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Abstract 

Natural gadolinium displays a number of remarkable physical properties: it is a rare earth element, 

composed of seven stable or quasi-stable isotopes, with an exceptionally high magnetization and a 

Curie point near room temperature. Its use in the field of nuclear instrumentation historically relates to 

its efficiency as a neutron poison in power reactors. Gadolinium is indeed the naturally occurring 

element with the highest interaction probability with neutrons at thermal energy, shared between Gd-

157 (15.65%, 254000 b cross section) and Gd-155 (14.8%, 60900 b) isotopes. Considering that 

neutron capture results in an isotopic change, followed by a radiative rearrangement of nuclear and 

atomic structures, Gd may be embodied not merely as a neutron poison but as a neutron converter into 

a prompt photon and an electron source term. Depending on the nature and energy of the reaction 

products (from a few-keV Auger electrons up to 8 MeV gamma rays) that the detector aims at 

isolating as an indirect neutron signature, a variety of sensor media and counting methods have been 

introduced during the last decades. This review first draws a theoretical description of the radiative 

cascade following         capture. The cascade may be subdivided into regions of interest, each 

corresponding to dedicated detection designs and optimizations whose current status is detailed. This 

inventory has allowed the authors to extract and benchmark key figures of merit for the definition of a 

detection scheme: neutron attenuation, neutron sensitivity (cps/nv), gamma rejection, neutron 

detection limit in a mixed field, intrinsic or extrinsic moderation, and transportability. On this basis, 

the authors have identified promising paths for Gd-based neutron detection in contemporary 

instrumentation. 
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1. Introduction 

Neutron detection and counting form a crucial and multidisciplinary issue in nuclear measurement. 

This review will have a special, although non restrictive focus on real-time detection and dosimetry for 

low-level neutron monitoring in the presence of a low-level gamma background [1]. Neutron radiation 

is, for instance, weakly attenuated by air and is deeply penetrating, which justifies the acute attention 

that it receives in radioprotection. Multiple environments require specific monitoring of neutron dose 

rate. For nuclear industry workers, these include fuel (U-235, Pu-239) fabrication and reprocessing 

units, power plants, and storage and decontamination sites for spent fuel [2]. The irradiation of staff 

(and patients) within the proximity of medical, research and industrial accelerators, as well as users of 

calibration neutron sources, is also strictly regulated [3]. Neutron counting plays a major role in 

passive, non-destructive control of fissile isotopes all along the fuel cycle, including inventory 

purposes, characterization of nuclear waste packaging and criticality monitoring [4]. Eventually, 

neutron detection is one of the keystones of special nuclear material (SNM: U-233, U-235, Pu) 

detection in the frame of nuclear and radiological threat prevention [5]. Neutron radiation portal 

monitors (RPMs) are installed in public places, critical entry checkpoints, and national borders, to 

prevent nuclear material proliferation and the risk of a “dirty bomb” contaminating an extended area. 

Neutron radiation, as well as electromagnetic waves, belongs to the category of neutral radiations, i.e. 

as a neutron passes through matter, it is not affected by Coulomb forces from electrons in the medium. 

On the contrary, free neutrons interact with matter nuclei, by recoil or by nuclear reaction, leading to 

the emission of secondary charged particles that ionize the sensor and allow for a charge carrier-

induced signal to be collected [6]. Neutron radiation is therefore qualified as indirectly ionizing and is 
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solely detected by the ionization signature from the charged products of neutron diffusions and 

reactions. Diffusions are only practically exploitable when the atomic mass of the target nucleus is 

close enough to that of one of the incident neutrons and when the kinetic energy    of the neutron falls 

into the fast range, usually defined between 1 and 10 MeV, essentially 
1
H(n,n’) diffusions [7]. 

Conversely, nuclear reactions of interest for neutron detection essentially take advantage of isotopes 

with interaction probability with neutron at thermal energy (i.e.          at 19 °C) [6]. These are 

mainly 
3
He(n,p), 

10
B(n,α), 

6
Li(n, α), 

157
Gd(n,γ), 

155
Gd(n,γ) and 

113
Cd(n,γ) reactions. For these reactions 

to be put into play, it is therefore necessary that neutron radiation has been moderated before reaching 

the converter, either through diffusions inside the environment (for instance, the human body in the 

case of personal dosimeters) or by the traversing through a dedicated moderator set around the 

detection medium. Table 1 summarizes the key figures of merit (equivalent microscopic surface or 

cross section, liberated energy or Q-value, type of interaction products) for the main neutron–nucleus 

interactions used in nuclear instrumentation. 

Helium-3 is the most commonly deployed converter in neutron counters found on the market. The 

inert He-3 gas under pressure is contained inside a tube, which is itself placed within a hydrogenous 

moderator whose dimensions maximize the neutron capture rate inside the gas. Charged particles, 

produced by the reaction (protium and tritium nuclei), directly ionize the gaseous medium, generating 

a cloud of charge carriers that induce the detected signal. Commercial detectors display a neutron 

sensitivity within the order of magnitude of one count per neutron nanosievert (1 c.nSv
−1

) against a 

gamma vulnerability within the order of magnitude of 10
−3

 c.nSv
−1

, hence obtaining a n/γ 

discrimination ratio of 10
−3

, which is robust up to 1 mSv.h
−1

 gamma dose rates [8]. It is thus the 

combination of He-3 high thermal neutron sensitivity (explained by the 5330 b cross section from 

Table 1) and gamma rejection of the gaseous medium that makes such detectors a reference. However, 

9/11 attacks have led to the deployment of a rising quantity of SNM monitors at borders, causing the 

He-3 demand to skyrocket [9]. The shadow of a worldwide shortage and the strategic stakes related to 

the He-3 resource (United States and Russian stocks of nuclear weapons being the main providers of 

the isotope during the 2000 decade) have severely affected the cost of the detectors [10]. The quest for 

alternative technologies to He-3 proportional counters has therefore become a prominent topic of 

research in contemporary nuclear instrumentation. 

