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Abstract

Under the Next Generation Safeguards Initiative, several 
different nuclear safeguards measurement techniques 
were studied. One of them was the Differential Die-Away 
Self-Interrogation technique, and the research showed 
that its early die-away time τ was proportional to the fuel
assembly multiplication and thus sensitive to the fissile 
content of the fuel assembly under assay. A prototype 
instrument was later built and tested in the field, and the 
measurements showed that the instrument could be used 
successfully in the field. 

This work builds on previous efforts, and systematically 
studies the ef fects of assumptions about the fuel 
properties (such as its dimensions) and its irradiation 
conditions in the reactor, on the Rossi-Alpha Distribution 
(RAD) and τ. The motivation is twofold, firstly to better
understand if and what impacts such assumptions have 
on the RAD and τ, and secondly to investigate how well
the simulation model used to estimate the RAD and τ is
able to generalize to other fuel types and irradiation 
conditions than those modelled. 

20 spent nuclear fuel assemblies currently residing in the 
Swedish interim storage for spent nuclear fuel were 
measured by the prototype DDSI instrument. The 
assemblies were modelled using Serpent2 and MCNP6 in 
this work. Fuel depletion calculations were performed 
assuming both a standard irradiation cycle and the actual 
irradiation history as provided by the operator. Fuel 
properties and irradiation conditions were also modified 
and their effect studied. 

Based on the simulated DDSI instrument response in 
MCNP6, the RADs were created and τ determined. The
analysis shows that each modelling assumption on its 
own affects both the RAD and the τ value. However,
some of the individual effects work in opposite direction 
and cancel out when considered at the same time. For 
this reason, the default model is considered to be a good 
and valid approximation of the more complex one and 
results are expected to generalize well. 

Keywords: Nuclear safeguards, DDSI, neutron coinci-
dence, tau (τ ), modelling 

1. Introduction

The DDSI instrument detects neutrons emitted from spent 
nuclear fuel. The detected neutrons originate from sponta-
neously fissioning radionuclides which act as a neutron 
source, interrogating the fissile content of the spent nucle-
ar fuel. Depending on the nuclide inventory of the spent 
nuclear fuel, fission chains of various lengths develop and 
give rise to a distribution which describes the time evolu-
tion of the neutron population and is known as the Rossi-
Alpha Distribution (RAD) [1]. That distribution is then used 
to determine the die-away time, τ, of the neutron popula-
tion inside the nuclear fuel. 

The DDSI technique was studied in detail under the Next 
Generation Safeguards Initiative, a project aiming to devel-
op non-destructive assay instrumentation to verify opera-
tor declarations and fuel parameters, detect diversion of 
fuel material, estimate plutonium mass and decay heat, 
and to determine the reactivity of spent fuel assemblies [2]. 
Simulated responses were analysed to investigate the ca-
pability of the DDSI instrument to reach these goals (see 
for instance [3, 4]). A prototype DDSI instrument was also 
built and tested in the field, and it was shown that several 
algorithms developed to determine fuel assembly charac-
teristics worked successfully on measured data [5,6]. 

The parameter τ is sensitive to the balance of fissile mate-
rial and neutron absorbing isotopes, and has a high rele-
vance in safeguards evaluations. The nuclide inventory of a 
spent nuclear fuel (and thus τ) depends on several things 
such as the fuel assembly’s initial enrichment, burnup and 
cooling time. This work aims at investigating if and to what 
extent the RAD and τ are also affected by parameters 
which are often not (well)known to a nuclear inspector in 
the field, such as the fuel geometry, the irradiation history, 
and irradiation conditions. It does not aim at confirming 
previous results or predict safeguards-relevant properties. 

