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1. INTRODUCTION 

The maturing nuclear ruwer industry is requiring an 
expanding fuel cycle to meet its power generation needs. Fuel 
cycle facilities are processing higher and higher throughputs 
of nuclear fuel material. And if the nuclear power industry 
continues to evolve toward a more efficient utilization of 
the energy available in uranium fuel, then the construction 
anti operation of high throughput reprocessing and fuel fabri­
cation plants handling Large quantities of plutonium will be 
required. This places a new exposure dimension on this stra­
tegic special nuclear material. 

Adequate control of special nuclear material (SNH) implies 
a basic knowledge of the quantities of StSM processed through or 
contained within a fuels processing facility with sufficient 
accuracy that diversion of the SUM for deleterious purposes 
can be detected in a timely manner. The effectiveness of an 
SNK inventory system to satisfy this objective must be assessed 
in relation to the operational constraints imposed by the 
technology available for use in large-scale commercial plants. 
A thorough understanding of the basic unit operations and the 
physical characteristics of the materials processed within the 
facilities is necessary for establishing criteria for an effec­
tive control system. 

This report to the Lawrence Livermore Laboratory (ILL) 
describes the primary process streams containing plutonium 
that are handled routinely within a spent fuel reprocessing 
plant and conversion facility. These streams and measurement 
systems have been described in sufficient detail to permit 
a preliminary assessment of the capability of measurement systems 
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to determine the inventory status within the facilities, As an 
aid in implementing the objectives of the accountability system 
in a realistic situation, the Allied General Nuclear Services 
(AGNS) reprocessing plant now under construction near Barnwell, 
South Carolina, was chosen as the study model. 

In Section ?., the AGNS plant processes are discussed in 
detail emphasising those portions of the process that contain 
significant quantities of plutonium. The unit processes within 
the separations plant, nitrate storage, plutonium product 
facility and the analytical laboratory are described with 
regard to the SUM control system currently planned for use in 
the facilities. Suggestions for possible SNM procedure improve­
ments are also discussed in a general manner. Flow sheets pre­
senting primary process equipment volumes, process stream 
flow rates, and plutonium concentrations are included as a 
guide for evaluating nuclear material control system effective­
ness. The process portion of Section 2 is concluded with a 
brief discussion of alternative process components that might 
in the future be designed into a Purex separations and oxalate 
precipitation conversion facility. To coraplete the description 
of the AGNS report a listir.,5 of the in-process and analytical 
instrumentation used fc-r process control and SNM accountability 
control is given. 

A general discussion of laboratory techniques, nondes­
tructive assay and process instrumentation for plutonium process 
and product material from a reprocessing plant is included in 
Section 3. An initial selection of laboratory, nondestructive 
assay, and process instrumentation is presented. 

Section 4 contains a comprehensive discussion of holdup 
measurements in plutonium recycle fjeilities. The relative 
impact of holdup on SNM Material accountability in a Pu 
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recycle facility is assessed to develop the proper prospective. 
A review of holdup measurement techniques along with some 
recently reported results are presented. 

Section 5 contains a brief preliminary overview of al­
ternative processing strategies for LWR fuel. Included is a 
discussion on alternatives to the oralate precipitation process 
for converting Pu(N0j) 4 to Pu<>2. 

An extensive review and suamary of modeling efforts for 
liquid-liquid extraction cycles is included in Section 6. A 
comprehensive bibliography of previous modeling efforts is 
covered. 
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2 BARNWELL MODEL PLANT 

The Barnwell Nuclear Fuels Plant (BNFP) operated by 
Allied-General Nuclear Services (AGNS) was selected as the model 
plant for this study as it represents the latest technology in 
commercial use for reprocessing spent light water reactor (LWR) 
fuels. The BNFP separations facility has a design capacity for 
recovering 1500 tonnes of uranium and 15,000 kg of Pu from 
irradiated fuel elements annually/ ' As the BNFP <s constructed, 
the recovered Pu will be in the form of plutonium nitr^e solu­
tions, however, a 1972 NSC ruling that all commercial shipments 
of Pu must be in solid form necessitates that a solidification 
process be added to the plant. In view of this restriction 
AGNS has proposed an addition to the separations facility to 
permit conversion of liquid PutflO^ to solid Pu0 2 at a maximum 
rate of 100 kg of Pu0 2 per day, A Preliminary Safety Analysis 
Report (PSAR) has been prepared by AGNS describing the conversion 
methods and processing equipment that would be used in the Plu­
tonium Product Facility (PPF)/ 2> Further design work on the plant 
addition has been deferred until the technical and regulatory 
questions set forth in USAEC Report WASH-1327, Generic Environ­
mental Statement—Mixed Oxide Fuel (GESMO) have been resolved.^ 
The PSAR submitted does provide an adequate description of a 
facility designed to satisfy the safeguards requirements as they 
'ire understood today. 

There are two other existing commercial reprocessing facili­
ties in the United States that were considered as the plant model. 
The Nuclear Fuel Services Plant at West Valley New York was put 
into operation in 1966. This plant is currently shut down for 
modification to increase its capacity to 75P tonnes of heavy metal 
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ppi year. It is unlikely that the plant will resume operations 
before 1980 <' 4 ). 

A LMR fuel reprocessing plant was constructed by the General 
Electric Company at Morris, Illinois. GE has concluded that 
the plant, as designed, cannot be operated effectively without 
major modifications and has postponed plant startup indefinitely. 
Neither the Morris plant nor the NFS plant were considered 
representative of large scale commercial plants of the future. 

A fourth commercial reprocessing plant has been proposed. 
This plant to be operated by Exxon Nuclear Company at Oak Ridge, 
Tennessee, will be designed to reprocess spent fuel elements 
at a rate of 2100 tonnes of heavy metal (uranium plus plutonium) 
per year and is scheduled to start operation in 1984-1986. 
A PSAR describing the plant has been submitted for acceptance 
review^ '. As the plant will not be in actual operation for 
about 10 yerrs, it was not considered applicable for the basis 
of this study. 

The BNFP is located on a site adjacent to the Savannah 
River Plant operated by ERDA near Barnwell, South Carolina. 
The plant will consist of four major facilities when construc­
tion is complete^ , 

1. The Separations Facility, This portion of the plant will 
be used to receive spent fuel elements discharged from 
power reactors, provide storage prioT to processing, pre­
pare fuels for recovery using the shear-leach process 
and recover uranium and plutonium as purified concentrated 
nitrate solutions utilizing a modified form of the Purex 
process. 

2, Plutonium Product Facility (FPF). Recovered plutonium 
nitrate solutions will he converted to plutonium oxide 
using the oxalate precipitation process. Plutonium 
oxide will be stored pending shipment to a mixed oxide 
(MOX) facility for fabrication into fuel elements for 
recycle into light water reactors or into breeder 
reactor fuels, 
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3. Uranium Hexufluroidc Facility (UHF), Recovered uranyl 
nitrate solution will be converted to uranium hexa-
fluoride by the fluid bed reactor technique used at 
Metropolis for converting yellowcake to UF,. 

4. Waste Handling Area (WHA). Radioactive wastes generated 
in the separations facility and the uranium hexafluoride 
facility will be handled, solidified, packaged and stored 
prior to shipment to a Federal Repository for disposal. 
"Scrap generated in the plutonium facility will be 
processed and stored temporarily within the plutonium 
facility. 

The overall process flow chart for the combined separations 
facility and the plutonium product facility is presented in 
Fig. 1. 

2.1 GENERAL PROCESS DESCRIPTION • SEPARATIONS PUNT 
The overall flow sheet for reprocessing spent fuel using 

the shear-leach reed preparation method and a modified Purex 
process utilizing an electrocell for plutonium valence control 
is given in Fig. 2' '. Further details of the dissolution and 
feed preparation steps are given in Fig. 3. Fig. 4 shows the 
coextraction and uranium and plutonium partitioning cycles, 
anj Fig, 5 presents the plutonium extract purification and 
concentration processes. The uranium and plutonium concentra­
tions given for the process streams shown on Figs. 3, 4 and 
5 are average-equilibrium values based on recycling mixed 
oxide fuels from a LWR. The plutonium content of recycled 
MOX fuel is on the order of 37= of the contained heavy metal. 
Spent fuel from a LWR operated on a fresh fuel cycle normally 
has a plutonium content of 0.8 to 1.0%. 

Spent fuel elements contained in shielded transport casks 
are received at the cask unloading facility. The fual elements 
are transferred to the storage pool for interim storage prior to 
processing. The spent fuel elements are transferred to the 
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shearing cell where the elements are sheared mechanically into 
pieces. The pieces are gravity discharged directly to one of 
three dissolvers which are operated on a semi-continuous basis. 
Dissolution occurs in three cycles consisting of primary 
dissolution, simmer and rinse. One of three dissolver vessels 
operates in one of the three cycles, and all three are stepped 
sequentially through the entire cycle by valving operations. 

In the dissolver, the chopped fuel is contacted by a 
liquor prepared from fresh nitric acid makeup, recycled 
dissolver solution, hull rinse liquor and rinse liquor from 
one of the other dissolvers. The dissolution stream is typical­
ly 3.5 molar nitric acid and contains U and Pu from the dissolver 
recycle streams. 

The solid hulls, consisting primarily of zircalloy 
fuel element hardware and tubing remnants, are transferred 
to the solid waste treatment process. These hulls contain 
undissolved U and Pu. The product stream is transferred 
from the dissolver and mixed continuously with the product 
streams from each of the other two dissolvers. The mixed 
streams are held in a feed surge tank until a batch contain­
ing about 2000 Kg U is accumulated. The entire batch is 
then transferred to the accounting tank. 

The fuel elements received from a given reactor reload 
will be processed as a lot through the accountability tank. 
A Jot will vary from approximately 15 to 30 MT of U requiring 
from 3 to 6 days for processing. Prior to starting the next 
lot, the shear, dissolver, surge tank, and waste transfer 
facility are drained down and cleaned out. The materials 
recovered in the accountability tank are accurately sampled 
and assayed, The amounts of Pu and U measured in the account­
ability tank are used as the basis for the plant inputs for 

12 



mass balance, SNM accountability and customer settlement. 
Further processing in the separations plant is done on a con­
tinuous basis without an attempt to segregate one customer's 
SNM from that of another, 

The hulls are analyzed for U and Pu using counting 
techniques primarily as a process control measure to monitor 
the effectiveness of the dissolution, simmer and rinse cycles. 
Any Pu or U associated with the hulls is not entered into the 
accountability system as the hulls are packaged for disposal 
and the contained SNM is eliminated from the plant. 

The solution in the accountability tank is transferred 
to either of two feed adjustment tanks to reduce the nitric 
acid concentration from approximately 2.7 molar to 2.5 molar 
in order to maintain a constant feed in the separations area. 
The adjusted feed stream is fed to a centrifuge by drawing 
from one adjustment tank while the second is being prepared. 
Approximately three feed-adjusted batches pre processed in a 
24-hour period. 

A slurry containing any particulates removed from the 
separations plant feed stream is wichdrawn from the centrifuge 
and transferred to high level waste for processing. 

A solvent extraction system feed tank (HAF) with 14,000-
liter capacity is used to convert from batch operation to 
continuous operation. This tank can accommodate essentially 
two full batches of adjusted and centrifuged feed solution. 

Up to this point, the feod solution contains essentially 
all of the Pu, U and fission products entering the plant as 
spent fuel elements. A relatively small portion of these 
constituents have been discharged to waste with the hulls, 
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To avoid a criticality accident in the dissolver or 
other vessels of unfavorable geometry in the event that safe 
plutonium concentrations are exceeded, gadolinium nitrate is 
added to the dissolver feed solution. A positive indication 
of the presence of gadolinium is provided by neutron detectors 
installed in the dissolver acid surge tank. The gadolinium 
is discharged with the majority of the fission products in the 
waste stream from the centrifugal contactor. Criticality 
control through the remainder of the separations facility is 
maintained by solution concentration control or by geometry 
control. 

The primary plant feed stream is mixed continuously with 
a recycle stream from the scrub column (HS) in the approximate 
proportions of two parts primary feed to one part HS column 
recycle. The mixed stream is fed to a centrifugal contactor 
in which the U and Pu are co-extracted into a solvent stream 
consisting of a mixture of tributyl phosphate (TBP) in n-dodecane. 
The bulk of the fission products remain in the aqueous phase 
and are processed to the high level liquid waste system via 
a decanter and surge tanks. 

The solvent stream containing Pu, U and a portion of 
the fission products enters the scrub (HS) pulsed column 
where the solvent is contacted by a three molar nitric acid 
aqaeous stream to achieve additional decontamination of 
fission products. The scrub also removes a portion of the U 
(̂  3%) and Pu (t 20%). The aqueous stream is then routed to 
the mixer in the feed stream to the centrifugal contactor 
for recycle. 

The solvent is introduced into the electrocell, a pulsed 
solvent extraction column in which electrolysis is employed 
to reduce the valence state of Pu from Pu to Pu . At the 
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same time, the solvent stream is contacted with a 2.5 molar 
+3 nitric acid stream. Since the ru species is not complexed 

+3 by the solvent, the Pu is extracted into the aqueous stream. 
This action effectively partitions the Pu and U components. 
The U-bearing solvent stream contains very little Pu (< 10,000 
ppm), however the Pu-bearing aqueous stream contains a rela­
tively large portion of the U with the U/Pu ratio at approxi­
mately 2:1, 

The U-bearing solvent stream is scrubbed by a 2.5 molar 
nitric acid aqueous stream in the 1BX pulsed solvent extraction 
column to remove additional fission products. The aqueous 
stream is recycled to the electrocell, The solvent stream 
is contacted with a ,01 molar nitric acid aqueous stream in 
which the U is extracted to the aqueous phase with a further 
decontamination of fission products. The dilute uranyl nitrate 
aqueous stream is then concentrated to form the final separa­
tions plant uranium product. 

The Pu-bearing aqueous stream from the electrocell is 
mixed continuously with a 12 molar nitric acid stream and .? 
5.2 molar HaN0« stream. Thp combined streams are fed into an 
air-sparged surge tank (IBP). This procedure reoxidizes the 
P u + 3 to P u + \ 

The aqueous stream is contacted by a fresh solvent stream 
in the first cycle Pu purification extraction column (2A) 
and both the Pu and U are extracted into the solvent. The 
aqueous stream containing about 0.04g of Pu per liter and most 
of the remaining fission products is routed to waste. The 
solvent stream overflows the 2A column and is contacted with 
a 0,3 molar nitric acid strip stream in the 2B column. The 
Pu is extracted into the aqueous stream along with about 307. 
of the available U. At this point the U/Pu ratio is approxi­
mately 0.5:1. 
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A second Pu purification cycle of solvent extraction 
and acid strip occurs in the 3A and 3B columns. After a diluent 
wash in the 3PS column, the Pu aqueous stream has been effec­
tively decontaminated and contains less than 10,000 ppm U, 
A concentrator of critically safe geometry :'.s used to Increase 
the plutonium concentration from 0.25 molar to 1.5 molar and 
the product Pu^O,)* is collected in a series of 5 critically 
safe slab surge, sample and interim storage tanks. The plu­
tonium product is transferred to a product measuring tank where 
accurate concentration and volume measurements are performed. 
The plutonium nitrate is then transferred to critically safe 
slab tanks for storage. 

2.2 GENERAL PROCESS DESCRIPTION - PLUTONIUM PRODUCT FACILITY 
The feed material for the plutonium product facility will 

be the plutonium nitrate solution from the storage product 
tanks in the separations plant with typical characteristics 
as given in Table 1. The gamma emissions and radioactive 
decay heat generation characteristics as well as criticality 
control for concentrated plutonium solutions and products are 
the cause for severe design constraints for the processing 
equipment within the PPF. The overall plutonium nitrate to 
oxide conversion system using the oxalate precipitation and 
calcining process is described in Fig. 6. The details of the 
feed preparation steps are given in Fig. 7, and the oxalate 
precipitation and filtering operations are described in Fig. 8. 
Fig. 9 provides a schematic of drying, calcining and screening 
operations, and in Fig. 10 the filtrate treatment system 
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TABLE 1. PLUTONIUM NITRATE FEED CHARACTERISTICS 

Characteristic 

Plutonium Concentration 
Nitric Acid Concentration 
Uranium 
Radioactive Decay Heat 
Radioactive Hydrogen Generation 
Gamma Fraission 

Plutonium Isotopic Composition 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 

(1) Plutonium concentrations in 
processed if the heac generation 

Value 

100-360 g A ( 1 ) 

2-10 molar 
<10,000 ppm Pu 
<60 Btu/hr kg Pu 
<5 x 10"* scfh/kg Pu 
80 vCi/g Pu 

WT I 

2.5 
50.0 
25.0 
15.0 
7.5 

excess of 250 g Pu/1 may be 
rate is less than 60 Btu/hr g Pu. 
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is presented. The PPF has a design capacity of 100 kg Putu 
per day with the production divided into two process lines 
each capable of processing 50 kg Pu daily. 

The plutoniuni nitrate solution is transferred from 
the storage tanks to one of two feed prepaxation tanks on 
a batch basis. The nitric acid concentration is adjusted to 
3 molar to provide a constant feed for the conversion process. 
It is essential that the nitric acid molarity be maintained at 
more than 2 molar as Pu emulsions may form at acid concentra­
tions below 1.5 molar. Hydroxylamine (HAM) is also added at 
the feed adjustment tank to reduce any Pu to Pu prior 
to the precipitation step. After the feed adjustment step 
is complete, the nitrate solution is heated to 55°C in an 
in-line heater and fed continuously into a precipitator equipped 
with a mechanical stirrer. A solution of oxalic acid is added 
to the precipitator and the slurry produced is allowed to 
overflow to the digester. The digester consists of three, 
in-line mechanically stirred vessels that are arranged to 
permit the overflow of one unit to cascade into the next. The 
oxalate slurry flow rate is adjusted such that the digestion 
time is approximately one hour. 

The slurry is fed into a rotary drum vacuum filter for 
primary filtration. The oxalate cake is rinsed on the filter 
drum and scraped off with a doctor blade. The filtrate is 
transferred to a filtrate surge pump prior to further processing. 

The plutonium oxalate PuCC^O/K cake from the drum 
filter is discharged into a rotary screw dryer-calciner. The 
PuCCnO/K *-s destroyed by heating in air to form the desired 
product PuOj. The oxalate cake feed rate, screw speed, heating 
rate and final calcining temperature are all critical to the 
production of Pu0 5 with the proper characteristics for compacting 
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into satisfactory fuel pellets during subsequent fabrication 
operations. 

The calciner discharges directly to a screen through which 
the product is collected in a container with 32-kg Pu capacity 
and the oversize PuO, is collected in a separate container 
while also serves as a recycle grinder. When the oversize 
collector vessel is full (10 kg PuO,) as indicated by a load 
cell, the collector is transferred to a twin roll horizontal 
grinder, The collector is rotated for several hours to allow 
the oversize PUO2 to self-grind to the proper mesh size. When 
grinding is complete, the collector is transferred to the 
inlet of the dryer calciner, and the ground PuO, fed to the 
dryer through a separate feed screw as an additive to the 
normal feed stream. 

The PuO„ product powder is discharged from the screen 
into the blender container. When the blender contains 32 kg 
of PUO2 as indicated by a load cell, the blender is automatically 
valved off and the blender transferred to the blending stand. 
The container is rotated about its radial mid-place until 
blending is completed. Homogeneity is determined by gamma 
scanning the outer surface of the container and comparing 
counts received from various powder volumes. The powder is 
also sampled to assure product purity and physical characteris­
tics satisfy the specifications. The blender container is 
transferred to the powder load-out stand, where the content of 
the blender is discharged into four product cannisters each 
holding 8 kg of PuOj. The cannister covers are installed, 
each cannister sealed and the outer surfaces decontaminated. 

Four product cannisters are loaded into a storage pressure 
vessel that is in turn lidded, sealed and decontaminated. The 
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loaded pressure vessels are transferred to plutonium storage. 

2.3 MATERIAL ACCOUNTABILITY IN THE BNFP 
The BNFP is to be operated as an integrated plant with 

several interacting operating facilities as described in 
Sections 2.1 and 2,2. Each of these facilities is further sub­
divided into Material Control Areas (MCA) that are identifiable 
physical areas such that the quantity of SNM moving into or 
out of the MCA is measured. Some MCA's are identifiable 
physical areas that have transfer control based on item 
identification and piece-count of the items. These MCA'a are 
identified as item control areas (ICA). All other MCA's are 
referred to as material balance areas (MBA's). The BNFP is 
divided into eleven MCA's as shown in Table 2. 

In theory, if the plant could be operated in a manner 
such that on any given day, the quantity of SNM in each storage 
location, in each process vessel or container, and in each 
scrap, waste and sample stream could be measured with sufficient 
accuracy, diversion of significant quantities of Pu would be 
unlikely without detection by the material control system. 
Inherently, as the plant throughput is increased, the accuracy 
of the determination of the quantities of SNM in inventory or 
in process at any given time expressed as a percentage of 
plant throughput must be improved as the amount of Pu that 
could be diverted without detection to just remain at some fixed 
level relative to the critical mass of piutoniunr '. 

In the case of a combination spent fuel reprocessing and 
plutonium conversion facility based on the BNFP design, it is 
apparent that the characteristics of the feed and product 
materials are the dominant factor in facility design. Because 
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TABLE 2. BNFP MATERIAL CONTROL AREAS 

Type of 
Deacription Control 

Fuel Receiving and Storage ICA 
Separations Process area MBA 
Plutonium Nitrate Storage Area MBA 
UFc Process Area MBA 
UFg Product Storage Area ICA 
UFg Scrap and Waste Storage Area ICA 
Analytical Services Laboratories MBA 
Plutonium Conversion (PuO~) Process Area MBA 
Plutonium Oxide (Pu02) Storage Area ICA 
Plutonium Scrap and Waste Storage Area ICA 
Central Haste Handling Area ICA 
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of Che high radiation levels of the incoming spent fuel 
elements and the toxicity of the product Pu, the major portion 
of the SNH within the plant must be confined behind shielding 
walls or process containers such as glove boxes. These necessary 
protective barriers are in themselves effective deterrents to 
diversion. Small quantities of materials in the form of 
samples, scrap and waste are routinely handled outside the 
major process. Although the concentration of SNM in these 
materials is generally low, in a complex facility there are 
a large number of streams extraneous to the main process that 
can at various times contain several kg of SNM in aggregate. 
These streams contribute disproportionately to the difficulty 
of achieving the objectives of the material accountability 
systems for a variety of reasons: 

• It is difficult to identify every possible form of 
scrap, waste and plant effluent stream in sufficient 
detail to provide monitoring systems that can ac­
curately measure the SNM content over the concentra­
tion ranges that occur in the actual streams. 

• The SNM is often associated with large quantities of 
materials that by sheer bulk and physical geometry 
prevent accurate measurement of the SNM. 

• The SNM is often present in an non-homogeneous 
array, i.e. undissolved U and Pu solids are located 
at discrete points on the surfaces of solid hulls 
discharged from the separations plant dissolvers. 

t The SNM is associated with highly radioactive 
wastes that preclude accurare measurement of SNM, 
i.e. Pu or U discharged in the waste stream from 
the coextraction cycles. 

• Intermittent plant operating upsets permitting 
unmeasured flow of SNM for short periods, e.g. 
a process filter failure permitting SNM to enter 
the plant waste or ventilation systems. 
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• Equipment failure requiring discharge of SNM 
in an abnormal form precluding accurate measur-
raent of the SNM content, i.e. failure of the 
plutonium oxalate filter-dryer resulting in a 
non-homogeneous mixture of wet, dry and par­
tially converted plutonium oxalates that require 
extensive preparation before an accurate deter­
mination of the Pu content can be made. 

Typically at any given time the amount of SNM in a specific 
waste scrap or sample stream is small; however, the aggregate 
amount of SNM contains1, in all of the extraneous process streams 
typically represents 10% or more of the plant in-process in­
ventory. The uncertainty of the measurements of the SNM con­
tent of these materials and the extraordinary length of time 
required to obtain the analytical results using techniques com­
monly in use presents a formidable obstacle in detecting diver­
sion of small quantities of SNM. 

As an aid to evaluating the effectiveness of improved 
process control information, the primary process streams for 
the BNFP have been characterized in Table 3. Considering 
the size of a unit containing 200 g Pu, the minimum size of 
a shielded container with 200 g Pu needed to protect the diverter 
from serious injury, the form of material diverted, and the 
usefulness of the diverted materials to the diverter were used 
for characterization. The last column in Table 3 is obviously 
subjective as the capability of a diverter for converting the 
diverted Pu to forms suitable for his purposes can not be 
readily assessed. The various streams have been characterized 
as follows: 

• Very Poor - The Pu is associated with large quantities 
of highly radioactive fission products such that 3-5 
feet of concrete or other shielding material is 
necessary to prevent serious injury to the diverter. 
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Table 3. BNFP Process Streams - Diversion Characteristics 
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• Poor • The Pu is associated with a moderate amount 
of fission products such that 8" of concrete or 2" 
of lead shielding is required to avoid serious 
injury to the diverter. 

• Good - The Pu is associated with only small quantities 
of fission products such that minimal shielding is 
required. Also the Pu is in a chemical form that 
would not require a high degree of sophistication to 
convert the Pu to a form useful to the diverter. 

• Very Good - The Pu is in a concentrated liquid 
form and free of radioactive fission products. 

i 2xcellent - The Pu is in a concentrated solid form. 

