






 

contribution of gamma-rays associated with the self-generated neutron reactions initiated by 
primary neutrons (e.g., from spontaneous fission), but this contribution is negligible. The total 
gamma-ray flux is thus considered to be produced directly by burnup and to be modified by 
the cooling time since the discharge of the spent fuel assembly from the reactor (Figure 61). 

 
Figure 60: “An example of the variation in fission product gamma-ray activity as a function of 
cooling time, with each major gamma ray given as a percentage of the total activity. Note that 

144Pr and 134Cs each have two major gamma rays shown. The curves are based on 
measurements of a PWR fuel assembly with an exposure of 12.18 GWd/tU and a cooling time 

of 2 yr. The extrapolation to longer and shorter cooling times was done by calculation.” 
Copied from Fig. 18.6 in Reilly et al. [75]. 

After the two shortest-lived fission products in the list—that is, 95Nb and 95Zr—have 
decayed away, the total gamma-ray activity (count rate) can be represented by a power law: 

 Equation 48 

The reason that these two isotopes cannot be included in this equation is that their 
concentrations in the spent fuel assembly at the time of discharge from the reactor depends on 
the reactor’s recent operating history and the proximity of reactor control materials to the 
assembly in the reactor (Section 18.3.4 of Reilly et al. [75]). After the remaining isotopes 
besides 137Cs have substantially decayed away relative to the activity of 137Cs, the total 
gamma-ray activity is then represented by the exponential decay of 137Cs: 

BU CT  Equation 49 

Historically, these equations have been used in conjunction with an a priori knowledge of 
the cooling time of the spent fuel assembly. Thus, a TG measurement combined with CT 
gives the BU of the assembly. The constants a and b are usually determined empirically by 
plotting and fitting the results from measurements of a range of spent fuel assemblies from the 
same spent fuel pool. Outlying fuel assemblies show up clearly on such a plot [145, 148]. 
Thus, the TG technique is used primarily for comparative measurements against a relative 
calibration curve rather than to assay a single spent fuel assembly against an absolute standard. 
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Figure 61: “Measured total gamma-ray activity divided by burnup as a function of cooling 
time for PWR fuel assemblies. The fitted curve illustrates how the total gamma-ray activity 

can be used to verify the consistency of operator-declared values for burnup and cooling time.” 
Copied from Fig. 18.7 in Reilly et al. [75]. 

Total gamma-ray counting is currently used in IAEA safeguards, such as in the Fork 
detector (FDET) and the Safeguards MOX Python (SMOPY) detector [7, 9, 75, 143, 146]. 
The FDET uses an ion chamber to measure the total gamma-ray flux; the SMOPY detector 
uses a CdZnTe detector to perform passive gamma-ray spectroscopy (PG). The fuel assembly 
is raised out of its rack in the spent fuel pool, the detector is placed next to the assembly 
(usually near the midplane), and the measurement is made. (See Figure 10.) The Fork and 
SMOPY detectors also include neutron detectors besides the gamma-ray detectors. 

5.1.2.2 The NGSI’s design 
The NGSI plans to include ion chambers in all of its prototype NDA instruments, to make TG 
measurements. For example, ion chambers were included in the PNAR instrument that was 
used to measure spent fuel assemblies at the Fugen Advanced Thermal Reactor (Figure 13). A 
main benefit of including such a TG-measurement capability in all the instruments is that the 
high TG count rate allows the NDA personnel to measure the axial burnup profile of a fuel 
assembly very quickly. This high detected count rate is made possible not only by the intense, 
passive gamma-ray flux but also by the ion chamber’s ability to detect this flux without 
becoming overwhelmed by dead time, i.e., by its high maximum count rate. 
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5.1.2.3 Data analysis 
The data analysis consists of employing Equation 49 or Equation 57, along with a priori 

knowledge of the cooling time, to determine the burnup of the fuel assembly. The fitting 
constants in these equations must come from measurements on a full cohort of similar spent 
fuel assemblies. 

5.1.2.4 Limitations 
The TG signal from the inner pins of the fuel assembly is attenuated by the outer pins. 

Therefore, TG is not sensitive to partial defects, in general. Furthermore, the existing method 
for analyzing TG data requires information from the reactor operator, either the burnup or the 
cooling time. Also, the TG method is largely insensitive to the initial enrichment of the fuel 
assembly, because the main gamma-ray emitter, 137Cs, is produced in practically equal 
amounts by the fission of 235U and the fission of 239Pu. This attribute of the TG method is a 
benefit, rather than a limitation, in many cases. 
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5.1.3 Passive Gamma spectroscopy (PG) 
Name Passive Gamma spectroscopy (PG) 
References NGSI: [50-53] 

Other: [75, 78, 79, 102, 127, 142, 146, 306-324] 
Other (tomography):[325-332] 

Measurement environment In water (in air or other gas is also possible) 
Passive vs. Active Passive 
Time dependency Time-independent (continuous) 
Particles detected Gamma-rays 
Type of detectors High-purity Germanium (HPGe) detectors for detailed 

spectroscopy; other types of energy-sensitive gamma-
ray detectors for lower-quality results 

Particles’ detected attribute Energy 
Governing physical 
properties of the fuel 
assembly 

The gamma-ray activities of the governing isotopes listed 
below 

Governing isotopes Main: 137Cs, 134Cs, 154Eu 
Lesser: 95Zr, 95Nb, 144Ce+144Pr, 106Ru+106Rh 

Maturity In use in the SMOPY detector [146] and in the enhanced 
Fork detector [314]; also tested extensively on spent 
fuel assemblies around the world for many years 
[307] 

Limitations Attenuation of the gamma-rays from the inner pins makes 
it difficult to detect partial defects 

Different attenuation of gamma-rays of different energy 
makes it difficult to form accurate ratios  

Selected by the NGSI for 
prototype testing? 

Yes, at the Central Storage of Spent Nuclear Fuel 
(CLAB), Sweden [15]  

 

5.1.3.1 Principle of operation 
Passive Gamma spectroscopy (PG) is a passive NDA technique that consists of measuring 

the energy spectrum of the gamma-ray flux being emitted from the spent fuel assembly. (See 
Figure 62 for an example.) This passively emitted gamma-ray flux is generated by the 
radioactive decay of the fission products that were created by the burning of the fuel assembly 
in the nuclear reactor. This gamma-ray flux is therefore directly proportional to the number of 
fission events that occurred in the fuel assembly while it was being burned in the reactor, 
which is to say that the PG signal is proportional to burnup, in general. (See also Equations 48 
and 49 for TG counting, above.) 

PG spectroscopy is the same as TG counting except that PG spectroscopy identifies the 
gamma-rays from particular fission products by measuring their characteristic energies. This 
ability allows the practitioners of PG spectroscopy to form ratios of the intensities of gamma-
rays from two different isotopes. The goal is to infer BU by accounting for CT. A solution for 
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both BU and CT is possible if the two isotopes in the ratio have either different production 
rates from BU (i.e., different polynomial dependencies on BU) or different half-lives or if 
they have both differences. Then the two equations for the two isotopes are independent and 
can be solved simultaneously. 

 
Figure 62: “Gamma-ray spectrum of a PWR fuel assembly with an exposure [burnup] of 

32 GWd/tU and a cooling time of 9 months.” Copied from Figures 1.14 and 18.3 of Reilly et 
al. [75]. 

The pair of 134Cs and 137Cs is an example that exhibits both of these differences. Their half-
lives are different (2.1 years for 134Cs vs. 30.1 years for 137Cs) , and their production from BU 
is different. The production of 137Cs is proportional to BU to the first power, because the fact 
that it is a direct fission product means that only one neutron—the neutron that induces the 
fission—is necessary to create it. In contrast, the production of 134Cs is proportional to BU to 
the second power, because 134Cs is produced by neutron capture in 133Cs, which comes 
primarily from the beta-decay of 133I, which is a direct fission product. (See page 62 and 
Figure A-4 in Phillips et al. [127].) Thus, the production of a 134Cs atom requires two 
neutrons: one to induce the fission to make the 133I and another to transmute the 133Cs to 134Cs. 
Because of both of these differences, the pair of equations that express the gamma-ray peaks 
of these isotopes as functions of BU and CT can be solved simultaneously for these variables, 
as follows [317]: 
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∙ ∙  Equation 50 

∙ ∙  Equation 51 

 Equation 52 

−  Equation 53 

Here, i is a gamma-ray-peak intensity; a is a calibration or fitting constant; λ is a decay 
constant; and the subscripts “134” and “137” correspond to the two isotopes, respectively.  

Only a few fission products have been identified as having sufficient intensity and other 
essential qualities to serve as indicators of burnup, and these are listed in Table 15. Note that 
this table does not include the gamma-rays that are emitted by the radioactive decay of the 
uranium and plutonium isotopes themselves, because as Cobb et al. [306] pointed out, 
“…their gamma rays (< 450 keV) are obscured by the Compton scattering of the higher 
energy gamma rays from the fission products.” Of the fission products listed in Table 15, only 
three isotopes—137Cs, 134Cs, and 154Eu—have half-lives that are long enough to be used after 
the spent fuel assembly has cooled more than about ten years (see Figure 60). Each of these 
isotopes emits gamma-rays of more than one energy; Willman et al. [317] focused on using 
the 662 keV peak from 137Cs, the 795 keV peak from 134Cs, and the 1275 keV peak from 
154Eu. The 154Eu isotope deserves special mention: Even though it has a large neutron-capture 
cross section and should therefore asymptotically approach a saturation level in the reactor, it 
actually does not saturate and instead reflects well the total irradiation history of typical LWR 
fuel assembly (see page 70 of Phillips et al. [127]). This ability may be related to the fact that 
it is produced by multiple pathways. Lastly, it can be noted that none of these isotopes nor 
any other passive gamma-ray-emitting isotope produces a significant amount of gamma-rays 
with energies above about 3.5 MeV (Figure 57); the High-Energy Delayed Gamma 
Spectroscopy (HEDGS) technique (Section 5.1.1) exploits this fact. 

5.1.3.2 The NGSI’s design 
For Phase I of the Spent Fuel Nondestructive Assay Project, the NGSI evaluated a PG 

spectroscopy system that uses a collimated, high-purity-germanium (HPGe) detector, as 
illustrated in Figure 63. In this configuration, the HPGe detector is located above the spent-
fuel pool and over to one side, presumably where personnel can access it. The detector 
communicates with the spent fuel assembly via a long collimation tube. The water in the spent 
fuel pool thus serves not only to shield personnel from radiation but also to collimate the 
gamma-ray flux for the HPGe detector. This configuration has been used before in previous 
PG spectroscopy measurements of spent fuel assemblies [97, 127, 307].  
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Table 15: “Isotopes measurable by gamma rays in a typical irradiated fuel assembly.” Copied 
from Table 18-3 in Reilly et al. [75], which was derived from Table V in Cobb et al. [306]. 

 

 
Figure 63: Setup for making PG spectroscopy measurements.  

Reprinted from Galloway et al. [53] with permission from INMM. 
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Although this configuration was the one examined in Phase I, it may not be the 
configuration that is actually deployed during prototype testing in Sweden [15]. One problem 
with it is that the long collimation tube prevents it from being structurally integrated with 
other NDA techniques into a single instrument. Furthermore, all Swedish BWR nuclear power 
plants and the interim spent-fuel storage facility at CLAB already possess a collimator that is 
built into a wall of the spent-fuel pool [317, 329]. The collimator is like a horizontal, sealed 
hole through the side wall of the pool. By putting a spent fuel assembly in front of the 
collimator on the pool side, a PG measurement can be made with a HPGe detector at the other 
end of the collimator on the outside of the pool, at the same height. In this case, the pool’s 
wall serves as radiation shielding for the equipment and personnel making the PG 
measurement. Since such setups are already available in Sweden, a separate PG spectroscopy 
setup for the NGSI-related testing may not be necessary. 

It should be noted that the main reason that the long collimator is necessary is because the 
HPGe detector cannot handle a high count rate, i.e., more than a few hundreds of kilohertz 
[46]. Other types of gamma-ray detectors that can handle higher count rates can be placed 
closer to the spent fuel assembly. For example, the SMOPY detector [146] and the enhanced 
Fork detector [78, 79, 314] are positioned next to the spent fuel assembly and use CdZnTe 
(CZT) detectors with only short collimators. Similarly, the gamma-ray tomography 
instrument that has been tested in Finland and Sweden used Si(Li) and CZT detectors in 
relatively close proximity to the spent fuel assembly [330]; see Section 5.1.3.4. 

5.1.3.3 Data analysis 
The basic equations for calculating BU and CT from PG data are Equations 50 through 53, 

though modified for whichever two isotopes are being used, of course. Corrections for 
attenuation are discussed qualitatively in the next subsection (Limitations); quantitative details 
are presented in Chapters 8 and 18 of Reilly et al. [75]. 

5.1.3.4 Limitations 
The most difficult problem of PG spectroscopy is the attenuation of the gamma-rays. 

Attenuation affects the assay in three main ways: (1) by limiting the ability to detect partial 
defects, (2) by introducing uncertainty regarding the representativeness of the measured signal 
to the characteristics of the entire fuel assembly, and (3) by introducing errors into ratios of 
two gamma-ray peaks by altering (3-a) their sampled volumes and (3-b) their detection 
efficiencies. These ways will be discussed in turn. 

As with TG counting, it is difficult, if not impossible, to detect partial defects by 
conventional PG spectroscopy, because the gamma-rays from the inner pins cannot be 
detected well because they are too attenuated by the outer pins. A Monte Carlo simulation 
study in 1983 by Phillips and Bosler [333] found that 92% of the 137Cs signal (661.6 keV) and 
73% of the 154Eu signal (1275 keV) come from the outer three rows of fuel pins in a spent 
PWR fuel assembly. (This study is also referenced on page 548 of Reilly et al. [75].)  

A modification to PG spectroscopy that has potential to detect partial defects is gamma-ray 
tomography [330]. (See the list of references in the introductory table, above.) Several 
measurements are made as the fuel assembly and the gamma-ray detectors are rotated relative 
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to each other, and the various views are combined synthetically to create a two-dimensional, 
cross-sectional image of the gamma-ray activities of the assembly’s fuel pins. The 
tomography is enhanced by measuring only high-energy gamma-rays, which necessarily must 
have experienced fewer scattering collisions on their way to the detector, since scattering 
reduces the gamma-ray energy. For example, Jansson et al. [331] performed tomography of a 
recently discharged, spent fuel assembly by measuring the 1596 keV gamma-ray peak from 
the decay of 140La to 140Ce, the 140La itself (half-life = 1.68 days) being in secular equilibrium 
with the fission product 140Ba (half-life = 12.75 days). This particular kind of measurement is 
feasible only at very short cooling times, obviously. Also, tomography’s ability to detect fuel-
pin diversions is limited [330]. Furthermore, nuclear-material assay cannot be done with 
gamma-ray tomography (as yet). 

Because attenuation causes a conventional, non-tomographic PG system to detect gamma-
rays from only the outer three or four rows of fuel pins of the assembly, a question arises 
about the extent to which that gamma-ray signal is representative of the entire spent fuel 
assembly. The NGSI spent significant effort on answering this question [51, 53]. The answer 
is connected with how the burnup is distributed transversely across the spent fuel assembly. 
For example, if the edge pins of the fuel assembly have burned more than the center pins, a 
PG measurement will overestimate the burnup of the entire assembly. 

“Fortunately, there are a few factors that act to minimize the variance in the transverse 
burnup profile. First of all, the IE [initial enrichment] profile of a given model of fuel 
assembly from a given manufacturer should be consistent from fuel assembly to fuel 
assembly for commercial reasons. This consistency in the IE profile will carry over into more 
consistency in the BU profile and will thus minimize the uncertainty in the NDA correlations. 
Secondly, reactor operators generally strive to flatten the neutron flux transversely across the 
reactor core as much as possible, because doing so increases the total power that can be 
generated without reaching a maximum allowed temperature or heat flux at any particular 
point in the reactor. Thirdly, edge assemblies in the first power cycle are typically moved to 
another location in the reactor core for the second and subsequent power cycles, to produce a 
more even burning of the fuel. Therefore, the variance over the transverse profile caused by 
BU is often not very great, as Ezure [91] has observed for BWR fuel assemblies and as 
Galloway et al. [53] have indicated for PWR fuel assemblies.” (Reprinted from [210] with 
permission from Elsevier.) 

Attenuation introduces error directly into the determination of ratios of gamma-ray-peak 
intensities, in two ways, at least. Firstly, attenuation within the fuel assembly causes the 
sampled volumes of gamma-rays with different energies to be different. The attenuation 
coefficient of a given material is a function of the gamma-ray’s energy. (See Figures 64 and 
65 for example; see also Figure 3.21 in Lamarsh and Baratta [74].) Therefore, the same fuel-
assembly material will attenuate different-energy gamma-rays differently, so that the less 
attenuated gamma-rays can originate from deeper within the fuel assembly yet still be 
detected than can the more attenuated gamma-rays. The sampled volume of the less 
attenuated gamma-rays is thus greater than the sampled volume of the more attenuated 
gamma-rays. For example, as mentioned above, Phillips and Bosler [333] calculated that 92% 
of the detected 661.6 keV gamma-rays from 137Cs come from the outer three rows of fuel pins 
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in a PWR assembly, whereas only 78% of the 1275 keV gamma-rays from 154Eu do, since 
they are less attenuated. This effect skews the ratio of the two gamma-rays from what would 
be expected from the quantities of the two isotopes in the fuel. Such differences in the 
sampled volumes can be calibrated away [75], but the effect does cause the result to be more 
sensitive to the consistency of the geometry of the measurement. 

 
Figure 64: “Linear attenuation coefficient of NaI showing contributions from photoelectric 
absorption, Common scattering, and pair production.” Modified from Figure 2.3 in Reilly et 
al. [75]. 

The second way that attenuation introduces error into the ratios of gamma-rays is by the 
“attenuation” within the detector itself—that is, by the percentage of the gamma-ray’s energy 
that is deposited in the detector and thus detected. This detection efficiency depends on the 
gamma-ray’s energy, again because the attenuation coefficient of the detector’s material is a 
function of the gamma-ray’s energy. As with the first effect of attenuation, this second effect 
can be calibrated away for a given detector, and since it is inherent to the detector, it is less 
sensitive to the geometry of the measurement. 

Another limitation, discussed already (Section 5.1.3.2), is that HPGe detectors cannot 
handle count rates greater than about hundreds of kilohertz; their dead time becomes too great. 
Even though the high-energy gamma-ray count rates are well below this limit, the low-energy 
gamma-ray count rates are well above it. This limitation forces practitioners of PG 
spectroscopy to use long collimators or thick shielding or different, lower-resolution detectors. 

For NaI material 
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Figure 65: “Mass attenuation coefficients of selected elements. Also indicated are gamma-ray 

energies commonly encountered in NDA of uranium and plutonium” Copied from (Figure 
2.12 in Reilly et al. [75]. 
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5.2 Distinguishing fissile and other isotopes by their fluorescence of gamma-rays and X-
rays 

Fluorescence is the almost instantaneous emission of light radiation (i.e., photons) by an 
atom or nucleus after it has been excited by radiation. (Phosphorescence is similar, but the 
light is emitted over a longer period of time.) The key attribute of fluorescence that makes it 
valuable for NDA is that the emitted photons are at energies (wavelengths) that are 
characteristic of the emitting nucleus or atom. Thus, the unique energies of fluorescence 
photons both imbue them with information about the quantities of the fluorescing isotopes in 
the spent fuel assembly and allow them to be distinguished from other photons. 