Interaction Energy    Cross section 

(b) 
Q-value (MeV) Products 

1
H (n,n’) 100 keV – 10 MeV 0.7–28 – proton 

3
He (n,p) Thermal 5330 0.764 proton, triton 

10
B (n,α) Thermal 3840 2.792 alpha, lithium ion 

6
Li (n,α) Thermal 940 4.78 alpha, triton 

137
Gd (n,γ) 

Thermal 254000 7.937 
photons, 

electrons 

155
Gd (n,γ) 

Thermal 60900 8.536 
photons, 

electrons 

113
Cd (n,γ) 

Thermal 20600 9.04 
photons, 

electrons 

Table 1. Interactions of interest for neutron detection and counting. 

2. Key physical features, supply data and instrumental uses of gadolinium 

2.1. General physical properties of Gd 

Gadolinium is naturally present as a combination of five stable and two quasi-stable isotopes, all 

labeled      
  with Z = 64 being the atomic number and A the mass number of the isotope: 

                           
   ,      

   ,      
   ,      

    and                            
   . Its 
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average atomic mass equals 157.25 ± 0,03 u [11]. The electrons of a Gd atom cloud populate 

successive electronic layers with respect to the value of their principal quantum number n, according 

to the formula (K)
2
 (L)

8
 (M)

18
 (O)

9
 (P)

2
. Taking into account all four quantum numbers, the electronic 

configuration of Gd reads  

[Gd]=1s
2
 2s

2
 2p

6
 3s

2
 3p

6
 3d

10
 4s

2
 4p

6
 4d

10
 4f

7
 5s² 5p

6
 5d

1
 6s²     (1) 

From these considerations, it follows that Gd is part of the 6th period and 4f-subblock of the periodic 

table. Gadolinium is classified among the lanthanide series, comprising all elements with atomic 

numbers ranging from Z = 57 (La) up to Z = 71 (Lu), chemically similar to lanthanum. For a 

lanthanide element, including Gd, the +3 oxidation state is the most stable. As a result, Gd is found in 

natural form and in the majority of synthetic compounds as a Gd
3+

 trivalent cation, while it may be 

obtained as a Gd
2+

 divalent cation in solutions [12]. Gadolinium also finds its place among the metal 

group of rare earth elements, in which Sc (Z =21) and Y (Z = 39) are added to the lanthanide series. 

Because of analog chemical properties, these elements are found as a mixture in a limited number of 

minerals, such as monazite and bastnaesite [13]. 

Gadolinium, when incorporated in low amounts (of the order of 1 wt%) in iron and chromium alloys, 

has the property to improve the workability, mechanical resistance, and high-temperature resistance to 

oxidation of the material [14]. Together with Fe, Co, and Ni, Gd is reported as one of the four simple 

ferromagnetic elements, although the notion is debated [15]: it remains that Gd presents an 

exceptionally high magnetization field and unusually low Curie temperature Tc, marking the transition 

from a state of intrinsic magnetic order to the paramagnetic state of the metal. The magnetization of 

Gd according to the direction of an external magnetic field then admits an inflexion point within the 

vicinity  

289 K ≤ Tc ≤ 293 K [[16], [17]], so that the ferromagnetic–paramagnetic phase transition of Gd may 

be embodied as a room-temperature heat flux sensor [18]. 

2.2. Supply data (2007–2017) 

Gadolinium is never found in its raw form as a natural material. The ionic radius of the Gd
3+

cation 

equals 107.8 pm, which explains why the crystal structures of monazite and bastnaesite are favorable 

to Gd inclusions. Active mining fields dedicated to the extraction of these ores may be found in China 

(Bayan Obo) or Australia (Mount Weld) [19]. The process of Gd purification comprises several key 

steps: extraction, mineral processing (grinding and concentration of ores by floatation), chemical 

processing (obtention of Gd hydroxides, chlorides and carbonates under acidic or basic attacks), and 

elementary separation. Before this last stage, Gd purity reaches 90%, expressed as a percentage of the 

total content in rare earth oxides. The separation step allows for an elevation of purity from 90% to 

99% or even 99.99%, depending on the technique used. The continuous separation process by solvent-

based extraction allows for a purification above 99.99%. The purification method of Gd directly 

affects the cost of the raw material. The obtention of metal Gd may be achieved by metallothermal 

reduction of Gd fluoride [20] according to the reaction equation 

2 Gd F3 + 3 Ca  2 Gd + 3 Ca F2  (2) 

For the sake of this introduction, we provide an overview of the evolution of metal Gd cost over the 

last decade. We have superimposed in Fig. 1 the evolution, between 2007 and 2016, of 99%-pure 

metal Gd [20] with the most commonly used neutron converter in the detection market, He-3 [10]. The 

selling price of Gd (hereby expressed in United States Dollar per Liter, US$/L) is easily accessible in 

literature, contrary to the cost of He-3 or tritium (   
  disintegrates into    

  by β
- 

-decay). This 

difficulty reflects the criticality of the He-3 resource. As previously mentioned, He-3 production is 

essentially a by-product of nuclear weapon maintenance [21]. As a consequence, the uncertainties 

attached to the cost of He-3 are high, and not only depend on the nuclear reactor but also on the 

breeder system [22]. 

