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Abstract 21 

Metrological non-destructive characterization of intense (α, n) neutron sources 22 

(emission rate between 107 and 3×108 s-1 into 4π sr solid angle) is a challenge for nuclear 23 

applications. In this article, we will present the design, development and in situ validation of 24 

two measurement cells especially dedicated to this characterization. The main goal consists in 25 

determining the absolute neutron emission rate of this type of neutron sources with relative 26 

uncertainties less than 5 % (k=1). Another purpose is related to the qualitative and quantitative 27 

analysis of fission products present in irradiated neutron sources. Because of experimental 28 

constraints, acquisitions were carried out underwater which required a full remote control of 29 

the measurement cells. Neutron emission rate is assessed using three different non-destructive 30 

techniques: i) global neutron counting, ii) neutron activation using gold dosimeters and iii) 31 

gamma-ray spectrometry. We will successively present the design step and associated 32 

constraints, main characteristics of measurement cells and associated laboratory 33 

characterization as well as experimental results obtained during the final in situ measurement 34 

campaign. The latter shows an excellent agreement regarding the neutron emission rate values 35 

provided by the three different non-destructive techniques and a relative combined standard 36 

uncertainty less than 5 % (k=1) for the investigated neutron sources. 37 

1. Introduction 38 

Metrological assessment of the neutron emission rates (number of neutrons emitted into 39 

4π sr solid angle per unit time, usually per second) is a key step for characterizing (α, n) sources, 40 

especially for applications involving high intensity sources (107 – 3×108 s-1). An accurate 41 

determination of the neutron emission rate is crucial for ensuring a correct manufacturing 42 

process of fresh neutron sources. Regarding neutron sources previously irradiated in reactor, 43 
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the knowledge of the neutron emission rate is also essential for the validation process of 44 

simulation codes, like DARWIN developed by CEA [1]. This characterization process is quite 45 

complex because of radiation protection issues (presence of activation and fission products 46 

generating a significant gamma dose rate for irradiated sources) and specific instrumentation 47 

constraints (management of high gamma and neutron counting rates). 48 

Two main goals have motivated this work. The first one concerns the assessment of the 49 

neutron emission rate of several (α, n) sources with global relative uncertainties less than 5 % 50 

(k=1) in order to provide reference data. The second goal concerns the characterization of 51 

gamma-ray emitters in irradiated neutron sources. Because of radiation protection constraints 52 

and source condition storage, this non-destructive characterization should be done underwater 53 

in a specific pool which requires a full remote control during these experiments. For addressing 54 

these purposes, we designed and developed two measurement cells for the deployment of three 55 

different non-destructive techniques. The first system enables to carry out global neutron 56 

counting and neutron activation measurements with gold dosimeters. The second one is based 57 

on gamma-ray spectrometry using a high-purity germanium (HPGe) detector. The initial 58 

approach only considered a single measurement cell. However, specific constraints intrinsic to 59 

the different techniques (acquisition of several hours for activation analysis, HPGe degradation 60 

due to neutron irradiation) motivated the development of two distinct measurement cells. We 61 

will see in the present study that the redundancy and diversification thus introduced will be a 62 

great metrological asset. 63 

In this article, we will first remind the main characteristics of the neutron sources taken 64 

into account in this study. Then, the design step of both measurement cells will be presented. 65 

We will focus on their main features, specific characterization made in laboratory environment 66 

as well as benefits and main limitations of the three deployed non-destructive techniques. 67 

Finally, experimental results and associated analysis resulting from the final in situ 68 

measurement campaign will be discussed. 69 

2. Main characteristics of the neutron sources 70 

Neutron sources considered in this study are of XBe type. For this family of sources, the 71 

neutron emission is mainly due to the (α, n) process and obtained by mixing alpha emitter 72 

radionuclides with beryllium. Our characterization was focused on 244CmBe and 238PuBe 73 

sources. We also considered 241AmBe sources for calibration purposes. These sources produce 74 

an intense neutron emission, with rates ranging from ~1×107 s-1 to ~3×108 s-1. They are made 75 

of several capsules (from one to six). Table 1 summarizes the main characteristics of the 76 

different neutron sources considered in this study. The global neutron emission rate is obtained 77 

by directly summing the neutron emission rate of each capsule, neglecting a potential 78 

multiplication effect caused by the simultaneous presence of several capsules in a source. The 79 

status of the source is also indicated: “new” meaning that the source was recently produced but 80 

not yet irradiated; “old” meaning that the source had already been irradiated in a reactor. 81 

 82 
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Source ID Nature 
Number of 

capsules 
Status 

Neutron 

emission rate 

(s-1) 

A_01 PuBe 1 New 1.55×107 

A_02 PuBe 2 New 3.36×107 

A_03 CmBe 6 New 2.68×108 

A_04 CmBe 6 New 2.68×108 

A_05 CmBe 5 Old Unknown 

A_06 CmBe 5 Old Unknown 

Table 1: Main characteristics of the investigated neutron sources (nature, number of 89 

capsules, status of the source and global neutron emission rate). The neutron emission 90 

rate is given at the measurement date (April 6th 2018). 91 

 As neutron energy spectra will be a key point during our analysis, a specific attention 92 

was paid to this parameter. PuBe and CmBe neutron energy spectra were measured by another 93 