In the fluorescence NDA techniques, the exciting radiation comes from outside the atom or 
nucleus. In the broadest sense, the gamma-rays that come from fission could be considered as 
similar to fluorescence or phosphorescence photons, since at some point in the past, neutron 
radiation excited nuclei to unstable states, causing them to emit characteristic photons 
eventually. This association is typically not made, however. Only excitation by alpha, beta, or 
gamma radiation (or X-radiation) that does not lead to a nuclear reaction is considered as 
producing fluorescence. 

Two types of fluorescence are considered in this section: fluorescence of gamma-rays by 
the nuclei of atoms, and fluorescence of X-rays by the electron clouds of atoms. In addition to 
this distinction of the origin of the photons, the gamma-rays generally have much higher 
energy than the X-rays. 
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5.2.1 Nuclear Resonance Fluorescence (NRF) 
Name Nuclear Resonance Fluorescence (NRF) 
References NGSI: [54-57] 

Other: [323, 334-396] 
Measurement environment In water (in air or other gas is also possible) 
Passive vs. Active Active 
Time dependency Time-independent (source is pulsed, but physics and data 

collection are instantaneous) 
Particles detected Gamma-rays (or neutrons for the photofission variation) 
Type of detectors High-purity germanium (HPGe) detectors for the best 

energy resolution; other types of energy-sensitive 
gamma-ray detectors for lower resolution; neutron 
detectors for the photofission variation 

Particles’ detected attribute Energy (or quantity, for the IRT method) 
Governing physical 
properties of the fuel 
assembly 

The quantities of the fluorescing isotopes in the fuel 
assembly 

Governing isotopes Any heavy isotope of interest, including 235U, 238U, 239Pu, 
240Pu, 241Pu, and 242Pu 

Maturity Has been performed for scientific measurements with 
pure and mixed targets; is being developed for cargo 
inspection [371]; has not yet been tested on spent fuel 

Limitations Needs a very strong gamma-ray source with the gamma-
rays being at the correct, resonance energy 

Must be a dedicated facility because of the large size of 
the electron accelerator, the shielding around the 
gamma-ray detectors, and the need for a separate 
measurement station in the transmission configuration 

Selected by the NGSI for 
prototype testing? 

No 

 

5.2.1.1 Principle of operation 
Nuclear resonance fluorescence (NRF) is an active gamma-ray technique. Unlike in the 

technique of delayed-gamma spectroscopy (Section 5.1.1), both the interrogating radiation 
and the detected radiation in the NRF technique are gamma radiation (except in the 
photofission variant, which detects neutrons, as will be discussed below). In NRF, a gamma-
ray beam that spans a range of energy is passed through the spent fuel assembly. The gamma 
photons that have energies that match the resonance energies of a specific isotope induce 
fluorescence in the nuclei of that isotope. In fluorescence, a nucleus absorbs a photon and 
goes to an excited energy state, and then it immediately de-excites (relaxes) and re-emits the 
photon, usually in a direction that is different from the incident direction. These re-emitted, 
fluorescence gamma-rays radiate in all directions (though not isotropically), so they are 
distinguishable from the gamma-ray beam. Furthermore, their preferred directions of 
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scattering both are different from the preferred directions from other types of photon 
scattering and are indicative of the polarization of the gamma-ray beam and the spin of the 
fluorescing nuclei [341]. Also, the re-emitted, fluorescence photons maintain energies that are 
characteristic of the isotope (Figure 66), in contrast with other scattering processes 
(particularly Compton scattering) that decrease the energy of the scattered gamma photon in 
non-characteristic ways. Thus, the fluorescence gamma-rays carry information about the 
quantity of the fluorescing isotope in the spent fuel assembly, and they can be distinguished 
from other gamma-rays by their energy. In summary, NRF gamma-rays represent the quantity 
of the fluorescing isotope in the spent fuel assembly, and they can be distinguished (and 
therefore measured) primarily by their energy but also by their direction, to a lesser extent. 

 
Figure 66: Quantum energy levels of several isotopes, to illustrate NRF. A 2143 keV gamma-
ray beam will induce fluorescence only in 239Pu nuclei (red), whereas a 1733 keV gamma-ray 
beam will induce fluorescence only in 235U nuclei (blue). Modified from Figure 1 in Seya et al. 

[397] with permission from INMM. 

Though the concept of NRF is as simple as equating the number of fluorescence gamma-
rays proportionately with the number of fluorescing nuclei, the implementation of NRF as an 
NDA technique requires overcoming significant scientific and engineering challenges. These 
challenges are included in the following list: 

 Creating the gamma-ray beam in an economic way yet with enough gamma-ray 
intensity 

 Distinguishing the fluorescence gamma-rays from the gamma-rays that are scattered 
out of the beam by other means 

 Distinguishing the fluorescence gamma-rays from the gamma-rays that are self-
generated in the spent fuel assembly by radioactive decay processes 

 Detecting and counting the gamma-ray photons fast enough so that these two kinds of 
distinguishing can be completed in a reasonably short amount of time 

Other challenges exist, but these are the main ones, which if solved, would enable NRF to be 
a viable NDA technique. 

Notably, the attenuation of the gamma-rays by the spent fuel assembly is not included in 
this list of challenges for NRF, which is unlike the cases of the other photon-based NDA 
techniques. The two reasons are (1) that NRF uses high-energy gamma-rays that are not 
attenuated as much as are the lower-energy photons in the other NDA techniques and (2) that 
the one-dimensional geometry of the NRF gamma-ray beam allows transmission 

Quantum Energy 
Levels of the 

Nucleus 
(keV) 
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measurements to be insensitive to the three-dimensional geometry of the spent fuel assembly. 
(Such transmission measurements will be described and discussed in the next subsection.) 
This insensitivity to attenuation makes NRF unique among the 14 NGSI NDA techniques. 

The next subsection (Section 5.2.1.2) will describe the equipment and configuration of an 
NRF NDA system and will simultaneously discuss the various ways to address the main 
challenges listed above. The remainder of this subsection (Section 5.2.1.1, Principle of 
operation) will be devoted to describing the main aspects of the physics of nuclear resonance 
fluorescence itself. The four aspects that will be discussed are (a) the angular dependence of 
the scattered (fluorescence) gamma-ray photons, (b) the energy of the gamma-ray beam that is 
used to induce NRF, (c) the energy of the fluorescence photons, and (d) the comparison of the 
energies of photons scattered by NRF versus the energies of photons scattered by other 
photon-scattering mechanisms. 

(a) Gamma-ray photons that are scattered by the process of nuclear resonance fluorescence 
are not scattered isotopically, in general. Instead, they are scattered preferentially into certain 
angles, because of the requirements of the physics of spin [56, 334, 340, 341]. Figure 67 
shows the preferred angles for the cases of spin 1/2 nuclei, such as 239Pu. (The angles are 
referenced from the direction of the incident gamma-ray beam.) Isotopes with even mass 
numbers (e.g., 240Pu) have different preferred angles than these. Because of all these angular 
preferences, the relative angle between a gamma-ray detector and the spent fuel assembly 
must be taken into account when directly measuring NRF-scattered photons, to achieve the 
best accuracy. According to Figure 67 and Section 3.1 of Shizuma et al. [396], the error from 
assuming isotropic scattering is about 10%. 

 
Figure 67: The angles into which NRF photons are preferentially scattered (corresponding to 
the shaded regions), for the case of spin 1/2 nuclei, such as 239Pu. The overall transitions are 
from the ground state and back to the ground state. The transition to the spin 5/2 level (black 

line) rarely occurs. Copied from Figure 2.1 in Ludewigt et al. [56]. 
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As Figure 67 and this estimate of error by Shizuma et al. indicate, though, NRF scattering 
is symmetric about the nucleus, even though not isotropic. This feature of NRF is in contrast 
to the angular dependencies of other scattering processes, both elastic and inelastic, most of 
which preferentially scatter gamma-rays into the forward angles. (Nuclear Thomson scattering 
is an exception [398].) Therefore, the NRF signal in the backward angles is greater on a 
relative basis than in the forward angles; that is, the signal-to-noise ratio is better for the 
backscattered photons. 

Nevertheless, it should be kept in mind that the background noise from these other 
processes can still be stronger than the NRF signal even at the backward angles. This situation 
occurs when the amount of the fluorescing isotope—which contributes the NRF scattering 
and some non-resonant scattering—is much less than the amounts of the other isotopes—
which contribute only non-resonant scattering. An example of this situation is backscattered-
configuration measurements of the small concentrations of plutonium isotopes in a spent-fuel 
assembly. See Table 4.1 in Ludewigt et al. [56] regarding this background from 
bremsstrahlung sources and Section 3.3 in Shizuma et al. [396] regarding this background 
from quasi-mono-energetic sources. 

(b) Nuclear resonance fluorescence can be induced by gamma-ray beams of many different 
energies. “Because NRF states are simply excited nuclear states, possible NRF gamma-ray 
energies range from tens of keV up to many MeV. However, for the purpose of using NRF to 
assay materials, photons of energy between 1.5 and 4 MeV are most useful.” [56] Two 
reasons why energies lower than 1.5 MeV are not useful are (1) that the passively generated 
gamma-ray background from the spent fuel assembly is large in this region (see Figures 57 
and 62, for example) and (2) that these lower energy photons are much more attenuated 
during their transport in and through the spent fuel assembly (see Figure 65, for example). 
The two drawbacks of higher-energy gamma-rays are (1) they are more expensive to produce 
and (2) the higher-energy resonance states of many isotopes are not yet known as well as their 
lower-energy states are known. The efficient production of higher energy gamma-rays will be 
discussed in the next subsection, and further NRF experiments on pure isotopes will extend 
the knowledge of resonance states to higher energies (see References [342, 350, 356, 364, 
384], for example). 

(c) Nuclear resonance fluorescence is an elastic and coherent scattering process. It is elastic 
because after the scattering event, no additional particles exist besides the photon and the 
atom, and neither the photon nor the atom is left in an excited state. That is, the kinetic energy 
of the system is conserved, and no potential energy is created. The scattering is also coherent 
in the sense that the photon scatters off the entire nucleus simultaneously, such that the 
momentum of the photon is transferred to the entire nucleus rather than to one individual 
nucleon [399]. Since the mass of the entire nucleus is much greater than the mass of an 
individual nucleon, the photon effectively ricochets off the nucleus without transferring much 
of its energy to it, so that the energy of the scattered photon is almost the same as the energy 
of the incident photon. 

The energy transferred from the photon to the nucleus is the nucleus’ recoil energy and is 
on the order of tens of electron-volts for collisions with high-energy gamma-rays. For 
example, it is 13.4 eV for the scattering of 2431 keV photons off 239Pu (page 7 of Ludewigt et 
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al. [56]). The energy that the photon loses in the scattering event would thus be negligible 
except for the fact that it is just sufficient to shift the scattered photon off the resonance 
energy of the fluorescing isotope. Even after taking Doppler broadening into account, the 
energy width of a nuclear resonance is not as large as tens of electron-volts. Therefore, the 
scattered photon cannot induce fluorescence a second time. The scattering cross section for 
the once-scattered photon is thus non-resonant and much smaller. This fact is essentially 
beneficial for the application of NRF as an NDA technique because it drastically reduces the 
self-shielding of the fluorescing isotope and of the spent fuel assembly as a whole. The 
fluorescence photons are thus more able to escape the fuel assembly and be detected. 

The above description of NRF as an elastic and coherent scattering process assumes that 
the nucleus is left in its ground energy state after the scattering event. (Figure 66 illustrates 
only such relaxations to the ground state.) It is also possible, though, for the nucleus to de-
excite (relax) from the initial, high-energy excited state to another, less excited state. In this 
case, the NRF scattering event is inelastic because the nucleus is left in an excited state, and 
the scattered photon has less energy than the incident photon by an amount equal to this 
energy of the nucleus’s excited state (plus the recoil energy). Often the excited state is the first 
excited state [396], but sometimes another excited state is the dominant one, such as the third 
excited state (46 keV) in the case of de-excitation from the 1815.2 keV state in 235U [400]. 
Thus, there are two possible outcomes of an NRF scattering event: (1) elastic scattering that 
leaves the nucleus in the ground state and preserves the photon’s energy and (2) inelastic 
scattering that leaves the nucleus in an excited state and subtracts this energy from the 
photon’s final energy. Importantly, the energies of both kinds of fluorescence photons are 
characteristic of the fluorescing isotope, since both the ground and excited states are 
characteristic. In the following discussion, these two kinds of NRF photons will be referenced 
as ground-state photons and excited-state photons, respectively. 

(d) Other elastic scattering processes besides nuclear resonance fluorescence exist, namely, 
Rayleigh scattering, nuclear Thomson scattering, and Delbrück scattering. (These three 
scattering processes will be collectively abbreviated as RTD scattering.) In Rayleigh 
scattering, the photon scatters coherently off the entire electron cloud of the atom [399]. In 
nuclear Thomson scattering, the electromagnetic field of the photon induces oscillatory 
motion of the positively charged nucleus, which in turn, re-emits the photon in a different 
direction [398]. In Delbrück scattering, the photon scatters off a dipole consisting of a 
positron-electron pair that exists in the strong Coulombic field in the vicinity of a nucleus 
[401]. These three scattering mechanisms are all considered to be coherent and to sum 
coherently. Since they all leave the atom in an unexcited state, they are all elastic scattering 
mechanisms. Finally, by virtue of the fact that they are all coherent scattering mechanisms, 
they transfer momentum from the photon to the entire atom and thus preserve the energy of 
the photon (less the minor amount of recoil energy). 

For the sake of explanatory contrast and because it is a very prevalent scattering 
mechanism in NRF NDA, Compton scattering will also be quickly described now. Compton 
scattering is the inelastic and incoherent scattering of a photon from only one electron in the 
atom. Since only one electron is involved, Compton scattering is incoherent. Because of the 
lesser mass of the electron as compared with the mass of the entire atom, the transfer of 
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momentum from the gamma-ray photon to the electron is accompanied by a transfer of energy 
that is sufficient to eject the electron from its bound orbit. The sum of the final energies of the 
electron and the photon do not equal the incident photon energy because some potential 
energy remains in the atom since it is now ionized. Thus, Compton scattering is also inelastic. 
(A distinction should be noted between Compton scattering off a bound electron in an atom 
and Compton scattering off a free electron in an electron beam; the latter must be elastic since 
there is no ionization involved.) 

The fact that RTD scattering is elastic causes some difficulty for NRF as an NDA 
technique. Since the energy of ground-state NRF photons is the same as the energy of photons 
scattered by RTD scattering, they cannot be distinguished easily by their energy. In a 
measurement of the energy spectrum of backscattered photons, such NRF-scattered gamma-
rays appear only as a small resonance peak that is superimposed on a large background of 
these RTD-scattered gamma-rays [396]. 

The measurement of the excited-state NRF-scattered photons may be particularly useful in 
this case. In contrast with the energy of ground-state photons, the energy of excited-state 
photons is distinctly different from the energy of scattered photons from the elastic RTD 
scattering of incident photons at the fluorescence energy. As long as the incident beam 
contains no photons at the same energy as the excited-state NRF scattered photons, there can 
be no RTD scattered photons at that energy, so that the excited-state gamma-rays stand out 
well in the measured energy spectrum against the relatively much smaller gamma-ray 
background in that energy region. Of course, if the energy width of the incident gamma-ray 
beam is so large that it also contains such lower-energy incident photons, then those photons 
will undergo elastic RTD-scattering and will overlap with the excited-state photons. Such a 
situation is no better than the overlapping of RTD-scattered photons and ground-state NRF-
scattered photons at the fluorescence energy. Thus, the utility of the excited-state photons 
depends on the energy width of the incident gamma-ray beam. In summary, for the specific 
NDA configuration of a narrow-energy incident beam and a measurement of backscattered 
photons, the signal-to-noise ratio for a measurement of excited-state photons should be better 
than for the measurement of ground-state photons [396].3 

5.2.1.2 The NGSI’s design and other designs, and data analysis 
The use of NRF as an NDA technique is relatively new. For this reason, the NGSI 

examined several different methods of inducing, detecting, and analyzing the NRF signal. 
Rather than discussing each of these configurations as a separate whole, this report will 
proceed step by step through the NRF NDA technique and discuss the possible variants of 
each step, beginning with the generation of the gamma-ray beam, following it as it interacts 
with the spent fuel assembly, and ending with the detection of the characteristic NRF signal. 
The following discussion will also include some newer aspects that were not examined in the 
NGSI’s Phase I report [56]. 
                                                 
3 It should be noted that for the heavy actinides of interest, the energy of the excited-state photons from inelastic 
NRF scattering is still greater than the Compton edge that is produced in the gamma-ray detector by the higher-
energy photons from elastic NRF and RTD scattering (i.e., incident-energy, resonant-energy, ground-state 
energy photons). That Compton edge is approximately 256 keV less than the ground-state energy [290]; the 
difference between the excited state and the ground state is less than this amount. 
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The characteristic signal that is produced by the NRF process is revealed both by the 
photons that NRF scatters and by the photons that it does not scatter. In the first case, the 
NRF-scattered photons are detected directly, such as with gamma-ray detectors that are 
located behind the spent fuel assembly at the backscattered angles. This first case is called a 
“backscattered” measurement. (See Figure 68.) In the second case, it is the absence of the 
NRF-scattered photons, in the gamma-ray beam after it has passed through the fuel assembly, 
that is detected. This second case is called a “transmission” measurement. The benefits and 
difficulties of each type of measurement will be discussed below. 

 
Figure 68: Top: NRF backscattered-measurement configuration. Bottom: NRF transmission-

measurement configuration 

5.2.1.2.1 Production of the gamma-ray beam 
To date, there are two main ways to produce a high-energy gamma-ray beam, and the 

NGSI explored them both: (1) by bremsstrahlung and (2) by inverse Compton scattering [56, 
340]. Bremsstrahlung (braking radiation) is created when a charged particle is negatively 
accelerated (i.e., decelerates), such as when a high-energy electron is slowed down and 
eventually stopped in a material. Bremsstrahlung gamma-ray sources for the NRF technique 
operate by accelerating electrons to high energy and then ramming them into a high-Z (heavy) 
target, such as tungsten; photons of all energies up to the incident electron energy are created 
as the electrons come to a stop (Figure 69). Inverse Compton scattering occurs when a low-
energy photon collides with a higher-energy electron, and the electron gives up some of its 
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energy to the photon (Figure 70). Inverse-Compton-scattering sources for NRF operate by 
accelerating an electron beam to high energies and then crossing the electron beam with a 
beam of light; inverse Compton scattering occurs at the point where the beams collide and 
converts the low-energy photons into high-energy gamma-ray photons. When a laser is used 
as the beam of light, such gamma-ray sources are called laser-Compton-scattering sources, 
abbreviated as LCS sources. LCS sources are the only inverse-Compton-scattering sources 
that will be discussed in this report. Each of these two kinds of gamma-ray sources, 
bremsstrahlung and LCS, will be discussed next in more detail. 

 
Figure 69: An example of an energy spectrum of photons created by a bremsstrahlung source. 

The spectrum was computed by Monte Carlo (MCNPX) for photons created by 2.6 MeV 
electrons normally incident upon 102 μm thick Au foil backed by 1 cm thick Cu, and leaving 
within 3.57° of the initial electron trajectory. Copied from Figure 2.6 in Ludewigt et al. [56]. 

