon the experi
ence of using these instruments to non
destructively assay a fuel inventory. A 
discussion of this inventory measuremenv 
program is included and comparisons are 
made to chemical analyses and other non
destructive measurements. 

All models are small, portable instruments 
and require relatively short measurement 
times compared to those usually expected, 
of calorimeters. One ZPPR fuel rod, which 
is about 3/8 in. in diameter by 6 in. long, 
can be measured at a time on Models 1 and 2. 

Model III can handle up to six of these 
rods. Measurement time is 90 min with 
Model 1 and 20 min with Model 2. The 
measurement time for Model III has not 
been accurately determined but current 
indications are that it should be similar 
to that of Model 2. Measurement precision 
for the ZPPR fuel rods, which contain 
roughly IS to 26 wt % Pu, is as good or 
better than that attainable by most non
destructive assay techniques. The 
calorimeters are relatively inexpensive 
to fabricate and are simple to operate. 

A careful evaluation of Models 1 and 2 was 
possible because a thorough program of 
cnemioal and mass spectrometric analyses 
of the fuel was conducted concurrently 
with the caiorimetric measurements. 
Comparisons were also made with measure
ments obtained with large, high precision, 
conventional type calorimeters and with 
other nondestructive assay instruments. 
Since accurate and reliable measurements 
of the plutonium isotopic distribution 
and of the 'Am content of the fuel were 
available, calculations of the total plu
tonium content of the rods could be made 
from the equivalent electrical power 
measurements made with the calorimeters. 
A total of 872 different fuel rods were 
individually measured during this projeat, 
These measurements provided sufficient 
data for a thorough evaluation of the 
instruments. 

*Work performed under the auspices of the 
U. S. Atomic Energy Commission 
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DESIGN AND OPERATING CHARACTERISTICS 

General Features 

This calorimeter can be described in simple 
terms as a small oven which is used to 
measure the electrical power needed to 
warm the fuel rods and to hold them at a 
constant temperature. The power required 
to maintain the temperature is inversely 
proportional to the quantity of fuel in 
the rods and is measured to determine the 
amount of fuel. 

Figure 1 is a diagram of the calorimeter 
heater chambers (or oven) where a fuel 
rod is placed and brought to a constant 
temperature. It consists of three con
centric cylinders which are wound with 
heater wire. The cylinders are designated 
as the outer shell, center shield, and 
sample chamber. The temperature of the 
outer shell is regulated to a temperature 
T. , which is a few degrees above the 
ambient temperature. The center shield 
is held at a temperature Tg, a few degrees 
above T^, and the sample chamber (center 
cylinder) is maintained at a regulated 
temperature Tg which is a few degrees 
higher than Tg. The power required to 
hold the sample chamber temperature at 
Tg is very constant because of the thermal 
protection of the two outer cylinders. 

Measurements are made by inserting a fuel 
rod in the sample chamber, waiting until 
the sample chamber has stabilized at Tg, 
and measuring the electrical power (watts) 
supplied to the sample chamber. If the 
rod contains plutonium, less wattage will 
be required to maintain the chamber at Ts 
because of the heat supplied to the cham
ber from the radioactive decay (primarily 
from the alpha particles from the plu
tonium) . The difference between the 
wattage needed when the rod contains 
plutonium and when it contains no plu
tonium is equal to the equivalent wattage 
supplied by the decay of plutonium. This 
measurement process can be clearly re
stated by referring to Figure 2. 

Figure 2 is a graphical representation of 
the variation with time of the temperature 
and power consumption of the sample cham
ber during a measurement. The upper graph 
of Figure 2 shows the manner in which the 
temperature varies in an instrument. When 
a cold rod (i.e., rod at room temperature) 

is inserted into the sample chamber it 
will cause the temperature to immediately 
drop but temperature sensors detect this 
change and call for more power to the 
heater coils. This causes the temperature 
to increase for the purpose of reestablish
ing Tg. The sensors determine when Ts 
has been reached and the power to the coils 
is automatically reduced. This cycle con
tinues a few times with a gradually 
diminishing amplitude until the chamber 
restablizes at Tg. Calorimeter Model 1 
has a stabilizing period (or measurement 
time) of about 90 min and Model 2 about 
20 min. For the bulk of this time, 
transients due to various thermal time can 
be considerably shortened by preheating the 
rods to a value quite close to Tg before 
inserting them into the calorimeter. The 
preheat is done automatically on Models 2 
and III. When restabilization has 
occurred, measurements are made of the 
wattage supplied to the sample chamber. 

Power behavior is shown by the lower 
graph of Figure 2. The power needed to 
stabilize at Tg has a value of Wo when 
the chamber is empty or when it holds 
a rod containing no plutonium. When a 
cold rod is inserted, the electrical 
power input changes as shown in Figure 2, 
while the control circuits attempt to 
restabilize the chamber to Ts- If a rod 
containing plutonium is inserted into the 
chamber, less power, Wg, is needed to 
stabilize at Ts- This behavior is shown 
by the lower curve of the lower portion 
of Figure 2. Wg is less than Wo because 
the chamber receives some heat from the 
radioactive decay of the plutonium and 
therefore the heater coils require less 
power to restabilize at Tg. The heat 
contributed by the decay of the plutonium, 
Wĵ , is equivalent to the wattage difference 
between Wo and Wg. This difference is 
proportional to the amount of plutonium 
contained in a mixed-oxide fuel rod and 
is used to calculate it. A very small 
amount of heat is contributed by the 
decay of the depleted uranium but is an 
insignificant quantity when compared to 
that produced by the plutonium. Both 
Models 1 and 2 have the same sample 
chamber arrangement of the heated con
centric chambers but differ somewhat in 
the type of control and measurement 
circuitry. Some of the main differences 
are shown in the block diagram designated 
as Figure 3, 
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FIGURE 1 - Diagram of calorimeter sample chamber and cy l i nd r i ca l hea te r s . 
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FIGURE 2 - Typical behavior of temperature and power input to sample chamber. 

