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ABSTRACT

Reprocessing operations on BNFL's Sellafield site encompass the handling of uranium metal
and oxide fuels. A variety of installed NDA systems have been provided to support all aspects of
nuclear materials control and accountancy (NMC&A) and safeguards within the Magnox re-
processing complex and the Thermal Oxide Reprocessing Plant (Thorp). These instrument sys-
tems range from confirmatory monitoring of fuels whilst in temporary storage and immediately
prior to dissolution, in-process hold-up measurements, and waste inventory monitoring through
to monitoring systems to support the storage and eventual export of plutonium and uranium
products.

Detailed descriptions of a number of instrument systems relating to accountancy and safeguard-
ing of plutonium operations and storage on Thorp are provided. The systems described include
the Plutonium Inventory Measurement System (PIMS), used to provide Near Real Time Materi-
als Accountancy (NRTMA) information within the Thorp plutonium finishing area; the Product
Can Contents Monitor (PCCM), used to verify can weight measurements and isotopic composi-
tion and; the In-Store Plutonium Verification Monitor, used to provide in-situ measurements of
plutonium in cans whilst they are in their storage channels. These NDA systems are necessarily
combined with other physical security, surveillance and identification arrangements for the han-
dling and storage of plutonium product cans. Nonetheless, they constitute essential elements of
the overall control and accountancy arrangements currently implemented at Sellafield.

INTRODUCTION

BNFL operates a large number of discrete plants on its Sellafield site, ranging from storage and
dismantling of irradiated fuel assemblies, through reprocessing operations to eventual product
finishing and waste management. An essential component of the control and safeguarding meth-
odologies employed to support these operations is the use of special purpose instrumentation.
Generally, this instrumentation is integrated into the fabric of the plant to provide on-line, near
real-time information for key aspects of the plant operating conditions. This paper describes
some of the instrumentation systems that have been developed by BNFL Instruments to support
accountancy and safeguards activities on the Sellafield Thermal Oxide Reprocessing Plant
(Thorp). In particular, details are provided of those systems relating to plutonium finishing and
subsequent product storage.

The Thorp Product Finishing Line (TPFL) is an area of Thorp dedicated to conversion of
plutonium into chemical and physical forms suitable for long term storage. Within TPFL, freshly
separated plutonium nitrate solution from the main reprocessing and product purification plant
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is converted into plutonium oxide powder using an oxalate precipitation process. The particle
size and surface properties of the powder are carefully controlled within a series of filters and
furnaces. Blending of the powder is performed to ensure product homogeneity before it is dis-
pensed, via a hopper and screwfeeder arrangement, into a product can. Following further pack-
aging and monitoring (for contamination or faulty welding) the filled product cans are loaded
into a buffer store. The buffer store reduces the number of man-entries required into the main
long term store enabling the cans to be transferred into long term storage in batches.

As the TPFL plant is dealing with large quantities of separated plutonium it is of obvious
interest to the safeguards authorities. The plant operates a Near Real Time Materials Account-
ancy (NRTMA) system comprising computerised interrogation of on-line instrumentation, in-
cluding feed tank level systems, weigh stations and a suite of installed NDA instrumentation
systems. Three special radiometric instruments developed by BNFL Instruments are used to
support the accountancy and safeguarding aspects of this overall finishing and storage process,
these being:

Plutonium Inventory Measurement System (PIMS). The PIMS is an installed, non-intrusive NDA
measurement system capable of determining the quantity and distribution of plutonium process
materials throughout the operating plant. This information provides the operators with a near
real time indication of the, distribution of plutonium in the plant, allowing early identification of
plant abnormalities, such as blockage occurrence, spillage, etc. The PIMS data is also used as an
input to the main materials accountancy systems for the plant and for nuclear safety control of
the plant operations. For safeguards purposes, the mass estimates produced by the TPFL PIMS
are available for monitoring by Euratom.