From the description of the main process streams given 
in Table 3 it is apparent that only the decontaminated Pu(NO g), 
Pu(C20^)2 a n d P u 0 2 s t r e a m s a r e o f Practical use to any but 
extremely capable and sophisticated groups of diverters. This 
does not mean that the other streams can be neglected in a 
materials control system, as the overall material balance 
for the area cannot be assured if the waste streams are 
neglected. Direct flow process stream data is not essential 
as the SNM input will eventually be collected and measured in 
the product receivers. In-process material control may be 
useful to reduce the time interval between the input and pro­
duct measurements, thus reducing the time that a diversion may 
go jndetected. The basic questions to be answered are: 

1. Where in the plant can improved in-process measure­
ments and controls be useful in detecting diversions? 

2. Can the in-process material control systems be im­
plemented with current state-of-the-art technology? 

3. Will the in-process material control systems improve 
the plant production capabilities? 
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2.4 PROCESS CONTROL IMPROVEMENTS FOX ACCOUNTABILITY 
In this section, descriptions of possible improvements 

to the process control system that could enhance the capabili­
ties of the SNM accountability system for detecting diversions 
are discussed. The possible effects on plant operation are also 
outlined with each major portion of the plant described in 
some detail, 

2.4.1 Receiving and Storage Area Transfer Control 
SNM material control is accomplished in the spent 

fuel element receiving and storage areas by piece-count control 
of the individual fuel element assemblies. The BNFF relies 
on shipping documents and operator observation to assure that 
the proper fuel elements have been received, unloaded and stored. 
Fuel element locations in the storage racks are maintained 
using manual input for the inventory records, 

Possible Improvement. The storage area crane would be 
programmed to deliver or retrieve an element assembly automatically 
at a definite storage location, Each storage location could be 
equipped with a positive device indicating the physical presence 
of an element in the location. By combining the information 
from the storage crane movements and the element locators, the 
actual physical location of any fuel element could be determined 
at any time (affectively real-time piece count inventory). 

Available Technology. Positive motion stacker-retreiver 
systems including hardware and software are commercially available 
that can store and retrieve from programmed locations. The avail­
able systems are generally designed specifically for a given set of 
storage requirements. The system for an automated transfer crane 
operations would require allowances for the radioactive environment 
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for this particular operation. Various types of positive loca­
tors (mechanical, sonic, optical) are available for detecting 
the presence of a fuel element. These detectors would again re­
quire modifications for the particular application. Applicable 
hardware can be purchased on special order for both operations. 

Material Accountability Improvement. From a plant opera­
tional viewpoint, definite knowledge of the location of each fuel 
element would be an advantage in assuring that all of the elements 
in a given customer's account were in fact processed in the planned 
production lot and that no intermixing of lots occurred by acci­
dent or operator error. These same requirements can be achieved 
by carefully performed, inspected and audited manual operations. 

From a SNM materials control viewpoint, the knowledge that 
the spent fuel element is within the storage area (not necessarily 
its actual location) is the important criteria. As a spent fuel 
element can not be diverted from the plant without the use of 
spent fuel element shipping cask or similar device, diversion 
can be readily detected by means other than direct inventory ob­
servations. The SNM content of the element is not of vital con­
cern as the SUM will not be inputed to the accountability records 
(except aa an item entry with calculated values) until the SNM 
content is measured in the accountability tank, Normal visual 
inspection, and inventory records can be used effectively to assure 
the presence of the elements in the facility. 

Automated storage and retrieval systems with positive iden­
tification of storage locations would not appreciably improve the 
ability of the SNM accountability system to detect or prevent 
diversions. 

2.4,2 Spent Fuel Shearing 
SNM material control at the spent fuel element shear is 

accomplished by piece-count control. The chopped pieces are dis-
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charged directly to the dissolver. As the materials at thiB 
station are highly radioactive and are handled remotely behind 
heavilly shielded walls, diversion at this point verges on the 
incredible. The normal plant operating procedures can be con­
sidered sufficient for SNM control. 

2.4,3 Dissolution, Simmer and Rinse 
At the dissolver, there are several main process streams 

that have similar characteristics in regard to fission product 
activity. These are the dissolver recycle stream, dissolver 
rinse stream and the hull rinse stream. These streams are 
generated at all three dissolver stations and are mixed continu­
ously in the dissolver head pot. At this point in the process 
the SNM has not been entered on a quantitative basis into the 
accountability records, therefore detailed knowledge of the SNM 
content of these streams is unnecessary from an accountability 
viewpoint. From a plant operations position, the uranium concen­
tration in the three streams provides a measure of the efficiency 
of the dissolver operations, 

The chopped fuel solid hulls are discharged from the dls-
solvers to solid waste. These hulls are monitored for U and 

144 Pu concentration by counting the Pr and calculating the 
uranium and plutonium concentrations in equilibrium with the 
U 4 P r . 

The SNM content of the hulls is important to thi overall 
SNM accountability system of the separations plant. Although 
the solid hulls can not be diverted directly because of their 
extreme radioactivity, it is possible that the chemical plant 
operators could surreptiously re-rinse the hulls to remove 
additional SNM after accountability measurements of the 
dissolver product have been made in the accountability tanks 
By adding this additional rinse liquor to the feed adjustment 
tank, it is possible to generate a small but significant "off 
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balance sheet" source of SNM for possible diversion at 
downstream points. 

Re-rinsing capabilities within the plant are essential for 
effective plant operations in the event of improper dissolver 
operation. Positive plant interlocks at the feed surge tank and 
the accountability tank transfer jets to prevent passage of 
unassayed dissolver or rinse liquor may be of interest. 

Possible Improvement. The steam jet transfer from the 
accountability tank to the feed adjustment tank.could be pro­
grammed to permit transfer of the known volume of feed liquor 
previously measured in the accountability tank, The steam jet 
transfer is normally accomplished by controlling the flow rate 
of steam to the transfer jet. By adding a mass flow recording 
controller to the steam system, it would be possible to have an 
independent record of the volume transferred from the accounta­
bility tank. The added instrumentation would not be of direct 
benefit to plant operations. 

The off-gas ventilation systems for the dissolvers, the 
dissolver head-pot, the dissolver transfer station and the 
feed surge tanks are possible sources for "off balance sheet" 
SNM. During dissolution, simmer and rinse cycles in the dis­
solvers, air sparging is used as aid in mixing the dissolver con­
tents. Excessive sparging can entrain droplets of dissolver solu­
tion containing SNM that are carried into the process vessel off-
gas system (PVOG). Since these operations are carried out up­
stream of the SNM accountability tanks, it is possible that the 
SNM contained in these off-gas streams can be recovered surrep­
titiously during plant clean-up operations. 

Possible Improvement. The PVOG system knockout pots and 
drain sumps in the plant upstream of the accountability tanks could 
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be equipped with level recorder controllers interlocked with the 
* accountability tank transfer jets to prevent passage of unassayed 

SNM from the ventilation system drains. This additional instru­
mentation would be of no benefit to plant operations. 

v 2.4.4 Separations Plant Head End 
The SNM content of each customer's batch of incoming spent 

fuel elements is determined by draining down and flushing out the 
process units upstream of the accountability tank. The wash liquors 

j are collected, sampled and analyzed for the SNM content. The SNM 
measured during the cleanup is added to the known amount of SNM 
processed through the accountability tank during the the particular 
campaign. The total amount of SNM determined is used as the basis 
for financial settlement with the customer for the SNM to be re­
covered and for the total amount of SNM considered as input at 
the plant for SNM accountability purposes. 

The SNM measured at the accountability tank and recovered during 
the head-end drain down and flush-out operations is compared wiuh 
the amount of SNM estimated to be present from burnup calcula­
tions. This comparison provides a base for the customer to 
determine if the amount of SNM determined at the accountability 
tank is reasonable for the lot of elements processed. The account­
ability tank measurements are considered final in ;he event of 
a descrepancy. 

Drain down and cleanout of the front end of the separa­
tions plant occurs every 3 to 6 dajs depending on the number 
of fuel elements contained in a single customer's batch. The 
head-end cleanup and SNM sampling procedures require 8 to 16 

I hours to complete. Shutdown of the remainder of the plant down­
stream of the accountability tanks is prevented by che surge 
volume of the feed adjustment tanks and the separations plant 
feed tank. As a consequence a complete head-end in-process is 

* 
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taken every 5 days on the average. Additional in-process 
controls in the head-end of the plant could not be expected 
to improve the SKM control system efficiency. 

2.4.5, Solvent Extraction and Product Concentration 
The balance of the separations plant from the account­

ability tank through the U and Pu concentrated product tanks 
is treated as a single operational unit and a single MBA, The 
operations performed in the separations portion of the plant 
include feed adjustment, feed clarification, U and Pu co-
extraction and primary fission product decontamination, U 
and Pu partitioning, separate cycles for U and Pu purification 
and separate U and Pu product concentration. 

In general, in-process flow measurements for the solvent 
extraction systems are made indirectly by monitoring the flow of 
air or steam to the transfer jets. Thus flow rates for the 
individual process streams at various columns are known to within 
5-10% fhen using steam jet transfers and to 37. when air jets are 
employed. The relative inaccuracy of the steam jets is caused by 
the entrainment of steam into the process liquor during transfer 
causing a 3 to 57» dilution of the process stream and because of 
the necessity to blow down and drain the steam line when the 
transfer is completed to avoid siphoning radioactive liquids into 
the cold portions of the plant. 

Steam and air jets are used for the transfer of highly 
radioactive liquids within the BNFP because of the simplicity 
of operation. No moving parts are required within the shielded 
process areas, and the steam or air control valves can be located 
within the operating galleries. Because of the relatively small 
flows of the transfer motive fluid (air or steam), conventional 
electronic and pneumatic rotometers are used effectively to control 
flow to the transfer jets. 
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3 2,4.6 Feed Adjustment and Clarification 
At the feed adjustment tanks, the nitric acid concentra­

tion is adjusted from 2.7 molar to 2,5 molar to provide a 
constant feed for the extraction operations. A centrifuge is 

" provided for clarifying the extraction column feed stream if 
a high concentration of solids is detected in the adjusted feed, 
otherwise the feed can be passed directly to the extraction 
system feed tank. The slurry from the centrifuge will be dis­
charged to the high level waste system. 

The clarified feed is discharged to the extraction system 
feed tank (HAF). The surge capacity of this tank is sufficient 
to permit the batch operations conducted in the plant head-in to 
be converted to continuous operations for the balance of the 
separations plant. 

The centrifuge will not be required for every transfer made 
between the feed adjustment tanks and the KAF. Consequently it 
can be drained down and flushed out periodically to reduce the 
holdup inventory for this portion of the plant. 

Improved SNM accountability can be determined in this por­
tion of the plant as the draw-down liquid volume of the feed ad­
justment tank could be compared on a real-time basis with the 
change in volume at the HAF tank allowing for the known volume 
of any waste discharged from the centrifuge and the known flow 
rate (accurate to about 2%) of the centrifugal contactor makeup 
feed stream. This system could be used to provide additional 
assurance of the complete transfer of an adjusted feed batch to 
the extraction system. 
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2,4,7. Co-extraction and Deconcamination 
The clarified feed stream is mixed with the aqueous 

stream from the scrub column (HS) on a continuous basis. Prior 
to entering the centrifugal contactor, the streams are 
normally combined with a ratio of 2 parts fresh feed to 1 
part recycle feed. The mixed feed stream is contacted with an 
organic solvent stream in essentially counter-current flow 
In a centrifugal contactor (HA). The D and Pu are selectively 
extracted from the aqueous phase to the solvent phase. The 
major portion of the metallic fission products remain in the 
aqueous phase and are processed to waste treatment, together 
With approximately 0.2% of the U and *fc,of the Pu that entered 
the centrifugal contactor. 

In the scrub column (HS), the organic solvent stream 
containing the U and Pu together with a small portion of the 
fission products is contacted with 3 molar nitric acid. This 
process provides additional decontamination of fission products 
but alo re-extracts approximately 20% of the U and Pu back 
into the aqueous phase. The aqueous stream from the HS column 
is recycled back to the centrifugal contactor as part of the 
contactor feed stream. 

During plant startup, a minimum of eight hours operation 
is necessary to establish equilibrium conditions with the centri­
fugal contactor and the HS column. When the process is first 
initiated, the HS column is fined with fresh nitric acid and 
the U, Pu-bearing solvent phase is added to the column. The U-hi 
concentrations in the aqueous phase continue to increase as the 
counter-current extraction process progresses within the column. 
As the aqueous stream from the HS column constitutes aboit 307, 
of the feed to centrifugal contactor, and the contactor in turn 
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feeds the HS column, equilibrium conditions are achieved only after 
the concentrations in both process units become stabilized. 

The primary uncertainty in determining the inventory of 
SNM within the combination of the contactor and HS column is 
associated with the SNM content of the aqueous waste stream 
discharged from the centrifugal contactor. This stream con­
tains the bulk of the radioactive fission products and also 
has a Pu concentration of 0.06 g Pu per liter. With an average 
flow rate of 17 liters per minute, 1.5 kg Pu are discharged 
to waste treatment daily. The wastes are collected and analyzed 
for U and Pu content. If the U or Pu concentration is suffi­
ciently high, the waste streams are recycled to the electrocell 
for recovery of additional SNM, 

2.4.8, Uranium and Plutonium Partitioning Purification and 
Concentration 

The U and Pu partitioning purification and concentration 
systems are considered as a single operational unit. Referring 
to Fig. 4 and 5, it can be seen that recycle streams from sub­
sequent purification solvent extraction cycles for both U and 
Pu make up a major portion of the aqueous and organic feed 
streams to the partitioning electrocell. Equilibrium concentra­
tions of Pu and U in these units are achieved only after 
several hours of operation because of the interaction of the 
recycle streams with the primary feed streams. 

The electrocell is operated as described in Section 2.1, 
with the Pu being stripped from the solvent by a nitric acid 

+4 +3 
stream after the Pu is reduced to Pu by the electrolysis 
wirhin the specially designed pulsed partitioning column. The U 
and Pu purification cycles consist of repeated interchange 
of the SNM from the aqueous to solvent phase with the partial 
elimination of radioactive fission products with each interchange. 
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The purified aqueous stream from the final purification 
extraction column (3PS) is fed directly to the Pu concentrator. 
The concentrator bottoms are drawn off continuously into the 
product surge tank, The concentrator feed stream has a Pu con* 
centration of about 56 g Pu per liter. The concentrator 
bottoms typically contain 340 g of Pu per liter. 

Again, as in the case of the coextraction cycle, the 
primary difficulty in maintaining an accurate plutonium inven­
tory within these portions of the plant is the uncertainty 
in measuring the plutonium concentration and volumes of the 
streams discarded to waste. There are 4 separate waste streams 
generated on a continuous basis. The two aqueous streams are 
from the strip columns (streams 2A and 3A waste). These streams 
have a total flow rate of 35 liters per minute and a Pu concen­
tration of approximately 0.06 $ of Pu per liter. About 
2 Kg of Pu are directed to backcycle treatment daily in the 
two aqueous streams, The uncertainty in the measurement of 
the Pu concentration of 157. and the volume measurement of 3% 
results in an overall uncertainty of about 390 g Pu/day. 

The two organic solvent waste streams (2B and 3B) have a 
total flow rate of 13 liters per minute and contain trace quanti­
ties of Pu. The limit of detectability for Pu in these streams 
is about .OOlg of Pu per liter (1 ppm). If the waste streams 
are assumed to be at the limit of detection, then 20 g of Pu would 
be assumed to be discarded daily. If the waste streams are 
assumed to contain 50% of the detectable limit, then 10 g of Pu 
would be assumed to be discarded daily. 

2.4.9 Plutonium Nitrate Sampling and Product Storage 
The plutonium nitrate is transferred from the product 

surge tank to the product sample tank on a batch basis, Each 
batch transferred is air sparged for about 8 hours to assure 
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adequate mixing before being sampled. This extensive mixing 
cycle is necessary because the plutonium nitrate product 
sampling tank is constructed with slab geometry with only a 
2.25-in. space between the tank sides. 

' » 2.4,10 Plutonium Nitrate Storage 
The plutonium nitrate is transferred from the plutonium 

measurement pot to the plutonium nitrate storage facility. 
The storage facility consists of two shielded cells each con-

I taining 24 slab tanks. The slab tanks are arranged in 
units of six utilizing common transfer pumps, sample mainfolds, 
and plutonium rework manifolds. Each slab tank can be air-
spared for thorough mixing of the tank contents and flushed 

* with nitric acid. 
For material control purposes, each plutonium nitrate slab 

tank that is filled will be sealed using tamper-proof seals after 
it is verified that the transfer from the plutonium measurement x pot has been completed, The tank seals remain in place until 
the solution is transferred to the plutonium conversion process. 
Periodic inspections are made to assure that the seals have not 
been disturbed. 

Possible Improvement 
The individual storage slab tanks could be mounted on load 

cells. As the liquid is drawn down in the plutonium product 
measuring tank during a transfer, the corresponding weight in­
crease would be noted in storage tank. Periodic checks of the 
storage tank. Periodic checks of the storage tank weights 
would provide additional assurance that plutonium had not been 

* withdrawn between inventories. 
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2.5 PROCESS CONTROL IMPROVEMENTS (PPF). 
The plutonium product facility (PPF) is to be constructed 

immediately adjacent to the spent fuel processing separations 
facility. The PPF is designed to process 100 kg of Pu0 2 daily 
in two process lines each capable of producing 50 kg of Pu0£ 
daily. A general description of the plutonium nitrate to plu-
toniuin oxide conversion process has been given in Section 2,2, 
The process flow diagrams for the overall process are given in 
Fig. 6 and the details of the individual process operations 
are given in Figs. 7, 8, 9 and 10. 

2.5.1 Feed Preparation, Precipitation and Digestion 
The plutonium nitrate solution is withdrawn from a selected 

slab storage tank in the separations facility and charged into 
one of the two feed preparation tanks at the beginning of each 
process line. Nitric acid is added to reduce the Pu concentration 
from 350 g Pu per liter to 150 g Pu per liter. Hydroxyzine (HAN) 
is added to the solution to reduce the Pu " that may be present 
to Pu . The prepared feed is then transferred on a continuous 
basis to the preciptiation tank. Oxalic acid is added to the 
solution at a controlled rate forming a plutonium oxalate ( P u ^ O ^ ) 
slurry. The slurry is permitted to overflow to a set of three 
digestion tanks arranged to permit the slurry to cascade from 
one digester to the next. Excess oxalic acid is added to the 
solution to assure complete formation of plutonium oxalate. 
The flow rates to the precipitator and the digestors are con­
trolled to provide a residence time for th1? plutonium compounds 
of at least one hour within the process units. 

2.5.2 Filtration, Drying, Calcining. Grinding and Blending 
The plutonium oxalate slurry is discharged continually 

from the overflow of the final stage digester directly into a 
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rotary vacuum drum filter. The filter cake is removed from 
the drum by a doctor blade and is fed directly into the electri­
cally heated dryer-calciner. The filtrate is withdrawn through 
the axis of the drum filter and is transferred to a polishing 
filter for removal of additional Pu(C 20J 2 > The filter cake 
from the polishing filter is recycled to the rotary drum filter 
for plutonium recovery. The clean oxalate solution is concen­
trated and the oxalate destroyed by heating the solution in the 
presnce of nitric acid. The overheads are condensed, sampled 
for possible plutonium content and transferred to the low level 
waste system in the separations plant for treatment and discard. 

The tank bottoms are cooled and sampled for possible Pu 
content. The solution is transferred to the separations plant 
for nitric acid recovery. 

The P u ^ O ^ is converted to PuO, in the dryer-calciner 
by heating the oxalate to temperatures up to 750°C in air. The 
carbon in the oxalate is converted to COj. 

The characteristics of the Pu0 2 formed depend on the size 
of crystallites formed during the precipitation and digestion 
cycles, the feed rate of the oxalate cake to the dryer-calciner, 
the rate of heating of the cake in the dryer, the depth of cake 
in the dryer-calciner and the final temperature reached by the 
Pu0 2 in the calciner. Proper control of the PuO, physical char­
acteristics, particularly crystallite size and form, is essential 
for producing PuC^ that can readily be compressed and sintered 
into fuel pellets suitable for reactor loading^. 

The calcined Pu0 2 is discharged from the dryer-calciner into 
a continuous screen in which any oversize PuO, is routed to an 
oversize collector and the Pu0 2 product is collected separately. 

When the oversize collector is full as determined by a 
load cell, the collector is transferred to a grinding station. 
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The collector rotated for several hours. The rolling action is 
sufficient for the oversize plutonium oxide powder to be self-
ground to size. The collector containing the ground Pu0 2 is trans 
ferred to the feed point of the dryer-calciner and the ground 
material is recycled through the calciner, 

The screened product is discharged into a separate container 
until a load cell indicates that the desired weight of 32 kg 
of PuCK has been reached. At this point, the container is dis­
connected from the screening station by proper action of iso­
lation valves and the container is transferred to the blending 
station. The container is rotated for several hours to assure 
homogeneity of the PuO,. Homogeneity is checked by counting the 
gamma activity at va-ious points along the container and com-
pairirg the counts obtained at corresponding locations. 

The container is transferred to the loading station where 
the Pu0 2 is loaded into four storage containers each containing 
8 kg of P11O2. T'ie ^dividual storage containers are lidded, 
sealed and the outer surfaces are decontaminated. 

Four of the decontaminated storage cans are packed into a 
single pressure vessel for storage. The pressure vessel 
containing 32 kg of PuOj is in turn lidded, sealed and decon­
taminated. The pressure vessel is transferred to the storage 
area. 

During the conversion process from oxalate precipitation 
through PuOj screening, the plutonium undergoes chemical and 
physical changes that preclude accurate determination of the 
plutonium concentration within the various process units. SSM 
control is maintained by measuring the amount of plutonium 
charged into the process and the plutonium recovered as PuO*. 
The plutonium discarded to waste from the oxalate filter in the 
filtrate is also measured accurately. Periodically, the process 
equipment is flushed out and drained down in order to measure 
the amount of plutonium contained within the process equipment, 
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Process shutdowns for inventory purposes cause severe 
process upsets resulting in relatively large amounts of off-
specification materials. The conversion process is normally 
rue on a continuous basis and the flush out process alters 
plutonium concentrations and solution volumes. These in turn 
affect the residence time of the oxalate cake in the dryer-
calciner which in turn affects the size of the calcined PuC^ 
product. Off-size product must then be ground and recycled. 

Possible Improvements 
The concentration of plutonium within the precipitation 

and the digestors could be monitored on a continuous basis by 
gamma counting several regions of each tank continuously. When 
equilibrium conditions are established after several hours of 
operation the gamma activity at fixed points should remain rela­
tively stable. Variations outside normal ranges would provide 
an indication of process upsets or possible attempts vo divert 
materials from the process. 

Similar counting devices could be installed on the dryer-
calciner with similar results. It may be possible to determine 
the actual plutonium inventory within the process units by com­
paring the count data with pluontium content measured after drain 
down and flush out procedures carriedout in conjunction with 
several normal inventories. 

By proper correlation of the data obtained from the load 
cells within the screening, blending and container loading op­
erational areas, positive verification can be obtained on the 
completeness of each transfer of PuO,,. Real-time inventory 
within these areas could be achieved by using positive locators 
to indicate the presence of a container at each operating or 
storage location. By combining this information with knowledge 
of authorized material or container transfers the in-process 
inventory could be determined at any time. 
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2.6 ANALYTICAL SAMPLING 
The separations facility and the plutonium product facility 

have upwards of 150 remote sampling stations located in sampling 
galleries near the unit operation to be sampled and controlled. 
Most of the in-process samples taken are radioactive and are 
withdrawn from the process vessel or process line by means of 
air lifts arranged as shown in Pig. U . 

In order to draw a sample, the air lift is activated manu­
ally by a chemical plant operator working from an operating station 
adjacent to the sampler. Typically, the sample stream is allowed 
to flow through the sample bottle and back to the process vessel 
for several minutes before the actual sample is taken. This pre­
caution is necessary to ensure that all traces of the previous 
sample have been flushed from the sampling system, 

The sample bottles are sealed, placed in shielded containers, 
and properly labeled for transfer to the analytical laboratory. 
In some parts of the plant, sample transfers are made using pneu­
matic transfer mechanisms, from sections where transfers are 
made infrequently, the samples are delivered manually. 

When the samples are received at the analytical laboratory, 
the sample identification is recorded, The samples are weighted 
to determine the approximate SUM content, the proper entries 
made in the SNM accounts for the laboratory MBA, and the samples 
are distributed to the proper work stations within the laboratory 
for the proper analysis, 

Sample sizes vary from milligrams to several grai? quantities 
depending on the type and number of analyses needed. During an 
average day, more than 500 in-process and product samples are 
processed, with the amount of contained plutonium exceeding 1000 
grams. About 2000 grams of plutoniutn are expected to be in in­
ventory or in-process within the laboratory at any time. About 
5000 grans of plutonium will be held continuously in the laboratory 
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as nondestructive test samples, standards and reserve samples. 
The laboratory total inventory will be on the order of 8 kilograms. 

The samples processed within the laboratory result in fairly 
large volumes of solid and liquid high level wastes, These wastes 
are analyzed for plutonium and transferred to the proper waste 
system for processing, 

2.7 PROCESS COMPONENT ALTERNATIVES 
There are several alternatives to the process equipment 

selected for the reference plant. The general impact of the al­
ternatives on the safeguards system have been considered and a 
summary of these conditions is given in Table 4. 

Tritium and krypton are two radioactive substances that are 
released from the reprocessing plant in a gaseous form. One 
method that has been proposed for removing these contaminants 
is to heat the pieces of the sheared fuel elements to 700°C 
in a rotary kiln or other suitable device prior to charging the 
dissolver. If the spent fuel is heated in the absence of a large 
gas stream, the tritium and krypton driven off will be in a rel­
atively concentrated form, thereby simplifying later immobilization 
or recovery steps. Existing reprocessing facilities were not 
designed considering this process operation and no provisions 
have been mado for installing the necessary equipment. The 
process has not yet been demonstrated to operate reliably in 
a radioactive environment limiting possible application to 
future plants, 
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TABLE 4. PROCESS ALTERNATIVES 

SAFEGUARDS TECHNICAL 
PROCESS ALTERNATIVE PURPOSE EQUIPMENT DESCRIPTION LOCATION IMPLICATION CONSIDERATIONS 

Ins call Voloxidation Permit partitt] High temperature con- Between shear •& Installation would create Process has not been dem­
Process Equipment recovery tinously operated dissolver a large in-process inven­ ons r rated for reliabil­

of tritium rotary kiln (700 C) tory pf SSNM between the ity in radioactive envi­
and shear item control station ronment 
krypton fi the accountability tank. 

