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A geological repository for spent nuclear fuel (SNF) and an associated encapsulation facility will be 
built in Sweden.  The encapsulation facility is planned to be in operation in 2025 and it will be the 
last place where verifying safeguards measurements of SNF can be performed. It is not clear what 
types of measurements that will be performed, because such requirements are not yet posed by 
national and international authorities and inspecting organizations. This report describes the 
objective and most recent results of a master thesis project, whereby a few existing non-destructive 
assay techniques for verifying SNF are selected for a review. The study focuses on the verifying 
ability of different techniques, or system of techniques in relation to the requirement that may be put 
on the future encapsulation plant. In addition, possible needs for future simulations and 
measurements are discussed. The work is done as a collaboration between Uppsala University in 
Sweden and Los Alamos National Laboratory in the USA. 
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1. Introduction 
There are more than 25,000 spent nuclear fuel (SNF) assemblies at the Swedish interim 

storage facility for spent nuclear fuel (Clab) in Oskarshamn. All of these fuel assemblies are going to 
be encapsulated and disposed of in a geological repository. This will be done according to the 
method KBS-3 [1] where three barriers protect the fuel. The first barrier is the copper canisters in 
which the SNF is placed, the second barrier is the shock absorbing bentonite clay that will surround 
and protect the canisters at 500 m depth, and the third barrier is the crystalline bedrock that hosts 
the geological repository. At present though, the encapsulation facility and the geological repository 
are to be built. Both facilities are planned to be finished and running in 2025. The encapsulation 
facility is going to be integrated with Clab in Oskarshamn, and when the buildings are in place the 
name of the integrated facility will change to “Clink”. The geological repository is going to be built 
near the nuclear power plant Forsmark. [2] 

Since the geological repository is the endpoint for the spent fuel, no active safeguards will be 
applied once the fuel canisters are in place. This means there will be no surveillance equipment in 
the repository and no measurements will be performed on the fuel after the backfilling of the 
repository. In turn this means that the encapsulation facility is the last place where non-destructive 
assay (NDA) measurements for safeguards and other purposes can be performed and the fuel 
content can be verified. 

The Next Generation Safeguards Initiative (NGSI) was initiated by the U.S Department of 
Energy, the aim of this initiative is to improve and sustain the international safeguard systems for 
the coming 25 years. [3] Within the NGSI there is ongoing research on new non destructive assay 
(NDA) measurement techniques for safeguards purposes. [4] Since 2009, in total 14 different 
measurement techniques have been developed and prioritized among. [4] In this report a selection 
of the most promising of these techniques is being studied to see if they may be suitable for Clink.  

There are yet no regulations posed by international or national authorities on what kind of 
safeguards requirements that needs to be fulfilled at this type of facilities, but it is possible to 
speculate. In this report the aim is to look at specific requirements that may be posed  and estimate 
how well  the measurement techniques perform in these areas.  

2. Method for research 
The study can be divided in two parts. In the first part studies were made in order to identify 

needs for NDA measurements at Clink and find out what kind of SNFs that is going to be 
encapsulated, which is described in Section 3 and 4. Studies on the NGSI measurement techniques 
were made to identify what they measure, verify and determine, which is described in section 5 and 
6. From the first part it was possible to identify requirements that may be put on for measurement 
techniques at Clink and to investigate which of the techniques that meet these requirements 

In the second part of the study, areas of further research and development in order to 
determine the suitability of the different measurement techniques at Clink were identified. These 
results are presented in Sections 7 and 8. 
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3. Clink Requirements 
The Swedish waste management company (SKB) is the owner of CLAB and the future Clink 

facility. They will be responsible for the ongoing activities within the future facilities. In practice, this 
means that they will build the necessary infrastructure, develop an encapsulation technique and 
encapsulate the SNF. General safeguards requirements for the encapsulation facility and the 
geological repository will be posed by international authorities such as the International Atomic 
Energy Agency (IAEA) and EURATOM. The national authority, the Swedish Radiation Safety 
authority (SSM), has the possibility to impose stricter requirements on the facilities if they consider 
this to be necessary. 

3.1. Time Schedule 

It is planned that the encapsulation facility will send 150 canisters to the repository each year, 
this means that about one capsule needs to be complete every day of operation. [5] There are going 
to be two different kinds of canisters, one for Boiling Water Reactor (BWR) assemblies and one for 
Pressurized Water Reactor (PWR) assemblies. The BWR-canisters will contain twelve assemblies and 
the PWR-canisters will contain four. [5]  

In Sweden the most common fuel type is the BWR fuel (90% of the fuels). [6] In BWR 
reactors, where water acts as both coolant and moderator, the lower part of the core contains cool 
water while the upper part of the core contains hot steam. An effect from this is that the moderator 
density is reduced in the upper part of the core, which leads to an uneven power distribution. [7] To 
get a more even power distribution, some BWR assemblies contain partial-length rods with different 
enrichment. [8] 

3.2. Decay Heat 
In order to limit the corrosion of the copper canisters it is important to limit the temperature 

of the copper canisters. For this reason, decay heat needs to be verified for all assemblies before they 
are encapsulated. [9] The decay heat is mainly produced by the decaying radioactive fission products 
in the SNF.  The maximum decay heat allowed for one canister is 1700 W. [5]  