The cost of Gd is currently trending downwards and is approximately 30 times lower than the cost of 

He-3. From the available supply data, we are therefore able to state that Gd is both significantly 

cheaper and less critical than He-3, corroborating its interest as an alternative base for neutron 

detection technologies. 
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Fig. 1. Evolution of 99% Gd and He-3 costs between 2007 and 2016. 

2.3. Traditional use of Gd in nuclear instrumentation 

The use of Gd in the field of neutronics historically relates to its efficiency as a neutron poison. The 

energy distribution of the neutron capture cross section σGd(n,γ) (En) is reproduced in Fig. 2, according 

to the interpolated data compiled in the IRDFF-1.0 database, published by the International Nuclear 

Data Committee (INDC) [23]. The characteristic clearly shows a thermal-energy cut-off, the value of  

σGd(n,γ) (En) falling from σGd(n,γ) =8690 b down to σGd(n,γ) =833 b (i.e. more than one decade reduction) 

between En = 100 meV and En = 1250 meV (epithermal range). This abrupt distribution explains why 

the use of Gd as a neutron absorber is limited to slow neutron environments, typically to capture 

neutrons at thermal energy. 

From the values plotted in Fig. 2, it can be deduced that Gd is the stable, naturally occurring element 

with the highest interaction probability with neutrons at 25 meV. Table 2, which is built from the data 

provided by the IAEA Prompt Gamma-Ray Neutron Activation Analysis base (PGNAA) [24], 

presents the absolute cross section σA associated with every      
  isotope for thermal neutron capture. 

It also contains the cross sections σA,w weighted by the atomic fraction PA of the      
  isotope in 

natural Gd. The resulting cross section of natural Gd is given by                       , 

with 99.99% due to Gd-157 (254 kb) and Gd-155 (60.9 kb). Natural Gd, considered from the 

perspective of the interaction with thermal neutrons, may therefore by simplified as a two-absorbing 

isotope system: 

                          
                  

       (3) 

 

Fig. 2. Capture cross section as a function of neutron energy for natural Gd (IRDFF-1.0). 
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Elements with a high cross section for thermal neutron capture (Gd, Cd) find a straightforward 

application in the context of reactor instrumentation and control. Fixed, burnable Gd2O3 poisons are 

loaded into the core to control excess fuel reactivity after restart phases [25], either as a separate pin 

lattice [26] or, more commonly, directly mixed with UO2 inside the fuel rod [27]. Integrated Gd 

poisons, although they necessitate a specific preparation of nuclear fuel and tend to degrade rod 

thermal conductivity, are easier to reprocess and do not raise moderation issues. The content of Gd in 

poisoned rods varies between 7% and 9% and these gadoliniated rods may be found in quantities 

varying from 8 to 20 in Pressure Water Reactor fuel assemblies. As burnable poisons also serve the 

purpose of shaping the neutron flux spatial distribution, they are usually placed near the center of the 

core. As a powerful neutron absorber, Gd enters into the composition of neutron shielding alloys, such 

as Ni–Cr–Mo–Gd [28], for nuclear reactor safety and fissile material storage [29]. Another notable 

utilization of the large Gd thermal neutron capture cross section is water-soluble, inorganic Gd(III) 

nitrate poisons with complete formula: (Gd (NO3)3 . 6H2O). Such Gd-based poisons have notably been 

used as a part of emergency shutdown systems in heavy water nuclear reactors [30]. 

Isotope      
  Atomic fraction PA 

(%) 

σA (b) σA,w (b) 

     
    0.2 ± 0.01  735 ± 20 1.47 ± 0.04 

     
    2.18 ± 0.03 85 ± 12 1.85 ±0.26 

     
    14.80 ± 0.12 30900 ± 500 9013 ± 74 

     
    20.47 ± 0.13 2.4 ± 0.2 0.49 ± 0.04 

     
    15.65 ± 0.02 254000 ± 800 39751 ± 125 

     
    24.84 ± 0.07 2.2 ± 0.2 0.55 ± 0.05 

     
    21.86 ± 0.19 1.4 ± 0.3 0.31 ± 0.07 

Table 2. Absolute and weighted isotopic cross sections for thermal neutron capture (PGNAA). 

3. Thermal neutron radiative capture by Gd-155 and Gd-157 nuclei 

3.1. Isotopic change and Q-value in 155Gd (n,γ) and 157Gd (n,γ) reactions 

Neutron capture by a Gd-155 or Gd-157 results in an isotopic change of the nucleus, from one stable 

to another stable isotope, as described in reaction Eqs.(4), (5) : 

     
       

               
   

  
        (4),  

     
       

               
   

  
         (5)  

where the reaction products, produced by a radiative rearrangement of nuclear and atomic structures, 

have been labeled RP. 

In addition to being high-cross section interactions, nuclear reactions in Eqs. (4) and (5) are strongly 

exothermic, with a Q-value of                    keV and                    keV 

respectively [31]. After weighting by the coefficients quoted in paragraph 2.3, a Q-value per neutron 

capture in natural Gd is derived: Q = 8048.2 ± 0.6 keV. This resulting energy is shared between all 

reaction products, which are freed as excited nuclei       and       and regain their fundamental 

energy level, i.e. their quantum state of lowest energy. 