Product Can Contents Monitor (PCCM). The PCCM provides an accurate, independent,
NDA measurement of filled and sealed product cans to verify the declared plutonium mass and
isotopic composition. This measurement is in addition to conventional item accountancy involv-
ing a gross weight measurement of the plutonium and its containment. The PCCM incorporates
data branching to a separate Euratom data logger for independent verification of plant declared
accountancy information.

In-Store Pu Verification Monitor. Plutonium will normally be catalogued for plant control
and safeguards purposes on entry into and exit from a store using the PCCM described above.
However, there remains the necessity to ensure that material is not being diverted from within
the store. Modern stores are equipped with multiple layers of containment and surveillance in an
attempt to minimise the risk of undisclosed material diversion. Usually material is stored in
purpose designed sealed containers which are uniquely identifiable, e.g. through the use of a
permanent bar code system. The Thorp In-store Plutonium Verification Monitor meets the re-
quirement to confirm the presence of material within the containers, whilst they are within the
storage channels, to guard against unauthorised replacement.

The design and operational features of all these systems are reviewed, demonstrating their po-
tential applicability to a wide range of plutonium storage facilities.

INSTALLED INSTRUMENT DESIGN PHILOSOPHY

BNFL Instruments have supplied many installed radiometric measurement systems to the BNFL
Sellafield site, with over 100 instruments being installed within Thorp alone. These systems
incorporate a range of techniques including active and passive neutron counting and both high
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and low-resolution gamma spectrometry. BNFL Instruments has developed a modular approach
to system design, building confidence in the operation of the individual components and there-
fore the instrument system as a whole.
This approach has been evolved over many years of successful implementation of such measure-
ment systems and is, wherever possible, based on the use of available, well proven measurement
techniques. Where such techniques are inadequate due, for example, to new or more challenging
measurement requirements, this approach usually calls for intensive internal development following
through to the proving of a new technique in a form entirely compatible with its implementation in
key plant instrumentation. In this way the risk of disruptions to plant construction, operation and
decommissioning programmes can be minimised.
Many years of commissioning and operations support activities by BNFL Instruments' staff, with
additional feedback via the close links established with plant managers has provided the company
with an extremely detailed knowledge of both plant and systems operation and performance. This
feedback has enabled a continuous improvement in system design and operation, ensuring that
future generations of systems are simpler to operate in addition to having improved performance,
reliability, or operability.

THORP PLUTONIUM FINISHING LINE

Plutonium Inventory Measurement System (PIMS)

PIMS systems are currently installed within four plutonium finishing lines on the Sellafield complex.
These applications include the Magnox plutonium oxide finishing line (FL5), a plutonium metal
finishing line (now shut down) and the Thorp product finishing line (TPFL) with the latest system
currently being commissioned within the Sellafield Mixed Oxide Fuel Fabrication Plant (SMP).
Figure 1 shows a block diagram of the PIMS. The PIMS comprises a number of neutron propor-
tional counters, generally mounted within polythene moderating modules, positioned at strategic
locations throughout the plant. The neutron detector modules are positioned either singly or in
arrays surrounding the process vessels of interest.

Neutron
Detectors

Head
Amplifiers

Maintenance
Terminal

Serial Data
Link

Plant Control
or Alarms
Plant Status
Information

ToNRTMA
Computer

2nd Processor
Operator's
Terminal Figure 1 - PIMS Block Diagram

189



Session 5

A BNFL Instrument designed head amplifier processes pulses from each detector. The pulse
acquisition and data processing electronics comprise a number of standard commercially available
electronics modules in addition to proprietary electronics systems.

The system measures the total neutron count rate from each of the neutron detectors and math-
ematically unfolds the count rate and detector response functions to calculate the neutron emission
from each process area.