 
Figure 70: Schematic of inverse Compton scattering 

As Figure 69 illustrates, bremsstrahlung has a continuous energy spectrum. The analytical 
formula that describes the energy spectrum of bremsstrahlung that is created from relativistic 
electrons is complicated and so will not be presented here; Figure 69 will serve as a 
representative description, instead. The two important yet conflicting characteristics of 
bremsstrahlung are (1) that it is easy to produce, since electrons are relatively easy to 
accelerate to high energies and shoot at a high-Z target, yet (2) that the vast majority of the 
bremsstrahlung photons are at energies other than the energy of the nuclear resonance that the 
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gamma-ray beam is supposed to excite in the fuel assembly. Tersely, it can be said that a 
bremsstrahlung gamma-ray source makes many useless photons cheaply. Increasing the 
highest (“endpoint”) bremsstrahlung energy by increasing the electron-beam energy does not 
help, because even though doing so does make more photons at the NRF energy, it also 
simultaneously increases the background in the gamma-ray detector. (For example, changing 
the endpoint energy in Figure 69 from 2.6 MeV to something higher would not help.) The 
background increases because some of the higher-energy photons (i.e., photons with energy 
higher than the NRF energy) are also scattered (by various processes) into the detector, where 
they create a Compton continuum that overlaps with the NRF signal at the lower, NRF energy. 
Thus, the signal-to-noise ratio does not improve or even becomes worse.  

An even more important problem that is caused by this excess of useless photons from a 
bremsstrahlung source is that the detector is forced to count all of the photons that reach it 
even though most of them are useless. That is, the detector does not know a priori that a given 
photon is at a meaningless energy; it must count it first before it can realize that fact. However, 
gamma-ray detectors are limited in the number of photons that they can count per second, that 
is, in their counting rates. This limitation is especially severe for HPGe detectors, which have 
the best energy resolution; their limit is a few hundred kilohertz [46]. By making many 
useless photons, a bremsstrahlung source overloads the gamma-ray detectors, causing them to 
reach their rate limits more quickly (i.e., at a lower flux of useful, NRF-energy photons in the 
beam) than does a source that produces only useful photons at the proper, NRF energy. This 
rate-limit problem will be discussed more in later paragraphs. 

In contrast with a bremsstrahlung source, an LCS source makes photons only within a 
narrow energy band, which can be tuned to be centered at the desired NRF energy. For this 
reason, LCS sources are also called quasi-mono-energetic sources. (Other kinds of quasi-
mono-energetic sources exist but will not be discussed here.) The energy of the LCS gamma-
ray beam depends on the electron beam’s energy and on the relative angles among the 
electron beam, the laser beam, and the collimator through which the gamma-ray beam passes 
to go to the fuel assembly. The relationship among the gamma-ray energy (Eγ), the laser-
photon energy (EL), the electron kinetic energy (Ee), the collision angle (θ1), and the scattering 
angle (θ2) (see Figure 70) is as follows [351, 357]: 

−
− − −

 

where −  and  = the Lorentz factor 

Equation 54 

A collimator can be used to isolate the gamma-rays being scattered at the certain angle that 
corresponds to the desired gamma-ray energy. Small uncertainties in the angles, in the width 
of the collimator, and particularly in the electron beam’s energy cause the gamma-ray beam 
not to have precisely one energy but to have a narrow energy distribution. This fact is why 
LCS sources are called not “mono-energetic” but rather “quasi-mono-energetic.” Figure 71 
shows an example of the energy distribution of an LCS beam at the HIγS facility at Triangle 
Universities Nuclear Laboratory in Durham, North Carolina [385]. The full widths at half 
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maximum (FWHMs) of the LCS gamma-ray beams in that work were about 4% to 5% for 
beam energies from about 3 MeV to 6 MeV, according to Hammond’s Table 5.1 [385]. (See 
also Figure 1 in Tonchev et al. [344].) Another example of an LCS beam energy distribution 
is Figure 3 in Kikuzawa et al. [355]. According to Kikuzawa et al. [355], a typical LCS 
gamma-ray beam exhibits “a gradual increase in the γ-ray intensity at low energies and a 
sharp decrease at high energies,” so the distribution is not quite Gaussian. The energy spread 
of the 5.7 MeV gamma-ray beam in Kikuzawa’s experiment was 7% full width at half 
maximum (FWHM) [355]. 

 
Figure 71: The measured (solid line) and actual (dashed line) energy distribution of a typical 

quasi-mono-energetic LCS gamma-ray source (Eγ = 3.1 MeV). The measured curve is 
different because it exhibits the characteristics of the detector itself (i.e., the detector 

response). Copied from Figure 5.8 in Hammond [385] with permission from the author. 

Though the much narrower energy distribution of LCS gamma-ray beams is much more 
conducive to NRF measurements than that of bremsstrahlung sources, the main operational 
problem with LCS gamma-ray beams is that they have historically been weaker than 
bremsstrahlung beams. (LCS sources can also be larger and more expensive to build.) Table 2 
in Kneissl et al. [340] compared LCS and bremsstrahlung beams at the state of the art in 1996; 
the LCS source produced 0.15 photons/(s·eV), whereas the bremsstrahlung source produced 
1000 photons/(s·eV). Since this comparison is per unit of energy, it is a fair comparison for 
the NRF application, which uses only photons in a certain energy range. If it is assumed that 
bremsstrahlung sources have not changed much since 1996 because such technology was 
already mature by that time, an updated comparison can be made according to the 
characteristics of recent LCS sources. The LCS source used by Kikuzawa et al. [355] 
produced about 1·105 photons/s, corresponding to about 0.3 photons/(s·eV), and the LCS 
source used by Hammond produced about 1·106 photons/s to 1·107 photons/s, corresponding 
to about 10 to 200 photons/(s·eV). Thus, it can be said roughly that current LCS technology 
produces beams that are weaker than bremsstrahlung beams by one to three orders of 
magnitude. 
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It should be noted that the proper measure of a gamma-ray source is the spectral 
brightness4, which is defined as follows: 

∙ ∙ ∙
 

Equation 55 

s∙ ∙ ∙  Equation 56 

For an LCS source, the angular divergence, beam cross-sectional area, and energy bandwidth 
are all connected, so the previous, rough comparison on the basis of energy (eV) is not invalid.  

A new generation of LCS sources is now being constructed with more advanced laser and 
accelerator technology. These LCS sources hope to achieve gamma-ray beams with greater 
spectral brightness, primarily by decreasing the emittance of the electron beam but also by 
increasing the fluxes of photons and electrons so as to increase the scattering collision rate. 
Emittance describes the “tightness” of each electron bunch in the electron beam; a smaller 
emittance means a “tighter” beam. An electron beam with a smaller emittance not only has a 
narrower energy distribution but also is more likely to interact with the photon beam. The new 
LCS sources reduce the emittance by using each electron bunch in the beam only one time, 
after which the bunch is discarded. (By “one time,” it is meant that each electron bunch passes 
through the laser beam only one time, regardless of how many of its electrons actually 
undergo Compton scattering.) In this way, the various processes that tend to increase the 
emittance in a synchrotron or storage ring are not given an opportunity to affect the beam 
[351]. 

The laser part of the new LCS sources is also being improved. New super-cavities are 
being designed that collect the laser light between mirrors (e.g., see Hajima et al. [351]). The 
laser photon flux is thereby increased, so that the rate of scattering interactions is also 
increased. 

Two main varieties of these new LCS sources will be described here. The first kind is a 
linear accelerator (linac) that runs on X-band radiofrequency (RF) power (11.424 GHz, for 
example), which is a higher frequency than conventional S-band RF power (3 GHz, for 
example) [362, 368, 370, 403]. By using the higher X-band frequency, the linac can be made 
to be shorter, thus saving space; the ultimate goal is to make the LCS source semi-portable by 
truck [370]. The electron bunches are sent to a beam dump after the LCS interaction position. 
An early, initial goal for spectral brightness of this kind of source has been 
400 photons/(s·eV) [368], though it is desired to go up to 106 photons/(s·eV) [370]. Another 
advantage of this X-band LCS source is that X-band linacs have been built before, so the 
technology is not untried [370]; only the application to an LCS gamma-ray source is new. 

The second kind of LCS source is a superconducting, energy recovery linac (ERL). The 
“energy recovery” feature is that after the LCS interaction position, the beam is not sent 
straightaway to a dump but rather is wrapped around again to the start of the linac [351]. 

                                                 
4 See Mills et al. [402] for the standardization of this terminology. 
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Instead of being accelerated in the linac, though, the used electron bunches are introduced in 
such a way that they are decelerated by the RF waves. The energy of the bunches is thus 
transferred to the RF waves, which are simultaneously accelerating new electron bunches. In 
this way, the energy of the used electron beam is largely recovered by being used to accelerate 
the new electron beam. The used electron beam is then dumped after this deceleration process. 
The anticipated spectral brightness is about 7·106 photons//(s·eV) [357]. In summary, one 
kind of new LCS source emphasizes reduced size and more proven linac technology, whereas 
the other kind emphasizes energy efficiency; but both kinds are expected to produce gamma-
ray beams that are brighter than existing LCS sources. 

5.2.1.2.2 Measurement of the backscattered photons 
As the gamma-ray beam passes through the spent fuel assembly, some of the photons are 

scattered by NRF into the backward angles, and these photons are the ones that are detected in 
the “backscattered measurement” configuration of the NRF NDA technique. The 
configuration is illustrated in the top of Figure 68. Figure 72 is an example NRF backscattered 
measurement, taken on pure 240Pu (in an aluminum container) with a bremsstrahlung beam. 
(Note that a spectrum from a spent fuel assembly would have a much greater background than 
the background in this figure.) The NRF peaks are denoted with arrows. For assay, the heights 
of the NRF peaks would be determined with curve-fitting routines, and then the amount of the 
isotope of interest in the sample would be determined from these heights according to a 
predetermined calibration. 

 
Figure 72: “NRF spectrum of the 240Pu target (solid line) and radioactive target background 
(dashed line) in the γ-ray energy range from 2 to 2.8 MeV. The arrows indicate the 18 γ-rays 
corresponding to the nine populated NRF states. The asterisk denotes the 27Al resonance at 

2212.0 keV and the circles indicate relatively low-intensity regions in the background 
spectrum upon which 240Pu γ-rays are expected.” [384] Reprinted Fig. 3 with permission from B. J. Quiter, T. 

Laplace, B. A. Ludewigt, S. D. Ambers, B. L. Goldblum, S. Korbly, C. Hicks, C. Wilson, Physical Review C, 86, 034307, 2012. Copyright 
2012 by the American Physical Society. 
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The benefit of this configuration is that the NRF-scattered photons themselves are detected 
directly, with their energy being the means by which they are distinguished from photons that 
are scattered by other processes. Thus there can be little confusion about the interpretation of 
the signal, except for the issue of self-shielding attenuation of the signal by the spent fuel 
assembly, which will be discussed below. This idealized clarity of interpretation of the NRF 
signal is the main advantage of the backscattered-measurement configuration. 

There are three main disadvantages to the backscattered-measurement configuration: (1) 
the self-shielding attenuation by the spent fuel assembly that was just mentioned, (2) the 
enormous gamma radiation background that the spent fuel assembly itself produces, and (3) 
the relatively small concentration of the isotope of interest in the assembly. These will now be 
discussed in turn. 

As explained in Section 5.2.1.1, Principle of operation, the subtraction of the recoil energy 
of the nucleus from the energy of the scattered photon is just enough to move the scattered 
photon’s energy off the resonance so that the photon does not experience resonant scattering 
again on its way out of the spent fuel assembly. This fact does not mean, though, that the 
scattered photon cannot experience nonresonant scattering on its way out of the spent fuel 
assembly. Indeed, many NRF-scattered photons do experience such subsequent nonresonant 
scattering by all manner of scattering processes, whether coherent or incoherent, or elastic or 
inelastic. They also can be absorbed, such as in photofission if the photon energy is high 
enough. The extent of this attenuation by nonresonant scattering and absorption depends on 
the type and amount of the spent-fuel-assembly’s material through which the NRF-scattered 
photon must pass on its straight-line path to the detector, and this path depends, of course, on 
the position in the fuel assembly at which the NRF scattering event took place. The 
attenuation is thus a geometric problem, in that it depends on the geometric (spatial) 
configuration of the material of the spent fuel assembly. 

The geometric arrangement of a spent fuel assembly is fixed and well-known prior to the 
NDA measurement; and though its composition changes somewhat because of burnup, its 
ability to attenuate gamma-rays does not change significantly, since the total amount of heavy 
metal (the electrons of which dominate the gamma-ray attenuation) does not change 
significantly. Therefore, the self-shielding attenuation of the NRF-scattered gamma-rays can 
be predicted for the NRF NDA of spent fuel assemblies, either by calculations or Monte Carlo 
simulations or by calibrations with known, standard fuel assemblies. (The adjective self-
shielding comes from the fact that the spent fuel assembly itself is shielding the detectors 
from being able to observe the NRF-scattered gamma-rays.) A correction factor can then be 
applied to the measured NRF signal to account for the fraction of it that was lost to the self-
shielding. The self-shielding attenuation becomes a serious problem only when the geometry 
and composition of the sample being assayed are not known beforehand, such as when 
assaying blobs of formerly molten fuel after a reactor meltdown. In this case, there is no 
accurate correction factor for the unknown spatial configuration, so the assay accuracy suffers 
considerably. 

The second main drawback to the backscattered-measurement configuration is the 
enormous gamma radiation background that the spent fuel assembly itself produces. This 
background is on the order of 1015 photons/s for a spent PWR fuel assembly [87]. The 
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background does not contribute many gamma-rays at the same energies as the resonance 
energies of the NRF signal, as long as those resonance energies are high enough (refer to 
Figures 57 and 62). Thus, the background does not directly reduce the signal-to-noise ratio. 
Instead, the background easily overwhelms the gamma-ray detectors’ maximum count rate, 
which was discussed in the previous subsection. To bring the count rates down below the 
detectors’ maximum limit, narrow collimators and/or thick filters of heavy metal must be put 
in front of the detectors. These collimators and filters do not reduce the signal-to-noise ratio 
(in fact, they often improve it), but they do reduce the absolute magnitude of the signal. More 
precisely, the wasting of the detectors’ limited counting ability on the counting of many 
useless, low-energy photons is what reduces the absolute magnitude of the NRF signal that 
can be counted in a given amount of time.  

The third main drawback is that scattering processes other than NRF also create a 
significant background in backscattered measurements, as explained in Section 5.2.1.1, 
Principle of operation. Since this non-resonantly scattered background consists of photons 
that originally came from the gamma-ray beam, it is distinct from the background generated 
by the spent fuel assembly itself, and it cannot be avoided. In the backscattered-measurement 
configuration, the much greater amount of non-resonant-scattering material than fluorescing 
material in the spent fuel assembly produces a background that is correspondingly much 
greater. Again, Table 4.1 in Ludewigt et al. [56] and Section 3.3 in Shizuma et al. [396] 
present data for this case. In contrast, the isotopic purity of the transmission detector foil 
(TDF) in a transmission-measurement configuration (see the next section) increases the 
strength of the NRF signal relative to the non-resonant background. 

Note that the neutron radiation background of the spent fuel assembly is probably not a 
problem for the backscattered-measurement configuration. Unlike the neutron radiation in the 
case of delayed-gamma (DG) measurements (Section 5.1.1), which includes the 14 MeV 
neutrons from the D-T neutron generator, the neutron radiation in the NRF case is only the 
passive flux from the spent fuel assembly, most of which originates from fission and with a 
Watt energy distribution [303]. The fission Watt distribution is at less energy than 14 MeV. 
Therefore, the fast-neutron damage to the gamma-ray detectors in an NRF backscattered-
measurement configuration should be much less than the damage in a DG instrument [47], 
perhaps to the point of being negligible. 

5.2.1.2.3 Measurement of the transmitted photons 
As the gamma-ray beam passes through the spent fuel assembly, many photons are 

absorbed or scattered out of the beam by various processes. Additional photons are removed 
from the beam at the resonance energies, because the NRF cross-section is cumulative with 
the cross-sections of the other scattering and absorption processes. Thus, the characteristic 
NRF signal from the isotope of interest is imparted to the gamma-ray beam in the form of 
chasms at the resonance energies, i.e., extra depletions of photons at those energies relative to 
the overall depletion at all energies. “This is like analyzing the light from the sun for 
elemental absorption lines to determine which elements are in the sun’s atmosphere.” [391] 
Thus, the amount of the isotope in the spent fuel assembly can be determined if the resonance 
chasms and the overall attenuation can both be measured. This concept is the basis of the 
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transmission-measurement configuration. It is basically the gamma-ray analogue of the 
NRTA NDA technique (Section 4.3.1). The bottom of Figure 68 illustrates the configuration, 
and Figure 73 is an example of some transmission-measurement data, taken on 239Pu with an 
LCS beam. 

 
Figure 73: Transmission NRF measurement of 239Pu, using an LCS gamma-ray beam with a 

nominal energy of 2140 keV. “NS” means a measurement with no sample, just the Pu witness 
foil; “Pu” means a measurement with both the 239Pu sample and the Pu witness foil. In general, 
the NS line is higher than the Pu line because of resonance absorption in the 239Pu target in the 
latter case. The energy state at 2150 keV (arrows) seems to be the strongest resonance state in 
this energy region. Received from Christopher Angell; see the similar figure (Fig. 4) in Angell 

et al. [391]. 

The advantages of a transmission measurement are the inverse of the disadvantages of a 
backscattered measurement, namely, (1) that the measurement is unaffected by the geometry 
of the sample being measured, whether spent fuel assembly or melted debris, (2) that it can be 
made separately from the presence of the self-generated gamma-ray background of the spent 
fuel assembly, and (3) that the isotopic purity of the TDF (discussed below) increases the 
strength of the resonant, NRF signal relative to the background that is produced by non-
resonant scattering processes. An additional advantage is that the non-resonant, elastic, 
coherent scattering (i.e., RTD scattering, Section 5.2.1.1) that occurs in the spent fuel 
assembly does not interfere with the transmission measurement as it does with the 
backscattered measurement; it merely contributes to the overall attenuation of the beam. 

The geometry of the sample (e.g., spent fuel assembly or melted fuel debris) is largely 
irrelevant because the gamma-ray beam is almost purely one-dimensional. The order in which 
the beam passes through two different materials, for example, does not affect their attenuation 
of the beam, as Figure 74 shows. To find the spatial distribution of the isotopes of interest in 
the sample, the beam can be rastered across the sample, or the sample can be rastered through 
the beam and/or rotated.  

NS 
Pu 
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Figure 74: The order in which a one-dimensional beam passes through two different materials 

does not affect the total attenuation of the beam. 

Therefore, the only effect of the geometry is what is called “notch refill,” which is when 
higher energy photons undergo one or more incoherent, inelastic scattering event (e.g., 
Compton scattering) that puts them exactly at the resonance energy yet still keeps them 
traveling in roughly the same direction as the rest of the photons in the beam so that they can 
also pass through any collimators that are placed downstream of the sample. (Another 
mechanism of notch refill could be that the higher energy photons produce photoelectrons that 
then produce new photons at the lower energy.) Thus, notch refill is the filling-in of the 
resonance chasms (i.e., the “notch”) in the transmitted beam, which makes it seem that less of 
the isotope of interest is in the sample than is actually there. Essentially, notch refill is a 
consequence of the beam not having precisely one dimension but rather having some finite 
cross-sectional area and angular dispersion. It also is exacerbated by increasing the thickness 
of the sample, so that a spent fuel assembly would produce more notch refill than a thin foil 
would. The NGSI examined the effects of notch refill and found them to be negligible in 
comparison with other, larger sources of uncertainty in the measurement [56]. Pruet et al. 
[346] also investigated notch refill and found that it should not be an issue with LCS gamma-
ray beams; it needs only to be considered for bremsstrahlung beams. 