101 



Tc> ROOM 
TEMP 

Tc 

T B > T C 

'B 

MODEL NUMBER 

T s > T B 

CALIBRATE A PREHEAT 

SMOOTHING 

—r~ 

RECORDER 
READOUT 

Es 

NULL 
METER 

BUCKING 
VOLTAGE 

W=KE 

DIGITAL 
PROGRAMMER 

+v 

LJSQUARE 
X 

INTEGRATE 
Jdf 

: } E S 
2 / E | d f 

DIGITAL 
VOLTMETER 

PRINTER 
READOUT 

CALIBRATE MODEkMUMBER^ 
VOLTS 

FIGURE 3 - Block diagram of main components of Model 1 and Model 2 calorimeters. 

In Figure 3, the main components of the 
circuits of Model 1 and Model 2 have both 
been connected to the same sample chamber-
controller assembly to simplify the dia
gram. This sample chamber-controller 
assembly is shown at the upper left and 
consists of three concentric cylinders 
which are held at temperatures Tg, Tg, and 
TQ by three independent automatic tempera
ture control circuits. The main components 
of Model 1 are located in the upper right-
hand portion of the figure and those of 
Model 2 appear along the bottom third. 

In the case of Model 1, the voltage, Eg, 
which is applied to the inner cylinder, is 
smoothed and is available at an output 
connector. It is also connected to a 
null-meter and a precision bucking voltage. 
When the null-meter is adjusted to zero, 
the value of the bucking voltage can be 

read from a helipot dial and the voltage 
appearing across the null-meter is applied 
to a pen recorder. The values shown by 
the pen recorder plus the bucking voltage 
provide an accurate value for the average 
voltage Eg. As indicated on the diagram, 
the electrical power, W, which is supplied 
to the sample chamber can be calculated 
as the product of the voltage squared 
times a constant (i.e. W - KEg ). The 
constant K is proportional to 1/R where R 
is the resistance of the sample chamber 
winding at the equilibrium temperature, 
Tg. A certified high precision resistor 
is included in series with the winding, 
and the voltage drop across this resistor 
is used to precisely calculate the current 
for initial calibration. 

The bottom portion of Figure 3 shows the 
components of Model 2. It was designed 
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to measure fuel rods more rapidly than 
Model 1 and to also be considerably more 
automatic in operation. As shown in 
Figure 3, Model 2 includes a digital pro
grammer, an internal calibration facility, 
an electronic squaring circuit for Eg^ 
(the time averages of the squares of the 
instantaneous voltages), an electronic 
averaging circuit to obtain Eg^, a pre-
heater/calibration heater coil, and a digi
tal voltmeter-printer readout. After it 
is inserted into the sample chamber, the 
fuel rod is subjected to a relatively heavy 
preheat which lasts 300 sec. The purpose 
of this preheating is to rapidly bring the 
cool rod up near the measurement tempera
ture before switching to the stabilization 
mode. For the next 600 sec the instrument 
is automatically held in the stabilization 
mode and Eg^ is measured for the last 300 
sec (for a total of 20 min). The wattage 
can then be determined by multiplying Eg^ 
by the appropriate value of K since 

W K Eg^ 

With Model 2, a value for K can be deter
mined by using the internal calibrator. 
This is done by inserting an empty rod 
(or one containing depleted uranium oxide) 
into the sample chamber and actuating 
the internal calibrator. With this cali
brator, wattage can be supplied to the 
calibration heater coil which has been 
wound on the sample chamber cylinder and 
then accurately determined by measuring 
the voltage and current to the coil. A 
front panel selector switch allows the 
selection of different calibration 
milliwattages which have the nominal values 
of 1, 2, 4, 8, 16, 32, or 64. An output 
connector is available for monitoring the 
current voltage. 

Calorimeter Model III, which has been 
designed to handle a 36-in. column of mixed-
oxide fuel, is based upon the same measure
ment technique as shown in Figure 2. How
ever, the outer heater cylinder used with 
Models 1 and 2 and shown in Figures 1 and 2 
has been replaced by a temperature con
trolled box. As mentioned previously, 
Model III is in the final stages of con
struction and will soon be subjected to 
measurement evaluation tests. Some de
tails concerning this instrument will be 
presented later after describing specific 
features of Models 1 and 2. 

Specific Features - Model 1 

Figure 4 is a picture of Model 1. The 
rectangular box in the lower portion of 
the picture contains the concentric 
cylinders. A fuel rod is shown extending 
from the sample chamber cylinder. During 
a measurement, the fuel rod is centered 
in the sample chamber with two plastic 
insulator/spacer rods. The recorder is 
shown directly above the chamber and the 
chart contains a recording which is a typi
cal example of the output voltage reaching 
stabilization. The oscillations have 
decreased and the voltage has stabilized 
to nearly a steady value. The front 
panel of the control-circuit electronics 
appears above the recorder. The null-
meter is in the center of the panel and 
the helipot which controls the bucking 
voltage is on the right. The digital 
voltmeter is at the top of the picture and 
is used for precise measurements of the 
sample chamber voltage. When less pre
cise measurements are adequate, the volt
meter and recorder are not needed because 
the voltage can be read off the helipot 
dial to three significant figures. These 
can be made by using the digital volt
meter and recorder. For this study, we 
preferred this higher precision and made 
all our measurements this way. 

Figure 5 is the electrical circuit diagram 
for Model 1 and must be referred to in 
describing the electrical operation. The 
windings of the three concentric cylinders 
shown in the upper left-hand portion of 
the diagram are of copper wire with a 
positive temperature coefficient a . There
fore the resistance of a winding is 

\ = ̂20 [l * « «T] 
where R20 is the resistance at 20°C and 
ST is the difference between the winding 
temperature and 20°C. Consider that the 
"chamber temp adjust" potentiometer has a 
value A]̂  for the portion below the wiper 
and A2 for the portion above. The gain 
of amplifier A-ĵ  is 

KT = Feedback Resistance Input Resistance 
42--^ 1 ">̂ g. (A-1) 
A-ĵ  + 1 meg ^ ^ 

(A-1) 
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FIGURE 4  Photograph of calorimeter Model 1. 
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The gain of amplifier A2 is 

K7 = 1000 Re 
1000 

Ro [1 + a 6T] (A-2) 

It can be seen that the gain K2 will de
crease if the temperature 6T is increased 
and will increase if the temperature de
creases, while the gain Kx is invariant 
with temperature. 

