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Abstract. This poster is one of two complementary posters.  The Next Generation Safeguards Initiative
(NGSI) of the U.S. DOE has initiated a multi-lab/university collaboration to quantify the plutonium (Pu)
mass in, and detect the diversion of pins from, spent nuclear fuel assemblies with non-destructive assay
(NDA). This research effort has the goal of quantifying the capability of 14 NDA techniques as well as
training a future generation of safeguards practitioners. By November of 2010, we will be 1.5 years into the
first phase (2.5 years) of work. This first phase involves primarily Monte Carlo modelling while the second
phase (also 2.5 years) will focus on experimental work. The goal of phase one is to quantify the detection
capability of the various techniques for the benefit of safeguard technology developers, regulators, and
policy makers as well as to determine what integrated techniques merit experimental work. We are
considering a wide range of possible technologies since our research horizon is longer term than the focus
of most regulator bodies. The capability of all of the NDA techniques will be determined for a library of 64
17 x 17 PWR assemblies [burnups (15, 30, 45, 60 GWd/tU), initial enrichments (2, 3, 4, 5%) and cooling
times (1, 5, 20, 80 years)]. The burnup and cooling time were simulated with each fuel pin being comprised
of four radial regions. In this paper an overview of the purpose will be given as well as a technical update
on the following 6 neutron techniques: *°Cf Interrogation with Prompt Neutron Detection, Delayed
Neutrons, Differential Die-Away, Differential Die-Away Self-Interrogation, Passive Neutron Albedo
Reactivity, Self-Integration Neutron Resonance Densitometry. The technical update will quantify the
anticipated performance of each technique for the 64 assemblies of the spent fuel library.

1. Introduction

For several decades, researchers have studied the application of non-destructive assay (NDA) techniques for
spent nuclear fuel characterization [1]. Currently the main signatures measured from spent fuel in the
Isafeguards context are indirect signatures of the presence of plutonium (Pu) - photons from fission products
and curium driven neutron production [2, 3, 4]. From these measured signatures, burnup codes can infer
plutonium mass. The Next Generation Safeguards Initiative (NGSI) [5, 6] has sponsored a multi-lab/multi-
university collaboration to quantify the plutonium (Pu) mass in spent nuclear fuel assemblies and to detect
[the diversion of pins from them. The primary motivation for this research is to inform regulators and policy
makers of what is technically possible so they can make better informed decisions. However, on a more
concrete safeguards level, motivation for being able to determine Pu mass includes recovering from a loss
of the continuity of knowledge, quantifying the input accountability mass at a (re)processing facility (pyro-
chemical or aqueous), or quantifying Pu mass in order to determine shipper/receiver differences [7].

The first half of the 5 year NGSI spent fuel research effort is focused on Monte Carlo modelling, to quantify
the capability of 14 different NDA techniques as well as to integrate several techniques into a few systems.
The second half is focused on experimental implementation. A diverse set of 64 spent fuel assemblies was

produced for a given combination of cooling time (CT), initial enrichment (IE), and burnup (BU). Each pin

produced [8]. Each of these assemblies is a unique, three-dimensional assembly with an isotopic mixture|




is subdivided into four radial zones, each zone with its own unique BU hence its own unique isotopic
mixture. The end result of this attention to detail is that the assembly library has significantly greater spatial
and isotopic fidelity than that used in past research efforts. Furthermore, from this library, a series of
diversion cases was created. The remainder of this paper will describe design, performance and analysis for
6 different NDA instruments.

2. % Interrogation with Prompt Neutron (CIPN)