3.3. Safeguards and Requirements from Authorities 
Nuclear safeguards are a set of activities employed in order to prevent the spreading of 

nuclear weapons technology and sensitive material throughout the world. Safeguards are an 
important issue also at the Clink facility since the SNF contains fissile material. The facility is 
planned to be built in such way that so-called Key Measurement Points (KMP) are available, where 
safeguard measurements and verifications may take place. [10] Measurements may include NDA 
measurements or visual inspections depending on what the authorities want to investigate. Clink is 
planned to be one Material Balance Area (MBA) only. An MBA is a space where the inventory of, or 
transfer of, all nuclear material is accounted for. [10] In this report the techniques will be compared 
by if they can determine the fissile content of an assembly, which can be seen as an example of how 
the measurement techniques can be used for safeguard purposes.   
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4. Spent Nuclear Fuel 
4.1. Swedish Spent Nuclear Fuel 

The most dominant part of the Swedish SNF comes from the ten power producing reactors 
that are still in use. Of those, seven are BWR and three are PWR. In addition to these reactors, four 
other power producing reactors have been closed down.  Two of them (Barsebäck Nuclear power 
plant) were commercial BWR reactors that closed in 2002 and 2006, respectively, and one (Ågesta 
Nuclear plant) was a pressurized heavy water reactor (PHWR) used for district heating, which closed 
in 1974. [6] 

All Swedish SNF older than one year is currently stored at Clab. The purpose of Clab is to 
cool the fuel in water pools before they are prepared for final storage. Table 1 shows the fuel 
content at Clab (2012-02-16) and the maximum/minimum values for fuel parameters such as burn-
up (BU), which is a measure for how much energy that has been used from the fuel; initial 
enrichment (IE) which is the U-235 fraction of Uranium atoms in the fuel at the time of 
manufacturing; and cooling time (CT) which is the time since the fuel was taken out of the reactor.  

As seen in Table 1, BU normally varies around 20-55 GWd/tU for PWR fuel and around 
20-45 GWd/tU for BWR fuel. The minimum values in Table 1 are from fuels that have been taken 
out earlier than planned, likely due to some damage in the fuel. The most common value of BU for a 
BWR assembly in Clab is around 40 GWd/tU. [6] The IE is approximately 2-4% for the PWR fuels 
and 2-3% for the BWR fuels. At present, the majority of both the BWR and PWR fuels have a CT 
between 2-40 years, but at the time Clink is planned to start operation (around 2025) some of those 
fuels will  have a CT of almost 55 years. 

It should be mentioned that about 5% (~150) of the PWR assemblies at Clab are stored with 
control rods inserted. These control rods will not be taken out before they are placed in the copper 
canisters if it is not required by authorities. Additionally 204 assemblies have boron glass rods which 
will remain in place during final storage.  

4.2. NGSI Fuel Libraries 

Previous performance studies of the NGSI measurement techniques using MCNP 
simulations have used common fuel libraries with a well defined fuel geometry (Westinghouse 17x17 
PWR fuel), initial enrichments, burnups and cooling times. [11] These fuel libraries contain 64 (first 
library) and 66 (second library) different SNF assemblies, respectively. The purpose of creating these 
libraries was to ensure that all techniques are evaluated against the same spent nuclear fuel. The 
details of fuel in the two fuel libraries are presented in Table 2. 
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Table 1, current content of SNF at CLAB [6] 

Fuel Type 
 

Number of 
assemblies 

BU 
min 

BU 
max 

IE min IE 
max 

CT 
min 

CT 
max 

PWR 15 x 15 999 21036 53695 1.95 3.96 3.0 33.1 
PWR 17 x 17 1968 14260 54090 1.79 3.97 2.8 27.0 
BWR 8 x 8 9803 5412 44666 1.28 3.16 2.9 34.8 

BWR 4 x (4 x 4) 4589 24127 46568 2.63 3.13 1.7 23.8 
BWR 9 x 9 1937 21739 44366 2.74 3.32 1.7 21.9 

BWR 10 x 10 1647 19997 44805 3.02 3.39 1.8 11.2 
 BWR 4 x (5 x 5) 5534 6892 49847 2.65 3.48 2.2 20.8 

PHWR 4 x 19 ~200 ~1000 ~10000 0.71 1.35 38 41 
 

Table 2, NGSI Spent Nuclear Fuel Libraries Fuel Parameters [11] 

Library IE (%) BU (GWd/tU) CT (Years) 
SNF library 1 2,3,4,5 15,30,45,60 1,2,5,20,80 
SNF library 2 2 15, 30 14 days,1,2,5,20,80 
SNF library 2 3 15, 30 14 days,1,2,5,20,80 
SNF library 2 4 15, 30,45 14 days,1,2,5,20,80 
SNF library 2 5 15,30,45,60 14 days,1,2,5,20,80 

5. Spent Nuclear Fuel Assay Concepts 
NDA techniques for measurements on spent fuel may be divided into different categories 

depending on what kind of radiation they measure and whether or not they use a source of particles 
to activate the fuel in order to produce a signal. In this report five different categories are identified: 
active neutron assay (ANA), self interrogating neutron assay (SINA), passive neutron assay (PNA), 
active gamma assay (AGA) and passive gamma assay (PGA). 

5.1. Passive Neutron Assay (PNA) 
PNA measures the neutron signal that is continuously and passively emitted from SNF. The 

largest part of the signal from neutrons emitted by isotopes that have a high probability for 
spontaneous fission i.e. isotopes that undergo fission without help of an inducing neutron. Only a 
few percent of the signal comes from (α,n) reactions, where an incoming α-particle collides with the 
nucleus, which in turn emits a neutron. For a fuel assembly with a BU of about 30 GWd/tU and a 
cooling time longer than two years, the largest signal contribution comes from the spontaneous 
fission of 244Cm [12]. There is also a small contribution from the Pu isotopes, but in total they 
contribute with less than 1%. It is only for CT longer than several half-lives of 244Cm (18 years) that 
also 238Pu, 240Pu and 242Pu together contribute with more than 1% of the neutron signal. [12] The 
reason for this is the relatively short half life of 244Cm compared with the half-lives of 240Pu and 242Pu 
(88000 and 370000 years, respectively).  