As Figure 68 indicates, the transmission measurement can be made in a room that is 
separate from the location of the sample. The wall between the sample and the transmission-
measurement setup contains a hole through which the beam can pass, so that the wall acts as a 
collimator for the beam and as a shield against all the scattered and self-generated radiation 
from the sample. In this way, the self-generated radiation from the sample has no impact on 
the transmission measurement. (The fraction of the self-generated radiation that just happens 
to line up with the collimator must be very small.) The gamma-ray detectors do not have to 
waste precious counting time on those useless photons. 

One potential disadvantage of the transmission-measurement configuration is the inverse 
of the advantage of the backscattered-measurement configuration, namely, that the NRF-
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scattered photons from the sample are not detected directly. Only their absence from the beam 
is detected. This fact can be a problem if the amount of the isotope of interest in the sample is 
too great, such as might be the case when using NRF to assay plutonium pits from nuclear 
weapons. In this case, the NRF scattering in the sample removes practically all of the 
resonance-energy photons from the transmitted beam, such that there is no longer any 
sensitivity to small changes in the amount of isotope; that is, the resonance chasms “hit the 
bottom.” In typical samples such as spent fuel assemblies, the quantities of the isotopes of 
interest (e.g., 239Pu) are so small that this case does not even come close to occurring; gross 
attenuation by non-resonant processes is reached well beforehand. 

A much more practical hindrance for spent fuel assemblies is that the transmitted beam 
also cannot be analyzed directly, in general. (It might be possible do to with photofission, 
which is discussed below.) The gamma-ray beam is far too intense for a gamma-ray detector 
to resolve its energy spectrum adequately; that is, the count rate is far too high. It would be 
like trying to stare at a laser beam or at the sun. Furthermore, even if a detector could handle 
the count rate, the energy resolution of the detector would be much too coarse to see the 
resonance chasms in the spectrum, which are very narrow in energy. Narrow resonance peaks 
still give some signal in a coarse-resolution detector, but narrow resonance chasms are lost. 

Instead, the beam must be analyzed indirectly, by the additional signal that it creates in 
another, well-known sample. This indirect analysis is like looking at the partial reflection that 
a laser beam or sunbeam makes on a sheet of paper that is placed in the beam. Such a signal 
or “reflection” is less intense than the beam yet still conveys its essential characteristics. The 
“sheet of paper” in the NRF transmission measurement is a well-characterized sample that 
contains a precisely known amount of the isotope of interest. This well-known sample is 
called a transmission detector foil (TDF) by the NGSI [56, 393]; it is also known as a witness 
foil [352, 383]. With a TDF, the transmitted beam can be analyzed indirectly. 

The fundamental premise of using a TDF is that the TDF scatters photons in the beam in 
characteristic ways so as to preserve the information that is possessed by the resonance 
chasms in the beam. The most obvious method to ensure this correlation is to measure the 
NRF-scattered photons from the TDF; this method is why the TDF contains a known amount 
of the isotope of interest. The logic of the transmission measurement is then as follows: If 
there is less NRF scattering in the sample (fuel assembly), then there will be more NRF 
scattering in the TDF because more resonance-energy photons will have been preserved in the 
beam. Conversely, if there is more NRF scattering in the sample (due to more of the isotope 
of interest being present), then there will be less NRF scattering in the TDF, because the 
resonance chasms in the transmitted beam will be deeper. Thus, the magnitude of the NRF 
signal from the TDF is inversely proportional to the magnitude of the NRF scattering in the 
sample. 

The original concept for measuring the NRF signal from a TDF has been essentially to 
make a backscattered NRF measurement of the TDF, as Figure 68 shows. The heights of the 
NRF peaks are analyzed as in a backscattered measurement, but in this case, they are related 
inversely to the amount of the isotope of interest in the sample, according to a predetermined 
calibration. Some aspects that make this measurement more simple and accurate than a 
backscattered measurement of a sample (fuel assembly) are (1) the geometry of the TDF is 
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well-known and optimized, (2) the TDF lacks a significant amount of self-generated radiation, 
and (3) the quantity of the isotope of interest in the TDF is large and optimized to yield a large 
NRF signal, particularly as relative to the background produced by non-resonant scattering 
processes. Nevertheless, such non-resonant scattering processes do still occur in the TDF and 
still produce a background, and the larger that is the energy width of the gamma-ray beam is 
the larger that this background will be. This principle is yet another drawback of 
bremsstrahlung beams, and it can even lead to overloading the count rates of the detectors if 
the combination of intensity and energy-width is sufficiently severe. 

A late development in the use of NRF as an NDA technique has been the recognition that 
the NRF signal from the TDF may not need to be distinguished from the background of the 
other kinds of scattering coming from the TDF in order to obtain meaningful and accurate 
information about the NRF scattering in the sample (e.g., fuel assembly) [56, 373, 386, 391, 
393]. In other words, the heights of peaks may not need to be determined with curve-fitting. 
As long as the NRF scattering is a significant fraction of the total scattering from the TDF, the 
total scattering—i.e., without energy resolution—can be measured instead and then compared 
against a reference signal without any NRF scattering. This simplification can be made 
because a reduction in the NRF signal from the TDF (namely, that caused by NRF scattering 
in the sample) is likewise a reduction in the total signal from the TDF, albeit a proportionally 
smaller one. The lack of a significant amount of self-generated radiation from the TDF 
ensures that any such changes in the total signal are attributable only to changes in the 
transmitted gamma-ray beam caused by attenuation in the sample. The need for the NRF 
signal from the TDF to be a significant fraction of the total signal means that this method 
cannot be used profitably with bremsstrahlung gamma-ray beams; narrow-energy-width LCS 
beams are required. Also, the Compton continuum and 511 keV positron-annihilation photons 
that are created by Compton scattering and pair production within the TDF itself can similarly 
preclude this approach unless they are either filtered out (see Section 5.2.1.2.4) or are rejected 
by some minimal degree of energy resolution in the detector (about 10%). Since the combined 
magnitude of the Compton continuum and annihilation peak increases at least as fast as with 
the square of the atomic number (> Z2) [74], only light elements such as lithium do not 
produce a substantially interfering background; heavy actinides certainly do. 

This method has been called variously as the “calorimetric” method [56], the “Dual Isotope 
Notch Observer (DINO)” method [373], the “average nuclear resonance absorption (NRA)” 
method [386], and the “Integral Resonance Transmission (IRT)” method [391]. (Technically, 
the DINO method also incorporates a second TDF as a constituent part of the method, as will 
be discussed below.) To avoid confusion with other averages and with the totally separate 
NDA technique of calorimetry, this report will henceforth refer to this method as the IRT 
method unless specifically referring to the unique, two-TDF configuration that is the DINO 
method. 

The IRT method is particularly well-suited to take advantage of weak NRF resonances that 
HPGe detectors have difficulty to resolve above the RTD-scattering background. From a 
consideration of the nuclear physics that underlies the NRF process, it is expected that heavy 
isotopes with odd mass number (such as 239Pu) should have many weak resonances that 
heretofore have not been able to be observed above background noise [391, 393]. Since such 
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weak resonances cannot be observed, they cannot contribute to a traditional analysis based on 
NRF peaks. On the other hand, when taken together, they do contribute significantly to the 
magnitude of the total NRF, resonant-scattered signal, which is exactly what the IRT method 
analyzes. Therefore, in the case that the energy width of the gamma-ray beam is fixed and 
given, the NRF scattering from the unresolved resonances adds more strength to the total 
NRF signal, which is measured by the IRT method. Alternatively, when considering a 
variable energy width, it is profitable to increase the energy width to pick up additional signal 
from unresolved resonance states only as long as the additional NRF signal from those states 
increases the overall proportion of the NRF signal to the total signal. 

Figure 75 illustrates the way that the IRT method uses the TDF, namely, by the principle of 
self-interrogation. The inherent energy resolution with which a TDF can analyze the beam is 
the energy widths of the resonances themselves, which is on the order of one electron-volt. 
This energy resolution is much better than the energy resolution of even the best HPGe 
detectors. Resonance states from two different isotopes might appear to overlap when 
measured with a HPGe detector, yet a TDF will be able to determine if they actually overlap. 
Furthermore, the resonance states of the TDF always interact with the corresponding 
resonance chasms in the gamma-ray beam even if those resonance chasms are too shallow 
(i.e., weak) for an HPGe detector to detect them because of background noise. This fact is 
what the IRT method exploits. 

 
Figure 75: Schematic showing how a TDF can give an accurate, high-resolution, total signal 

from resonance chasms even if the individual chasms cannot be resolved with a detector 
because they are either too close together (in energy) or too shallow (weak). 
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The DINO method puts a second TDF, made of depleted uranium, into the transmitted 
gamma-ray beam and makes a separate backscattered measurement of it [373]. The purpose 
of this second TDF is to produce a purely non-resonant (non-NRF) scattered signal from the 
transmitted gamma-ray beam. This purely non-resonant signal can then be used to normalize 
the signal from the first TDF, which does include significant resonant scattering from the 
isotope of interest. The non-resonant signal from the second TDF also acts as a measurement 
of the total attenuation of the gamma-ray beam by the sample (fuel assembly). A beam flux 
monitor that is located after both TDFs also helps to account for the total attenuation by the 
sample. The DINO method also uses a Ta filter (see the next section) in front of the detector 
for the first TDF to cut down on the Compton continuum and annihilation peak that it 
produces and thereby to increase the signal-to-noise ratio [373]. 

Lastly, a variant of the transmission-measurement configuration that uses photofission has 
also been proposed [386]. It relies on the fact that the resonance states that produce NRF are 
the same ones that produce exceptionally large amounts of photofission (i.e., large, resonant, 
photofission cross-sections). Therefore, if the energy of the gamma-ray beam is above the 
threshold for inducing photofission (approximately 5 MeV), then the TDF will produce 
resonant photofission neutrons in addition to producing NRF scattered gamma-rays. By 
measuring these neutrons, one can determine the magnitudes of the resonance chasms in the 
transmitted gamma-ray beam. Alternatively, one could use specialty fission chambers made 
from the isotopes of interest as the TDFs, in which case the photofission events themselves 
would be directly detected. Either way, this photofission method is essentially the same as the 
IRT method but with the signal being a neutron or fission signal instead of a gamma-ray 
signal. 

5.2.1.2.4 Detectors and filters 
It has been mentioned several times that gamma-ray detectors are limited to maximum 

count rates. These count rates depend on several factors, so only rough magnitudes are 
discussed here. Present high-purity germanium (HPGe) detectors are limited to 100 kHz (i.e., 
105 detections per second) at the very most [46, 291]; the NGSI used a more realistic, 
conservative maximum of 20 kHz in their study [56]. Cerium-doped lanthanum bromide 
(LaBr3(Ce)) detectors have about 18 times worse energy resolution than HPGe detectors have 
[56, 292], but they can count at least 15 times as fast as HPGe detectors [56], i.e., up to 
1 MHz and beyond [291, 293]. LaBr3(Ce) have better energy resolution and faster decay 
times than NaI(Tl) detectors [292], so only LaBr3(Ce) are considered here as the 
representative of scintillator detectors. In summary, HPGe detectors have the best energy 
resolution but a slower count rate, whereas other detectors, such as LaBr3(Ce), have faster 
count rates but at worse energy resolution. The NGSI examined various aspects of this trade-
off and the impact on the final assay time and accuracy [56]. For the IRT method in particular, 
the use of fast, low-resolution detectors is purely advantageous, since the method largely 
disregards the energy spectrum anyway. 

High-Z materials—that is, materials made from heavy elements, where Z equals the 
number of protons—can be placed in front of gamma-ray detectors in order to filter out 
preferentially the low-energy photons from the gamma-ray flux that reaches the detectors. As 
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Figures 64 and 65 have illustrated (Section 5.1.3.4), material attenuates lower-energy photons 
more readily than higher-energy photons, and higher-Z material like lead (Pb) is more 
effective at such attenuation than is lower-Z material. Since the NRF signal, whether in a 
backscattered configuration or in a transmission configuration, is at high energy, a high-Z 
filter can be used to accentuate it relative to the lower-energy background. Of course, such 
filters do still somewhat attenuate the higher-energy, NRF signal, which then necessitates an 
increase in the gamma-ray beam strength or in the assay duration to compensate for the lost 
NRF signal strength. In practice, high-Z filters are used primarily when the gamma-ray beam 
strength is already excessively strong such that it overwhelms the maximum count-rate limit 
of the detectors. In this case, the high-Z filters bring the count rate back down under the limit 
while minimizing the loss of the NRF signal. The thickness of the filter is selected to achieve 
the optimum count rate for the detectors. 

5.2.1.3 Limitations 
The current foremost limitation on the use of NRF as an NDA technique is its lack of 

development. Although experiments on samples of pure isotopes have produced promising 
results, NRF has not yet been used to assay nuclear fuel. The higher-intensity LCS gamma-
ray beams that are predicted to be necessary for such assaying are currently under 
construction. On the assumption that such gamma-ray sources will be completed on-schedule 
and will subsequently be used to carry out the essential proof-of-concept experiments, the 
state of the art of NRF as an NDA technique should look very different in three to five years 
from now. 

Another limitation is the size and cost of the equipment that is used to produce the gamma-
ray beams. Electron accelerators, even off-the-shelf, X-band electron accelerators, are 
relatively large and expensive in their capital costs as compared with the equipment of other 
NDA techniques; electricity and other operating costs can also be significant. Lasers and laser 
cavities can also be expensive. For these reasons, it seems likely that the first NRF NDA 
facilities will be large, permanent installations in locations close to the nuclear material to be 
assayed; the nuclear material (e.g., spent fuel assemblies or melted debris) will need to be 
transported to and from the NRF NDA facility. 

Another limitation that has not yet been thoroughly considered is the availability of the 
TDFs for the transmission-measurement configuration. Ideally, the TDFs would be purely one 
isotope; practically, a combination of TDFs of well-known isotopic mixtures might also be 
feasible. In either case, certain isotopes may be difficult or prohibitively expensive to obtain 
and to transport. For example, pure 235U, 239Pu, and 241Pu are special nuclear materials; 
furthermore, 241Pu decays with a half-life of only 14.35 years to 241Am, which thus 
contaminates any TDF containing 241Pu. Such considerations are another reason why the first 
NRF NDA systems are likely to be stationary installations that have their own TDFs. 

Apart from the foregoing pragmatic limitations, there is an important inherent limitation to 
NRF that involves a trade-off among the strength of the gamma-ray beam, the energy width of 
the beam, the energy resolution of the gamma-ray detectors, the count rate of the detectors, 
and the thickness of any high-Z filtering material that may be placed in front of the detectors 
to reduce the gamma-ray flux that impinges upon them. The “weakest link in the chain” of the 
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NRF NDA technique is the maximum count rate of the gamma-ray detectors. The second 
weakest link is the spectral brightness of the gamma-ray beam, since it is directly governed by 
the cost and size of the equipment used to produce it. The challenge is to optimize the above 
factors to obtain the fastest and most accurate assay while satisfying these two constraints. 

Ideally, the gamma-ray source should be as strong as possible in order to produce a strong 
NRF signal and thereby to reduce the assay time that is required to achieve a given level of 
statistical precision. On the other hand, the gamma-ray detectors are limited to a maximum 
count rate. Increasing the gamma-ray strength beyond the point at which the detectors reach 
their maximum count rate is futile, since more NRF signal is worthless if the detectors cannot 
detect it. Two ways exist to improve this aspect of system performance: (1) reduce the 
number of non-NRF, useless photons that the detectors must count and (2) increase the 
maximum count rate of the detectors. 

The useless photons can be reduced (1a) by reducing the energy width of the beam, since 
only photons at the resonance energy levels are meaningful, and (1b) by filtering out some of 
the low-energy, useless photons from the gamma-ray flux that reaches the detectors. Reducing 
the energy width of the beam (1a) implies increasing its spectral brightness, which requires 
the use of advanced technologies like those described above for LCS beams. High-Z filters 
(1b) simultaneously reduce some of the high-energy NRF signal as they filter out the low-
energy photons, which then implies that the gamma-ray beam strength must be increased to 
compensate for the lost NRF signal.  

The maximum count rate of the detectors (2) can be increased but only at the expense of 
their energy resolution (apart from a major, transformative breakthrough in detector 
technology). The loss of energy resolution makes the determination of NRF-peak heights 
much more difficult and inaccurate, and such determination is the basis of the backscattered-
measurement configuration and the original version of the transmission-measurement 
configuration. The IRT version of the transmission measurement—because it does not need to 
analyze peak heights—avoids this difficulty and can therefore make profitable use of the 
lower resolution but higher count-rate detectors. 

In summary, the NRF NDA technique will be limited by the size and cost of the equipment 
used to produce the gamma-ray beam, the cost and availability of TDFs, and the maximum 
count rates of the gamma-ray detectors. 
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5.2.2 X-Ray Fluorescence (XRF) 
Name X-Ray Fluorescence (XRF) 
References NGSI: [58-68] 

Other: [404-408] 
Active XRF for fuel pins: [14, 409] 

Measurement environment In water (in air or other gas is also possible) 
Passive vs. Active Passive (The active kind of XRF is not considered here.) 
Time dependency Time-independent (continuous) 
Particles detected X-rays 
Type of detectors High-purity-germanium (HPGe) gamma-ray detectors 
Particles’ detected attribute Energy 
Governing physical 
properties of the fuel 
assembly 

Gamma and beta radioactivity (determines the absolute 
magnitudes of the X-ray count rates) 

Radial distribution of the Pu within each outer pin 
Governing isotopes Elemental U and Pu (individual isotopes are irrelevant) 
Maturity Is used in other nuclear applications (mostly active XRF) 

and has been tested on spent fuel pellets but has not 
yet been used with spent fuel assemblies 

Limitations Cannot analyze isotopic vectors, only elements 
Can analyze only the outer fuel pins, so it is useless for 

detecting partial defects 
Depends on the radial profile of Pu within the fuel pellets 
May need different collimators for fuel assemblies with 

different levels of radioactivity 
Selected by the NGSI for 
prototype testing? 

No 

5.2.2.1 Principle of operation 
X-ray fluorescence (XRF) can be either a passive technique or an active technique, but in 

the NGSI Spent Fuel NDA Project, only the passive XRF technique was considered. 
Therefore, only the passive XRF technique will be considered in detail in this report.  

X-rays are photons with less energy than gamma-rays, and whereas gamma-rays originate 
from the nuclei of atoms, X-rays originate from the electron clouds of atoms. Since all the 
isotopes of a given element have the same electron cloud, X-rays do not carry any information 
about the isotope of the nucleus; they carry information only about the element. Nevertheless, 
each element produces X-rays with its own characteristic energies. An X-ray photon is 
produced when an electron transitions down to a lower energy level in the electron cloud 
(Figure 76); the energy of the X-ray is the energy difference between the initial and final 
electron energy levels. This production of an X-ray is called X-ray fluorescence. Since each 
element has characteristic electron energy levels, the X-rays that it produces are also 
characteristic of that element. In this way, XRF can be used to distinguish among two or more 
elements—such as uranium and plutonium—in a sample, such as a spent fuel assembly. Table 
16 lists the major X-rays from uranium and plutonium, and some examples of the X-ray 
fluorescence peaks from lead, uranium, and plutonium are presented in Figures 77 and 78. 
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Figure 76: Schematic of how X-ray fluorescence occurs, as a high-energy electron moves to a 

lower-energy shell to fill a vacancy 

Table 16: Energies and relative intensities of the major X-rays from uranium and plutonium. 
Modified from Table 1-1 in Reilly et al. [75]. 

