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Abstract 

 

In this article, we demonstrate the feasibility of neutron interrogation using the conversion 

target of a 17 MeV linear electron accelerator as a neutron generator. Signals from prompt 

neutrons, delayed neutrons, and delayed gamma-rays, emitted by both uranium and plutonium 

samples were analyzed. First results from photon and neutron interrogation non-simultaneous 

measurements combination are also reported in this paper. Feasibility of this technique is 

shown in the frame of the measurement of uranium enrichment. The latter was carried out by 

combining detection of prompt neutrons from thermal fission and delayed neutrons from 

photofission, and by combining delayed gamma-rays from thermal fission and delayed 

gamma-rays from photofission. 

 

Keywords 

 

Electron accelerator; photoneutron; fission; photofission; uranium; plutonium 

 

1. Introduction 

 

Nuclear waste packages are characterized for management and repository purposes. One of 

the main steps of the characterization study consists in determining the amount of actinides 

(235U, 239Pu, 238U, etc.) contained in packages. Active methods are often required as passive 

methods are usually not sufficient to quantify the latter. Two active methods enabling to 

induce fission reactions on actinides exist and differ in the type of irradiation beam employed. 

Neutron interrogation [1, 2] uses traditionally a deuterium-tritium neutron generator whereas 

photon interrogation [3-5] is based on the Bremsstrahlung photon beam produced with an 

electron accelerator. Photons can also react with heavy nuclei by photonuclear reactions and 

produce neutrons commonly referred to as photoneutrons. These particles are considered as 

interfering particles during photon interrogation. However, photoneutrons could be used as 

interrogative particles to carry out neutron interrogation which we investigate in this paper. In 
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addition to being an intense neutron source, an electron accelerator could therefore enable to 

combine several complementary techniques on a single measurement cell (photon 

interrogation, neutron interrogation, and high-energy imaging). Furthermore, combining 

results from neutron and photon non-simultaneous interrogations enables to obtain new 

information than that achieved individually by either of these two interrogations. 

 

Other studies [6-11] mainly based on the use of low electron energy accelerator investigated 

the possibility of using the latter particles in different kinds of applications such as nuclear 

waste characterization or special nuclear material detection for homeland security. However, 

photoneutrons are usually produced in a secondary target made of heavy water or beryllium as 

photonuclear reaction thresholds are low in these two materials (respectively 2.2 MeV and 

1.67 MeV). In a previous study [12], we showed that it is possible to carry out neutron 

interrogation of uranium samples using photoneutrons produced by the conversion target of 

an electron accelerator with few interfering high-energy photons. In this paper, new 

developments of our method are presented. In particular, we show the potential of this 

technique to measure and differentiate 235U and 239Pu. We also carried out the first 

combination of photon and photoneutron non-simultaneous interrogation measurements using 

a single electron accelerator. Such combination was applied to the measurement of uranium 

enrichment. First, we show theoretical formulas expressing signals of prompt neutrons, 

delayed neutron, and delayed gamma-rays. Then, we present our experiments and the setup on 

which we conducted the latter. Finally, experimental results are presented and discussed with 

the help of MCNPX simulations [13, 14].  

 

2. Theoretical aspects 

 

2.1 Prompt neutron signal 

 

Theoretical prompt neutron signal (in counts) [1] can be expressed as 

 

𝑆𝑝 = 𝜏0 𝜈𝑝 𝜀𝑝 (𝑒−𝜆𝑐𝑡1 − 𝑒−𝜆𝑐𝑡2)/𝜆𝑐.            (1) 

 

In the previous equation, 𝜏0 is the fission rate extrapolated at time origin (in fissions per 

second), 𝜈𝑝 the average number of prompt neutrons emitted per fission reaction, and 𝜀𝑝 the 

prompt neutron absolute detection efficiency, 𝜆𝑐 the neutron decay constant in the cell (per 

seconds), and 𝑡1and 𝑡2 respectively the prompt neutron counting time limits (in seconds). 