Although results on the sensitivity of τ to modelling as-
sumptions have not been published before, the sensitivity 
in calculated nuclide inventories due to approximations or 
uncertainties in the input (such as key design features and 
operating conditions) has been investigated extensively, 
see e.g. [7] and references therein. The power history has 
been found to be of minor importance for most actinides 
and fission products at the time of discharge, but the 
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moderator temperature (and its density) has been identi-
fied as important in the physics calculations. The boron 
concentration has also been found to be important as it in-
fluences the neutron spectrum in the fuel. The impact of 
the fuel temperature is more difficult to assess as it is not 
measured directly, and it is associated with major uncer-
tainties. Other works, such as [8], have also studied the ef-
fects of the UO2 mass density, power levels and irradiation 
history on uranium and plutonium concentrations and 
found them to be of little importance. Actinide inventories, 
and particularly short-lived nuclides, were however found 
to be the most sensitive to irradiation history variations. 
Reference [9] reported on small effects on a number of 
calculated isotopic concentrations due to changes in fuel 
temperature, and [10] showed that for BWR burnup credit 
calculations, the control blade position is important be-
cause it affects the 239Pu concentration in the fuel. 

In safeguards assessments, it is rare to have access to de-
tailed information about the fuels under assay and it may 
be necessary to make assumptions similar to those made 
in the simulations here. In the event that an inspector has 
access to detailed information about the fuel, an accurate 
model can be created, but at the expense that the model 
probably does not generalize well to fuels with other prop-
erties. In this work we investigate how systematic uncer-
tainties from various modelling assumptions affect the 
RAD and the predictions of τ. We do this by studying the 
implications of various modelling assumptions on the Ros-
si-Alpha Distribution (RAD) and τ, for 20 spent nuclear fuel 
assemblies of Pressurized Water Reactor (PWR) type. The 
scope of this work does not cover investigations on if and 
how the modelling assumptions impact the DDSI capbility 
to detect diversion of fuel material, estimate plutonium 
mass, decay heat, or determine the reactivity of spent fuel 
assemblies.

2. The DDSI principle and instrument design

The DDSI technique is a passive non-destructive assay 
technique, relying on neutron coincidence counting, that 
has been developed to study nuclear material such as 
spent nuclear fuel. In such fuel, radionuclides such as 
244Cm undergo spontaneous fission and act as an internal 
neutron source that interrogates the fissile content of the 
fuel. Some of the neutrons emitted by e.g. 244Cm thermal-
ize in the water surrounding the fuel rods, and induce fis-
sions in primarily 235U, 239Pu, and 241Pu. Depending on the 
nuclide inventory of the spent nuclear fuel (and thus the 
fuel assembly multiplication), fission chains with various 
lengths will develop. This affects the possible detection of 
the correlated neutrons, and therefore of the RAD and its 
decrease over time as quantified by the early die-away 
time τ. 

The value of τ can be determined from the RAD, which is 
a histogram describing the number of subsequent 

neutrons detected within a certain time window after the 
trigger neutron. The distribution can be described by a sin-
gle exponential function in a limited time span, although 
the underlying physics can be explained by two different 
physical processes, each of which can be described by an 
exponential function. One process concerns neutrons 
coming from the same fission event, or from fast fission 
processes where the neutron has not thermalized before 
inducing fission. These neutrons typically have a fast die-
away time (or a fast time component) which is determined 
mainly by the time needed for the neutron to reach the 
DDSI detectors and thermalize in the polyethylene around 
them (the die-away time of the detectors is approximately 
19 μs). The second process concerns time-correlated neu-
trons coming from fission reactions in the same fission 
chain, where at least one second fission was induced by a 
thermal neutron. The second process may take much 
longer time than the first process, and its die-away time 
may extend up to hundreds of μs. The so-called early die-
away time τ is a function of both processes and can be 
determined in a specific time range of the RAD, where 
properties of the spent nuclear fuel (such as abundance of 
fissile and neutron absorbing material) as well as proper-
ties of the DDSI instrument design, play a role. Reference 
[4] showed that in the time window of 4-52 μs, τ was
found to be quadratically related to the SFA multiplication,
which makes τ interesting in the context of spent nuclear
fuel verification for nuclear safeguards purposes.