Achieving optimal accuracy in PIMS operation relies on the positioning of the detectors relative to
the plant process line. Typically, the PIMS comprises between 30 and 150 detector modules posi-
tioned around the process vessels and gloveboxes throughout the plant. Each vessel / glovebox is
modelled, either experimentally or using Monte Carlo N Particle (MCNP) transport codes to deter-
mine the optimum locations of the neutron detectors. The criteria for siting the detectors are:

1. to maximise the detection efficiency of the detector (or array) to the process area being
monitored;
2. to minimise any system response variation over the process area being monitored, due to
different source positions;
3. to minimise the detection efficiency of the detector (array) to adjacent areas of plant;
4. to avoid dead-time problems due to excessive count rates.

In order to meet each of these criteria it is essential that the PIMS is integrated into the plant design
at an early stage, enabling the optimum detector locations to be incorporated into the plant design.

Many of the neutron detectors have been installed within polythene / cadmium moderating mod-
ules in order to harden their response to epithermal and fast neutrons (ideally, the module would
only be sensitive to neutrons above 1 MeV). The neutrons emitted from fissions and (alpha, n)
reactions within the plutonium process material have energies typically greater than lMeV. Scat-
tering of these neutrons within the glovebox shielding or concrete structure of the plant quickly
reduces the neutron energy. If the PIMS detector package could be designed to only detect those
neutrons having energies above 1 MeV the system would be able to reject any neutrons not
originating directly from the area being monitored, effectively addressing criterion 3 above. The
use of proprietary designed polythene moderating modules enables this fast neutron detection
package to be achieved without the need for expensive, unreliable or inefficient neutron detectors
(i.e. helium-4 detectors).

Figure 2 shows a simplified sketch of the THORP Plutonium Finishing Line (TPFL) layout includ-
ing the main process vessels, and identifies the typical positions of the neutron detectors that form
the PIMS.

Once the detectors have been positioned in their optimum locations it is necessary to calibrate the
system. The calibration involves moving an intense radioisotopic neutron source, usually 252Cf,
throughout the plant process line. The calibration source is ideally located within process vessels
in order to best simulate the position of process material during normal plant operations.

The sensitivity of each detector to this "point" source in each of the calibration positions is accurately
measured and used to build a calibration matrix, defining the response of each detector to neutron
emitting material within each process area being monitored. The calibration matrix is used to
interpret the count rate data from the detectors and to estimate the neutron emissions from, and
hence the plutonium masses in, each of the areas.

The calculation of neutron emissions uses an iterative weighted least squares technique. The large
quantities of data processed for each measurement require the use of sophisticated matrix
mathematical procedures.
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The overall performance of PIMS varies since each system is designed to meet specific plant
designs and requirements. The PIMS system installed in FL5 has been fully characterised and
employed as an experimental test bed for development of the PIMS technologies. In an extended
trial of this system a comparison of the PIMS data against normal book accountancy procedures
showed agreement to within 5%.

THORP PLUTONIUM PRODUCT STORE

Background

Safeguarding a plutonium store requires an accurate account of plutonium within the store and a
methodology to demonstrate that plutonium is not being diverted. Such a regime usually com-
prises a mix of containment and surveillance, nuclear material accountancy and routine inspection
by the safeguards authorities. Store operators must report the contents of their store to a good level
of accuracy and provide evidence of this to the satisfaction of the safeguards authorities. The
information required by safeguards authorities includes form and isotopic composition of material
within the area, as well as the quantity of material. In general, plutonium stores can contain a large
variety of different materials varying from oxides and metal to solutions and residues (i.e. less than
50% Pu with respect to weight). The Thorp Store, however, only contains plutonium oxide originating
from the Thorp reprocessing plant. The necessity of conversion / stabilisation of some or all of this
material to allow long-term storage presents additional safeguards challenges, particularly with
the physical combination of items originally accounted for separately.
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A simple model of plutonium store safeguards methodology is shown in figure 3. An accurate and
verifiable determination of material entering and leaving a store is required as well as a means of
identifying the contents of the store. Since the storage canisters are sealed and opaque non-destructive
assay (NDA) measurements of the items entering or leaving the store must form an integral part of
both the store loading and unloading operation and the safeguards regime.