 

By writing 

 

𝑓𝑝(𝑡) = (𝑒−𝜆𝑐𝑡1 − 𝑒−𝜆𝑐𝑡2)/𝜆𝑐,             (2) 

 

the prompt neutron signal (in counts) can be rewritten as 

 

𝑆𝑝 = 𝜏0 𝜈𝑝 𝜀𝑝 𝑓𝑝(𝑡).              (3) 



3 
 

2.2 Delayed neutron signal 

 

Theoretical delayed neutron signal (in counts) [1] can be written as 

 

𝑆𝑑 = 𝜏𝑓𝑖𝑠 𝜈𝑑 𝜀𝑑 ∑ 𝛽𝑖 /𝜆𝑖[1 − 𝑒−𝜆𝑖 𝑡𝑖𝑟𝑟]𝑒−𝜆𝑖 𝑡𝑐𝑜𝑜𝑙[1 − 𝑒−𝜆𝑖 𝑡𝑐𝑜𝑢𝑛𝑡]6
𝑖=1 [(𝑛 + 1)(1 − 𝜔𝑖) −

(1 − 𝜔𝑖
𝑛+1)]/(1 − 𝜔𝑖)

2, 

(4) 

with 𝜏𝑓𝑖𝑠 is the fission rate (in fissions per second), 𝜈𝑑 the average number of delayed 

neutrons emitted per fission reaction, 𝜀𝑑 the delayed neutron absolute detection efficiency, 𝛽𝑖  

the delayed neutron fraction for the group i, 𝜆𝑖 the radioactive decay constant for group i (per 

second), 𝑡𝑖𝑟𝑟 is the pulse duration (in seconds), 𝑡𝑐𝑜𝑜𝑙 the cooling time (in seconds), 𝑡𝑐𝑜𝑢𝑛𝑡 the 

counting time (in seconds), 𝑛 the number of cycles, and 𝜔𝑖 = 𝑒−𝜆𝑖/𝑓 with 𝑓 being the 

frequency at which pulses are generated by the accelerator. More details about the theoretical 

expression of the delayed neutron signal can be found in the literature, as in [1]. 

 

By writing 

 

𝑓𝑑(𝑡) =  ∑ 𝛽𝑖 /𝜆𝑖[1 − 𝑒−𝜆𝑖 𝑡𝑖𝑟𝑟] 𝑒−𝜆𝑖 𝑡𝑐𝑜𝑜𝑙  [1 − 𝑒−𝜆𝑖 𝑡𝑐𝑜𝑢𝑛𝑡] 6
𝑖=1 [(𝑛 + 1)(1 − 𝜔𝑖) −

(1 − 𝜔𝑖
𝑛+1)]/(1 − 𝜔𝑖)

2 , 

(5) 

the delayed neutron signal (in counts) can be rewritten as 

 

𝑆𝑑 =  𝜏𝑓𝑖𝑠 𝜈𝑑 𝜀𝑑  𝑓𝑑(𝑡).                           (6) 

 

2.3 Delayed gamma-ray signal 

 

Considering two nuclei, father and daughter (half-lives of precursor nuclides being short in 

comparison with the ones from father and daughter nuclides), theoretical delayed gamma-ray 

signal (in counts) [5] due to emission from daughter nuclide, can be written as 

 