 

 
Figure 77: “Characteristic x-ray spectra from lead and uranium. Note that the pattern is the 

same but shifted in energy.” Copied from Figure 1.6 in Reilly et al. [75]. 
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Characteristic  
X-ray Nucleus 

Levels
X-ray (Final − Initial) Uranium Plutonium Uranium Plutonium
Kα2 K − L2 94.67 99.55 61.9 62.5
Kα1 K − L3 98.44 103.76 100.0 100.0
Kβ1 K − M3 111.30 117.26 22.0 22.2
Kβ2 K − N2-5 114.5 120.6 12.3 12.5
Kβ3 K − M2 110.41 116.27 11.6 11.7

John Wiley & Sons, Inc., New York, 1978.

Energy (keV)
Relative Intensity
(100 is maximum)

Data are from C. M. Lederer and V. S. Shirley, editors, Table of Isotopes , 7th edition, 
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Figure 78: XRF measurement, with a planar HPGe detector, of part of a spent fuel pin (Label 
649C) from the North Anna nuclear reactor in Virginia. Modified from Figures 2 and 14 in 

Freeman et al. [67]; see also the NGSI Phase 1 report [68]. 

As said above, an X-ray photon is produced when an electron moves to a lower energy 
shell around the nucleus. For this transition to take place, a vacancy in the lower energy shell 
must first be created. Such a vacancy can be created when radiation from an external source 
strikes the atom. The radiation types that are of most interest in spent-fuel NDA are gamma 
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radiation (photons) and beta radiation (electrons and also positrons, to a lesser extent). When 
an energetic photon or electron strikes one of the inner electrons around the nucleus (e.g., a K-
shell electron), it can transfer enough energy and momentum to that inner electron to excite it 
to a higher level or to eject it from the atom, thus creating the vacancy. If the electron is 
ejected, the atom has then been ionized, at least temporarily. 

Both types of ionizing radiation, gamma and beta, are present in large amounts in spent 
fuel assemblies, since they are produced from the radioactive decay of the fission products. 
Prior to the NGSI study of XRF, it was not known how much of the excitation of the atoms in 
the fuel pellets is caused by the gamma radiation and how much is caused by the beta 
radiation. In their study of single spent-fuel pins (not assemblies), the NGSI found that the 
gamma-rays were responsible for about 90% of the production of the XRF signal while the 
beta-rays were responsible for only about 10% [62, 64, 65, 67, 68]. The fraction that is 
attributable to the gamma-rays is expected to be greater for spent fuel assemblies, because the 
gamma-rays coming from the inner fuel pins are able to reach the outer fuel pins to excite 
their atoms, whereas the beta-rays (electrons) coming from the inner fuel pins are attenuated 
and stopped before they reach the outer pins. This fact is important for simulating XRF 
measurements, because the transport of gamma-rays is much easier to simulate in Monte 
Carlo programs than the transport of beta-rays is. Therefore, the NGSI was able to neglect 
safely the contribution from the excitation by beta-rays, in most cases. 

Though this report deals only with passive XRF, it is appropriate to note here the main 
difference of passive XRF from active XRF. The hybrid K-edge densitometry (HKED) 
technique will be used as the representative active X-ray NDA technique. In HKED, the 
radiation that excites the atoms in the sample is a beam of X-radiation from an external source, 
typically an X-ray tube but sometimes a synchrotron [14]. The beam that comes out of the X-
ray tube contains X-rays with a range of different energies. A monochromating crystal is 
placed in the beam to diffract only X-rays with a certain energy (wavelength) into a certain 
angle, thereby creating a separate beam only of X-rays with that particular energy. The energy 
of this monochromatic beam is chosen to be either just below or just above the K edge of the 
element that is being investigated in the sample. After making two separate measurements at 
these two energies, the amount of the element in the sample can be determined by comparing 
the difference in the attenuation of the beams through the sample. Simultaneously to these K-
edge measurements, an X-ray fluorescence measurement can also be made. (This duality of 
measurement type is why the HKED technique is called “hybrid.”) As the X-ray beam is 
being attenuated by the sample, it is simultaneously exciting the electrons of the atoms in the 
sample and causing the atoms to fluoresce at their characteristic energies. These fluorescence 
X-rays are detected and analyzed in the XRF measurement. This XRF measurement is 
fundamentally the same as a backscattered NRF measurement (Section 5.2.1.2.2), just at 
lower photon energies. 

In contrast with these active X-ray measurements, passive XRF uses the spent fuel’s own 
gamma and beta radioactivity to excite the atoms and induce fluorescence; no external source 
of radiation is required. Also, this passive gamma and beta radioactivity is not monochromatic 
but rather has a very wide range of energy. Therefore, there can be no K-edge densitometry 
associated with the passive XRF technique. It can be noted that in the HKED technique, the 
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XRF measurement does not actually require that the X-ray beam be monochromatic; the K-
edge measurement is the one that requires the monochromaticity. In fact, the active XRF 
measurement does not even require that the external radiation beam must be X-rays; one 
could use an electron beam, as is done in energy-dispersive and wavelength-dispersive X-ray 
spectroscopic measurements with electron microscopes. Thus, the only fundamental 
difference between the passive and active XRF techniques is the origin of the exciting 
radiation, whether it is internal or external to the sample, even though the practices of the two 
types of techniques can be very different. 

The attenuation of X-rays is an important feature and limitation of XRF. Estimations of the 
attenuation in the fuel and in the cooling water can be made as follows. From Table 16, it is 
seen that the X-ray energies of interest are around 100 keV. If it is assumed that most of the 
attenuation in the fuel is caused by the uranium, that the mass attenuation coefficient of 
uranium for 100 keV X-rays is 2.5 cm2/g, that the density of the fuel is 10.4 g/cm3, and that 
the density of the uranium in the fuel is 9.2 g/cm3, then the calculation of the attenuation 
shows that about 70% of the X-rays are attenuated within half a millimeter of travel through 
the fuel. (See the equation in Figure 74.) As for the attenuation in the cooling water, the mass 
attenuation coefficient of water for 100 keV X-rays is about 0.16 cm2/g, so that about 70% of 
the X-rays are attenuated within 8 cm of travel through the water. These estimations show that 
very few of the X-rays that originate in the inner pins will survive to be detected by the 
detectors. XRF essentially measures only the outer row of fuel pins in a spent fuel assembly 
and is therefore unable to detect partial defects. 

Another conclusion from the consideration of X-ray attenuation is that unlike in the 
gamma-ray NDA techniques, heavy-metal filters, such as lead (Pb), cannot be used in front of 
the X-ray detectors to reduce the count rate. In the gamma-ray techniques, the relatively lower 
energy X-rays are background noise that the filters preferentially remove. In XRF, these same 
lower-energy X-rays are the signal itself, which should not be removed. Instead of using 
filters to remove unwanted higher-energy photons, the X-ray detectors can be made thin, so 
that the higher-energy photons preferentially pass through the detectors without depositing 
much of their energy in them. For this reason, the NGSI has recommended the use of thin, 
planar HPGe detectors [65, 67, 68]; see the next subsection (5.2.2.2). 

A further comparison with the passive gamma spectroscopic technique (PG, Section 5.1.3) 
reveals the nature of the photon radiation flux coming from the spent fuel assembly and 
thereby further explains the principles of the XRF technique. The PG technique endeavors to 
detect and measure the characteristic gamma-rays being emitted from important isotopes in 
the spent fuel, such as 134Cs, 137Cs, and 154Eu. These gamma-rays are characteristic and 
meaningful because they are at discrete energies. Essentially then, these gamma-ray signals 
must be comprised of unscattered photons, because of the fact that since inelastic, incoherent 
scattering dominates the total scattering, the photons lose energy almost every time that they 
scatter and then become no longer characteristic of the originating isotope. Such inelastically, 
incoherently scattered photons constitute the Compton continuum in the photon flux that is 
emitted from the fuel assembly (which is distinct from a Compton continuum created in the 
detector itself). Again, this Compton continuum is merely background noise for the PG 
technique. Some of the photons in this continuum pick up meaning again, though, as they 
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interact with the fuel pellets in the outer fuel pins via X-ray fluorescence. The X-ray 
fluorescence process essentially discretizes (or quantizes) again a portion of the photon 
continuum, thereby imparting information about the fluorescing elements to those photons. It 
is largely these “recycled” photons that the XRF technique measures and exploits. 

An important question that arises from this vantage point is whether the additional rows of 
pins behind the outermost row contribute more to the Compton continuum—that is, to the 
noise—or more to the X-ray fluorescence of the outer pins—that is, to the signal. The NGSI 
investigated this question with Monte Carlo simulations and found that the background and 
the signal both increase by almost equal proportions with each row that is added behind the 
outer row [67, 68]. Therefore, the number of rows of fuel pins in a spent fuel assembly does 
not substantially affect XRF measurement results. 

5.2.2.2 The NGSI’s design 
The NGSI focused on understanding the XRF signal rather than on designing an optimal 

XRF instrument. Designing an instrument would have been the next step if the XRF 
instrument had been selected for prototype testing in Phase II of the Spent Fuel NDA Project. 
Nonetheless, the Phase I study did reveal some principles to guide the design of an XRF 
instrument, particularly since the study involved actual measurements of spent fuel pins from 
the North Anna nuclear reactor (see Figure 78 and References [62, 67, 68]) and from the 
Three Mile Island Unit 1 nuclear reactor [58, 59, 64, 65]. 

All of the XRF instrument designs presume the use of a collimator, to reduce the photon 
flux that the detector receives and thereby bring the count rate below the detector’s maximum 
limit. Some important aspects of the orientation of the collimator with the spent fuel assembly 
are the length of fuel pin that influences the measurement, the presence of obstructing objects, 
and the distance between the assembly and the collimator. Although the collimator gives only 
a very limited areal view of a fuel pin and removes the X-rays from outside this viewed 
portion, this portion of the fuel pin that is in line with the collimator is not the only portion 
that is important. The portions above and below this point are also important, because the 
gamma-rays from these neighboring portions can induce XRF in the viewable portion. 
Nevertheless, the length of these important neighboring portions is short. The NGSI 
calculated that only 2 cm of fuel pin length either above or below the centerline of a 0.1 cm 
radius, 5 cm long collimator make a significant contribution to the detected XRF signal [67, 
68]. Of course, the presence of any structural material on the assembly, such as a band or 
spacer, will block much of the signal, so the XRF measurement must be made with a clear 
line of sight to the fuel pins. Similarly, the distance between the fuel assembly and the 
collimator will attenuate the XRF signal, not only because of the well-known inverse-square 
law but also because of attenuation by the water that fills this distance. The NGSI’s Monte 
Carlo simulations indicated that 2 cm of water would reduce the signal-to-background ratio of 
the Pu Kα1 peak roughly by 30% [67, 68], and this number agrees with an analytical 
calculation of attenuation that is based on the numbers given in the previous subsection 
(5.2.2.1). Note that the attenuation by water necessitates that the collimator be sealed to keep 
water out of it. 
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The NGSI study of an XRF measurement of a spent fuel assembly assumed that the 
collimator would be a pin-hole collimator that would be 80 cm long and have a diameter that 
could be varied from 0.1 cm to 0.3 cm. The larger-diameter collimators would be used for 
measurements of the less-burned, more-cooled fuel, since such fuel would produce smaller 
photon fluxes; the flux after 80 years of cooling is typically about 20 times less than the flux 
after only 1 year [67, 68]. In this case, a larger-diameter collimator would reduce the assay 
time by keeping the detector’s count rate near its maximum limit. How the collimator 
diameter would be changed in the field was not addressed in the study. 

 A pin-hole collimator was chosen rather than a slot collimator because it was expected 
that the count rate with a slot collimator would be too high for the detector. This choice is 
unlike some past choices for collimators for passive gamma spectroscopy (PG); a slot 
collimator was used for the PG measurements of MTR fuel assemblies by Phillips et al. [127], 
for example. A slot collimator has the advantage that the entire width of a fuel assembly can 
be measured at once, thus automatically providing an average value over the width without 
the need to scan it with the instrument. Unlike an XRF instrument, though, a PG instrument 
can also make use of a high-Z filter in front of the detector to reduce the count rate within 
acceptable limits. An XRF instrument must rely solely on the collimator to reduce the count 
rate, thus necessitating the use of a pin-hole collimator. 

As mentioned in the previous subsection (5.2.2.1), a thinner detector is better for X-ray 
measurements than a thicker detector because it records a cleaner signal and slightly reduces 
the count rate by not detecting some of the higher-energy gamma-rays. The higher-energy 
gamma-rays, which are not of interest for XRF, tend to pass right through thinner detectors 
because of the energy dependence of attenuation, as illustrated in Figure 64. Not only does 
this avoidance of high-energy gamma-rays reduce the total count rate of the detectors (albeit 
negligibly so, perhaps), but more importantly, it also reduces the Compton continuum that 
such gamma-rays create inside the detector. This Compton continuum overlaps the lower-
energy X-ray signals, so reducing it is good. For this reason, a planar detector geometry is 
better than a coaxial geometry. The NGSI used Monte Carlo simulations to examine the effect 
of different thicknesses of the HPGe crystal in a planar detector on the signal-to-noise ratio, 
and they found that the optimal thickness is approximately 0.5 cm. 

The NGSI examined only HPGe detectors in their XRF study, but this type is not the only 
type that has been used in XRF studies in the past. For example, Ahmed et al. [405] used 
CdZnTe (CZT) detectors to make XRF measurements of irradiated CANDU fuel bundles. 
That study was interested primarily in verifying that the fuel bundles were irradiated, rather 
than in assaying the bundles’ plutonium content, however; so the authors examined only the 
uranium XRF peaks, not the much weaker Pu peaks. For Pu assay, the energy resolution of a 
CZT detector may not be sufficient to separate the Pu peaks from the uranium and 155Eu peaks 
(Figure 78). 

Separately from the NGSI study, researchers at Texas A&M University have examined the 
use of a diffraction crystal in an XRF measurement, to remove unwanted low-energy and 
high-energy photons from the detected photon flux and thereby to improve both the signal-to-
noise ratio and the detector’s counting performance [407, 408]. A diffraction crystal is a 
single crystal and takes advantage of the fact that although the X-rays from U and Pu XRF are 
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hard (high-energy), their wavelengths (0.124 Å, or 12.4 picometers, for 100 keV X-rays) are 
still long enough to be on the order of the spacing between the closest planes of atoms in the 
crystal lattice. These close planes are not defined by the spacings between the atoms in a 
single unit cell of the crystal, which are much longer than such wavelengths, but are rather 
defined by the spacing between atoms from multiple unit cells, such that the plane cuts 
through a single unit cell at a strange angle. The Texas A&M researchers used the (404) plane 
of a quartz crystal for their simulation work; that is, they oriented the quartz crystal relative to 
the collimated beam of photons coming from the spent fuel assembly so as to use this plane 
for diffraction.  

As the photons pass through the diffraction crystal, the crystal diffracts them and bends 
their direction of travel into specific angles according to their energies (wavelengths). Thus, 
the X-rays of different wavelengths travel outward in different angles from the crystal. This 
result is somewhat like the separation of white light into constituent colors by a prism, 
although the physical mechanism is different (diffraction vs. refraction). For photons with 
such short wavelengths, the angles of diffraction are small: 8.447° for the 103.7 keV Pu Kα1 
X-ray and 9.225° for the 95 keV U Kα2 X-ray. (See Table 2 in the 2011 paper [407].) 

The differences among the diffraction angles of the various X-rays are too small to use as a 
basis for separating the X-rays from each other with collimators of reasonably short length. 
Nevertheless, the diffraction is sufficient to separate the important X-rays as a group from all 
of the irrelevant lower-energy and higher-energy photons. A secondary collimator can be 
placed behind the diffraction crystal. The collimator has a conical annular slot at the proper 
range of angles. The important X-rays are diffracted just enough to pass through the slot. 
Higher-energy photons are not diffracted enough and hit the central cone of the collimator, 
while lower-energy photons are diffracted too much and hit the outer ring of the collimator. 
The detector is placed behind the secondary collimator and is therefore exposed only to the 
flux of X-rays within the important range. In this way, the signal-to-noise ratio is improved 
while the total count rate is simultaneously reduced.  

Note that a diffraction crystal is difficult to use in this way for the higher-energy, gamma-
ray NDA techniques. This use is feasible with the XRF technique because the X-ray photons 
have sufficiently long wavelengths to diffract significantly, but the wavelengths of the higher-
energy gamma-rays are much shorter. Gamma-rays are able to reflect off multi-layer mirrors 
at grazing-incidence angles, though, so a similar separation of desired gamma-rays from 
background may be possible to achieve with such mirror optics [323]. 

5.2.2.3 Data analysis 
The NGSI’s method of analysis of XRF data is straightforward. The areas under the U Kα1 

peak (at 98.4 keV) and the Pu Kα1 peak (at 103.7 keV) are measured after subtracting the 
background. A correction is made for the overlap of the Pu Kα2 peak (at 99.6 keV) with the U 
Kα1 peak, by estimating the area of the Pu Kα2 peak from the area of the Pu Kα1 peak 
(62.5% of it; see Table 16) and then subtracting it from the measured area of the U Kα1 peak 
[67, 68]. The ratio of the area of the Pu Kα1 peak to the corrected area of the U Kα1 peak is 
then a measure of the ratio of the mass of Pu to the mass of U in the fuel pin. The correlation 
between these two ratios is linear and is determined from simulations of measurements or 
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from experimental measurements and careful destructive analysis; see Figure 79. (Destructive 
analysis must take into account the radial distribution of Pu in the fuel pin, as discussed in the 
next subsection, 5.2.2.4, Limitations.) 

 
Figure 79: The correlation between the Pu/U XRF ratio and the Pu/U mass ratio, as 

determined by the NGSI’s simulation studies. Burnup is indicted by color, and initial 
enrichment is indicated by symbol shape. Copied from the NGSI Phase 1 report [68]. 

It should be noted that Stafford made the correlation to the Pu/U mass ratio via a secondary 
correlation to burnup as determined by a PG spectroscopic measurement of the 134Cs/137Cs 
ratio [65]. Such a correlation to burnup is not an inherent part of the XRF technique, but it 
allows one to create the correlation to Pu/U mass ratio without performing destructive 
analysis, by taking advantage of existing correlations among the 134Cs/137Cs ratio, the burnup, 
and the Pu/U mass ratio. 

The NGSI’s Monte Carlo simulations of the experimental XRF measurements of spent fuel 
pins produced count rates that were four times smaller than the experimentally measured 
count rates [68]. (The earlier publication [67] reported an even larger discrepancy.) The 
reason for the discrepancy was unclear. Nonetheless, the Pu/U peak ratio and the relative 
magnitude of the nearby 155Eu gamma-ray peak were consistently the same between the 
simulations and the experimental measurements. Since these peaks represent the important 
physics and results of an XRF measurement, the discrepancy in the absolute magnitude of the 
simulated signal has been considered to be nonessential. 