A 49-kb microscopic cross section and 8 MeV Q-value form two exceptionally favorable figures of 

merit for thermal neutron detection [32], as would highlight a comparison between features in Table 1. 

It follows that Gd may be embodied not merely as a neutron poison but as a neutron converter into a 

prompt, secondary source term, represented by the sum of RP, which is subdivided itself into a prompt 

photon and a prompt electron source term. However, the RP term is dominated by electromagnetic 

radiations [33] which are likely to escape from most detection media and have the same nature as the 
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natural gamma radioactivity they need to be discriminated from. The exploitability of 
155

 Gd (n,γ) and 
157

 Gd (n,γ) reactions in neutron detection therefore depends on the typology and energy distribution of 

RP, as will be discussed in the rest of this section. 

3.2. Continuous Gd (n,γ) signature: Prompt gamma-ray continuum between 0 

and Q 

Gadolinium nuclei, after neutron capture, are found within a discrete set of energy levels, each of them 

being characterized by angular momentum J, parity P (with notation J
P
) and isospin T. The return of 

      and       nuclei to ground state is promptly mediated by the emission of gamma rays. The de-

excitation gamma-ray spectrum for both isotopes is modeled as the superimposition [33] of: 

- A continuous component, lying between 0 and the Q-value, whose probability density function 

reaches a maximum of about 10
-2

 nc
-1

 (per neutron capture) in the vicinity of 2 MeV ; 

- A discrete component, whose lines correspond to possible differences between allowed energy 

levels. 

Different probabilistic, Monte Carlo codes are available for particle transport modeling, among which 

MCNP is a reference tool for neutron diffusions and captures [34]. The MCNP6 program simulates a 

complete history of every generated corpuscle, for both source terms and recoil products, until kinetic 

energy falls below an adjustable threshold [35]. A number of nuclear data libraries are available in 

addition to the MCNP6 code so that the gamma-ray RP of 
157

 Gd (n,γ) and 
155

 Gd (n,γ) reactions may 

be generated. The ENDF/B-VII.0 library is notably used to generate the prompt electromagnetic 

source term after neutron capture [36]. To obtain a representation of the photon spectrum generated by 

the library, a simple configuration was simulated: a neutron source with energy En = 25 meV was 

positioned at the center of a natural Gd ball, with isotopic composition from Table 2, density ρ = 7.901 

g. cm
-3

, and radius r = 10 µm. By using tally 4 (volumic particle fluence), with addition of SD4 

(normalization) and E4 (energy distribution) options, the spectral distribution of photons exiting the 

Gd ball and crossing a surrounding, empty sphere with radius R = 1 cm per generated neutron (n
−1

) is 

estimated. For this configuration, 88.67% of generated neutrons are captured by Gd nuclei, and 

99.84% of the photons, generated after captures, escape for Gd, so that the output photon fluence 

reliably illustrates the library source term. The obtained spectral distribution, with respective 

contributions from Gd-155 and Gd-157 isotopes, is reproduced in Fig. 3. 

 

Fig. 3. Photon spectrum exiting a 10-µm-radius Gd ball per generated thermal neutron (MCNP6, 

ENDF/B-VII.0 library). 

The source term from the library carries the continuous, gamma-ray component of RP: for instance, 

energy 7.86 ± 0.05 MeV, i.e. 99.0 ± 0.1% of Q-value Q157 ~7.94 MeV expected for a 
157

 Gd (n,γ) 

capture reaction. This results stands in excellent agreement with the findings of, Sakurai et al., who 
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stated that, after 
157

 Gd (n,γ) capture, 99.2% of the Q-value is carried by photon products of the 

reaction (the rest, 0.8% of the Q-value, being shared by low-energy electrons, as discussed below). 

Simulation efforts have also been conducted in GEANT4 to model Gd (n,γ) gamma emission. Two 

implementations of the de-excitation source term are available in standard GEANT4, with respective 

merits and domains of validity. The “Final State Model”, based on Neutron Data Library (G4NDL), is 

found to represent more adequately individual gamma line values, whose description will be given in 

the following paragraph, but does not preserve the Q-values quoted in paragraph 3.2 [37]. Conversely, 

the “Photon Evaporation Model” carries more adequately the Q-value of Gd (n,γ) reactions, although 

to the detriment of individual line intensities and gamma-ray multiplicity [[37], [38]]. The selection of 

a model should then be driven by the figures of interest in a given detection scheme. Typically, large 

detectors as those described in Section 6, rely on a high energy deposition (above 2 MeV) from Gd 

capture gamma rays, so that their design should be based on an accurate estimation of the released Q-

value and therefore the Photon Evaporation Model. In the framework of the Double Chooz 

Experiment, a modified, dedicated model was developed by adding individual lines to a continuum, 

computed on the basis of an enhanced generalized Lorentzian distribution, and adjusting the result to 

experimental [39]. 

