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Abstract

Nuclear materials accounting and verification in reprocessing plants is essential, because it
is the first time in the nuclear fuel cycle that plutonium can be measured. With the main
characteristics of reprocessing plants being large flows and holdup of nuclear materials,
inaccessibility of the material in a major part of the plant, complex and automated processes,
materials accounting and verification are difficult challenges in these plants. Effective nuclear
materials accounting systems and international safeguards inspections in reprocessing plants
rely heavily upon nondestructive assay measurements of the plant's nuclear materials in both
item and bulk form. Radiation-based nondestructive assay (NDA) techniques play an important
role in providing timely accounting data on the full range of process materials and rapid verification
of previous measurements. NDA for reprocessing plants relies on passive gamma-ray spectrometry
for plutonium isotopics and plutonium mass values of medium-to-low-density samples and holdup
deposits; on active x-ray fluorescence and densitometry techniques for uranium and plutonium
concentrations in solutions; on calorimetry for plutonium mass in product; and passive neutron
techniques for plutonium mass in spent fuel, product, and waste. This paper will describe the
radiation-based nondestructive assay techniques used to perform materials accounting
measurements. The paper will also discuss NDA measurements used in inspections of reprocessing
plants.

I. INTRODUCTION

Reprocessing plants are very significant from a safeguards point of view, because they separate
fissile materials, which could be used in a short period of time for nuclear weapons with a
minimum of additional work. Even small plants are capable of producing many kilograms of
plutonium per year. Thus, nuclear materials accounting and control (MC&A) in reprocessing
plants is very important, but reprocessing plants also represent the largest and most complex
challenge to safeguards.
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Today, a commercial reprocessing plant can process up to 1 OOOt of fuel per year, and produce
nominally 7t of plutonium. Therefore, it is very important that nuclear materials control and
accounting in a reprocessing plant provide accurate assessments of the facility's inventory of
nuclear materials, in all forms and locations within the plant. Nondestructive techniques are an
integral part of these assessments and are used frequently by safeguards inspectors and facility
operators.

Spent fuel assemblies arriving at the plant are identified and stored temporarily under water in
a storage pond. The safeguards at the storage pond are no different than those at the storage pond
of a reactor. The nuclear material is in identifiable items, but quantities are known only approximately
by reactor calculations that can only be verified by indirect measurements.

The next step is to dismantle the assemblies and chop the fuel rods at the head end of the
reprocessing plant. At this point, the item integrity of the fissile material is lost. The chopped
material is dissolved into a liquid phase for separation of the fissile materials. This is the only
opportunity for determining the amount of plutonium input to the separation process by analysis of
the dissolved fuel in the accountability tank.

A major difficulty arises from the fact that in the separation or chemical processing area of
reprocessing plant, the nuclear material is inaccessible. Because the plant is working with highly
irradiated material fuel, the early separation stages must be carried out behind shielding, which is
normally thick, concrete walls. Thus, another important measurement is at the output accountability
tank. To establish a material balance for a separation campaign, representative samples are taken
of input and output, and all streams leaving a plant. This requires that many different measurement
techniques be available to provide complete materials accounting data.

The output measurements for the process area are at the same time the input measurements to
the storage area. The measurement and loading of oxide powders at the packaging station serve to
define the identity of the cans and thus establish the basis for item accountancy in the product
storage area. The loading of the oxides into the cans therefore constitute a transition from bulk
accountancy to item accountancy. All transfers of product canisters into and out of the storage area
are subject to item counting, item identification and, as appropriate, NDA testing.

II. NONDESTRUCTIVE ASSAY (NOA) TECHNIQUES

Nondestructive measurements are usually separated into two types, qualitative or attribute
measurements, which indicate that the irradiated fuel contains the correct radioactive signatures;
and quantitative measurements, which relate to the specific characteristics of the irradiated material,
burnup or fissile content, and separated materials, quantity and isotopic abundances.

While weighing is by far the most precise nondestructive measurement of nuclear materials, it
requires knowledge of its chemical and physical composition, which is usually determined by
destructive analysis on samples of the material. This becomes difficult, however, when the matrix
materials, chemical composition, or the impurities vary in the materials and cannot be determined
accurately by destructive analytical measurements. Radiation-based NDA measurements is then
the preferred approach and has its greatest utility when the purity and chemical makeup of the
material are not well known. The following sections provide descriptions of various NDA
measurements used in the common material-balance areas (MBA) of a reprocessing plant.
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A NDA measurement at input and output of the processing area

Input/Output Solution Analysis

Active non-destructive assay techniques such as energy-dispersive absorption edge and X-ray
fluorescence spectrometry are successfully applied for quantitative measurements on the input
solutions right after the dissolution of the spent fuel elements. The respective measurements involve
the determination of the uranium and plutonium element concentrations on samples withdrawn
from the input accountability tank. The information thus obtained may be used either for verification
of the input accountancy in Safeguards, or for plant control purposes.