Because of the feedback connection between 
amplifiers Ax and A2 the system will be 
regenerative if the loop gain is greater 
than 1.0, and degenerative if the loop 
gain is less than 1.0. Therefore, when 
the chamber tries to cool, the winding 
resistance decreases; the gain K2 in
creases ; and the loop gain becomes 
greater than 1.0. This causes the voltage 
to increase across the chamber winding 
and the chamber starts to warm up. As 
the temperature of the chamber rises, 
the resistance of the winding increases 
until the loop gain falls to 1.0 or less, 
etc. The operating temperature is 
established by Aj and A2 of Eq. A-1 which 
adjusts the gain Kx and thus dictates the 
value of Ro a Sf for which KxK2 - 1.0. 
That is 

6T a L Ro A-j + 1 m ^J ^ -* 

The temperature of the center shield is 
maintained in a similar manner by ampli
fiers A3 and A^. 

The temperature of the outer shell is 
maintained by amplifier Ag feeding a power 
transistor in such a manner as to keep 
the bridge at the inputs of Ag balanced. 
That is 

9.5k 
5 

221 ' 

6T = 5 x 9500 
L 221 R20 

1 (A-4) 

Voltage El is a floating supply of about 
15 V. 
Amplifier A5 is the smoothing or averaging 
amplifier. The gain from input to out
put is 1,0 for d.c. but for a.c, is less 
than 1.0 due to the 10 yfd feedback 
capacitor. The output voltage can be 
read with a voltmeter or by means of 
bucking voltage as indicated on a helipot 

dial and the null-meter. The value of 
bucking voltage is calibrated with the 
"cal trim" control. 

Critical resistors are marked with an 
asterisk and are Julie Research oil-filled 
wire-wound units exhibiting part-per-
million accuracies and stalsility. 
Amplifiers Aj through A5 are solid-state 
choppered units and Ag is a solid-state 
FET unit. 

Specific Features - Model 2 

Figure 6 is a picture of Model 2. The 
sample chamber and concentric cylinders 
are contained in the bottom portion of 
the instrument instead of being enclosed 
in a separate box as they are with Model 
1. The places at which fuel rods are 
inserted or removed are indicated in the 
picture, and a spacer rod which is used 
for centering a fuel rod in the chamber 
is shown protruding from the insertion 
port. Voltage measurements are made 
with the digital voltmeter and printer 
which are shown on top of the main 
chassis. The dimensions of Model 2 are 
12 X 21 X 10 in. which make it a rela
tively small and compact instrument. 

The main chassis weighs about 43 lb, and 
the digital voltmeter and printer each 
weigh respectively 15 and 17 lb. Since 
the printer is not a necessity, the total 
system weighs only 58 lb. 

The operation of Model 2 and the nature 
of its electrical features can best be 
described by referring to the electrical 
schematic which is included as Figure 7. 
The three concentric cylinders are 
located in the upper left corner, and 
their automatic temperature control 
circuits are shown to the right. The 
inner cylinder has a calibration winding 
that may be switched to a calibrate or 
preheat position by means of a switch 
designated as S-1. 

The voltage Eg, which is across the wind
ing of the inner cylinder, is applied to 
a squaring circuit to obtain Eg2 that 
is in turn applied to an integrator. 
The integrator output can be set to zero 
with relays 3 and 4 and can be turned on 
and off with relay 1. The output of the 
integrator is available at a connector. 
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FIGURE 6 - Photograph of Model 2 calorimeter. 
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The programmer is initiated by the "clear-
start" button shown at the lower right. 
The time base is the 100 kHz crystal oscil
lator divided by 10 '' as is indicated at 
the lower left. The program can be manu
ally advanced by the "advance" button. 

The "status" display has a total of seven 
lights. Each 100-sec interval is shown 
sequentially by yellow, blue, and red 
lights that indicate approximately where 
the program is in each mode. The modes 
are : 

(1) preheat for 300 sec, 

(2) stabilize for 600 sec, and 

(3) measure for 300 sec. 

During the "preheat" mode, Ry 2 applies 
power to the preheat winding of the inner 
cylinder. While in the "preheat" and "sta
bilize" modes the integrator output is 
held at zero by Ry 3 and Ry 4. At the be
ginning of the "measure" mode, Ry 1 applies 
Eg to the input of the integrator and re
lays 3 and 4 allow the integrator to begin 
integrating. At the end of the "measure" 
cycle, relay 1 disconnects the input and 
a "read" command causes a printout of 

/.300 

A meter is provided with a switch for 
monitoring the voltages Tgx, Tg2Eg2, and 
1 ft zr— I Ecdt, and an output connector is 

available for recording these voltages 
if that is desired. 

With switch S-1 in the calibrate position, 
nominal values of 1, 2, 4, 8, 16, 32, 
and 64 mW are available for calibration. 
The exact values of the calibration input 
power are obtained by corinecting a digi
tal voltmeter to the "cal-check" output, 
actuating S-2, and measuring the values 
Oa and e|,. The calibration power is then 
calculated as 

Pc = (̂ â - eb) eb 
50 

Specific Features - Model III 

Pictures of Model III are included as 
Figures 8 and 9. In Figure 8, the 
instrument is shown with the front cover 

in place as would be the case when it is 
used for fuel-rod assay. The controls and 
a connector for the read-out meters are 
shown in the lower right-hand corner of 
the picture. The hole for inserting a 
fuel rod can also be seen just above the 
metal handle on the end of the instrument. 
Figure 9 shows the instrument with the 
side cover removed and read-out meters 
placed on top of the box. By referring 
to Figure 10, which is a cutaway diagram of 
Model III, some of the main components can 
be pointed out. The Outer Tube can be 
seen along the top of the inside of the 
box and corresponds to what was designated 
as the Center Shield in Figure 1 for 
Models 1 and 2. The sample chamber is 
inside it and has been named the Inner Tube, 
The electronic control circuits are located 
below the Outer Tube. A heater and air 
circulating fan are located just to the 
left of the circuits. The fan circulates 
warm air past the electronics, up around 
the end of the box, past the Outer Tube, 
and back around the other end to the fan. 
A series of thermistors is located along 
the upper part of the box above the 
Outer Tube and senses the temperature of 
the air and controls the operation of 
heater and fan. This circulating air is 
held to a temperature designated as T-^ 
which is slightly above ambient room 
temperature and corresponds to the 
temperature T̂ , shown in Figure 3. A 
temperature T2, which is greater than T-^, 
is held very precisely by the heater coil 
on the Outer Tube and finally the Inner 
Tube or sample chamber temperature is 
held at T3 which is greater than T2 and 
again is very precisely stabilized. 
Figure 11 is a block diagram of the main 
components of the control circuitry for 
calorimeter Model III. The function of 
each component has been indicated on the 
diagram. At the lower right-hand corner 
of the diagram, it is indicated that 
average values of current and voltage can 
be measured. At the time of the writing 
of this report, the readout system was 
being constructed. This system should 
include additional circuits for multiply
ing the current and voltage and will 
produce a readout of wattage in digital 
form. 