The content of heavy actinides such as 244Cm increases with BU due to successive neutron 
captures in lighter actinides. This means that the signal strength for PNA also increases with BU. 
However, the signal also depends on IE and since the build-up of actinides is larger for low 
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enrichment (due to Pu breeding in 238U), the measured signal becomes stronger for low enriched fuel 
than for high enriched fuel, if the CT and BU are the same. 

5.2. Active Neutron Assay (ANA) 
ANA uses a neutron source to induce fission in fissile isotopes. The fissile isotopes will, in 

connection to the fission process, emit neutrons that can be detected by a neutron detector. A 
difficulty with this assay technique is that neutrons are also emitted by isotopes with high probability 
for spontaneous fission, such as 244Cm. These neutrons are detected simultaneously and are regarded 
as background. In order to get a net count rate from the active neutron assay only, two 
measurements are performed; one with the source turned off where the background is measured, 
and one with the source turned on that measures the combined signal and background count rate. 
The net count rate can then be calculated as shown in equation 1: 
 
𝑁𝑒𝑡 𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒 = (𝑆𝑖𝑔𝑛𝑎𝑙 + 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑           (1). 
 

The net count rate varies with the fuel parameters. The signal is strongly dependent on BU; 
since the fissile content decreases with increasing BU, the signal strength decreases simultaneously. 
CT has a smaller impact on the signal because the two most dominant fissile isotopes, 235U and 239Pu 
have half-lives of 70 000 000 years and 24 000 years, respectively. 241Pu may not seem as significant 
as 235U and 239Pu, but it has by far the shortest half-life (14 years). This makes the change in signal 
with CT most dependent on the amount 241Pu in SNF, at least for cooling times in the order of the 
half-life of 239Pu. The relation between signal and IE is fairly simple for a constant BU and CT: the 
larger the IE the greater signal, because the higher IE corresponds to a larger fissile content. 

In addition to the already described signal contributions from the induced fission and the 
background, it is also possible that the source neutrons induce fast fission in fertile isotopes, such as 
238U. The contribution from fast fission is estimated to be a few percent of the signal strength. [13]  

5.3. Self-Interrogating Neutron Assay (SINA) 
In SINA, the neutrons from spontaneous fission in the spent fuel are used to interrogate the 

fissile content. There are different ways to analyze the detected signal. In this report two different 
approaches have been studied; one uses the ratio between an interrogating level and a background 
level (see chapter 6.4 PNAR-FC) and the other one uses the ratio between the same signal during 
two different time periods in a measurement (see chapter 6.5 DDSI). Common for the two 
approaches is that they both measure one quantity that can be seen as the interrogating signal and 
another one which can be seen as a reference signal. The desired ratio is obtained as shown in 
equation 2: 
 
𝑅𝑎𝑡𝑖𝑜 = 𝐼𝑛𝑡𝑒𝑟𝑟𝑜𝑔𝑎𝑡𝑖𝑛𝑔 𝑠𝑖𝑔𝑛𝑎𝑙

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
       (2). 

 
The signal will vary with the different fuel parameters in much the same way as for ANA, 

because the interrogation is similar to that of ANA.  
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5.4. Passive Gamma Assay (PGA) 
The principle of passive gamma assay is to measure and analyze the gamma-ray spectrum 

from the SNF. For this technique, the most interesting regions of the recorded spectra contain peaks 
from the fission products 137Cs, 134Cs and 154Eu. By calculating the ratios of the counts in different 
peaks, estimations of BU and CT can be obtained. Since the 137Cs intensity is proportional to the 
BU, the measured content of this isotope is used as a measure of the BU. [12] CT is calculated from 
peak ratios from different fission products that have different half-lives, such as 134Cs/137Cs. The 
half-life of 137Cs, which is approximately 30 years, is relatively long compared to the half-life of 134Cs, 
which is 2,4 years. For cooling SNF, this ratio gets smaller over time and it can therefore be used as 
a measure of the CT. It is also possible to determine IE enrichment from PGA, this is also done by 
comparing different peak ratios, this is further described in [14]. It is however not possible to use a 
PGA to directly measure the fissile content of the fuel, because PGA is used to measure the gamma 
emissions from the fission products, not the current fissile content. It is/may be possible to look at 
which isotopes that have contributed to fission in the fuel, since 235U and Pu isotopes yield different 
ratios of fission products.  

PGA does have the ability to verify the decay heat from the spent fuel since the decay heat 
can be described as a function of the 137Cs content. [15] 

5.5. Active Gamma Assay (AGA) 
In AGA, a source of either neutrons or bremsstrahlung photons is used to interrogate the 

fuel. The source particles induce fission in the SNF and short lived fission product gamma rays are 
detected and displayed in a spectrum. Different fissile isotopes yield different ratios of fission 
products and using well known spectra from all fissile isotopes, it is possible to determine the 
content of each such isotope in the sample.  It may be advantageous to analyze short-lived fission 
products in the energy region >3 MeV, since there is almost no background radiation in that region.  

