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Abstract  10 

 11 

      Nuclear decommissioning takes places after dismantling, and consists of studying the possible presence of any 12 

residual contamination. To do so, every surface inside the facility must be radiologically characterized, and every 13 

contamination removed. In the case of an alpha contamination linked with a low gamma activity, using a High-Purity 14 

Germanium detector (HPGe) combined with hypothesis tests on the count statistics can be helpful to assess said 15 

contamination. Gamma-ray activity enables to determine the total contamination activity provided both are related, 16 

like in the case of an uranium-based contamination. Hypothesis tests determine the statistical power of the 17 

measurement, allowing decision making when dealing with countings below the detection limit. A representation of 18 

the tests results using Receiver Operating Characteristics (ROC) curves allow the user to select an appropriate time of 19 

measurement, true detection and false alarm rates, in accordance to the required specifications. This paper presents the 20 

feasibility study of such a method, applied to the detection of a low-activity gamma surface contamination of uranium 21 

on concrete, with varying enrichment levels. 22 

 23 

I. Introduction 24 

 25 

  Nuclear decommissioning and dismantling is a process that occurs after a basic nuclear facility is closed [1]. 26 

Depending on the past operations conducted in the facility, different contaminations may be expected. Uranium-based 27 

contamination, in particular, emits three main signals: alpha particles [2], beta particles [3] and gamma rays [4]. Since 28 

all three come from the same decay chain, consequently, determining either activity can lead to the total contamination 29 

activity. Alpha spectroscopy and counting is greatly impaired due to rough surfaces leading to different source-30 

detector distances, and the matrix stopping power when the contamination is not strictly a plane surface. Beta counting 31 

is sensitive to gamma background signal, coming from either the contamination or the environment. Moreover, at 32 

higher uranium enrichments, beta activity is reduced. In fact, the decay chain of uranium 235, when in secular 33 

equilibrium, has a low beta and gamma activity relative to the alpha activity, of a factor 10 to 100 depending on the 34 

enrichment level. Gamma-ray spectrometry can be used, since gamma rays are weakly affected by variations in 35 

source-detector distance. 36 

 Using high-resolution gamma-ray detectors, such as the High-Purity Germanium detector (HPGe), we can measure 37 

the uranium gamma activity. A high resolution is needed to select narrow regions of interest, associated with gamma 38 

peaks of specific uranium radionuclides. Indeed, we can consider three isotopes: uranium 234, 235 and 238, each with 39 

specific gamma emissions. Furthermore, in a concrete environment, the signal-to-noise ratio is high, implying high 40 

detection limits. This is true when the measured signal originates from a low activity, which is the case in our uranium 41 

contamination context, especially with high enrichment levels. 42 

To counter the limitation of standard decision procedures, specific hypothesis tests are used. These give access to a 43 

calculation of the statistical power of the measurement, allowing the user to know the confidence interval expressed as 44 

true positives or false positives (also called true detections and false alarms). Using simulated and experimental data, 45 

we tested the method. The experimental measurements were conducted in a representative basic nuclear facility. We 46 

chose as our surface contamination limit for a low activity, close to the background signal: 47 

A = 2000 Bq/m² (α), Ω = 2π sr 48 

  49 

Where A is the activity and Ω is the solid angle of emission of the source. In this paper, we describe the method 50 

and simulations conducted in order to detect low-activity surface gamma contamination using an HPGe spectrometry 51 

chain and dedicated hypothesis tests. 52 

  53 

© 2019 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0168900219313610
Manuscript_81693c5c2be16dbef35d5b0676dffffa

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0168900219313610


II. In-situ gamma spectrometry for nuclear decommissioning and dismantling 54 

 55 

The principles of gamma spectrometry have already been well defined in dedicated literature [5]. There are two 56 

main detectors used for gamma spectrometry: scintillators and semi-conductors. The difference in performance 57 

between these two detectors lies in the underlying physics of signal generation. Scintillation detectors generate a signal 58 

with the scintillation photons converted to electrical current using a photodetector such as a photomultiplier or a 59 

photodiode, whereas semi-conductors directly collect the charges created by the photon-matter interaction.  60 

Scintillation pulses are short in comparison with semi-conductor ones, meaning scintillators are well suited to 61 

handle high-rate counting. They can be produced in large volumes, especially NaI and organic scintillators. On the 62 

contrary, semi-conductors have generally a higher resolution than scintillators. Some semi-conductors like CdTe or 63 

CdZnTe can be operated at room temperature, while germanium crystals are mostly operated cooled down in order to 64 

improve the resolution [6]. These characteristics lead us to choose an HPGe detector for our study, allowing us to 65 

define narrower regions of interest, which in result, lowers the minimal detectable activity.  66 

Gamma spectrometry can be used to conduct radiological characterization operations in order to dismantle and/or 67 

decommission nuclear facilities. Such operations can be conducted in a laboratory using samples taken from the site, 68 

or measurements can be made directly on site [7]. For in-situ measurements, both scintillators and semi-conductors are 69 

used, predominantly NaI scintillators and HPGe detectors, while for laboratory measurements on samples, high-70 

resolution detectors such as HPGe are preferred [8]. Depending on the expected activity, a calculation of the minimal 71 

detectable activity (MDA) must be made prior of the in-situ measurements for either NaI or HPGe, either 72 

experimentally or using Monte Carlo simulations [9]. Dedicated software have been developed to help the 73 

characterization of complex geometries, for example, the In-Situ Object Counting System software [10]. It allows a 74 

calibration of the detector without the need of additional sources, enabling gamma spectrometry in complex detection 75 

geometries. Measurements conducted with ISOCS showed good agreement with measurements made in laboratory 76 

[11]. When dealing with deep contaminations in concrete, the scattering of gamma rays can hinder the precise 77 

localisation of the contamination. Methods using collimators can be employed to counter this effect [12], allowing a 78 

better mapping of the contamination [13]. 79 

The method presented in this paper focuses on the application of a statistical approach to in-situ gamma 80 

spectrometry measurements, in order to detect low-activity contaminations. Being a post-processing methodology, the 81 

statistical approach can be complimentary to other measurements schemes including the use of passive collimators 82 

[14] or Compton suppressing systems [15,16], which help reducing the inference from the scattered signal. 83 

 84 

III.  Source term, concrete background signal and alpha/gamma transfer function 85 

 86 

A. Source term: uranium gamma peaks of interest 87 

 88 

We use two decay chains to characterize the contamination, and then the mass of uranium present: 89 

 90 

     Decay chain U-238 :  91 

 92 U����� → Th�	��
 � ��
 	�4,468	MeV� 93 

 94 Th�	��
 → Pa�����
 � ����	 	�272	keV� �  !"		 � # 95 							 → Pa����
 � ����	 	�272	keV� �  !"		 � # 96 

 97 Pa�����
 → U����
 � ����	 	�2,195	MeV� �  !"		 � #… 98 

 99 

 100 

     Decay chain U-235 :  101 

 102 U����( → Th�	��� � ��
 	�4,6783	MeV� � # 103 

 104 Th�	��� → Pa�	��� � ����	 	�391,6	keV� �  !"		 � #… 105 

 106 

The major gamma rays studied are extracted from the nuclear database LARA and reported in table I [17]. 107 