When the instrument is ready for evaluation 
tests (which will be done with ZPPR mixed-
oxide fuel rods), it will be possible to 
present a more comprehensive and detailed 
discussion of this new instrument. 
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FIGURE 8 - Model III calorimeter shown without readout meter. 



FIGURE 9 - Model III calorimeter with side panel removea. 
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It is anticipated that the initial testing 
will be done by measuring groups (i.e., 
six or less) of ZPPR mixed-oxide fuel rods 
which have been well characterized. Since 
three different loadings of ZPPR fuel rods 
are available, a variety of measurements 
can be made with these rods. In addition, 
plans are under way to conduct some test 
measurements with FFTF fuel rods which 
have a 36-in. fuel column. 

MEASUREMENT EXPERIENCE 

Purpose of the Measurements 

For inventory control purposes, the plu
tonium content of fuel rods from three 
different inventories of ZPPR mixed-oxide 
(i.e. (U, Pu) O2) fuel had to be verified. 
Both gamma-ray scanning and chemical 
analyses were scheduled to be used for 
this verification. Therefore, we de
cided that if caiorimetric measurements 
were also made, results could be compared 
to determine the measurement precision 
and reliability of the calorimeters. 

Nature of the Fuel 

As mentioned earlier, both models were 
specifically designed to handle the ZPPR 
fuel rods which were about 3/8 in. diam
eter by 6 in. long. The fuel consisted 
of pellets of the plutonium-uranium 
mixed-oxide variety, stacked in tubing 
to make the conventional fuel rod con
figuration. The basic characteristics 
of this fuel are presented in Table 1 
and a picture of four rods is included 
as Figure 12. Two of the inventories 
listed in Table 1 (i.e. "F" and "G" type 
rods) were measured with calorimeter 
Model 1 and by three other nondestructive 
techniques. These four techniques were 
compared in a report by Beyer.^ The "H" 
type rods were nondestructively measured 
with calorimeter Model 2 and with the 
automated gamma-ray scan equipment. 

Measurement Procedure 

Rods were randomly selected from every 
fabrication lot of each of the different 
inventories. This was accomplished by 
using a random number table to choose 
rods since each had been numbered by the 
fabricator. 

The basic steps in the measurement pro
cedure were the same for both instruments. 
Measurements of the voltage Eg or Eg2 were 
made on one rod at a time and used to 
determine Ws. A rod containing depleted 
uranium was measured at the beginning and 
end of each day-long run and at 3-hr 
intervals during the run. These measure
ments of a depleted uranium-filled rod 
were used to establish the total wattage. 
Wo, which was supplied to the chamber 
when there was no plutonium present. 
They were needed to obtain the equivalent 
electrical power, Ŵ ,̂ produced by the 
plutonium in a rod. The equivalent 
electrical power produced by the plu
tonium in these fuel rods (i.e., the 
value of W;̂ ) was from 35 to 70 mW. 

Measurement Analysis 

The caiorimetric measurement of the 
wattage produced by the fuel was used to 
compute the weight percent of total plu
tonium (wt % Pu^). This computation 
required knowledge of the plutonium iso
topic composition of the fuel (usually 
determined by mass-spectrometry measure
ments), the wt % ̂ '*̂ Am in the rod, the 
total weight of the fuel, and the power 
factors (i.e. watts/gram) of each isotope. 
The latter values can be calculated from 
the energies of radioactive disintegra
tions and the atomic mass of an isotope, 
or determined by caiorimetric measure
ments of pure samples. The power factors 
used for computing the wt % Puf from the 
wattage measurements of this fuel were 
those reported by Nutter, O'Hara, and 
Rodenburg.^ The method of calculation and 
its derivation was as follows: 
known: Total heat produced by a rod = 

Sum of the quantities of heat 
produced by each isotope con
tained in a rod 

or Watts produced by the rod as 
measured calorimetrically = 
S[(Watts from Pu-238) + 

(Watts from Pu-239) + 
(Watts from Pu-240) + 
(Watts from Pu-241) •+ 
(Watts from Pu-242) + 
(Watts from Am-241)]* 

*Watts from uranium considered too small 
to be significant in this measurement 
calculation. 
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Table 1 

CHARACTERISTICS MIXED OXIDE ZPR FUEL RODS (PELLET LOADED) 

Nominal Dimensions: 3/8 m . x 6 m . SS Clad Rods 

Nominal Weight: 89.3 grams 

"^Pu H ! P U ^"'PU ="*'PU lliPu 
Nominal Pu Isotopic: "F, G" Type Rods 0.05 86.55 li.5 1.7 0,2 

"H" Type Rods 0.09 68.45 25.56 4.S3 1.38 

Composition: "F" Type Rods (Uo 85> PUQ 15)02, Total Pu 13.2 wt % 

"G" Type Rods: (Uo 70, Puo 30)02, Total Pu 26.2 wt I 

"H" Type Rods: (Uo 82, Puo 19)02, Total Pu 15,8 wt % 

■■'<P'v™a*s«,, 

■ *"'■!!?!.'«.»,■<;■. 

^^^f^^&^Smr. 
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FIGURE 12  Photograph of four rodtype ZPPR mixedoxide fuel elements. 



Also known: 

W = weight of the fuel (i.e. core 
weight or mixed oxide in this 
case in grams), 

Ij = weight percent of the plutonium for 
each plutonium isotope (determined 
mass spectrometrically and commonly 
called the "isotopic"), 

J = weight percent of the core that is 
■̂•'Am (usually determined by 
chemical separation and apulse 
analysis), 

and 
power factor for each isotope 
(watts/gram) (a constant for each 
isotope, which may be calculated 
from the energies of the dis
integrations and/or by separate 
calorimetry measurements). 