3.3. Discrete Gd (n,γ) signature: Prompt gamma rays, internal conversion 

electrons, X rays and Auger electrons 

3.3.1. Discrete gamma-ray spectrum 

Although the majority of Q-values in 
155

Gd (n,γ) and 
157

Gd (n,γ) reaction is carried by the prompt 

gamma-ray continuum, the discrete signature of these reactions is essential in many identification 

schemes, each of them focusing on a set of privileged rays. The Prompt Gamma-Ray Neutron 

Activation Analysis (PGNAA), made available by the International Atomic Energy Agency (IAEA), is 

built from isotopic data compiled in the Evaluated Nuclear Structure Data File and updated from 

measurements on the nuclear research reactor in Budapest [40]. PGNAA draws up the inventory of 

discrete, prompt gamma rays following neutron captures by Gd-157 and Gd-155 nuclei. The spectrum 

comprises 390 rays between 79.51 and 7857.67 keV from the Gd-157 isotope, and 324 rays between 

57.592 and 6764.83 keV for Gd-155. The emission rate P(Eγ)per neutron capture (nc
−1

) is calculated 

from the emission cross-section, noted   
     , of a given isotope for a gamma ray of energy , the 

total reaction cross-section σ0 of the isotope with thermal neutrons and the abundance ωA of the 

isotope in the natural element, according to: 

        
  

      

      
  (6) 

 

Fig. 4. Weighted discrete prompt gamma-ray spectrum after Gd (n,γ) capture (IAEA). 
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The discrete spectrum, with the emission rate per Gd (n,γ) capture in the vertical axis, on the left from 

the Gd-157 isotope and on the right the Gd-155 isotope, is presented in Fig. 4. The distribution is 

notably dominated by two low-energy doublets, 

              
            and                

              from Gd-157, and               
 

            and               
              from Gd-155. These energies correspond to 

transitions from the first excited state 2+ to the fundamental state 0+ for the γ1,j set, and from the 

second excited state 4+ to 2+ for the γ2,j set, as illustrated in Fig. 5 [[41], [42]]. 

The intensity of the mentioned gamma-ray doublets allows for a benchmark between reference works. 

Gräfe et al. [43] quote for both most intense rays following 
157

 Gd (n,γ) capture, i.e. Eγ = 79.51 keV 

and Eγ = 181.931 keV, and gamma emission rates  

P(79.51 keV) = 0.098 ± 0.007 nc
-1

 and  

P(181.931 keV) = 0.183 ± 0.017 nc
-1

.  

These values are compatible within one standard deviation with the emission rates (before isotopic 

correction)  

P(79.51 keV) = 0.10  ± 0.01 nc
-1

 and  

P(181.931 keV) = 0.18 ± 0.01 nc
-1

 ,  

derived using Eq. (6). The hereby computed values are also within the same order of magnitude as the 

experimental values estimated by Sakurai et al. [33], equaling  

P(79.51 keV) =0.115 nc
-1

 and P(181.931 keV) =0.136 nc
-1

.  

 

Fig. 5. First excited states of Gd-156 and Gd-158 nuclei and associated gamma transitions. 

3.3.2. Internal conversion electrons 

Prompt gamma emission is in competition with a nuclear de-excitation mode called internal 

conversion: a cloud electron directly acquires a fraction of the nucleus excitation energy and is 

expelled from the atom. As the wave function of cloud electrons is never null inside the atomic 

nucleus, there is indeed a probability of direct interaction between electrons and nucleons. The de-

excitation series associated with 4+ to 2+ and 2+ to 0+ levels have been reported to be responsible for 

96.7% of the energy carried by internal conversion electrons after 
157

Gd (n,γ) capture [44], and 

similarly for 
155

 Gd(n,γ) capture [45]. 

The binding energy of an electron occupying the subshell is labeled Eli,m. Table 3 summarizes the 

binding energies [46] associated with the main electronic subshells implicated in the generation of 

internal conversion electrons. 
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Subshell 

m 

K L1 L2 L3 M1 M2 M3 M4 M5 N1 N2 O1 O2 

Eli,m 

(keV) 50.24 8.38 7.93 7.24 1.89 1.69 1.55 1.22 1.19 0.38 0.27 0.04 0.03 

Table 3. Binding energies on K, L and M gadolinium shells. 

For each of the four                          transitions, introduced in paragraph 3.3.1 and every 

m electronic subshell, we label           
  as the internal conversion electron expelled instead of 

gamma-ray emission. The emission yield for an internal conversion electron from m the subshell is 

noted            
 ; we also define, for every transition, an internal conversion coefficient αi,j according to 

                                        
     (7) 

The internal conversion electron            
  is given by the underlying gamma-ray transition      

and the 

electron binding energy Ebi,m : 

                                                                
       

         (8) 

Table 4 presents the internal conversion yields computed by BrIccS v2.3 program [47], made available 

by the National Nuclear Data Center. The results stand in excellent agreement with the values reported 

in literature: Rösel et al. [48], for instance, derived conversion yields            
        and 

           
       , compared to            

         and            
         in our calculation. From 

gamma emission rates and internal conversion yields, the emission rates Gd (n,γ) per capture for the 

main internal conversion electrons are eventually obtained. 

j =157 j =155  

i = 1 i = 2 i = 1 i = 2 m 

           
  2.017            

  2.06.10-
1
            

  1.559            
  1.565.10

-

1 

K 

           
  3.021            

  7.693.10
-

2
 

           
 =1.789            

  5.31.10
-2 L 

           
  7.144.10

-

1
 

           
  1.78.10

-2            
  4.225.10

-

1 

           
  1.24.10

-2 M 

α1,157 = 5.933 α2,157 =3.053.10
-1 

α1,155 =3.877 α2,155 =2.25.10
-1

  

Table 4. Internal conversion yields per electron shell (BrIccs) 

3.3.3. X rays and Auger electrons 

An internal conversion electron expelled from the m subshell leaves a vacancy, which is then filled by 

an electron from another subshell labeled p (necessarily p > m ). The transition is mediated by the 

emission of electromagnetic radiation called X rays, whose energy is equal to the difference between 

binding energies: 