For practical reasons the underlying measurement techniques are utilized in a variant allowing
the application and exploitation of the highest possible radiation energies, viz. K-edge densitometry
(KEDG) for the absorption edge measurements, and analysis of fluoresced К X-rays for the X-ray
fluorescence (XRF) measurements. For both methods this means the spectrometry of radiations
with energies around 100 keV. The advantages offered by this kind of radiation are:
• ability to penetrate safe sample containment (typically stainless steel);
• reduced sensitivity to matrix effects;
• sufficient element discrimination power for simultaneous uranium and plutonium assay.

The direct analysis of input solutions is accomplished with a unique NDA instrument known
as 'Hybrid K-edge Densitorrieter* (HKED) as shown in Figure 1. The HKED combines the above
mentioned techniques of KEDG and XRF to achieve a simultaneous determination of the uranium
and plutonium concentration in the input solutions /1 /. The instrument is normally attached to a hot
cell facility as shown in the Figure to receive from there the highly radioactive input samples for
analysis. Alternative installations, where the HKED is directly interfaced to pneumatic sample
transfer lines, have been also realized for applications in process control.

Since undiluted input solutions typically have a total p\ yactivity level of about 109 Bq per ml,
a very intense external photon source is required to make KEDG and XRF measurements feasible
for such type of samples. The HKED employs X-rays from an industrial X-ray generator with a

Figure 1. Layout of a typical HKED installation.
The basic components include an X-ray generator, two high-resolution germanium detectors for

KEDG and XRF, and a sample transfer tube as an interface to a hot cell facility
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maximum voltage rating of 160 kV for the interrogation of the samples. For optimized measurement
conditions the X-ray tube should emit an X-ray continuum up to 150 keV, and it should be located
at the shortest possible distance from the sample in order to ensure at the sample position a total
flux of about 1011 photons/cnrVs"1 with energies above the K-absorption edges of uranium (115.6
keV) and plutonium (121.8 keV).

The technique of K-edge densitometry, which from its principle is preferably used at higher
element concentration levels, has proven as a precise and extremely reliable analysis technique in
its range of applicability. For precise KEDG measurements the element of interest ideally should
present an areal density of at least 100-200 mg/cm2 to the crossing photon beam. For reprocessing
input solutions this condition is easily met by the main constituent uranium when the assayed
solution thickness is chosen to about 2 cm. The resulting discontinuity at the K-absorption edge of
uranium as shown in the bottom curve in Figure 2 then allows a fairly precise (about 0.2 % relative)
determination of the uranium concentration at relatively short measurement times (about 1000 s).
The K-edge measurements on input solutions remain practically unaffected by the presence of
fission products, which on the average just lead to a predictable systematic reduction of about 0.1-
0.2 % at maximum of the measured uranium concentration compared to a calibration performed
with synthetic solutions free from fission products.

For concentration measurements by K-edge densitometry using disposable liquid samples one
must accurately know the path length of the transmitted photon beam across the assayed sample
because the directly measurable quantity, like for any type of absorptiometry measurement, is
proportional to the product of concentration times solution thickness. In most of the existing HKED
applications for Safeguards accountancy verification measurements the input solutions are
transferred within a hot cell facility into special sample containers of well known dimensions
before being transferred into the HKED for analysis. Alternatively, if the sample containers used
within the plant's sampling system assure well-specified tight dimensional tolerances, it is also
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Figure 2. K-edge spectrum from an input solution showing the
K-absorption edge discontinuity of uranium (bottom curve), and a reference spectrum
from a blank nitric solution (top curve). The dashed spectral regions are used for the

evaluation of the K-edge jump.
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possible to perform truly non-destructive measurements on the original samples without the
necessity of intermediate sample handling. This approach is practiced in one of the European
reprocessing plants.

For the more important plutonium assay in input solutions one has to make use of the XRF
measurement capability of the HKED, which offers the necessary detection sensitivity and dynamic
range for simultaneous element analysis at element ratios of 100 or higher. Figure 3 displays the
relevant portion of an XRF spectrum taken with the HKED from a typical input solution sample,
showing the fluoresced K-X rays from uranium and plutonium. The indicated dashed spectral
regions are utilized for the correct evaluation of the net peak counts in the K(Xj X-ray lines from
uranium and plutonium. The XRF spectrum also reveals the presence of a few fission product
gamma rays, which point to the fact that the XRF analysis of input solution samples may be
slightly affected by the self-radiation of the samples if not properly corrected for.