Let 
C = weight percent of the core that is 

plutonium. (This is the measure
ment usually made by chemical 
analysis and expressed as wt % 
PUT;..) 

Using C, W, II, Kj, and J, the following 
relationships are derivable: 

Total grams plutonium = W x C; 

Grams of particular 
plutonium isotope = Ii(W x C); 

Watts produced by the 
grams of a particular 
plutonium isotope in a 
rod = KjIJW x C) ; 

Grams of '̂*̂ Am in a rod = J x W; 

Watts produced by the 
grams of '̂*̂ Am isotope 
contained in a rod = Ki(J x W). 

Therefore the original relation becomes 

Total watts measured/rod = 

^[K238pyl23Spy (W X C) + K239py l239py 

(W X C) +...+ K2,i^^(J X W)]. 

Since all factors except the wt % Puj (i.e. 
C) are known, the equation can be solved 
for C. 

With the above relation, the weight percent 
of total plutonium (i.e. C) was calculated 
for each rod that was calorimetrically 
measured. A short computer program was 
prepared for making this calculation with 
the small PDP8 computer. The computer 
program included steps whereby corrections 
could be made for the decay of '̂''Pu and 
growth of '̂'■'Am that had occurred since 
the measurements of Iji,ip and lainAm *'ere 
made. It is evident from the above dis
cussion that accurate values of the plu
tonium isotopic distribution and of the 
quantity of '̂''̂ Am at a specific date are 
necessary if caiorimetric measurements are 
to be used for determining the amount of 
plutonium. Fortunately, accurate measure
ments of this type were available for this 
study. 

Measurement Results 

We measured approx 
the "F" rods, 2% ( 
and 231 (i.e. 456) 
results are shown 
agreement with the 
cates the high rel 
etric measurements 
measure a few rods 
tion lots that wer 
chemically analyze 
compared in Table 

imately 1% (i.e. 107) of 
i.e. 109) of the "G" rods 
of the "H" rods. The 
in Table 2. The close 
chemical analyses indi
iability of the calorim

It was possible to 
from different produc
e later destroyed and 
d. The results are 
3, 

Measurement Precision 
In addition to determining the reliability 
by comparison with the results of the 
chemical analyses as shown in Table 2 and 
Table 3, several other checks were made. 

Eight rods which contained different 
amounts of fuel were selected for this 
study. They were repetitively measured 
at periodic intervals throughout the test 
to carefully establish the wattage they 
developed. The wattage they developed was 
also measured by F. A. O'Hara of Mound 
Laboratory with two of the Mound high 
precision calorimeters, and it was found 
that the measurements made by the two 
laboratories agreed within a fraction of 
a percent. In addition, one of eight 
rods was repetitively measured 41 times 
to establish the measurement precision of 
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Table 2 

CALORIMETRIC MEASUREMENT RESULTS 
COMPARED TO CHEMICAL MEASUREMENTS 

Measurement Results 

Mixed Oxide 
Rod Type 

Total 
Number 
Rods 

12,992 

6,073 

1,952 

Calorimetry Chemistry 
Average Average 

Sample Size wt % Pu Sample Size wt % Pu 
107 
(0.8%) 
109 
(1.81) 

456 
(23.41) 

13.20 ± 0.03 

26.51 ± 0.03 

15.73 ± 0.01 

90 
(0,71) 

30 
(0,5%) 

4 
(0.2%) 

13.19 ± 0,02 

26.48 ± 0.04 

15.76 ± 0.06 

Table 3 

COMPARISON OF MEASUREMENTS MADE WITH CALORIMETER MODELS 1 AND 2 OF RODS 
WHICH WERE DESTROYED AND CHEMICALLY ANALYZED 

Rod 
Type 

Lot 
Number 

Number 
Rods 

Calorimetry 
PU.J. wt % 

Chemisi 
Puj wt 

try 
% 

F 6 5 13.21 ± 0.10 13.17 + 0.06 

F 7 5 13,16 ± 0.10 13.10 + 0.06 

F 8 3 13.17 ± 0.10 13.04 ± 0.06 

F 9 6 13.21 + 0.10 13.12 + 0.06 

G 11 1 26.55 + 0.09 26.96 + 0.07 

G 12 5 26.71 + 0.09 26.47 ± 0.07 

G 13 4 26.22 ± 0.09 26.20 ± 0.07 

G 15 2 26.45 ± 0.09 26.61 + 0.07 

the Model 1 instrument. These measure
ments were made at uniformly spaced 
intervals during the period of several 
months in which the "F" and "G" type 
rods were measured. A statistical 
analysis of the 41 measurements was 
performed by carrying out a paired dif
ference test with the values obtained 
by O'Hara. This was possible because 
the Mound high precision made it possible 
to predict with very low uncertainty the 
change in wattage caused by the growth 

of 'Am and decay of '̂*̂ Pu so that wattage 
values could be predicted for the dates 
of our measurements. The results of this 
statistical analysis of measurements made 
with Model 1 indicated that the coefficient 
of variation for the mean difference was 
0.16% and for a single measurement was 
1.03%. 

Figure 31, which was taken from one of our 
recent reports,^ illustrates the high 
reliability of the measurements made with 
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FIGURE 13  Bar graph of measurement results from four passive nondestructive 
techniques and chemistry for Gtype (Uo 70,Pu, 30)02 ZPPR fuel rods. 

the Model 1 calorimeter when compared 
to those made with other nondestructive 
techniques and to chemical analyses. 

Our experience with the Model 2 calorimeter 
indicated further improvement m precision. 
It was used to measure the "H" type rods 
and the coefficient of variation over 
the long term was found to be 0.4% for a 
single measurement. The short term value 
was often as low as 0,2%, 

CONCLUDING REMARKS 

It was demonstrated that precise non
destructive measurements could be made of 

the plutonium contained m the mixedoxide 
ZPPR fuel rods with Models 1 and 2, And, 
that this could be done with these compact, 
relatively simple calorimeters by using 
comparatively short measurement times. 
The best performance was obtained with 
Model 2. The coefficient of variation was 
0.4% for a plutonium measurement and could 
be made m 20 m m . This small instrument 
weighs about 58 lb, and the cost of labor 
and materials to duplicate should be less 
than many nondestructive assay type 
instruments. 