5.2.2.4 Limitations 
The XRF technique has several limitations, some of which have already been mentioned. 

As said above, XRF can analyze only elements, not isotopes. Also, it can analyze only the 
outer fuel pins of a spent fuel assembly, so it is unable to detect partial defects. Furthermore, 
the magnitude of the photon flux decreases significantly with increasing cooling time, which 
might necessitate using larger-diameter collimators with longer-cooled fuel to keep the assay 
time reasonably short. 
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One potentially important limitation that has not yet been discussed is the effect of the 
radial distribution of the Pu in the spent fuel pellets. The NGSI accounted for this radial 
distribution in their burnup and XRF measurement simulations by dividing up the fuel pellets 
into several radial regions [67, 68]; see Figure 80, for example. The radial distribution is 
important because the self-shielding of the X-rays by the fuel pellet is great. As said above 
(Section 5.2.2.1), approximately 70% of 100 keV X-rays are attenuated by travel through only 
0.5 mm of fuel pellet, so X-rays that originate from Pu in the center of the fuel pellet are 
unlikely to survive the transit to the edge of the pellet to escape and be detected. Fortunately, 
as Figure 80 exemplifies, Pu is preferentially created on the exterior of a UO2 fuel pellet 
during the burning of the fuel in the nuclear reactor, because the fuel pellet’s self-shielding of 
the resonance-energy neutrons that produce Pu by capture in 238U is also great. Therefore, 
most of the Pu X-rays are not attenuated. Furthermore, the NGSI examined the variation of 
the radial profile of Pu among all 64 spent fuel assemblies in the first spent fuel library 
(Section 2.3) and found that although the profile did vary among the assemblies, it varied only 
slightly and in a predictable way with burnup, initial enrichment, and cooling time. They 
recommended, though, that this variation should be investigated further since the first spent 
fuel library was created from idealized, not realistic, burnup simulations [68]. Any uncertainty 
in the Pu radial profile would translate directly into uncertainty in the XRF measurement 
results, since XRF cannot account for the radial profile. Lastly, this limitation also implies 
that XRF is probably unsuitable for assaying MOX fuel, since the radial distribution of the Pu 
in MOX fuel pellets is not just a function of burnup but is sometimes intentionally varied in 
the creation of the fuel pellets to improve the fuel’s performance in the reactor [410]. 

 
Figure 80: Radial distribution of the Pu in the spent fuel pellet from which the data in Figure 

78 were measured. The distribution contains ten regions and is the result of a burnup 
simulation. Copied from Freeman et al. [67, 68]. 

Another limitation of XRF is the inherently long assay time when only a single pair of pin-
hole collimator and detector is used for the measurement. The NGSI found that 10 hours 
would be needed for a reasonably accurate assay (approximately 4% uncertainty) [67, 68]. 
The reason is that, unlike with NRF in which the strength of the fluorescence-inducing 

0%

1%

2%

3%

4%

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Pin radius [cm]

Pu
 [w

%
]

- 178 -

JAEA-Review 2015-027



 

radiation source can be controlled and optimized, the radiation source of passive XRF is 
inherent to the spent fuel assembly and cannot be changed. This fact means that the XRF 
signal-to-noise ratio of a given, collimated beam is practically fixed. Since the diameter of the 
collimator is likewise fixed for a given photon flux from the fuel assembly and the maximum 
count rate of the given type of detector, the only way to speed up the assay, without 
employing some trick like using a diffraction crystal, is to use more collimators and detectors. 
Such a solution is certainly possible, but it obviously increases the size, weight, and cost of 
the XRF instrument. 
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6. A critique of the current practice of NDA of spent fuel assemblies 

In a recent publication, one of the authors critiqued the current practice of NDA of spent 
fuel assemblies, both the practice of the NGSI and that of the rest of the safeguards 
community [210]. This section summarizes that publication by repeating selected portions of 
it, with permission from Elsevier. In so doing, this section provides a paradigm by which to 
understand how the NGSI’s fourteen advanced NDA techniques can be applied in the most 
effective way. The focus of this summary is on the NDA of enriched-uranium assemblies; for 
the NDA of mixed-oxide (MOX) assemblies, the reader is referred to the original publication.  

6.1 Introduction: An overview of NDA practice and the statement of the problem 
The safeguards community uses NDA to characterize spent fuel assemblies for materials-

accountancy purposes, specifically for the determination of their fissile and plutonium content. 
This current practice of NDA on spent fuel assemblies is illustrated in Figure 81. First, 
experiments (or simulations) are conducted to measure many fuel assemblies from a pertinent 
range of values of burnup (BU), initial enrichment (IE), and cooling time (CT).5 (These three 
variables will be called collectively as the “BIC set” of variables in the following discussion; 
see also Section 3.2.) Historically, these BIC variables have been chosen because their values 
for a given fuel assembly are usually easy to determine from its records and because they 
seem to characterize spent fuel assemblies to a large extent. The measured quantity and the 
BIC variables are averages over the transverse cross-section of the fuel assembly and may 
also be averages over the axial length. By these experiments or simulations, the measured 
quantity is correlated to the BIC set, so that any future measurement on an unknown fuel 
assembly can be interpreted. 

 
Figure 81: The current logic of NDA practice for safeguards. Reprinted from [210] with 

permission from Elsevier.  

Second, the values of the BIC set are correlated with the characteristic of interest, i.e., the 
fissile or plutonium content. In the past, destructive assays were performed on the range of 
fuel assemblies to determine their isotopic content and establish the correlation. The current 
practice is to conduct burnup simulations to create the correlation. 

In summary, the current NDA practice is to make two correlations to logically connect the 
measurement of a fuel assembly to its characteristics of interest via its BIC-set value. One 

                                                 
5 The cooling time is assumed to be within a practical range: greater than a few days so that all of the very-short-
lived neutron poisons (like 135Xe) have decayed away, but less than about one century. 
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correlation is between the measured quantity and the BIC set. The other correlation is between 
the BIC set and the isotopic content. 

The problem with these measurements is illustrated in Figures 11 (TN), 14 (PNAR), 17 
(CIPN), 25 (DDA), 26 (DN), 37 (DDSI), and 52 (SINRD). The problem is that one measured 
value (on the vertical axis of each figure) corresponds to a range of possible values of the 
fissile content (on the horizontal axis). It is therefore impossible to obtain an accurate 
determination of the fissile content by using only one measured quantity in the absence of 
other information. 

Burr et al. [135] have quantified this type of uncertainty that is exhibited in all these NDA 
techniques. They chose to analyze the PNAR technique as a representative example. Through 
Monte Carlo simulations, they showed that the fissile content of a spent fuel assembly can be 
predicted to a high degree of accuracy (accounting for 99.7% of the variance) by a parametric 
equation that uses only the three BIC variables as the parameters (Equation 1 in their paper). 
This equation was derived from a wide subset of the BIC domain and is therefore valid over 
that wide subset (though with the caveat that the fuel assemblies being examined were 
themselves merely the product of burnup simulations). They furthermore made the contrasting 
observation that if only the PNAR signal is used to determine the fissile content, then the 
relative error standard deviation (RESD) in the fissile content varies from 15% to 69% (as a 
function of the variation of the measurement RESDs from 1% to 20%, that is, as a function of 
the errors in the count rates themselves). These numbers confirm the argument made above, 
that the one measured quantity—the PNAR signal in this example—cannot determine the 
fissile content accurately. 

The obvious solution to this problem is to use additional information to obtain an accurate 
determination. Such information can be added implicitly or explicitly. It can be added 
implicitly by applying the NDA only to a limited set of fuel assemblies, such as fuel 
assemblies from the same spent-fuel pool. In this way, most of the variables are implicitly 
kept fixed or within a tight dynamic range [127], and so the relationship collapses more or 
less to a one-to-one relationship (bijection). Such NDA results are inherently relative, 
applying only to fuel assemblies within the limited set, and so they are most useful just for 
checking for outlying fuel assemblies (Bevard et al. [2], Sections 3.4 and 7.1). Explicitly 
adding more information to the NDA measurement enables more general correlations to be 
made. If the BU, IE, or CT of the fuel assemblies is known a priori from their records or 
burnup simulations, then this information can be used to select a more accurate correlation 
between the measured NDA quantity and the fissile content. For example, Burr et al. [135] 
have shown that including accurate values of BU and CT (or of IE and BU) along with the 
NDA signal when calculating the fissile content produces a more accurate result than using 
just the NDA signal alone. 

Burr’s results also reveal that this kind of uncertainty in all these NDA techniques can be 
classified neither as random error (since knowledge of one or more BIC variables improves 
the result) nor as short-term systematic error (since the discrepancies are not all in one general 
direction), according to the commonly used definitions in the book of International Target 
Values [411]. Instead, the uncertainty is not inherent to each fuel assembly itself but is rather 
the uncertainty of choosing the fuel assembly to be measured—i.e., where its unknown BIC-
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set value happens to be in relation to the calibration curve through the BIC-set domain. It is 
this choosing that is random. The explicit addition of information about the values of one or 
more BIC variables for a given fuel assembly therefore reduces the uncertainty by assisting 
the NDA practitioner to adjust the calibration curve to be more appropriate for interpreting the 
NDA measurement result for that given fuel assembly. 

The following sections explain the physical reasons behind this phenomenon that has been 
merely observed by Burr et al.: why this uncertainty exists and why the knowledge of the BIC 
set, in particular, reduces this uncertainty. Various parts of these explanations are well-known 
in the literature; the originality of this work is the collection of these parts into a cohesive 
whole—a paradigm—that provides both a clearer interpretation of past results and the ability 
to predict ways to improve NDA practice. The priority is thus to derive an understanding from 
physical principles rather than to address specific pragmatic concerns. Such an understanding 
will nonetheless be useful for directing other research to address such concerns. 

6.2 Theory: The nature of the vector spaces in NDA practice 

6.2.1 The existence of the vector space of physical properties 
The first step to constructing a better paradigm for NDA practice is to recognize explicitly 

that a vector space of the physical properties of the spent fuel assembly at the time of the 
NDA measurements should be included in the overall logic of Figure 81. The result is shown 
in Figure 82. The physical properties are physical in the sense of being related to the physics 
of the generation and transport of neutrons, photons, heat, or other particles or energy 
throughout the fuel assembly. The physical properties may be able to be detected directly (e.g., 
the gamma-ray activity), or they may need to be deduced (e.g., the multiplication of neutrons).  

 
Figure 82: The corrected logic for proper NDA practice on spent fuel assemblies. Reprinted 

from [210] with permission from Elsevier.  

The reason that the physical-properties vector space must be recognized and included is 
that the physical properties are the current characteristics of a fuel assembly and can be 
repeatedly determined or verified, whereas the BIC set describes only the past history of the 
assembly and therefore cannot be repeated for that particular assembly. This is to say that the 
NDA measurements are actually measuring the physical properties, not the BIC variables, in 
contradiction to the common parlance in both the safeguards and burnup-credit communities. 
For example, the only way to actually measure BU is to measure it while the fuel assembly is 
being burned in the reactor, such as by putting a neutron-flux monitor next to the fuel 
assembly or by detecting the antineutrinos associated with fission events [412]. This 
contradiction may have originated with total (energy-independent) gamma-ray measurements, 
since the gamma-ray activity of a spent fuel assembly is almost completely comprised of 
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gamma-rays emitted from the radioactive decay of fission products. The gamma-ray activity 
is thus an indication of the number of fissions that have taken place—that is, an indication of 
the burnup. Most physical properties, especially the neutronic properties, cannot be so closely 
identified with a particular BIC variable, though; and even the gamma-ray activity depends on 
CT as well as on BU. It is therefore more correct to recognize and include explicitly the 
physical-properties vector space in the logic of NDA practice, and this addition is an essential 
part of the following arguments. 

6.2.2 The dominance of the neutronic physics  
The next step is to recognize that the neutronic physics is the most important physics of a 

spent fuel assembly and actually governs all the other relevant physics. This conclusion is 
supported by three obvious facts. First, the burning of nuclear fuel in a nuclear reactor is a 
neutronic process: neutron-induced fission. Second, uranium and plutonium are required to be 
determined and safeguarded precisely because of their fissile isotopes. Third, the residual 
reactivity of a spent fuel assembly—which is important for ensuring criticality safety—is also 
a neutronic property. Therefore, the processes by which a fuel assembly comes to be in the 
status of “used” and also the reasons for caring about the characteristics of the spent fuel 
assembly are all derived from the neutronic physics of the fuel assembly. 

6.2.3 The tri-dimensionality of the physical-properties and isotopic-content vector spaces 
The previous statements may have been obvious, but they are the necessary justification 

for this next step. Since the neutronic physics governs the relevant physics and isotopes of the 
spent fuel assembly, it is valid to examine an equation that describes the neutronic physics of 
the fuel assembly—that is, the neutron diffusion equation—to determine the dimensionality of 
the physical-properties vector space and of the isotopic-content vector space. The emphasis is 
on the state of the spent fuel assembly at the time of the NDA measurement, rather than 
during the burning of the fuel in the reactor. It is also assumed that the spent fuel assembly is 
immersed in cooling water unless otherwise stated. 

The one-speed neutron-diffusion equation for the spent fuel assembly is as follows: 

̅ − − −  Equation 57 

(This equation is basically the same as Equation 3.) The symbols have their usual nuclear-
engineering meanings [74, 289]. Note that the 1/keff coefficient should be included only when 
criticality is being examined, by setting S and ⁄  to zero. Also, delayed neutrons are not 
included separately in this equation, for simplicity of argument. The first two terms on the 
left-hand side of Equation 57 represent the production of neutrons: the first one by primary-
neutron sources and the second one by induced fission. The last two terms on the left-hand 
side represent the loss of neutrons: the first one by absorption and the second one by diffusion 
(i.e., leakage). The term on the right-hand side represents the change in the neutron flux 
during a transient. Of course, each term changes with position inside the fuel assembly. 

The fact that the physical-properties vector space is basically three dimensional can be 
seen by recognizing that although there are five terms in this equation, two of them are 
constant or known. Relative to the magnitude of the neutron flux, the diffusion term stays 
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almost constant with the burning of the fuel, because both the geometry of the fuel assembly 
and the diffusion coefficient at each location within the fuel assembly stay constant regardless 
of the burning of the fuel [209]. (Nauchi et al. [209] also determined that the leakage 
probability is constant, too; see Section 6.2.5 below.) Nauchi et al. explained this constancy of 
the diffusion coefficient by recognizing that the neutron diffusion is dominated by elastic 
scattering in water, and the water in and around the fuel assembly obviously does not change 
with burnup. An additional argument, not mentioned by Nauchi et al. [209], is that the 
inelastic scattering in the fuel also does not change greatly with burnup, because the quantity 
of the most prevalent heavy isotope in the fuel (238U for LEU; 235U for very enriched HEU) 
remains nearly constant over typical ranges of burnup. As for the time-dependent term, this 
term either is zero, for a steady-state NDA measurement, or is a known output (measured 
quantity), for a time-dependent NDA measurement such as neutron coincidence counting or a 
differential die-away (DDA) measurement. That is, the term either is zero or is represented by 
τ, a characteristic die-away time. This recognition is also supported by the fact that the term 
contains no material-related variables. It is seen then that only three terms in the neutron-
diffusion equation vary with the burning of the fuel, and since the neutronic physics governs 
the physical properties of the spent fuel assembly, the vector space of the physical properties 
must therefore be basically three dimensional. 

The dimensionality of the isotopic-content vector space can likewise be determined by 
examining this equation. Since Σa, by definition, includes both absorption that leads to fission 
and absorption that just captures the neutron, it is helpful to separate first these two kinds of 
absorption and to rearrange the equation accordingly: 

̅ − − − −  
Equation 58 

(same as Equation 3) 

The second term now is the net neutron production from fission. In this equation, the first 
three terms correspond to the three kinds of isotopes that affect the neutron physics of the fuel 
assembly: the primary neutron sources (corresponding to S), the fissile isotopes 
(corresponding to Σf), and the neutron-capturing isotopes (corresponding to Σa,capture). Again, 
the last two terms are constant or known. Therefore, the isotopic-content vector space is also 
three-dimensional, consisting of three groups of isotopes. 

A criticism of these conclusions might be that Equations 57 and 58 are only one-speed and 
so do not account for the physics of the neutron energy spectrum. Neutron energy should 
therefore be considered as another dimension, perhaps. However, the neutron energy 
spectrum is determined by neutron scattering, which remains constant with the burning of the 
fuel, as has already been explained. (It must be reiterated that the energy spectrum at the time 
of the NDA measurement is what is in view here.) Therefore, neutron energy is indeed a 
secondary property, and its influence can be treated as a minor uncertainty in the values of the 
other, more important properties. 

The fact that some NDA techniques specifically analyze the neutron energy spectrum may 
seem to contradict this simplification. Such techniques include neutron resonance 
transmission analysis (NRTA), neutron resonance capture analysis (NRCA) [12], lead 
slowing-down spectroscopy (LSDS), and self-interrogation neutron resonance densitometry 
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(SINRD). These techniques operate by analyzing the resonances of specific isotopes, though, 
rather than the energy spectrum of the fuel assembly as a whole. (In its most practical 
configuration that uses only 235U fission chambers, SINRD analyzes the 0.3 eV resonances of 
all three fissile isotopes together as a group.) In other words, these NDA measurements are 
more or less direct measurements of individual isotopes, rather than measurements of a 
physical property of the fuel assembly. Therefore, the quantity of the isotope of interest, not 
neutron scattering and moderation, governs the measurement. The neutron-energy 
characteristics of the fuel assembly as a whole merely limit the applicability of such NDA 
techniques.6 

Though the argument has already been made that the neutronic physics governs the 
physical properties and isotopes, it is nevertheless appropriate to show explicitly how the 
gamma-ray physics and associated isotopes do follow the neutronics, in fact. The delayed 
gamma (DG) NDA technique follows the neutronics because the delayed gamma-rays come 
from induced fission, primarily or totally in the fissile isotopes (according to the instrument’s 
design) [48]. Prompt-gamma activation analysis (PGAA) is based on neutron capture in the 
neutron absorbers [11]. Passive gamma-ray measurements, whether energy-independent (total, 
TG) or energy-dependent (PG), rely on gamma-rays emitted by the radioactive decay of 
fission products [53, 75]. Admittedly, there is not a direct connection between the isotopes 
that produce these passive gamma-rays and the neutronic physics of the fuel assembly at the 
time of the NDA measurement, since these isotopes do not play a significant role in fission, 
neutron capture, or neutron scattering. An indirect link does exist, though, because these 
isotopes were created through the induced fission that occurred in the nuclear reactor. The 
induced-fission term of Equations 57 and 58 at the time of the NDA measurement must 
obviously be connected with the induced-fission term of Equations 57 and 58 during the 
burning of the fuel assembly in the reactor. From another perspective, the passive gamma-rays 
are clearly linked to BU; and since BU is linked, in turn, to the neutronic physical properties 
and isotopes at the time of the NDA measurement (as will be proven in Section 6.3), the 
passive gamma-rays must likewise be linked to them as well. Therefore, the gamma-ray 
physics is tied to the neutronic physics, in general.  

6.2.4 The NDA techniques that are less dependent upon the BIC set 
It was mentioned in the previous subsection that the NRTA, NRCA, LSDS, and SINRD 

NDA techniques analyze the characteristic neutron-energy resonances of specific isotopes. 
Similarly, the nuclear resonance fluorescence (NRF) technique analyzes the characteristic 
gamma-ray resonances of specific isotopes [357], and the X-ray fluorescence (XRF) 
technique analyzes the characteristic X-rays of specific elements [62, 75]. By the arguments 
made above, such NDA techniques should not depend upon the BIC set significantly or at all. 
(SINRD does have some dependence on the BIC set (Figure 52) because it is not based purely 
on the analysis of resonances.) On the other hand, all these techniques except NRF are 
                                                 
6 One might say that the very difficult problem of self-shielding in the LSDS technique is a symptom of a partial 
failure of these arguments for that technique. Although LSDS does try to analyze a unique, resonance-based 
signal from each fissile isotope, the phenomenon of self-shielding is actually a property of the fuel assembly as a 
whole. LSDS requires the absence of water in the fuel assembly; and without water in between the pins, the 
neutron-energy characteristics of the fuel assembly become much more significant. 
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moderately to severely limited by the attenuation of the characteristic signal through the 
intervening material between the point of generation of the signal and the location of the 
detector. Such attenuation prevents the NDA techniques from detecting any significant signal 
from the inner fuel pins of a spent fuel assembly. This lack of information is unacceptable for 
safeguards, since inner pins could be removed (i.e., a partial defect) without the loss being 
detected. For this reason, it is presumed in this paper that such NDA techniques must be used 
in a complementary way with NDA techniques that are able to detect the inner pins and yet 
are dependent upon the BIC set. 