Traces of Pu & U in kiln off-gas 
Substitute a Pulse UE<3 pulse Pulse column Jiay be Between dissolver Larger in-pcoceas inven­ Increased contact time 
Column for the column for pri­ more reliable than a fit partitioning tory 3t primary decon­ between solvent & hish 

activity fission product Centrifugal mary fission centrifugal contactor column tamination station 
between solvent & hish 
activity fission product 

Contactor product decon­
tamination 
device 

as a unit operation stream causes additional 
solvent degradation 

Eliminate Eliminate ne$d Solids clarification Eliminate the separate Pulse columns have been 
Centrifuge for a mechani­ is H requirement be­ waste stream from the operated with a heavy 

cal device in tween the dissolver centrifuge 3olids content in the 
highly radios & the centrifugal aqueous stream but not 
active envi- contactor. May not in the extremely radio­
ronmen t be necessary ahead 

of a pulse column 
used for primary 
fission product 
decontamination 

active environment of the 
fluid stage contactor 

Substitute a Con­ Use chemicals 
for the Pu & 

Pulse columns may be Between primary Additional chemicals in Electrace11 cell eli­
ventional Pulse 

Use chemicals 
for the Pu & more reliable for fission product the high level waste minates the need for 

Pa+* to P u + 3 chemical Column, for the to P u + 3 reduc­ partitioning than a decontamination & screams 
minates the need for 
Pa+* to P u + 3 chemical 

Electric Cell Par­ tion rather eleetrocell U and Pu purifica­ redoctants 
titioning Unit than elec­

trolysis 
tion systems 

Substitute another Develop a Exxon Nuclear has Between the oxalate May reduce Rotary drum filters 
dewa teeing device more reliablc proposed a digester and the in-procasM inventory are the only devices 
for the Oxalate means for props'2.etary uni t calcine jit drying opera Lion thar have heejs used 
Kotary Drum oxalate for this opcrat ion for dewatering on a 
Filler drying pilot basis for Pu (c 2o^) 2 



The installation of the process as presently contemplated 
would significantly increase the quantity of SSNM between the 
item control receiving station and the accountability tank. 

If a pulse column is substituted for the centrifugal 
contactor as the unit for primary fission product decontamination, 
it may be possible to eliminate the centrifuge as a means for 
removing solids from the feed stream to the column. Pulse 
columns in the Fernald plant have operated successfully with 
aqueous feed streams containing up to 1% solids. Operations 
of this type have not been demonstrated in a highly radioactive 
environment or when solvent degradation by radiation effects 
is a serious problem. By using a centrifuge and a centrifugal 
contactor, the SSNM in-process inventory at the decontamination, 
operations is less than would be the case if a pulse column 
were used for this purpose. An additional waste stream is 
created, however, in the form of the slurry from the centrifuge. 
The effect of this waste stream on the total volume of waste 
is offset by the smaller quantity of degraded solvent that 
results from the use of the high speed, small contact time centri­
fugal contactor. 

The reference process flow sheet is based on using electroly­
sis for reducing the valence of Pu to Pu . This unit opera­
tion can also be accomplished by the addition of a chemical reduc-
tant such as ferrous sulfamate, the technique used in the Purex 
plant at Kanford. The elimination of a chemical reductant by 
the electrocell process reduces the volume of the aqueous 
streams discharged to waste, 

In the conversion plant, a rotary drum filter has been se­
lected as the primary unit for dewatering the plutonium oxalate 
slurry from the digesters. Exxon Nuclear hris proposed another 
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form of dewatering unit that, at this time, is considered pro­
prietary. It is expected that the proposed unit will be more 
reliable than the drum filter that has been the conventional 
equipment selection for this operation. If another process 
unit can be operated successfully, then the rework stream 
volume created by equipment malfunctions at this station may 
be decreased. 

2.8 MEASUREMENTS AND INSTRUMENTATION 
The measurements that are to be performed in the Barnwell 

plant of Allied-General Nuclear Services can be grossly charac­
terized as predominantly contributing to process control and 
to the operational safety of the process. Only a relatively 
small number of instruments/measurements are designed primarily 
to provide special nuclear material accountability data points. 
The actual concentrations of Pu or U for example, are measured 
off-line via destructive analytical techniques. Measurements 
that could contribute to a determination of inprocess inven­
tories or in-process flow rates of Pu are in general indirect 
measurements -- that may measure, for example, the air flow 
rate that is used to lift the Pu-containing stream from one 
tank to another. There are measurements, on-line, that 
directly depend on some physical property of Pu; however, they 
are qualitative in nature since the detector may respond to 
other nonfissile material sources or the system may not be 
calibratable in terms of grams of Pu per liter of solution. 

Certain portions of the process are controlled auto­
matically, i.e., sensors are used to control valves without 
the intervention of an operator. However, in most places in 
the separations area, for example, the operator can intervene 
in the normal flow of material. A gross characterisation of 
the process is that it is remotely controlled but not automatic. 

The description of the measurements and instruments that 
follow are limited to measurements of Pu or to material that 
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may contain Pu. The order of presentation is dependent 
on the process flow from the head end of the separations 
area to the final load out of the Pu0 2 at the end of the 
conversion area. 

2.8.1SEPARATIONS AREA 
In-line measurements on process tanks in the separations 

area are listed in Tab!'. 5. The table is ordered according 
to the process operation, the measurements that are made at the 
specific tanks, the indicator location (local, panel, or control 
room), the type of indication that is made, and finally whether 
the measurement actuates an automatic control mechanism. 

As the table clearly indicates the minimum instrumentation 
for most tanks (that are not pulse columns) is a level/density 
indicator and temperature indicators. Level and density are 
monitored by use of an air bubble system. A schematic illustra­
tion is shown in Fig, 12. The U-tube manometer for accountability 
points has a readout capability of 0.01 inches with a +0.75% pre­
cision for all recorders. The tank volume is calibrated by 
use of the weight tank calibration method where accurately weighted 
increments of water are added to the vessel to be calibrated. 
Liquid depth is recorded for each increment. Temperature correc­
tions for both the water and manometer fluid are made. The preci­
sion and the basis of a calibration and of subsequent volume 
measurements depend on the techniques and the instruments used, 
A volume of solution in a 5,000-gal process tank can be measured 
to within +0.22% from a single calibration* . Additional calibra­
tions made over the operating lifetime of the tank can improve 
upon this considerably, possibly by a factor of 10 or more. 
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TABLE 5 . 

I N - L I K E MT.,\SUS.F.MEIHTS FO?V lUiPUOCliSSIKG I7LMJT 

f tOTOSE O c n r n t t c n . Mensuremt in fc S e n s o r m e n t i o n 
I n d i c n t o r 
X n c n t i f i n I n d i c a t i o n i r,t-.n t rt> 1 

1 . D i s s o l u t i o n L e v e l 
D e n s i t y 
P r e s s u r e 

T c u i p e x - a t u r e 

D i s s o l v e r T a n k P a n e l R e c o r d i n g Ho 
Ko 

Na 
S t o a : n o n p o i s o n H.,0 

h e a t e r *" 

L e v e l 

D e n s i t y 

T c m p c r a c u r e 

D i s s o l v e s • ' ' r o n . s f e r T a n k P a n e l R e c o r d i n g A i r l i f t t o f e e d s u r g e 
t a n k 

S t e a m iac t r a n s f e r 
f r o m d i s s o l v c f r e c y c l e 

Ho 

2 . F e e d P r e p a r a t i o n L e v e l 
D e n s i r . y 
T e m p e r a t u r e 

F e e d S u r g e T a n k P a n e l R e c o r d i n g No 

:JO 

L e v e l 
D e n s i t y 
T e m p e r a t u r e 
L . - v c l 
D e n s i t y 

A c c o u n t a b i l i t y T a n k P a n e l 

L o c a l 

R e c o r d i n g 

I n d i c a t i n g 

No 
No 
Wo 
No 
No 

L o v e 1 
D e n s i t y 
T e m p e r a t u r e 

F a c d A d j u s t m e n t T a n k s P a n e l B e c o r d i n g No 
Ho 
Mo 

L e v e l 
R a d i a t i o n 

C e n t r i f u g e P a n e l I n d i c a t i n g 

R e c o r d i n g 

Ko 

No 



TABLE 5 CCont) 

IN-LINi: MEASUREMENTS l'OR REPROCESSING PLANT 

Prro-.-sr. Operation Heasurcitont Seiisor Location 
Indicator 
Location Indication Control 

3. Co-Decontamination Level 
density 
Temperature 

HA Feed Tank Panel Recording Ko 
Ko 
Wo 

Temperature Centrifugal Contactor 
Input and Output 
Linos Panel Recording Mo 

Temperature Organic Feed Line 
to HS Column 

Panel Recording Steara to in-line 
heat exclianser 

-
Wei Eh t 
(level) 

Neutron 
HS Column 
HS Column 

Panel 
Control 

Recording 
Recording 

Mo 
Ko 

Level 
Density 
Level 

IIS Column (top) 
HS Column (bottom) 

Panel Indicator 
Recording 
Recording 

No 
No 

Aqueous recycle co 
centrifugal contactor 

4. Partitioning Radiation 
(3Y) 

Temperature 
Level 
Density 
Weight 
(level) 

Level 

Temperature 

Organic Line from HS 
Column to Electroeell 

IBX Electrocoll 

Organic and Aqueous 
Output Lines from 
Electrocell 

Panel Recording 

Indicator 
Recording 

Recording 

Ko 
No 
Ko 
No 
Ko 

Aqueous recycle fsrora 
IB(x) column to 
electrocell 

No 
* 
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T A B L E 5 ( C o t l t ) 

XN-LIME MEASUREMENTS FOR REPROCESSING PLANT 

riocr.r.r. O p e r a t i o n He a s u i r c m e n t S e n s o r L o c a t i o n 
I n d i c a t o r 
L o c a t i o n I n d i c a t i o n C o n t r o l 

-';. P.r--r i t i or . in? . 
( C o n t i n u e d ) 

A n a l y t i c a l 
Cl'u T) 

F l o w 

P u S t r e a m f r o m E l e c t r o -
c e l l 

P a n e l R e c o r d i n g No 

A q u e o u s Pu s c r e a m £rorn 

D e n s i t y 
LOVGI 
L ^ v e l 
A n a l y c i c e l 

( n e u t r o n ) 
W e i g h e 

IBX Column ( t o p ) 

IBX Column 

P a n e l R e c o r d i n g 
I n d i c a t o r 
R e c o r d i n g 
R e c o r d i n g 

No 
Mo 

A q u e o u s f e e d 
No 

No 

5 . P l u t o n i u m 
P u r i f i c a t i o n 

T e m p e r a t u r e IBP S u x g e Tank F e e d l i n e P ; ; n e l ' I n d i c a t o r - S t e a m t o i n - l i n e h e a t e r 
f o r f e e d t o s u r j s 
f -n fc 

A n a l y t i c a l 

D e n s i t y ' 
L e v e l 
Temp e r a c u r e 

IHP S u r g e Tank 

L i n e f r o m S u r g e T a n k t o 
2A Column 

P a n e l R e c o r d i n g No 

No 
No 
No 

D e n s i t y 
W e i g h t ; 

( l e v e l ) 
L e v a 1 
A n a l y t i c a l 

( P u y ) 

2A Column ( c o p ) 
2A Column 

2A Column 
2 A H a s t e S t r e a m 

P a n e l 

P a n e l 

R e c o r d i n g 

R e c o r d i n g 

No 
Ho 

A q u e o u s w a s C o f l o w 
No 



TABLE 5 (Cont) 
IK-LINE MEASUREMENTS FOR REPROCESSING PLANT 

Process Cppration 
Plutoniuni 
Purification 
(Continued) 

T 
Heasuromenl; 
Level 
Density Analytical 
(PUT) Level 

Weight. 
Tcmparat ur e 

Level Dcnsity Temperature Weight 
(level) Analytical 
CPUY) 

S e n s o r L o c a t i o n 
2B Column (Cop) 

2E Column (bottom) 
Line from 2B Co 3A 

Bansicy Level 
Analytical 
(PUT) Level 

Weight 
Radiation 
(S5Y) 

3A Column (top) 

3A Column (bottom) 
3A Waste Lino 

3D Column (top) 

3B Column (bottom) Aqueous Line from 3B 

Indicator 
Location 

Panel 

Panel 

Panel 

Panel 

Panel 

Indication 
Indicator 
Recording 

Indicator 

Indicacor Recording 

Recording Indicator Recording 

Control 
No 
No 
No 

Aqueous flow to 3A 
column. 

Steam to heat exchangee for aqueous flow 2B to 3A 
No No 
No Aqueous 3A waste 

s t re am 
No 

No 
No 
No 

Aqueous f low frora 3B 
t o dilucne wash 
coluien 

No 
No 



TABLE 5 ( C o n t ) 

I N - L I K E MEASURI^Ml'liTS FOR UEPROCttSSXNG PLANT 

Process Operation Measurement Sensor Location Indicator Location Indication Control 
5. Plutonium 

Purification 
( Continued) 

Density 
Level 
Weight 
Level 

Diluent Wash Column 
Ccop) 

Diluent Wash Column 
(bottom) 

Panel Recording 
Indicator Recording 

Ko 
Ko 
No 

Aquous flow to 
concentrator 

Pressure 
(gas) Level Temp era Curs 

Density 

Pu Concentrator Panel Recording Ko 
Ko tie Steam to rcboiler 

Level Density 
Temperature 

Pu Product Catch Tank Panel Recording So No Ko 
Level 
Density Temperature 

Pu Product Sample 
Tank Panel Recording No 

No 
Wo 

Level 
Density 
Temp eraturo 

Pu Product Storage Tank Panel Recording No 
No Ko 
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Figure 12. Level/Density and Temperature Schematic 
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Thermocouples to measure process temperatures are 
made of chromel-alumel because of its long-term stability 
and resistance to corrosion. The thermocouples will be calibra­
ted against a platinum, platinum-rhodium thermocouple or a 
precision thermometer using a stirred heated oil bath. A pre­
cision of +1.5°C can be obtained. 

The in-line density measurements as shown in Fig. 12 ate 
measured by the pneumatic "bubbler" system. This density measure­
ment is dependent on the probe separation distance which is known 
to +1/64 inch. In addition, the in-line density measurements 
can be cross-calibrated with the more accurate off-line density 
measurements that are made on samples sent to the analytical 
laboratory. 

In addition to the in-line instrumentation on the process 
vessels there are a number of in-line process monitors that 
are used to supplement the laboratory analysis and facilitate 
a timely process control. The in-line monitors are calibrated 
routinely by adjusting instrument readings to correspond with 
analyzed laboratory samples. There are six types of in-line 
radiation monitors and two types of nonradiaiion in-line monitors. 
All of these monitors are briefly discussed below for completeness 
even though their location may be outside the main plutonium 
process or waste streams. 

Recycle Water Monitors 
Function: Measures radioactive contamination in process con­

densate from concentrators 
Detector: 3x3 Inch Nal with single channel analyzer 
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Process 
Location 
Acid Fractionator 
Accumulator 
General Purpose 
Distillate Receiver 
Service Concentration 
Feed Tank 
IUD/2UD Surge Tank 

Stream 
Composition 
Water and Trace 
HN0 3 

Water and Trace 
HNO3 
Waste Water 

Water and Trace 
HNOn 

Expected Activity 
(photons/sec-cm3) 

121 

77 

4xl0" 2 

29 

In-Line Gamma Monitors 
Function: Indicates total or specific fission product 

activity in process lines 
Detector; Nal with single channel 

and alarm 
analyzer , recorder 

General Location: In small analyzer cell 
cells 

in sample analytical 

Process 
Locacion 

Activity 
Monitored 

Expected Activity 
(photons/sec-cm3) 

2 EU Line Low Gamma in 
Uranyl nitrate 

166 

3 BP Line Low Gamma in Pu 
Nitrate 

7.5 

Uranium Product Low Gamma in 
Uranyl Nitrate 

75 

No. 1 Solvent Feed Low Gamma in 
Solvent 

2.14xl03 

HSP Line Medium Gamma in 
Solvent 

1.28xl06 
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In-Line Alpha Monitor 
Function: Measures total alpha activity in process 

streams 
Detector: Thin cerium-activated Vycor glass 

scintallators with electronics for 
8Y suppression 

General Location: In sample analytical cells 

Process 
Location 

Expected Pu 
Stream Concentration 

Composition (K/liter) 
Other Activity 

(Photons/sec-cm ) 
1 CU Line Pu (in U and 

Solvent) 
1 x 10* 4 2.6 x 10 5 

1 BP Line Pu (in HN0 3) 1 1.7 x 10 6 

2 AW Line Pu (in HN0 3) 4 x 10" 3 1.1 x 10 6 

3 BW Line Pu (in Solvent) 1 x 10" 3 .16 
1 SW Line Pu (in HN0 3) 2 x 10" 4 2.85 x 10 6 

1 SF Tank Pu (in HN0 3) 5 x 10" 3 2.85 x l ) 6 

POR Line Pu (in Solvent) 1.7x 10" 2 95 
2 BW Line Pu (in Solvent) 1.4x 10" 2 173 
3 AW Line Pu (in HNO,) 1.5 x 10" 2 1.08 x 10 3 

3 PD KC Pot Pu (in weak 7 x 10" 3 .05 
HNO3) 

Neutron Monitors 
Function: Measures total neutrons from spontaneous 

fissions and (a,n) reactions 
Detector: B proportional counters with detection 

sensitivity of 30 counts/sec per unit 
neutron flux 

General Location: Removable mount on pulse column 
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Process 
Location 
IB Electropulse 
Column 

Activity 
Monitored 

Neutrons with medium 
gamma activity 

HS Column 

Nuclear Poison Concentration Monitors 

Neutrons with medium 
gamma activity 

Remarks 
Shielded from gamma 

Shielded from gamma 

Function; 

Detectors: 

General Location: 

Monitors G d C N O ^ concentration in dissolver 
feed solution 
Neutron detector with Pu-Be neutron source 
mounted for transmission measurements 
In tanks 

Process 
Location 

Activity 
Monitored Detector 

Gamma 
Background 
(l7cm -sec) 

3eal Solution 
Makeup Tank 

Gd(N0 3) 3 Concentration 
1 0B 121 

Dissolver 
Acid 

Gd(N0 3) 3 Concentration 
U Fission 
Chamber 

5.5 x 10 7 

Leached Hull Monitor 
Function: Determines completeness of fuel dissolut 

by monitoring 1 < w P r content remaining in 
fuel hulls 

Detector.- 4"x5" Nal with Pb filer (15 cm) 
General Location: Leached hull area in RMSC 
Nitrate Monitor 
Function: 

Detector: 

Determines if surplus of sodium nitrite 
to insure oxidation of Pu™ 
Calorimeter which measures amount of NC^ in 
air stream after passing through process 
liquid 

Locations: IBP and 1SF streams 
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Uranium Colorimetric Analyzer 
Function: Measures color of uranyl nitrate 
Detector: Same as Nitrate monitor 

2,8,2 Analytical Measurements 
The accountability of the input and output streams is 

analytically determined from samples brought to the laboratory. 
The quality of processing and decontamination and percentage 
loss to waste is also determined by laboratory analysis of 
samples and supplemented by in-line measurements. 

A remote sampler schematic is shown in Fig. 11. The sche­
matic illustrates the use of indirect indicators for flow measure­
ments, FI is a rotometer on the air that is used to transport 
the solution to the needle block through the sample bottle 
and back to the process vessel. Typically, a vessel will be 
air sparged and the solution will be circulated through the 
system for a statistically determined period o£ time. Although 
it is very difficult to determine a quantitative systematic 
bias in sampling there are known sources of error due to-' 

1. concentration or dilution by the air lift used 
to transport the sample to the sample port, 

2. incomplete mixing in the tank, 
3. dirty sample lines, 
4. presence of solids. 
Before samples are analytically processed, replicate samples 

are checked for density and compared with tank density, For 
liquid wastes roughly 5 to IQ% of the Pu could be in a solid form. 
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DENSITY (ANTON-PAAR DMA 10 DENSIMETER) 
Using this Densimeter the density of a homogeneous liquid 

sample can be measured to a precision of + 0.0003 mg/1. The 
densimeter measures the change in resonant frequency of a hollow 
mechanical oscillator (volume 0.6 ml) when filled with sub­
stances of different mass. The density of the material in the 
oscillator is determined by the following equation 

2 2 
"sample = P H 2 0 + A ^sample + T H 2 0 ) 

when 
P a density 
A = instrument constant 
T = period of oscillation 

INPUT PLUTONIUM CONCENTRATION 
The input Pu concentration and isotopes are measured by 

an Isotopi^ Dilution Mass Spectrometry Technique1 ', Measurement 
is based on spiking an aliquot of a sample with a known amount 
of Pu. The spiked and unspibed samples are analyzed by a 
mass spectrometer. The Pu accuracy for LWR fuel is expected 
to be between 0.5 and 1%, Other techniques are more accurate 
however, they require more handling which make them unfeasible 
in a production plant reprocessing high burnup LWR fuel. 

PRODUCT PLUTONIUM ANALYSIS 
Output plutonium produce is measured via an oxidation-

reduction amperometric end-point detection method. The Pu in 
0.5 (Hh^K SO, solution is oxidized to the hexavalent state with 
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Ag(ll) oxide. Excess oxidant is destroyed by heating. The 
> solution is made 5 N in HjSO^ and the Pu(VI) is titrated with 

standard ferrous ammonium sulfate solution. The end point 
is detected amperometrically by measuring the current generated 
by excess titrant at a rotating platinum microelectrode vs. a 

( saturated mercurous sulfate electrode, 

HIGH LEVEL LIQUID WASTE 
High level liquid waste will be sampled and measured via 

I Isotopic Dilution Mass Spactrometry. Low Pu concentration levels 
of waste will be measured via alpha counting techniques. Generally, 
this will require a pretreatinent step to separate the Pu from 
the other alpha emitters. In addition, the total solid content 

9 
5 of the sample must be limited to (less than 30 mg/cm ) to pre­

vent excessive self absorption. 
2.8.3 Plutonium Nitrate Storage Area 

,: The slab storage tanks have the usual vessel instrumentation 
of level/density and temperature. In addition, each tank may be 
sampled for analytical analysis. Since no processing is involved 
in this area outside of wet blending, no other instrumentation 

; is necessary besides flow monitors, 

2.8.4 Plutonium Conversion Area 
The detailed design of the Allied-General Nuclear Services 

Plutonium Conversion Facility at Barnwell, South Carolina, has 
not been completed. A preliminary safety analysis report has 
been submitted and has been accepted by the NRC for review; 
however, a construction permit has not been issued. Because of 

i the incompleteness in design, a discussion of Instrumentation 
is somewhat speculative. 
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Since the oxalate precipitation conversion process is 
relatively simple with stable reactanf and products, the 
required process control instrumentation is minimal. The Pu 
nitrate feed is adjusted to the proper concentration (preliminary 
design was 150g Pu/liter, more recent Hanford results suggest 
a concentration of 200g Pu/liter) and the nitric acid is 3 molar. 
Hydroxylamine nitrate is added for Pu valence control. The 
feed preparation vessels have the usual level/density and tem­
perature instrumentation. 

The adjusted feed is fed continuously from the wet cell to 
the precipitation vessel where 1 molar oxalic acid is introduced. 
The remaining precipitation-digester, filter, and calcining is 
continuous with temperature control and flow rate the important 
process control variables. Provisions are included on all the 
precipitator-digestor vessels for adding oxalic acid if needed. 

The oxalate -filtrate feed line to the concentrator will 
have in-line alpha monitors (see Fig. 10 on Filtrate Treatment 
System). The return lines of the acid cooling and heating 
system will also have either in-line alpha monitors or adjacent -
to-line radiation monitors. Controls, recorder, and alarms 
will be located in the conversion control room area. 

The output of the calciner goes into a blender body or for 
oversized particles into a grinder body. Both of these containers 
are on load cells as shown in Fig. 9. These containers also may 
be sampled for laboratory analysis. 

After blending the PuC^ is loaded into 8kg containers, de­
contaminated and weighted and then loaded into the storage vessel. 
This thick walled vessel holds 4 PuO- containers which are 
sealed inside for storage and subsequent shipment in an overpeak. 
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2.3.5 Solid Waste Assay System 
The present intent at AGNS is to place solid general process 

trash that is generated throughout the Barnwell Facility in 55 
gallon drums and process these drums through a central drum assay 
facility. Each drum is to be scanned for total and fissile U 
and Fu content. To accommodate the expected high throughput 
(6000 drums per year from the separations and Pu product 
facility) coupled vdth an unknown matrix material and potentially 
relatively high background activity, a variety of detection 
approaches will be used. These include passive gamma measure-i-is 238 239 ments for U, U, and Pu, passive neutron measurements 
for Pu and active neutron measurements using a Cf neutron 
source to determine the total fissile content in the drum. Pre­
liminary tests indicate that approximately 0.25g .;otal fissile, 
0.26g 2 3 9 P u , 0.05g 2 W P u and lOOg 2 3 8 U can be measured under 
various detection conditions with a precision of 50% relative 
standard deviation. The complete assay system will be computer­
ized so that drum movement, data-taking, attenuation-correction 
and final output are automatic. 
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3. MEASUREMENTS AND INSTRUMENTATION FOR REPROCESSING PLANTS 

This section is divided into four parts with the first 
three describing general techniques that have been utilized 
or may be utilized in a separations and conversion facility. 
These techniques and instrumentations are classified under 
Laboratory Techniques, Nondestructive Assay and Process In­
strumentation. Obviously, there is some overlap in the class­
ifications. Weighing, for example, is certainly used in the 
laboratory as well as part of the process instrumentation. We 
have arbitrarily included all of the weighing discussion in 
the Process Instrumentation Section (3,3). The last part of 
this section is an initial set of techniques and/or instruments 
that might be used in a Purex separation, oxalate precipitation 
conversion facility. Basically, this initial set includes 
techniques or instruments that are planned for the AGNS facility 
at Barnwell with some additional instrumentation that primarily 
serves only Safeguards interests. 