The calibration of the instruments can be 
done electrically and therefore does not 
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require the use of "standard" fuel rods 
as most other nondestructive techniques 
do. This is an important feature because 
it avoids the problem of obtaining accurate 
analyses of standards without destroying 
them. 

Since a caiorimetric measurement includes 
the total effect of all the radioactive 
components, reliable and precise measure
ments of the plutonium isotopic distri
bution (i.e. the isotopic) and the 
amount of "̂'•Am must be available to 
determine the plutonium content. Some
times this can be troublesome since the 
analysis is not always readily available 
or is of doubtful reliability. Another 
problem can be the relatively long measure
ment times that are often required (some
times several hours); however, the 20 min 
required by Model 2 is more reasonable. 

The instruments described in this report 
were built to handle the 3/8 in. diameter 
X 6 in. ZPPR rods or a group of six of 
these rods for a total column of 36 in. 
It is anticipated that experience with 
Model III calorimeter should provide the 
information needed to build a calorimeter 
capable of handling a full-size mixed-oxid 
fuel rod. 
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R § D EFFORTS AT |10UND LABORATORY IN THE CALORIMETRIC 
SSSAY OF PLUTONIUM 

W. W. Strohm 
Monsanto Research Corporation 
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Miamisburg, Ohio 

Today I would like to discuss some of 
our R § D efforts in order to show what 
we expect to accomplish in the caiorimet
ric assay of plutonium. This work has 
been sponsored by the USAEC Division of 
Nuclear Materials Security since 1970. 

Early efforts in our Safeguards R § D 
program were in demonstrating the feasi
bility and potential of the caiorimetric 
assay of plutonium for the commercial 
nuclear fuel industry. 

Figure 1, which is from a presentation 
at the 12th Annual Meeting of the 
Institute of Nuclear Materials Manage
ment in 1971, shows calorimeter measure
ments made over a two-month period on a 
can containing approximately 1 kg of 
plutonium oxide with an isotopic compo
sition similar to that found in light 
water reactor plutonium. The increase in 
sample power is due to the ingrowth of 

Âm following the decay of ^Pu. 

4.6S0 
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I 4.660 
o a. 
UJ 

4.650 
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r^ -0.02% 

Decayed Average 
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•V"""'*̂  
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DAYS FROM JAN 1, 1966 

1630 1640 

FIGURE 1 - Light water reactor material "error". 
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Two significant points are noted from 
these measurements. First, the high 
degree of precision of these measurements 
(2a = ±0.02%) is one important character
istic of calorimetry. The second point 
is that when calorimetry is used for 
shipper-receiver verification, any 
tampering with the sample would be de
tected by comparing both the sample power 
and the rate of power growth from ship
ment to receipt. 

Of course, 
assay is to 
tonium pres 
topic compo 
sample and 
concentrati 
the estimat 
of total pi 
ties in iso 
sample, the 
concentrati 
error. 

the principal desire of any 
measure the amount of plu-
ent. Table 1 shows the iso-
sition provided with this 
the uncertainties in these 
ons, The last column shows 
ed errors in the calculation 
utonium due to the uncertain-
topic composition. For this 
10% uncertainty in the ^^^Pu 

on is the dominant source of 

Table 2 shows the total plutonium con
tent of this sample using the isotopic 
concentrations supplied by the vendor as 
well as the total plutonium content 
determined by the vendor using destruc
tive analysis. Also shown in this table 

are the results of measurements made on 
a similar sample of plutonium with '̂'"Pu 
concentration of approximately 12%. These 
measurements demonstrate that calorimetry 
is capable of accurate as well as precise 
assay of commercial grade plutonium. 

Because the plutonium isotopic and ^"^Am 
concentrations are not always known, 
particularly in containers of scrap, the 
R § D program at Mound is directed toward 
the development and application of a 
totally nondestructive plutonium assay 
using calorimetry for precise power measure 
ments and gamma-ray spectroscopy for 
measurement of plutonium isotopic concen
trations . 

Table 3 shows some preliminary results 
which were presented at the November 1972 
meeting of the American Nuclear Society. 
Gamma-ray measurements were made of the 
^'^Pu, ^"^Pu, and '̂*̂ Am concentrations 
relative to ^"Pu, The ^-"Pu and ^"^Pu 
concentrations were measured by mass 
spectrometry. These results demonstrate 
the feasibility of this totally nondes
tructive assay. 

This measurement has been used to assay 
some 300 samples in the AEC/ALO Verifica
tion Program and in programs sponsored by 

Table 1 
ERROR IN CALORIMETRY ANALYSIS DUE TO 
UNCERTAINTIES IN ANALYTICAL DATA 

Isotope 

LWR Sample 

25^PU 
239pu 
^-opu 
^"Pu 
z'.apy 
2-iAm 

Estimated 
Uncertainty in Potential 

Weight Heat Isotopic Ratio Error 
Percent (%) (%) (%) 

TOTAL 

0.24 
75.65 
18.42 
4.59 
1.11 
0.74 

100.74 

26.3 
28.8 
25.8 
3.0 

16.1 

100.0 

10 
0. 
0. 
1, 
1, 
1, 

[S(x,)^]-

2.63 
0.08 
0.08 
0,03 

0.16 

2.64 
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Table 2 

COMPARISON OF CALORIMETRY RESULTS WITH SHIPPER VALUES 

Sample: LWR 

Shipper Value 
(grams plutonium): 896.24 

Calorimetry value 
(grams plutonium): 905.98 

Difference (grams) 
(Cal. value - shipper value): +9.74 

Difference (%): +1.1 

FRF 

990.3 

985.3 

-5.0 

-0.5 

Table 3 

COMPARISON OF PLUTONIUM CONTENT 
ARHCO HIGH FISSILE MATERIAL 

^^'Pu 0.022% 2'*̂ Pu 0.824% 

=̂ 5̂ Pu 90.370% ^'*^?u 0.056% 

"̂̂ 'Pu 8.728% 2'*̂ Am 1500 ppm 

Chemically Determined Calorimetry with Calorimetry with Calorimeter 
Value Furnished Chem Ratios Gamma Spec Ratios Precision-2a 

Sample (£) (g) (% diff) (g) (% diff) (%) 

M-1 5 .2 5 . 5 ( 5 . 8 ) 5 .6 ( 7 . 7 ) 2 . 5 6 

M-2 1 0 . 4 1 0 . 6 ( 1 . 9 ) 1 0 . 4 ( 0) 1 .65 

M-3 4 7 . 6 4 7 . 0 ( - 1 . 3 ) 4 8 . 2 ( 1 . 3 ) 0 . 2 7 

M-4 9 5 , 2 9 4 . 3 ( - 0 . 9 ) 9 5 . 7 ( 0 . 5 ) 0 . 1 6 

AEC/DNUMS. The samples have ranged from 
0.8 to 2200 g in plutonium content and 
have included Pu and mixed Pu-U as scrap 
and feed material with sample sizes rang
ing from analytical aliquots to one-
gallon cans. 