𝑆(𝐸𝛾) = 𝜏𝑓𝑖𝑠 𝑝𝛾 𝜀𝛾 𝑡𝑖𝑟𝑟 {𝑌𝑖
𝑑 (

1−𝑒−𝑛𝜆𝑑/𝑓

1−𝑒−𝜆𝑑/𝑓 ) 𝑒−𝜆𝑑𝑡𝑐𝑜𝑜𝑙(1 − 𝑒−𝜆𝑑𝑡𝑐𝑜𝑢𝑛𝑡) +

𝑌𝑐
𝑓 𝜆𝑑

𝜆𝑑−𝜆𝑓
[(

1−𝑒
−𝑛𝜆𝑓/𝑓

1−𝑒
−𝜆𝑓/𝑓 ) 𝑒−𝜆𝑓𝑡𝑐𝑜𝑜𝑙(1 − 𝑒−𝜆𝑓𝑡𝑐𝑜𝑢𝑛𝑡)] − 𝑌𝑐

𝑓 𝜆𝑓

𝜆𝑑−𝜆𝑓
[(

1−𝑒−𝑛𝜆𝑑/𝑓

1−𝑒−𝜆𝑑/𝑓 ) 𝑒−𝜆𝑑𝑡𝑐𝑜𝑜𝑙(1 −

𝑒−𝜆𝑑𝑡𝑐𝑜𝑢𝑛𝑡)]}. 

                (7) 

 

In the latter equation, 𝜏𝑓𝑖𝑠 is the fission rate (in fissions per second), 𝑝𝛾 the gamma-ray 

emission probability, 𝜀𝛾 the delayed gamma-ray absolute detection efficiency at energy 𝐸𝛾, 

𝑡𝑖𝑟𝑟 the pulse duration (in seconds), 𝑌𝑖
𝑑 the independent yield of the daughter nuclide per 

thermal fission, 𝑌𝑐
𝑓
 the cumulative yield of the father nuclide per thermal fission, 𝑛 the 

number of pulses, 𝜆𝑑 the radioactive decay constant of the daughter nuclide (per second), 𝜆𝑓 
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the radioactive decay constant of the father nuclide (per second), 𝑓 the pulse frequency (in 

Hz), 𝑡𝑐𝑜𝑜𝑙 is the cooling time (in seconds), 𝑡𝑐𝑜𝑢𝑛𝑡 is the counting time (in seconds). 

 

By writing 

 

𝑓𝑑 = 𝑡𝑖𝑟𝑟 (
1 − 𝑒−𝑛𝜆𝑑/𝑓

1 − 𝑒−𝜆𝑑/𝑓
) 𝑒−𝜆𝑑𝑡𝑐𝑜𝑜𝑙(1 − 𝑒−𝜆𝑑𝑡𝑐𝑜𝑢𝑛𝑡) 

                (8) 

and 

 

𝑓𝑓 = 𝑡𝑖𝑟𝑟
𝜆𝑑

𝜆𝑑−𝜆𝑓
[(

1−𝑒
−𝑛𝜆𝑓/𝑓

1−𝑒
−𝜆𝑓/𝑓 ) 𝑒−𝜆𝑓𝑡𝑐𝑜𝑜𝑙(1 − 𝑒−𝜆𝑓𝑡𝑐𝑜𝑢𝑛𝑡)] −

 𝑡𝑖𝑟𝑟
𝜆𝑓

𝜆𝑑−𝜆𝑓
[(

1−𝑒−𝑛𝜆𝑑/𝑓

1−𝑒−𝜆𝑑/𝑓 ) 𝑒−𝜆𝑑𝑡𝑐𝑜𝑜𝑙(1 − 𝑒−𝜆𝑑𝑡𝑐𝑜𝑢𝑛𝑡)], 

                    (9) 

 

the delayed gamma-ray signal (in counts) can be rewritten as 

 

𝑆(𝐸𝛾) = 𝜏𝑓𝑖𝑠 𝑝𝛾 𝜀𝛾 (𝑌𝑖
𝑑𝑓𝑑 + 𝑌𝑐

𝑓
𝑓𝑓). 