6.2.5 The composition of the physical-properties and isotopic-content vector spaces 
The discussion of Equations 57 and 58 has already indicated some of the various physical 

properties and groups of isotopes that can be included in the respective vector spaces. 
Nevertheless, it is necessary to list both the main properties and isotopes that can be included 
and those that cannot, and to provide justification for these listings. In the various extant and 
proposed NDA techniques, many physical properties are examined, and many different 
isotopes are considered. These facts do not contradict the tri-dimensionality of each space, 
because the many physical properties are not all independent of each other and because the 
isotopes must be grouped appropriately. 

The first term, S, in Equations 57 and 58 corresponds to the quantity or production rate of 
primary neutrons in the spent fuel assembly. This quantity (or rate) will henceforth be 
designated by the symbol NPRI. Primary neutrons are created chiefly by the spontaneous 
fission of 242Cm, 244Cm, and 240Pu but also by (α,n) reactions and by photofission, to a much 
lesser extent [75]. Because the spontaneous fission of these three isotopes dominates the 
production of primary neutrons, these isotopes can be considered collectively as one of the 
variables in the isotopic-content vector space. 

The second and third terms in Equation 57 correspond to neutron multiplication. There are 
many ways to represent neutron multiplication, but this paper will represent it by the leakage 
multiplication, ML. It is to be understood that ML can be translated into the other 
representations for both active and passive measurements, at least in theory [165-169, 413]. 
ML is the number of neutrons that leak out of the fuel assembly per initial neutron [75]. For 
passive neutron measurements, ML has a simple yet powerful relationship with both NPRI and 
the measured neutron count rate outside the fuel assembly (Equation 14.1 of Reilly et al. [75], 
and Equation 17 of Henzl et al. [23]): 

 Equation 59 

(This equation is the same as Equation 7 except that the ARR has been incorporated into ML 
for simplicity of discussion.) Here, ε is the efficiency with which the neutron detector can 
detect neutrons that are outside the fuel assembly, in contrast to some other definitions. It 
must be emphasized that although the primary neutrons multiply differently than do neutrons 
introduced into the fuel assembly from an external source, the various representations of such 
multiplication are all connected and are not independent. 

The second term in Equation 58 corresponds to the fissile isotopes. The safeguards 
community defines an effective 239Pu content (239Pueff) that is a weighted sum of all three 
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fissile isotopes—235U, 239Pu, and 241Pu. (See Section 3.3.2.) The weighting of the isotopes 
depends on the particular NDA technique being considered, but this distinction will be 
ignored until Section 6.4. 

The third term in Equation 58 corresponds to the neutron absorbers. Only those isotopes 
that change significantly with burning are relevant for NDA; neutron capture in 238U in used 
LEU fuel assemblies is irrelevant for this reason, for instance. Therefore, the neutron 
absorbers can be divided into transuranic isotopes and fission products (which include those 
isotopes made by neutron capture in the direct fission products). All of the transuranic 
isotopes on the 242Cm and 244Cm nucleosynthesis pathways (Figure 5) can be considered as 
neutron absorbers, because all of them (including 239Pu and 241Pu) have thermal and 
epithermal neutron-capture cross sections that are larger than those of 238U [125, 414]. The 
241Am is noteworthy because it has the largest capture cross section of all the long-lived 
isotopes on the nucleosynthesis pathways to 244Cm and 242Cm (Figure 5). As for the fission 
products, a mere 16 fission products (plus 155Eu) are responsible for about 80% of the neutron 
capturing in fission products; see Section 3.3.3. In short, the neutron-absorbing isotopes are 
one group, consisting of two subgroups of transuranic and fission-product isotopes. 

The third term in Equation 58 can sometimes also be identified explicitly with the physical 
property of neutron capture, such as through the NDA technique of prompt gamma-ray 
activation analysis (PGAA) [11]. Usually, though, the intense passive gamma-ray activity of 
the spent fuel assembly makes it impossible to distinguish such neutron-capture gamma-rays. 
Therefore, neutron capture is usually incorporated into the physical property of neutron 
multiplication, instead. 

The fifth term in Equation 58—the “ ⁄ ” term—corresponds to a characteristic die-
away time, τ, for a pulse of neutrons in the fuel assembly to dissipate, as was previously 
mentioned. The die-away time is not actually a separate and independent physical property, 
though. Instead, it represents the net effect of all the other physical properties on the neutron 
flux. Henzl et al. [22, 23] have shown that τ changes proportionally with changes in ML for 
external-source neutrons; see Section 4.1.5.3. Therefore, it can be said that τ and ML represent 
the same physical property. 

Besides the four physical properties discussed so far, there is another way to represent the 
physics in Equation 58: namely, through the neutron fate probabilities [75, 415]. The last 
three terms on the left-hand side of Equation 58 correspond respectively to the only three 
ways that neutrons can be removed from the fuel assembly: by being absorbed and inducing 
fission, by being captured, and by permanently escaping out of the fuel (“leakage”). The three 
probabilities that correspond to these three fates (designated by pf, pc, and pl, respectively) are 
thus fundamental neutronic properties of every fuel assembly. Since the fates are mutually 
exclusive, the fate probabilities sum to one (pf + pc + pl = 1). 

Nevertheless, only the fission and capture probabilities are relevant for characterizing an 
LEU or HEU fuel assembly, since the leakage probability corresponds to the diffusion term, 
which stays practically constant. Nauchi et al. [209] have demonstrated that the leakage 
probability for a given type of LEU fuel assembly (e.g., PWR vs. boiling-water-reactor 
(BWR)) in water does not change with BU. There are two ways to view this fact: (1) the 
constancy of the neutron diffusion (pl = constant) and (2) the compensating changes in pf and 
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pc (1 − pl = pf + pc = constant). The first viewpoint has already been justified; the second 
viewpoint is justified next. 

Nauchi et al. [209] found that the decline in the macroscopic fission cross section of the 
235U in the fuel assembly because of burnup is compensated by increases in the macroscopic 
absorption cross sections of the fission products and the transuranic isotopes that are produced. 
Even the burnout of Gd burnable poison has a compensating mechanism, through changes in 
the neutron energy spectrum. The Gd hardens the spectrum in the fresh fuel, which decreases 
the effective microscopic absorption cross of the 235U but also increases the production of 
plutonium isotopes through capture in 238U. The result is that the decrease in the macroscopic 
cross section of the Gd during burning is compensated by increases in the 235U effective 
microscopic cross section and in the transuranic isotopes’ macroscopic cross sections. 
Furthermore, although they did not specifically study or mention it, their results also indicate 
that pl should be practically constant with IE and CT, too. (See the arguments in the original 
paper [210].) Therefore, the leakage probability cannot be relevant to characterization, except 
in the gross sense of distinguishing one type of fuel assembly from another (e.g., PWR from 
BWR) [209]. 

As for gamma-rays (including X-rays), they are unlike neutrons and neither perpetuate 
themselves in a chain reaction nor multiply, in general. There are therefore only two fates for 
gamma-rays: capture (pc) and leakage (pl). The capture of gamma-rays is better known as 
attenuation, particularly in three-dimensional geometry in which scattering is not considered a 
fate (in contrast with one-dimensional, beam attenuation). Gamma-rays are attenuated by 
coulombic interactions with both the nuclei and the electrons of the surrounding material [74]. 
The material composition of a fuel assembly stays roughly constant during burning and 
cooling, though: heavy-metal oxide, structural metals, and water between the pins. Since the 
attenuation does not change with changes in the physical properties and isotopes, it cannot be 
relevant to the characterization of the fuel assembly, except to limit the ability to measure the 
gamma-rays. The only gamma-ray physical property that does change with burning, then, is 
the production of gamma-rays, either passively (such as through radioactive decay) or actively 
(such as through fluorescence or fission); and this activity is, of course, a direct function of 
the quantities of the gamma-ray emitting isotopes in the fuel assembly. 

6.3 Results: The independence of the BIC variables with respect to the physical properties 
and the isotopic content 

The previous section (Section 6.2) argued that the physical-properties and isotopic-content 
vector spaces exist, are three-dimensional, and are ruled by the neutronic physics. It also 
specified what physical properties and groups of isotopes are included in the respective vector 
spaces. This section now demonstrates the independence of the BIC variables with respect to 
the physical properties and the isotopes, by examining how the BIC variables affect them at 
the time of the NDA measurements. 

Table 17 summarizes the arguments of the publication [210] and shows how the BIC set 
affects the relevant physical properties and isotopes. From this table, it is clear that the 
different properties vary in different ways with the BIC set: not just in magnitude but even in 
direction. If the logic is inverted (Figure 82), it is also clear that the three BIC variables must 

- 188 -

JAEA-Review 2015-027



 

be independent functions of the physical properties and of the isotopic content (see Figure 83 
for an example). This deduction plus the earlier recognition of the tri-dimensionality of the 
vector spaces of the physical properties and isotopic content (Section 6.2) are the main results. 
They explain why the BIC set characterizes spent fuel assemblies as well as it does, as 
quantified by Burr et al. [135] (Section 6.1). 

Table 17: The dependence of relevant physical properties and isotopes in used LEU and HEU 
fuel assemblies on the BIC variables. As BU, IE, or CT increases, the table indicates whether 
each quantity increases (up) or decreases (down). Each table entry assumes that the other BIC 
variables are being held constant. The bold-faced, capitalized entries represent the variables 
that predominantly affect the quantity. Reprinted from [210] with permission from Elsevier. 

Quantity BU IE CT 

Neutronic Properties 

NPRI UP DOWN down 

ML DOWN UP down 

τ DOWN UP down 
pl — — — 

pf DOWN UP down 

pc UP DOWN up 

Gamma-ray Properties 

Cγ, total UP — DOWN 

Cγ, Cs-137 UP — DOWN 

Cγ, Cs-133 UP down DOWN 

Cγ, Eu-154 UP down DOWN 

Σresonance  Corresponds to the individual isotopes. 

Specific Isotopes 
244Cm & 240Pu UP DOWN down 

235U DOWN UP — 
239Pu UP first down then up — 
241Pu UP first down then up down 
155Eu UP down DOWN 

16 Fission Products‡ UP down up 
†  Natural and depleted uranium fuels are excluded from this analysis. 
‡  These are the set of the 16 most important fission products for neutron capture. See Sections 3.3.3 and 

6.2.5. 
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Figure 83: Illustration of how the BIC set can be a basis for an example vector of physical 

properties (NPRI, ML, Cγ) (left schematic) and vice versa (right schematic). The non-orthogonal 
vectors in each schematic are pointing in the corresponding directions of maximum increase 
with respect to the orthogonal vectors, in accordance with Table 17. Reprinted from [210] 

with permission from Elsevier. 

The BIC set can fail to characterize a spent fuel assembly whenever additional variables 
become significant. The three main variables that can be expected to cause problems are (1) 
time in the reactor (i.e., irradiation history), (2) neutron energy in the reactor, and (3) 
geometry of the fuel assembly in the reactor, by itself, and within each fuel pin. The chemical 
form of the fuel and the environment of the measurement can also be complicating factors. 

These failure modes can be partially mitigated, at least. The problem of irradiation history 
can be significantly reduced by waiting for three years after a fuel assembly has been 
discharged from the reactor before making an NDA measurement on it. Slight changes in the 
neutron energy spectrum during burning can be handled through IE and by measuring the 
axial burnup profile. Gross differences in the neutron energy spectrum—such as between 
LWRs and HWRs—can be handled by the appropriate application of the correct correlations 
with the BIC set for that type of fuel assembly. Similarly, separate correlations with the BIC 
set must be used for different types of fuel assemblies having different geometries. The 
position of the fuel assembly in the reactor during burning can be taken into account 
somewhat by measuring all sides of the fuel assembly. Different chemical forms of the fuel 
and different NDA measurement environments also require separate BIC-set correlations. 
Therefore, the BIC set is a sufficient basis for characterizing spent fuel assemblies in many 
cases and/or to first order. (For further arguments to this point, see the publication [210].) 

6.4 Discussion: The main implication of the improved paradigm for NDA practice 
The most important implication of the foregoing analysis is that three, independent NDA 

measurements, at minimum, are generally necessary to accurately determine a used LEU or 
HEU fuel assembly’s isotopic content (for safeguards) and contribution to the reactivity of a 
collection of fuel assemblies (for burnup credit), if no other information, such as from the 
reactor operator, is used. Since all of the vector spaces in Figure 82 other than the measured-
quantities vector space are three-dimensional (for LEU and HEU fuel), it is mathematically 
and physically impossible to obtain an accurate determination of any quantity from any of 
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those vector spaces unless the vector space of measured quantities is also three-dimensional. 
This rule is essentially the same rule from linear algebra, that the number of simultaneous 
equations must equal the number of unknowns in order to achieve a unique solution. With 
fewer equations, the solution is indeterminate. In the case of NDA, the forms of the 
simultaneous equations may be unknown and may need to be found empirically through 
Monte Carlo simulations, but the fundamental fact that there must be at least three of them has 
been proven by the foregoing analysis. 

The combination of a sufficient number of independent NDA measurements enables the 
resolution of the multivariate problem exhibited by most of the NDA techniques. Based on 
the quantitative analysis by Burr et al. [135] that was discussed in Section 6.1, the expected 
improvement in the accuracy of the determination of the fissile content (for safeguards) or the 
residual reactivity (for burnup-credit) is from the 15% RESD of a single NDA measurement 
to the 3% or less RESD of the knowledge of the full BIC set. (See Burr’s Tables I and II.) 
This expected improvement is based on the more conservative numbers in Burr’s paper, so the 
actual improvement may be even greater. Thus, the common question among NDA 
practitioners about a given NDA technique—“What is its accuracy?”—has been shown to be 
a poorly posed question for NDA of spent fuel assemblies. The proper question is, “What is 
the accuracy of this particular combination of three NDA techniques?” Furthermore and of 
equal or greater importance than the improved accuracy, the determination of the fissile 
content or residual reactivity by a combination of three independent NDA measurements can 
be completely independent of any information provided by the reactor operator—i.e., totally 
derived from measurements. Such an ability is of essential value to the safeguards community. 

There is at least one example in the literature of researchers inadvertently following this 
principle of combining three independent NDA measurements of a spent fuel assembly, and 
they achieved good results that are commensurate with the numbers of Burr et al. and the 
predictions of the foregoing analysis. In their recently published paper, Henzl et al. [23] have 
proposed combining two neutron NDA measurements: a passive, total measurement and an 
active, differential-die-away measurement. The neutron detectors of the differential-die-away 
instrument also serve to make the passive measurement. The passive measurement provides 
one equation for the two variables, NPRI and ML (Equation 59), and the active measurement 
determines a die-away time, τ, that corresponds to ML. (See Table 17.) A third NDA 
measurement was not proposed, but Henzl et al. assumed that CT is known a priori, and they 
included it explicitly in their analysis through Figure 5 and Equation 20 of their paper. Their 
simulations indicate that with these three independent pieces of information, the total Pu 
content of a spent fuel assembly can be determined to an accuracy of 2% or better, which 
corresponds to the numbers of Burr et al. The above, logical arguments have shown that such 
a good result is not primarily a property of the differential-die-away NDA technique itself but 
rather a consequence of the combination of three independent NDA quantities. 

The independence that is required of the measurements is an independence in terms of the 
physical properties of the fuel assembly at the time of the NDA measurement (Figure 82). The 
analysis of Section 6.3 proved that the BIC variables are independent in terms of these 
physical properties, in terms of the isotopic content, and in terms of the physical properties of 
the fuel assembly in a collection of fuel assemblies. Therefore, it is necessary and sufficient to 
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show that the NDA measurements are measuring either three different physical properties (the 
measurements are orthogonal) or three different combinations of three different physical 
properties (they are not orthogonal, but they are independent). Table 17 can be used as a guide 
for this purpose, since it lists the major physical properties of the fuel assembly, as derived 
from a consideration of Equation 58. 

It must be mentioned explicitly that the point is that a minimum of three independent NDA 
measurements are necessary. If one or more other variables cause the BIC set to fail to 
adequately characterize a fuel assembly, then additional measurements must be made. The 
analyses of Section 6.3 can thus be viewed in this way: Table 17 establishes that three 
measurements are a necessary condition for an accurate characterization, while the paragraphs 
following the table indicate that three measurements are a sufficient condition in many cases 
but not always. 

The fact of this implication has not been fully realized until now. Although the integration 
of NDA techniques has been suggested before [5, 73], the basis of the integration has not been 
these fundamental physical principles. Rather, it has been an attempt to distinguish the three 
fissile isotopes (by three independent equations; Section 3.3.2) and a recognition that since 
BU, IE, and CT all affect the assay result, it is desirable to choose NDA techniques that can 
determine these variables. Therefore, the realization here of the requirement for a minimum of 
three independent measurements and of the fundamental reasons for this requirement 
constitutes a significant advancement in the paradigm of NDA of spent fuel assemblies. 

The aforementioned attempt to distinguish the three fissile isotopes by integrating NDA 
techniques [5, 73] can also be examined critically in light of this first implication. (See item 
number 4 in Section 2.4, above, and Section 3.3.2.) According to the theoretical treatment 
developed in Section 6.2, the three fissile isotopes act together as a single group with regard 
to the physical properties (Equations 57 and 58). Yet, the three isotopes vary differently with 
respect to the BIC variables (Table 17). These two facts mean that an analytical separation of 
the fissile isotopes by multiple NDA techniques does not proceed directly on the basis of the 
isotopes’ unique contributions to the physical properties of the spent fuel assembly at the time 
of the NDA measurement, but rather it proceeds indirectly on the basis of the unique way that 
these isotopes are created and destroyed through enrichment, burning, and cooling (the BIC 
set). This fact has heretofore been hidden in the correlations. Therefore, the primary basis for 
integrating NDA techniques needs to be their independence with regard to the overall physical 
properties and the BIC variables (Figure 82), not their independence with regard to the fissile 
isotopes. In other words, if the recommendation of this first implication is followed, so that 
the NDA techniques are combined on the basis of their independence with respect to the 
overall physical properties and to the BIC set, then a significant separation of the fissile 
isotopes should proceed naturally from the correlation from the BIC set to the isotopic 
content—not because the isotopic-content vector space contains more than three dimensions 
but because the BIC set characterizes the spent fuel assembly to first order. Further refinement 
of the separation can then be made by adding one or more isotope-specific NDA techniques 
(Section 6.2.4) to the combination, as anticipated by Tables 2 and 3 in the review by Charlton 
and Humphrey [5]. 