The CIPN instrument modeled is depicted in Fig. 1 [9]. With CIPN an assay is comprised of two
measurements, a background and an active measurement. A 22Cf source is moved next to the fuel where it
remains stationary for ~100 seconds for the active measurement. Note that the probability of a source
neutron from ***Cf reaching a detector is very low given the large separation between the fission chambers
and the Cf source and the high absorption cross section of the materials between the detector and the Cf.
For each assay, the detectors measure two steady state count rates. The difference between these two values
is proportional to the multiplication. Since the measurement is made in water, and since the active neutrons
are generally low in energy when they reach the assembly, the multiplication is primarily thermal
multiplication. Hence, the isotopes contributing to the multiplication are **U, **Pu and **'Pu. Since the
goal is to quantify the fissile mass. it is necessary to quantify the part of the signal that does not come from
fissile mass. The two strongest non-fissile mass contributors to the difference in the count rate are from
direct detection of the **2Cf neutrons and fission of Z*U: both of these contribute ~6% +/- 2% to the total
{signal over the range of assemblies for a measurement performed in water [9].
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The CIPN instrument was designed to achieve uniform sensitivity across the whole fuel assembly and is
fabricated from polyethylene, *“U fission chambers, cadmium and a *’Cf source as depicted in Fig. 1. In
order to achieve near uniform spatial sensitivity the following variables were optimized [9]: (1) the **Cf
source location was selected to (a) lower the neutron energy in order to minimize fission in **U and
emphasizes fissile isotopes, and (b) provide a large solid angle for the *>Cf neutrons. 2) The arrangement of
the fission chambers was selected to achieve nearly uniform count rate per unit mass across the assembly.
3) The thickness of polyethylene was optimized to maximize the count rate.

For several of the NDA techniques the dominant signal comes from induced fission in **U, *°Pu, and **'Pu.
For some of these techniques the relative contribution of each isotope cannot be determined from the
signature. However, the relative contribution of each isotope can be estimated from the fundamental physics
such as the fission and absorption cross sections, the number of neutrons produced per fission, and
geometric factors). To quantify the relative contribution of the main three fissile isotopes we have borrowed
?mconcept from neutron coincidence counting, effective mass. In our calculations, we define an effective
““Pu mass as
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where M\ )55, M5, and M,,,,, are the masses of **U, *’Pu, and **'Pu respectively, and C, and C, are




neutron contribution of *’Pu. Using this equation we have a way of quantifying the amount of fissile
material in the spent fuel assembly. Furthermore, by determining **’Pu, masses for different instrument, we
have the capability to quantify the plutonium mass independent from the uranium. The constants C, and C,
relate the net production of neutrons from fission in 2*U and *'Pu respectively including the negative
contribution to neutron production by absorption in these isotopes [9, 10, 11].

In Fig. 2 the calculated count rates for all 64 assemblies of the spent fuel library are illustrated as a function
of 2 Pugg.cipy mass. The data points generally fall into groups of 4 for assemblies that have the same IE and
BU but different CT. The main conclusions from Fig. 2 are the following: 1) The count rate among the
assemblies generally trend with the Z’Puc.cipy mass; 2) There is structure in the data indicating that the
count rate is a function of factors that scale with BU, IE and CT.
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Fig. 2. CIPN count rate vs. “°Puycipy for all 64 assemblies from the spent fuel library for a 100 ug *°Cf
source (2 x 10° n/s). The BU, IE and CT for 3 assemblies are individually labeled to give the CT structure.

3. Differential Die-Away (DDA)

A DDA instrument has two primary features: (1) detectors that only detect non-thermal neutrons and (2) a
neutron generator that creates a burst of neutrons which turn off rapidly. The signal that is analyzed is
collected at an interval in time when effectively all the burst neutrons are thermal, hence not detected.
During this interval in time, the fissions induced by the thermalized burst neutrons produce neutrons with an
average energy ~2 MeV. Hence, these induced fission neutrons are detected due to their elevated energy. In
Fig. 3, the DDA instrument as modeled is illustrated [11]. A deuterium-tritium neutron generator, four *He
detectors (1.9 cm diameter, 2.5 cm long) were used. The detectors are imbedded in polyethylene. A partial
0.1 cm-thickness Cd liner was added to the interior walls near the fuel in order to render the spatial response
of the detector spatially more uniform. The 14-MeV neutrons from the generator were shifted to lower
energy through interactions with tungsten and beryllium layers.
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Fig. 3. Illustration of the DDA instrument: (a) horizontal perspective and (b) 3-D perspective.




for 4 different assemblies [11]. The “no fissile” case is a fresh assembly made of pure ***U oxide, hence,
there is effectively no thermal fission occurring. The neutron flux dies-away by ~5 orders of magnitude in
~200 us with the pure ***U oxide assembly in the detector. The remaining 3 curves in Fig 4(a) are for 3
assemblies from the spent fuel library; the neutron flux dies-away by ~4 orders of magnitude in ~2,000 ps
or more when they are in the detector. From the data in Fig. 4(a), and considering the counting statistics of
various count intervals, the interval of 0.2 to1.0 ms was selected for the results presented in this paper [11].