3.1 LABORATORY TECHNIQUES 
The methods described in this section as "Laboratory Tech­

niques" are defined to be those techniques or measurements that 
are conducted on samples drawn from the process lines or storage 
areas and removed to a centralized laboratory area for analysis. 
Obviously, some of the techniques utilized in the laboratory 
area are also amenable to on-line or process area operation 
and are nondestructive in application. Consequently, there 
are overlaps in the employment of a generic method so that an 
ambiguity often exists between the terms analytic method and 
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nondestructive assay (NDA) or destructive assay versus NDA. 
We discuss here those techniques that satisfy the above sam­
pling and removal definition. In practice the laboratory tech­
niques often utilize different hardware or procedures compared 
to that utilized for the same method applied at a process line 
or area. Typically, the laboratory techniques yield more 
accurate results since the measurement is likely to be con­
ducted in a more controlled environment. 

Laboratory techniques incorporates those techniques that 
may require a pretreatment before transporting to the labora­
tory area, This includes radioactivity hot process samples 
that have to be separated from the rission products prior to 
the laboratory analysis and unstable material such as PuO« 
fromlhe conversion line that should be weighed and possibly 
stabilized before further handling. 

The discussion will be limited to the techniques that di­
rectly measure, or can be related to the plutonium content. 
Any required pretreatment steps or other supportive chemistry, 
are assumed to be part of the technique, but will not be dis­
cussed explicitly in detail. This includes such steps as an 
anion-exchange clean-up before assay^ ', If however, this specific 
treatment is required before the laboratory analysis, the time 
required to effect a separation is relatively lengthy (approxi­
mately 16 hours for a complete procedure) and must be included 
in any consideration of the timeliness of the laboratory analysis. 

3.1,1 Measurement Control Program 
An assessment of the accuracy of plutonium measurements 

naturally involves a detailed analysis of the technique and . 
hardware utilized. However, an equally important part of any 
assessment is an evaluation of the laboratory measurement control 
program. 
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An effective measurement control program includes a for­
malized procedure for qualifying laboratory analysts^ and 
for providing a continuing quality assurance of the various 
laboratory techniques utilized and the analysts performing 
them. For example, every technique has a written procedure 
that must be followed. In addition, a non-negligible fraction 
of the laboratory workload (=5%) includes the analysis of 
standard solutions^ '. Another fraction of the workload in­
cludes the analysis of referee samples by different analysts 
on different shifts. In addition, replicate samples may 
be recycled into the laboratory at later time periods. These 
checks and others are vital to maintain, and if possible, im­
prove the precision and accuracy of the laboratory measurement 
program. Without an effective measurement control program, 
the most accurate laboratory technique is practically worthless. 

3.1.2 Standards . 
All laboratory techniques have a calibration based on or 

traceable to National Bureau of Standards Certified Reference 
Material. The primary metal standard CRM949 has a certified Pu 
assay to within an uncertainty of +0.067. at the 95 percent 
confidence level. The Certified Reference Material sets the 
limit for the ultimate absolute accuracy claimed for any lab­
oratory technique. Table 6 lists the available NBS Plutonium 
Certified Reference Material. We have listed the certified 
istopic content of CRM948 as an example. These values must be 

241 corrected for the 14.8 year half-life of J'Pu. 
CRM949 is a well characterized Pu metal material that is 

widely used to calibrate assay methods^ . CRM944 is a stoich-
matic material suitable for preparation of low concentration 
working assay solutions. CRM945 is a Pu metal that was prepared 
primarily for emission spectrochemical impurity standards. 
CRM's 946, 947, and 948 are isotopic standards that should be 
chosen to be nearest to the fuel cycle material being measured. 
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TABLE 6 NBS PLUTONIUM CERTIFIED REFERENCE MATERIAL 

NBS 
CRM Type Certified For Value Comments 
949 Pu Metal Pu Content 99.99% Pu -x.3% 2 4 0 P u 
944 PuS0 4•4H 20 Pu Content 47.507, Pu -v6% 2 4 0 P u 
945 Pu Metal Impurities, Pu Content 99.9 % Pu <v67. 2 4 0 P u 
946 PuSO^-4H 20 Isotopic Abundance •x.12% 2 4 0 P u •N.4% 2 4 1 P u 
947 PuS0 4-4H 20 Isotopic Atundance 1.18% 2 4 0 P u -v4.57. 2 4 1 P u 
948 PuS0 4-4H 20 Isotopic Abundance 2 3 8 p u 2 3 9 p u 2 4 0 p u 2 4 1 p u ^ 2 4 2 P u 

0.011 91.477 7.910 0.569 0.0330 
+.001 +0.010 +0.010 +.002 +.0003 
Atomic percent uncertainty at 957. 
confidence Ivel 

must correct for decay 



3,1.3 Sampling 
Accurate analysis by a laboratory technique requires 

that a sample be representative of the material from which 
it was >..-awn. In the separations area of a reprocessing plant 
where Fu is in solution, recirculation samples are primarily 
employed. In most cases, the samplers are connected to 
vessels that contain air sparging units to mix the vessel 
contents prior to sampling or transfer. For sampling, it is 
important for the air sparging to be on long enough to insure 
homogeneity. This is particularly true in critically safe slab 
tanks where the vessel width is only 2% inches wide. Strati­
fication of solutions is one problem that can be overcome by 
thorough mixing; another problem with obtaining a representa­
tive sample may be the presence of polymers or precipitates, 
Polymers will not form in solutions where nitric acid concen­
tration is greater than 4M. If the acid concentration is 
less than 4M the solution should be checked for polymers. 
Precipitates, if found, should be redissolved into solution. 
The uncertainty, at one standard deviation, for sampling of in-
put solutions is thought to range from 0.1 to 0.3%v . 

Sampling PuO, powder and subsequent handling of the sample 
requires somewhat more care than for PufNC^)* samples. FaOy, 
when calcined at temperatures lower than approximately 1200°C, 
is hygroscopic and must be handled in a controlled atmosphere, 
U.S. NRC Regulatory Guide 5.6 recommends the atmosphere contain 
less than 10 ppm of HnO. Besides the hygroscopic problem it 
is difficult to grab a truly random sample of solid material. 
When the capability for blending or homogenizing the material 
exists along with a controlled atmosphere the sampling error 
(lc) should be less than .3%, If this is not the case, the 
sampling may range much higher. Reference 15 gives a range 
between .5 and 1%. 

11 



3.1.4 Techniques 
In Table 7 a comprehensive list of laboratory techniques 

employed on Fu bearing material is given. All of these tech­
niques have been utilized in the U.S. or foreign laboratories 
to analyze Pu materials. Some techniques are, of course, more 
popular thsn others. The specific techniques used at a given 
laboratory may depend on the plant facility, its capabilities 
and available hardware. 

As mentioned above, laboratory techniques are primarily 
employed in a controlled environment to achieve a maximum 
accuracy. However, the sampling and analysis techniques often 
require significant amounts of time. Since most material account­
ability systems rely on laboratory techniques the timeliness 
of the laboratory technique can be important. 

For example, if a sample requires an anion-exchange clean­
up prior to assay, this procedure could take up to 16 hours. 
The mass spectrometry operation is expected to take 1-2 hour 
sample preparation % hour for transfer and 2 hours for analysis 
of U and Pu. Reference 11 estimates that a complete controlled 
potential coulometry or amperometric titration procedure includ­
ing measuring replicate samples and standards requires 4 to 6 
hours. These times all assume no backlog of samples that might 
require a waiting period for an analyst and/or hardware. 

3.1.5 Automation of Laboratory Techniques 
Because of the time problem and because of economic con­

siderations, the trend in recent years has been to automate 
laboratory techniques. This has safeguards implications beyond 
any increase in timeliness due to the lessening of manual 
operations and hopefully, lowering the material assessability. 
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TABLE 7 , LABORATORY TECHNIQUES 
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C o m m e r c i a l e q u i p m e n t a v a i l ­
a b l e H I E l e c t r o n i c s Co , 

3 . A m p f r o m e t D t 
T T t r a 11 o n §t i t t i 
o u i > 

Pu o x i d i s e d t o P u ( V I ) 
w i t h AgC i n S u l f u r i c 
a c i d s o l u t i o n . Excess 
O x i d a n t i s d e s t r o y e d by 
h e a t i n g . T t t r a n t (FE 11) 
t d d e d u n t i l e n d p o i n t 
eMceeded . T r e c u r r e n t 
Mew o b s e r v e d b e t w e e n 
tuQ e l e c t r o d e ? a t c o n ­
s t a n t p o t e n t i a l i s p r o ^ 
p o r t i o n s ! t o e x c e s s 
t i t r a n t a d d e d . 

Pu o c t a l * s o l u t i o n s 
o x i d e , c a r b i d e m i x e d 
o j i d e and raided 
c a r b i d e 

I n t e r f e r e n c e c a u s e d 
by i o n s O x i d i z e d 
b y Ago a n d l a t e r 
r e d u c e d by f e r r o u s 
s u l f a t e i n s u l i u r i c 
a c i d . 

Ce , £ r , H n , V 
c o r r e c t i o n s p o s s i b l e 
i f i - 2 0 0 ppm 
A n e r t C l u i r may c a u s e 
o n interference 

C h e m i c a l 

E l e c t r i c a l 

b e g i n n i n g , m i d d l e &-VU 
and e r d o f e a c h 
s h i f t 

A t l e ^ s t « v r r y 
6 "HIS . 

D . Q S - O . l i O t h e r t i t r a m e ( r l c m e t h o d s 
a v a i l a b l e . H o s t r e q u i r e 
l a r g e r amoun ts o f P u . Some 
u t i l i l e p a t e n t t o m e t r i f e n d -
p o i n t d e t e r m i n a t i o n . 

P a r t s a v a i l a b l e c o m m e r c i a l l y 
%uch a t p r e c i s i a n m i c r o m e t e r , 
r u t a t i n g P t m i c r a e l c t t r n d e . 
T i t r a n t n u s t he c h e t l e d f r e ­
q u e n t l y f o r a i r a m : * ! i o n u* 
F e ( I [ 1 

a , tH>p< i t y H ie change i n t n e r o s a -
na.-vt f r e q u e n c e u l a 
h o l l c v t n e c n a m c d l o s e i l -
l a i i o * {V t u b e ] i s 
m e a s u r e d . 

hOssdqfit 'OU'i I 1- i d 
san-pTes 

Wo p>-#( ' p i r M e n 
s u l i d s s .p rc i« i r a t i o n s 

" ,1V-Ml i u ' r \ 

" 
4 i r and w a t e r used as s t a n d a r d t 

A u a i l a h l e cooctc r e 1 a 11 y 
A r c O n - P a a r OHA 10 T J e n ^ » n * t e r 

fa. A l p h a -
Spec t r o m e t r y 

A l p n a p a r t i c l e s a r e 
c o u n t e d by a d e t e c t o i 
s u c h a s a s i l i c o n s u r ­
f a c e b a r r i e r d e t e c ' g r , 
U s u a l l y u s e d f o r ? J 8 P u 
d e t e r c i i i i f l t i o n when 2 ^ P u 
a n d Z f l n P u a r e k n o w n . 

fil 1 s a m p l e tit Pu Any a l p h a e m i t t i n g 
isoLOpe wilit J 
e n e r g y i n t h e 5 t o 
6 HeV r e g i o n 

^ An mus t be 
i -«noved f r o * s a m p l e 

Fy s t a n d a r d d a i l y Pu r a n g e 
f r o m 0 . 0 1 t o 
.7 t u t . • 

d e p e n d s j n 
peak s t a t i s t i c s 

] - ? • - M e t h o d cjf c h o i c e f o r ? 3 f l P u 
tahen w e i g h t o e r c c n t a i j c 
I O N Or when ? 3 H p u | ^ p r e s e n t . 
P r e c i s e " a P u m e a s u r e m e n t 
I m p o r t a n t f o r c a l o r i e v t r y 
T e c h n i q u e a l s o u t e d on l o w 
c o n c e n t r a t i o n w a t t e s t r e a m s . 
P r e t r e a t m e n t s t e p n c i t l i k e l y 
r e a u l r e d 

« M C :•• •:: !•• ' :*• t.i 



TABLE 7 . ( c o n t . ) 

1 CALIBRATION S £ N S 1 T I V I T T 
RANGE (mg Pu) 

LABORATORY 
flELIABlLJTY ( l . - t j 

PRODUCTION 
ACCURACY ( I n ] co we NTS METHOD 1 P R I N C I P L E A P P L I C A B I L I T Y OR L I M I T A T I O N S TYPE r R E q j L i i c Y 

S £ N S 1 T I V I T T 
RANGE (mg Pu) 

LABORATORY 
flELIABlLJTY ( l . - t j 

PRODUCTION 
ACCURACY ( I n ] co we NTS 

6 . X - R a y 1 
F l u o r e s c e n r e 1 

D e e * - " " t a e i o n of f \ r t h n a w g h 
f L * r a y l i n e s i s m e a ­
s u r e d by a h i g h r e s o l u t i o n 
S p e c t r o m e t e r 

Pa solutions, i n c l u d ­
i n g i n p u t s o l u t i o n s , 
m i x e d G u i d e s 

San&le preparation 
c r i t i c a l b e c a u s e 
o f L x - r a y 
a t t e n u a t i o n 

Pu s t a n d a r d tach sltift Depends on 
e x c i t i n g 
so-J r e e a n d 
c o n c e n t r a t i o n 

.-3-'. . 7 5 
[ 0 . 1 t o I . O f t ) 

f s o t o p i c s o u r c e s a n d m a c h i n e 
e x c i t i n q s o u r c e s h a v e b e e n 
u s e d . 

7 . G r a v i m e t r y Pud? i g n i t e d a t 1TD0 t o 
1 2 5 0 n C a n d w e l c h e d 

P u r e s a m p l e s 
o n l y 

N o n - w o l a t i l e i m ­
p u r i t i e s m u s t b e 
determined 
s e p a r a t e l y 

S c a l e E a c h m e a s u r e m e n t . S c a l e 
S e n s i t i v i t y 

. I T . 
( 0 . 0 5 t o .2%) 

T e c h n i q u e n o t u s e d i n U . S . 
-Tiuch b e c a u s e o f d i f f i c u l t y 
f n p r o t f y c * n g a r t o i c h -
o r o a t i c f o r m a n d h a n d l i n g 
d i f f i c u l t y f o r P v 
p o w d e r s . 

ti. S p e c t r a l 
P h o t o m e t r y 

a ) M e a s u r e t h e c h a r a c t e r ­
i s t i c c o l o r o f P u i n 
s o l y t f & n - D i f f e r e n t i a l 
s p e c t r o p h o t o m e t r y 

b ) M e a s u r e c o l o r o f 
o r g a n i c c o l o r c o m p l e x e s 
o f PU ( I V ) 

P u r e Pu 
s o l u t i o n s 

P u i n w a s t e 
s o l u t i o n s a f t e r 
c h e m i c a l s e p a r a t i o n 

S p e c t r u m o f Pu 
s o l u t i o n a f u n c ­
t i o n i}f s p e c i e s 
p r e s e n t 

S p e c t r u m o f P u 
s o l u t i o n a f u n c ­
t i o n o f s p e c i e s 
p r e s e n t 

w o r k s b e s t 
f o r h i g h 
c o n c e n t r a t i o n 
s o t u t t o a s 

V e r y S e n s i ­
t i v e t o w e r s 
w i d e r a n g e 

. l i 
( 0 . D 5 t o - ? : ) 

3 t o 1 0 1 

H u s t have- t i g h t l y c o n t r o l l e d : 
e o n d i t i e n s . U s e d i n f r e -
quenttr i n U . S . 

N u m e r o u s o r g a n i c c o l o r 
c o m p l e x l n g a g e n t s some 
r a - t h e i - n o n s p e c i f i c 

9 . O t h e r 
M e t h o d s 

A c t i v a t i o n 
A n a l y s i s 

Gamna-
S p e t t r o m e t r y 

Gamma-
fift s o r p t o r w t r y 

S a m p l e i r r a d i a t e d ] b y a 
n e u t r o n s o u r c e . M e a s u r e 
d t c a y r a d i a t i o n s u c h a s 
d e l a y e d n e u t r o n s o r 
g a n i n a - r a y s 

D e t e c t s p o n t a n e o u s l y 
e m i t t e d g a r n i a - r a y s f o l l o w ­
i n g a i p h a d e c a y o f P u 

M e a s u r e t r a n s m i s s i o n o f 
gaoma o r t - r a y S t h r o u g h 
a s o l u t i o n 

A11 P u 

A l l Pu 

f u s o l u t i o n s 

D e t e c t 
n e u t r o n s - d e p e n d s 
o n i r r a d i a t i n g 
n e u t r o n energy 
s p e c t r u m a n d b a c k ­
g r o u n d 
G a m m a s - f i s s i o n 
p r o d u c t A Q r . r 
I m p u r i t i e s may 
i n t e r f e r e 

F i s s i o n p r o d u c t 
Y ' S u r o t h e r 
i r n p u r i t i e s 

O t h e r h t g h - Z 
i n a t e r i a T i n t h e 
s o l u t i o n 

S t a n d a r d f o r E a c h m e a s u r e m e n t 
Lype o f 
s a m p l e 

S t a n d a r d f o r E a c h s h i f t 
e a c h t y p e 

S t a n d a r d E a c h s h i f t 
S o l u t i o n 

P o t e n t i a l l y 
m o s t s e n s i ­
t i v e m e t h o d 
a v a i l a b l e 

D e p e n d s o n 
s a m p l e and 
s e t u p 

H e e d a p o w e r f u l n e u t r o n 
s o u r c e s u c h a s a r e a c t o r o r 
l a r g e Z 5 Z C f s o u r c e . 

R e q u i r e s c o m p l e x e q u i p m e n t 
a n d a n a l y s i s - - c a n d a 
t s o t o p i c s 

t . A m e r i c a n S o c i e t y f o r T e s t i n g a n d H a t e - r i a l s , " S t a n d a r d M e t h o d s f o r C h e m i c a l , Mass S p e c t r o m e t r y , and S p e c t r o c h e m i c a l A n a l y s i s o f n u c l e a r G r a d e N i x ^ d 
O x i d e s ( ( U , ? u ) O^}" C 6 9 B 

2 . D a r r y l D. J a c k s o n . James E. R e * n , a n d G l e n n R. W a t e r o u r y " C h e m i c a l A s s a y o f P l u t o n i u m f o r S a f e g u a r d s " N u c l e a r T e c h n o l o g y , V o l . Z 3 , 1 3 2 - 1 4 1 

3 . C l e m e n t J . R o t l d e n , t d i t a r , " S e l e c t e d M e a s u r e m e n t M e t h o d s f o r P l u t o n i u m a n d U r a n i u m i n t h e N u c l e a r F u e ' C y c l e " S e c o n d E d i t i o n T I P - 7 0 ? 9 N a t i o n a l r e c - h p f * . * ! 
I n f o r m a t i o n S e r v i c e 

4 . R, G. G u t m a c h e r , F . S t e p h e n s , K . E r n s t . J . E . K a r r a r , J . P a g i s t a d , T . E . S h e n , S . p . T u r e W " M e t h o d s f o r i h e A c c o u n t a b i l i t y o f P l u t o n i u m D l u a i d e " . 
U A 5 H - 1 3 3 5 S u p e r i n t e n d e n t o f D o c u m e n t s 

*>- R. G. G u t m a c h e r , f. S t e p h e n s . K . E r n s t , S . P . l u r e I , T . E . S h e a , " M e t h o d s f o r t h e A c c o u n t a b i l i t y o f P l u t o n i u m D i o x i d e " HASH-1335 S u p e r i n t e n d e d : 
o f D o c u m e n t s . 

6 . A d o l f v o n B a e t f c m a n n . " D e s t r u c t i v e A n a l y s i s o f n u c l e a r M a t e r i a l s f o r S a f e g u a r d s " f r o m S y m p o s i u m o f t h e P r a c t i c a l A p p l i c a t i o n o f R e s e a r c h 
a n d D e v e l o p m e n t i n t h e F i e l d o f S a f e g u a r d s s p o n s o r e d by T h e E u r o p e a n S a f e g u r d s R e s e a r c h a n d D e v e l o p m e n t A s s o c i a t i o n . M a r c h 7 a n d 8 , I'tJU. 



Moreover, automation often means the direct interconnection 
of the laboratory technique hardware with a computer. This 
should reduce transcription erros that often plague a totally 
manual operation. 

Table 8 presents a list of laboratory techniques that have 
been automated. In many cases experience is now being developed on 
the production accuracy and reliability of such instruments. It 
is likely that more automated laboratory instruments will be 
developed since they clearly meet a safeguards and economic need. 

3.2 NONDESTRUCTIVE ASSAY 
Nondestructive assay (tiDA) implictly means that no chemical 

change in the material is required to perform the measurement. 
Consequently, samples are not a priori required and the measure­
ment can be conducted on large quantities of process material, 
scrap, or waste. In general, if bulk measurements are made, 
they are conducted on or near the process operation. Here, 
the environment such as the radiation background, temperatures, 
humidity, etc., is likely to be mora difficult to control. It 
follows that NDA's are often less accurate than laboratory tech­
niques and provide more of a qualitative trend indication. 

In this section we present an overview of NDA applied to 
a reprofeasing facility. Since in recent years there has 
been a proliferation of NDA instruments -- particularly to 
measure scrap and waste -- we have described the general measure­
ment methods instead of descrijing every specific NDA instrument. 
This makes it difficult to pinpoint the expected precision and 
accuracy since these quantities are measurement/instrument 
specific. Table 9 lists the NDA methods along with or some 
specific NDA instruments that have been designed into reprocessing 
plants. 
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TABLE 8. AUTOMATED OR PARTLY AUTOMATIC LABORATORY TECHNIQUES FOR Pu 

Method Measurement Principle 

Time 
Per 
Assay 

Precision 
( l a ) References 

1 . Automated 
Spectrophotometer 

Measures optical absor-
bance on tetrapropyl-
ammonium plutonyl 

5 rain Roughly .5% 
over most of 
sensi t iv i ty 
range 
.5 .to 15 mg 

D.D. Jackson, D.J. Hodgkins, 
R.H. Hollen, J .E . Rein, "Automated 
Spectrophotometer for Plutonium and 
Uranium Determination", Los Al?mos 
Scient i f ic Laboratory, LA-6091-, 
Feb. 1976. 

2. Electrochemical 
Determination of 
Pu 

Control led-potenti al 
and controlled-current 
can be performed under 
control of a calcula­
tor 

.1 to ,Z% Under development at LASL, see IAEA 
Vienna Symposium paper [Oct. 1975), 
by D.D. Jackson. S.T. Karsh, 
J .E. Rein, 6.R. We*erbury, LA-UR-75-
16P7. 

3. Amperometere 
T i t rat ion (par t ly 
automated) 

Automatic t i t r a t i o n 14 min. - Pel , Bartscher, Z. Analytische Ch*mie, 
in press in 1974. 

4. Controlled 
Potential 
Coulometry 

Several prototypes in 
operation at AERE 
Harwell 

— - - Phil l ips and Hi lner , Analyst 94, 833 
(1969) 

5. X-Ray 
Fluorescence 
Analysis 

Automation of sampling., 
sample preparation, 
measurement and data 
processing--aval 1 abl e 
commercially 

Von Baeckmann, Neuber, Wilhelmi and 
Koch, IAEA STt/PUB/291 (1972) , 3Z9. 

6. Mass 
Spectrometry 

Automated sample i n ­
put, filament heating, 
focussing, scanning, 
and data evaluation. 

Von Baeckmann, Neuber. Wilhelmi, and 
Koch, IAEA STI/PUB/291 (1972) , 329 
and private communication with AGNS 
personnel (1976) 

7. Separation of 
Uranium and Pu 

Automated anion ex­
change method In 8n 
HN03 

" • • 

~ 
Bol, Brandalise, Bier, De Rossi, and 
Koch, EUR 4927 d (1973) 

Automated units should approach best manual precision and accuracy. 



TABLE 9 , NONDESTRUCTIVE ASSAY 

AfPi KABILITV CALIBIWIIO'I I TV f lflfiOPjUOn- PRODUCTION 
Puj l RCLrABUir* It-) ACCLRflCtf ( J - ] | 

1. Cd l a r ime t r y fl calorlTT^tr-r is An i n s t r u ­
ment fo r IT*.*!)during heat. 
The c a l D r i i w t r i e method 15. 
e s s e n t i a l l y the measurement 
Of tne arount of e l i ' t t r i c e r 
energy Accessary to d u p l i - | 
cate trie thermal e f f e c t 
accompanying a phy*i*-$l u r 

ch^micer cnangp. 

ISDtOplC COmpOM t 11 
of Pu nus i bP JtiiDw) 
along H I t h other 
rad ionuc l ide trapwr 

i h a l f 1i«e? 

Fli.- t r i t f l l [ d a i l r 

jssr. Am) 

? u : sotopic^. 

• over * mdE 

1 O . l i ( H p l 1 ,5 (we-11 
5p*-£if ted 
I so top ics } 

tAccuracy dependent on knowledge 
' o f isotgp ic c,or.positi i 
I t i t . j l a . - l j - Z35p u and ^ I " ' f t 

) Be t i f o r h i g h l y con t ro l l ed p u 

' substances mith few i*--pwitie% 
j d id known Pu 1-sotoptcs. 