 108 
Table I. Main gamma rays in 235U/238U decay chains   109 

 110 



Energy �*+,� Emitter parent 

isotope 
Decay chain 

Daughter isotope emission rate per 

parent isotope decay 

49.55(6) U-238 (#) U-238 6.97(26)∙10-4 (U-238) 

113.5(1) U-238 (#) U-238 1.74(47)∙10-4 (U-238) 

63.30(2) Th-234 (	#) U-238 3.75(8)∙10-2 (Th-234) 

92.38(1) Th-234 (	#) U-238 2.18(19)∙10-2 (Th-234) 

92.80(2) Th-234 (	#) U-238 2.15(19)∙10-2 (Th-234) 

766.361(20) Pa-234m (	#) U-238 3.23(4)∙10-3 (Pa-234m) 

1001.026(18) Pa-234m (	-) U-238 8.47(8)∙10-3 (Pa-234m) 

109.19(7) U-235 (	#) U-235 1.66(13)∙10-2 (U-235) 

143.767(3) U-235 (	-) U-235 1.094(6)∙10-1 (U-235) 

163.356(3) U-235 (	-) U-235 5.08(3)∙10-2 (U-235) 

185.720(4) U-235 (	-) U-235 5.70(3)∙10-1 (U-235) 

202.12(1) U-235 (	#) U-235 1.08(2)∙10-2 (U-235) 

205.316(4) U-235 (	-) U-235 5.02(3)∙10-2 (U-235) 

 111 

The methodology to choose which gamma-rays are selected is based on the calculation of the Signal-to-Noise Ratio 112 

(SNR): 113 

 114 ./0 = 	/2345678234567 =	 /2345679/:;:67 �/<=>? 	 (1) 

 115 

 116 

With /234567  the net counting of the full energy peak, 8234567  the standard deviation of /234567 , /:;:67 the total 117 

counting of the gamma-ray energy, and /<=>?  the counting of the gamma-ray energy corresponding to the 118 

background. 119 

 120 

We want to maximise the SNR. Based on the variables involved in the SNR formula, we can either 121 

increase /234567 , decrease /<=>? , or do both. We cannot use the time of measurement to help, since we are 122 

looking to minimise it so the total radiological characterization is the lowest possible.  123 

 124 

To increase /234567 , we can: 125 

 Choose a gamma ray with a high emission intensity 126 

 Choose a gamma ray with an energy corresponding to the maximum efficiency of the HPGe 127 

 128 

To decrease /<=>? , we can: 129 

 Choose a gamma-ray far from the maximum background intensity 130 

 131 

For example, if we consider the 185 keV gamma ray, it has an emission intensity of 5.7.10-1, and is located inside 132 

the maximum efficiency energy range of the HPGe detector. Both these variables are able to uneven the high 133 

background counting rate, creating a contrast. This can be seen in Fig. 6, where the peak clearly emerges from the 134 

background base line. For the 1001 keV gamma ray, it is located in an energy range where the background counting 135 

rate is at its minimal, creating a visible contrast while having a low emission intensity and being far from the 136 

highest detection efficiency energy range of the HPGe. This can be seen in Fig. 7. 137 

We chose to take also into account the 143 keV gamma ray. Its energy is close to the 185 keV, but its emission 138 

intensity is five times lower. Little contrast is made (cf. Fig. 6), meaning the SNR is defavorable. The same 139 

reasoning was made for the choice of the 163 and the 205 keV gamma rays. We chose to keep these rays to study 140 

their impact on the methodology presented here. 141 

 142 

We will use the following gamma rays in order to quantify the uranium activity, based on our methodology and the 143 

literature: 144 

- 143.767 keV, 163.356 keV, 185.72 keV, 205.316 keV for 235U [18] 145 

- 1001.026 keV for 238U [19] 146 

 147 

X rays emitted by the uranium atoms are dismissed in this study, as they do not carry any isotopic information, 148 

which consequently provides us no indication on the 235U enrichment level. 149 

 150 



B. Background signal: concrete compound environment  151 

 152 

The measurement usually needs to be carried out in a closed environment, surrounded by concrete from the walls, 153 

ceilings and floors. Henceforth, we have some prior knowledge of the shape, i.e normalised spectral distribution, of 154 

the background signal. In such an environment, indeed 40K and 238U/232Th decay chains dominate the gamma-ray 155 

background activity [20,21]. 156 

In order to obtain the first experimental data, related to gamma rays inside a concrete closed environment, a 157 

measurement series was conducted inside representative nuclear basic facility premises. Acquired data are shown in 158 

Fig. 1. The detector used was an n-type HPGe, which has a relative efficiency of 35%, sold by ORTEC under the 159 

reference GMX35P4. The signal was shaped using a symmetrical trapezoidal filter, with a rise time of 2 µs and a 160 

plateau time equal to 4 µs. Spectra were acquired on 8192 channels, for an energy range lying between 0 and 3 MeV 161 

approximatively. Using a 137Cs source, the energy calibration of the spectrometry chain was performed, prior to the 162 

measurements. No correction of the dead time is required, since it is under 1 % for both acquisitions. The acquisition 163 

time was taken equal to 3600 s. 164 

 165 

 166 
Fig. 1. Counting rate for a concrete closed environment as a function of energy and source-detector distance.  167 

 168 
      We found no significant difference between a background signal measurement with a distance of one centimetre 169 

and a distance of ten centimetres. From now on, we will choose to measure with a distance of one centimetre, in order 170 

to maximize the signal of interest. To ensure reliable results, a study of the variability of the background signal, inside 171 

the same concrete closed environment, is necessary. To do so, we introduce the following factor of merit, which is a 172 

relative deviation: 173 

 174 

 175 

 @ABC = 	100	%	.G2H;:IABC J	G2H;:<ABCG2H;:<ABC 		 (2)

   

 176 

With	@ABC, the relative deviation associated to a spectral region of interest Z, and G the counting rate 177 

associated to a spot. We test any difference in amplitude or shape, using different regions of interest. For amplitude 178 

variations, we use the full spectrum, non-normalized. For shape variations, we use regions where a gamma peak of 179 

interest is expected or not, normalized. We define those regions as: 180 

 181 

- ZTOT = [0 – 3] MeV, region corresponding to the full spectrum 182 
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- Z = [140 – 148], [160 - 166], [182 - 188] , [202 – 208], [998 – 1004] keV, regions where a full energy 183 

peak of interest from uranium is expected 184 

- W = ]1004 – 3000[ keV, regions where no full energy peak of interest is expected 185 

 186 

The choice of W was made on the assumption that even though there are gamma rays emitted inside this energy 187 

range by the uranium decay chain, the emission intensity is lower enough so that their impact is below the statistical 188 

variation of the background signal. We will demonstrate that it is the case for our uranium samples measurements 189 

presented in part IV. B. 190 

Four measurements were conducted in four different spots, and we compared the acquired data. Table II and III 191 

present the factor of merit @ABC obtained from one-by-one comparison 192 

 193 
Table II. Relative deviations ϵAZC between non-normalized responses for different spots of measurements and regions of interest 194 