A model of the DDSI prototype instrument design is shown 
in Figure 1. There are four detector pods, symmetrically lo-
cated around the FA. Each of them contains 14 3He-detec-
tors, surrounded by polyethylene and encased in steel 
containers filled with air. Between the detector pods and 
the FA, there is a lead shield and a funnel which guides the 
fuel assembly into position, as it is inserted into the instru-
ment from above.

Figure 1. The DDSI instrument as implemented in MCNP. The fuel 
assembly is shown in the centre, surrounded by a lead shield 
(brown) and four detector pods. The 3He detectors are shown in 
blue inside the pods, and the polyethylene surrounding them is 
shown in purple.
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3. Modelling spent nuclear fuel and the DDSI
instrument response

The 20 studied spent nuclear fuel assemblies are all PWR 
17x17 fuel assemblies irradiated at the Ringhals nuclear 
plant in Sweden. They are produced by five different fuel 
manufacturers, but according to the fuel information in [11], 
17 out of the 20 fuel assemblies are very similar with re-
spect to fuel dimensions, while the remaining three have 
fuel rod dimensions which deviate from the other 17 fuel 
assemblies by less than 10%. The initial enrichment of all 
20 fuel assemblies ranges between 2.1-3.9 %, the burnup 
ranges between 20-48 GWd/tU and the cooling times are 
approximately 10-35 years. The information provided to 
the authors at the time of this work does not include any 
information on whether or not there are Gd rods present in 
any of the fuel assemblies, and thus Gd rods were not 
modelled. Should additional information indicate that there 
are indeed such rods present, their impact would need to 
be studied using a different model since the burnup calcu-
lations in this work are made with a single-pin model, and 
thus assumes that all fuel rods are identical in the subse-
quent steps. 

The Serpent2 code [12] was used to define a fuel pin mod-
el, deplete it and estimate its material composition. The 
fuel pin was placed in an infinite 2D lattice in Serpent2, 
and run in criticality source mode. 

MCNP6 [13,14] was then used to construct a model of the 
DDSI instrument in water, sample spontaneous fission 
neutrons emitted by the spent nuclear fuel, transport the 
neutrons from the source to the DDSI instrument and esti-
mate its response. A full fuel assembly was assumed, con-
sisting of identical fuel rods where the material composi-
tion was taken from the output of the Serpent2 
calculations. A spontaneous fission source was evenly dis-
tributed across all fuel pins, but restricted in the axial di-
rection to 145 cm centred on the DDSI, because it was 
found that regions farther from the instrument do not con-
tribute to the detector signal. It can be pointed out that the 
simulations do not include background contributions from 
e.g. (α, n)-reactions, which are randomly distributed in time 
and thus neutrons from such reactions do not contribute 
to the rate of time-correlated neutrons. The neutron detec-
tion was simulated with neutron coincidence capture tal-
lies (F8 CAP in MCNP6) in the 3He tubes. One hundred F8 
tallies, each with 2 μs gates were used to make the RAD of 
true neutron coincidences. 5 million neutron histories were 
simulated, which was sufficient for most of the tallies to 
pass the ten statistical checks performed by MCNP6 (in a 
few tallies there were not enough hits to reliably estimate 
the slope of the probability density function). In order to 
determine τ, the RAD was created, showing the time dif-
ference between detected neutrons. A single exponential 
function was fitted to the RAD in the time window of 4-52 
μs, as indicated in [4]. 