CEA team in the frame of an internal measurement campaign [2], using a ROSPEC system [3] 94 

and Bonner spheres. Compared to the calculated spectra provided by the reference SOURCES-95 

4C code [4], lower average neutron energy spectra were obtained after measurement on a single 96 

PuBe or CmBe capsule: 3.66 MeV instead of 4.96 MeV for PuBe sources, 3.44 MeV instead of 97 

5.00 MeV for CmBe sources. These experimental values are assumed as the most representative 98 

of those of the sources taken into account in our study. This experimental data set will therefore 99 

be implemented in our further Monte Carlo simulations.  100 

In the frame of the measurements, the A_01 source will be considered as a standard and 101 

will be used for providing the calibration coefficients of the three non-destructive techniques. 102 

As indicated in Table 1, this source is made of a single capsule previously characterized by the 103 

Laboratoire National Henri Becquerel (LNHB, France). The emission rate provided by this 104 

capsule was assessed using the primary standardization technique based on the manganese bath 105 

method [5, 6]. It was initially evaluated to 1.57×107 s-1 at the calibration date (March 31th 2016) 106 

with a relative combined standard uncertainty of 1.75 % (k=1). The A_01 value given in Table 1 107 

integrates the slight decay impact at the beginning of the measurement campaign (April 6th 108 

2018). The uncertainty value corresponds to a threshold in the global uncertainty budget, which 109 

could not be overcome. 110 

3. Design, development and laboratory validation of two measurement cells 111 

In this section, we will present methodologies, measurement principles and main 112 

characteristics of the two measurement cells used for deploying three different non-destructive 113 

techniques. The system dedicated to gamma-ray spectrometry will be called SCAN GAMMA 114 

and the one dedicated to global neutron counting and neutron activation measurement SCAN 115 

NEUTRON. 116 



3.1. SCAN GAMMA 117 

3.1.1. Methodology, benefits and associated limits  118 

Gamma-ray spectrometry based on the use of an HPGe detector is the key feature of 119 

SCAN GAMMA. Two main purposes are devoted to this system. The first one concerns the 120 

determination of fission product activities present in old neutron sources. The second one aims 121 

at evaluating the neutron emission rate of the different neutron sources. In that case, the analysis 122 

was focused on the gamma-ray produced by (α, n) reactions and emitted at 4439 keV in 123 

coincidence with neutrons. This methodology, initially proposed by [7] as a solution for 124 

calibrating AmBe sources, can be generalized to all XBe sources. This approach only enables 125 

to quantify the (α, n) contribution and does not provide any information on neutrons emitted by 126 

spontaneous fission (SF) or by additional process ((n, 2n) in beryllium for instance). However, 127 

based on [8], it is important to notice that the SF contribution is completely negligible for PuBe 128 

sources (~10-4 of the global neutron emission) and is only equal to 3.6 % of the global neutron 129 

emission for CmBe sources. The relationship between the net peak area at 4439 keV and the 130 

(α, n) neutron emission rate can be expressed as follows: 131 

𝑆4439  =  𝐸(α,n) × 𝑃4439 × 𝜀4439 × 𝑇m  132 

with: S4439, net peak area at 4439 keV (counts), E(α, n), (α, n) neutron emission rate (s-1), P4439, 133 

gamma-ray emission probability at 4439 keV, ε4439, absolute gamma-ray efficiency at 134 

4439 keV, Tm, live time (s) of the measurement. Contrary to neutron measurements, gamma-135 

ray spectrometry does not require any information on PuBe or CmBe neutron energy spectra, 136 

which will be useful for determining the neutron emission rate. However, measuring intense 137 

neutron sources with SCAN GAMMA present several constraints. The first one is related to the 138 

use of an HPGe detector close to an intense neutron source (~108 s-1 in 4π sr solid angle) and to 139 

its potential rapid degradation due to Ge crystal defects caused by fast neutrons. For this reason, 140 

the acquisition time needs to be minimized and the SCAN GAMMA design has to meet this 141 

requirement. Counting electronics and dead-time issues could be also a limiting factor in case 142 

of high activities due to activation or fission products.  143 

3.1.2. SCAN GAMMA main characteristics 144 

SCAN GAMMA is built around a MIRION Technologies CPS HPGe n-type detector, 145 

GR3019 model (relative efficiency equal to 30 %), equipped with a transistor reset 146 

preamplifier. Figure 1 illustrates this HPGe detector and its radiography, used to check the 147 

dimensions of the germanium crystal and to define the prior geometry for the simulation model. 148 

This HPGe model is a trade-off between the efficiency required for fission product and 149 

4439 keV gamma-ray detection and the resistance to neutron irradiation. Because of underwater 150 

deployment conditions, HPGe electrical cooling was required.  151 

     152 

Figure 1: On the left : external view of the HPGe detector (GR3019 model). On the 153 

right: radiography showing the Ge crystal dimensions. 154 

Two different digital gamma-ray spectrometers were alternatively used during these 155 

experiments: a LYNX provided by MIRION Technologies and associated with the 156 



GENIE 2000 software; a DSPECPro provided by AMETEK used in Zero Dead Time mode and 157 

associated with the MAESTRO software [9, 10]. As the LYNX was the main module integrated 158 

in SCAN GAMMA, a laboratory characterization step was carried out in order to evaluate its 159 

quantitative performances for high Input Count Rates  160 

(ICR>105 counts.s-1). The dual source method was used considering a reference 60Co source 161 

and monitoring the 1173.2 keV peak count rate with the presence of interfering gamma sources 162 