 195 

Spectral region Spot 1 / Spot 2 Spot 3 / Spot 4 B = A0 J 3000	keVC 6.6 % - 1.1 % B = A140 J 148	keVC 6.2 % - 2.5 % B = A160 J 166	keVC 6.7 % - 3.0 % B = A182 J 188	keVC 6.9 % - 2.2 % B = A202 J 208	keVC 7.7 % - 5.9 % B = A998 J 1004	keVC 3.2 % - 9.8 % 

 196 
Table III. Relative deviations ϵAZC between normalized responses for different spots of measurements and regions of interest 197 

 198 

Spectral region Spot 1 / Spot 2 Spot 3 / Spot 4 B = A140 J 148	keVC 8.0 % - 1.5 % B = A160 J 166	keVC 6.7 % - 2.3 % B = A182 J 188	keVC 7.1 % - 0.2 % B = A202 J 208	keVC 9.4 % - 5.8 % B = A998 J 1004	keVC 6.8 % 6.9 % M =	C1004 J 3000	keVC 7.1 % 0.5 % 

 199 

We can conclude from tables II and III that the relative deviations are low. The empirical mean of the values is 200 

2.7% and 3.5% in table II and III respectively, while all values are below 10% in absolute value. The means are almost 201 

identical, as the extrema of the values, leading us to conclude that the variation in shape and in amplitude are of 202 

similar orders. 203 

 204 

C. Secular equilibrium and total uranium activity  205 

 206 

For any enrichment level, the uranium activity of a contamination NO can be simplified to the sum of the activities 207 

of its three main isotopes, N��
P, N��(P and N���P : 208 

 209 

 NP = 	N��
P � 	N��(P � 	N���P (3)

 	N��(P�#� = N��(P	. QR (4)

 210 

Where N��(O�#� is the gamma activity of 235U of a given gamma-ray and QR is the associated emission intensity. 211 

We will consider for this study that the ratio between two enrichment levels is the same for 235U and 234U, meaning 212 

that if we determine the enrichment level from 235U and 238U, we can approximate A(234U). We can calculate the 213 

gamma activity for the aforementioned emissions, as a function of the enrichment level, for 2000 Bq (α), shown in 214 

Fig. 2. Throughout this document, we will use mass concentration (wt%) regarding the enrichment levels. 215 

 216 



 217 
Fig. 2. Gamma activity of the main emission lines of uranium as a function of the enrichment level of 235U, total uranium 218 

activity of 2000 Bq (α). Note: 163 keV and 185 keV lines are superimposed. 219 
 220 

We have then defined the gamma-ray source term associated to a total activity level. In order to estimate the 221 

expected counting rates in situ, we now need to introduce a numerical model of the detector and its response to the 222 

source term. 223 

 224 

IV. Numerical model of the HPGe: modelling and experimental calibration 225 

 226 

In order to acquire experimental data, associated to the measurement of uranium samples on a concrete support 227 

inside a concrete environment, we launched a series of acquisitions at the Photonic and Irradiation Activation System 228 

(SAPHIR), located in Saclay at the Atomic Energy Commission [22]. Using the spectrometry chain described in II. B., 229 

we placed uranium samples of various enrichment levels in front of a concrete block of one square meter, at a distance 230 

of one meter from the detector. No collimator or shielding were used in this study. 231 

 232 

A. Numerical model of the detector 233 

 234 

We modelled the detector and the series of acquisition using Monte Carlo N-Particles 6 transport code (MCNP6.1) 235 

[23]. For our application, we transported the gamma rays, the photons and the electrons created during gamma-matter 236 

interaction (mode PE). The modelling was limited to the detector (Germanium crystal and other diode components), 237 

the concrete block and the uranium sample. A 3D-visualisation is shown in Fig. 3, made using the visualisation 238 

software Vised [24], and table IV introduces the uranium sample used: enrichment level, dimensions, uranium mass 239 

and radiological activity. 240 

 241 
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 243 
Fig. 3. 3D visualisation of the MCNP6.2 modelling of the experimental setup  244 

 245 

Table IV. Characteristics of the samples measured in SAPHIR and modelled in MCNP6.2 246 

U-235 enrichment 

level (wt%) 

Diameter (mm) 

× height (mm) 

U-238 mass 

(mg) 

U-238 activity 

(Bq) 

U-235 mass 

(mg) 

U-235 activity 

(Bq) 

0.7112 ± 0.0012 13.1 × 31.5 40764 505496 292 23359 

1.416 ± 0.004 13.1 × 31.5 40474 501881 581 46508 

2.785 ± 0.013 8.1 × 22.5 10899 135153 312 24980 

5.111 ± 0.046 8.1 × 22.5 10639 131920 573 45842 

6.222 ± 0.055 8.1 × 22.5 10514 130375 698 55807 

9.548 ± 0.121 9.1 × 25.5 14506 179880 1513 122502 

 247 

To compare the simulations and the experimental acquisitions, we must convert the macroscopic response of 248 

MCNP6.2 into an estimated number of events. To do so, we use the activities mentioned in table IV, the gamma 249 

emission intensities given by a database and a simulation of the detection efficiency. The chosen database for emission 250 

intensities is Nucléide LARA [17], and the spectral response of the detector is given by the tally 8 of MCNP6.1, which 251 

gives the number of depositions in an energy bin SR, normalized to the number of gamma rays emitted by the source. 252 

In order to calculate the number of emitted gamma rays, we use N PTUV/TUX  which is the uranium activity considered for 253 

an enrichment level, and QR, the emission intensity of a specific gamma ray. Such response has been simulated using 254 

the energy resolution of the detector. The unit of the tally F8 result, YZSR[, is then homogenous to a detection 255 

efficiency and will be used as such. This simulated detection efficiency also takes into account the energy resolution of 256 

the detector, with a Gaussian broadening of the peaks. 257 

 258 

We can calculate the simulated number of events as: 259 

 260 /\=]^ZSR[ = 		YZSR[ ∙ N PTUV/TUX 	 ∙ QR ∙ ` (5) 

 261 

With ` the time of measurement, taken as 4500 s. The associated uncertainty is calculated using the propagation of 262 

uncertainties [25] and gives the following result: 263 

 264 

a/\=]^ZSR[/\=]^ZSR[ = 	bcaYZSR[	YZSR[ d
� �eaN PTUV/TUXN PTUV/TUX f� 	� 	caQRQR d� 	� 	ga`̀h�	 (6) 