From the XRF measurement the plutonium concentration in input solutions is usually determined
with a precision between about 0.5-1 % within a measurement time of 1000 s. The actual plutonium
concentration in input solutions is normally derived from the combination of a U/Pu-ratio result
from XRF with the uranium concentration result from KEDG. This measurement strategy in the
HKED, which completely bases on ratio measurements alone, has consistently proved to provide
very accurate and reliable assay results for uranium and plutonium in reprocessing input solutions.

In some installations the standard HKED set-up as shown in Figure 1 has been augmented by
an additional gamma detector for measuring sample self radiations. Applications of the additional
gamma detector include burnup verification measurements from input solutions based on the
spectrometry of specific gamma rays from long-lived fission products, and plutonium isotopic
composition measurements on plutonium product solutions using the analysis code MGA as
described below.
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Figure 3: Sectional display of a typical XRF spectrum from an input solution sample
showing the K-series X rays from uranium and plutonium. Some gamma rays from fission
products are also visible. Dashed spectral regions are utilized for peak area evaluation.
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The KEDG and XRF techniques incorporated in the HKED instrument offer, of course, also
measurement capabilities for quantitative uranium and plutonium assay in other types of process
solutions from reprocessing. In fact, any concentration level of uranium and plutonium above
about 0.1 g/1 in any type of process solution, from the highly radioactive input solutions down to
the purified concentrated product solutions, can be quantitatively determined with the one or other
technique. Dedicated KEDG/XRF instrumentation will therefore play an important role in
forthcoming Safeguards on-site laboratories in reprocessing plants 111.

HKED instruments are currently installed and used in all European reprocessing plants to
perform the key Safeguards verification measurements on input solutions 131. The most important
features of this key NDA application are:
• Operational simplicity: Direct analysis of the original input samples without any prior

sample treatment. Convenient instrument user interface for operation by inspectors.
• Timeliness: Measurements performed on site, providing the analysis results within 1-2 h

upon sample availability.
• Independence: Application of a completely independent method of analysis versus the

standard operator method (IDMS) for accountancy measurements.
• Performance: Random measurement uncertainties (0.2 % for U and 0.5 % for Pu) and

systematic uncertainties (<0.2 for U and Pu) conforming to established International Target
Values for measurement performance.

• Reliability: Demonstrated long-term measurement stability and reliability as a result of the
adopted scheme of robust ratio measurements.

• Calibration: Use of less expensive reference solutions certified for the uranium and
plutonium element concentration.

• Ease of implementation: The HKED is easily interfaced to existing plant installations for
the handling of highly radioactive samples.

• Safety: Nondestructive analysis through safe sample containment as required for the highly
radioactive samples.

A NDA measurements in the Storage Areas

1. Gamma-Ray Isotopic Measurements
The isotopic composition of a plutonium sample is used to calculate 240Pueff or specific power

(watts/gram), that are used to interpret passive neutron coincidence or calorimetry measurements
for absolute plutonium mass. MGA can determine plutonium isotopic abundances with accuracies
better than 1 % using a high-resolution, low-energy, planar germanium detector and measurement
times of less than 10 minutes /3,4/. Gamma-ray spectrometry systems like the one shown in Figure
4 allow inspectors to acquire spectra and analyze results in the field.

MGA can include analysis of a second spectrum of the high-energy (300-600 keV) plutonium
gamma rays that significantly improves the determination of 240Pueff in high-burnup plutonium.
MGA can also provide isotopic information from the high-energy regions only, when the low-
energy gamma-rays cannot be observed due to absorption by thick sample-container walls or
sample shielding.

The MGA code has the following unique analysis characteristics:
• It uses the most intense gamma-ray peaks in a plutonium spectrum; the 94- to 104-keV

region and the 129- and 148-keV peaks.
• All data are represented by a single set of internally consistent and appropriately weighted

equations.
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Figure 4. A portable gamma-ray spectrometry system.
The components include a high-resolution germanium detector (left),

portable computer for data analysis (center), and data-acquisition electronics (right).

• The relative detection efficiency for a measurement is determined from the data. The
functional form used approximates the following three basic physical processes involved in
the detection process:

• the gamma-ray interactions with the detector,
" attenuations due to absorbers (cadmium is usually used),
• sample self-attenuation.

The advantage of basing the functional form on known processes is that its shape is determined
not only by the data but also by the known physical-interaction processes.

Although MGA can determine the abundances of 235U and 238U in plutonium samples, the
MGAU code performs isotopic analyses of samples containing only uranium. Like MGA, it requires
no calibration, can determine 235U enrichments with accuracies within 1 to 2%, and can be used
over the entire enrichment range from depleted to highly enriched. Also like MGA, it uses the 89-
100 keV region of a spectrum in it's normal operational mode. However, later versions of MGAU
now also include the 'enrichment meter' approach which makes use of the 186 keV gamma ray.