Inventory taking and verification are activities undertaken by the operators and the safeguards
authorities respectively. These activities occur on a regular basis and require considerable inspec-
tion effort, a major factor of store safeguards methodology. Verification could, in principle, require
the store emptying and re-measurement of a significant proportion of the store contents. This is,
however, undesirable in terms of cost, dose uptake and time. In-situ monitoring of the material is
clearly preferable, demonstrating the presence of plutonium in the items in the store, and checking
this against the declared inventory of the store.

The long term product store on Thorp is the only area covered directly by IAEA safeguards (all
other areas being covered by Euratom). The large size, high capacity and high dose rate of the
store are not suited to regular manual inspection. The highly automated nature of the store does,
however, lend itself to the use of installed instrumentation systems to assist in this verification.
Two such instrument systems have been provided for Thorp.

Product Can Contents Monitor

Within TPFL the main accountancy system for filled product cans is a high accuracy accountancy
weigh station, coupled with unique bar coding and eddy current labelling of the cans. On route
from the accountancy weigh station to the main product store, however, the can passes through a
buffer store-where it is effectively concealed from view.

In order to confirm that cans have not been switched within the buffer store (from a safeguards
point of view) or to confirm that the correct can has been withdrawn by the automated machinery
(from an operator's point of view) an accurate, independent NDA measurement is used to verify
the declared plutonium mass and isotopic composition of material within the can. Such a measure-
ment is carried out routinely for all material entering and leaving the main product store and is
integrated into the operation of the store. The Product Can Contents Monitor uses a combination
of time correlated neutron counting and a high resolution gamma spectrometry (HRGS) measurement
to determine the plutonium content of a product can. It is an automatic, remote, non-intrusive
assay system that is normally installed on the access and egress route to and from a product store
so that all cans loaded into or removed from the store are measured.
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Figure 4 - General Arrangement of the Product Can Contents Monitor

This system uses a cadmium lined polythene measurement chamber containing 18 helium-3 filled
neutron detectors. One end of the measurement chamber forms a collimator for the HRGS detector,
the other end consists of a removable plug for automatic can loading and unloading that is
reproducibly positioned during measurements. Figure 4 shows the general arrangement of the
Product Can Contents Monitor.

The measured coincident neutron count rate or "reals" rate is corrected for environmental back-
ground, dead time, and, multiplication using the Krick-Ensslin method to determine plutonium-
240 equivalent mass. The plutonium isotopic composition, defined as the percentage Pu-240
equivalent content, is calculated using the relative abundances of Pu-238, Pu-240 and Pu-242
determined from the HRGS measurement. The plutonium mass in the product can is then calcu-
lated by dividing the plutonium-240 equivalent mass by the HRGS percentage Pu-240 equivalent
content.

The design of the THORP product Can Contents Monitor was optimised using a combination of
experience with other similar systems, mathematical modelling, an extensive range of commis-
sioning measurements and by the measurement of the initial plutonium product cans. For example,
optimisation of the HRGS measurement was achieved by the elimination of measurement biases
due to neutron capture events within the germanium detector crystal. Figure 5 shows the results of
a check of the HRGS calibration by plotting the measured percentage Pu-240 equivalent content
against destructive analysis results. The low irradiation results shown on the figure were derived
using laboratory standards to demonstrate the system's applicability to a wide range of isotopic
compositions.

Figure 6 shows the corrected coincident reals neutron count rate for the first two campaigns through
THORP against the declared Pu-240 equivalent mass (calculated from mass spectrometry results).
This demonstrates the linearity of the calibration, giving additional confidence in the operation of
the system.