- 192 -

JAEA-Review 2015-027



 

Although the discussion of the NDA of spent MOX fuel assemblies has been omitted from 
this summary of the original publication [210], one important concept from that discussion 
does need to be repeated here. This concept comes from the fact that the three-dimensional 
BIC set may not completely represent all of the processes that can change the physics and 
isotopic composition of the fuel assembly. In the case of MOX fuel, one such process is the 
loading of non-fissile plutonium isotopes into the fresh fuel. Such isotopes increase the 
amount of 244Cm and primary neutrons in the spent fuel, but none of the three BIC variables 
represents such initial loading of these isotopes. Therefore, a fourth variable must be added to 
the BIC set for MOX fuel, making the set to be four dimensional (abbreviated as the “BICC” 
set). Nevertheless, the physics of spent fuel assemblies at the time of the NDA measurements 
remains three-dimensional even for MOX fuel assemblies, because the same neutron diffusion 
or transport equation applies to all fuel assemblies regardless of their composition. The 
correlations from a four-dimensional BICC set to the three-dimensional physical-properties 
and isotopic-content vector spaces thus become surjective but not injective. In order to use 
such a four-dimensional BICC set in the NDA logic (Figure 82), it becomes necessary to have 
four measurements to obtain an injective correlation to the BIC set, yet because the physical-
properties vector space remains three-dimensional, the fourth measurement must not depend 
on the physical properties of the fuel assembly! A fourth measurement of the physical 
properties of the fuel assembly would not provide information that would be substantially 
independent from the information already provided by the other three NDA measurements. 
Instead, the fourth measurement must exploit the characteristic energy resonances of specific 
isotopes in the fuel assembly to provide some direct quantification of them (Section 6.2.4). 
Such information would be independent of the physical properties of the fuel assembly.  

With regard to the NDA of enriched-uranium assemblies specifically, this concept means 
that adding more NDA techniques beyond the first three will not lead to dramatic gains in 
NDA accuracy. The fourth and subsequent NDA techniques will merely be over-constraining 
the three-dimensional mathematical problem, so that in general, they can improve the assay 
result only by increasing the accuracy of the values of the three physical properties that have 
already been determined by the first three techniques. Of course, to whatever extent the BIC 
set is not precisely three dimensional, the fourth and subsequent NDA techniques can also 
improve the accuracy of the correlations themselves if the techniques have some sensitivity to 
characteristic energies of isotopes, as exemplified by the case of MOX fuel described above. 

A final deduction that pertains to other large objects besides spent fuel assemblies can be 
made from the arguments in Sections 6.2.4 and 6.3 [416]. What is specifically in view here is 
large objects that contain large amounts of fissile and moderating material, just as spent fuel 
assemblies do. From these two sections, it can be observed that almost all NDA techniques 
either (1) require a three-dimensional correlation through the BIC set in accordance with 
Figure 82 or (2) are prevented, by attenuation, from assaying the inner portions of the 
assembly or object. In the case of spent fuel assemblies, the fact that the geometry of the 
assembly is known and constant with the BIC set means that a three-dimensional correlation 
through the BIC set is possible. Thus, the accurate NDA of spent fuel assemblies is 
theoretically possible. In the case of other large objects with unknown and variable geometry, 
though, such a 3-D correlation is theoretically impossible, since the diffusion term in the 
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neutron-diffusion equation (Equations 3, 57, and 58) is no longer constant or known. 
Furthermore, since attenuation prevents a direct assay without a correlation, the accurate 
assay of such large objects is fundamentally impossible—with almost all NDA techniques. 

 The only NDA techniques that are able to assay large objects with unknown, variable 
geometry are those that do not require a 3-D correlation and that can accurately account for 
the attenuation of the signal. Such techniques are those that analyze characteristic resonance 
signals that are imparted to a one-dimensional beam of radiation as it is transmitted through 
the object. The characteristic resonances make such techniques independent of the 3-D 
correlation, and calibration measurements without the object in the beam allow the attenuation 
of the signal by the object to be determined accurately as long as at least some of the signal is 
able to pass all the way through the object. The neutron NDA technique that meets these 
requirements is NRTA, and the corresponding gamma-ray NDA technique is NRF. Thus, only 
these two NDA techniques have the capability to assay accurately large objects with unknown, 
variable geometry. This conclusion is illustrated by Table 18, which uses the above rationale 
to evaluate the sixteen NDA techniques (Table 1). Since NRTA is limited to assaying fuel 
assemblies that are dry and that have at most 12 pins in the beam [30], NRF, which has 
neither limitation, is the superior NDA technique. 

Table 18: Evaluation of sixteen NDA techniques regarding their ability to assay large objects 
with unknown and variable geometry (N = no; Y = yes) [416] 

The 14 NGSI NDA Techniques Does it directly 
measure a 

characteristic 
signal? 

Does it account 
for attenuation? 

Therefore, can it 
assay large items 

with unknown 
geometry? 

Total Neutron (TN) N – N 
Passive Neutron Albedo Reactivity analysis 

(PNAR) 
N – N 

252Cf Interrogation with Prompt Neutron 
detection (CIPN) 

N – N 

Differential Die-Away analysis (DDA) N – N 
Assembly Interrogation with Prompt 

Neutron detection (AIPN) 
N – N 

Delayed Neutron counting (DN) N – N 
Neutron Multiplicity (NM) N – N 
Differential Die-away Self-Interrogation 

(DDSI) 
N – N 

Total Gamma-ray counting (TG) N – N 
Passive Gamma-ray spectroscopy (PG) Y N N 
Delayed Gamma-ray (DG) N N N 
Self-Interrogation Neutron Resonance 

Densitometry (SINRD) 
Maybe N N 

X-Ray Fluorescence (XRF) Y N N 
Lead Slowing-Down Spectroscopy (LSDS) Y N (self-shielding) N 
Neutron Resonance Transmission Analysis 

(NRTA) 
Y Y Y 

Nuclear Resonance Fluorescence (NRF) Y Y Y 
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6.5 Conclusion of this section 
This section has summarized the most important concepts and results of the original 

publication [210]. It has explained the physical reasons for why the BIC set characterizes 
spent fuel assemblies to first order. It thereby has also explained why the lack of knowledge 
of one or more of the BIC variables produces significant uncertainty in the NDA result—that 
is, the uncertainty that was examined by Burr et al. [135]. These reasons are rooted in the 
fundamentally multidimensional nature of the NDA measurements and of the isotopic content, 
physical properties, and burning, enrichment, and cooling history of a spent fuel assembly. 
Section 6.2 of this report has laid out the relationships among these four vector spaces and has 
shown, by reference to basic nuclear engineering, that the isotopic-content and physical-
property vector spaces are basically tri-dimensional. The burning, enrichment, and cooling 
history for LEU and HEU fuel is also tri-dimensional, at minimum, and can be represented by 
the BIC set. 

By examining the physics and effects of the burning, enrichment, and cooling of nuclear 
fuel (Section 6.3), it has been proven that the three BIC variables are independent with respect 
to the physical properties and the isotopic content of a spent fuel assembly. This fact has 
established that the determination of the full BIC set is a necessary condition for accurate 
NDA results. Therefore, a minimum of three independent NDA measurements is generally 
necessary to properly characterize used LEU and HEU fuel assemblies and thereby achieve 
accurate results that are independent of information provided by the reactor operator. 
Correspondingly, the addition of more NDA measurements beyond the first three is not 
expected to produce similarly dramatic gains in accuracy. 

A final conclusion recognizes that a correlation through the BIC set works only if the 
geometry of the sample stays constant, as it does for spent fuel assemblies. For large objects 
with unknown and variable geometry, only transmission NDA techniques seem to be capable 
of achieving accurate assays, since (1) they rely on measuring characteristic resonance 
energies and not on a correlation through the BIC set and (2) they account for attenuation of 
the radiation signals. 
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7. Evaluation of the NGSI’s approaches in the Spent Fuel NDA Project and of their proposed 
NDA combinations 

This section applies the knowledge of the sixteen NDA techniques (fourteen advanced 
techniques plus two simple techniques) and the new NDA paradigm that was presented in the 
previous section, to evaluate the NGSI’s approaches in the Spent Fuel NDA Project and their 
proposed NDA combinations. This evaluation emphasizes the ability to provide consistent 
and reasonably accurate assays, rather than being concerned with such pragmatic issues as 
portability and equipment cost, which have been primary concerns in previous evaluations [5, 
6, 73]. This different choice of emphasis is appropriate, because whereas previous NDA 
practice, including that by the NGSI, contained an element of trial and error, the new 
paradigm provides rational grounds for the confident expectation of superior assay results by 
combining NDA techniques according to a well-defined and physically based methodology. 
The rather mediocre NDA results that have been heretofore obtainable worldwide have not 
warranted significant investment of cost and effort in NDA of spent fuel assemblies [142], 
which understandably has forced NDA practitioners, including the NGSI, to prioritize 
reducing the cost and effort. With the promise of NDA results of truly useful accuracy 
because of the new paradigm, the achievement of such results necessarily rises once again to 
the foreground of the discussion, since they likely will justify greater investment for both 
traditional and new safeguards applications. 

The heart of the new paradigm is that the NDA of spent fuel assemblies is fundamentally a 
three-dimensional problem, with the three dimensions being (1) the generation of primary 
neutrons, (2) the generation of secondary neutrons, and (3) the capture of neutrons. These 
dimensions come from the neutron diffusion or transport equation. The NGSI’s proposed 
combinations of NDA techniques can thus be judged according to whether or not they 
produce three independent, measured quantities that satisfy this three-dimensional problem; 
see Figure 82. Additional NDA techniques beyond the first three can be expected to improve 
accuracy significantly only if they exhibit dependency on the characteristic resonance 
energies of specific, important isotopes. 

Equally importantly, the evaluation criteria of the new paradigm supersede previous 
criteria, in particular the use of three NDA measurements to solve for the quantities of the 
three fissile isotopes by means of the three techniques’ unique equations for effective 239Pu 
(Section 3.3.2). As discussed in Section 6.4, the NGSI’s apparent successes in combining 
NDA techniques according to this criterion (such as the integration of DN with DDA) are 
actually a consequence of the techniques’ independent representations of the unique way that 
BU, IE, and CT alter the three-dimensional physical and isotopic characteristics of the fuel 
assembly. Since the NGSI, following common NDA practice, almost never calculated 
absolute values for the physical properties of the fuel assemblies nor evaluated their NDA 
techniques on fuel-assembly models other than those created by burnup simulations, there 
was practically no way for them to uncover the truth that both the NDA measurement results 
and the quantities of the fissile isotopes are consequences of the BIC set, rather than the NDA 
measurement results being a consequence primarily of the quantities of the individual fissile 
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isotopes, as they had assumed.7 To have uncovered this truth, they would have had to have 
created another library of fuel-assembly models with the quantities of the fissile isotopes 
having been changed arbitrarily while having kept the other two dimensions—primary 
neutron generation and neutron capture—constant, and then they would have had to have 
tested several NDA instruments on this alternate library of fuel-assembly models. Such an 
ambitious effort would have been hard to justify within the scope of the Spent Fuel NDA 
Project without having known beforehand what the outcome would be. 
With the criteria of the new paradigm firmly in mind, the NGSI’s proposed combinations of 
NDA techniques can be rigorously evaluated. Table 19 lists the independent physical 
properties that govern each of the NDA techniques in the proposed combinations, and it also 
indicates the isotopes to which the techniques are sensitive because they measure their 
characteristic energy resonances. The table shows that all of the combinations contain more 
than enough independent measurements to satisfy the three-dimensional criterion. Also, note 
that since the TN technique is inherently part of one of the other NDA techniques in each 
combination, it will not be discussed separately. 

As explained in Section 4.1.3.3 (the analysis of CIPN data), the combination with CIPN 
(No. 2) produces better data than the combination with PNAR (No. 1). The knowledge of the 
strength of the interrogating neutron source in CIPN allows the NDA practitioner to separate 
the generation rate of primary neutrons (NPRI) from the multiplication of those neutrons by 
induced fission (ML). Such separation is impossible in the PNAR technique because the 
strength of the interrogating neutron source in that technique, namely, the number of reflected 
neutrons, is itself a function of the unknown product of NPRI and ML. The benefit of having a 
clear separation between these two quantities is that they are each associated with a particular 
term of the neutron-diffusion equation (Equation 3) and with the corresponding group of 
isotopes. NPRI is associated with the first term of the equation and with the primary-neutron-
generating isotopes (especially 244Cm), and ML is associated with the second and third terms 
and with the secondary-neutron-generating isotopes (especially the fissile isotopes) and 
neutron absorbers, respectively. These associations make the interpretation of the three-
dimensional correlation from the physical properties through the BIC set to the isotopic 
content much easier to follow (Figure 82). Furthermore, some other NDA techniques, such as 
DDA and DDSI, can produce values for the neutron leakage multiplication by itself (ML, via 
τ). These values can be compared directly with the value measured by the CIPN combination 
but not with the product of NPRI and ML produced by the PNAR combination. The price to pay 
for the better data from CIPN is the expense and hassle of the 252Cf source, of course. 

The combination with SINRD (No. 3) is similar to the combinations with PNAR (No. 1) 
and with DDSI (No. 5) in several respects. All three of these techniques are passive, and all 
three are sensitive primarily to the induced fission events that occur in the outer rows of fuel 
pins. SINRD analyzes the 0.3 eV resonance chasm that is created to induce those outer fission 
events and analyzes the fast neutrons from those events, too; PNAR analyzes the neutron 
multiplication that those fission events produce ( ̅ ); and DDSI analyzes the time 
                                                 
7 Of course, the three fissile isotopes do have slightly different effects on the NDA measurements; this fact is not 
in question here. The point is that they affect the NDA results much less than the BIC variables affect the results, 
and furthermore, the quantities of the three fissile isotopes in spent fuel are themselves governed by the BIC set. 
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coincidence of both those fission events and their multiplied neutrons. Unlike the signals from 
PNAR and DDSI, though, SINRD’s signal is very susceptible to even a small amount of 
intervening moderating material, since it is an energy-based signal. Therefore, even though 
each of these three techniques can satisfy the three-dimensional NDA criterion when in 
combination with TG (and including TN, of course), the SINRD combination (No. 3) might 
be expected to have the worst accuracy of the three. This speculation still remains to be 
verified through field trials, of course, since there are many other factors involved. 

The fourth combination is basically a collection of all the NDA signals that one can obtain 
from using a pulsed neutron generator of moderate strength and small size. The new 
paradigm’s criteria provide the means to see how all of the signals relate to each other and to 
the overall assay. The main NDA technique of the combination is DDA, certainly in part 
because of the promising results of Henzl et al. [22, 23]. As explained above in Section 6.4, 
the good results are largely a consequence of a proper integration of DDA, TN, and an a 
priori knowledge of the cooling time, which could also come from including a TG 
measurement. Nevertheless, the DDA technique itself does give a good value for the neutron 
leakage multiplication through its measurement of the die-away time, and ML can be 
considered as one of the fundamental physical properties of spent fuel assemblies (Table 17), 
even though it is the net result of both induced fission and neutron capture.  

The new paradigm can then be used to show how the remaining two dimensions are 
satisfied by the other techniques. The TN measurement, which is made with the DDA neutron 
detectors while the neutron generator is turned off, provides a dependency on the number of 
primary neutrons, NPRI, though it is still mixed with ML. A TG measurement could provide the 
third dimension, and in this case, the DDA+TN+TG combination would be very similar to the 
CIPN+TN+TG combination, with DDA and CIPN providing the measure of ML. The NGSI 
have not chosen this route, however, because they want to use this fourth combination to 
obtain the maximum possible amount of detailed information about the spent fuel assembly 
[5], and TN and TG are the opposite of detailed techniques. The third dimension is therefore 
provided primarily by the DN measurement. As explained in Section 4.1.6.1, the combination 
of DDA and DN is useful because DN significantly isolates the induced-fission term from the 
neutron-capture term in the neutron diffusion equation, whereas DDA’s measurement of ML 
includes the neutron-capture term. The trio of DDA, DN, and TN thus covers the three-
dimensional NDA criterion by their dependencies on ML, induced fission, and NPRI, 
respectively, so the remaining NDA techniques in the combination—DG and PG—merely 
refine the accuracy. 

For the purpose of refining the assay accuracy, DG and PG should be very good choices, 
since both of them analyze characteristic resonance energies of specific isotopes (Section 6.4). 
The PG technique is, of course, simply the making of a gamma-ray measurement with the DG 
detectors without any neutron interrogation. Regarding the DG measurement, if the DN 
measurement would not be included in the combination, an absolute DG measurement could 
provide a similar isolation of the induced fission term to satisfy the three-dimensional 
criterion; but since DN is included, a relative DG measurement should suffice (Section 
5.1.1.3). In the total combination, then, the set of neutron techniques, DDA+DN+TN, serves 
as the base to satisfy the three-dimensional criterion, and the set of gamma-ray techniques, 
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DG+PG, serves to refine those results. The accuracy of this fourth combination of NDA 
techniques should therefore be very good. 

The combination with DDSI (No. 5) is particularly interesting because of the theoretical 
possibility that DDSI by itself may be able to determine three independent quantities to satisfy 
the three-dimensional criterion, as discussed in Section 4.2.2.3 and as Table 19 indicates. It is 
not yet clear, though, if DDSI can determine the three quantities with sufficient accuracy for 
this purpose, not only because of difficulty in obtaining good statistics in the coincidence 
counts but also because the three quantities are only somewhat independent. For this reason, 
the combination of TG with DDSI is a good idea, because it ensures that enough independent 
information is obtained to satisfy the three-dimensional criterion. Together, the two NDA 
techniques can be expected to over-constrain the three-dimensional problem, leading to a 
more accurate assay.  
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8. Conclusion 

This report has surveyed the fourteen advanced techniques of the NGSI’s Spent Fuel 
Nondestructive Assay Project, plus two current NDA techniques. It has described how each 
technique operates; the designs of instruments that employ the technique, whether the NGSI’s 
design or otherwise; the way in which the data provide information about the fissile or 
plutonium content; and the limitations of the technique. This report has also critiqued the 
current practice of NDA of spent fuel assemblies, including the NGSI’s approach, and has 
created a new paradigm for this practice. This paradigm is built on the neutron diffusion 
equation, by which it highlights the salient features of each NDA technique and shows how to 
combine them effectively. The paradigm enhances and extends the good work already 
conducted by the NGSI. 

The critique has shown that NDA techniques cannot be considered in isolation—that 
instead, three independent NDA measurements must be made to achieve a bijective 
correlation to the fissile and plutonium content. Therefore, the question should not be, “What 
is the accuracy of this NDA technique?” but rather should be, “What is the accuracy of this 
combination of three NDA techniques?” The resolution of this uncertainty that is caused by 
an indeterminacy of solution promises to reduce the total uncertainty of NDA of spent fuel 
assemblies by a significant amount, potentially even below the threshold of 5% uncertainty 
that burnup simulations have. Thus, by combining these advanced NDA techniques in 
appropriate sets of three, the NDA of spent fuel assemblies for safeguards verification and 
material accountancy should be even more successful than has been hitherto anticipated. The 
NDA combination instruments that the NGSI has proposed all contain enough independent 
measurements to satisfy this three-dimensional criterion, so it is hoped that good results will 
be obtained from their field trials. 
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国際単位系（SI）

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60 s
時 h 1 h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10 800) rad
秒 ” 1”=(1/60)’=(π/648 000) rad

ヘクタール ha 1 ha=1 hm2=104m2

リットル L，l 1 L=1 l=1 dm3=103cm3=10-3m3

トン t 1 t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1 eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1 Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1 u=1 Da
天 文 単 位 ua 1 ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1 メートル系カラット = 0.2 g = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1 cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー），4.184J （｢熱化学｣カロリー）

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 s A
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 s A
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 s A
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 s A
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立方メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立方メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 組立単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン A sC
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
ンメール束光 lm cd sr(c) cd

スクル度照 lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量,
方向性線量当量, 個人線量当量

シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100 kPa=105Pa
水銀柱ミリメートル mmHg １mmHg≈133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)  =10-28m22

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ シ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 =104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ エ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ａ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（a）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。

（第8版，2006年）
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