MGA uses the 94- to 104-ke V region of the low-energy spectrum. Although the peak structure
of this region is very complicated, this region is very useful because it contains the most intense
peaks of all of the plutonium isotopes and 241Am (except for the region below 59 keV which is
visible only when analyzing freshly processed materials). This feature is particularly important
when considering 238Pu and 240Pu which each emit only three low-energy gamma rays, when they
decay. The emission probability of the three gamma rays diminishes greatly with increasing energy
so that the 160-keV peak of 240Pu becomes very difficult to measure. This difficulty becomes acute
when measurements are made of high burnup plutonium with high concentrations of 241Pu, as
shown in Fig. 5. Thus the 240Pu peak at 104 keV provides significantly better information despite
the complexity of this peak region.

The 94- to 104-keV energy region contains more than 16 peaks due to x and gamma rays
emitted by the isotopes in the sample. It is impossible to determine precisely the area of each of
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Figure 5. The right-hand figure illustrates the computed isotopic response functions used
to analyze the 94-104 keV region. The intensity difference of the 104- and 160-keV peaks

of 240Pu in high burnup Pu are also shown.

these peaks individually. However, three important characteristics of the peaks are known. First,
we have developed an algorithm that accurately calculates peak shapes as a function of energy. It
is important to note that the peak shape of the x rays is quite different from gamma rays, due to the
Lorentzian line shape of the x rays. Second, the exact relative energies of the peaks are known, so
that their relative positions can be accurately determined. Finally, the relative intensities of peaks
belonging to each isotope can be easily calculated from the known emission probabilities and the
relative efficiency curve.

Using these three characteristics, a' response spectrum' can be calculated for each of the isotopic
components of the 94- to 104-keV region. By doing this, not only is the number of variables reduced
from over 30 down to 6 (in principle), but the remaining variables appear as linear terms in the
equations, thereby allowing us to solve 170-180 equations fitting the data by a simple least-squares
method. Figure 5 illustrates the characteristics of the responses to the 94- to 104-keV region.

The relative detection efficiencies for the gamma- and x-ray peak intensities are needed in the
isotopic analysis. This relative efficiency curve, also called the 'intrinsic' efficiency curve, must
be determined from the spectral data. Most gamma-ray analysis codes use a functional form for
the efficiency curve that does not necessarily reflect the physical processes involved in detecting
the gamma- and x-ray emissions. However, in MGA we use a functional form that describes the
three principal interactions involved in the detection process. These are 1) the detector efficiency,
2) absorption by cadmium (or other) filters, and 3) self-attenuation by plutonium in the sample.
The following equation is used to describe these processes:

A=] =(^(PjjkXk))-exp(-Hj-CD)((l-exp(-|ilj-PU)/M.j-PU)-Eo(l-bE-c-E2) Eq. 1

k=l

where A. are the areas often peaks in the low-energy region of each spectrum, due to 239Pu, 241Pu-
237U, and 241Am and Xkare the unknown amounts of these isotopes. The absorption coefficients,
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Figure 6. Plot of the three principal processes that characterize the low-energy
'intrinsic efficiency' curve.

m, at each peak energy are known for CD and PU, but the thickness of the Cd filter and Pu sample
thickness are usually treated as unknown variables. The final term in Eq. 1 describes the detector
efficiency as a function of the energy, E, where the slope, b, and the curvature, c, are also usually
treated as unknown variables. Equation 1 is very nonlinear in form and therefore the variables,
shown in bold, must be solved by an iterative least-squares method. The characteristics of Eq. 1
are shown in Fig. 6. The resulting curve for the total efficiency is used to determine the relative
efficiency values at the peaks of interest.

MGA obtains its analysis information from the low-energy regions, when they can be
measured. However, improved results and additional isotopic information can be obtained from
higher-energy regions (above 300 keV). Because the gamma rays in this region are considerably
less intense than those at lower energy, a large coax-type germanium detector should be used.
By combining the data obtained from the second higher-energy region with data from the low-
energy spectrum, not only are the results improved but additional information is obtained. For
example, the 238U abundance can be obtained from the 1001 keV peak, a more accurate analysis
for 237Np is made, certain fission products can be detected and analyzed, and isotopic
inhomogeneities in the sample can be detected. A separate intrinsic efficiency curve must be
determined for the higher energy spectrum, as shown in Fig. 7. Like the low-energy curve in
Fig.6, the components of the efficiency are based on the physical processes involved in attenuating
and detecting the gamma rays.

Recently a need has been identified for performing plutonium isotopic analyses of samples
stored in lead-lined containers. The low-energy gamma rays are completely absorbed by the lead,
rendering the low-energy spectrum useless. However, since MGA was already capable of analyzing
high-energy spectra, a new mode of analysis could be implemented with only a little additional
work. Therefore, latest version of MGA can now determine the abundance of plutonium isotopes
of plutonium samples stored in lead-line containers by analyzing only the high-energy spectrum.