 265 



 Fig. 4 and 5 show the simulated data for an enrichment level of 0.7wt% and 9.5wt%, such simulations were also 266 

conducted for the other enrichment levels, with the same degree of agreement. Experimental and simulated data are 267 

represented with their one standard deviation uncertainties. 268 

 269 

 270 

 271 
Fig. 4. Number of events expected with an MCNP simulation and experimentally acquired. Enrichment level of 0.7 wt% and 272 

time of measurement of 4500 s. 273 
 274 

 275 
Fig. 5. Number of events expected with an MCNP simulation and experimentally acquired. Enrichment level of 9.5 wt% and 276 

time of measurement of 4500 s. 277 
 278 

B. Uranium sample measurements in SAPHIR 279 

 280 

We acquired a background spectrum and different spectra using varying enrichment level samples. Measurements 281 

were performed following a sequential mode: 900 acquisitions of 5 seconds each are summed to form a spectrum of 282 

4500 seconds.  283 
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  284 
Fig. 6. [50-250] keV cumulated spectra associated to the background signal and the uranium samples of 0.7wt% and 9.5wt% 285 

enrichment levels. 286 
 287 

  288 
 289 

       Fig. 7. [750-1100] keV cumulated spectra associated to the background signal and the uranium samples of 0.7wt% and 9.5wt% 290 
enrichment levels. 291 

 292 

 For the 238U, the only gamma peak of interest is 1001.0 keV, emitted when 234U*, belonging to the 238U decay chain, 293 

deexcites into its ground state. The spectral signature of 235U is dominated by the 185.72 keV gamma ray. We mention 294 

that the 226Ra, from the 238U decay chain, emits a gamma ray of 186.2 keV energy, which can be seen in the 295 

background measurement.  296 

 Let /ij^ZSR[ be the net experimental response in counts, centred on the energy	SR. We obtain	/ij^ by subtracting 297 

the background signal spectrum, /<=>? , to the signal spectrum	/kl<=>? , and then by integrating the area under the 298 

curve, in the associated region of interest. This is shown in equation 6. The response being an histogram with a 299 

constant binning, we can simply sum the bins containing 99.7% of the total area (Gaussian approximation). We define 300 

the associated one-sigma uncertainty in equation 7. 301 
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 302 /ij^ZSR[ = 	/kl<=>?ZSR[ J /<=>?ZSR[	 (7) 

 303 ∆/!sHZSR[ = t/.�uvnwZSR[ 	� /uvnwZSR[	 (8) 

 304 

 Comparative study and first conclusions 305 

 306 

We calculated for all enrichment levels cited in table IV the experimental and simulated responses associated to the 307 

five gamma rays of interest for uranium detection: SR ∈ y143.8; 163.4; 185.7; 205.3; 1001.0{	keV. We start by 308 

observing that, for a low enrichment level, the simulated responses are much lower than the experimental background 309 

signal, for the [140 – 210] keV energy range: as an example, there is over an order of magnitude between the net 310 

signal at 185.7 keV and the background signal. This explains the large error bars of one standard deviation observed 311 

on Fig. 4. 312 

For all data, we can see that there is an agreement between simulated and experimental data for 235U gamma rays, 313 

within two standard deviations, |	2∆/\=]^ZSR[ and |	2∆/!sHZSR[ (Confidence interval of 95% under a Gaussian 314 

hypothesis). We also see an agreement for the 238U data for low enrichment levels, but going into higher enrichment 315 

levels, experimental and simulated data match within three standard deviations. This result allows us to perform a 316 

proof of concept study using this simulation model. 317 

 318 

V. Simulated response to the minimal activities to detect 319 

 320 

We recall the assumed decommissioning criteria, taken as the minimal surface activity to detect: 321 

A = 2000 Bq (α) / m², Ω = 2π sr 322 

Apart from studying the expected minimal counting rate, we will also study the influence of the presence of 323 

another contamination, on an adjacent square meter to the measured one. We test for all gamma rays of interest and for 324 

five representative enrichment levels: natural enrichment, 1wt%, 3wt%, 8wt%, 20wt%. We chose a source-detector 325 

distance of one centimeter, mentioned before in II. B. Measurements at such a low distance to the surface forces the 326 

usage of physical protections for the detector, so as not to damage it while handling and/or moving it to another 327 

measurement spot. 328 

Following the conclusions of III. C., we simulate the measurement with a tally F8, which gives us the detection 329 

efficiency, and we construct the expected counting rate (s-1), called ., as 330 

 331 .ZSR[ = 		YZSR[ ∙ N PTUV/TUX 	 ∙ QR	 (9) 

 332 

depending on the studied gamma ray, whether it is from the 238U decay chain, or the 235U one. The simulated 333 

concrete block is 100 × 100 × 25 cm3. A thickness of 25 centimeters has been chosen for a compromise between the 334 

calculation convergence and the accuracy of the concrete background signal [20]. 335 

 336 

A. Centred contamination: one centimetre, 2000 Bq (α) / m² 337 

 338 

In this first configuration, the 2000 Bq activity is homogenously spread on the total concrete surface. The symmetry 339 

axis of the diode intersects the emitting plan at the center of the concrete surface. We present the geometry diagram on 340 

Fig. 8. 341 

In table V, we present the values of .�185.7	keV� and .�1001.0	keV�, for the considered enrichment levels of 342 
235U. The two responses change, naturally, in the opposite direction when the enrichment increases, since they are the 343 

main signatures of the two decay chains. 344 

 345 

 346 



 a)   b) 347 

 348 

Fig. 8. Simulation geometry diagram for the study of an homogenous surface contamination on one square meter, a) detector 349 
centred, b) detector off-centred 350 

 351 
Table V. Evolution of the response S(185.7 keV) and S(1001.0 keV) as a function of the enrichment level. Centred 352 

contamination 353 

 354 

Enrichment level Gamma-ray energy Detector centred 

Natural enrichment 
185.7 keV 0.178 ± 0.018 s-1 

1001.0 keV 0.014 ± 0.0014 s-1 

1 wt% 
185.7 keV 0.20 ± 0.02 s-1 

1001.0 keV 0.011 ± 0.0010 s-1 

3 wt% 
185.7 keV 0.28 ± 0.02 s-1 

1001.0 keV 0.005 ± 0.0004 s-1 

8 wt% 
185.7 keV 0.32 ± 0.04 s-1 

1001.0 keV 0.002 ± 0.0002 s-1 

20 wt% 
185.7 keV 0.34 ± 0.04 s-1 

1001.0 keV 7.8∙10-4 ± 8.10-5 s-1 

 355 

B. Adjacent contamination: one centimetre, 2000 Bq (α) / m² 356 

 357 

In this configuration, we study the impact of the presence of an adjacent contamination. In this case, the 358 

contamination is adjacent to the original contamination surface, see Figure 8. b. The goal is to quantify the impact on 359 

the measurement of an adjacent surface; in other words, the spatial resolution of the detection method. 360 

Table V and VI present the values of .�185.7	}~�� and .�1001.0	}~�� respectively, for the considered 361 

enrichment levels of 235U. Comparing the data in tables V and VI, we observe that the decentring of the detector from 362 

the contamination leads to an interference of about 7 ± 1 % of the measured contamination. This result confirms that 363 

the influence of an activity-equivalent adjacent contamination is limited and allow us not to use a collimator. 364 