              (10) 

 

3. Experiments 

 

Experiments were carried out at Saclay (France) with the electron accelerator of the SAPHIR 

facility [15] owned by CEA LIST. Electrons irradiated a 1 cm thick tantalum target of 99.9% 

purity. Mean energy of electron spectrum was 17 MeV and peak current was 100 mA with 

2.5 µs pulse duration and 50 Hz repetition frequency. For this measurement campaign, we 

irradiated different uranium or plutonium certified samples which isotopic compositions were 

confirmed previously using IGA code [16]. We used eight samples: four samples of uranium 

enriched between 2.8% and 9.6%; and four plutonium samples containing either 74.6% or 

90.0% of 239Pu. Two other samples were retained as reference samples because of their high 

levels in 235U or 239Pu: a uranium sample enriched at 85% in 235U and a plutonium sample at 

94% of 239Pu (PIDIE sample [17]). All samples were irradiated in a neutron interrogation cell 

which is represented in Fig. 1. Fast photoneutrons emitted by the conversion target were 

thermalized by 10 cm thick polyethylene walls in order to maximize the fission rate in the 

sample [12]. Fission neutrons were measured with 3He detectors. Each neutron detection 

block contains three 3He detectors (150NH100) embedded in polyethylene and is surrounded 

by cadmium. Two blocks were positioned one on the top of the other against both sides of the 

cell, as shown on Fig. 1. A trigger enabled to synchronize our neutron detection system with 

the accelerator pulses. 
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Fig. 1. Scheme and photography of a neutron cell based on an electron accelerator.  

 

First, we placed the sample perpendicularly from the target at a distance of 30 cm. Sample 

was positioned outside the high-energy photon beam in order to avoid spurious photofission 

reactions during measurement. Prompt and delayed neutrons emitted by the sample were 

detected during the 10 min long irradiation. Prompt neutrons were detected between 3 ms and 

8 ms after the pulse and delayed neutrons between 10 ms and 20 ms. By way of illustration, 

Fig. 2 superimposes an example of signal obtained for the plutonium reference sample, with 

and without a cadmium cover, and active background noise, whereas Fig. 3 shows results 

obtained for samples of different 235U masses (139 mg, 311 mg, and 764 mg).  

 

 
Fig. 2. Example of signals obtained after 10 min irradiation for the plutonium reference 

sample with and without cadmium. 
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Fig. 3. Example of signals obtained after 10 min irradiation for uranium samples of different 
235U masses. 

 

After 5 min of cooling time, we removed the sample from the cell and placed the latter in 

front of a germanium detector, as shown in Fig. 4. We used a p-type GEM40P-PLUS HPGe 

detector, which presents 40% relative efficiency, linked to a DSPECPro digital gamma-ray 

spectrometer, both made by ORTEC. Delayed gamma-rays were detected during 10 min 

while the sample was positioned at 15 cm distance from the front of the germanium detector. 

For plutonium samples, a 1 mm thick cadmium foil was placed between the sample and the 

HPGe detector in order to reduce impact of 59 keV gamma-ray emitted by 241Am, and 

therefore minimize the dead time value.  

 

 
Fig. 4. Acquisition of delayed gamma-ray spectra with a germanium detector. 

 

Then, we removed the neutron cell and carried out photon interrogation of the sample. This 

time, samples were placed in front of the conversion target in order to be mainly irradiated by 

high-energy photons during 10 min. Delayed neutrons were detected during the irradiation by 

the same detection blocks as the ones used for the previous interrogation. Two blocks were 

positioned at each side of the sample. Distance between the sample and a detection block was 
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62 cm whereas the one between the sample and the conversion target was 56 cm. After the 

irradiation, the sample was removed and placed in front of the HPGe detector. Delayed 

gamma-rays were measured using same protocol as the one given previously. 

 

4. Results and discussion 

 

Neutron counting results presented in this section were acquired with a single neutron 

detection block containing three 3He detectors. For each signal, we subtracted active and 

passive background noises from the facility. For measurements carried out with plutonium, 

passive emission from the samples was also taken into account. On each figure, error bars on 

statistical uncertainties at one sigma are only presented if the latter are bigger than symbols. 

 

4.1 Neutron interrogation measurements 

 

4.1.1 Prompt and delayed neutron signals 

 

Prompt and delayed neutron signals were studied during three different measurement 

campaigns. The latest results obtained with the eight standard samples presented previously 

are shown in Fig. 5 and Fig. 6. Signal increases linearly with 235U or 239Pu mass, as expected 

by theory. However, one can notice that curves do not go through the origin of the graphic 

which we investigated.  