Method capable of accurate I so -
f tuple determinat ions t o r w t H 
J tha^ac te r l jjetf samples. I . e . , 

i HatKod capable- o f ir. accuracy 
j f o r i m j l I . He l l charac ter ized 
I l amp l i j ! , Caparlv o f +5" measure-
j merits f o r la rg" conta iners f^55 
. ga l lons) w i th luw dens i ty *ta-
I t r i e ! * * and low r a d i a t i o n 
J aact'jmijntl. 

!3y u t i l i z i n g a low energy cu-
* i r o n l o u - . e method rftlenn; -*" 

the ?19Pu end 2 a 1 P u c o n t ^ i . Cs-
pab l * o f 1 * accuracy for smalt 
wel l rr>arAct«rlJ«4 samples- i so -
top ic neutron sources inc lude 
sDonunfrQJi f>ss ion sources 
( "<? t r j ( . . .uK sources fPu-f ie. 
AnLi ) * and { , .n) sources (Sb-St) 

A va r ie t y o f coiwierc»*] equip­
ment i s i v « f l i h l « from the IRT 
Corp. and r ja t ional Nuclear Corp. 

Scr-up and 
Wastp Acsay 

Passive Neut ron. Neutrons A l l 
r e s u l t ! ity from the SDontan 
e-ous f i s s i o n ar.tJ ( j . r t ; 
re&ctian*. al Pu 1 sotoue-s 
are de lec ted . 

Passive tairma Ray. tanr.*. .11 Pu fornix 
rays, f o l l o w i n g the alpha 
decay o f fu 11,0 tapes are 
detected 1. 

F i«1 f l n K j l t i p i i t i t y 
Detectors. Spontaneous ra­
d i a t i ons { . ' s ,>nd/or neu­
t rons) a n detected in a 
coincidence mode. Method 
eased on it.(- m u U U i l i i U ^ 
o f r a d i a t i o n s from spon-
t d f r e o u s f r l S i Q I ^ t . 4 - . , 
averaging ? . i f t tu t rani, j n d 
7 photons) 

Act ios .Wu l iw i I n t c i •gy-i-
t,ion. ^i.T.ple-^ are 1 rigd i a -
Led by a neutron ^ou/-cp J r . 
d i c i n g f i i s i o n . Prcmpt ana, 
O* rfeJ Jyt-J ganrna--r3W2 nr 

<ie-j trans ^r«r del*.c tf-tl. Ce^ 
use f is.s ion mo I t ' n l ic 1 ij 
p r i n c i p l f i n con junc t i p r 
w i t h neutron source-

A l l Pu fonf l i 

Plutonium i-.otopH-
CDntejit (par t teul ar 

CltCPItal fOTin mjSt 
se known 

^fr-i-ian o rodn t t s or 
o ther gaijTH efnatt in 
i^otopei may d i rec t 
[ y i n t e r f e r e Qr 
cause Tnstrurrient 
Jead t'iif'e 1 ti5ses. 
J l t enua t i on of 
•jarrmas n«st be 
•accounted f o r . 

Jetnod dominated tiy 
«OPu- content (a*d 
- j a Pu3 <L-D tiO top ic 
content most be 
• nuwn.. ftt L t^ua t io r 
and moderat ion t W r 
•SLteri sci L; 01 sam. 

* pies must he 
c o n t r o l i e t j , 

shou'd D& c o m r o l l r -

"u rr̂ ay to inparto^-t 

i t andard t o n t a i r e r - Becinn 
apUfi* ina t irig Pu "end of 
i i o t o u ' t ^nd che<Ti- s h i f t 

Standard COnt^inei-'. l iea. 
a^vron imat incj Pu J end 
c h w i i t i t form and 
tjeor.etricd I 
d is tnbu t iQT=. 

Standard con ta ins 
a[jprijf imat inrg Pu 
i s o t o p i t s Ana 

Btq mm n-q d" 1 

end of *a th 
•5+lTft 

l&cends on 
•^gwipr^nt 
l es i qn , 
dmnie qetMrr 

" r y . and 
• lUUfon 

I ^| 
I l e i i q n . geop-

•• t ry , and 
'larna 

.•*[ieiids 00 
J ".qulprcent 
L le^iqr; , Pu 
; , r .o tap ics a 
: -dd 'a t l gn 
I ' a;*riroL«rid. 

A^U jpn-ertt 
i f -s inn * 
s<im£le - , u f , 

i d leu^ran 

•-CC f u n 

http://tit.jla.-lj-


TABLE 9. C c o n c . ) 

j 
A P P L i r A B T L I T T SHTEftFEREHCil 

OR L I M I T A T I O N S 
CALIBRATION iENSJTJyJTV 

QANGC (mq P u ' 
LABDRATOflr 

R E L I A B I L I T Y M s ] 
PRODUCTION 

ACC'JRACV (3<rJ COMMENTS W.TKOD - M r N C m V A P P L i r A B T L I T T SHTEftFEREHCil 
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3.3 PROCESS INSTRUMENTATION 

The reprocessing plant operating environment has an over­
riding effect on the choice of instruments and measurement 
devices that can be used reliably for control of normal chemi­
cal processing functions. The high levels of penetrating radi­
ation in the plant head end through the first stage of product 
purification require that metals or carefully selected ceramics 
be substituted for organic materials commonly used for sealing 
devices and insulating materials. The fact that entry to 
the highly radioactive cells for maintenance, repair, or replace­
ment can only be accomplished when the plant is drained down, 
flushed out and thoroughly decontaminated makes it mandatory that 
devices of all types be kept to the absolute minimum within 
the cells. 

The operational difficulties are typified by the unusual 
methods used for extraction column flow control. In an ordi­
nary processing plant handling nonradioactive materials, a 
flaw meter could be placed directly in the line between the 
feed adjustment tank and the centrifugal contractor. By 
proper choice of the primary device and the sensing element, 
flow measurements of 0.57o of the instrument span could be 
achieved with careful calibration of the system. The measured 
feed flow could then be used to control flow in the feed 
stream to within il% by adjusting the air flow to the transfer 
jet. The feed stream flow measurement could also be used to 
establish an aqueous-to-organic flow ratio to the contactor. 
With sensitive flow measurements on the organic stream, a con­
trol loop could be devised the would have the capability of 
maintaining column flow ratios well within til. 
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In contrast, the aqueous feed flow to the centrifugal 
contactor in a typical reprocessing plant is controlled v y 
inference. The flow meters are mounted outside the process 
cells to measure the motive air flow to the transfer jets 
used to transport the feed solution to the contactor rather 
than the actual feed stream, By careful study of the air jet 
transfer characteristics, the feed stream flow rate can be 
controlled to within ±3% by proper adjustments of the motive 
air flow. Organic flow rates are controlled in a similar 
manner. By careful design of the contactor and choice of 
process flow sheet characteristics, this degree of control has 
been used successfully for plant operation. 

As a further consideration, air jets for liquid transfer 
within the radioactive environment have the great advantage 
that no moving parts are needed within the cells. In ordinary 
chemical plant practice, many of the liquid transfers would be 
made by electro-mechanical pumps, Flow control could then 
be maintained either through variable speed control of the 
pump, recycle of a portion of the flow to the pump inlet or 
one of several other control methods. 

Within the reprocessing plant, liquid levels within the 
process vessels are normally controlled by the use of air 
purged dip tubes, By measuring the air pressure necessary 
to maintain a controlled air flow rate through a tube discharg­
ing near the bottom of the vessel and comparing the pressure 
with that of a similar air flow to the free space above the 
liquid in the vessel, the pressure differential between the 
two tube discharge points can be obtained. If the density of 
the liquid is known, then the liquid level in the tank can be 
calculated. 

Liquid density measurements are normally made by a 
variation of the pressure differential dip tube method used for 
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measuring liquid levels, The differential pressure between 
air flows through two submerged tubes that are separated verti­
cally by an accurately known distance is a direct measure 
of the liquid density within the process vessel. 

In practice, the liquid density measured within the 
vessel is correlated to the density determined on liquid samples 
withdrawn periodically from the process vessels with proper 
correction for temperature effects. 

The purged dip tube differential pressure method for 
liquid level and density measurement has the advantage that the 
measurement sensors are external to the cell. Measurement errors 
can be introduced by corrosion products adhering to the probes or 
by partial plugging of the submerged tubes by solids. 

Interface control in the disengagement sections of the 
extraction columns is maintained by using purged dip tubes 
locacted at the proper elevations with known distances between 
pairs of submerged tube discharge points. Changes in liquid 
density can be sensed and corresponding changes can be made in 
flow rates to adjust the aqueous organic interface within the 
proper range. 

Process vessels within the reprocessing plant are normally 
operated slightly below atmospheric pressure to avoid the poten­
tial hazards that could result from pressurization of vessels 
containing radioactive materials. Most of the pressure measure­
ments made are associated with the pressures within the vessel 
off-gas systems and the cell ventilation system using Pitot tuba 
devices, Again, the choice of pressure transducer is influenced 
primarily by the need for reliability and maintenance free opera­
tion within the radioactive environment. 

Temperatures within the process cells are measured using 
thermocouples as these instruments in their normal configuration. 
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are resistant to radiation-induced effects. Resistance thermo­
meters and liquid-filled thermometers can be used effectively 
in the nonradioactive portions of the plant. 

Instrumentation systems most often consist of several 
components in addition to the sensing and readout devices. 
Generally, a signal conveitor is required and if the measure-
ment data are to be used or displayed at a distant location, 
a transmitter is also needed. Each of these links must be 
considered in the design of the overall system in order to 
preserve the accuracy, precision and reliability inherent in 
the sensing element. Several factors influence the choice of 
instruments for chemical plant operations including accuracy, 
precision, need for calibration, reliability, false alarm rate, 
response time, resistance to environmental affects and cost. 
In many cases, the most accurate instrument is not the best 
choice because of the overriding influences from other design 
considerations. 

Table 10presents those process control instruments 
that are -ommonly used in chemical processing plants. Those 
instruments that can conveniently be used in a reprocessing 
plant are noted. 

3.4 REPROCESSING PLANT MEASUREMENT UPGRADE FOR SAFEGUARDS 

Any detailed system studies on the material accountability 
of a reprocessing plant requires a set of measurements and 
uncertainties. In this section we present an initial measure­
ment set that might be used for accountability purposes and 
some additional measurements that serve mainly a safeguard 
function. This initial set is appropriate for a Barnwell 
type facility. Any significant changes in the processes 
described in Section 2 may require a measurement change. The 
measurements Listed in Section 2 are assumed to be incorporated 
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TABLE 10. PROCESS CONTROL INSTRUMENTATION 
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of an object 
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TABLE 10 ( c o n t . ) 

Continuous 
Purge 

Balance Beam 

Load Cel l 

S t r a i n Guage 

MEASUREMENT PRINCIPLE 

Dens i ty measurements a re made 
w i t h the element comp le te l y sub­
merged. U l t r ason i c sound a w e s 
a r e a t tenuated or r e f l e c t e d by 
changes i n l eve l across sensor 
o r by changes i n dens i t y 

D i f f e rence i n each pressure 
o f a i r purge f l o w i n g :hrough 
two submerged bubble lubes w i t h 
an accu ra te l y known v e r t i c a l d i f ­
ference p r o y < d « fc««*jT*iMsnt of 
1 i q y i d dens i t y 

Weight neasurea i s ie>tpared 
•«it*i weight on lever inn 

Height increases pressure on a 
hyd rau l i c noi-Compress "b le f l u i d 

Pressure changes e l e c t r i c a l 
r e s i s t i v i t y o f embedded e l e c t r i ­
ca l conductor 

CALIBRATION 

1O0Q lb metre r a t e 

; i 
C to 2OU.O0D j un i fo rm ' moderate 

!b 

0 to *0 lb ! uniform ' moderate 

0. to 10 \h wSfo f r equen t 

l i q u i d s or 
* o l I d s in open, 
vented o r 
clawed t a n * ^ . 
or p ra tes * 
p ip ing 

l i q u i d s In 
Open„ vented 
o r c losed 
*>£«<•* IS 

design 
dependent 

design 
dependent 

di rect weioh-
m g of objects1 

qenoral indus­
trial weigh' 

general Indus 
tr>al weighing 

o.ou 
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o.or. 

of sea'-: 
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dependent 
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Se r i ous l y a f f e c t e d by r a d i a t i o n 

Used! f o r l i q u i d dens i t y measure' 
merit* and I n t e r f a c e c o n t r o l 

Genera l ly not used f o r i n d u s t r i a l 
weighing 

Can be made r e s i s t a n t t o p e n e t r a t ­
ing r a d i a t i o n 

Can be nude r e s i s t a n t t o P£*«etrat­
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in this initial set. Additional details, including the expected 
accuracies, are given below. The accuracies quoted are the expected 
production accuracies derived from the references listed in sub­
sections 3.1, 3.2, or 3.3. 

3.4.1 Laboratory Measurements 
Laboratory techniqueb supply the basic accountability 

measurements for the input and output of the separation and 
conversion facilities. We shall assume for this initial set 
that the laboratory techniques are not automated (except for 
the mass spectrograph which is interfaced to a computer). 
When uore data becomes availble on the accuracies to be expect­
ed over long periods of time, along with the measurement times, 
reliability, tamperproofness, etc., it would be apropros to 
include these newly developed automated laboratory techniques 
in an ideal measurement set. 

In Table 11 we list the selected laboratory techniques 
by method, where in the process lines they may be applied, 
the estimated total assay time (which includes sampling, 
running of standards, etc) and the estimated random and syste­
matic accuracy. Because most of these laboratory techniques 
require significant manual efforts, the estimated times may 
only be an optimistic guess. Significantly longer time periods 
could be possible before an assay is complete. 

3.4.2 Nondestructive Assay 
In nuc' 'r fuel cycle material accountability systems 

NDA plays a ^porting role for SNM accountability except for 
waste and \ ibly scrap assays. This is true for the present 
measurement stem. However, in addition, NDA may provide 
qualitative support (such as the on line alpha monitor) or 
direct confirmatory measurement support for more accurate 
measurements (e.g., the samples sent to the laboratory are 
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TABLE 11, 5ELECTED LABORATORY TECHNIQUES 

Method Applications 
Estimated 
Assay Time 

d o } Uncertainty {%) 
Comments Method Applications 

Estimated 
Assay Time Random Systematic Comments 

1. Isotope 
Dilution Mass 
Spectrometry 

Input accountability 
tank 
Al 1 i sotopes 

4 hrs .7 

z 3 9 P u .05 
zl*°Pu .2 
Z h l P u 2 
2 , , s :Pu 3 

.1 

.01 

.1 

.3 

.9 

1.5 hr sample preparation, 
1/2 hr transfer, 2 hr analysis 
Isopotic compositions (and 
relative accuracies) depend 
on burnup of fuel being proces 
processed 

High concentration 
Pu liquid waste 

it 5 .1 Sampling a problem since 
waste solution may contain 
5-1 OS solids 

2. Amperometric 
Titration 

Product nitrate and 
oxide 

5 hrs .2 .1 

3. Alpha 
Spectrometry 

Pu solutions 40 min 2 .5 238 Determines Pu 

4. Densimeters All homogeneous 
solutions 

No precipitates in sample 

organic 
aqueous 

20 m1n* 
20 min* 

.04 

.03 
.01 
.01 

•Time assumes no pretreatment 
required 



normally weighed in and out -- NDA would provide a direct 
check that the samples do indeed contain Fu). 

In Table 12 we have listed the NDA systems that might be 
used in a Reprocessing Facility. The random and systematic 
uncertainties are based on projected results. In most cases 
there are not significant production assay data to support the 
estimates in Table 12. However, there has been some testing 
of NDA devices to lend credance to these numbers. For example, 
Figure 13 illustrates the sensitivity of an on-line alpha 
monitor to alpha and beta radiations. From the figure it is 
clear that biasing above the relative pulse height of 40 
essentially removes the beta ray sensitivity of the detector 
(unless the beta activity is relatively much higher than the 
alpha activity). Clearly more comprehensive experimental 
efforts would be required to project the actual operational 
sensitivity on the process waste streams. 

3.4.3 Process Measurements 

The primary factors for the design of the process instrumentation 
systems for control of necessary operating parameters for the repro­
cessing plant is the need for extremely high reliability of those 
portions of the system within tb; cell radiation barriers. Sensors 
within the cells must be resistant to the effects of penetrating 
radiation, require infrequent calibration and maintenance, and iso­
late the radioactive process streams from the plant operating spaces. 
Those portions of the overall instrument system external to the cell 
including signal converters, transmitters, and display units can be 
chosen on the basis of normal chemical engineering practices. 

Several of the typical instrumentation svstetrs combining sensors, 
converters, and transmitters are listed in Table 13 together with the 
overall system effectiveness. In all cases, the system signal can 
be converted to an electrical signal that can be used for computer 
data logging or, ultimately, for automatic control of the plant 
operations. 
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TABLE 1 2 . SELECTED NONOBSTRUCTIVE ASSAY 

Method Applications 
Estimated 
Assay Time 

(la) Uncertainty (%) 
Comments Method Applications 

Estimated 
Assay Time Random Systematic Comments 

1. Calorimetry Pu0 2 product 8 kg cans 
1.5 hrs .2 <.1 Establishes a signature for 

each primary container. 
Isotopics known. 

Z. On-line 
Alpha 
Monitor 

Various waste 
streams. See 
Section 2. 

variable 3 liO Normal operating sensitivity 
2i 1|00 cps/pCi/cm 

3. Leached Hull 
Monitor 

Sheared hulls in 
head in area 

variable -- 40 Random uncertainty dependent 
on unknown amount of **"*Ce 
imbedded in cladding 

4. On-line 
Neutron 
Monitors 

1 BX column 
HS column 

variable — -_ A qualitative Indicator 

5. Small Sample 
Assays 

Input to. laboratory 
small solid or 
liquid samples 
(low radioactivity) 

5-10 min 1-5 1-2 Passive assay for 2 a 9 P u 
content 

6. Laboratory 
Waste 

Solid waste in 5 
gallon cans 
Liquid waste irt 
I gallon cans 

5 (nin 5 Passive system using fission 
multiphasty detector and Nal 
detector. Ramdon uncertainty 
cepends on Pu quantity 

7. Waste barrel 
Scanner (55 
Gallons) 

Conversion area solid 
waste; low back­
ground radioactivity 

5 min 5 Passive system using a fission 
multipharty detection and Nat 
detector. Fission efficiency 
of «v» 16%. (Heed Isotopics 
for total Pu.) 

8. Waste Barrel 
Scanner 

All areas possibly 
with high radiation 
backgrounds 

depends on 
material 

Low Density 
10 | 20 

Medium Density 
15 | 25 

Active and passive system 
using 2 S : :Cf neutrons. 



TABLE 13. SELECTED PROCESS CONTROL SYSTEMS 

Primary Sensor Signal Converter Transmitter System 
Parameter Type Accuracy Precision Type Accuracy Precision Type Accuracy Precision Accuracy Precision 

Tempera­
ture 

Thermo­couple ±1.0°C ±0.5°C 
EMF to 
Current 
EMF to 
Pneu­
matic 

±1.0°C 

±1.0°C 

-0.5°C 

t0.5°C 

Elec­trical 

Pneu­
matic 

±0 . l°C 

±0.1°C 

±0.1°c 

±0.5°C 

±2°C 

±2°C 

±1°C 

±1°C 

Level Purged 
Dip lubes 

±0.37. ±0.17. Back Pres­sure 
Mano­meter 

o.ov 
of water 

Pneu­
matic •0.17. •0.O57. ±0.757. ±0.5% 

Dens ity Purged 
I>ip Tubes 

±0,37. ± 0.17. 

• 

Back Pres­sure 
Mano­meter 

0.01" of 
water 

Pneu­
matic » 0. 17. ±0.057. ±0.757. ±0.57. 

Flow Air 
Jet 

±27. ±17. Roto-meter on 
Motive Air 
Streams 

0.3T4 of scale 0 - 1% of scale 

Elec­
trical 0. 17. of scale 0.057. of scale ±3.07. 1.0% 

Weight Load 
Cell 

Labora­
tory 
Balance 

±0.057. ±0.027. Liquid 
Pres­
sure 
to 
Air 
Pres­
sure 

1 

±0.037. ±0-027. Pneu­
matic ±0.037. ±0 . 027. 0.1% of 

scale 

0.0057. of scale 

0.057. of 
acale 

0.0027. 
of scale 

Weight Load 
Cell 

Labora­
tory 
Balance 

±0.057. ±0.027. Liquid 
Pres­
sure 
to 
Air 
Pres­
sure 

1 Not Applicable 

Pneu­
matic 

Not Applicable 

0.1% of 
scale 

0.0057. of scale 

0.057. of 
acale 

0.0027. 
of scale 
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Figure 13. Discrimination Curves for Sensor 
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4. HOLDUP IB PLUTONIUM RECYCLE FACILITIES 

The purpose of this section is to discuss the significance 
of holdup determinations in the nuclear fuel cycle facilities 
and review the present status of holdup measurements. 

Plutonium residual holdup is defined as the plutonium in­
ventory component remaining in and about process equipment 
and handling areas after those collection areas have been pre­
pared for inventory. One may subdivide the holdup into two 
parts pertaining to runout, where all the material in a system 
or subsystem is processed without adding new material, and 
cleanout where following runout the residual material is flashed 
out by a proper dissolver, 

a. Holdup residue after cleanout, which is fixed 
(approximately constant) material that normally 
remains with processing equipment after it is 
cleaned cr flushed out. 

b. Holdup -residue after runout, which is the sum 
of fixed holdup residue plus the residual in-
process material that remains with the process­
ing equipment after it is runout or drained 
out, 

Plutonium accumulates in cracks, pores and zones of poor cir­
culation within process equipment. The walls of process 
vessels and associated plumbing often become coated with 
plutorium during solution processing. Surfaces internal 
and adjacent to process equipment, especially glove-box walls 
and floors, accumulate deposits of plutonium which can become 
appreciable. Pu also accumulates in air filters and associated 
duct work. 
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The absolute amounts of Pu holdup must be snail for 
efficient processing and proper hazard control. However, 
the total amount of plutonium holdup may be significant in 
the context of the tolerable facility MOF. Facilities process­
ing or using special nuclear material are usually designed 
to minimize the holdup of the material by avoiding as much as 
possible sharp bends, pores, crevices, etc, The accumulation 
of the SNM, or for that matter any material, will result from 
dust or liquid precipitation (and evaporation in the latter 
case) in zones of poor circulation, and from surface adsorp­
tion in the process vessels and plumbing walls. While good 
and careful design of the processing facility can reduce the 
amount of the holdup material, there is no feasible way of 
eliminating it short of complete dismantling of the equipment. 

The physical principles of holdup measurements are rela­
tively simple. They are based on the controlled observation 

239 of gamma rays emitted by the decay of J 7Pu (the "385" keV 
complex) and the neutrons emitted by the (a,n) reactions. 
and by spontaneous fissions. The neutron signatures require 
the knowledge of the isotopic and the chemical composition 
of the plutonium bearing material. The poor accuracy and the 
difficulties normally associated with holdup measurements 
result from the geometrical complexity of the measurement con­
figuration, variable background, lack of isolation between 
inveftigated areas, possibility for significant and unknown 
amounts of self shielding for the measured gamma rays and 
lack of accurate knowledge of the isotopic and chemical com­
position of the plutonium. The existing plants which handle 
Pu were built with little or no consideration for holdup 
measurements. 

The importance of the hold-up determinations and the sig­
nificance of their uncertainty in the context of an overall 
accounting system is discussed in this section. We review, first, 
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holdup in a model mixed oxide facility since system studies 
and experimental results are available. Next, the significance 
of holdup in a reprocessing plant are discussed. Following this 
the nuclear signatures utilized in the present measuring tech­
niques and possible future signatures are discussed. Recent 
holdup measurements establishing the present state-of-the-art 
including the presently achievable measurement accuracy are 
described. The section is concluded by summarizing the fundings 
and recommendations. 

4.1 SIGNIFICANCE OF HOLDUP IN MIXED OXIDE FACILITIES 
The significance of the holdup measurements and their 

uncertainties within the context of the determination of MUF 
in a fuel cycle facility can be demonstrated by the analysis 
of material balance uncertainties and their origin in fuel 
cycle facilities. Such analyses can provide proper prospective 
of the holdup measurements in relation to a facility material 
accounting system. 

The first example is based on the study of a Model 200 
MT Mixed Oxide Fuel Rod Fabrication Plant . The material 
balance uncertainties are calculated for that facility assuming 
accurate weight measurements and accurate laboratory analysis 
of samples for the feed (Pu02) and the product material (mixed 
oxide fuel rods). The dirty scrap and waste are assumed to 
be measured with the "beat" nondestructive assay system. The 
various measurements uncertainties and related quantities are 
listed in Table 14, for an 8 week (2 months) inventory case. 
The definition of the symbols' appearing in this Table are 
given in Appendix 1, The material balance uncertainties for 
the various components of the MOX model plant is given in 
Table 15. The calculational method of the variances is summarized 
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TABLE 14 BASIC MEASUREMENT UNCERTAINTIES USED TO COMPUTE 
MATERIAL BALANCE UNCERTAINTIES FOR MODEL MIXED 
OXIDE FUEL FABRICATION PLANT 
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0.070 
"O.070>" 

o.o?o 
0.O70 
0 . 0 * 0 ' 
0.670 

, O.M?0 
' a ,oou~ 

1 ,0 *0 
t . M o " 
1,1)00 

l . a o o 
I .000 
I .000 

_ l .ooo 

0 . 0 0 0 
o.ooo" 
o.ooo 
0 . 0 0 0 
o.ooo 
O.OOO 
t .ooo 
I . 010 

S.000 
5 ,000" 

- i . a o o 

_ l * O M _ 
1 .000 
l . o t t 

- * , 0 0 * . 
S.000 
1.000 

_1.000 

5,000 
"4.000" 
s.ooo 

. 9 . 0 0 0 
b.osu 
S.000 

. 5 . 0 0 0 
1.000 

J . P M _ 
1 .000 
1.000 
1.090.. 