There is also current interest in using neutron coincidence methods to measure low levels of
plutonium found in waste containers. However, isotopic information is needed to interpret the
neutron coincidence measurements. Since high accuracy measurements are not required, the
isotopic results need not be as good as for accountability measurements. However, significant
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efforts were devoted to ' harden' the code to survive statistically poor data, or exit properly so that
unattended measurements may continue. Our experience indicates that, plutonium abundances of
about 10 mg can be measured in counting times of 10-30 minutes.

In summary, MGA is a code that analyzes plutonium gamma-ray spectra to determine relative
isotopic abundances. Its most important features are:
• Requires no calibration
• Measures almost any size and type of plutonium
• Uses the most intense regions of the spectrum
• Requires only a few minutes of measurement time
• Can attain accuracies of better than 1%
• Determines the amounts, relative to Pu, of several other actinides, e.g. 235U, 238U, 237Np, and

?4!Am
• Can measure the U/Pu ratio in mixed-oxide (MOX) samples
• Can be used to measure the Pu concentrations in solutions. Only a single source is required

to perform a one-time calibration -;'1

• Runs on PC computers with short data-processing times
• Requires little or no user interaction. Several convenient user interfaces have been written

to control analysis parameters and select spectra for analysis. Some versions are available
commercially.
The method for determining the 235U enrichment of a uranium sample based oft gamma

spectroscopy was call the 'enrichment meter' method /6/. It was based on measuring the intensity
of the 186 keV peak and required a calibration, 'thick' samples, and reproducible measurement
conditions. A new method was developed, and incorporated into a code called MGAU, which
uses the data in the 89-120 keV region of a high-resolution germanium detector spectrum /4/. It
requires no calibration, can be used on any size sample, and is capable of 1 to 2% accuracies in a
few minutes counting time. ; •: .;

The daughter products of 238U emit two gamma rays in 89-100 keV region, one at 92.367
and the other at 92.792 keV. There are also Th and Pa x rays in this regioh due to the decay of
23SU and its Pa daughter activity. However, since several of these peaks are very close in energy,
a 'response function' approach, similar to that used in the MGA, is used to unfold the overlapping
peaks in this region. When this approach is used, the isotopic response curves are easily fit by
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Figure 8. Isotopic response fit to the 89-100 keV region of a uranium spectrum.

the method of least-squares to determine the relative abundances of 235U and 238U. Response
spectra for the 89-100 keV region of a typical spectrum is shown in Fig. 8.

Although the peaks are close in energy, an efficiency curve must be calculated for this region
so that the relative intensities of the peaks in the various 'response spectra' can be determined.

Recent versions of MGAU are also capable of determining the 235U enrichment of a sample by
the traditional 'enrichment meter' method of analysis. This method was implemented because it
continues to be the only practical, nondestructive method for analyzing uranium samples that are
not in equilibrium with their daughter products, or that are contained in thick, (highly absorbing)
steel containers. However, the 'enrichment method' does require a detector-system calibration
before analyses can be performed on unknown samples. Furthermore, the method usually can be
used only when measuring samples with several mean paths of sample thickness at the 186 keV
gamma ray energy.

The latest versions are also capable of analyzing samples containing thorium. Such samples
produce several additional peaks, including thorium x rays that directly interfere with the peaks
that are analyzed in the 89-100 keV region. These versions also account for the daughter products
interferences of 234U when analyzing samples containing U ore.

Results we have obtained from many users and studies show that
• The method does not require a calibration and can be used on samples of any size.

235U enrichments can be determined with accuracies of 1 -2% or better.
• The entire range from depleted to 93% enrichment can be measured. However, the

measurement uncertainties increase at the extremes of this range.
• The optimum accuracy is in the 3-20% range of enrichments.
• Many measurements can be made in only a few minutes of counting time.
• The method requires:

• Parent-daughter activity equilibrium
• A container wall thickness of less than about 10 mm steel
• A high resolution Ge gamma ray spectrometer
• That samples not contain Pu or significant amounts of other activities
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MGA has had a long development history and has been subjected to many tests and used at
many institutions including the IAEA and Euratom7?i/. MGAU is more recent, but has also been
evaluated by many groups and organizations'. Nonetheless, both of these codes continue to evolve
as new applications and measurement conditions arise. Fortunately, more powerful computers
are available to address our demands for larger codes and for faster calculations. Special efforts
are continually made to minimize the need for human interaction by incorporating decision logic
into the codes.