This type of assay has similarities with ANA since they both actively interrogate the fissile 
content. The signal strength varies in the same characteristic ways as for ANA i.e. it gives a stronger 
signal for lower BU and CT, and for higher IE.  

6. NGSI Measurement Techniques 
In this section, NGSI measurement techniques selected for this study are presented. The section 

describes how measurements are performed for each technique and what kind of instrumentation 
they use. The techniques are listed below according to their assay categorization: 
 

• Passive Neutron Assay (PNA) 
- Total Neutron (TN) 
 

• Active Neutron Assay (ANA) 
- Differential Die-Away  (DDA) 
- Californium Interrogation Prompt Neutron (CIPN) 
- Delayed Neutron (DN) 
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• Self Interrogating Assay (SINA) 
- Prompt Neutron Albedo Reflection with Fission Chambers (PNAR-FC) 
- Differential Die-Away Self Interrogation (DDSI) 
 

• Passive Gamma Assay (PGA) 
- Passive Gamma (PG) 
 

• Active Gamma Assay (AGA) 
- Delayed Gamma (DG). 

 

The selected NGSI-techniques have different levels of maturity. PG and TN are well-established 
concepts, and may be combined such as in the FORK detector which has been used for safeguards 
inspections for many years. [16] The other techniques have not yet been used for safeguards 
applications. 

It is from the measurements and the analysis that conclusions about fuel content, fuel 
parameters and fissile content can be made. In the subsections below the measurement approach for 
each technique is described. The foreseen measurements with each technique are described in 
subsections 6.1.-6.8 and summarized in Table 3. 

6.1. DDA Measurements 

Differential Die-Away (DDA) uses a neutron source to induce fission in the SNF in order to 
determine the fissile content. The induced fission is generated by neutrons from a 100 Hz pulsed 
neutron source. A Cadmium (Cd) sheet that absorbs primarily thermal neutrons is used to select 
neutrons above thermal energies are detected for further analysis. By doing this it is possible to 
discard neutrons from that are not created from fission from the signal. The neutrons are then 
detected during a (limited) time gate when the initial neutron burst has died away and only induced 
neutrons contribute to the net signal. In this way, neutrons that come directly from the source as 
well as thermal neutrons are filtered out leaving only a small background. A second measurement is 
made without the neutron source to determine the background. Using both measurements the net 
count rate can be determined. [17] A schematic image of the instrument is shown in figure 1. 

The net count rate is dependent on BU, IE and CT and it can be used to determine the 
fissile content. However, the net count rate cannot be used to determine BU, IT and 
CT simultaneously. Therefore it is necessary to have some information on the values of the 
parameters before hand in order to verify their values, or to use other measurement techniques to 
obtain complementary information for the determination of all three SNF parameters. An 
estimation of the total fissile content can be performed, but since the technique cannot discriminate 
signals from different fissile isotopes, a theoretical model is needed to estimate the mass of each 
fissile isotope. 
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Figure 1, DDA and DN measurement setup [17] 

6.2. CIPN Measurements 
The 252Cf interrogation with prompt neutrons (CIPN) technique uses a neutron source to 

induce fission in the SNF, see figure 2. As a result of the fission reactions, neutron multiplication 
occurs within the fuel assembly and the neutron count rate can be measured using several fission 
chambers located around the fuel assembly. In total, two measurements are made; one with the Cf-
source present and another one without the source in order to determine the background. From 
these two measurements, a net count rate can be determined and then used to determine the fissile 
content. [13] 

The net count rate is dependent on BU, IE and CT but it can’t unambiguously determine all 
three parameters simultaneously. Hence, this technique is appropriate for the verification of fuel 
parameters but not their determination alternatively one can use other measurement techniques to 
obtain complementary information for the determination of all three SNF parameters. An 
estimation of the total fissile content can be performed, but since the technique cannot discriminate 
signals from different fissile isotopes, a theoretical model is needed to estimate the mass of each 
fissile isotope. 
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Figure 2, Cross-sectional image of the schematic CIPN instrument setup [13] 

6.3. DN Measurements 
The Delayed Neutron (DN) measurement technique uses repeated interrogation of the SNF 

to determine the fissile content using delayed neutrons, e.g. neutrons emitted by the fission 
fragments. A pattern of 1s interrogation, 0.9 s measurement and 0.1 s rest is repeated until the signal 
strength is satisfactory. For each iteration the signal becomes stronger due to the increasing number 
of delayed neutrons, until equilibrium is reached. As for the other ANA techniques, a second 
measurement without the source is also made to determine the background. Using both 
measurements a net count rate can be determined. [18] The net count rate is dependent on BU, IE 
and CT and can be used to determine the fissile content. But as with the other ANA techniques BU, 
IT and CT can’t be unambiguously determined simultaneously and additional information about the 
SNF parameters have to be obtained in other ways. Since the technique can’t discriminate signals 
from different fissile isotopes is it necessary to use a model to estimate the mass of each fissile 
isotope. 

As can be seen in Figure 1, DN and DDA use an identical setup which makes it easy to 
integrate these two techniques. 

6.4. PNAR-FC Measurements 
Passive Neutron Albedo Reactivity measurements using fission chambers (PNAR-FC) is a 

self-interrogating method. It requires two measurements in order to obtain a ratio from which fuel 
parameters can be calculated. One of the measurements includes the use of a Cd liner to reduce the 
number of induced fissions from thermal neutrons in the assembly. In the other measurement, there 
is no Cd liner is present and thermal and epithermal neutrons are allowed to cause new fissions in 
the assembly. The ratio between these measurements is called the Cd-ratio, and from this ratio can 
fuel parameters be calculated. [19]  

The net Cd-ratio is dependent on BU, IE and CT and it can be used to determine the fissile 
content, but for the latter purpose it is necessary to have some additional information about the 
SNF parameters since they can’t unambiguously be determined at the same time. To determine the 
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mass of each fissile isotope a theoretical model is needed, since the technique can’t discriminate 
signals from different isotopes. 