One group of these samples consisted of 
34 plutonium-bearing samples selected 
from the Lawrence Livermore Laboratory by 
AEC/SAN for verification. These samples 

were nominal 1 g originally selected for 
destructive analysis at the AEC New 
Brunswick Laboratory prior to cessation 
of plutonium analysis there. These 
samples were sent to Mound for caiorimetric 
assay. This work is of particular interest 
since it represents an alternative to 
traditional destructive analysis and was 
a laboratory demonstration of the type of 
measurement to be performed with the 
calorimeter in the Regulatory van. 
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The isotopic composition of the samples 
were measured using a combination of gamma
ray analysis, mass spectrometry, and alpha 
counting. The calorimetry measurements 
was made in a calorimeter approximately 
the size of that in the Regulatory van. 

Table 4 shows the results of the measure
ment. In this case, we reported the 
plutonium concentration. One of the 
features of this type of analysis is that 
only small milligram aliquots were re
moved from these samples for destructive 
isotopic analysis so the samples remain 
intact for additional analysis if desired. 

Two of the samples were destructively 
analyzed at Mound Laboratory after the 
caiorimetric assay was completed. Table 
5 shows the results of this destructive 
analysis and the comparison with 
calorimetry. At the request of DNUMS, 
10 of the samples have been sent to LASL 
for destructive analysis and 10 are 
being destructively analyzed at Mound. 
These results are expected to be avail
able this fall. 

In order to delineate Mound's current 
R § D program, it is useful to consider 
an error analysis of the caiorimetric 

Table 4 

CALORIMETRY ASSAY 

Sample 
I. ,D. 

L3 
L5 
L10 
L13 
L14 
L15 
L17 
L18 
L19 
L20 
L■21 
L24 
L27 
L■28 
L29 
L33 
L■42 
L■60 
L■61 
L•68 
L■69 
L■70 
L■71 
L72 
L73 
L■78 
L79 
L■80 
L81 
L87 
L88 
L■93 
L94 
L95 

Plutonium Concentration 
w  

99. 2 + 0. ,5* 
99. 4 + 0. ,5 
97. 9 + 0. 5 
88. .7 + 0. ,4 
96. 7 + 0, ,8 
89. ,7 ± 0. ,8 
91. 6 + 0. ,5 
97. ,6 + 0, ,4 
98. 7 + 0. ,4 
88. ,9 + 0. ,4 
84. ,8 + 0, ,6 
97. 9 + 0, ,4 
97. ,4 + 0. ,8 
86. .6 + 0. ,7 
69, ,8 + 0, ,6 
93. 0 ,+ 0, ,5 
84, ,0 + 0, ,6 
71. ,7 + 0, .4 
75. .0 + 0, .5 
76, ,7 + 0. .4 
78. .7 + 0, ,6 
84. .4 + 0. .4 
71, .2 + 0, .5 
75, .5 + 0 .4 
74. .2 + 0, .4 
74, .4 ± 0, .4 
72. ,8 + 0, .6 
70, .5 + 0 .4 
74, .3 + 0 .6 
84. .8 + 0, .4 
68 .9 + 0, .3 
70 .7 + 0 .3 
81 .9 ± 0 .4 
77 .5 + 0 .5 

^Uncertainties are the calculated standard deviation. 



assay of typical FFTF plutonium. Table 6 
shows the isotopic composition to be con
sidered and the fraction of the total 
sample power contributed by the various 
isotopes. 

The mathematical expression of the error 
analysis to be used is : 

For a plutonium sample, the power 

i 
where M = mass of plutonium 

Pj = specific power of isotope "i" 
Wi = weight percent of isotope "i" 

With the measurements of power and iso
topic composition close in time and 

neglecting covariant terms, the variance 
in the calculated total plutonium content 
is 

0^2 
M^ 

ap2 
p2 

Op' 
P i ' 

aw 
W ̂ ) 

The uncertainties in the isotopic concen
tration and the specific power of the i^^ 
isotope is weighted by the power fraction 
of that isotope. 

We will consider first a caiorimetric 
assay of well characterized FFTF plutonium 
fuel using state-of-the-art measurements. 
The measurements to be considered are mass 
spectrometric measurements of ̂ ^^Pu, '̂'"Pu, 

Table 5 

COMPARISON OF PLUTONIUM CONCENTRATION 
(% Pu) 

Destructive Analysis 
Potentiometric 

Sample Coulometry 

84.4 (0) 

Titration Calorimetry 

L-70 

Coulometry 

84.4 (0) 83.9 (-0.6%) 84.4 ± 0.4 

L-71 71.4 (+0.3%) 71,0 (-0.3%) 

Table 6 

71.2 ± 0.5 

ISOTOPIC COMPOSITION AND POWER FRACTIONS 
OF TYPICAL FFTF PLUTONIUM FUEL 

Isotope 

2 3 8p^ 

2 5'PU 
'̂'"Pu 

2"PU 
2^2pU 

2"Am 

Concentration 
(wt °0 
0. ,06 

86, .6 

11, .8 

1. ,4 

0. .14 

0, .2 

Power 
Fraction 
0.1088 

0.5350 

0.2678 

0.0150 

0.0733 
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■̂•̂ Pu, and '̂*̂ Pu concentrations with 
precisions reported by the National Bureau 
of Standards; measurements of ^^^Pu and 
^"^Am concentrations by radiocounting with 
a relative standard deviation of ±1%; and 
calorimetry measurements with a relative 
standard deviation of +0.05% reported by 
Mound Laboratory. An error analysis of 
this plutonium assay is given in Table 7. 
It should be emphasized that sampling 
errors Inherent in these destructive 
isotopic concentration measurements are 
not included. 