3.1 Modelling the fuel irradiation and DDSI 
instrument response

For the 20 studied fuel assemblies, two types of irradiation 
histories were considered in this work: a default irradiation 
and its actual irradiation. The default irradiation scheme 
was defined as 365 days of irradiation in the reactor, fol-
lowed by 30 days of downtime. The reactor power was set 
so that a burnup of 10 GWd/tU per full cycle was achieved. 
The duration of the last cycle was adjusted to result in the 
desired discharge burnup value. The burnup step used 
was 0.5 GWd/tU. With respect to the actual irradiation 
scheme, this information was provided by the operator. It 
showed that the fuels had indeed undergone varying irra-
diation histories, ranging from some fuel assemblies hav-
ing resided in the reactor only for two cycles, to others 
having been irradiated for up to five cycles. The burnup 
per cycle also varied both between fuel assemblies and 
between cycles. In the burnup calculations, the accurate 
irradiation histories as provided by the operator were used 
together with information on the average power level in 
each cycle, and 50-day burnup steps were used. 

In order to systematically study the impact of also other 
changes than the fuel irradiation, the impact of the other 
parameters were studied in isolation. In Serpent2, the bo-
ron concentration in the water during irradiation was 
changed from 0 in the default case to 200 ppm, 630 ppm 
and 1100 ppm in three different simulations. The fuel tem-
perature was 1500 K in the default case and 900 K in the 
realistic case; the fuel pellet density was 10.5 g/cm3 in the 
default case and 10.41 g/cm3 in the realistic case; the wa-
ter density was 0.75 g/cm3 in the default case and 0.723 g/
cm3 in the realistic case, and the fuel pellet radius was ad-
justed according to the values in [15]. With respect to the 
fuel pellet and fuel rod dimensions, either a default geome-
try representative of PWR fuel in general, or geometry and 
irradiation conditions based on the Westinghouse 17x17 
Standard fuel in the Scale 6.1 manual [15], was used. Ref-
erence [11] conveys that dimensions for fuels from the oth-
er manufacturers are similar to those of Westinghouse 
17x17 Standard fuel. 

Also in MCNP6, changes were done to the model used to 
investigate the impact of the individual changes as well as 
their total effect. The effect of having guide tubes and a 
central instrumentation tube present (or not) was studied, 
and the fuel density and pellet radius were adjusted to 
match the values used in the corresponding Serpent2 cal-
culations. In the final case, the total effect of all assump-
tions in both Serpent2 as wel l as MCNP6 was 
investigated. 

The identified cases and details on model properties in 
Serpent2 and MCNP6 are shown in Table 1.
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4. Results

For three of the 20 fuel assemblies, representing fuels with 
both regular and irregular irradiation history, the impact of 
the modelling assumptions were studied in greater detail 
by implementing them one at a time to see their individual 
effects. These results can be found in section 4.1. For the 
remaining 17 fuel assemblies, three of the nine cases were 
investigated: the default case (case 1), the actual irradiation 
history (case 2) and when all assumptions are changed at 
once (case 9, denoted as “change all”). These results can 
be found in section 4.2.

4.1 Results from detailed investigations

This section presents separately the results on the RAD 
and τ from the studies of the three selected fuel 
assemblies. 

4.1.1 Results on the RAD

Figure 2 shows the RADs and the fits to determine τ for 
the three fuel assemblies denoted fuel 1, 2 and 3. 

One thing to immediately notice is the difference in RAD 
amplitudes between the fuels. The fuel with the highest 
RAD amplitude has an initial enrichment almost twice as 

large as of the other two fuel assemblies, but also a dis-
charge burnup which is approximately twice as high. The 
fuel with the highest initial enrichment experienced an irra-
diation history similar to what was assumed in the default 
case, while the fuel with the lowest RAD amplitude experi-
enced a very long first irradiation cycle and then a short 
period outside the reactor before being re-irradiated a sec-
ond time. The authors acknowledge that this irradiation 
scheme seems out of the ordinary and could possibly be 
due to a reporting error by the operator; nevertheless, it is 
the information made available and it was therefore as-
sumed to be true in this work. The fuel with a RAD ampli-
tude between the other two fuel assemblies, experienced 
the same irradiation history as the fuel with the lowest RAD 
amplitude during the first two cycles and then resided out-
side the reactor for approximately ten years before being 
re-irradiated for two more cycles. Figure 2 also shows that 
the RAD for the default case (shown with black triangles) it 
is found roughly in the middle of all RADs, meaning that 
the various modelling assumptions separately result in 
both increased and decreased RAD amplitudes. However, 
for all three fuel assemblies:

• Increased boron content results in a higher RAD ampli-
tude, as compared to the default case,

Modelling property Software Default properties Realistic properties

1.  Default irradiation 
history

Serpent2 Ideal irradiation history with 10 GWd/tU 
per 365-day irradiation cycle, followed 
by a 30-day outage. 

-

2.  Actual irradiation 
history

Serpent2 - Actual irradiation history and power 
density as provided by the operator.

3.  Boron concentra-
tion during 
irradiation 

Serpent2 0 ppm 200 ppm  
630 ppm 
1100 ppm 
In case 9, 630 ppm was used.

4.  UO2 fuel 
temperature 

Serpent2 1500 K 900 K

5. H20 density Serpent2 0.75 g/cm3 0.723 g/cm3

6.  Guide tubes and 
central instrumen-
tation tube

MCNP6 No tubes 24 water-filled guide tubes and one 
central instrumentation tube

7. UO2 fuel density Serpent2/
MCNP6

10.50 g/cm3 10.41 g/cm3

8.  UO2 fuel 
dimension

Serpent2/
MCNP6

0.41 cm fuel pellet radius.  
0.1 mm gap (void).  
Cladding outer radius equal to 0.48 mm. 
Pitch 1.26 cm.

0.4025 cm fuel pellet radius.  
0.085 mm gap (void). 
Cladding outer radius equal to 0.475 mm. 
Pitch 1.26 cm.

9.  All of the above 
assumptions

Serpent2/
MCNP6

All of the above default settings in Ser-
pent and MCNP 

All of the above realistic settings in Ser-
pent2 and MCNP6.

Table 1. Default as well as more realistic properties used in the Serpent2 and MCNP6 modelling. The realistic values are taken from the 
Scale manual [15]).
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• Lower water density leads to a higher RAD amplitude, as 
compared to the default case,

• Decreasing the pin radius to more realistic values results 
in a lower RAD amplitude likely because this implies less 
material to assay, and 

• Lowering the fuel temperature from 1500 K to 900 K 
changes the cross sections in the depletion calculations, 
which in turn results in a lower RAD amplitude.

The impact of the guide tubes is negligible, as is slightly 
lowering the UO2 density to a more realistic value. The im-
pact of the actual irradiation history is different in all three 
cases, probably because the default irradiation history is 
varying to different degrees from the actual irradiation 
history. 

Interestingly enough, Figure 2 shows that for fuel 2, some 
of the modelling effects cancel out when all assumptions 
are changed simultaneously (case 9, change all). For fuel 1 
and 3, case 9 results in a lower RAD amplitude (but not as 
pronounced as when changing only the fuel pellet radius, 
probably because the boron content offset partly compen-
sates for this). For one of the fuels (fuel 3), the more realis-
tic assumptions in the modelling, results in the lowest RAD 
amplitude of all cases (although it is close to changing only 
the irradiation history).

In order to better understand why the RAD changes in the 
way it does, the changes of eight selected nuclide con-
centrations, identified to be of most importance when de-
termining τ, were studied in detail. The isotopes, as identi-
fied in [16], are 239-241Pu, 241Am, 235U, 238U, 155Gd and 149Sm. 

In addition, we decided to include 242Cm and 244Cm be-
cause they contribute to both spontaneous fission and a 
constant background in a real measurement situation. Fig-
ure 3 shows how the selected nuclides vary for the differ-
ent cases (not including the case where guide tubes are 
included in MCNP 6, since the depletion calculations in 
Serpent2 are the same as for the default case), for fuel 1. 
However, for all three fuel assemblies studied here, the 
concentrations change in practically the same way. One 
can note that the concentrations for several of the nuclides 
in Figure 3 change in very similar ways as the RADs in Fig-
ure 2. 