 

 
Fig. 5. Prompt neutron signal versus 235U or 239Pu mass. 
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Fig. 6. Delayed neutron signal versus 235U or 239Pu mass. 

 

Comparison between measurements conducted with and without cadmium cover around the 

samples enabled to quantify effect of fast fission and photofission reactions on fertile 

isotopes, contained in the uranium or plutonium samples, to the prompt and delayed neutron 

signals measured. We found that these reactions account for less than 0.2% of the prompt 

neutron signals, and between 4% and 14% of the delayed neutron signals. However, MCNPX 

simulations showed that contribution from photofission reactions is low in comparison with 

the one of fast fission reactions. We have also verified by simulation that contribution of self-

interrogation of the samples (fast fission reactions on fertile isotopes induced by prompt 

neutrons emitted further to thermal fission reactions on fissile isotopes) is negligible. 

Furthermore, for plutonium samples, we conducted MCNPX simulations to quantify 

contribution of thermal fission reactions on 241Pu to the 239Pu signal measured. The impact of 

this contribution accounts for less than 1% of the signal due to the low amount of 241Pu in 

these samples. Finally, we concluded that offsets of the curves can mainly be attributed to 

self-protection of the samples (interrogation of the fissile mass contained in samples is limited 

to its external part). MCNPX simulations enabled to confirm this assumption. One can notice 

that self-protection is stronger for our measurements conducted with uranium than for the 

ones carried out with plutonium. This is due to the fact that, for a same mass of actinide, 

irradiation of uranium was carried with a single sample contrary to measurements conducted 

for plutonium. Indeed, different combinations of plutonium samples were required to irradiate 

a wider range of 239Pu masses. Furthermore, it is important to emphasize that, for same mass 

of actinide, signal obtained for uranium is higher than the one obtained for plutonium because 

of strong self-absorption in our plutonium samples (absorption of neutrons in the non-fissile 

mass contained in samples). 

 

4.1.2 Ratio between prompt and delayed neutron signals 

 

We determined the ratio between prompt and delayed neutron signals for experiments carried 

out for both uranium and plutonium. Measurements were carried out for two types of samples: 
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the standard samples mentioned previously and reference samples. Fig. 7 presents 

respectively results for the standard samples. Mean values of the ratios, independent of 

actinide mass, are about 37.35 and 101.65 respectively for uranium and plutonium. 

Experiments conducted with the uranium and plutonium reference samples lead respectively 

to the following values: 32.83 and 98.52. Ratio between average numbers of prompt and 

delayed neutrons emitted depends on the type of actinide which follows the fission reaction. 

However, measured ratios depend on many experimental parameters, as illustrated by 

equations 3 and 6, and can therefore not be directly compared to the theoretical mean numbers 

of prompt and delayed neutrons emitted by 235U or 239Pu.  

 

 
Fig. 7. Ratio between prompt and delayed neutron signals versus 235U or 239Pu mass. 

 

We calculated the ratios between the prompt and delayed signals for both 235U and 239Pu, and 

compared results obtained with our experimental values. In order to simplify the fission rate 

(𝜏𝑓𝑖𝑠) in these calculations, the fission rate extrapolated at time origin (𝜏0) in equation 3 was 

expressed using the following approximation: 𝜏0 = 𝑛 𝜆𝑐 𝑡𝑖𝑟𝑟𝜏𝑓𝑖𝑠. In such a way, we consider 

that the fission rate is at its highest value at time origin and decreases over time according to 

the neutron decay constant (𝜆𝑐). In reality, the fission rate reaches its maximal value at after a 

few hundreds of microseconds necessary for fast photoneutrons emitted by the target to be 

thermalized in the cell. However, we have verified by MCNPX simulation that this 

approximation can be done in the frame of these experiments (taking into account a correction 