2. Calorimetry Instruments '".-'.'
Calorimetry involves the measurement of heat. In the case of samples typical of reprocessing

plants, the heat measured is the result of the radioactive decay of the sample. By far the most
common radiometric calorimeter in use today is the isothermal heat flow type. A sample chamber
contains the heat producing material and is surrounded with a thermal resistance. A constant
temperature heat sink is provided which may be the air surrounding the calorimeter, a temperature
controlled water bath or any other sink held at a constant temperature. Heat flows from the
source to the sink and is allowed to continue until a steady state is achieved. At this point, termed
equilibrium, some parameter is measured that is proportional to the heat produced by the sample.
The actual parameter measured is specific to the exact type of calorimeter used but is in general
an electrical current, a voltage or both. Regardless of the parameter measured the final result is
the same for all - the heat generated by the sample. A detailed discussion of the various types of
calorimeters can be found in reference 9.

Some of the advantages of calorimetric assay are listed below (Ref. 10 and 11):
1. The entire sample can be measured.
2. The assay is independent of sample geometry (only equilibrium time is affected).
3. The assay is independent of matrix material composition and distribution, including nominal

moisture concentrations.
4. The assay is independent of nuclear material distribution within the sample, including the

effects of sample self-attenuation.
5. Electric current and potential measurements are directly traceable to National Bureau of

Standards (NBS) reference materials.
6. Calorimetric assay discriminates between uranium and plutonium isotopes in most cases

(only plutonium is assayed).
7. Calorimetric assay is applicable to a wide range of material forms (including metals, alloys,

oxides, fluorides, mixed oxides, waste, and scrap). Representative plutonium standards are
not needed. .

8. Calorimetric assay is comparable to chemical assay in precision and accuracy if the iso topic
composition is well characterized.

9. Calorimetric assay is a completely nondestructive assay procedure when coupled with high-
resolution gamma-ray spectroscopy isotopic analysis.
The last two points refer to the fact that like neutron coincidence counting, calorimetry

requires an additional piece of information to calculate the plutonium mass from the measured
heat output. As with neutron counting, isotopic information about the plutonium in the sample is
required.

The total mass of plutonium is calculated using the equation
M = W/Peff, Eq.2

where M is the plutonium mass in grams, W is the measured heat output in watts (or milliwatts)
and Peff is the specific power in watts (or milliwatts) per gram of plutonium. The total specific
power, Peff, can be calculated from
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where w is the isotopic weight fraction, P is the specific power and i refers to each plutonium
isotope and 241Am. P is calculated for each isotope based on the rate of decay of the isotope and
the decay energy associated with the decay. Nominal values for P for each plutonium isotope
andfor241Arn/12/are:

Isotope

' J 8 P u

^ y P u

^ P u
241pu

2 4 2 P u
241 A m

Specific Power (mW/g)

567.57
1.9288
7.0824
3.412

0.1159
114.2

It should be pointed out that the presence of other actinides in the reprocessed materials
must be evaluated to determine the contribution to the total heat output. Uranium does not
contribute significantly but isotopes of americium other than 241 may be present as well as
various curium isotopes, which may cause biases in the measurement if not taken into
consideration.

The list of advantages above suggests that calorimetry can be used for a variety of different
material forms including waste. However in practice the primary material forms assayed are
relatively pure metals and oxides. Even for these material forms, the time required for a calorimetric
assay - four to twelve hours - recommends the selection of another method for routine use if
greater uncertainty in the measurement can be tolerated.

Figure 9. A calorimeter in use at the Department of Energy's Savannah River Site.
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Figure 9 shows a version of the Mound transportable calorimeter system as permanently installed
at the U.S. Department of Energy's Savannah River Site (SRS). This calorimeter is termed a servo
controlled gradient bridge calorimeter. It is routinely used to assay plutonium ingots produced in
the F Canyon/ F B-Line reprocessing facility. This facility's original mission was to produce
plutonium for the U. S. weapons program but is now being used to reprocess and stabilize legacy
materials ranging from irradiated reactor fuel remaining after the shut down of the SRS reactors to
a variety of plutonium bearing scrap materials.

Figure 10 (Ref 13) shows the general structure of this type of calorimeter. The sample chamber
is held at a constant temperature a combination of the output from the heater and the heat from the
sample. The heat supplied from the heater is reduced from its initial set point by the amount of heat
generated by the sample. The difference between the supplied heater power and the set point
power is therefore the heat output of the sample. For this type of calorimeter typical performance
is given in the table below /13,14/.

BRIDGE
WINDING

GRADIENT
GAP

Figure 10. Schematic of a gradient bridge calorimeter.

Performance Specifications for Mound Gradient Bridge Calorimeters

Accuracy
Precision

Design Range
Assay Time

0.5% at 2 Watts
0.1 %

500 g to 5 kg (2 to 12 Watts)
4 hours for product

8 to 16 hours for scrap
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3. Passive Neutron Assay Technique ''"••••
Passive neutron assay is used to determine the spontaneous fission rate Fs of plutonium

isotopes with even mass numbers. This value, together with the isotopic composition, is used to
estimate the total mass of plutonium. A passive neutron assay instrument consists of three prin-
cipal parts; the neutron detection head, the electronic chains, and the neutron pulse analyser.