(241Am, 133Ba, 137Cs) at different positions. Experimental results coming from these tests are 163 

presented in Figure 2 and show satisfying performances for the LYNX (relative difference less 164 

than 3 % for ICR up to 5.105 counts.s-1). 165 

 166 

Figure 2: Ratio of net peak areas at 1173.2 keV with and without the presence of 167 

interfering gamma sources (241Am, 133Ba, 137Cs). The dotted line indicates the ideal case 168 

(no impact of the interfering gamma sources). Errors at k=1 only taking counting 169 

statistics into account.  170 

Before its further integration in SCAN GAMMA, an efficiency calibration of the HPGe 171 

detector was made and these experimental results were compared to simulated values obtained 172 

with the MCNP code (MCNPX version) [11]. We used a point 152Eu source (activity of 173 

1.01 MBq, relative uncertainty of 0.3 % for k=1) located at 1 m from the detector. Efficiencies 174 

between 121.7 keV and 1408.0 keV were assessed. Figure 3 shows the comparison between 175 

experimental and simulated values. An average bias of 7 % was observed on this energy range 176 

which can be considered as a satisfying performance regarding previous similar studies reported 177 

in the literature [12]. 178 



 179 

Figure 3: Ratio between simulated and experimental efficiencies of the GR3019 HPGe 180 

detector. The 152Eu source was positioned at 1 m. Statistical uncertainties are indicated 181 

at k=1. 182 

In order to minimize damages due to the fast neutron flux, a fixed 194 mm thick 183 

polyethylene shielding was inserted in front of the HPGe detector during acquisitions. A lead 184 

shielding of 5 mm was also integrated. Additionally to these first protections, three types of 185 

shielding were designed and integrated in a rotating barrel in order to be alternatively positioned 186 

in front of the HPGe detector. The motorized rotating barrel was remotely controlled. This 187 

choice was motivated to take into account the different characteristics of the neutron sources in 188 

terms of gamma and neutron emission. Each shielding has a diameter of 160 mm. The first one 189 

is made of polyethylene, 50 mm thick. The second one is half lead, half polyethylene, 25 mm 190 

thick for each material. The last one is made of lead, 50 mm thick, and dedicated to the 191 

measurement of the most intense sources in terms of gamma emission. Figure 4 shows a view 192 

of the SCAN GAMMA MCNP scheme (lateral view), as well as the inner part of the real 193 

measurement cell. 194 

  195 

Figure 4: On the left: lateral view of SCAN GAMMA (MCNP scheme). On the right: 196 

inner view of the real measurement cell. 197 



3.2. SCAN NEUTRON 198 

3.2.1. Methodology, benefits and associated limits 199 

SCAN NEUTRON combines two distinct methodologies for measuring the emission 200 

rate of the different neutron sources. The first one is based on global counting, which enables 201 

to take all neutron contributions into account: (α, n) reactions which are the main contribution 202 

for XBe sources, spontaneous fission and (n,2n) reactions in beryllium. The relationship 203 

between the global counting rate and the global neutron emission rate can be expressed as 204 

follows: 205 

𝐶n = 𝐸n × 𝜀n 206 

with: Cn, global counting rate (counts.s-1), En, global neutron emission rate (s-1), εn, 207 

absolute neutron efficiency.  208 

The second methodology is based on neutron activation using specific dosimeters which 209 

is a well-known approach, especially for measuring neutron flux in nuclear power plants. In 210 

this case, a three-step protocol is adopted: the first step is an irradiation period of a few hours 211 

enabling to induce activity in a material inserted at a given position of the measurement cell; 212 

the second step is a cooling period which is required to remove the dosimeter from the 213 

measurement cell and to position it in front of a detector; the last step is a counting period for 214 

measuring induced activities using reference peaks. Relationships between the net peak area 215 

resulting from the activation process, the dosimeter activity at the end of the irradiation period 216 

and the global neutron emission rate can be expressed as follows: 217 

𝑆𝛾 = 𝐴 × 𝑃𝛾 × 𝜀𝛾 × 𝑒–λ𝑇𝑐𝑜𝑜𝑙 × (1– 𝑒–λ𝑇𝑐𝑜𝑢𝑛𝑡), 218 

 219 

𝐴 = 𝐸𝑛 × 𝑇(𝑛,𝛾) × (1– 𝑒–λ𝑇𝑖𝑟𝑟),  220 

 221 

𝑇(𝑛,𝛾) =
𝑚 𝑁𝐴

𝑀
∫ 𝜑(𝐸). 𝜎(𝐸)

𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛
 𝑑𝐸, 222 

with: Sγ, net peak area at Eγ (counts), A, dosimeter activity at the end of the irradiation 223 

period (Bq), Pγ, gamma-ray emission probability at Eγ, εγ, absolute gamma-ray efficiency at Eγ, 224 