factor of 1.15 on the delayed signal). Value of the neutron decay constant in the cell (𝜆𝑐) was 

deduced from exponential decay of the prompt neutron signal measured. The prompt and 

delayed neutron detection efficiencies (𝜀𝑝 and 𝜀𝑑 respectively) were measured using 252Cf and 
241AmLi sources. The average number of prompt neutrons emitted following thermal fission 

on 235U and 239Pu were taken from [18] (respectively 2.42 and 2.87 prompt neutrons) and 

delayed neutron parameters were taken from [19]. Finally, calculations lead to the following 

ratios: 31.87 for 235U and 98.54 for 239Pu. Measured ratios are compared with calculated ones 

in Table 1. Each comparison is made twice: with and without subtraction of the part of the 

signal due to fast fission and photofission reactions for the signal determined by measurement 
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(by comparison between measurements carried with and without the cadmium sleeve around 

the sample). Ratios determined by calculation do not take contribution of these two types of 

reactions or self-interrogation into account. 

 

 

 Without correction With correction 

Uranium samples 1.02 1.09 

Uranium, reference sample 0.90 0.97 

Plutonium samples 0.90 - 

Plutonium, reference sample 0.87 0.90 

Table 1. Comparison of measured and calculated ratios between the prompt and delayed 

neutron signals, with and without fast fission and photofission impact subtracted in measured 

ratios. 

 

Ratios between prompt and delayed neutron signals, obtained by experiment or calculation, 

are overall in good agreement. Moreover, we can notice that subtraction of the part of the 

signal measured due to fast fission and photofission reactions diminishes the gap between 

experiment and calculation for the reference samples. Furthermore, as detection efficiencies 

used in the calculated ratios (𝜀𝑝 and 𝜀𝑑) were measured with punctual sources, correction 

factors taking into account mass, density, and geometry of the samples could potentially help 

reducing the gap between calculations and measurements. Finally, these results enable to 

achieve good confidence in the fact that sample interrogation is mainly due to thermal 

photoneutrons. 

 

4.1.3 Delayed gamma-ray signal 

 

We focused on four intense peaks of delayed gamma-rays emitted by four different fission 

products following uranium fission, the same peaks on which we drew attention in a previous 

study [12]: 89Rb (1031.9 keV), 94Y (918.7 keV), 131Sb (943.4 keV), and 138Xe (1768.3 keV). 

Fig. 8 shows evolution of the net peak areas with 235U mass for each delayed gamma-ray 

studied. The signal measured increases linearly with 235U mass. As well as for prompt and 

delayed neutron signals, self-protection of the samples explains why curves do not go through 

the origin of the graphic. However, slopes of the four curves vary from one line to the other. 

This is due to the fact that, for each delayed gamma-ray considered, values of the following 

parameters differ: cumulative yields from thermal fission of 235U, gamma-ray emission 

probabilities, and absolute detection efficiencies. 
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Fig. 8. Delayed gamma-ray signal versus 235U mass. 

 

Accurate analysis of the delayed-gamma-ray signals enables to achieve more information on 

the interrogation of the sample than that obtained previously with the prompt and delayed 

neutron signals. As half-life time of daughter nuclide is considerably longer than that of its 

direct precursor, analysis of the net peak area leads to the cumulative yield of the daughter 

nuclide [20]. If we assume that the absolute detection efficiency is similar at the gamma-ray 

energies of 918.7 keV and 943.4 keV, the theoretical ratio between the slopes of the curves 

obtained for 94Y and 131Sb is therefore given by the following equation: 

 

𝑅 94𝑌
131𝑆𝑏

=
𝑝𝛾,94𝑌

  𝑌𝑐,94𝑌

𝑑  𝑓𝑑,94𝑌

𝑝𝛾,131𝑆𝑏
 𝑌𝑐,131𝑆𝑏

𝑑  𝑓𝑑,131𝑆𝑏

. 