In absolute terms, the nuclide concentrations change the 
most for 238U, followed by 239Pu and 235U for all three fuel 
assemblies. In relative terms, there are variations among 
the three fuel assemblies, but large relative increases are 
typically seen for the fission products 149Sm and 155Gd and 
the two Cm-isotopes, 242Cm in particular (especially for fuel 
3). Figure 3 shows that the concentrations of 239Pu, 241Pu 
and 235U grow with increasing boron concentration, and 
that a lower water density also leads to a higher concen-
tration (both changes make the neutron spectrum harder). 
Making the fuel pellet radius smaller or lowering the fuel 
temperature, gives lower plutonium concentrations than in 
the default case. Changing the UO2 density does not im-
pact the plutonium concentration much, neither does the 
actual irradiation history except in the cases of the 242Cm 
and 241Pu concentrations for fuel 3 (the same fuel assem-
bly for which the RAD amplitude changes as a function of 
i r radiat ion h istor y).  The lowest 239Pu and 241Pu 

Figure 2. Resulting RAD distributions for the three fuel assemblies studied in greater detail: fuel 1 (left), fuel 2 (centre) and fuel 3 (right).
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concentrations are found for a fuel temperature of 900 K 
and when all model assumptions are changed at the same 
time (case 9).

4.1.2 Results on τ 

Values of τ for the simulated cases are shown in Table 2. 
They do not necessarily change in the same way as the 
RADs, since τ depends on the structure of the RAD. The 
values of τ for the fuel assembly with the highest initial en-
richment (fuel 1) are consistently larger than for the two 
other fuel assemblies. It is not clear that increasing the bo-
ron content from 0 ppm (the default case), has an impact 
on τ. However, lowering the fuel temperature, the UO2 
density or making the fuel pellet radius smaller all seem to 
lower τ, although the magnitude of the effects are small in 
some cases. Lowering the water density has either a weak 
impact or no impact at all on τ. Making all changes at 
once, lowers τ in all three cases.

As seen in Table 2, modelling the actual irradiation history 
doesn’t have a significant impact on τ, which remains the 
same when the uncertainties in the fits are taken into ac-
count, for all three fuel assemblies. The same holds true 
for changing the water density (even if this impacts the 
concentration of the three plutonium isotopes) or inserting 
guide tubes and an instrumentation tube. Increasing the 
boron content impacts τ, but differently for the different 
fuel assemblies. For fuel 1, a boron content of 200 ppm 
appears to considerably lower τ while increasing the bo-
ron content further restores τ to the same value as for no 
boron at all. For fuel 3, a boron content of 630 and 1100 
ppm gives τ values, which are higher than for the default 
case. A lower fuel temperature gives a lower τ value for 
fuel 1, but not for the other two fuel assemblies. Lowering 

the fuel density lowers and decreasing the pellet radius 
lowers τ  for fuel 1 and 3, but not for fuel 2. 

4.2 Results for all fuel assemblies 

For the remaining 17 fuel assemblies, three of the eleven 
assumptions were investigated: case 1, 2 and 9. For com-
pleteness, the results from the three fuels above can be 
found here as well. 

4.2.1 Results on the RAD

The trend among the 17 spent nuclear fuel assemblies is 
that the irradiation history (case 2) has a low impact on the 
RAD amplitude. For the vast majority of the fuel assem-
blies, a visual inspection of the RAD data points reveal that 
these are the same within error bars, which show the un-
certainty due to the number of simulated events in the 
Monte Carlo calculations, over the time interval 0-120 μs. 
In a few cases, the RADs do not completely overlap for 
times below 15 μs (fuels 19, 6 and 9), while the distribu-
tions sometimes overlap and sometimes not for another 
fuel (fuel 15). Only for one single fuel assembly (fuel 16), is 
the RAD associated with the actual irradiation history con-
sistently lower than for the default irradiation. Inspecting 
the irradiation history for fuel 16 shows that it has under-
gone five irradiation cycles of rather varying length and cy-
cle burnup, and resided outside the core for two years be-
fore being reinserted for a last irradiation cycle. For all fuel 
assemblies, the RAD amplitude for the most realistic case 
(case 9) is lower than, or approximately as large as, the 
RAD amplitude for the default case (case 1). 