                         (9) 

An alternative atomic de-excitation mode is represented by the emission of an electron from a subshell 

n located between m and p (m < n < p). Such a radiation is called Auger electron and carries energy 

equal to the transition energy minus its own binding energy: 

                (10) 
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Following one internal conversion of the K-shell with yield          
 , for instance, X rays and Auger 

electrons are radiated in the 30–50 keV range, with these major lines: 

-    
- X ray with energy     

      keV (transition from L3 to K) ; 

-    
 - X ray with energy     

      keV (transition from L2 to K) ; 

-    
 - X ray with energy     

      keV (average transition from M to K) ; 

-    
 - X ray with energy    

      keV (average transition from N and O to K) ; 

- Ke
-
 - Auger electron with energy           keV, i.e. the mean Kα emission energy minus 

the mean binding energy of L-shell electrons. 

Relative intensities of X rays are tabulated [49], and Auger yield for Ke
-
 is reported to lie between 

10% and 15% [50]; the representative emission rates per K-shell electron internal conversion are 

computed and tabulated in Table 4. Our results are also compatible with those reported in literature: 

Abdushukurov [51], for instance, quotes that    
and    

yields equal to 0.475 and 0.266, compared to 

0.476 and 0.264 in our derivation, respectively. 

The same derivation may be conducted for internal conversions of L-shell electrons. Following 

internal conversion of the L-shell, X rays and Auger electrons are radiated in the range 4–8.5 keV, 

with main lines: 

-    
- X ray with energy     

     keV (transition from M5 to L3) ; 

-    
- X ray with energy     

     keV (transition from M4 to L2) ; 

-       
- X ray with energy        

     keV (transition from N4 and N5 to L3) ; 

-    
- X ray with energy     

     keV (transition N4 and L2) ; 

- Le
-
 - Auger electron with energy      = 4.8 keV. 

Auger yield for Le
-
 is one order of magnitude lower than for Ke

-
, and the incertitude attached is 

approximately 25% [51]. Indicative emission rates per L-shell electron internal conversion are given in 

Table 5. 

The average emission rates per Gd (n,γ) capture associated with the main X rays (XR), internal 

conversion (ICe
-
), and Auger (Ae

-
) electrons are summarized in Table 6, with the isotopic origin of the 

reaction product being mentioned. We emphasize the significant contribution from the X-ray term to 

the low-energy photon source term: Gräfe et al. [43] calculated a ratio of 1.32 between the sum of 

   
and    

contributions and the 181.931 keV ray, comparable to the 1.23 ratio hereby derived, after 

ponderation by the 81.5% statistical weight of            
    reaction per Gd (n,γ) capture. 

Radiation    
    

    
    

 Ke
-
     

     
        

     
 Le

-
 

Emission 

yield 
0.476 0.264 0.147 0.042 0.077 0.171 0.106 0.036 0.019 0.668 

Table 5. X-ray and Auger electron emission yield per internal conversion. 

Energy of reaction product 

(keV) 

Emission rate (nc
-1

) Nature of reaction product 

4.8 0.207 Ae
-
 (L-shell) 

6.1 0.053 XR(   
) 

6.7 0.033 XR(   
) 

7.1 0.011          
) 

7.8 0.006       
) 

29.3 0.166 ICe
-
 (Gd-157) 
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34.9 0.077 Ae
-
 (K-shell) 

38.73 0.044 ICe
-
 (Gd-155) 

42.3 0.264 XR(   
) 

43.0 0.476 XR(   
) 

48.7 0.147 XR(   
) 

50.0 0.042 XR(   
) 

71.9 0.248 ICe
-
 (Gd-157) 

77.9 0.059 ICe
-
 (Gd-157) 

81.3 0.051 ICe
-
 (Gd-155) 

131.7 0.030 ICe
-
 (Gd-157) 

149.0 0.006 ICe
-
 (Gd-155) 

174.1 0.011 ICe
-
 (Gd-157) 

180.1 0.003 ICe
-
 (Gd-157) 

Table 6. Prominent internal conversion electrons, X rays and Auger electrons after Gd (n,γ) capture. 

3.3.4. Signal of interest for thermal neutron detection and counting 

The overview of the radiative cascade following thermal neutron capture by Gd nuclei drives the 

exploitation of the σ cross section toward three main strategies: 

- A detection scheme based on the signature of low-energy Auger and internal conversion 

electron in the 4–200 keV range. This signature is exploitable in gaseous detectors with 

powerful gamma-background rejection; 

- A detection scheme based on the signature of medium-energy intense gamma-ray lines, X rays 

and internal conversion electrons in the 40–200 keV range. This signature will be identifiable 

in moderate-volume (up to a few cm
3
) solid-state sensors, either scintillators or 

semiconductors. A higher gamma rate in such detectors will, however, require a compensation 

of the natural or radiological photon background over this energy range; 

- A detection scheme based on the higher-energy gamma continuum between 200 keV and 

8 MeV. The deposition of a significant part of these reaction products requires a high-density 

and/or high-volume sensor. It however allows for a favorable signal-to-noise ratio (SNR) 

above an energy threshold of 2.6 MeV, which exceeds the most-energetic gamma rays in the 

natural U-235, U-238 and Th-232 disintegration chains. 

This subdivision of the Gd(n,γ) cascade into these privileged regions of interest corresponds to 

dedicated detection designs and optimizations, whose current status will form the topic of the rest of 

this paper. 