In Fig. 4(b), the relative count rate (DDA response) for the 64 assemblies from the spent fuel library are
depicted in the lower part of the figure while the relative count rate for these same assemblies with the
major, non-fissile, neutron-absorbing materials removed (labelled as “simplified”) is also illustrated. Note
that each group of 4 data points among the assemblies with neutron absorbers present represents one
assembly measured at 4 different moments in time (1, 5, 20 and 80 years); the point with the highest count
rate is the 1 year cooled assembly. The main points [11] from this data are the following: (1) The 64
assemblies from the spent fuel library look very similar to the response measured for CIPN as illustrated in
Fig 2. As with CIPN, there is structure in the data indicating that the count rate is a function of factors that
scale with BU, IE and CT. (2) By removing the major, non-fissile, neutron-absorbing materials from each
assembly, it is illustrated that it is the absorbers that cause the count rate to vary as a function of factors that
scale with BU, IE and CT. Hence, if the strength of the major, non-fissile, neutron-absorbing materials can
be quantified, then a smooth relationship between fissile mass and count rate is obtained. (3) The C, and C,
values that weight the relative contribution among the three major fissile isotopes look reasonable. The 64
assemblies have vastly different combinations of the three isotopes; yet, all the isotopes are weighted in a
way that makes for a smooth curve as a function of increasing mass for the simplified cases.
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Fig. 4(a). Time response of DDA system for 3 spent fuel assemblies and | assembly made of pure ***U oxide. (b) The
relative count rate (DDA response) for the 64 assemblies from the spent fuel library are depicted in the lower part of
the figure, the relative count rate for these same assemblies with the major, non-fissile, neutron-absorbing materials
removed (“simplified”) is also illustrated

4. Delayed Neutrons (DN)

Since the main purpose of the NGSI research is to determine the mass of Pu and since several instruments
(CIPN, DDA etc.) measure the combined prompt fission contribution of the three main fissile isotopes
which emphasizes >**Pu and **'Pu mass relative to >”U mass, it is desirable to have a technique with physics
that emphasizes U mass relative to Pu fissile mass. Delayed neutron detection is unique in this regard
compared to the other instruments in this paper. The DN signal preferentially emphasizes *°U relative to
*pu. This is due to the fact that **U emits ~2.6 times as many delayed neutrons per fission as *°Pu at
[thermal energies. Given this advantageous physics and the fact that a strong neutron generator is needed to
generate enough DN, integrating a DDA and a DN system is logical. Hence, the geometry depicted in Fig.
3 [11] was used for DN. A temporal interrogation pattern of 150 repeat pulses with the following timing
was selected: 0.9 s interrogation, 0.1 s pause, 1.0 s count time. For the purpose of calculating the average
DN count rate, an interrogating source strength of 1 x 10'' n/s was selected since it provides a signal to
background ratio of ~35% for a 45 GWd/tU, 4% IE, 5 yrs CT [12].

Fig. 5(a) illustrates that the DN count rate scales as a nearly uniform function of **’Pugy.py mass for a single
enrichment. Similar to CIPN and DDA results, there is structure that is a function of CT and BU which is




expected to be primarily due to the neutron absorber population. Fig. 5(b) indicates that the **U
contribution to the DN count rate is dominant at early BUs. For a 4% IE, a ~42 GWd/tU BU is the most
probable end-of-life BU. At that BU, ~50% of the count rate is produced from **°U fission, ~30% from the
combined fission of 2*’Pu and **'Pu, and ~20% from the fission of ***U. Preliminary results indicate that the
majority of the fission in **U is caused by induced fission neutrons and not neutrons from the neutron
generator; hence, the **U DN contribution cannot be reduced significantly by modifying the interrogating

source [12].
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Fig. 5(a). Delayed neutron count rate in water as a function of “’Pu effective mass is illustrated for 16

assemblies (4% IE) from the spent fuel library. (b) The isotopic contribution to the DN count rate from

fission products generated during the interrogation time interval among the four main isotopes that fission

is illustrated as a function of BU.