 
Figure 3: The subplots show how the selected nuclide concentrations (in units of 1024/cm3) vary for the different cases. 
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4.2.2 Results on τ

With respect to the τ values, these are shown in Table 3 

for all 20 fuel assemblies. One fuel assembly has a consid-

erably higher τ than the other fuels; this fuel assembly has 

a relatively high initial enrichment and a medium discharge 

burnup after having been irradiated only two cycles. The 

fuel assembly with the lowest τ value is found to have a 
medium initial enrichment and a high burnup, having been 
irradiated for four cycles. 

With respect to variations in τ with the modelling assump-
tions, the τ values for the default case (case 1) and the 

Cases investigated Fuel 1 Fuel 2 Fuel 3

τ Unc. τ Unc. τ Unc.

1. Default case 42.8 0.5 40.2 0.5 39.8 0.5

2. Actual irradiation 41.9 0.5 40.8 0.5 38.9 0.5

3.1. Boron concentration during irradiation = 200 ppm 41.3 0.4 40.8 0.5 39.7 0.5

3.2. Boron concentration during irradiation = 630 ppm 42.6 0.5 40.5 0.5 40.6 0.5

3.3. Boron concentration during irradiation = 1100 ppm 42.2 0.4 41.5 0.5 40.6 0.5

4. UO2 fuel temperature = 900 K 40.8 0.5 39.7 0.5 38.6 0.5

5. H2O density = 0.723 g/cm3 42.3 0.5 40.6 0.5 39.8 0.5

6. Guide tubes and instrumentation tube present 41.9 0.5 41.0 0.5 38.9 0.5

7. UO2 fuel density in Serpent and MCNP =10.41 g/cm3 41.6 0.5 40.8 0.5 38.6 0.5

8. UO2 fuel pellet radius in Serpent and MCNP=0.4025 cm 41.1 0.5 39.5 0.5 38.3 0.5

9. All of the above assumptions at once 40.9 0.4 39.6 0.5 37.6 0.4

Table 2. Determined τ values and the one sigma uncertainties in τ as determined by the fits, for the three selected fuel assemblies and 
the cases investigated in this work. All values are given in [μs].

Fuel Default irradiation (case 1) Actual irradiation (case 2) Change all (case 9)

τ Unc. τ Unc. τ Unc.