λ, decay constant (s-1), Tcool, cooling time (s), Tcount, counting time (s), En, global neutron 225 

emission rate (s-1), Tirr, irradiation time (s), m, dosimeter mass (g), M, atomic mass of the 226 

activated material (g.mol-1), NA, Avogadro’s number (6.02×1023 atoms.mol-1), Emin, minimal 227 

neutron energy (MeV), Emax, maximal neutron energy (MeV), φ(E), neutron flux  228 

(cm-2), σ(E), cross-section of the (n, γ) reaction (cm2).   229 

Considering the expected neutron emission rates, statistical uncertainty intrinsic to the 230 

global counting approach can be neglected (<<1 %), as soon as the acquisition duration exceeds 231 

a few seconds which is well adapted to in situ constraints. On the other side, dosimeter 232 

activation requires longer irradiation durations (~hours) in our experimental configuration for 233 

creating a detectable induced activity. For both techniques, the knowledge of the neutron energy 234 

spectrum is a key point and the main limitation of our approach as it will directly impact the 235 

accuracy of the calibration coefficient.  236 

3.2.2. SCAN NEUTRON main characteristics 237 

SCAN NEUTRON mainly corresponds to a polyethylene cylinder drilled by several 238 

channels for positioning the neutron source and associated instrumentation. Regarding the 239 

global counting approach, we used 3He proportional counters which are the reference 240 



technology for these measurements. Three 24NH15 detectors (active length of 150 mm, active 241 

diameter equal to 25 mm, 3He gas pressure of 4.105 Pa) are located around the neutron source 242 

at a distance of 340 mm and disposed with an angle of 90 degrees between each other as 243 

indicated in Figure 5. Polyethylene slows down fast neutrons emitted by the source in order to 244 

improve the efficiency of 3He detectors. It also acts as a shielding against gamma-rays emitted 245 

by neutron sources, especially the old ones, minimizing the dose rate received by 3He detectors 246 

and avoiding any overcounting. We used current preamplifier and high voltage (HV) modules 247 

provided by Mirion Technologies (7820/7821 models). Measurements were carried out using a 248 

standard counting scale (CTR-15 model from Access I/O Products, Inc). 249 

Concerning the neutron activation measurements, after testing several materials 250 

(manganese, indium, gold) in laboratory conditions, gold dosimeters are selected as the best 251 

trade-off in terms of measurable induced activity, minimization of the cooling time impact and 252 

knowledge of reference decay data (half-life, gamma-ray emission probability). The activation 253 

reaction of interest is 197Au(n, γ)198Au with a gamma-ray emission at 411.8 keV (Pγ=95.62 %) 254 

[13]. Dosimeters were inserted at fixed positions in a specific casket which enables an excellent 255 

repeatability between two experiments. Dosimeter activities coming from the same irradiation 256 

step were measured in two different facilities: LNHB located in CEA Saclay and MADERE 257 

facility located in CEA Cadarache. Cooling times were quite reduced (a few hours) in 258 

MADERE compared to LNHB measurements (approximately 24 hours) because of its 259 

geographical proximity with the irradiation location. For this reason, the counting step was 260 

slightly different between both facilities: each dosimeter was measured individually in 261 

MADERE and in a grouped position in LNHB. Gold dosimeters are specific to each facility 262 

and have the following characteristics: 10 mm in diameter and 100 µm thick for MADERE, 263 

10 mm in diameter and 50 µm thick for LNHB. In each casket space, we alternatively 264 

positioned two LNHB dosimeters or a single MADERE dosimeter. For this reason, the self-265 

shielding effect (impact of the dosimeter thickness on the neutron flux resulting in a reduced 266 

activation level compared to the theoretical value) was similar in all cases. As slight variations 267 

can be observed between theoretical dosimeter masses (75.8 mg for LNHB, 151.6 mg for 268 

MADERE) and real ones, each dosimeter was weighted before measurements with a relative 269 

uncertainty less than 0.15 %. A correction factor was applied to take into account the mass 270 

difference between the calibration step and the rest of the measurements. 271 

Figure 5 provides two illustrations of the MCNP scheme used for simulating the global 272 

neutron counting rate and the irradiation step of neutron activation measurements (reaction rate 273 

calculation). Figure 6 shows the real SCAN NEUTRON measurement cell and the casket made 274 

for dosimeter acquisitions. 275 

 276 

 277 



  278 

Figure 5: On the left: SCAN NEUTRON, lateral view, illustrating the position of the 279 

neutron source, 3He detector and the dosimeter casket. On the right : top view of SCAN 280 

NEUTRON illustrating the position of the different instrumentation channels.  281 

     282 

Figure 6: On the left: SCAN NEUTRON, external view of the real measurement cell. On 283 

the right: casket with spaces for dosimeter positioning and associated support for 284 

insertion in SCAN NEUTRON.  285 

4. In situ measurements and experimental results 286 

4.1. Definition of in situ measurement methodology 287 

In this section, the main steps of the methodology used for determining the emission 288 

rate of the different neutron sources are detailed. Gamma-ray spectrometry, global neutron 289 

counting and neutron activation measurements are calibrated according to a single PuBe source, 290 

called A_01. For each measurement technique, this reference source will enable to 291 

experimentally obtain:  292 

 The counting rate for each 3He counter, considering a given electronic threshold (global 293 

neutron counting) 294 

 The counting rate in the peak at 411.7 keV, coming from the 198Au decay (neutron 295 

activation measurement). 296 

 The counting rate in the peak at 4439 keV for the three shieldings of interest (full 297 

polyethylene, lead/polyethylene, full lead – Gamma-ray spectrometry). 298 

 299 

Each calibration coefficient will have its intrinsic uncertainty, related to the acquisition 300 

procedure and integrating counting statistics uncertainty as well as the uncertainty on the A_01 301 

neutron emission rate. The accuracy of the three Monte Carlo models will be evaluated by 302 



comparing experimental and simulated results for this reference A_01 configuration. More 303 

precisely: 304 

 For SCAN NEUTRON (3He), the difference between simulated and experimental 305 

results will enable to determine electronic losses which cannot be directly evaluated by 306 