 

Values of emission probabilities for the two gamma-rays of interest (𝑝𝛾,94𝑌
 and 𝑝𝛾,131𝑆𝑏

) were 

found in the nuclear data library JEFF-3.1.1. We took the values of the cumulative yields of 

the daughter nuclides per thermal fission (𝑌𝑐,94𝑌

𝑑  and  𝑌𝑐,131𝑆𝑏

𝑑 ) measured by F. Carrel et al. 

[20]. Temporal functions (𝑓𝑑,94𝑌
 and 𝑓𝑑,131𝑆𝑏

) were calculated from equations 6 and 8 taking 

into account values of 94Y and 131Sb half-life times taken in the Nubase 2003 evaluation. 

Finally, the value of the theoretical ratio is 2.810. Since the ratio between the slopes of the 

curves obtained by experiment for 94Y and 131Sb is 2.807, theory and measurements are in 

very good agreement. The signal measured is characteristic from 235U thermal fission and 

confirms our previous conclusions obtained further to the prompt and delayed neutron signals 

analysis: samples irradiated in the neutron cell undergo thermal fission. 
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4.2 Combination of photon and neutron interrogation non-simultaneous 

measurements 

 

4.2.1 Prompt neutrons from thermal fission and delayed neutrons from 

photofission 

 

Thermal neutrons interrogate fissile isotopes whereas high-energy photons interrogate both 

fissile and fertile isotopes. Combination of photon and neutron separate interrogations could 

therefore be a new approach for the measurement of uranium enrichment. Three uranium 

samples of same total mass and enriched between 2.8% and 6.2% were used for these first 

tests. Fig. 9 presents experimental results obtained. We can see that the ratio increases with 

the enrichment, which is in agreement with theory. Similar results were found by detecting 

delayed neutrons from thermal fission instead of prompt neutrons, as shown in Fig. 10. 

 

 

 
Fig. 9. Ratio between signals of prompt neutrons from thermal fission and delayed neutrons 

from photofission, obtained for three uranium samples of various enrichments in 235U. 
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Fig. 10. Ratio between signals of delayed neutrons from thermal fission and delayed neutrons 

from photofission, obtained for three uranium samples of various enrichments in 235U. 

 

4.2.2 Delayed gamma-rays from thermal fission and delayed gamma-rays 

from photofission 

 

In order to confirm the latter results, Fig. 11 presents ratios between net peak areas extracted 

from thermal fission and photofission delayed gamma-ray spectra. The ratio increases with 

uranium enrichment. However, lines do not overlap and have different intercepts and slopes 

as the following parameters are different for each curve: fission product yields, delayed 

gamma-ray emission probabilities, and absolute detection efficiencies. 

 

 

 
Fig. 11. Ratio between signals of delayed gamma-rays from thermal fission and delayed 

gamma-rays from photofission, obtained for three uranium samples of various enrichments in 
235U. 
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5. Summary 

 

We investigated the potential of an electron accelerator to be used as a multi-device mean on 

a platform dedicated to nuclear waste drums characterization. We carried out neutron 

interrogation of uranium and plutonium samples in a cell using photoneutrons emitted by a 

17 MeV electron accelerator as interrogative particles. Different types of experiments enabled 

to confirm that the neutron flux is largely thermal in the cell. We also presented the first 

combination of photon and photoneutron separate interrogation measurements using a single 

electron accelerator. This combination, applied successfully to the measurement of uranium 

enrichment, opens up new and interesting horizons for research on nuclear waste 

characterization that should be further investigated. 

 

Furthermore, mass detection limits of the neutron interrogation measurement were calculated 

from the prompt neutron signals. About 7 mg of 235U and 12 mg of 239Pu can be detected in 

150 seconds. An optimized neutron detection system, offering shorter neutron half-life time in 

the detection blocks, would allow detecting prompt neutrons earlier and expand mass 

detection limits. In order to further evaluate our method, an optimized neutron interrogation 

cell based on an electron accelerator will be designed by simulation with the objective of 

carrying out measurements on 220 liter nuclear waste drums.  
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