It is seen in this table that the largest 
single contributor to the uncertainty in 
the plutonium assay arises from the un
certainty, hence in the halflife, of 
■̂•"Pu. Please note also that the 

uncertainty in the specific power of 
^^'Pu is also a large contributor to the 
error in the assay. 

Table 8 shows the halflives with their 
uncertainties and the specific powers of 
the plutonium isotopes and of ^^^Am. Mound 
Laboratory has planned a more precise 
measurement of the specific power of '̂"'Pul 
in order to reduce this uncertainty in the 
caiorimetric assay of plutonium. We also 
encourage more precise measurements of 
the halflife of 'Pu. 
There is 
halflife 
out by Er 
The half
from the 
Oetting. 
from the 
counting 
planning 
power of 
this disc 
additiona 
of '^^Pu. 

a disturbing uncertainty in the 
of Pu which has been pointed 
ank Oetting, DowRocky Flats, 
life shown is that calculated 
specific power measurement by 
It differs by approximately 1% 

24,390 yr halflife measured by 
techniques. Mound is also 
a measurement of the specific 
^''Pu in order to help resolve 
repancy. Again, we encourage 
1 measurements of the halflife 

Table 7 

ERROR ANALYSIS OF THE ASSAY OF WELL 
CHARACTERIZED FFTF PLUTONIUM FUEL 

Relative Standard Deviation 
in Measured Concentration 

Variances 

Isotope 

Relative Standard Deviation 
in Measured Concentration Isotopic 

Concentration 

1.184 x 10' 

Specif 
Power 

0.004 X 

ic 

1023Spu + 1* 

Isotopic 
Concentration 

1.184 x 10' 

Specif 
Power 

0.004 X 

ic 

10 6 

239py + 0.0055** 0.001 X 10' 1.145 X 10 6 

"°Pu + 0.063** 0.028 X 10"' 4.591 X 10' 6 
^^ipu + 0.11** 0.003 X 10' 0.002 X 10" 6 
2'*2PU ± 0.45**  

^"Am + 1* 0.537 X 10' 0.021 X 10" 6 
Subtot als in variances 1.753 X 10"' 5.763 X 10 6 

Calorimetry measurement 
1 a = 0.05% relative: Variance subtotal = 0.250 x 10" 

Total variance = 7.766 x IQ' 

Standard deviation in the measurement of total 
plutonium = ±0.28% relative 



Table 8 

SPECIFIC POWERS OF ISOTOPES IN PLUTONIUM FUEL 

Isotope 

^̂ ''Pu 
239pu 

2^°Pu 

2-lpu 

2.2p^ 

2^iAm 

TI R e l a t i v e S t a n d a r d 
( y r ) D e v i a t i o n (%) 

8 7 . 7 8 ± 0 . 0 6 

2 4 , 0 6 5 ± 0 . 2 

6 , 5 3 8 ± 0 . 8 

1 4 . 3 9 + 0 . 3 

3 7 9 , 0 0 0 ± 0 . 4 

4 3 2 . 7 ± 0 . 2 

Specific Power 
(watts/gram) 

5.6716 X 10-^ 

1.9312 X 10'^ 

7.089 X 10-5 

3.389 X 10-5 

1.146 X 10-'* 

1.1450 X 10-^ 

I would like now to consider a practical 
nondestructive assay of the FFTF plutonium 
we have been discussing. A calorimetry 
power measurement of bulk samples of this 
plutonium would have a relative standard 
deviation of ±0.25%. For this analysis, 
I will consider gamma-ray measurements 
of isotopic concentrations with a relative 
standard deviation of ±3%. Table 9 shows 
an error analysis of such a system. This 
system would yield a relative standard 
deviation of ±1% in the plutonium assay. 

It is seen that the largest source of 
error is in the measurement of the '̂'"Pu 
concentration which emphasizes the impor
tance of this measurement. 
Based in part on this error analysis and 
with guidance provided by AEC/DNUMS with 
the assistance of AEC/DR, Mound proposes 
to design and construct such a system. 
The preliminary design criteria around 
which we are developing a conceptual 
design are as follows: 

1. The system will be designed for in
line use. 

2. Sample throughput rate will be at 
least one sample per hour, 

3. Precision of the total plutonium 
measurement will be ±1% (relative 
standard deviation). 

4. Bias in the total plutonium measure
ment will be less than 0.15% for a 
well characterized, homogeneous 
sample. 

5. The system will be automated. 

We will appreciate your comments and 
observations concerning this system in 
the discussion period this afternoon. 

Finally, I would like to offer our assist
ance to anyone using or wishing to use 
caiorimetric assay. The Mound Calorimetry 
Group has always provided this service 
to the AEC laboratories and we are now 
providing this service to licensees also 
as part of our Safeguards effort. 
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Isotope 
2 3 8 

Pu 
2 39 

Pu 

Pu 

Pu 

Pu 

Am 

Table 9 

ERROR ANALYSIS OF THE NONDESTRUCTIVE 
ASSAY OF TYPICAL FFTF PLUTONIUM FUEL 

Relative Standard Deviation 
in Measured Concentration 

W 
± 3 

± 0.5 

± 3 

± 3 

± 3 

Subtotals in variances 

Concentration 

10.66 X 10-' 

7.16 X 10-' 

64.57 X 10-' 

0.20 X 10-' 

4.83 X 10-' 

87.42 X 10-' 

Specific 
Power 

0 . 0 0 4 X 1 0 - ' 

1 .145 X 1 0 - ' 

4 . 5 9 1 X 1 0 - ' 

0 . 0 0 2 X 1 0 - ' 

0 . 0 2 1 X 1 0 - ' 

5 . 7 6 3 X 1 0 - ' 

Calorimetry measurement 
la= 0.25% relative: Variance subtotal = 6.250 x 10-' 

Total variance = 99.43 x IQ-' 

Standard deviation in the measurement of total 
plutonium = ±1.0% relative 
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