MCNP.  307 

 For SCAN NEUTRON (gold dosimeters), every physical process can be simulated 308 

using the MCNP model and a perfect agreement could be theoretically obtained between 309 

experiment and simulation.  310 

 For SCAN GAMMA, a perfect agreement could be also expected, even if the latter will 311 

be more complex to obtain than for dosimeter measurements, due to uncertainties on 312 

4.4 MeV gamma-ray production rate and absolute efficiency at this energy.  313 
 314 

It is interesting to emphasize that the simulation model accuracy could be different, 315 

according to physical processes involved for the three measurement techniques. SCAN 316 

NEUTRON simulations will be sensitive to hydrogen contained in polyethylene or in water and 317 

also to the presence of potential neutron absorbers like chlorine or boron. Considering SCAN 318 

GAMMA, the latter will be mainly impacted by heavy elements (steel, lead shielding). This 319 

complementarity is of great interest in the frame of this study. 320 

As reference calibration coefficients will be experimentally obtained using the A_01 source, 321 

we insist on the fact that Monte Carlo simulations will be only used in a relative way for 322 

simulating gamma or neutron efficiency variations between two neutron sources (the impact of 323 

the number of capsules and of their elevations) and also for taking into account the nature of 324 

the neutron energy spectra (CmBe, PuBe).  325 

4.2. SCAN GAMMA: main experimental results and associated analysis 326 

Figure 7 and 8 illustrate gamma-ray spectra obtained respectively for non-irradiated and 327 

irradiated CmBe sources. Both of these spectra are really different from each other. On the first 328 

one, the specific energy region of XBe sources at 4.4 MeV can be observed. Energy resolution 329 

of these peaks are significantly degraded by Doppler effect. Peak at 2.2 MeV resulting from the 330 

hydrogen activation 1H(n,γ) contained in polyethylene can be also identified. On the second 331 

one, the presence of 60Co resulting from the activation 59Co(n, γ) of the source steel shielding 332 

is clearly visible and degrades the spectrum quality. Pile-up contribution has especially a strong 333 

impact on the region of interest at 4.4 MeV. Fission product signatures are quite weak and 334 

partially masked by the 60Co Compton continuum. Main detectable gamma-rays are coming 335 

from 137Cs at 661.7 keV and 154Eu at 1274.4 keV. 336 



 337 

Figure 7: Gamma-ray spectrum obtained for non-irradiated CmBe sources. Energy 338 

range is between 0 and 10 MeV. 339 

 340 

Figure 8: Gamma-ray spectrum obtained for irradiated CmBe sources. Energy range is 341 

between 0 and 10 MeV. 342 

Figure 9 illustrates the energy region at 4.4 MeV for non-irradiated PuBe and CmBe 343 

neutron sources. Three main features can be observed, corresponding from the right to the left 344 

to the full-energy peak and peaks due to single and double escape of annihilation photons. It is 345 

important to notice that the shape of this region of interest is exactly the same and does not 346 

depend on the nature of the source but only to germanium geometry. 347 



 348 

Figure 9: Comparison of the energy range of interest at 4.4 MeV for CmBe (black solid 349 

line) and PuBe (grey dotted line) sources. 350 

Table 2 compares counting rates obtained at 2.2 MeV and 4.4 MeV for two non-irradiated 351 

CmBe sources. Uncertainties take only counting statistics (k=1) into account and an arbitrary 352 

value of 1.0 % is given at 4.4 MeV, because of specific fitting applied to this region of interest. 353 

An excellent agreement is reached between experimental data obtained for both of these sources 354 

which is perfectly consistent with expected neutron emission rates.  355 

 Lead/Polyethylene shielding Lead shielding 

Source/ROI 2.2 MeV (s-1) 4.4 MeV (s-1) 2.2 MeV (s-1) 4.4 MeV (s-1) 

A_03  1812.7 (0.1 %) 914.2 (1.0 %) 572.9 (0.2 %) 301.3 (1.0 %) 

A_04  1807.9 (0.1 %) 913.4 (1.0 %) 569.6 (0.2 %) 303.7 (1.0 %) 

A_03/A_04 1.003 1.001 1.006 0.992 

Table 2: Comparison of counting rates (s-1) at 2.2 MeV and 4.4 MeV for two non-356 

irradiated CmBe sources (A_03 and A_04) and two different shieldings. 357 

For the three shieldings, Table 3 compares experimental and simulated counting rates obtained 358 

at 4.4 MeV with the reference A_01 source. Each experimental configuration was repeated 359 

three times and the average 4.4 MeV counting rate is given. 360 

 361 

 362 

 363 

 364 

 365 



 366 

Shielding 
4.4 MeV (s-1) – 

Experiment 

4.4 MeV (s-1) – 

Simulation 
Simu./Exp. 