5. Differential Die-away Self-Interrogation (DDSI)
DDSI [13, 14] uses the passive neutrons from **Cm in spent fuel as the interrogating source. This
technique uses time correlated neutron counting where every detected neutron acts as a trigger event. Every
trigger opens early and late gates. The neutrons detected in the early gate are predominantly from
spontaneous fission neutrons while those in the late gate have a larger fraction of neutrons created by
induced fission events due to the duel region detector design that maximizes die-away time in the sample
and minimizes it in the detector. The DDSI instrument designed for spent fuel consists of 58 *He tubes, with
6 atm of pressure and a 40-cm active length, arranged in two concentric rows surrounding the centrally
located spent fuel assembly as depicted in Fig. 6(a) [14]. The Cd structure, with Cd fins, is unique for high
efficiency counters. [t is the result of a balance between the need for short die-away time in the detector for
time separation among detected pulses, and high efficiency that is needed to obtain reasonable counting
statistics. The optimized design has 13% detector efficiency for ***Cf source neutrons emitted from the
middle of the detector in air. The fins also provide a pure single exponential neutron die-away in the
detector region of 22 us [14].
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In Fig. 6(b), the DDSI late gate to early gate ratio is graphed as a function of the %Pu.q.ppss mass for the
*He-based DDSI configuration. For a given IE, the late gate to early gate ratio scales smoothly with 2P Ui
pps1 mass, less so for the 2% IE case. The results can likely be improved with a slight BU and CT
correction. Given the strong dependence on IE, a first step in determining the 2 PUppsier mass would
measure the 1E.

Fig. 7 shows the neutron capture time distribution of spontaneous and induced fission neutron events
recorded in (a) a boron-loaded liquid scintillator detector (BC-523A) when the liquid occupies the volume
of the polyethylene and the *He shown in Fig. 6(a) and (b) the *He detector as illustrated in Fig. 6(a). In
Fig. 7(a) we can see that the spontanecous fission (SF) distribution has a fast die-away, and after
approximately 5 us, there are essentially no more SF captures following a given trigger event. Induced
fission (IF) captures extend to later times, and the late gate is selected such that there are essentially no SF
captures occurring during that time. The *He-based detector result illustrated in Fig. 7(b) provides a lesser
degree of time separation where there is more of a “smearing” between the two domains. This “smearing”
effect in time is due to the longer die-away of the neutrons in the *He bank (22 us) as compared to an
average die-away time of 39 us in the spent fuel. The time gates for data evaluation for *He design is 0-4
us for the early gate and 100-192 ps for the late gate. Although the scintillator outperforms the *He based
detector in terms of time domain time separation, its implementation in the high temperature and high
gamma field environment of spent fuel assay may be problematic.
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Fig. 7. Simulated spontaneous and induced fission neutron capture time distribution in (a) boron-loadec
liquid scintillator and (b) a bank of * He tubes. The spent fuel assembly modelled had a BU of 30 GWd/tU, ¢
CT of S-years, and an IE of 3%.

6. Passive Neutron Albedo Reactivity (PNAR)

The PNAR technique uses the intrinsic neutron emissions from the radioactive material to self-interrogate
the fissile material. This is accomplished by making two separate measurements. The only difference
between the two measurements is the presence or absence of a cadmium liner on the inner surface of the
detector; the surface closest to the fissile material. The ratio of the neutron count without the cadmium liner
to the ratio of the neutron count with the cadmium liner is called the cadmium ratio. Two implementation of
the PNAR concept are being researched. A light weight, inexpensive system that uses fission chambers
(PNAR-FC) [10] that measures gross neutron counts and a high efficiency *He based system (PNAR-"He)
[15] that allows doubles and possible triples to be exploited. The higher multiplicities give a greater
dispersion in the Cd ratio. The PNAR-"He system is depicted in Fig. 6(a) while the PNAR-FC is depicted in
Fig. 8(a).

The Cd ratios determined for the 64 assemblies of the spent fuel library varied in a similar way to CIPN and
DDA as depicted in Fig. 2 and Fig. 4(b), as such, similar conclusions to those drawn for CIPN and DDA are
valid for PNAR-FC. In order to research diversion detection, three assemblies (15, 30 and 45 GWd/tU, 4%
IE and 5-years CT) were selected from which 8, 24 and 40 pins were removed (3%, 9% and 15% of the
total assembly mass). In Fig. 8(b) the diversion results are illustrated for assemblies in borated water (2,200

ppm). The solid lines are the cadmium ratio with no diversion. The dashed lines represent one standard