 

 
Figure 3, Cross-sectional image of the PNAR-FC instrument setup. Water (green), Fission 

Chamber (White), Polythene (Blue), Fuel assembly (multiple colors) [19] 

6.5. DDSI Measurements 
Differential Die-away Self-Interrogation (DDSI) is a time correlated neutron measurement 

technique that uses neutrons passively emitted from the fuel as a source for interrogation. Neutron 
counts in two different time gates are recorded and used to characterize the fuel content. The early 
gate contains counts that are primarily related to the number of spontaneous and fast fissions, and 
these events have a short die-away time corresponding to about 50 microseconds. The induced 
fission events on the other hand, selected by the later gate, have die-away time in the order of a 100 
microseconds. The ratio of counts in the two time gates can be used to determine the fissile content. 
[20] It is however again advantageous to have some information about the values of IE, BU or CT 
beforehand, since DDSI the instrument can’t discriminate signals from different fissile isotopes. 
 

 
Figure 4, Cross-sectional image of the schematic DDSI measurement setup. [20] 
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6.6. PG Measurements 
Passive Gamma (PG) uses a High Purity Germanium (HPGe) detector and an ion chamber 

to record the gamma-ray spectrum and estimate the total gamma-ray count rate emitted from mainly 
the fission products in the SNF.  

The BU can be determined from the 137Cs intensity of the fuel assembly, and the CT can be 
determined from ratios of count rates in gamma peaks originating from isotopes with different half-
lives, as explained in Section 5.4  

 

 
Figure 5, Cross-sectional image of the two possible PG measurement setup. [21, 15] 

6.7. DG Measurements 
In Delayed Gamma (DG), a source of neutrons is used to induce fission in the fuel 

assembly. The fission process often leaves fission fragments in excited energy states, which causes 
them to emit gamma radiation that can be measured. In addition to the capabilities of PG, DG is 
able to measure fission products with very short half-lives and high gamma-ray energy (>3 
MeV).Since different fissile isotopes yield different ratios of fission products, it is possible to 
estimate the mass of the different fissile isotopes in the fuel, assuming that results of delayed gamma 
measurements on samples of each fissile isotope are known. No background measurements need to 
be done for measurements above 3 MeV since there is essentially no background at high energies. It 
is also possible to use peaks below 3 MeV, but then additional background measurements must be 
performed as well. [22] 
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Figure 6, Schematic image of the DG measurement setup. [22] 

6.8. TN Measurements 
The Total Neutron (TN) measurement technique uses a neutron detector to measure the 

passive neutron signal from spontaneous and induced fission in the fuel assembly. Since the build-up 
of isotopes with large yields of spontaneous fission, such as 244Cm, is heavily dependent on the BU 
(power of 3-4), it is possible to use the count rate from TN measurements as an indicator of BU. 
[12] The technique can’t discriminate between signals from different isotopes and hence cannot be 
used to quantify the content of each fissile isotopes without relying on a theoretical model. 
 
Table 3, Suggested measurements for the different NGSI measurement techniques. 

Technique Measurements used to verify parameters 
DDA, CIPN and DN (ANA) Active + Background, Background 

PNAR-FC (SINA) without Cd-sheet, with Cd-sheet 
DDSI (SINA) Doubles Late Gate, Doubles Early Gate 

PG (PGA) Passive Spectra 
DG (AGA) Active + Background spectra, Background Spectra 
TN (PNA) Count Rate 

6.9. Sources and Detector Material 
The source and the detector are two essential parts of a measurement device. The source is 

the part that generates the signal while the detector system records response of the instrument to the 
signal. There are several different hardware options available for the measurement techniques, which 
are still under development, and some of them are shown in Table 4. For DDA and DN, there exist 
alternatives to 3He detectors, which have excellent performance but require gamma shielding if 
measuring spent fuel. Fission chambers are for instance less efficient but they have the advantage of 
being independent of the shortening supplies of 3He. [23] In the case of DG, there is a possibility to 
use either a deuterium-tritium (D-T) neutron source or a bremsstrahlung photon source to induce 
fission. The photo-induced fission cross-sections are smaller than the neutron induced ones and in 
most environments a neutron source induces a stronger signal, but for places where it may be 
difficult to use a neutron source e.g. for high boron concentration environments or for 
measurements of spent fuel assemblies with inserted control rods, a bremsstrahlung source may 
become an option. 
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Table 4, a selection of source and detector alternatives for the different measurement 
techniques, 

Technique Source type Detector type 
CIPN 252Cf, D-D or D-T Fission Chamber 

PNAR-FC Passive Fission Chamber 
DDSI Passive 3He 
DDA D-T or D-D 3He or Fission Chamber 
DN  D-T or D-D 3He or Fission Chamber 
PG Passive HPGe 
DG D-T or Bremsstrahlung source HPGe 
TN Passive Fission Chamber 

7. Technical Performance of  Measurement 
Techniques 

In this section the NGSI measurement techniques are analyzed in terms of how well they 
meet the Clink requirements stated in Section 3; limited time schedule, need to verify decay heat and 
ability to verify the SNF for safeguards purposes.  