Polyethylene 174.3 (1.0 %) 184.9 (3.4 %) 1.06 

Lead/ 

Polyethylene 
58.7 (1.0 %) 60.6 (4.4 %) 1.03 

Lead 20.5 (1.0 %) 18.8 (4.3 %) 0.92 

Table 3: Comparison between experimental and simulated counting rates (s-1) obtained 367 

at 4.4 MeV for the three shieldings with the reference A_01 source.  368 

The deviation observed for the polyethylene shielding is almost the same as those obtained for 369 

the simulation of the HPGe detector in a laboratory environment (see paragraph 3.1.2). It means 370 

that the SCAN GAMMA model does not introduce any additional deviations compared to the 371 

MCNP HPGe model. Considering uncertainties associated to the simulation step, the agreement 372 

is also really satisfying for the mixed shielding and slightly degraded for the lead shielding. In 373 

this last case, the deviation could be due to elements which have not been taken into account in 374 

the simulation model (non-simulated mechanical parts located out of the HPGe axis).  375 

Table 4 summarizes the results obtained in terms of neutron emission rates according to the 376 

measurement configuration. Each configuration was repeated three times and the average 377 

4.4 MeV counting rate is given. The uncertainty related to the 4.4 MeV gamma-ray emission 378 

probability (P4439) is not mentioned in the reference [7] for CmBe or PuBe sources. In this case, 379 

this parameter was only assessed by calculation. For this reason, the relative uncertainty was 380 

arbitrarily fixed at 2.6 % (k=1) in this study, corresponding to the experimental value obtained 381 

by Croft for an AmBe source. It is important to highlight that the nature of the source (PuBe or 382 

CmBe) has a slight impact on this parameter. Comparing LYNX and DSPECPro performances, 383 

a correction factor was also applied for compensating DSPECPro overcounting for CmBe 384 

sources: the latter is equal to 1.03 for ICR close to 8.5×104 counts.s-1 (lead shielding) and to 385 

1.04 for ICR close to 1.65×105 kcounts.s-1 (lead/polyethylene shielding). Neutron emission 386 

rates were not measured for irradiated sources due to fitting issues of the 4.4 MeV region. This 387 

limitation could be overcome in a near future by increasing the cooling time for minimizing the 388 
60Co pile-up impact. 389 
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Source Shielding P4439 4.4 MeV (s-1) En (s-1) 
Deviation vs 

specifications 

A_02 Polyethylene 0.5716 372.5 (1.0 %) 3.09×107 (2.6 %) 1.09 

A_02 
Lead/ 

Polyethylene 
0.5716 174.3 (1.0 %) 3.12×107 (4.7 %) 1.08 

A_02 Lead 0.5716 44.1 (1.0 %) 2.95×107 (6.3 %) 1.12 

A_03(1) 
Lead/ 

Polyethylene 
0.5621 914.2 (1.0 %) 2.68×108 (7.5 %) 1.00 

A_03(2) Lead 0.5621 301.3 (1,0 %) 2.58×108 (10.0 %) 1.04 

A_04(1) 
Lead/ 

Polyethylene 
0.5621 913.4 (1.0 %) 2.68×108 (7.5 %) 1.00 

A_04(2) Lead 0.5621 303.7 (1.0 %) 2.60×108 (10.0 %) 1.03 

Table 4: Emission rates (s-1 in 4π sr) obtained for the different neutron sources 401 

according to the type of shielding. Overcounting correction factor equal to 1.04 for 402 

Lead/Polyethylene shielding(1) and to 1.03 for lead shielding(2).  403 

The quite satisfying agreement between our results and expected values confirms the interest 404 

of gamma-ray spectrometry for determining the emission rates of neutron sources other than 405 

AmBe. It also illustrates that P4439 factors calculated in [7] are sufficiently reliable for carrying 406 

out this type of analysis. Relative uncertainties on neutron emission rates are more important 407 

for CmBe sources and lead shielding because of higher simulation uncertainties. The deviation 408 

observed for the PuBe A_02 source will be explained in the next section and is due to the 409 

calibration procedure applied on each individual capsule. 410 

4.3. SCAN NEUTRON (global neutron counting): main experimental results and 411 

associated analysis  412 

The second part of this measurement campaign was based on the global neutron counting 413 

approach using 3He detectors. Figure 10 illustrates the excellent linearity of the total number of 414 

counts according to the acquisition duration.  415 

 416 

Figure 10: 3He measurements (A_03 source): total number of counts versus acquisition 417 

duration. 418 



Considering the short acquisition duration (between 30 s and 2 min), several measurements 419 