4. Low-energy electron signature (4–200 keV) in gaseous detectors 

Gadolinium is a powerful neutron absorber, converting the incident radiation into a set of cascade 

reaction products which directly (electrons) or indirectly (photons) ionize the detection medium, 

generating a nuclear counting signal. The Gd converter may be inserted into the sensing medium in 

two ways: 

- Homogeneously dispersed or loaded inside the sensor, in the fields of semiconductor and 

scintillator-based detectors; 

- As a cover on top of the sensor or interleaved with it, in the form of Gd layers, deposits or 

foils, in the fields of gaseous, semiconductor and large plastic detectors. 
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In the case of gaseous detectors, Gd converters must be deployed as solid-state layers, which have 

intrinsically lower geometrical efficiency than homogeneously dispersed solutions. The principle of 

the detection scheme, formulated by Jeavons et al. [52] includes, from outer to inner shells: 

- A Gd-foil neutron converter into a low-energy, Auger and internal conversion electron source 

term, with energy lying between 4 and 200 keV according to Table 4; 

- A high-density drift space, limiting the range of Gd (n,γ) cascade electrons; 

- A multiwire proportional chamber (MWPC), which is a type of proportional counter with fine 

wires tensioned between two ground-potential, metal plates, and a noble gas where electron–

ion pairs, generated along the track of the electrons, migrate under a several kV-electric 

potential difference. 

The purpose of the high-density band is to allow for a position-sensitive neutron detection: a given 

cathode–anode pair provides (x,y) coordinates of the Gd-converter interaction with incident radiation. 

Key factors of merit for such gaseous, position-sensitive neutron detectors are: 

- Detection or registration efficiency, defined as the ratio, expressed in %, of neutrons absorbed 

in the cover and giving rise to detectable electrons, either in the same direction as incident 

neutron radiation or opposite, to total incoming neutrons; 

- Two-dimensional spatial resolution, defined as the minimum distance, expressed in mm, 

between neutron sources resulting in separate (x,y) coordinates at the output of the neutron 

detector; 

- Background, defined as the false count rate, expressed in cps or cps. cm
−2

, in the absence of a 

neutron emitter. 

Interesting features also include the noble gas mixture used in the chamber, the type (natural or Gd-

157 enriched) and thickness (in µm) of the converter, and the active or sensitive area (in cm
2
). The 

main factors of merit reported in the previous study [52] are mentioned in Table 7. 

From this basic detection concept, several upgrades have been proposed, notably through the 

introduction of a multistep avalanche chamber (MSAC) as an alternative to MWPC. In such a 

detector, the solid-state electron collimator mentioned supra, which generates a modulation of neutron 

signature directionality and increases gamma background, is replaced by an additional gas 

amplification stage. Merchart et al. [53] thus accessed superior performance in terms of spatial 

resolution, with similar figures of merit as far as efficiency and background vulnerability are 

concerned, also given in Table 6. Abdushukurov et al. [54] investigated mathematically the design of 

an one-dimensional (1D) position-sensitive neutron detector based on two MSACs with a natural Gd 

plane in between. The Gd converter thickness is optimized with regard to the registration efficiency of 

the internal conversion signature between 29.3 and 200 keV, with a mean around 70 keV. With a 

10°angle between the detector and the 1.8 Å incident neutron beam, a 55-% efficiency is expected for 

a 3-µm natural Gd converter, i.e. more than twice the figure of merit of previously described 

configurations. The authors have then validated the modeled registration efficiency by comparison 

with experimental data from the Atominstitut (Vienna) and the Institut Laue Langevin 

(Grenoble) [55]. 

Two-dimensional (2D) position sensitivity forms a high goal in the development of gas chamber 

neutron sensors. Masaoka et al. [56] have thus described the Monte Carlo simulation-based 

optimization of a micro-strip gas chamber. In such a configuration, 2D localization is accessed thanks 

to a 1-mm thick lead glass plate with 100-µm wide cylindrical capillaries set at a distance d from the 

Gd converter. Primary internal conversion electrons and related secondary electrons then drift along 

the avalanche region and are collected in a printed network of 10 µm anode and 100 µm cathode 

strips. Spatial resolution is improved by a dense electron diffusion medium, in the form of a 1 µm-

thick cesium iodide (CsI) layer, on the back of the Gd converter: one primary internal conversion 

electron with a mean energy of 70 keV is converted by recoil in a mean number of 10 electrons above 

50 eV, multiplied in the avalanche region. In this context, secondary electrons from Compton 

diffusions of the gamma-ray, prominent signature of Gd (n,γ) captures, form a source of spatial 

resolution degradation and are therefore treated as a noise. The authors then describe an optimization 
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of the chamber design, with d = 100 µm and gas pressure of 0.02 atm, and associated figures of merit 

reported in Table 7. 

Although they exhibit high registration efficiency and spatial resolution, the gaseous detectors 

reviewed in this section are essentially dedicated to fundamental investigations. Their absolute neutron 

sensitivity, notably lowered by the limited electron-stopping power of the gas and negligible 

attenuation of the prominent, gamma-ray signature of Gd (n,γ) captures, indeed forbids their 

deployment in field radioprotection and security applications. 