Since it’s important to determine the decay heat of the SNF assemblies, it is explained in 
Section 7.1 how decay heat can be determined by direct measurements and from theoretical model. 
There are several different ways to verify SNF for safeguards purposes. For example it is possible to 
compare techniques by looking at defects in the fuel or the ability to verify fuel parameters. 
However, in this report the ability to determine fissile content has been chosen to be studied since 
Clink will (probably) be the last place where the exact amount of fissile material that is going to be 
placed in the repository can be verified. The ways to determine the fissile content will be explained 
in Section 7.2.   

In Section 7.3 the factors that influence to the measurement time are explained, and the 
measurement times are estimated for the different techniques. 

7.1. Decay Heat 
The spent nuclear fuel decay heat determination is of interest to SKB because it relates directly to 
copper capsule safety concerns [24]. There is one well known technique today that directly and 
accurately measures the decay heat - the calorimeter. The concept of a calorimeter is based on a 
container filled with water and a thermometer. The decay heat is determined by measuring the 
temperature difference in the tank before the fuel assembly is put in it and after it is taken out. The 
decay heat of the fuel is simply related to the temperature difference in the water. [25] However, it 
takes hours to perform a calorimetric measurement due to the long time required to reach the 
equilibrium temperature in the large water container [26] and it is desirable to find another technique 
that is able to determine the decay heat faster. None of the NGSI measurement techniques directly 
measure the decay heat. However, PG can actually (indirectly) determine the decay heat by using a 
model based on the fractional power of 137Cs [15]: 
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𝑃 = 𝐶 ∙ 𝐼137

𝑓
 ,         (3) 

 
where P is the decay heat from an assembly, C is a calibration constant that is obtained from 
measurements of very well known fuel assemblies, I137 is the 137Cs intensity  and f  the fractional 
power of 137Cs (that depends on fuel parameters such as BU, IE and CT). From this model the decay 
heat can be verified within a few percents’ uncertainty. [15]The ability of any of the other neutron 
based techniques to do this is still unknown. 

7.2. Fissile Content  
The Clink facility in Oskarshamn will probably consist of only one MBA, while the 

geological repository in Forsmark constitutes another MBA. It is possible for a safeguards inspector 
to verify that a MBA is retained when determining fissile content and fuel parameters from 
measurements. None of the NGSI measurement techniques quantifies directly the individual masses 
of each fissile isotope, but the neutron detection techniques are sensitive to the total fissile content. 
ANA, AGA and SINA techniques use a direct interrogation of the fissile content in acquiring the 
signal i.e. the neutrons that are produced are related to the content of the fissile isotopes. This can 
be regarded as a direct measurement of the fissile content. 
The passive methods, on the other hand, do not interrogate the fissile content but methods such as 
PG (and maybe TN) can be used to determine the BU and CT and from the use of available 
operator information and core calculations is it possible to calculate the fissile content of the fuel. 

7.3. Measurement Times 
There is a limited amount of time available at Clink for measurements. Therefore it is 

important to investigate the required measurement times for the selected techniques. If the use of 
parallel detectors cannot compensate for a slow measurement time (compared to the rest of the 
encapsulation process), it is not reasonable to use the technique for NDA measurements at Clink 
because of the limited measurement time. Measurement times can be described as the time it takes 
to achieve a sufficiently small statistical uncertainty in the measurement. The techniques can be 
compared with respect to the measurement time it takes to achieve a specific statistical uncertainty in 
the net count rate, or a specific ratio in the SINA case. The calculations of the uncertainties related 
to the different assay concept are explained in Sections 7.3.1.-7.3.4. 

7.3.1. Net count rate uncertainty for Active Neutron Assay (ANA) and Active 
Gamma Assay (AGA) Techniques 

As mentioned in section 5.2, the net count rate for the ANA and AGA techniques is 
determined from the difference in count rate between a source measurement and a background 
measurement. To determine the uncertainty in the net count rate (σNetCR), the uncertainties in the 
background (σBG) and active (σA) measurements need to be determined. In a single measurement, 
where the detection process is described with Poisson statistics, the uncertainty expressed as one 
standard deviation becomes [27]: 
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𝜎 = �𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑠 .       (4) 
 

The individual uncertainties in the active and background measurements are therefore 
calculated as the square root of the total counts of the respective measurements. The uncertainty in 
net count rate can be described as a function of the uncertainties in the active and background count 
rates [27]: 
 

𝜎𝑁𝑒𝑡𝐶𝑅 = �(𝜎𝐴
𝑡𝐴

)2 + (𝜎𝐵𝐺
𝑡𝐵𝐺

)2,       (5) 

 
where tA and tBG are the measurement times of the active and background measurements. In 
equation 5 the measurement times are assumed to be known with negligible uncertainties. The two 
measurements are assumed to be performed, with no correlations.  The uncertainty can be expressed 
in relative terms as shown in equation 6: 
 
𝛿𝑁𝑒𝑡𝐶𝑅 =  𝜎𝑁𝑒𝑡𝐶𝑅

𝑁𝑒𝑡 𝐶𝑅
.        (6)  

 
The relative uncertainty should be as low as possible for a measurement, this is the case for 

measurements with a low background and a strong signal.  