(between 4 and 14) have been carried out for a given experimental configuration. For each 3He 420 

detector, three different electronic thresholds are considered (400 mV, 600 mV, 800 mV) which 421 

corresponds to nine experimental configurations for each source. As an example, Table 5 422 

summarizes the counting rates according to the different electronic settings for a given 3He 423 

detector. 424 

Source A_02 A_03 A_04 A_05 A_01 A_06 

400 mV 1253.48 10304.11 10468.53 3539.36 796.36 3579.03 

IRaverage 0.17 % 0.09 % 0.05 % 0.14 % 0.16 % 0.12 % 

600 mV 1095.22 9109.26 9229.97 3085.97 694.17 3140.56 

IRaverage 0.18 % 0.10 % 0.05 % 0.15 % 0.17 % 0.13 % 

800 mV 950.36 7781.52 7891.98 2594.55 592.05 2696.43 

IRaverage 0.19 % 0.10 % 0.05 % 0.16 % 0.19 % 0.14 % 

Table 5: Counting rates (counts.s-1) obtained for the different electronic settings 425 

(400 mV, 600 mV, 800 mV). Relative uncertainties (k=1) are given on the average values 426 

(IRaverage) and take into account the number of measurements. 427 

Based on these measurements, the main uncertainty components associated to the neutron 428 

emission rate were identified. The first one corresponds to the calibration coefficient obtained 429 

with the A_01 reference source. It is evaluated to 1.8 % and is mainly due to the calibration 430 

step with the manganese bath method. The second one is due to counting statistics and is less 431 

than 0.2 %, as it can be seen in Table 5. The third one includes the impact of high voltage (HV) 432 

and electronic threshold fluctuations, as well as a potential gamma dose rate impact for 433 

irradiated sources. It corresponds to the standard deviation based on the nine experimental 434 

configurations and is less than 1.2 % for all sources. The fourth one reveals the accuracy of the 435 

simulation model and its ability to predict the calibration coefficient variations according to the 436 

measurement elevation. Based on previous laboratory calibration step, it is evaluated to 3.0 % 437 

which is the average difference observed during the SCAN NEUTRON elevation calibration in 438 

LNHB with a point AmBe source. The fifth one takes into account the impact of the neutron 439 

energy spectrum between the A_01 reference source (PuBe) and the CmBe neutron sources. 440 

This uncertainty does not exist for the A_02 neutron source. For determining this uncertainty, 441 

we evaluated for a fixed setting the deviation between simulated and experimental counting 442 

rates for three different configurations: point AmBe source and A_01 capsule measured in 443 

laboratory conditions, A_01 source measured during in situ acquisitions. Observed deviations 444 

are respectively equal to 1.456 (1.07 %), 1.478 (1.07 %) and 1.475 (1.79 %), mainly reflecting 445 

non-simulated electronic losses. These values are very close which demonstrates the good 446 

knowledge of neutron energy spectra used for all calculations. For this last uncertainty 447 

component, a value of 1.5 % is considered, corresponding to the gap between AmBe and A_01 448 

measurements in laboratory conditions. For the different sources, Table 6 summarizes the 449 

neutron emission rate, the associated combined standard uncertainty and the deviation 450 

according to expected values.  451 

 452 



Source A_02 A_03 A_04 A_05 A_06 

En (s-1) 3.07×107 2.69×108 2.70×108 8.57×107 8.74×107 

Relative 

combined 

standard 

uncertainty 

3.7 % 4.0 % 4.0 % 4.1 % 3.9 % 

Deviation vs 

specifications 
1.095 0.997 0.993 - - 

Table 6: Emission rates (s-1 in 4π sr) and associated relative combined standard 453 

uncertainties (k=1) for the different neutron sources. Deviation according to expected 454 

values are also indicated. 455 

The assessed neutron emission rates are close from the expected values and gamma-ray 456 

spectrometry results, which validate the feasibility of the second methodology. Similar 457 

emission rates are observed between irradiated (A_05 and A_06) CmBe sources which were 458 

not evaluated by gamma-ray spectrometry. Finally, an important point concerns the relative 459 

combined standard uncertainty estimated to less than 4.1 % (k=1) for all the investigated 460 

sources which enables to reach one of the main goals of this measurement campaign.  461 

4.4. SCAN NEUTRON (dosimeter measurement): main experimental results and 462 

associated analysis  463 

The last step of this experimental campaign is related to the activation measurements with gold 464 

dosimeters carried out in parallel of 3He acquisitions. For the A_01 reference source, Table 7 465 

compares simulation values with the experimental results obtained at LNHB and at MADERE. 466 

Dosimeter activity at the end of the irradiation period, simulated MCNP reaction rate and 467 

deviation between experimental and simulated results are respectively indicated as well as 468 

associated relative uncertainties (k=1). For this specific comparison, dosimeters were stacked 469 

in both facilities during the measurement step (eight dosimeters at LNHB, four at MADERE). 470 

Table 8 shows a similar analysis based on MADERE results but obtained for individual 471 

dosimeters positioned at different elevations in the casket. 472 

 MADERE LNHB 

Activity (Bq) 27.8 31.6 

Relative uncertainty –  

Activity 
1.5 % 1.5 % 

Simulated reaction rate 
197Au (n, γ)198Au 

1.20×10-6 1.22×10-6 

Relative uncertainty –  

(n, γ) reaction rate 
1.3 % 1.4 % 

Simu./Exp.  1.365 1.381 

Relative uncertainty – 

Simu./Exp. 
2.7 % 2.6 % 

Table 7: Gold dosimeter activities assessed at LNHB and at MADERE, simulated 473 

reaction rates and comparison between simulated and experimental data. Relative 474 