deviation in the mean of the cadmium ratio for which the uncertainty is ~0.2% due to Monte Carlo
uncertainty; in an actual experiment the counting statistics are expected to be limited by the electronic
stability of the measurements system at a value ~0.05% [10]. There is a 0.5 cm gap all around each
assembly modelled. This distance represents roughly the expected mechanical tolerance needed for a field-
able system. When the assembly was allowed to move inside the detector within the limits of this gap, the
relative change in the cadmium ratio was determined to be 0.3% [10]. The dotted lines in Fig. 8(b)
represents this relative uncertainty of 0.3%. Note that engineering constraints could be implemented to
minimize/eliminate this uncertainty. In Fig. 8(b) the left three data points for a given BU represent the
diversion from the centre of the assembly, the middle three represent diversion from the middle region,
while the right most three data points represent diversion from the outer region of 8, 24 or 40 pins,
respectively. We can see that PNAR-FC is slightly more sensitive to diversions in the inner region than it is
for the outer regions. This is due to the multiplication that takes place in the system; any neutron born in
the inner regions is greatly multiplied before detection in the fission chambers. It is also slightly more
difficult to detect diversion as the BU increases. Similarly, the impact of increased BU correlates with a
decrease in multiplication.

— 15GWd _ — 30GWd — 45 GWd|

4 6

Diversion Scenario

Fig. 8(a). Horizontal cross section of the PNAR-FC detector. (b) Results of simulating diversion scenarios.
The colours green, red, and blue represent the 15, 30, and 45 GWd BUs (4% IE, 5 years CT). The solid
lines are the cadmium ratio with no diversion and the dashed lines represent one standard deviation of the
mean of the cadmium ratio. The dotted lines represent a relative error of 0.3% of the cadmium ratio.
Results are for assemblies in borated water (2,200 ppm). In (b) the diversion of pins from three different
regions (inner, centre and outer) of the assembly is depicted for 8, 24 or 40 pin, respectively.

7. Self-Integration Neutron Resonance Densitometry (SINRD)

The SINRD technique quantifies the neutron flux in a narrow range of the energy spectrum. By measuring
how the relative neutron flux changes in a narrow range of the energy spectrum, the mass of fissile isotopes
such as U and **’Pu can be determined. The energy sensitivity of SINRD comes from the isotopic specific
energy dependence of the nuclear resonance in the fission cross sections. The same fissile material in the
fission chamber (*°U, ®Pu) is used to quantify the presence of that material in the sample being
interrogated because the effect of resonance absorption lines in the transmitted flux is amplified by the
corresponding (n,f) reaction peaks in the fission chamber. Thus, a **U fission chamber has high sensitivity
to neutron resonance absorption in U present in the sample. The SINRD detector depicted in Fig. 9 is
optimized for the detection of **U. As illustrated in Fig. 10(a), by covering one fission chamber with 3 mm
of Cd, it primarily detects neutrons with energies above ~2 ¢V. By covering a second fission with 0.1 mm
of Gd, it primarily detects neutrons with energies above ~0.2 ¢V [16]. The difference between these two
measurements gives the flux between ~0.2 and ~2 eV where U has two resonant peaks that enable a **U

fission chamber to be particularly sensitive to the presence of ***U mass near the SINRD detector. There are |

two additional fission chambers in Fig. 9. One detects the low energy flux and is labeled as “bare,” while
the other is embedded in polyethylene and is located behind a Cd layer. This second one is labeled as FFM
for “fast flux monitor.” The signal from the Gd and Cd lined tubes are normalized relative to these flux
monitors in order to enable comparison among assemblies.




In Fig. 10 (b) the responﬁse of the SINRD detector to changes in the **U content in the fuel is depicted. Note
the ordinate is the ratio of count rate in fast fission chamber to the difference in two lined (Cd and Gd)

fission chambers [16].
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8. Conclusions

The NGSI has initiated a multi-lab/university collaboration to quantify the Pu mass in, and detect the
diversion of pins from, spent nuclear fuel assemblies with NDA. In this paper a technical update on 6
neutron NDA techniques was given. Common to most of these techniques was the fact that they primarily
measure a signal that represents a combination of three fissile isotopes *U, *’Pu and **'Pu. The next step
in this research effort is to integrate a few techniques together so that the elemental Pu mass can be
determined. This integration effort is proceeding in modelling work and experimentally in collaboration
with international partners.
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