7.3.2. Uncertainty in Measurement Ratios for Self-interrogating (SINA) 
Techniques 

The SINA techniques in this report use a measurement ratio rather than a net count rate to 
calculate the fuel parameters. As mentioned in previous chapters, these ratios are determined by 
dividing the number of counts in the interrogating signal with that of the reference signal (see 
equation 2). For such measurements the uncertainty in the ratio is [27]: 
 
σR

R
=��σIS

IS
�

2
+ �σRef

Ref
�

2
 ,         (7) 

 
where R is the ratio of the two measurements, IS the count rate from the interrogating signal, Ref 
the count rate of the reference measurement and σR, σIS and σRef are the respective uncertainties in 
those values. From equation 6 it is seen that the relative uncertainty is kept low if the relative 
uncertainty of the interrogating and background signals are low as well. 

 

7.3.3. Count Rate Uncertainties for Passive Gamma Assay (PGA) Techniques 

When studying the intensity of individual peaks and the gross count rate with PGA, the 
uncertainty in the count rate can be determined according to equation 4 and the relative uncertainty 
can be determined according to equation 6. When studying peak ratios in a spectrum, the relative 
uncertainty in the ratio can be determined as [27]: 
 
σR
R

= ��σCR1
CR1

�
2

+ �σCR2
CR2

�
2

 ,        (8) 
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where R is the ratio between the count rates in the two peaks, CR1 is the count rate of the first peak, 
CR2 is the count rate in the second peak and σR, σCR1 and σCR2 are the respective uncertainties in 
those values. 

7.3.4. Count Rate Uncertainties for Passive Neutron Assay (PNA) Techniques 

Since there is only one measurement involved in PNA, the uncertainty in this measurement 
is described by equation 4.The relative uncertainty is described by equation 6. 

7.3.5. Count Rate and Ratio Uncertainties Relation to Measurement Times 

In this report, 1% is chosen as an acceptable relative uncertainty because this value is 
expected to be lower than or in the same order of the expected systematic uncertainties. [16] It is 
possible to calculate the required number of counts needed to obtain this relative statistical 
uncertainty: 
 

 𝛿 = √𝑥
𝑥

= 1
√𝑥

,         (9) 
 
where x is the number of signal counts in a measurement and δ is the relative uncertainty. This gives 
that the number of counts can be expressed as: 
 
𝑥 = 1

𝛿2
 .          (10) 

 
If 1% is inserted as δ, the number of required signal counts becomes 10 000 and the measurement 
time needed to achieve this is simply the number of counts divided by count rate: 
 
𝑇 = 𝑥

𝐶𝑅
= 1

𝐶𝑅∙𝛿2
  ,        (11) 

 
where T is the measurement time and CR is the count rate.  In Table 5, approximate measurement 
times required to achieve an uncertainty in counting statistics of 1% are presented for each 
technique.  

 
Table 5 Calculated measurement times required for the different measurement techniques 
in order to obtain 1% uncertainty in counting statistics from measurements on a fuel 
assembly with BU= 45 GWd/tU, IE= 4% and CT= 5 years. 

Technique Source Strength n/s Approximate measurement time 
CIPN 2.3E8 ~10s [13] 

PNAR-FC Passive <1s  
DDSI Passive ~1h [20] 
DDA 1E9 <1s [17] 
DN  1E11 <1s for 3He, ~10s for fission chambers [18] 
PG Passive ~10s [28] 
DG 1E12 ~1h [22] 
TN Passive <1s 
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The measurement times for PNAR-FC are calculated using information on the interrogating 

and background signal from reference [19].For DDSI, the measurement time is related to the gate 
width and measurement times may therefore be reduced depending on what gate that is selected. 
The required measurement time for total neutron measurements in largely dependent on the 
instrument design. A passive signal count rate from the fuel in the order of 105 counts/s is needed to 
obtain a measurement time <1s.  

From Table 5 it can be seen that some of the techniques perform measurements in the order 
of seconds, while other techniques require more time.  

For the techniques that perform measurements in a few seconds, the time it takes to get the 
fuel and measurement equipment in the right position can be expected to be larger than the 
measurement time itself. The fuel handling time is expected to be in the order of 20 minutes per 
assembly [15], which makes the total handling time for all twelve BWR assemblies in a copper 
capsule 240 minutes. In the PWR case, it is possible to imagine that it will take about 1/3 of the time 
since one capsule contains only four assemblies and that it is not necessary to perform 
measurements on several axial levels on each assembly. In the cases where measurements take one 
hour or more, the fuel and instrument handling time is less than the measurement time. Assuming 
that it takes one hour to complete the measurements on one BWR fuel assembly and that three axial 
measurements are needed, the total measurement and fuel handling time for one capsule will be 
48 h. For a capsule consisting of PWR fuels that only need one axial measurement, the total time 
will be less than 5.5 h. If the selected measurement technique is considered as promising, one should 
either try to improve the measurement efficiency or use several measurement stations in parallel.  

8. Outlook  
Most of the NGSI-techniques are relatively new and therefore many aspects need further 

research.  
All of the simulations of the NGSI measurement techniques have been performed on PWR 

assemblies, but at Clab about 90% of the fuel storage consists of BWR assemblies. BWR assemblies 
have fewer fuel rods than PWR assemblies, which means that there is a risk that the signal becomes 
weaker during passive assay since the amount of fuel material is smaller. For active or self-
interrogating assays it is more difficult to speculate how the signal would change since both the 
background and the fissile content are reduced. Another difficulty with the BWR fuel assemblies is 
that the BU is not as homogeneous as in the PWR case. For a technique that is strongly dependent 
on BU, it is possible that measurement times and uncertainties may vary depending on the radial and 
axial measurement location. For neutron based techniques it is possible that the design of the 
instrument has to be changed in order to fit and be able to perform measurements on BWR 
assemblies because of the different geometry.  