However, in the case of a high adjacent contamination or close storage of nuclear waste, a collimator may be needed. 365 

The influence of such contaminations is an outlook for future work. 366 

 367 

Table VI. Evolution of the response S(185.7keV) as a function of the enrichment level. Off-centred detector 368 

 369 

Enrichment level Gamma-ray energy Off-centred detector 

Natural enrichment 
185.7 keV 0.0128 ± 0.0012 s-1 

1001.0 keV 1.0∙10-3 ± 1∙10-4 s-1 

1 wt% 
185.7 keV 0.0147 ± 0.0014 s-1 

1001.0 keV 8.2∙10-4 ± 8∙10-5 s-1 

3 wt% 
185.7 keV 0.020 ± 0.002 s-1 

1001.0 keV 3.8∙10-4 ± 4∙10-5 s-1 

8 wt% 
185.7 keV 0.022 ± 0.002 s-1 

1001.0 keV 1.5∙10-4 ± 1.4∙10-5 s-1 

20 wt% 
185.7 keV 0.024 ± 0.002 s-1 

1001.0 keV 5.4∙10-5 ± 6∙10-6 s-1 

 370 

 We have defined the source term of a surface uranium contamination, and the background associated to a 371 

measurement conducted in a concrete facility. We can now generate representative spectra in order to evaluate the 372 

performances of different hypothesis tests, without having to acquire a large number of measurements. 373 



 374 

VI. Representative spectra and hypothesis tests 375 

 376 

This section is dedicated to the basic description of hypothesis tests [26] used to detect the gamma ray signature of 377 
235U and 238U inside a concrete compound environment. The hypothesis test aim is to decide whether, for a given 378 

observation time: 379 

 380 

- The detector response is due only to the background signal (Null hypothesis, noted H0) 381 

- The response reveals the presence of an additional 235U or 238U signal (Alternate hypothesis, noted H1) 382 

 383 

The conditions to accept H1 govern, in a given measurement time, the best compromise between False Alarm Rate 384 

(FAR) and True Detection Rate (TDR). Given that the measurement time is a parameter, we start by describing the 385 

principle of a representative spectrum generator, with varying measurement time. We then introduce the three 386 

hypothesis tests, which performances have been studied via simulations. 387 

 388 

A. Representative spectrum generation 389 

 390 

In order to estimate the performances of a given hypothesis test as applied to the reconstitution of a measurement 391 

of time `, we need to construct, at least, two spectra representing respectively the background signal and the addition 392 

of the background signal with the uranium signal. 393 

We use, as a background signal reference, the spectral response between [0 – 3] MeV acquired in a representative 394 

nuclear basic facility, shown in II. B. A background signal measurement will be obtained from a random draw 395 

following a Poisson law [26], where the density of probability is identified to the measured background signal 396 

spectrum. A signal measurement will be a random draw following a Poisson law, where the density of probability is 397 

identified to the sum of the background signal spectrum and the simulated response of the detector, shown in IV. A. 398 

To better simulate the spectra, we will use a Gaussian Energy Broadening (GEB) card on MCNP. The input 399 

parameters are � = 0.0007	MeV and � = 0.0011	MeVpT for a simulated Full Width at Half Maximum	���� =400 �Z9SR[ = 	� � �9SR [5]. 401 

In order to simulate different measurement times, we created a spectrum generator, where the reference counting 402 

rates are multiplied with an input time, and the final value is a random draw of a Poisson law where the parameter is 403 

the product described before. We generate / spectra for background signal only and / spectra for background signal 404 

plus uranium signal, on which the tests will be based. We used / = 10000, giving 20000 spectra in total. 405 

 406 

B. Hypothesis tests 407 

 408 

The fact that we can use physics models to simulate the gamma source term associated to a uranium contamination 409 

(II. A. and C.), and that we obtain multichannels spectra from acquisitions, allow an a priori modelling of the H1 410 

hypothesis, and so the usage of Bayesians tests [27]. Such a usage, however, is left as an outlook of this paper, to focus 411 

on frequentist tests. Now, we will present some characteristics associated to hypothesis tests before introducing the 412 

ones used in this study. Other usage of hypothesis tests are described in the literature [28]. 413 

A hypothesis test is said absolute when it is sensitive to any variation of counting rate on the associated regions of 414 

interest. Such tests are vulnerable to any variations in amplitude of the background signal. Relative tests, on the 415 

contrary, are only affected by a difference in shape of the regions of interest, making them suited in cases of a 416 

variation in background signal intensity. We also need to consider the laterality of the hypothesis tests. The conformity 417 

of the data to the null hypothesis is given by the p-value. P-values are calculated and compared to a rejection 418 

threshold, called the alpha level (α). In a bilateral test, the p-value is rejected when its modulus is superior to α. In a 419 

unilateral test, the p-value is rejected if the p-value is superior to α. It is then possible to discriminate a significant 420 

increase in the regions of interest from a significant decrease, providing the latter has a physical interpretation. 421 

Three hypothesis tests are presented and their principles explained. We used the Kolmogorov-Smirnov (KS) test 422 

[29], a test based on the Cumulative function of a Negative Binomial law (CNB) [30] and a test based on the 423 

Cumulative function of a Beta Binomial law (CBB) [31]. 424 

 425 

Kolmogorov-Smirnov test (KS) 426 

 427 

The KS test is the classic relative test in literature, to detect a change in statistical distribution (shape of the 428 

spectrum). This test enables to determine whether two statistical samples, in this case the radiological background and 429 

a signal measurement, are identically distributed. The counting data, or number of counts, associated to the reference 430 



background spectrum, noted G�!��SR�, and to the measured signal, noted G:!2:�SR�, are classified in a histogram with 431 

regular energy bins  SR ∈ A0 J 3CMeV. We calculate the empirical normalised cumulative functions ��!��SR� for the 432 

reference background spectrum and �:!2:�SR� for the measured signal of the two data sets: 433 

 ∀	SR ∈ A0; 3	MeVC, 	��!��SR� = ∑ G�!�A�Ci���	∑ G�!�A�C�	�����	  (10)

 

 ∀	SR ∈ A0; 3	MeVC, 	�:!2:�SR� = ∑ G:!2:A�Ci���	∑ G:!2:A�C�	�����	  (11)

 434 

 The p-value is given by: 435 

 436 �	 = max	�i���	�����:!2:�SR� J ��!��SR�� (12)