1 . 0 0 0 . 
1 .000 
1 .000 

1.000 

. i . i ; a o „ 
* . o e * 

See Appendix 1 for the definition of the symbols. 



TABLE 15 MATERIAL BALANCE UNCERTAINTIES FOR MODEL 200 MT 
MIXED OXIDE FUEL ROD FABRICATION PLANTS 
(2 Month Inventory) 

Measurement of Throughput <KR P U ) Variance 7. of 
o2 (Total) 

Measurement of 
" Per Shift 

Per Accounting Period 
Variance 7. of 

o2 (Total) 

Pu0 2 Feed 7.125 1140 0.919 22.01 
MO2 Fuel Rod Product 7.04 1126 0.898 21.48 

§ Dirty Scrap (1-liter cans) 0.10 6.80 0.116 2.78 

ESS Waste (55-gallon drums) 0.2 6.80 0.466 11.15 
2A PuO, Storage 7.125 174.56 0.045 1.08 

*i ** 15 M 0 0 Fuel Rod Storage 7.04 309.76 0.131 3.13 

ills Dirty Scrap Storage 0.10 6.80 0.116 2.78 

sass Waste Storage 0.2 6.80 0.466 11.15 
4A Pu0 2 Bulk Storage #1 -- 144 0.150 3.60 
4A PuO, Bulk Storage #2 -- 144 (x2) 0.276 6.61 

u 
4A PuO z Bulk Storage #3 — 144 0.150 3.60 

is 4C Recycled M 0 2 Storage #1 -- 24.7 0.004 0.11 

JS AC Recycled M0_ Storage #2 — 24.7 0.008 0.19 
4C Recycled M 0 2 Storage #3 -- 24.7 0.004 0.11 n 6 MO„ Powder Storage (9 silo B) — 1.8 0.0 0.0 

> h-t _ttoldup Residue After Cleanou L -- 6 0.428. ...J 10.23.. .. 
a z (Total - 4-178 Kg* 1 LJ5MUF « - 4.1 Kg Pu LEMUF/FEED • » 0.367. 



in Appendix 1. The last column of Table 15 points to the 
main contributors to the total variance a2(total), and I 
hence also to the LEMUF (»2a). The individual contribution 
to a2(total) is high when the material throughput is high; as 
is the case of PuO* Feed and M0~ Fuel Rod Product even though 
the measurement uncertainties are quite small. The contribu- C 
tion is also high when the measurement uncertainties are large, 
like the cases of Waste (55-gallon drums and storage) and 
Holdup Residue, even though their total throughputs are small. 
The effect of varying the total holdup amount over a reason- >.. 
able range of 4 to 8 KgPu using the same measurement uncer­
tainties (listed in Table 14) is shown in Table 16. This table 
shows that for the model plant: a change of a factor of 2 in 
holdup residue increases its contribution to the variance by 
more than a factor of 3. The effect of varying the dominant 
holdup measurement error, namely the long term systematic 
error (QW), (which is mainly due to calibration difficulties) 
is shown in Table 17. The error is varied over a range covering •• 
a highly optimistic region of 0 to 10%, a realistic domain for 
a future plant, 20 to 40% and ending with measurement errors of 
40 to 60% (all, at 1 sigma level) which are achieved in today's 
plants. Table 17shows th.it far a 2 month inventory with flush 
out no significant benefi". will result from reducing holdup 
measurements errors belo* 30%. However, for a runout inventory 
where the holdup residue is 3 times larger reducing the error 
below 20% will have an important impact on the LEMUF. '.'. 

The previous discussion and Tables inuicate that if one 
wants to reduce the error in the holdup measurement, or for that 
matter, any measurement error the relative contribution to the total 
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TABLE 16 THE EFFECT OF HOLDUP RESIDUE ON MATERIAL BALANCE VARIANCES 
(2 Month Inventory) 

Measurements % of a 2 (Total) for Holdup of Measurements 4 Kg Pu 6 Kg Pu | 8 Kg Pu 
PuO, Feed 23 22 20 
Mo, Fuel Rod Product 23 21 20 
Dirty Scrap (1-liter cans) 3 3 3 
Waste (55-gallon drums) 12 11 10 
2A PuO z Storage 1 1 1 
15 M O 2 Fuel Rod Storage 3 3 3 
Dirty Scrap Storage 3 3 3 
Waste Storage 12 11 10 
4A PuO z Bulk Storage #1 4 4 3 
4A Pu0 2 Bulk Storage #2 7 7 6 
4A PuO z Bulk Storage #3 4 4 3 
4C Recycled M O z Storage #1 0 0 0 
4C Recycled MOg Storage #2 0 0 0 
4C Recycled M O z Storage #3 0 0 0 
6 M 0 2 Powder Storage (9 silos) 0 0 0 
Holdup Residue After Cleanout 5 10 17 
a 2 (Total) K g 2 3.94 4.18 4.51 
(LEMUF/FEED)% 0.35 0.36 0.37 



TABLE 17 THE EFFECT OF HOLDUP MAJOR MEASUREMENT UNCERTAINTY ON 
MATERIAL BALANCE VARIANCES AND LEMUF (2 Month Inventory 
MOX Fuel Fabrication Plane) 

QW*% CTS (Total) (Kg Pu) 
a 2 (Holdup) -, 
a'(total) /o LEMUF (KG Pu) 

Cl
ea
nu
p 

Re
si

du
e 

6 
Kg
 P
u 0 10 20 30 40 50 60 

3.773 3.818 3.953 4.178 4.493 4.898 5.393 

0.60 1 .77 5.14 10.23 16.54 23.43 30.46 

3.88 
3.92 
3.98 
4.09 
4.24 
4.43 
4.64 

Cl
ea
nu
p 

Re
si

du
e 

8 
Kg
 P
u 0 10 20 30 40 50 60 

3.795 3.885 4.155 4.605 5.235 6.045 7.035 

1.19 3.47 9.75 18.57 28.37 37.97 46.70 

3.90 3.94 4.08 4.29 4.58 4.92 5.31 

n J-> M 
d at 

H-l 

0 10 20 30 40 50 60 

3.953 
4.356 5.573 
8.597 
10.433 14.078 
18.536 

5.12 
13.91 
32.71 
50.64 
64.06 
73.36 
79.77 

3.98 
4.17 
4.72 
5.51 
6.46 
7.50 
8.61 

*The long term systematic measurement uncertain^ of holdup residue. This 
is the dominant source of error for holdup determination. The random 
error RW is assumed to be 57. in these calculations. 



variance and the eventual effect on the LEMUF should be an import­
ant criteria for this assessment*. For example, in Che 
situation depicted in Table 16, it does not make sense to 
reduce the holdup measurements as long as the errors in the 
measurements of PuO, Feed and Product rods are not reduced. 
However, this may indeed be required in the future if the LEMUF 
is to approach the 2 Kg Pu level. Table 18 shows cases where 
the reduction in the holdup measurement uncertainties is highly 
desirable because of their dominance. In cases where the 
throughput is substantially lowered, e.g., by more frequent 
inventories, the contribution of the holdup residue, which 
is assumed to be independent of the throughput (6 Kg Pu and 
18 Kg Pu for the cleanout and runout inventories respectively) 
is greatly enhanced. This is demonstrated in the measurement 
variance to the total variance for cleanout and runout inven­
tories when given.as a function of the accounting period. The 
measurement uncertainties used in this computation are the same 
as those used for the base case (see TableU). The significance 
of the holdup measurement and the desirability of improvement 
for short accounting periods is quite obvious from Table 18. 

4.2 SIGNIFICANCE OF HOLDUP MEASUREMENT IN A MODEL REPROCESSING 
PLANT 
In the previous section, the effect of holdup and its 

measurement uncertainties were assessed for different account­
ing periods in a model mixed oxide fuel fabrication plant. 
It wa.. shown under what conditions a reduction in holdup 

Different considerations will prevail when a plant or part of 
a plant is de-commissioned. Usually in these situations the 
holdup residue must be determined as accurately as possible. 
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TABLE 18. LEMUF AND RELATIVE CONTRIBUTION OF HOLDUP MEASUREMENTS TO THE MATERIAL BALANCE UNCERTAINTIES VS. INVENTORY TIME (For MOX F\iel Fabrication Plant) 
•• — — Accounting 
Period 

- - --" 
Cleanout Inventory Runout Inventory •• — — Accounting 

Period LEMUF o z (Holdup) „ 
(Kg Pu) a-1 (Total) /o 

LEMUF a* (Holdup) „ 
(Kg Pu) a1 (Total)" /o 

1 week 
1 month 
2 months 
3 months 
6 months 
1 year 

2.2 35 
3.0 18 
4.1 10 
5.2 6 
8.7 2 
15.9 0.7 

4.3 83 
4.8 67 
5.5 51 
6.4 38 
j . 5 1 7 

16.3 6 



measurement uncertainty will have a pignificant impact on 
the LE.MUF of the facility. In this section, the impact ul 
the uncertainties in the holdup measurements en the LEMUF of 
a model reprocessing plant will be discussed. The model plant 
for reprocessing 1500 ME heavy metal/year is described in (17). 
The material balance uncertainties for the basic four material 
accounting areas were calculated for different accounting 
periods. The assumed measurement uncertainties and the result­
ant material balance uncertainties for the cleanout inventory 
of the conversion (Pu-nitrate to Pu-oxide) area are given in 
Tables 19 and 20 respectively. Table 20 reveals that the impact 
of holdup measurement uncertainties on the "LEMUF" determined 
in a cleanout inventory at tht conversion plant is negligible 
even if the accounting period were further reduced. The 
material balance uncertainties in this facility are dominated 
by the large quantities of Pu-nitrate input and Pu-oxide output 
and the large measurement uncertainties in the general process 
trash and dirty scrap. A similar situation prevails in Che ma­
terial balance accounting of the separations plant. This is 
shown in Table 21 which is based on the measurement uncertainties 
listed in Table 22. Here also, the contribution of the holdup 
measurement uncertainty co the total material balance variance 
is practically insignificant regardless of inventory frequency. 

When runout inventories are conducted, the holdup material 
is substantially higher than in the ca„3 of cleanout inventory 
and the weight of the holdup measurement uncertainty corres­
pondingly increases. In the case of the conversion area the 
holdup residue amounts to 4.5 Kg Pu. Nonetheless, the contri­
bution of the holdup measurement error to the total measure­
ment variance does not exceed 1.5% for a one month inventory 
period. For the separation area, the assumed holdup residue 
for runout inventory amounts to 15 Kg Pu. Here, the contribu­
tion of the holdup measurement uncertainty to the overall 
variance is about 18% for 1 month inventory time, 107, for 2 
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TABLE 19 MEASUREMENT UNCERTAINTIES USED TO COMPUTE MATERIAL BALANCE UNCERTAINTIES FOR THE CONVERSION AREA IN A MODEL SPENT FUEL REPROCESSING PLANT 

M t l E R l i l 1« RS HA P H PS FA ( 

FtHX Srat-AH Hi ASIIPHbNT DATA 
P l l N I ' W A I F !><P' /J 
CURT* SCR*PCANflL.L*«) 
PU nxipt utm-ur 
CLEAN scp^PtPu NitntTt) 
CFSFR^L PROCESS THA.SH _ ,„ 
ANALYTICAL SAMPLER 
"IrtTV 5<.1J*P(PU OXIOO 
COMSTAN I -CONTENT. INVENTORY HEASURHENT FIAT* 

_J/*RIAHLt.-CONIt«I—INVENIUR.T. hEASURME'll DATA . . ..... 
rtoioup tjesmut AFTER CLCANOUT 10.000 o.noo n.ooo o.ooo o.ooo 0,000 ao.ooo o.ooo 0,000 1.000 1.000 

o . l n o <i. too o.2nr> 0 . 1 0 0 0 . 1 110 o . i o g f . n e n 0 . 0 ? 0 ft.0<>O 1 ,oon I . o n o 
^ . n o o .. 0 . 0 0 0 .. 0 . 0 0 0 . 0 . u 0 0 . 0 . 0 0 0 . o . n o n ^ . a n o .. - 0 . 0 0 0 0 . 0 0 0 i . o n o . . . I . O O U 
o . i n o 0 . 3 0 0 0 .201) 0 . 0 10 0 . 0 0 0 0 . 1 0 0 0 . 0 2 0 0 . n ? 0 0 . 0 2 0 h.OOO fc.000 
o . i n o 0 . 1 0 0 0 , 2 0 0 0 . 1 0 0 0 . 1 0 0 o . m o 0 . 0 8 0 0.0>>0 0 . 0 2 0 1 . 0 0 0 1 . 0 0 0 

i s . 0 0 0 0 . .000 . 0 . 0 0 0 I S . 0 0 0 0 . 0 0 0 . 0 . 0 0 0 l b . 0 0 0 . 0 . 0 0 0 0 . 0 0 0 ? o . o o o j . 0 0 0 
5 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 a . 1100 o . o n o o . o n o l O . o n o 1 . 0 0 0 
2.5>00 o . n o o o . o n o 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 S . 0 0 0 0 . 0 0 0 0 . 0 0 0 1 . 0 0 0 1 . 0 0 0 
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TABLE 20 MATERIAL BALANCE UNCERTAINTIES FOR THE CONVERSION AREA OF 150& MT/Y MODEL REPROCESSING PLANT (2 Months Cleanout Inventory) 

Measurement of Throughput (KE P U ) Variance 
o* (Kg 2) 

X of 
a* (Total) 

Measurement of 
Per 
Shift 

Per 
Accounting 
Period 

Variance 
o* (Kg 2) 

X of 
a* (Total) 

Pu-Hitrate Input 
Dirty Scrap (Anal-Lab) 
Pu-Oxide Output 
Clean Scrap (Pu-Hitrate) 
General Process Trash 
Analytical Samples 
Dirty Scrap (Pu-Oxids) 
Holdup Residue After Cleanout 

49.7 
0,05 

47.7 
0.5 
0.5 
0.1 
i.O 

2486 
2.5 

2384 
25 
25 
5 

50 
1.5 

11.745 
0,003 
4.423 
0.001 

21.108 
0.010 
6.281 
0.003 

26.9 0 10.1 
0 48.4 
0 14.4 
0.006 

a 2 (Total) - 43.598 Kg? "LEMUF" = 2o = 13.206 Kg, LEMUF/FEED = 0.531% 



TABLE Si. MATERIAL BALANCE UNCERTAIKTIES FOR THE SEPARATION AREA OF 
1500 MT/Y MODEL REPROCESSING PLANT (2 Months Cleanout 
Inventory) 

Measurement of ThrouEhout (Ka Pu) Variance 
a 2 (Kg 2) 

% of 
a 2 (Total) 

Measurement of 
Per 

Shift 
P.er 

Accounting 
Period 

Variance 
a 2 (Kg 2) 

% of 
a 2 (Total) 

Pu-Nitr^te Input 
Liquid Waste (Anal. Lab) 
Clean Scrap (Anal-Lab) 
Clean Scrap (Conversion) 
Pu-Nitrate Output 
General Process Trash 
Intermed. Level Liquid Haste 
High-Level Liquid Waste 
Analytical Samples 
Holdup Residue After Cleanout 

49.9 
0.03 
0.03 
0.5 

49.8 
0.13 
0.25 
0.25 
0.05 

2494 
1.5 
1.5 

25 
2488 

6.3 
12.5 
12.5 
2.5 
5 

41.915 
0 
0 
0 

10.936 
1.319 
1.309 
1.309 
0 
0.050 

72.9 
0 
0 
0 
19.0 
2.3 
2.3 
2.3 
0 
1.2 

a2 (Total = 57.467, LEMUF = 15.161 Kg Pu. LEMUF/FEED = 0.608% 

« « --• 1 ' C :- t : Ci «* 



TABLE 22 MEASUREMENT UHCERTAINTIES USED TO COMPUTE MATERIAL BALANCE UNCERTAINTIES FOR THE SEPARATION AREA IN A MODEL SPENT FUEL REPROCESSING PLANT 

f l T f l l l •»« PS an P» PS I'A I n OS HA _ MH _ US MA 

FLni r STHFAM Ml- AStlttMEMl D A I I 
P'.i h r l n a T h I N P U T o.Ano o . i r w i I ' .nnn o , . ' n n 0 * 1 0 0 o.<!nn o^npo n,n?o n .o?o 5 .nno _ i^nnn l . o n o 
i . t o g i o - * s r t ( » N H , LAB) ~ " i . o n o o . a n o o . n n u n .nno o .nno n .onn d . n n o o .onn o . n n n i . a n o l . n o u l . n n o ' 
C l f » « Sr.flA" ( A f A t . . L A H I O.Soft o . m g o~ r2nn ft.ino i i . i n n n . i f i n n ,n?o o.o?fi o . n ? n l . n n o l . o n o l . o n o 
C I . E A N Sr"AP (c(>NV£HStun> _ o . m o i i . i n n o . ^ n o o . l n o n . i n n n . i n o I I . O P O o .n?o o . o ? n i . » n o _ l . n n o l . o n o _ 
•>u hTTRart ' I M I I P U T n . in f t n . in 'o o.JOfl 9 . l o o o . l " 0 o . i n n o . o ? 0 o .n?o n.o?fl * . o n o " l i n n o l . o n d 
o t N f P » i P H M C F S S T R A S H i s . n n n o . n n o n .ono I S . o n n n.nno o . n n n is .n f tc i o .ono n .ono P o . o n o l . o n o l . o n o 
T u T t f ^ e n - L E v F * . L T o u l n » * 3 1 F ? .ono b . o n o > o . o n o J . o n n u .ono l o . o n n l , o n n • 1 , 0 0 0 t . o n o . s . o n o J . o o n i T o n O _ 
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month inventory times and 3% for a 6 month inventory time. 
Thus, if the measurement uncertainty in the Pu-nitrate input, 
which constitutes more than 607* of the total measurement var­
iance, is substantially reduced and/or if the inventory period 
is further shortened, then the incentive to greatly reduce the 
holdup measurement error would be more evident. This error 
was realistically assumed to be 40% (at la) for the long term 
systematic error and 10% for the random error. 

4.3 NUCLEAR SIGNATURES FOR HOLDUP MEASUREMENTS 
The measurement of holdup of nuclear material is in­

herently difficulty. Primarily, this is because of the 
nature of the geometry involved, namely, a complex arrangement 
of plumbing and ducts, large glove boxes, large thick-walled 
storage containersj etc. Other difficulties can arise due to 
the high radiation background, the varying thicknesses of 
the \arious objects, the irregular geometry all coupled with 
the unknown distribution of holdup material. These facts 
limit the possible nuclear material signatures and techniques 
one can employ in quantitative measurements of holdup residues. 

The requirement of penetrability dictates the usage 
of gamma and neutron radiations emitted by the nuclear material 
or by their daughter product. Inducing secondary radiation 
in the nuclear material by using, for example thermal neutrons 
and measuring the induced neutron and gamma radiations, is 
hardly practical because of the low concentration of the fissile 
material and the complex geometry. Thus, the holdup measure­
ments are limited, for all practical purposes, to the passive 
detection of gamma and neutron radiations emitted spontaneously 
by the nuclear material. 
4.3.1 Gamma Ray Signatures 

The characteristic gamma rays and their emission intensities 
of important isotopes is tabulated in Table A2-1 of Appendix 2, 
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The obvious advantage of the detection of gamma rays is that 
they are copiously abundant and are characteristic to specific 
isotopes. The degree of specificity depends on the energy 
resolution of the detector employed. The specificity of the 
gamma radiation and the fact that the most important fissile 

235 239 isotopes tl and Pu emit such a radiation, allow in 
principle, a direct quantitative measurement of these isotopes 
without prior knowledge of the isotopic composition of the 
material processed in the plant. As will be mentioned 
later, this constitutes an important source of error for 
the other gamma and neutron based measurement schemes. The 

235 239 
main disadvantage of the gamma radiation from U and Vix 
is their strong attenuation in the structural material. The 
gamma-ray mass absorption coefficients for different materials 
as a function of energy is shown in Figure A2-1 of Appendix 2. 
The important gamma lines are indicated on this figure. An 
indication of the v attenuation is provided by the length of 
the mean free path (MFP) in various substances. Table 23 
gives the MFP (in cm) for a few y and neutron energies in four 
important substances, 1,4 cm of steel will reduce the 
gamma radiation by about a factor of e (2.72), while a plastic 
material of the same thickness will reduce the intensity by 235 only 14%. It is obvious that U holdup measurements can 
be perfomed only if the measured containers are made of low Z 
materials (e.g., plastic) or of relatively thin metal sheet­
like plumbing ducts. Since there is no other passive signa-235 ture, such as neutron emission, from JU, it is obvious that 235 holdup measurement of U is severely limited. The penetra-239 bility of the radiation from Pu is higher (see Fig. A2-1 and 
Table 23) but still causes measurement difficulties, limits 
the attainable accuracy, and requires a careful calibration^ . 
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TABLE 23. MEAN FREE PATH (1/E(TOTAL, cm) FOR PHOTONS 
AND NEUTRONS 

Material 
Density 2 g/cm 

Gamma Neutrons 
Material 

Density 2 g/cm 400 keV 1 MeV 2 MeV Thermal Fast 

H20 1 9.5 14.3 20.0 0.34 2.2 
Fe 7.86 1.4 2,9 3.0 0.86 3.6 
Pb 11,35 0.4 1.2 2.0 2.7 5.6 
uo 2 10.30 0.4 1.2 2.1 1.3 2.8 

fil 

I 
1 

* \ 
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The gamma attenuation through walls of varying thicknesses 
in the complex geometries constitutes a significant source of 
error in the holdup measurements. 

Penetrating radiation which is emitted by traces of fis­
sion products in the reprocessed plutoniiuo may also provide 

95 a useful signature. It is expected that the amount of Zr -
Nb and Rh - Ru fission products in the plutonium 

separated from high buroup spent fuel will be in excess of 
Zvd per gram Pu. The intensities of the different gamma 
lines for low, medium and high concentration of fission product 
traces in Pu are given in Table 24. The substantially higher 
penetrability of these gamma rays and the high intensity can 
lead to a high detection sensitivity for Pu holdup in 
process equipment. The main drawback of using these fission 
product traces to measure holdup plutonium is the need to cor­
relate this activity with the plutonium concentration. How 
good these correlations are, is difficult to assess at this 
time. It is plausible, however, that in process equipment, 
espcially for a MO5 fuel fabrication plant, the measure­
ments of the fission product activities will improve, the 
accuracy of the Pu holdup measurements. 

Another potential source of more penetrating gamma radia-
238 

tion is the 766 keV line associated with the a decay of Pu. 
This relatively intense line can be of use for Pu originating 238 in high burnup fuel where the amount of Pu exceeds about 
0,5%, yielding approximately 750 photons/sec/gram Pu (see also 
Table 25). The utilization of this line to determine quanti­
tatively the total mount of Pu will require a knowledge of 
the isotopic composition of the plutonium along with the 238 assumption of constancy of this composition. The Pu line will 
be useful by itself if the fission product traces in Pu are 
low. Otherwise, its contribution will be lumped together with 
the Zr - 7 JNb activity. 
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TABLE 24. APPROXIMATE GAMMA RAY EMISSION RATES (SEC •"") KROM 
TRACES OF FISSION PRUDCTS* PER GRAM Pu 

Radioaccive 
Isotope Half-Life Y-Energy (MeV) 

Emission rates per gm Pu* 
Radioaccive 

Isotope Half-Life Y-Energy (MeV) Low Medium High 
95 

9 5 N b 
1 0 6 R u * * 

65 days 

35 days 
363 days 

.724 

.756 

.765 

.513 

.624 
> 1 MeV 

3xlO A 

5xl0 5 

7xl0 4 

7xL0 4 

4xl0 4 

7xl0 3 

5xl0 5 

5xl0 5 

lxlO 6 

lxlO 6 

5xl0 5 

lxlO 5 

2xl0 6 

2x10 6 

3xl0 6 

3xl0 6 

2xl0 6 

3xl0 5 

Three levels of fission product traces in the recovered Pu are assumed. Low -2yCi/gm Pu. Medium - 30 jiCi/gm Pu. High - 80 pCi/gm Pu. 

106^.6" (368 days).. 1 0 6 R u 30 see. 106 



4.4 NEUTRON SIGNATURES 
238 Neutrons are emitted in the spontaneous fission of Pu, 

Pu and Pu and through the interaction of emitted 
a particles with certain light nuclei. The neutron emission 
rates from spontaneous fission and (a,n) reactions in oxides 
and fluorides are given in Tables A2-2 and A2-3 respectively 
of Appendix 2. The emitted neutrons suffer little absorption 
in passing through most structural and containment materials. 
This is the main advantage the neutron signatures offers over 
the gamma signature. To be useful for the assay of plutonium 
holdup, the neutron production rate per gram of Pu must be 
known. This requires the knowledge of the isotopic composition 
for the spontaneous fission contribution and, in addition, 
a knowledge of the chemical form of Pu and the amount and 
distribution of certain high (a,n) yield target material (e.g., 
aluminum), Neutron and gamma yields from Pu with three differ­
ent isotopic compositions are given in Table 25. It is seen 
that the neutron emission rate, with about equal contributions 
from spontaneous fission and (a,n) reaction in the oxygen 
in Pu0 2. is substantially lower than the gamma emission rate 
but still has useful intensities. 