At present time there are no known models for determining decay heat with ANA, PNA or 
SINA measurement techniques. It would however be interesting to study whether or not fractional 
heating power from fissile material and other actinides can be used to calculate or verify decay heat. 

The strong radiation flux and high temperatures in the core may cause the fuel rods or its 
structures to be deformed. Such effects have not at all been studied so far for any of the NGSI 
techniques, but they should be investigated due to mainly two reasons; firstly they may contribute to 
larger systematic uncertainties during measurements because of locally increased/decreased 
moderation and radiation damping [29] and secondly if a technique with a well-geometry, such as 
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PNAR-FC, one may encounter problems with the positioning of the equipment around or on the 
fuel assembly. It is also important to investigate the limitations of how deformed an assembly can be 
before a measurement technique becomes unable to verify it. 

As mentioned in Section 4, some of the spent fuel assemblies have inserted control rods and 
it is currently unknown whether or not these will be removed during verifying measurements. 
Control rods contain a lot of neutron absorbing material such as boron which may be a show 
stopper for neutron based techniques, since they weaken the signal strength. How much controls 
rods affects each technique remains to be investigated.   

8.1. Suggested Technical/Design Modifications and 
Improvements 

8.1.1. Use D-D or D-T Source for Interrogation with Prompt Neutrons 

Californium is a reliable source with a very predictable strength. On the other hand may it be 
preferable to use a source that can be turned off for safety reasons, in this aspect is Californium not 
an ideal source. D-D and D-T sources have off switches and may therefore be more attractive 
options. In connection to this, it would be interesting to investigate if the origin of the signal 
changes depending on the use of the source. Since D-T source emits neutrons with higher energies 
than Californium, fewer neutrons are thermalized when they reach the assembly. This might result in 
that the response from the fuel assembly becomes more homogeneous if such source is used 
instead.  

8.1.2. DDA with Fission Chambers  

3He is a rare isotope and its future supply is not certain. [23] It would therefore be interesting 
to study how the DDA response changes if fission chambers are used instead. It is however certain 
that the signal becomes weaker with this type of detector since their detection efficiency is two 
orders of magnitude lower than that of He-3 detectors. This can perhaps be compensated by the use 
of a stronger source or larger chambers. [18] 

8.1.3. Improve Count Rate for DG and DDSI  

For these two techniques, it would be desirable to reduce the measurements times. For DG, 
this may in theory be achieved by the use of a stronger neutron source. Using a neutron source with 
a flux of 1012 neutrons/s, the measurement time is in the order of hours. However, this flux is very 
high and must be compared to the strongest neutron beam in the world which has a flux of 6*1013 

neutrons/s. [30] It is also worth investigating how the instrument designs may be improved, or if 
more efficient and faster detectors can be used. 

8.2. Possible Integrations of Techniques 
Some of the techniques are in principle possible to integrate, but since all NGSI techniques are still 
under development, no final suggestions have been made yet. At this point, only native attempts to 
integrate measurement techniques that use the same detector system and source such as DDA and 
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DN have been made. [31] Different objectives can be considered: integrations can for instance be 
made for the purpose of increasing the accuracy in the determination of some fuel parameter, or by 
combining measurement techniques that specialize in verifying different parameters. It is reasonable 
to assume that that techniques that use similar setup are easier to integrate, it is also reasonable that 
techniques that require a certain kind of interrogation source and/or detector system are more 
straightforward to integrate. In the NGSI reports, CIPN-DN and DDA-DN are mentioned for 
possible integration. These integrated systems may provide a better accuracy in the determination of 
the fuel parameters, since both systems are based on the same assay type (ANA) and verify the same 
fuel parameters. [32] 
 

An example of an integration of instruments that provide complementary information is the 
combination of PG and DG. This integration is possible because both techniques use an HPGe 
detector (or a similar high accuracy gamma detector). The PG can for example be used to verify BU, 
while DG can be used to verify fissile content. [32].  

In principle it should be possible to combine the neutron detection based techniques such as 
ANA or SINA techniques together with TN. The TN signal has a strong dependence on BU which 
means that the technique can be used as a complement to the SINA and ANA techniques. The 
accuracy in verifying the BU in this way may vary depending on how the TN method is 
implemented, and therefore more research on different implementations using this technique is 
needed. 

9. Conclusions 
The aim of this report is to identify the measurement requirements for the future Swedish 
encapsulation facility and to evaluate if the NGSI NDA measurement techniques meet those 
requirements.  

Three requirements are identified;  
• the requirement to determine the decay heat,  
• the requirement to achieve reasonable measurement times and  
• the requirement to verify SNF for safeguards purposes (in this report fissile content 

was taken as an example).  
 

The results on how well the NGSI measurement techniques meet these requirements are 
summarized in table 6. As seen in the table there, no technique meets all three requirements, but it is 
possible that several measurement techniques can be integrated in order to meet the goals. Before 
such a statement can be made, it is however suggested that the performance of the measurement 
techniques is evaluated based on simulations of BWR fuel assemblies, since most of the Swedish 
SNF is of this type. 
 
 
 
 
 
 



23 
 

Table 6, Technique performance on Clink requirements 

Technique Can determine decay heat Signal dependence 
on fissile content 

Measurement time 
shorter than one 
hour/assembly 

CIPN No Yes Yes 
PNAR-FC No Yes Yes 

DDSI No Yes No 
DDA No Yes Yes 
DN  No Yes Yes 
PG Yes No Yes 
DG Yes, if passive spectrum is obtained Yes No 
TN No No Yes 
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