  437 

For a fixed α level, the KS hypothesis test reads: 438 

 If p > α, the H0 hypothesis is rejected and a contamination is detected. 439 

 Else, H0 is accepted. 440 

 441 

 The KS test is bilateral, meaning it is sensitive to any variation to the spectrum shape. We can expect that the 442 

compromise between the True Detection Rate (TDR) and the False Alarm Rate (FAR) is inferior to the one a unilateral 443 

test can give. This is why we now introduce a unilateral hypothesis test designed to discriminate any increase in the 444 

regions of interest. 445 

 446 

Test on the Cumulative function of a Negative Binomial law (CNB) 447 

 448 

We introduce an absolute and unilateral test, able to differentiate the acquisition times between the reference 449 

period (��!�) and the test period (�:!2:). This test is simple in the sense that it only requires a total counting in both the 450 

regions of interest of 235U and the region of interest of 238U: 451 

 452 B = A140 J 148C�	A160 J 166C�	A182 J 188C�	A202 J 208C�	A998 J 1004C 	keV (13)

 453 

The cumulative function is built under the H0 hypothesis of an identical counting intensity between the two 454 

acquisitions. Let G�!�ABC be the associated counting of the reference background signal and �ABC the associated 455 

counting rate. The counting G�!�ABC is supposed to follow a Poisson law under the H0 hypothesis, while its parameter 456 �ABC is supposed to follow a gamma law of parameters ��	; ��. The parameters ��	; �� are set to represent the absence 457 

of any inference on the counting intensity, with values � = 0.5 and � = 0	. [32] 458 

Henceforth, the a posteriori law of �ABC knowing G�!�ABC is a gamma law of parameters Z� � G�!�ABC	; � �459 ��!�[, and the posterior predictive law of  G:!2:ABC knowing G�!�ABC is a negative binomial law of parameters 460 g ����� l�¡�¢l����� 	; £ = � � G�!�h. The cumulative function vABC, associated to this negative binomial law, is given by: 461 

 462 vABC = 1 J QH�G:!2:ABC, £�	 (14)

 463 

Where QH is the regularized incomplete beta function of parameters G:!2:ABC and £. The p-value is then defined as: 464 

 465 � = 1 J vABC (15) 

  466 

For a fixed α level, the CNB hypothesis test is: 467 

If p > α, the H0 hypothesis is rejected and a contamination is detected. 468 

Else, H0 is accepted. 469 

 470 

The CNB test is by construction sensitive to any variation in background signal intensity. Now we showed in II. B. 471 

that the background intensity can vary from a spot to another, which lead us to introduce a more sophisticated test with 472 

respect to background signal variation. 473 

 474 



Test on the Cumulative function of a Beta Binomial law (CBB) 475 

 476 

Finally, we introduce a relative and unilateral test, relying on a measurement during a time ��!� and a signal 477 

measurement during a time �:!2: . The test uses the same regions of interest B described for the CNB test, but also 478 

another region of interest, where no signal is expected, named control region. We define such region as: 479 

 480 M = 	C1004 J 3000C	keV (16) 

 481 

We excluded the interval A0 J 140A keV because of X-ray and low-energy gamma signals, especially the ones 482 

corresponding to uranium.  483 

Using the same notations as before, we introduce G�!�AMC, the counting in the control region of the background 484 

signal, and G:!2:AMC, the counting in the control region of the measured signal. The CBB test relies on the 485 

introduction of a random variable �, distributed as a beta law of parameters ��	; ��. We choose � = 0.5 and � = 0.5, 486 

corresponding to the absence of any prior knowledge of � [33]. The counting G�!�ABC, during a measurement time 487 ��!� on the region of interest B is supposed to follow a binomial law of parameters ZG�!�ABC � G�!�AMC	; �[. The a 488 

posteriori law of �, knowing G�!�ABC and G�!�AMC, is then a beta law of parameters Z� � G�!�ABC	; � � G�!�AMC[. 489 

Under the H	 hypothesis, the G:!2:ABC counting associated to the tested spectrum is distributed following a 490 

binomial law of parameter	�. The predictive posterior law of G:!2:ABC knowing G�!�ABC, G�!�AMC and G:!2:AMC, is a 491 

beta binomial law with a number of draws }:!2: = G:!2:ABC � G:!2:AMC and parameters Z� � G�!�ABC	; � �492 G�!�AMC[. Finally, the cumulative function associated to this law is expressed as: 493 

 494 vAB,MC = ΒZ� �G�!�ABC � G:!2:ABC � 1, � � G�!�AMC � G:!2:AMC J 1[ ∙ ¦§TZ�̈, �©̈ ,G�!�ABC[ΒZ� � G�!�ABC, � � G�!�AMC[ ∙ Β�G:!2:AMC,G:!2:ABC � 2� ∙ �G:!2:ABC � G:!2:AMC � 1� (17) 

 495 

Where B is the beta function and ¦§TZ�̈, �©̈ , G�!�ABC[ is the generalised hypergeometric function ¦� �. 496 

 497 

For a fixed α level, the CBB hypothesis test reads: 498 

If vAB,MC ª �, the H0 hypothesis is rejected and a contamination is detected. 499 

Else, H0 is accepted. 500 

 501 

A study of the control region ]1004-3000] keV was made in order to determine if there is a difference in measured 502 

background signal with and without a sample, and if this difference is statistically significant. To do so, we sum the 503 

spectrum in this area and compare it with the spectra with samples. The results are displayed in figure 9 below: 504 

 505 

   506 

  507 

 508 
Fig. 9. ]1004-3000] keV summed spectra associated to the background signal and the uranium samples of 0.7wt% and 9.5wt% 509 

enrichment levels. The uncertainty plotted is one standard deviation. 510 
 511 

 We can see that all three measurements are under one standard deviation of the background-only measurement. We 512 

can conclude that the variation inside the control region is contained under the statistical variation of the background, 513 

thus it will have a minor impact on the CBB test. 514 
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 515 

 516 

VII. Receiver Operating Characteristic curves and integration time 517 

 518 

The study of the statistical power of the tests presented in V. B. will be conducted, based on the generated 519 

representative spectra described in paragraph V using Receiver Operating Characteristic (ROC) curves. Such curves 520 

characterize the power of the tests described earlier. The generated spectra allow us to conduct the study without 521 

having to acquire multiple spectra on site. 522 

 523 

A. ROC curves 524 

 525 

Definition of the ROC curve 526 

 527 

A ROC curve is the performance graph of a complete detector chain, as a plot of the TDR as a function of the 528 

FAR. An ideal detector would present a ROC curve passing through the following points: (0;0) - (0;1) - (1;1), while a 529 

random response detector would show a plot consisting of a line crossing (0;0) and (1;1). Hence, in the absence of a 530 

preset condition on an acceptable TDR or TDV, hypothesis tests power are evaluated on their ROC curves 531 

approaching (0;1) [34]. 532 

ROC curves are constructed using a Monte Carlo method. We proceed to sample / random draws in the 533 

background signal measurements, and the same number N in the constructed signal spectra from the representative 534 

spectra generator described in V. A. The binary result of a test, 1 for a detection and 0 for a non-detection, depend on 535 

the chosen alpha level. Therefore, the possible alpha level between 0 and 1 are given with a step of 10-6. For each 536 

value, we calculate the number of true positives in the presence of a contamination, corresponding to true detections 537 /�«, and the number of false positives in the absence of a contamination, corresponding to false alarms /¬I. We 538 

finally calculate, for each alpha level and each hypothesis test, the couple ­�®0 = ]¯°] ; ¦N0 = ]±²] ³, to which we 539 

associate its repeatability one standard-deviation uncertainty: 540 

 541 

8��®0� = ´1/ ∙ �®0 ∙ �1 J �®0�	; 8�¦N0� = ´1/ ∙ ¦N0 ∙ �1 J ¦N0� (18) 