4.5 HOLDUP MEASUREMENT TECHNIQUES AND RESULTS 
The difficulty in measuring finely dispersed plutonium 

in large work boxes, tanks or other objects with complex 
geometries and containing different types of equipment has 
been emphasized throughout this section. The available nuclear 
signatures and measurement techniques were shown to be limited 
to the detection of the characteristic gamma rays from the 
fissile isotopes, Pu and JU with the possibility of using 
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the specific fission product traces as added information on 
239 the Pu concentration. When the geometrical and structural 

configuration makes the gamma measurementsunreliable because 
of excessive attenuation, the measurement of fast neutrons 
emitted in spontaneous fissions and (a,n) reactions becomes 
the main tool for Pu holdup determination. 

The suggested experimental procedures and tools for in-
situ assay of plutonium residual holdup, is described generi-
cally in Regulatory Guide 5.23^ 1 8; This Regulatory Guide 
discusses the available measuring tools namely, Nal(Tl) for 
the gamma detectors and semidirectional and non-directional 
neutron detectors. The possibility of using the newly avail­
able CdTe detector which could measure, because of its small 
size, the gamma activity in situations where other detectors 

(19) have proven to be cumbersome has been recently suggested . 
The CdTe detector1 can be used to measure the holdup inside 
(and obviously outside) pipes and other difficult configurations 
and more use of it may be seen in the future. The present 
and future use of the high resolution Ge(Li) and intrinsic Ge 
gamma spectrometers for the purpose of holdup measurements seems 
to be very limited, This is because these detectors are in­
convenient for applicaion in the difficult geometries which 
are typical in such situations. Also, their use will be time 
consuming rendering the holdup measurements prohibitively long. 
Regulatory Guide No. 5.23 describes in detail, the generic 
measurement procedures including calibration and sources of 
errors. The latter consists of a 

1. counting statistics 
2. instrument instabilities 
3. geometric uncertainties 
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TABLE 25-A EMISSION RATE FOR 1 GEAM Pu FROM YANKEE FUEL WITH 35,000 MWD/TU 
BURN-UP 

Isotope Weight?. 
Gamma Emission Spontaneous Fission Prompt Neutron (a.n) Neutron From PuO? Isotope Weight?. 

y/sec Energy CkeV) Neut/Sec % Neuc/Sec 7. 
2 3 8 P u 1.9 3 x 1 0 3 766 47.2 15.3 266.0 76.1 
2 3 9 P u 63.0 8 x 1 0 4 320-430 0 0 28.4 8.1 
2 * ° P U 19.0 — — 194.2 63.2 32.3 9.2 
2 4 1 P u 12.0 2 x 1 0 6 208 0 0 1.2 0.3 
2 4 2 P u 3.8 -- -- 65.7 21.4 0.4 0.1 
2 4 1 A m 0.6 3 x 1 0 8 60 0 0 21.4 6.1 2 4 1 A m 

Total 307.1 100.0 349.7 100.0 
Total Neutron Emiss ion Rate 657 Beut/sec/gram 



_-^.—^V^TS^ 

TABLE 25-B. EMISSION RATE FOR 1 GRAM Pu OF AN AVERAGE COMPOSITION (INCLUDING 
".ECYCLE IN 1990) 

Isotope Weights 
Gamma Emission 

Spontaneous 
Fission 

Prompt Neutron 
(a,n) Neutron 
From PuO?. Isotope Weights 

Y/ sec Energy u e v ; Neut/Sec % Neut/Sec 7. 
2 3 8 P u 1.2 2 x 1 0 3 766 30.0 7.5 168.0 63.6 
2 3 9 P U 53.0 7 x 1 0 4 320-430 0 0 23.9 9.0 
2 4 0 P u 25.8 -- -- 264.0 66.4 43.9 16.6 
2 4 1 P u 13.5 2 x 1 0 6 208 0 0 1.4 0.5 
2 4 2 P u 6.0 — -- 103.7 26.1 0.6 0.2 
2 4 1 A m 0,7 3 x 1 0 8 60 0 0 26.3 10.0 2 4 1 A m 

Total 182 7 100.0 397.7 100.0 264.1 100.0 
Total Neu tron Etniss Ion Rate 662 neut/sec/gram 



TABLE 25-C. EMISSION RATE FOR 1 GRAM Pu (WITH ISOTOPIC COMPOSITION OF 
EQUILIBRIUM RECYCLE) 

Isotope Weight% Gamma Emission 
Spontaneous 
Fission 

Prompt Neutron (a,n) Neutron From PuO? Isotope Weight% 
y'/sec Energy (keV.) Neut/Sec % Neut/Sec % 

2 3 8 P u 
2 3 9 P u 
2 4 0 P u 
2 4 1 P u 
2 4 2 P u 
2 4 1 A m 

3.4 
41.7 
27.1 
13.4 
11.7 
0.7 

5 x 10 3 

5 x I0 4 

3 x 10 6 

3 x 10 8 

766 
320-430 

208 

60 

84.5 
0 

276.9 
0 

202.2 
0 

15.0 
0 
49.1 
0 
35.9 
0 

476.0 
18.8 
46.1 
1.5 
1.2 
25.0 

83.7 
3.3 
8.1 
0.3 
0.2 
4.4 

2 3 8 P u 
2 3 9 P u 
2 4 0 P u 
2 4 1 P u 
2 4 2 P u 
2 4 1 A m 

Total 253.6 100 563.6 100 568.6 100 
Total Neutron Emission Rate 1132 neut/sec/gram 



3.1 isolation of measured collection zones 
3.2 overlapping collection zones 

4. attenuation uncertainties 
5. interpretation uncertainties 

5.1 interferring radiations 
5.1.1 background and background variation 

in the gamma energy window 
5.1.2 a change in the high (a,n) yield 

impurities in the case of neutron 
counting 

6. isotopic uncertainties 
The contribution of total counting statistics to the overall 
error is usually insignificant. Instrument instabilities can 
be greatly reduced by proper equipment stabilization and fre­
quent calibration. Hence, the contribution of this error will 
normally be small. The geometric and attenuation uncertainties 
can be rather significant. The magnitude of these uncertainties 
are determined during the calibration by moving the calibration 
source over the volume of observation measuring the additional 
signal due to the source ("add a source" technique). The inter­
fering radiation in the case of gamma measurements normally 
vr1!. not be high. This situation may change, however, if the 

95 95 trace amounts of fission products, especially Zr, Nb and 
106 

Ru discussed in Section 4.1, are high. The variation 
in the (a,n) yield impurities has to be estimated using 
the permissible concentrations of these materials in the process, 
If the process equipment is cleaned each time the isotopic com­
position of the plutonium feed is varied, the holdup will con­
sist primarily of the current material. When mixing occurs, 
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the stream-averaged isotopic composition for preparation of 
the standard is probably the best estimate. The isotopic 
uncertainties are then determined by estimating the range of 
the process variation. As was mentioned before, the isotopic 
uncertainty significantly affects the neutron measurements. 

Recently, several careful and detailed results of holdup 
(19 20 21) measurements in mixed-oxide fuel fabrication plants^ ' ' .and 

(22) Pu-scrap recycle plant were given. 
The most extensive measurements (performed by two inde­

pendent groups) are reported ln^ , where the holdup measure­
ments in an entire mixed-oxide fuel fabrication plant (Kerr-
McGee) are described. The measurements, which follow Regulatory 
Guide 5.23^ ^whenever possible, obtained essentially the 
same results for the total amount of holdup Pu. The measurement 
uncertainties were estimated to be about 50% (at 1 sigma) 
through the agreement between the two results, assuming complete 
independence, indicates an error of 207» to 25% (at 1 sigma). 
Realizing that the measured plant was not designed at all to 
facilitate holdup measurements and that no calibration and in­
sertion of standards into glove boxes prior to start up of 
plant were made, one is led to conclude that the obtained 
estimated value of the measurement uncertainty should be con­
sidered as an upper limit for the uncertainty in plants which 
will be designed to take into account the holdup measurement 
prerequisites, A room integrated holdup measurement was suc­
cessfully demonstrated in the Kerr-McGee exercise by using 
a relatively large nondirectional neutron detector which was 
placed in the middle of a well isolated and shielded room. 
The holdup in that room was measured within an estimated uncer­
tainty of 50% (at 1 sigma level). The needed calibration co­
efficients and the uncertainty were determined by both cal­
culation and calibration measurements. 
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Very careful Pu holdup measurements, using mainly a Nal(Tl) 
detector, and to a lesser extent, a semi-directional neutron de­
tector, were performed on glove boxes, conveyors and tanks in 
areas of varying background at ARHCO^ , The measurement pro­
cedures of^ 'were applied and the agreement between the assigned 
values, based on the nondestructive measurements, and the deter- • 
mination of the recovered plutonium has been within 16 percent 
for quantities ranging from several grams up to the kilogram level. 
Preliminary results from similiar measurements on several glove 
boxes showed an agreement of 207/ ' Measurement uncertainties 
of 20% (at 1 sigma level) or below, are outstanding for this 
type of measurements. However, it should be recalled that the 
configurations studied at ARHCCr^and England^ 'are much 
simpler than the Kerr-McGee case, 

4.6 CONCLUSIONS 
The need and desirability to reduce the holdup measure^ 

ment uncertainty within the context of nuclear material safe­
guards accountability should be determined relative co other 
measurement errors and their impact on the overall material 
balance uncertainty. In many situations, as discussed in this 
section, the contribution of holdup and its measurement un­
certainty is quite insignificant. However, for short inven­
tory time and especially for run-out inventory, the hold-up 
ahd its uncertainty can become quite a significant contributor 
to the material balance uncertainty and hence, to the LEMUF. 

The nuclear material signatures available for holdup 
measurements are basically the decay gamma lines and spontaneous 
and (a,n) neutrons. The possibility of using the more penetrat­
ing gamma rays emitted by traces of difficult to separate 
fission products such as Zr- Nb and Pb- Ru as a sig­
nature is suggested. 
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The most recent meausrements including a very elaborate 
one^ clearly provide a practical range of achievable measure­
ment accuracy. The measurement uncertainty in a complex un-
optimized configuration is about 50% at a 1 sigma level. Under 
wore favorable conditions, achievable holdup accuracies can 
be as low as 15% to 20%. All holdup measurements are very 
time consuming and are labor intensive. 

In addition to the utilization of Nal(ri) gamma spectrom­
eters and semi- and non-directional neutron detectors, the compact 
CdTe gamma spectrometer may emerge as a measuring tool for 
otherwise inaccessible locations including inner walls, 
ducts and tanks. The possibility of performing an integral 
measurement on the holdup in an entire isolated room by 
using large non-directional neutron detectors has been demon­
strated, achieving an accuracy of about 50% in favorable situa­
tions. Based on one study, it has been found that placing a 
sample of known surface area, having the same characteristics 
as the equipment walls, at various positions in plutonium work 
boxes and process areas to monitor depositions could be ad­
vantageous. It can provide a proper calibration and allow 
an estimate of the holdup by area extrapolation. One may ex­
tend this concept and place not only flat surfaces, but in­
corporate other shapes and structures in the proper location 
for similar purposes. The present study fully concurs with 
the recommendation of the Kerr-McGee study. 

Regulatory Guides, 5.8, 5.25 and 5.42 discuss the design 
of processing equipment to minimize holdup and to facilitate 
cleanout. However, since such designs cannot be perfect, it 
will be necessary to make measurements of the holdup of high-
enriched uranium and plutonium in future facilities. The 
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Kerr-McGee and other studies have shown that: (1) equipment 
should be designed to minimize holdup and to facilitate cleanout, 
(2) there should be a continuing plan to improve the techniques 
for measurement of holdup, (3) in the future, plant designs 
should take into account the necessity for holdup measurements 
(for example, locate equipment so that each significant item 
can be "viewed" by passive assay instruments without inter­
ference from other objects; define "geometries" and determine 
radiation attenuation and scattering factors; don't buy pipes, 
etc.) and (4) the assay procedures should be etermined in 
advance and the system calibrated before and during start-up 
operations. 



5. REPROCESSING ALTERNATIVES - A PRELIMINARY OVERVIEW 

5.1 PROCESSING STRATEGIES 
Utilization of Pu produced in the IWR fuel cycle requires 

the processing of spent LWR fuel to recover the Pu and using 
this Pu in the fabrication of fresh mixed-oxide (HOX) fuel. 
Although MOX fuel can be used as both LWR fuel (3 to 5 wt. 7. 
Pu) and LMFBR fuel (20 to 25 wt. 7. Pu), its use »s LWR fuel is 
being considered here. Processing Pu for LWR fuel consists of 
the following four distinct steps; 

• Separations (separation of the fission pro­
ducts from the U and Pu, and the partial or 
total separation of the U and Pu into nitrate 
solutions). 

t Conversion (conversion of nitrate solutions 
containing Pu or Pu and U into oxide powder 
form). 

• Blending (blending of nitrate solutions contain­
ing Pu and U and/or blending of oxide powders 
containing Pu and U). 

• Fabrication (fabrication of t'OX pellets and 
fuel rods from oxide powders containing Pu and U). 

From a processing viewpoint, these four process steps can 
be performed in separate facilities which are large distances 
apart. However, production efficiency and transportation costs 
suggest some colocation, particularly for ihe blending. In addi­
tion, safety and safeguard aspects of Pu-materials transportation 
provide further incentives for colocation. The impact of coloca-
ting some or all of these process steps is not examined in chis 
preliminary overview, but it may prove to be an important issue. 
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The alternative ways of processing Pu fuel are deter­
mined by the configurations of the four basic process steps which 
can be developed. These configurations can be developed for two 
principal variables: 

• U-Pu separation which is total (or nearly 
so), partial or none (i.e. mixed) 

t U-Pu blending which is dry, wet or both. 
Based on these variables, nine configurations can be defined. 
Block diagrams of the resulting nine configurations are presented 
in Figs. 14 through 16. For each process step shown in the block 
diagrams, material form and enrichment or fissile content is 
given. The material form and quantity of clean and dirty scrap 
recycle is shown for each configuration. Waste streams are omitted 
and U recycle is not addressed explicitly. Some key character­
istics of the nine configurations are summarized in Table 26 
This table includes the quantities of Pu product material gen­
erated by the conversion and fabrication processes, normalized 
to one kg of Pu recovered in the separations process. 

Based on these characteristics and some general considera­
tions, a preliminary (and incomplete) listing of the advantages 
and disadvantages of the nine configurations is presented in 
Table 27. Completion of Table 27requires further study on the 
commerical feasibility of partial U-Pu separation and on the 
conversion of U+Pu solutions to MOX powder. 

• Because of the requirements for enriched U 
feed material, for very high conversion 
throughput, for very high fabrication through­
put and because they are not applicable to the 
IMFBR !:uel cycle, the Group C configurations 
associated with no U-Pu separation are the 
least attractive, 

• Depending on the commercial feasibility of par­
tial U-Pu separation and of conversion of U+Pu 
solutions, the Group B configurations may be 
the most attractive. 
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TABLE Z6. CHARACTERISTICS OF Pu FUEL PROCESSING CONFIGURATIONS FOR LWR FUEL CYCLE 

Group Case 
U-Fu 

Separation 
U-Pu 

Blendinp, Highest Pu-Concent Material Present 3 
Tvoe of U-Feed Material Required" 

Scrap 
Recoveryt Conversion. 

Requirement 
Fabrication 
Requirement* 

1 Total Dry P u 0 2 (8B7.) V02 (0.77.> Pu0 2 (27.) . MOX (17.) 1. 2 20-33 
A 2 Total Uet Pu Nitrate (207.) Uranyl Nitface<0.77) KOX <187.) 24-41 20-33 

3 Total Wee + Dry Pu Nitrate (207.) Uranyl Nitrace(Q. 77.) 
and U 0 2 CO. 77.) MOX ( 37.) 21 20-33 

4 Partial Dry | MOX < 57.) U 0 2 (0.77.) K0X ( 37.i 21 20-33 
B 5 Partial Wet n Pu + U Solution 

I ( 57.) 
Uranyl Sitrate(0.7?.) MOX (187.) 24-41 20-33 

6 Partial Wet + Dry MOX ( 57.) U 0 ? (0.77.) MOX ( 37.) 21 20-33 
7 one Dry MOX (0. 77.) U Q 2 (207.) MOX < 37.) 147 143-165 

C 8 None Wet MOX (0.77.) Uranyl Nitrate C207.) MOX ( 1811) 174-201 143-165 
9 None Wet + Dry HOX (0. 77.) Uranyl Nitrate (207.) 

and U 0 2 CO. 77.) 
MOX ( 37.) 170 165-700 

weight percencaj-t is yiven in parenthesis for each Pu material. 
!35 weight percentage is Riven in parenthesis for each V material, 
ap recovery requirement , exprt-ssed as a. percentage of throughput, is given in parenthesis for each cas 
version requirement is given for each case as Kg of Pu material converted from solution to powder per 
'u separated. 



TABLE 27. ADVANTAGES AND DISADVANTAGES OF Pu FUEL PROCESSING CONFIGURATIONS 
FOR LWR FUEL CYCLE 

1 I Ad v*ntiftes Disadvantage* 1 
Group Cat* Separationi Blending Group Case Group Came | 

* 1 Tota l \ Dry A. Separat ion process 1 . Conversion proces s La A- Pu content of L. PuQ2 <S8 WE. 1 Pu) i s very 

f is veil defined. v e i l def ined; conver­
s i o n requirement i s material i s 

highest czo-ae 
at r r a c r i v e s u r e r i a l for 
d i v e r s i o n ; FuO? scrap r e ­
covery la required and la 
not v e i l d e f i n e d . I s i ta l leut wt . X> 

at r r a c r i v e s u r e r i a l for 
d i v e r s i o n ; FuO? scrap r e ­
covery la required and la 
not v e i l d e f i n e d . 

at r r a c r i v e s u r e r i a l for 
d i v e r s i o n ; FuO? scrap r e ­
covery la required and la 
not v e i l d e f i n e d . 

2 Total Wet ? Wet blending ia s o r e I. Pu n i t r a t e <20 wt- X Pu) 
uniform^ coprec lp i t a ­
red HOX product and 
scrap are >aost e n l ? y 

i s f a i r l y a t t r a c t i v e 
a r t e r i a l for d i v e r s i o n -, 
HOX *cr*p recovery re­

•J Total 'Met + Dry 

j 
1 . 

d i s s o l v e d . 
Coprec lp i ta ted HOX 
product and scrap are 
wore «**pLly d i s s o l v e d 

3 

quirement i s l arge . 

Fu n i t r a t e <20 wi . 7, Pu) 
i s f a i r l y a t t r a c t i v e 
mater ia l for d i v e r s i o n : 
two U feed s u t e r i a l a are 
requ ired: two blending* 
are requ ired . 

B 4 P a r t i a l Dry B- Pu content of a l l 
m a t e r i a l i s f a i r l y 
low (<5 wt- l> j 

A. |B- P a r t i a l U-Fu 
1 separat ion p r o -
' c**» ia not 

f*. 

5 P a r t i a l Wet c o p r e c l D i r a t e d HOX 
product and fccrap 
are more e a s i l y 
d i s s o l v e d . 

S. Met blending. 1* s o n 1 w 1 1 d«*ln»d-
uni form; c o p r « c l p i t a - • 
t e d HOX product and ' 
s crap are noat e a s i l y 

& %X scraD recovery re­
quirement I s large . 

di aitolvad. 
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5.2 CONVERSION ALTERNATIVES 
In addition to the oxalate precipitation technique for 

converting plutonium nitrate to Pu0 2 described in Section 5.1, 
there are several alternative processes. Technology is avail­
able for either conversion of the plutonium nitrate to the 
oxide alone or as a mixed plutonium and uranium nitrate to 
the oxides. 

5.2.1 Plutonium Nitrate Conversion 
Methods available for plutonium nitrate solution con­

version to the oxide are described as follows; 
Peroxide. The plutonium is precipitated as a 

nonstoichiometric PU2O, using a 307, solution of HjOn. An ad­
vantage of this technique is that it does not require prior 
valence adjustment as both the hexavalent and trivalent plu­
tonium are converted to the tetravalent state by the H-On. 
The process is also flexible to feed concentration and flow 
and large concentrations of certain other metallic ions. Be­
cause iron catalyzes the decomposition of ^ O j , the presence 
of iron and/or the reaction temperature must be closely con­
trolled. Other solutions that form peroxides (U and Th) and 
strong peroxy complexes (Zr, Ce, Mn) and anionic impurities 
that form strong plutonium complexes adversely effect degree 
of precipitation. Along with these many disadvantages, the 
difficulty in converting PujOy into a homogeneous Pu0 2 product 
have not made this technique a competitive process for commer­
cial application for plutonium nitrate conversion. 

Plutonium Oxalate. The main advantages of this proce?.. 
are that a good product form and purity is easily obtained, it 
is flexible to feed variations, and the process has been demon­
strated on a large scale, The disadvantages include the 
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requirement f i t valence adjustment, a large number of process 
steps, and a relatively large part of the plutonium must be 
recycled for recovery. 

Plutonium Sol.Gel. In this process plutonium sols 
are prepared from Pu(N0,)- solution in which the nitrate is 
continuously extracted witn n-hexanol. A seeding technique 
is used to improve the sol crystallite sizes. These plutonium 
sols are very stable, denitrate rapidly (10-15 min.) at o,200°C, 
and are insensitive to overheating. These sols can easily be 
used to prepare PuC^ microspheres. Because the process is 
quite complicated and has not been demonstrated on an engin­
eering scale, it has not received much attention for a commer­
cial plutonium nitrate conversion process. 

Direct Denitration. Direct conversion of plutonium nitrate 
solutions using fluidized-bed denitration has been successfully 
demonstrated with pilot-scale. The PuC^ product is quite suit­
able for storage and transport, The merits of this process 
include its simplicity, ease in scale-up for larger systems, 
and does not require valence adjustment. However, the PuO-
product from the process is dissolved with more difficulty than 
the products from the other processes. 

5.2.2 Mixed Oxide Conversion 
If mixed plutonium and uranium oxides are the desired 

end product, there are several importat.t advantages to perform­
ing the conversion concurrently. The critical masses of plu­
tonium are increased by more than a factor of 5 when the FuO, 
is diluted by 75% with depleted U0 2- Also, the total amount 
of scrap fur recycle is generally less with the mixed processes. 
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Ths following are some candidate processes for mixed con­
version. 

Coprecipitation. In this process the uranium and pluton-
ium nitrates axe combined after plutoniura valence adjustment 
and coprecipitation of uranium duirinate and plutonium hydroxide 
is accomplished with ammonia. The resultant precipitate is 
then filtered, usually on a vacuum drum filter, then washed and 
converted to the oxides in a continuous vibrating tube reactor. 
The process is somewhat continuous, is amenable to varying feed 
rates and compositions, and has been demonstrated on'an engin­
eering scale. The main disadvantages of the process are that it 
involves a large number of process steps, the scrap recycle 
requirements are high, and the PuCU product is finer than 
desired for shipment. 

Sol Gel Conversion. In this process, U0£ and PUOA sols are 
prepared separately, similar to that described for PuOo sols, 
and the UO, and PuO, sols are then blended and used to prepare 
mixed UO2 - PuC^ microspheres. Both the UO2 and PuO^ sols de-
nitratt rapidly and form a uniform and desirable product. The 
process may also have some advantages with regard to shipping -
handling and scrap recycle. However, the process is compli­
cated, requires a large number of process steps, and has 
not been demonstrated on a large scale. 

Direct Codenitration. This process is similar to that 
described earlier for the direct conversion of plutonium 
nitrate solutions using a fluidized-bed process to accomplish 
the denitration. The codenitration is accomplished by spraying 
a uranyl-plutoni-;ri nitrate solution into a heated fluidized 
bed of the oxide product. The product is a totally homogeneous 
granular mixture of U0«-PuCL which is converted to U0 ?-PuC 7 with 
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hydrogen, or other gaseous reductant, also in a fluidized bed. 
The process has been demonstrated on a pilot-plant-scale, 
appears applicable over a wide range of uranium plutonium con­
centration, yields a homogeneous product, and is easily scaled 
to larger equipment. The main disadvantages of the process 
are the second step needed for UD3-UO2 conversion and close 
process control is needed to maintain a satisfactory product. 
The product from this process is generally more difficult to 
dissolve than the products from the other processes. 
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6. PROCESS MODELING AND SIMULATION 

This section presents a survey of the available litera­
ture on transient characteristics of LWR Fuel reprocessing 
units. Included are papers presenting experimental data, 
process and control models, and methods of control, These 
papers reference other works which may also be of interest, 

6.1 LITERATURE REVIEW 
Papers dealing with liquid-liquid extractors are in 

abundance, These are reviewed in Section 6.1.1. Other pro­
cess equipment such as filters, dryer-calcir.ers, digesters, 
and grinders appear less frequently and are usually control 
oriented. They are reviewed in subsequent sections. 

Several text books are of general interest in modeling 
chemical processes. References 23, 24, and 25 appear particularly 
suitable in this respect. Many of the models developed in 
Reference 23 were.programmed as subroutines. Some of these may 
be directly useful, but the author's simple and practical 
approach to modeling is probably his main contribution. 
6.1.1 Liquid-Liquid Extraction 

Chemical processing to achieve separation of plutonium 
and uranium from each other and from waste products is an 
important step in fuel reprocessing.• Separation is accom-
lished through countercurrent liquid-liquid extraction systems 
containing irami3ible liquids in environments which are both 
chemically harsh and radioactive. The chemical environment is 
selected to promote mass transfer of most of one or more con­
stituents in the original phase. Subsequent separation of 
phases separates the constituents. 
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The degree of separation attainable depends upon the 
differences in distribution coefficients (defined as ratio of 
concentrations of a given constituent in the two phases under 
equilibrium conditions) of the materials to be separated. The 
distribution coefficient in turn may depend upon the oxidation 
state of the solute ions, the presence of conplexing agents, ot 
upon other elements of the chemical environment in each phase 
(26J-. Separation efficiencies seldom reach the maximum attain­
able due to imperfect contacting between phases. The rate of 
mass transfer between phases depends upon the amount of contact 
surface between phases, the concentrations of material in the 
two phases, and the mass transfer coefficient (27), In general, 
mass transfer rates increase with increasing contact surface 
and increasing concentration differences between phases but 
the functional dependences are not generally known. 