The example of a Product Can Contents Monitor described above is specific to the Sellafield
THORP plant with a pure plutonium oxide product from commercial reactor operations. The system
can be configured to meet a wide; range of challenges for the measurement of plutonium products.
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Figure 6 - Calibration check of the Neutron Coincidence Counting system

Future development of Product Can Contents Monitors will provide an improvement in the system
accuracy. The Thorp Product Can Contents Monitor plutonium mass measurement uncertainty is
better than ±5% at 3c. In addition, multiplicity counting can be used to correct for multiplication
where this can be shown to reliably achieve significant improvements to the measurement accuracy
for samples with a range of multiplications and (a, n) reaction rates particularly impure samples,
inconsistent measurement geometries, etc.

In-Store Plutonium Verification

Plutonium will normally be catalogued for plant control and safeguards purposes on entry into and
exit from a store using a device similar to the Product Can Contents Monitor. There remains the
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necessity to ensure that material is not being diverted from within the store, therefore, modern
stores are equipped with multiple layers of containment and surveillance. Usually material is
stored in purpose designed sealed containers which are uniquely identifiable, e.g. through the
use of a permanent bar code system. The requirement might exist to confirm the presence of
material within the containers to guard against unauthorised replacement. This can be done
using indirect measurements of temperature, however, the most transparent method is using a
direct measurement of the characteristic gamma-ray emissions from each container. The meas-
urement challenges posed using this method are the neutron and gamma ray background from
other containers, the significant temperatures reached by the containers, the practical aspects of
monitoring in a restricted space and time environment, and the requirement to minimise disrup-
tion to normal operations in the store.

A prototype system is currently under test on Thorp in collaboration with IAEA and Euratom
Safeguards authorities. This system allows an in-situ gamma-ray measurement of plutonium
within storage cans and uses a purpose built, compact, room temperature semiconductor detec-
tor based on cadmium-zinc-telluride (CdZnTe). The detector has an "on-board" amplifier al-
lowing the analogue signal to be driven along large lengths of cable enabling the detector to be
operated remotely. The temperature within the store channels is reduced using forced air cooling
systems which allows a detector to operate at a temperature significantly lower than that at the
surface of the cans.

The Thorp plutonium store has been designed with a narrow channel beneath the plutonium cans
large enough to allow access for a small, purpose built, instrumentation trolley. The CdZnTe detector
is mounted on such a trolley allowing direct measurement of individual cans. It is anticipated the
combination of this system with a bar-code or eddy current reader will give the safeguard authorities
confidence that the recorded listing of can location, identification and contained material is correct.
In addition, a temperature sensor is used to record the surface temperature of the product cans for
plant control purposes.

Figure 7 shows a typical plutonium spectrum obtained using the prototype system. The 59.5 keV,
148 keV and 208 keV peaks can be easily identified and are characteristic of plutonium of the type
produced at Sellafield. The spectrum shape, with the large low energy "tails" is a consequence of
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Figure 7- Plutonium spectrum obtained with the prototype In-Store Verification Monitor
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using a CdZnTe detector which has low charge carrier mobility (particularly for holes) and enhanced
trapping and recombination effects within the crystal. CdZnTe detector developments are currently
focused on overcoming this limitation, including work on coplanar-grid electrode detectors3 which
have been shown to have improved resolution without the disadvantages of low energy tailing.

Demonstration of this technique on the Thorp store has been completed successfully and the
system has been successfully used for inventory verifications. Further developments to improve
mechanical handling, system efficiency and energy resolution are being resolved for the future.
This approach for in-situ monitoring, because of the robust and compact nature of CdZnTe detectors,
is easily transferable to other stores which have been designed to provide a remote monitoring
capability.

SUMMARY

Three instrument systems currently being used on Thorp for safeguards or accountancy
purposes have been described. These instruments form part of a family of products that have
been designed by BNFL Instruments to meet specific requirements of the operational plants
on the Sellafield site. Further development of the systems has progressed since the Thorp
plant was constructed allowing BNFL Instruments to offer these instrument systems or tech-
niques into the wider nuclear market.
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