 542 

The Monte Carlo method is carried out using MATLAB [35]. The number of iterations is / = 10000, so that 543 8��®0� and 8�¦N0� do not exceed 0.5 %. 544 

 545 

Simulated configurations and Monte Carlo method setup 546 

 547 

ROC curves can be traced for different enrichment levels, different backgrounds signals, different measurement 548 

times and different hypothesis tests. Moreover, we chose to study the impact of a variation in background amplitude, 549 

but not in shape, on the detection performance. To do so, we multiplied to background signal spectra by a factor 550 

between 1.01 and 1.1, corresponding to the average 1 % and 10 % maximum orders of variation found in II. B. We are 551 

indeed looking to find the most effective test in the case of background signal stability, but also the most resilient 552 

when background signal does change in amplitude. 553 

The selected configurations of the variables we have described above are the following: 554 

 555 

- Source-detector distance of 1 cm ; 556 

- Enrichment levels: natural enrichment, 1 wt%, 3 wt%, 8 wt%, 20 wt% ; 557 

- Normal background signal, background × 1.01, background × 1.1 ; 558 

- Measurement time ` ∈ y100; 200; 300; 500; 1000; 3000{	µ ; 559 

- Hypothesis tests: KS, CNB, CBB. 560 

 561 

This description leads to the generation of 270 ROC curves, from which we can determine tendencies with their 562 

associated confidence intervals. We will only display the ROC curves for the modified background signal, with the 563 

1 wt%, 3 wt%, 20 wt% enrichment levels and with simulated measurement times of y300; 3000{	s. The ROC of the 564 

three hypothesis tests are superimposed on every curve.  565 

 566 



Results 567 

 568 

Figures 10 to 15 show the obtained results from the study aforementioned. 569 

 570 

a) b) 571 

  572 
 Fig. 10. ROC curve for an enrichment level of 1wt%, ` = 300	s, with a background multiplied by a) 1.01, b) 1.1 573 

 574 

 575 

a) b) 576 

 577 
Fig. 11. ROC curve for an enrichment level of 3wt%, ` = 300	s, with a background multiplied by a) 1.01, b) 1.1 578 

 579 

 580 

a) b) 581 

 582 
Fig. 12. ROC curve for an enrichment level of 20wt%, ` = 300	s, with a background multiplied by a) 1.01, b) 1.1 583 

 584 



 585 

a) b) 586 

 587 
Fig. 13. ROC curve for an enrichment level of 1wt%, ` = 3000	s, with a background multiplied by a) 1.01, b) 1.1 588 

 589 
 590 

a) b) 591 
 592 

Fig. 14. ROC curve for an enrichment level of 3wt%, ` = 3000	s, with a background multiplied by a) 1.01, b) 1.1 593 
 594 

 595 
 596 

a) b) 597 

 598 
Fig. 15. ROC curve for an enrichment level of 20wt%, ` = 3000	s, with a background multiplied by a) 1.01, b) 1.1 599 

 600 

B. Interpretation of the results 601 

 602 



The ROC curves presented above enable to describe explicit trends, which are in adequacy of the description of the 603 

hypothesis tests in V. B. According to figures 10 to 15, and also on ROC curves not shown in this paper, we conclude 604 

the following: 605 

1) The ROC curves, for each hypothesis test, are more right-angled to the (0;1) point when the enrichment 606 

level is high. For example, the comparison of Fig. 10 a) (1wt%) and Fig. 12 a) (20 wt%) show an increase 607 

of the TDR – FAR rate, with the CNB test for the closest point to (0;1), (0.23;0.73) and (0.15;0.87) 608 

respectively. We explain this phenomenon with the bigger discriminability of the 185.7 keV gamma ray 609 

from the 235U decay chain, for higher enrichment levels, shown in Fig. 6. 610 

2) The ROC curves, for each hypothesis test, are more right-angled to the (0;1) point when the simulated 611 

measurement time is long. For example, the comparison of Fig. 10 a) (` = 300	s) and Fig. 13 a) 612 

(`	 = 	3000	s) show an increasing of the TDR – FAR rate, with the CBB test for the closest point to (0;1), 613 

(0.28;0.65) and (0.07;0.83) respectively. The variance reduction associated to a longer time of 614 

measurement explains this result. 615 

3) For a stationary background signal, the CNB test yields better results, being the only absolute and 616 

unilateral test. In addition, when the background signal varies slightly (1%), we do not note any variation 617 

in performances over the different tests. But when the background varies more significantly (10%), the 618 

CNB test performances collapse, which is shown in figures 10 to 15 b). The ROC curve is overlapped 619 

with the diagonal (0;0) – (1;1). This is explained with the construction of the CNB test: Absolute test only 620 

remain operational under the hypothesis that the background signal is identical between the reference 621 

period and the test period. On the other hand, the KS and CBB test performances are not significantly 622 

affected by this variation (deviation of 5 %). 623 

 624 

As a partial conclusion, the KS test does not ever provide the highest performance in our study, being a bilateral 625 

test. Considering all parameters, the relative and unilateral test CBB gives the best compromise between sensibility to 626 

the signal and sensibility to the background variations. The ROC curves obtained are close to a perfect ROC curve 627 

(5 % close on the TDR – FAR rate) with high enrichment levels (Fig. 14 and 15 a)), considering a measurement time 628 

of 3000 s. Yet, when dealing with low enrichment levels, the CBB test performances drop as compared to the ones of 629 

the CNB test. Under the assumption that the reference background is truly representative of the measured spectrum, 630 

the CNB test can be preferred, else, when dealing with any background signal variation, we suggest using the CBB 631 

test. 632 

 633 

C. Evolution of the True Detection Rate as a function of the acquisition time 634 

 635 

In order to optimise the acquisition time and reduce the decommissioning costs, we studied the variation of the 636 

TDR as a function of time with a fixed FAR of 0.5. This represents a risk of 50 % of considering a non-contaminated 637 

surface of one square meter as radioactive waste. Using the results obtained for the ROC curves, we constructed 638 

different graphs of TDR as a function of time. For visualisation purposes, we will only display some of the results. 639 

Figures 16 and 17 show the results of the study (TDR as a function of the measurement time) for an enrichment 640 

level of 1 wt%, with different background signals (reference, and multiplied by 1.1). Figure 18 show the same graph 641 

but with an enrichment level of 20 wt% and a background multiplied by 1.1.  642 

 643 

 644 
Fig. 16. TDR as a function of the acquisition time, for a FAR of 0.5, enrichment level of 1 wt%, and a reference background 645 
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 647 
Fig. 17. TDR as a function of the acquisition time, for a FAR of 0.5, enrichment level of 1 wt%, and a background multiplied 648 

by 1.1 649 
 650 

 651 
Fig. 18. TDR as a function of the acquisition time, for a FAR of 0.5, enrichment level of 20 wt%, and a background multiplied 652 

by 1.1 653 
 654 

We make the following observations, based on figures 16 to 18: 655 

 656 

1) For an integration time ` = 500	s and whether the background is multiplied by 1.1 or not, the CBB 657 

test yields a TDR superior to 90 % for an enrichment level of 20 wt% (�®0 = 0.976, Fig. 18). 658 