A passive neutron detection head ideally has a 4rc geometry and consists of a polythene
moderator surrounding the item to be measured. The moderator has thermal neutron detectors
incorporated and is clad with cadmium on all free surfaces. Fast neutrons generated inside a
sample may be partially slowed down and absorbed in the sample. The fraction of fast and
epithermal neutrons leaking from the sample into the thermal neutron detector head is slowed
down in the moderator, diffuses as thermal neutrons, and is partially absorbed by 3He(n,p) neutron
detectors. Many different passive neutron detection heads, based on the above principles, have
been designed over the past two decades.

The electronics chain transmits the electronic pulse train generated by detected neutrons to
the analyser. Most commonly the AMPTEK. chip /15/ in conjunction with a mixer based on OR
gates with one gate for each signal line is used. In case of high count rates a special mixer as
described in ref./16/ is recommended.

The signal pulse train analyser can be a variable dead time counter, an autocorrelator, also
known as the shift register, or a time correlation analyser (or multiplicity counter). The former
one has been proposed by Jacquesson /17/ and first used by Bondar and Birkhoff/18,19/. Although
the theory of this counter has been considerably improved/20,21/, the use of the latter ones is
recommended.

Bondar and Birkhoff/22/ were the first to apply the autocorrelator concept to mass assay of
Pu samples for safeguards purposes. Thereafter Boehael designed a dedicated hardware instru-
ment and specified a basic interpretation model /23/. The shift register theory was further devel-
oped at Los Alamos /24/, KfK Karlsruhe /25/ and JRC Ispra /26/. The autocorrelator opens for
each neutron signal followed by a pre-delay, an observation interval of a fixed time. It records,
beside the total number of signals T, for each signal the number of counts in the observation
interval. This number is accumulated in the 'R+A' register. The same is done in the 'A' register,
which is delayed by the time Td after the triggering interval (where Td is much larger than the
decay time of the detector head). At the end of the measurement the 'A' register contains the
accidental counts, A, and the 'R+A' register contains in addition the correlated pair counts, R.
These correlated pair counts, also called 'Reals', are generated by signals in the observation
interval resulting from the same spontaneous fission process as the neutron triggering the obser-
vation interval. The accidentals are generated from signals in the observation interval originat-
ing either from a different spontaneous fission or from (a, n) reactions.

Neutron coincidence counting or neutron pair correlation using the shift register is used
extensively both for measurements of plutonium in bulk material and in waste. As a relative
technique it works well for measuring samples which are characterised with known isotopic
composition and multiplication close to one. The technique often fails, however, if samples are
not well characterised or when the calibration is inappropriate.

Neutron correlation analysis, or neutron multiplicity counting, is an extension of neutron
coincidence counting and considers single neutrons, correlated neutron doublets (pair correla-
tion) and in addition correlated neutron triplets. In essence the frequency analyser (or TCA)
determines the frequency of events where groups of a given number of neutrons are detected in
observation intervals of fixed time. From the factorial moments of such frequency distributions
the so called singlets Rv correlated doublets Rj and correlated triplets Rj can be derived. Both
pair and triple neutron correlation analysis were developed mainly at the Los Alamos National

150



Quantitative and Qualitative Measurements in NMC&A at RCP

Laboratory by Krick, Ensslin and Stewart/27,28/ and at the Joint Research Centre in Ispra /6,29-
32/. An advantage of deriving the singlets, correlated doublets, and correlated triplets is that
these quantities can be expressed in three equations, linear in the spontaneous fission rate (pro-
portional to the Pu mass), which are functions of instrumental and sample parameters. The three
equations are shown below.

Rt=eFsMvs(l)(l Eq. 4

Eq. 5

?3 = s3FsM\s

V

S ( D V / ( 3 ) Eq. 6

where

Eq. 7

a = -
Vs(l)Fs

Eq. 8

Eq. 9

and the symbols are:
Sa = (a,n) neutron emission rate of the sample
Fs = spontaneous fission rate of the sample
M = multiplication factor
ц can be 1, 2 or 3 to evaluate vs or v,
p = probability that a fast neutron generates an induced fission event
e = probability for the detection of a neutron
P.v= probability of the emission of fast neutrons per prompt fission caused by a primary neu-
tron generated by reaction j (j = I for induced fission, j = s for spontaneous fission).

When applying the equations 4 to 6, three unknowns may be determined. In addition to Fs, it
is possible to solve for two unknowns selected from the three parameters Sa, E and M. In many
situations at least one of these parameters may be considered known or negligible.