1 42.8 0.5 41.9 0.5 40.9 0.4

2 40.2 0.5 40.8 0.5 39.6 0.5

3 39.8 0.5 38.9 0.5 37.6 0.4

4 38.2 0.4 38.2 0.4 37.3 0.4

5 39.3 0.4 39.8  0.4 38.8 0.4

6 40.1 0.4 40.5 0.4 40.1 0.4

7 41.5 0.5 41.6 0.5 40.5 0.5

8 36.9 0.4 36.8 0.4 35.7 0.4

9 40.8 0.5 40.6 0.5 40.0 0.5

10 48.0 0.5 47.9 0.5 47.5 0.5

11 39.9 0.4 40.1 0.5 38.5 0.4

12 39.7 0.5 40.0 0.5 39.0 0.5

13 40.0 0.5 40.0 0.5 38.6 0.4

14 35.5 0.4 35.3 0.4 34.4 0.4

15 39.6 0.4 40.5 0.5 38.7 0.4

16 39.5 0.4 38.9 0.4 38.8 0.5

17 37.9 0.4 37.7 0.4 37.5 0.4

18 39.9 0.4 40.6 0.4 40.5 0.4

19 39.8 0.5 38.6 0.4 38.7 0.5

20 36.8 0.4 36.7 0.4 35.3 0.4

Table 3. The early die-away times τ and the one sigma uncertainties in τ as determined by the fit, for the 20 fuel assemblies and the three 
cases. All values are given in [μs].
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seen that the RAD amplitude decreases for all fuel assem-
blies, and more so the higher the RAD amplitude is to start 
with. Among the nine fuel assemblies for which τ decreas-
es the most (fuels 1, 3, 4, 7, 11, 13, 14, 15, 20), all but one 
fuel assemblies (fuel 1) have a fuel geometry consistent 
with that assumed in case 9. This indicates that using a 
more accurate fuel model leads to a lower τ value. The 
decrease in RAD amplitude seen for the 20 fuel assem-
blies in case 9 (as compared to case 1) is on average 2254 
counts, and the decrease in τ is on average 0.92 μs. 

For individual fuel assemblies, the largest change in τ be-
tween case 2 and case 1 (ie due to the irradiation history) 
is found for fuel 19, and it is 1.24 μs (or 3.12%). The largest 
change in τ between the case 9 and case 1 is found for 
fuel 3, and it is 2.22 μs (or 5.57%). The average change in 
τ between case 1 and 2 is 0.41 μs, and the average 
change in τ between case 1 and case 9 is 0.97 μs.

5. Summary and conclusion

The DDSI measurement technique offers a way to non-de-
structively assay the fissile material in spent nuclear fuel 
assemblies. It does so by quantifying the die-away time τ 
of the neutron population in a spent nuclear fuel assembly. 

In this work, we have investigated how assumptions made 
in the modelling affect the resulting RADs and the τ values 
from the DDSI instrument. We have modelled a default ir-
radiation history as well as the actual irradiation history, 
and we have made changes in the fuel geometry and the 
fuel irradiation conditions.

The results show that although each assumption in itself 
affects the RAD, most strikingly its amplitude, the τ values 
are less sensitive. The irradiation history, which can be 
both very difficult to obtain in practise and which for princi-
pal reasons should not be relied upon in safeguards evalu-
ations, has very little or no impact on neither the RAD nor 
τ. However, lowering the fuel temperature, the fuel density 
or the pellet radius has an impact on both the RAD and τ. 
When making all changes simultaneously, the RAD ampli-
tude is lowered for all fuel assemblies and τ is lowered for 
ten fuel assemblies (as compared to the default case). The 
largest change seen in τ between case 1 (the default case) 
and case 9 (change all) is 2.22 μs or 5.57%. The average 
change in τ is much lower, 0.97 μs. Based on these re-
sults, we consider the default model to be sufficiently good 
to estimate τ for different types of spent nuclear fuel as-
semblies with a 17x17 fuel geometry. However, consider-
ing that one of the objectives for developing the DDSI in-
strument was to estimate plutonium mass, we note that 
the modelling assumptions made in this work have a (vary-
ing) effect on the plutonium content of the spent nuclear 
fuel. The effect on the two fissile plutonium isotopes (239Pu 
and 241Pu) is larger than the resulting changes in τ. Al-
though this may not be surprising, as τ captures the 

balance between fissile materials and neutron-absorbing 
materials and not the fissile material alone, it could be in-
vestigated in future work whether or not the simple model 
is suitable for estimating e.g. the plutonium mass or not. 

Finally, we note that the depletion step in the model used 
for this work is based on a single-pin model, representa-
tive of all fuel rods in a fuel assembly. If there is information 
that indicates that this is not a valid assumption, such as 
the presence of Gd fuel rods in certain locations of the fuel 
assembly, a new model that does not assume that all fuel 
rods are identical needs to be developed to assess the im-
pact of this on the RAD and τ.
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