The extraction system of interest for separation of 
uranium and plutonium is the pulsed perforated plate column. 
Pulsation not only provides the necessary mixing function but 
also aids phase separation. There is also evidence that it 
promotes back mixing of the continuous phase (28 pp. 259-263) 
which is undesirable since it tends to decrease the driving 
force (concentration gradient) for mass transfer. 

A complete simulation of pulsed columns for purposes cf 
control or material accountability requires a means of predict­
ing concentration profiles as a function of time in response to 
adjustable parameters such as input phase flow ratep and con­
centrations, and in addition, pulsing frequency and amplitude. 
An interesting and practical treatment of pulsed column hydro* 
dynamics which allows prediction of the effect of pulse frequency 
and amplitude upon concentration profiles is given in Reference 29. 
It also provides a quantitative expression for estimating back 
flow of the continuous phase. 
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Reference 26 provides a detailed formulation of material 
balances for a pulsed column utilized in partitioning uranium 
and plutop.ium. The material balances account for reaction 
chemistry within each phase and expressions are given for deter­
mining distribution coefficients and reaction rate coefficients. 
While pulsing characterises were neglected, holdup dynamics 
were assumed important and were calculated assuming proportion-
ability between holdup and pseudo flow rates between model 
stages. The use of pseudo flow rates in this work (also des­
cribed in Reference 30) is similar to the treatment in Reference 
31 which deals with a mixer-settler extractor for separating 
the rare earths. Both Reference £6 and 30 were nonlinear control 
oriented simulations concerned with manipulation of aqueous 
flow rate as a means of controlling column behavior. 

A recent article (32) presents a general review of the 
underlying theory'of liquid-liquid extraction and also pre­
sents a survey of the equipment, The article includes an 
extensive bibliography. This article does not address the 
transient response of the processes nor model development, 
but is of general interest, 

A computer code SEPHIS (Solvent Extraction Processes 
Having Interacting Solutes) developed by W, S. Groenier (33) 
has been widely used for simulating countercurrent liquid-liquid 
extraction processes. This report presents the general develop­
ment and resulting computer program. The original application 
involved a dilute-Purex flowsheet proposed for recovery of 
spent LMFBR fuels. It has since been modified by S. B. Watson 
and R. H. Rainey (34) who indicate other users. Included in 
Reference 34 is a discussion of how to apply SEPHIS to practical 
solvent extraction processes, the updated version of the code, and 
a set of user input instructions. 
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A report, Reference 35, describes the liquid-liquid extrac­
tion pilot plant at General Komic Company in San Diego. The 
report discusses the application of the Acid-Thorex process on 
input feeds representative of those from HTGR fuels. This 
report does not present models or transient responses, but 
illustrates a valuable location of equipment upon which experi­
ments could be devised. These experiments could concentrate on 
the transient response and be used to validate models. 

Reference 36 presents the results of a study simulating 
holdup dynamics to provide a better understanding of the 
operating characteristics. As a result, the investigators 
were able to design an online measurement and control system 
that improved unit capacity by 15%. The paper summarizes the 
material balance equations used, Comparison between the simu­
lation and the extractor showed good agreement. 

A good review of dynamic simulation of liquid-liquid extrac­
tion performed by various investigators to 1969 is presented 
by Pollack and Johnson (37). They review the various approaches 
to process modeling and conclude that since "no work on the 
dynamics of center feed columns with internal or external reflux 
has been attempted" the application of previous studies to commer­
cial columns is difficult. 

Mills and Bell (38) present results of their work to 
develop the transient response of a series of mixer settlers, 
The paper references the computer codes SIMTEX and QUANTEX. The 
description of their model is not presented. Some transient 
responses are shown to step changes in feed flowrate. This 
article does not discuss holdup. The intent was to develop control 
setooints. 

A cater bv Burton and Mills (39) describes some earlv work 
in the United Kingdom dealine with conmuter oroeram SIMTEX 
(Simulation of Tributvl PhosDhate Extraction Plants). The Droeram 
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was adapted to evaluate flowsheets for countercurrent extrac­
tion of uranium-plutonium fuels in aqueous nitric acid with a 
dilute solution of tributyl phosphate in odorless kerosene. 
Transient response is not discussed although the paper implies 
development in this area is to follow. The work by Milles, 
et al. f in the U.K. should be investigated further. 

Reference 40 presents an outline of a model of a liquid-
liquid extraction column. Transient results obtained with the 
aid of a 3-inch diameter, 20-foot high column are compared to 
the model. The authors state "the resulting simulations indi­
cated that the models based on assumptions of non-equilibrium 
and nonuniform mixing could be used to predict steady state times 
quite well. The simulation results, when compared with the 
experimental data, showed that these models whould have definite 
utility in describing extraction columns in process control 
computer simulations of equipment systems'.' The models are not 
directly applicable to material control but again the approach 
is relevant. 

Reference 41 presents the results of dynamic tests on a 
3/4 inch diameter glass column with two or three plants. The 
dynamic results are expressed in terms of amplitude ratio and 
phase angle. The authors suggest that the work was exploratory 
and was intentionally limited to a few plates because a con­
tinuous method of chemical analysis was not available for study­
ing the output. This paper is not particularly related to 
material control but provides background information. 

Reference 42 discusses chemistry and use of hydroxylamine 
in plutonium extraction at La Hague. The paper indicates 
several factors affecting efficiencies and presents experimental 
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data. The authors suggest two plutonium concentration and 
purification flow sheets. Modeling is not discussed. 

A detailed listing of the continuity equation describing 
the mass transfer in a two-phase continuous-countercurrent 
extractor is given in Reference 43. The paper addresses the 
transient response to a prescribed set of boundary conditions. 

Reference 44 presents the development of a microscopic 
space and time dependent hydrodynamic model of a stirred reac­
tor. The objective was to determine the sampling location pro­
viding the best estimates of bulk properties in batch and 
semibatch reactors. The model was based upon distributed 
material balances and includes reaction kinetics. The solu­
tion for the 120 nonlinear differential equation set was 
obtained utilizing IBM's Continuous System Modeling Program 
(CSMP). 

Reference 45 presents the development of a mathematical 
model of a multistage mixer-settler, the so-called Cadman-Hsu 
model. The model is developed from instantaneous overall and 
component mass balances and results in a set of nonlinear dif­
ferential equations. The equations are linearized and summerized 
in matrix notation. An example is presented in which a control 
system is designed. Comparisons to actual extractors are not 
given. Reference 46 discusses the application of the Cadman-Hsu 
model on a copper extractor. The author suggests that a less 
complex model compares favorably when the chemical kinetics are 
fast, 

Reference 47 presents the results of experimentation with 
a multistage mixer-settler. Models are not presented. The data 
presented could be useful in developing models of liquid-liquid 
extraction columns. 
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Reference 4b presents a description of instrumentation 
useful as in-line monitors and capable of providing continuous 
indication of changing process conditions. The authors state 
that the concepts presented should be adaptable to commercial 
scale processing facilities. Models of such equipment should 
accompany process models, particularly for those which would 
be utilized for control purposes, but also to allow comparison 
of simulation results with measurable experimental data. 

The basic chemistry of plutonium is presented in Reference 
49. Much of the data necessary for modeling the process will 
be found in this reference, 

Reference 50 discusses a simple model of the hydrodynamics 
of a centrifugal extractor. The modeling assumptions are deline 
ated and the resulting equations presented. The model is _ 
linearized and the authors subsequently emphasized the control 
study. Comparison with experimental data is included, 

Todd and Davis (51) give an interesting discussion of 
centrifugal extractors. Experimental data is given on a pilot 
size unit and the paper discusses commercial size unit scaleup. 
Modeling is not discussed. 

Schmieder, et al,(53), present a good discussion of a 
laboratory scale electrolytic mixer-settler. Experimental 
data are presented. Models are not discussed, 
6.1.2 Driers-Calciners 

A few papers are reviewed that discuss the modeling of 
rotary kilns. None are directly applicable as they deal with 
different materials but the modeling approaches are relevant. 

A. Marritius, et al.(53), present a detailed steady state 
model development of a kiln. The equations developed could be 
generalized to establish a dynamic model. The paper reviews 
other kiln models. The process involved aluminum oxide but 
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the modeling approach is applicable to other materials. The 
author points out that "although rotary kilns are used in many 
chemical processes, the math modeling represents a difficult 
and incompletely solved problem." 

Reference 54 discusses a microscopic dynamic model of a 
cement kiln. It presents a very detailed account of model 
techniques with comparisons to test data, The model contains 
at least three partial differential equations for energy balance 
and 12 partial differential equations for various material 
balances, as well as at least 15 other algebraic relationships. 
It contains good detailed discussion of the dynamics of a kiln, 

A dynamic model of a rotary cement kiln is presented in 
Reference 55. A summary of the equations and data required by 
the model is tabulated, A good example of the equations required 
to model a kiln is given. The authors report good agreement 
with test data. 

Reference 56 discusses testing performed on a cement 
kiln to determine how to improve the control such that product 
output rate is smoothed. They concluded that the kiln should 
be treated as a multivariable control problem with digital con­
trol and that experimental studies of the process such as those 
reported can provide insight needed to develop models. Detailed 
model development is not presented but transient data for this 
process is given. One conclusion is of special interest: the 
amoung of COp released is a good measurement of the calcining rate 
and could be used to improve kiln operation. A similar measure­
ment in the plutonium conversion kiln may be important. 

6.1,3 Grinders and Filters 
Reference 57 discusses models of various processes which 

include grinding, filtering and drying. The model development is 
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difficult Co follow and the models are not presented.. 
The authors suggest some interesting measurement instruments 
such as radiometric concentration meter, a noncontact conductance 
meter for measurements of solids in suspensions, and a high 
frequency capacitance humidity meter. 

An adaptive transfer function model of a rotary filter 
was implemented in a digital computer to control a rotary 
filter (58). The discussion of the model is sketchy. Empirical 
relationships were used and given. The authors report suc­
cess in improving the control of the filter but indicate 
problems with the computer and the measurements. They were 
successful in controlling the thickness of the filter cake, 
and in producing a slurry of a specified concentration and 
consistency at the highest possible rate. 
6.1.4 Digester 

The paper by Freeman (59) presents a control scheme for 
a wood chip digester. The approach employed a semi-empirical 
model of the process. The control was implemented by direct 
digital control (DDC) wherein the predictor model was updated 
periodically to conform to the changing process. Kalman filter­
ing techniques were applied to correct the measurement signals. 

6.1.5 General Approach to Process Control with a Digital 
Computer 

A paper by Bomard and Badgerahanian (60) describes a 
unique 10-year study to investigate the control of distillation 
processes with a digital computer, they express belief that 
the results obtained "would have escaped us to a great extent if 
we had restricted ourselves to a simulation study alone." They 
suggest that the experimental pilot plant was essential to success. 
The paper suggests that they utilized the latest control techniques 
such as estimation, identification, adaptive, and multivariable 
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control. They grant that "the modeling studies provided the 
user with 3 better quantitative knowlege of the process itself," 
Models are not presented in the paper, Several references to 
articles in French are made, 

6.2 RELATIONSHIP OF PAST MODELING TO MATERIAL ACCOUNTABILITY 
There has been development work in mathematically charac­

terizing chemical process equipment. This work was usually 
directed towards developing methods for controlling the process. 
The assumptions made, such as holdup varying linearly with 
aqueous or organic flow rate, may be insufficient for models 
used in material accountability. The basic fundamental ap­
proaches can be carried over. The problem will be to accurately 
determine the model parameters after the model is developed. 
Validation of the models require extensive test and experimen­
tation. Validation need not delay model development, but rather 
should follow it. As the development of the model proceeds, 
the basic experiments can be defined and planned. Also in­
strumentation can be specified. 

As given in several critique papers, e.g., (61, 62, 63, 
64) the single most difficult problem to overcome in process 
control and modeling is the lack of understanding of the process. 
The lack of observability of the state variables incrsases the 
problem. The problem is further compounded if linear models 
are employed when the process is expected to vary over a large 
range. 

There are two basic approaches•to model development, One is 
the use of conservation theorems coupled with the chemical kine­
tics to develop nonlinear dynamic relations with parameters 
empirically determined; Reference 26 is an example of this approach 
The other is somewhat of a black box approach. Output observa­
tions in response to pulse inputs are made on the process at 
various time slices and some technique such as Weiner filtering^ 
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or other recursive realization algorithms^ ' used to establish 
linear, low-order dynamic relationships. Both approaches can 
be used as they complement each other. The first approach 
yeilds a more detailed understanding of the process, but involves 
more detailed development work. The second is experimental in 
nature and can be utilized to calibrate the first approach but 
only at the operating point at which the empirical model was 
determined. 

Models of the instrumentation are required. In fact, 
as mentioned in Reference 65, some new methods of instrumentation 
must be developed. Models of instrumentation may be derived 
by applying conservation theorems. The dynamic characteristics 
are observed during calibration and testing and compared to the 
results of the model. The dynamic characteristics are compared 
to the frequency contents of the dominant modes in the process. 
If the instrument is very fast, on the order of 10 or more, in 
comparison to the dominate process modes, then the instrumen­
tation model is reduced to an algebraic relationship. Instru­
mentation is a source of noise which must be evaluated and 
characterized with correlation functions. This data is included 
in the final steps of modeling. 

6.3 APPROACH TO MODELING PLUTONIUM EXTRACTION TO ESTABLISH 
A REAL TIME RUNNING INVENTORY AND MATERIAL ACCOUNTING 
One possible approach to the problem of real time material 

accountability and safeguards is suggested. The basic features 
are: 

1. On line digital monitoring and alarm 
2. Periodic tracer pulse calibration without shutdown 

of the process 
3. Mathematical representation of the process in the 

digital monitor. 
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4. Development of instrumentation to observe the state 
of the process, in particular isotopic composition 

The approach is not without problems. The question of accuracy 
and model uncertainty must be addressed. If these answers are 
negative, the model will not perform in a manner to allow 
material accounting. The approach is: 

1. Develop a math model of the physical process 
using fundamental conservation theorems coupled 
with chemical kinetics and implement this model 
on an online digital computer. 

2. Develop instrumentation to observe variables 
in the process and transmit them to the digital 
computer using multiplex techniques, 

3. Develop an estimate of the state of the process 
by an appropriate technique such as Kalman 
filtering. 

4. Compare.the estimate of the state to the predicted 
state, and alarm the operator if a deviation is 
apparent, otherwise log the process characteristics, 

5. Calibrate the digital math model periodically via 
tracer pulse techniques. 

6. Perform a physical inventory to establish buildup 
of residue in the process. 

To implement this approach will require the development of 
several software and hardware items. First, the process must 
be modeled. An approach similar to that in Reference 26 is 
recommended. The model must be validated. This validation 
is critical requiring experimentation and testing, An evalu­
ation of the holdup of the process streams is a critical para­
meter to be established in these tests. An evaluation of the 
accuracy of material accounting will be established by this 
experimentation. 

Instrumentation must be developed and characterized. The 
noise inherent in this equipment must be characterised and 
combined with model uncertainties. The drift of the instru-
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mentation and of the process itself must be characterized 
preferably by experimentation. These characteristics should be 
modeled and built into the digital computer monitor. The 
relationship of the tracer pulse and accuracy of that techniuqe 
must be examined. 
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APPENDIX 1 
COMPUTATIONAL METHOD FOR MATERIAL BALANCE UNCERTAINTIES 

In this Appendix, the key parameters used for the compu­
tation of the material balance uncertainties are defined, and 
the computational methods are presented. 

The method used to compute material balance uncertainty 
is described in detail in the PNL study. The following 
equations were used. 

Material Balance Uncertainty (2 sigma) = 2a 

where 
2 2 2 

cr « £ 0* (flow) + 2 at (item inventory) +-
i i J J 

1 N. ot (bulk inventory). 
K 

a?(flow) = (m in iF i) 2 [(rj/m^) + (p?/^) + q£ 

i * index for each flow stream (feed, product, 
clean scrap, dirty scrap, liquid waste, 
solid waste, analytical samples, etc.). 

F. » average quantity of plutonium per batch or 
unit time period in the iwl flow stream. 

n. * average number of batches transferred or unit 
time periods elapsed- for the i££ flow stream 
per calibration period for the plutonium assay 
instrumentation. 

m. = average number of calibration periods for the 
1 i££ flow stream per accounting period. 
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(•jll^) 

w 

average quantity of plutonium transferred in 
the i£2 flow stream per accounting period 
one-sigma relative random measurement uncertainty. 
2 2 2 

5zi + rsi + Isi 
Nwi wsi wai 
one-sigma relative random uncertainty associated 
with weight, volume or NDA measurement. 
average number of weight, volume of NDA measure­
ments per batch or unit time period. 
one-sigma relative random uncertainty associated 
with sampling. 
average number of samples taken per batch or 
unit time period. 
one-sigma random uncertainty associated with 
laboratory analyses of plutonium concentration. 
average number of times each sample is analyzed 
for its plutonium concentration. 
one-sigma relative short-term systematic measure­
ment uncertainty. 
4 + Psi + Pal 
one-sigma relative short-term uncertainty 
associated with weight, volume or NDA measurement. 
one-sigma relative short-term uncertainty 
associated with sampling. 
one-sigma relative short-cerm uncertainty 
associated with laboratory analysis of plutonium 
concentration. 
one-sigma relative long-term systematic 
measurement uncertainty 
%i %i qal 

q . q o and q„ are defined in the same manner as p ,p and p *w 8 a *w s a 
a^Utem inventory) * (C b j + G e j)l]r? + <C^ + C*j)lj<pj + qj> 

j « index for the j£k type of item container 
C. , and C , • average number of j£ll type of item containers, 

J " each with an average plutonium content of 
I., which are counted* at the beginning and 
end of an accounting period, respectively. 

Plutonium containers which remain sealed throughout an accounting 
period are not counted for purposes of determining material 
balance uncertainty. 
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r., p. and q, are defined in the same manner as r.,p, and q.. 

oJ(bulk Inventory) - <lj k + I^rJ + (FD) (I f c k - l^)Hv{ + qj> 

+ <F8) ( 4 + lj k) ( P ^ q j ) . 

k - Index for the k — type of bulk storage container. 
I.. and I . * average plutonium content of the kth type 

D K e K of bulk storage container at the beginning 
and end of an accounting period, respectively. 

r k, p k and q. are defined in the same manner as r.,p. and q.. 
FD (Fraction of Difference) and FS (Fraction of Sura) are 

fractions which add to unity. It is appropriate to 
use the difference term (i,e., FD = 1.0 and FS = 0) 
when the plutonium content of a bulk storage container is 
determined in a manner which suggests that systematic 
uncertainties tend to cancel so that the net uncer­
tainty is determined by the difference between two 
measurements. Alternatively, it is appropriate to 
use the sum term (i.e., FD * 0 and FS * 1.0) when the 
nature of the measurements indicates that the 'Systematic 
uncertainties are additive. For the PNL results^' given 
below, the computations were performed with FD • 1.0 
and FS • 0. The SAI results reported here were 
computed with FD * FS » 0.5. 

Nr - number of the k£h_ type of bulk storage containers. 
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APPENDIX 2 

NEUTRON AND GAMMA RAY EMISSION RATES AND GAMMA 
ABSORPTION COEFFICIENTS REUTED TO HOLD-UP MEASUREMENTS 

NOTICE 

"Tils report ft« prepared as ID account of work 
sponsored by the United Suits Government. Neither 
the United Suits nor the United Slates Energy 
Research & Dftvelcprftenl AdmintstMsioji, nor any 
of then employees, nor any of ihtlt eonmciorr,. 
subcontractors, or their emplorccK makes any 
warranty, eitptets oi iritptied, or assumes any lepai 
liic-IIUy oi mponsMity for the accuracy, 
completeness or usefulness of any InroimetMii, 
apparatus, product ot process disclosed, or 
represents Ihil its use would not intrmse 
privately-owned rl|h(S." 
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TABLE A2-1. IMPORTANT GAMMA RAY LINES 

isotope 
Energy 
(keV) 

Intensity 
photons/sec/g 

• • J J u 185.72 4.3 x l O 4 

2 3 8 u * 1001.10 1.0 x 10 2 

766.40 3.9 x 10 1 

852-883 1.2 x 10 4 

2 3 8 P u 2(320-430)** 1.3 x 10 5 

413.69 3.4 x 10 4 

375.02 3.6 x 10 4 

129.28 1.4 x 10 5 

51.63 4.7 x 10 5 

2 4 0 P u 45.23 3.8 x 10 6 

2 4 1Fu*** 332.36 1.1 x 10 6 

207.98 2.0 x 10 7 

164.59 1.8 x 10 6 

148.60 7.5 x 10 6 

2 4 1Am 59.54 4.5 xlO 1 0 

2 4 2Pu None 

* 238 
Radiation from the decay of U daughter 
product Z34rapai intensity given for 
equilibrium condition. 
This is defined loosely as the "38V 
keV complex of gamma ray lines, 

JLJL..JL *\ o 7 

Radiation from the decay of U which results 
from the a decay or ̂ 41p^. Intensity given 
for equilibrium conditi. n. 
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TABLE A2-2. SPONTANEOUS FISSION OF 
FISSIONABLE ISOTOPES 

Isotope 
Sp.F. Half-Life 

(year) V 
Yield 

Sp.F./sec/g 

2 3 2 T h 1 . 4 x l 0 1 8 4.1 x l O ' 5 

2 3 ^ 2,0 x l O 1 6 ~2 2.8 x l O - 3 

235^ 17 1.9x10*' ~2 2.96 x lO' 4 

236 u 2 x l O 1 6 ~2 2.8 xlO" 3 

mv 9 .86x l0 1 5 1.95 5.64 x 10~3 

2 3 8 P u 4.9 x l O 1 0 2.26 1.1 xlO 3 

2 3 9 P u 5.5X10 1 5 2.2 1.0 xlO" 2 

2 4 0 P u 1.17XI0 1 1 2.17 4 .71x l0 2 

2 4 1 P u 5.0 x l O 1 5 2.2 1.1 x lO' 2 

242 n Pu 6.8 x l O 1 0 2.16 8.0 x lO 2 

241A Am 2 x 10 1 4 2.3 2.7X10*1 

2 5 2 « 86 3.8 6.14X10 1 1 
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TABLE A2-3. (a,n) YIELDS FROM OXIDES AND FLUORIDES 

Yield 
Material neut/sec/gram isotope 

M S ~14 
2 3 4 U F 6 5 . 8 x l 0 2 

8 3 V 6 12.2xl0" 2 

""w, I2.9xl0" 3 

Z 3 8 P U 0 2 1.4xl0 4 

a W 4 2 . 1 x l 0 6 

2 M ™ 2 
45 

«w 4 4300 

« P U 0 2 170 

•"w. 1 .6x l0 4 

M 1 ™ 2 
~10 

2 4 1 A M 0 2 3754 

• > , -10 
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ERRATA Sheet For 
'SAI-76-747-LJ 

(Material Control For A Reprocessing Plant) 

Page 38, 1st paragraph, line 11 reads 

with approximately 0.27. of the U and 4Z of the Pu that 
entered - - -
should read: with approximately 0.2% of the U and < U 
ot the FU tftat entered - '- -.' 

Page 62, 8th line from bottom of page reads 
4"x5" Sal with Pb filer (15 cm). 
should read: 4"x5" Hal with Pb filter 

Page 64, last line reads 

0.5 (HH2^2 S 0 4 s o l u t i - o n i s oxidized, to the - - - - -
should read: 0.5M HjSO, solution is oxidized to the - - -. 

Page 69, 2nd paragraph, 3rd line reads 
tory area. This includes radioactivity hot process 
should read: tory area. This includes radioactively hot 
process - - - - -

Page 73, last line reads 
operations and hopefully, lowering the material assessability 
should read: operations and hopefully, lowering the 
material accessibility - - -

Page 76, 3rd line from bottom, delete the word or 
should read: specific. Table 9 lists the HDA methods along 
with some 
Page 79, 7th column,entitled Sensitivity Range, first entry 
should read (see Fig. 13). 

Page 92, center callout reads 

LIQUID 
BETA 

should read LIQUID 
ALPHA 



ERRATA SHEET 
Page 2 . 

9. Page 95, 8th line down reads 
described. The section is concluded by summarizing the 
findings and recommendations. 
should read: described. The section is concluded by 
summarizing the fundings and recommendations. 

Page 95, last paragraph, 10th line, remove apostrophe 
after the work symbols. 
should read: The definition of the symbols appearing 

10, Page 101, 14th line reads 
is greatly enhanced. This is demonstrated in the measurement 

should read: is greatly enhanced. This is demonstrated 
by the ratio of the measurement - - - - - - - -

19th line add the word its 
should read: of the holdup measurement and the desirability 
of its improvement - - -

11, Page 110, Table title should read: 
MEAN FREE PATH (1/E(TOTAL), cm) FOR PHOTONS - - -

12, Page 114, 3rd line, should read; 
configuration makes the gamma measurements reliable because 

4th line from bottom of page - delete the a and add semicolon, 
should read: errors. The latter consists of: 



ERRATA SHEET 
Page 3 

13. Page 119, 3rd paragraph, 8th line reads 
through the agreement between the t w o - - - -
should read; though the agreement between the two - - - -

14. Page 122, 9th line reads 
radiation attenuation and scattering factors; don't buy pipes, 
should read; radiation attenuation and scattering factors; 
don't bury pipes, 

15. Page 131, 2nd paragraph, 3rd line reads 
and coprecipitation of uranium duirinate and plutonium - - - -
should read; and coprecipitation of ammonium diuranate 
and plutonium - - - - - - -