2) For an integration time ` = 500	s and a stationary background, the CNB test yields a TDR superior to 659 

90 % for an enrichment level of 1 wt% (�®0 = 0.945, Fig. 16) 660 

3) From point 1 and 2, we can conclude that there is at least a hypothesis test able to achieve a 661 

compromise TDR/FAR exceeding the factor of merit 50 % / 90 % with a measurement time of 500 s, 662 

in the case of a stationary background 663 

4) Whether the background is multiplied by 1.1 or not, for a measurement time ` = 3000	s, the CBB test 664 

gives access to a TDR strictly superior to 90% for any enrichment level (�®0 = 0.932, Fig. 16 ; 665 �®0 = 0.902, Fig. 17 ; �®0 = 0.999, Fig. 18) 666 

 667 

Point 3 supports the deployability of this solution as a “first level” detector, used to assess the measured surface 668 

before employing any other detectors, in a reasonable time. Considering a representative basic nuclear facility with a 669 

total surface to assess of a hundred thousand square meters, a measurement time of 5 minutes per square meter results 670 

in a total study time of 350 days. 671 

Point 4 underlines the ability to deploy this solution as a “second level” high performance detector, used to confirm 672 

the suspicion of a contamination, detected with another instrument which response time is lower (contamination 673 

meters for example). Such a confirmation can be expected with a compromise TDR/FAR of 50 % / 100 % and a 674 

measurement time under one hour per square meter. 675 

 676 
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VIII. General conclusion and outlooks 677 

 678 

We recall here that the objective of this paper was to study the feasibility of a gamma spectrometry method to 679 

decommission nuclear basic facilities, regarding low uranium contamination. The first result of this concept study is 680 

the establishment of a complete methodology, dedicated to the dimensioning and the characterization of a 681 

technological solution to the considered problem. This methodology is based on the construction of: 682 

- A varying gamma-ray source term as a function of the uranium surface activity and the enrichment level of 683 
235U 684 

- A model of an HPGe detector with MCNP6.1 and calibrated using standard sources 685 

- ROC curves allowing connecting, under the hypothesis of a minimal surface activity to detect and an 686 

acceptable false alarm rate, a true detection rate and a radiological characterization time 687 

 688 

As we said in the introduction, alpha signal, beta signal and gamma signal coming from uranium form three 689 

measurands that can be used alternatively or, as a way to consolidate the alarm, cumulatively. In the latter, the 690 

question is to know which measurand is exploited by a “first level” detector, which reliable response time must be the 691 

fastest possible, and which measurand has to be used with a “second level” detector, as a confirmation for an alarm. 692 

 693 

For a minimal surface activity to detect of A = 2000 Bq (α) / m², Ω = 2π sr, the algorithms tools developed enable 694 

us to envision a TDR/FAR compromise exceeding the factor of merit 50 % / 90 % with a measurement time of 500 s / 695 

m², under the hypothesis that the background signal is stationary (else, exceeding a factor 50 % / 70 %). This 696 

observation support the deployability of the proposed solution as a “first level” detector, used to scan the assessed 697 

surface before any other instrument. This technological option is important in the case of the impossibility to use alpha 698 

and beta measurands. Finally, the usage of plural HPGe detection heads would enable to refine the localization of the 699 

contamination as well as reducing the measurement time per square meter. 700 

 701 

In the case of high detection limits (which is true for low enrichment levels), of the dispersion of the distribution 702 

(both in shapes and amplitudes), and of the difficulties behind the handling of HPGe detectors (cooling, fragility, 703 

clutter), the most credible scenario is the usage of the presented method as a “second level” detector. Such a usage 704 

withdraw the time constraint but impose a drastic minimization of the beta risk (wrong non-detection or false alarm). 705 

Yet, we found that raising the measurement time to 3000 s / m² and considering a stationary background signal (which 706 

is a reasonable hypothesis, since a background signal measurement will be conducted ad hoc), the CNB test factor of 707 

merit exceeds 50 % / 99 % for any enrichment level. Table VII and VIII sum up the results mentioned in this 708 

conclusion. We calculated a radiological characterization time, which corresponds to the measurement time times the 709 

example BNF surface. 710 

 711 
Table VII. Characteristics and estimations of the factors of merit of the proposed solution for a “first level” detector, 712 

stationary background 713 

Basic nuclear 

facility 

surface 

Enrichment 

level (235U) 

Measurement 

time 
FAR TDR 

Radiological 

characterization 

time 

100000 m² 1 wt% 500 s / m² 50 % 94.6 % 578 d (3.6 y) 

100000 m² 3 wt% 500 s / m² 50 % 97.9 % 578 d (3.6 y) 

100000 m² 8 wt% 500 s / m² 50 % 99.6 % 578 d (3.6 y) 

100000 m² 20 wt% 500 s / m² 50 % 99.9 % 578 d (3.6 y) 

 714 
Table VIII. Characteristics and estimations of the factors of merit of the proposed solution for a “second level” detector, 715 

stationary background 716 

Basic nuclear 

facility surface 

Enrichment level 

(235U) 
Measurement time FAR TDR 

100000 m² 1 wt% 3000 s / m² 50 % 99.9 % 

100000 m² 3 wt% 3000 s / m² 50 % 99.9 % 

100000 m² 8 wt% 3000 s / m² 50 % >99.9 % 

100000 m² 20 wt% 3000 s / m² 50 % >99.9 % 

 717 

 Obtained results in the framework of this study lead us to consider the following outlooks: 718 

1) We have generated ROC curves and true detection rate as a function of the measurement time curves, 719 

based on the minimal surface activities to detect, using MCNP6.1. We also used data from 720 



experimental measurements on contaminated and non-contaminated surfaces. Since we do not know 721 

precisely the enrichment level, it is impossible to link the results to the minimal surface activity to 722 

detect. We propose the development of concrete sample where a precise contamination of uranium is 723 

layered, enabling us to calibrate the ROC and the TDR/time of measurement curves. We will also 724 

study the matrix effect, consequence of the state of the concrete surfaces. 725 

2) As we stated in II. A. and C., we have a physical model of the gamma source term, associated to a 726 

uranium surface contamination. This model will be used as an a priori in the construction of the H1 727 

hypothesis. For such an approach, we have developed Bayesian statistical tests, competing with CNB 728 

and CBB, with promising performances [36]. Future work will be devoted to the study of the usage of 729 

the Bayesian tests in this context: we propose to duplicate the characterization studies presented in VI 730 

using the Bayesian tests. 731 

3) Using innovative HPGe detectors, such as ones with an anti-Compton shield, can be studied to reduce 732 

the impact of the background signal [16, 37] 733 
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