Over the last decade numerous tests were performed at the Joint Research Centre in order to
validate the model as expressed in the equations 4 to 6. Reference 33 and 34 show results on
plutonium containing waste drams of different sizes and various matrix compositions. For waste
drums of large volume and variable matrix materials, the neutron detection probability cannot be
considered known. In such applications the triple correlation analysis has shown particular
advantages compared to calibration methods.
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Figure 11. МОХ fuel pin counter for NDA ofPu.

Passive neutron assay systems can also be applied directly to the process line in reprocessing
plants. In many circumstances however, it is not possible to apply an absolute assay as suggested
by equations 4 to 6. The reasons are different for the various process steps. In some areas limited
space or access to the nuclear material prescribes compromises in the design of the detector head
to the extend that the approximated 4л geometry is not maintained and the point model of equations
4 to 6 is not applicable. At other stages the chemical solution of plutonium contains such a high
level of gamma and (a,n) neutron emission that the signal from correlated neutron bursts disappear
in an uncorrelated background. In these cases calibrations or count rate verifications remain the

Figure 12. Scrap counter for
large MOX samples.
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only applications of passive neutron instrumentation. Calibration methods are often used together
with sampling of liquid solutions at various process steps. The Reals obtained from a passive
neutron measurement in a purpose built sample counter can be used to derive the fissile content
of the sample if the instrument is carefully calibrated with known samples of the same chemical
composition. Primitive passive neutron counters, which measure the total neutron count rate or
the Reals count rate, are sometimes used to monitor holdup in pipework and tanks.

At the final stage of the reprocessing plant however, the neutron triple correlation can be
applied to the mass assay of the separated products. At the Joint Research Centre several
instruments have been built for this purpose. The figures 11 and 12 show two examples of
instruments from the Joint Research Centre currently assaying Pu products from two European
reprocessing plants.

The MOX fuel pin counter of figure 11 is used in conjunction with a frequency analyser to
assay the Pu mass in fresh MOX fuel pins. This configuration is not problematic in terms of
signal count rates as moderate rates are observed. However, counting times of only a few minutes
are necessary to produce an absolute determination of the mass due to the high detection efficiency
of the instrument. The only complication as compared to an ideal configuration is the fact that
the fuel pins are longer than the sample cavity and that some considerations are necessary to
handle the effect of the fuel outside the cavity.

The scrap counter of figure 12 is also used together with a frequency analyser to provide an
absolute mass determination (no calibrations) of plutonium in MOX. The instrument is designed
to assay containers of the dimensions shown in figure 12. The total MOX content of each container
is about 30 kg. This large mass results in count rates as high as 350,000 to 400,000 counts per
second. In order to calculate the Pu mass the measured quantities, the singlets, correlated doublets,
and correlated triplets, must be corrected for dead time effects. At the Joint Research Centre the
new analytical dead time correction /32/ has been implemented in the analysis software. The
results from the first measurement campaign were very good. The deviation of the assayed to the
declared Pu mass was typically 1 to 2 % for individually samples. At the end of the campaign the
total assayed mass of Pu agreed with the declared mass with a negligible deviation.

III. CONCLUSIONS

Accurate and timely accountability and verification measurements in reprocessing plants
are essential, because this is the first time in the nuclear fuel cycle that plutonium can be measured.
Radiation-based nondestructive assay measurements provide a rapid and accurate determination
of SNM content at the input and the output of a reprocessing plant. When accompanied by
destructive analytical measurements, they result in timely and accurate MC&A data for better
nuclear material accountancy. These NDA measurements are employed by both plant operators
for both safeguards and process control, and for verification by plant, national, and international
inspectors.

A summary of the measurement techniques discussed and their average performance values
is given in Table 1 /36/.
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NDA
Method

K-Edge

K-Edge +
XRF
K-Edge

K-Edge

High
Resolution
Gamma-Ray
Spectrometry

Water
Calorimetry
Air
Calorimetry
Passive
neutron

Sample type

Input, U, 1000 sec measurement
time
Input, Pu, 1000 sec measurement
time
Output, U, 1000 sec
Measurement time
Output, Pu, 1000 sec
Measurement time
Pu oxide, MGA code Pu-238
Pu-239
Pu-240
Pu-241
Am-241

Low burn-up
High burn-up
Low burn-up
High burn-up
Pu metal
PuO2 Powder
MOX Powder

Random Error
(%)

0.25

1.0

0.20

0.20

1.1
0.25
0.6
0.5
1.0
0.5
0.2
0.8
0.3
<1
<1
< 1

Systematic Error
(%)

0.20

0.30

0.15

0.15

0.4
0.3

0.2-0.9
0.2-0.5

1.0
0.2-0.5
0.5-1.0
0.2-0.5
0.5-1.0

1-2
2

3-5
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