uncertainties are given for each specific parameter (k=1). 475 



 476 

Dosimeter position 3 5 7 9 

Activity (Bq) 5.41 7.43 8.29 7.15 

Relative uncertainty –  

Activity 
1.7 % 1.5 % 1.7 % 1.6 % 

Simulated reaction rate 
197Au (n, γ)198Au 

9.13×10-7 1.26×10-6 1.41×10-6 1.23×10-6 

Relative uncertainty –  

(n, γ) reaction rate 
0.7 % 0.7 % 0.6 % 0.7 % 

Simu./Exp.  1.337 1.334 1.345 1.344 

Relative uncertainty – 

Simu./Exp. 
2.5 % 2.4 % 2.5 % 2.4 % 

Table 8: Gold dosimeter activities for different measurement positions (MADERE 477 

results), simulated reaction rates and comparison between simulated and experimental 478 

data. Relative uncertainties are given for each specific parameter (k=1). 479 

Two main remarks can be made from these results. The first one concerns the significant 480 

deviation of approximately 35 % observed between simulated and experimental values which 481 

is not clearly explained at that time. The main assumption concerns the presence of non-482 

simulated absorbing neutron elements, like boron or chlorine, potentially present in steel of the 483 

measurement cell or in water circulating close to the dosimeter casket. The second remark 484 

concerns the excellent agreement between results provided by MADERE and LNHB and which 485 

are affected by a similar deviation. This deviation will be considered as a correction factor for 486 

processing the rest of the dosimeter data. 487 

Regarding the dosimeter measurement, we identified the main uncertainty components 488 

associated to the neutron emission rate. The first one corresponds to the calibration coefficient 489 

obtained with the A_01 reference source. Values are reminded in Table 7 (LNHB results, 490 

analysis of stacked dosimeters) and Table 8 (MADERE results, analysis of individual 491 

dosimeters) and are close to 2.5 %. The second one is counting statistics and is contained 492 

between 1 and 2 % for MADERE and LNHB measurements. The third one is specific to 493 

MADERE and corresponds to the standard deviation based on experimental results obtained 494 

for the four dosimeter positions. The latter is quite low, contained between 0.5 % and 1.7 % for 495 

all sources. The fourth one corresponds to the accuracy of the simulation model according to 496 

the measurement elevation and the fifth one to the impact of neutron energy spectra. Same 497 

values are considered as for 3He measurements, respectively equal to 3.0 % and 1.5 %.  498 

The different neutron emission rates coming from gold dosimeter analysis are listed in Table 9 499 

and compared with 3He measurements. Combined standard uncertainties including the different 500 

components previously mentioned are also indicated. This analysis confirms the very good 501 

agreement between MADERE and LNHB results as well the global consistency with 502 

experimental results provided by 3He measurements. 503 
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 508 

 A_02 A_03 A_04 A_05 A_06 

En (s-1) – LNHB 3.04×107 2.80×108 2.89×108 8.87×107 9.09×107 

Relative 

combined 

standard 

uncertainty (%) 

– LNHB  

4.9 % 5.9 % 5.9 % 5.5 % 5.5 % 

En (s-1) – 

MADERE 
3.01×107 2.75×108 2.79×108 8.72×107 8.94×107 

Relative 

combined 

standard 

uncertainty (%) 

– MADERE 

4.5 % 4.8 % 4.8 % 4.7 % 4.7 % 

MADERE/LNHB 0.99 0.98 0.97 0.98 0.98 

MADERE/3He 0.98 1.03 1.04 1.02 1.02 

LNHB/3He 0.99 1.04 1.07 1.04 1.04 

Table 9: Neutron emission rates (s-1 in 4π sr) and associated relative combined standard 509 

uncertainties based on LNHB and MADERE analysis. A comparison between gold 510 

dosimeter and 3He measurements is also provided. 511 

5. Conclusions and future developments 512 

In this article, we present the design and development of two distinct systems, enabling 513 

to deploy three different non-destructive techniques for the underwater characterization of 514 

highly intense PuBe and CmBe (α, n) neutron sources. Main characteristics, benefits and 515 

drawbacks of these techniques have been successively discussed as well as the analysis 516 

methodology. Experimental results obtained during the final in situ measurement campaign 517 

enable to draw several conclusions. First of all, we demonstrate the possibility of determining 518 

the neutron emission rate in harsh environmental conditions with a relative combined standard 519 

uncertainty lower than 5 % (k=1): ~4 % for 3He measurements, in the range of 4.5 and 5.5 % 520 

for gold dosimeter measurements. For a given neutron source, a very good agreement has been 521 

shown between the neutron emission rate values provided by the three different non-destructive 522 

techniques. To our knowledge, this multi-technique characterization was carried out for the first 523 

time with such experimental constraints and requirements in terms of uncertainty. 524 

Based on this experimental feedback, several potential improvements were identified. 525 

The first one would be related to the upgrade of electronics for gamma-ray spectrometry, 526 

especially for the characterization of irradiated neutron sources. The second one would require 527 

a metrological evaluation of the P4439 parameter for CmBe and PuBe sources, with a similar 528 

study to those carried out by Croft for AmBe [7]. A third improvement would be related to a 529 

new evaluation of PuBe and CmBe energy spectra using advanced neutron spectrometers [14].  530 
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