 Detectio

n 

efficienc

y (%) 

Spatial 

resolutio

n 

Backgroun

d (cps. cm
-

2
) 

Gd 

compositio

n 

Gd 

thicknes

s (µm) 

Noble 

gas 

mixture 

(%) 

Activ

e area 

(mm
2

) 

Jeavons 

et al. [52] 
22 % 

(1.8 Å, 

thermal) 

1 mm 

(angles 

between 

0 and 

30°) 

<1 (5 mm 

lead shield) 

Natural 25 Isobutan

e 

(100 %) 

4 × 4 

Melchart 

et al. [53] 

~20 % 

(2.4 Å, 

thermal) 

~0.7 mm 

FWHM 

(angles 

between 0 

and 30° 

<1 (5 cm 

lead shield) 

Natural 

(Gd-157 

modeled) 

10 Ar 

(98 %), 

Acetone 

(2 %) 

10×10 

Abdushukuro

v et al. [54] 

32–59 % 

(1.8 Å, 

thermal) 

0.4 µm-

1D (angle 

10°) 

-  Natural 

(90% Gd-

157 tested) 

3 Isobutane 

(100 %) 

(200–

350) 

×10 

Masaoka 

et al. [56] 

26 % 160 µm-

2D 

n/γ ratio: 

200 

Natural 5 Ar 

(95 %), 

N2 (5%) 

- 

Table 7. Figures of merit for Gd-based, gaseous neutron detectors. 

5. Medium-energy gamma-ray, X-ray, and electron signature (40–200 keV) 

in small-volume, solid-state detectors 

5.1. Gd-covered semiconductors 

The development of light, portable detectors addressing active and personal neutron dosimetry forms a 

living topic of research in contemporary instrumentation for radioprotection. In this context, 

semiconductor technologies are favored, because of the high electron-stopping power and photon 

attenuation of dense solids, limiting the volume needed for an indirect neutron signature to be 

collected. Superior spectroscopic performance of the associated sensors also allows the identification 

of characteristic peaks. Like previously, the approach consists in covering an efficient photon and 

electron radiation sensor with a Gd layer, converting thermal neutrons into emissions that result in a 

series of well-defined energy peaks marked in Fig. 4 and Table 6. 

The adjunction of a thin conversion layer to a pMOSFET diode, working as a current mode radiation 

detector, has been reported by Lee et al., first in the form of a metal Gd-cover [57], and then as a 0.5-

µm thick sputtered deposit [58]. Such diodes implement a 2-µm gate oxide layer between the P-type 

layer and the Gd cover, in which the ionizing Gd (n,γ) reaction products lead to the creation of defects 

(trapped electrons and holes). The consequence is an increase in the diode threshold voltage as a 

function of neutron dose rate. The linearity of this relationship was experimentally validated up to 10 

Gy. Key factors of merit for neutron counters and dosimeters include neutron sensitivity, gamma 

background sensitivity and either neutron-to-gamma (n/γ) ratio or neutron detection limit in a gamma-

ray field. For this threshold shift-based detector, sensitivities are expressed in mV.cGy
−1

 and reported 
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in Table 8. The linearity of this shift with gamma background dose allows for a compensation of this 

false signal by subtraction of a baseline voltage shift, computed from a priori on the gamma 

background dose. An implementation of this detection scheme has been described by Vitale et al. [59], 

where the semiconductor is a fully depleted silicon-on-insulator (FDSOI) MOSFET with a thinner 2.5-

nm gate oxide (SiO2). Theoretical calculations, derived from the original model by McGregor 

et al. [60], have shown optimal thicknesses in the vicinity of 3 µm for a 
nat

Gd2O3 converter 

(registration efficiency: 17%) and 8 µm for a 
157

Gd2O3 converter (8%). Figures of merit are given for a 

1-µm thick layer, considering a maximum, theoretical detection efficiency of 2.5%. In both cases, the 

ionizing signature is almost exclusively attributable to 70 to 200 keV internal conversion electrons, 

because of the limited size of detectors. A 10-% Gd-loaded HfO2 coating, applied to an n-type Si 

heterojunction, has been described by Blasy [61]: the detector works in pulse mode, and neutron dose 

estimation is based on the area between two characteristic Gd (n,γ) peaks: 72 keV (Gd-158 internal 

conversion electrons) and 79.5 keV (Gd-158 gamma ray). The identification of both peaks is only 

accessible after subtraction of the background spectrum, acquired separately. 

Aside from Si semiconductors, the intrinsic properties of sizeable, cadmium telluride (CdTe) crystals 

for neutron detection have been highlighted by Fasasi et al. [62]. On this basis, Miyake et al. [63] 

described an efficient scheme, in the form of pixelated Gd-covered CdTe diodes, with the purpose of 

taking advantage of both Gd and Cd neutron captures. The optimum for the Gd thickness was 

estimated by GEANT4 simulation in the vicinity of 25 µm. Measurements conducted with a 

4×4×0.5 mm CdTe pixel in presence of a thermalized and shielded Cf-252 source have allowed for the 

identification of the characteristic X-ray peaks at 43 keV and 49 keV from Gd, prompt gamma-ray 

peaks at 79.5 and 182 keV from 
157

 Gd (n,γ) reactions, and gamma-ray peaks reactions at 88 and 

199 keV from 
155

 Gd (n,γ) reactions. 

Because of low-efficiency or the necessity of prior knowledge on the background spectrum to be 

subtracted, most of the mentioned schemes do not appear readily operable in real-time (response time 

between 2 s and 5 min [64]), in the presence of a mixed n/γ field. The essential part of the exploitable 

prompt photon and electron signature lies indeed under 200 keV for semiconductors, within the same 

range as secondary electrons due to interactions with background photons of comparable energy. 

Neutron counting by peak-area estimation may thus become unreliable because of natural or artificial 

gamma-ray interferences, whose intensity and spectral distribution are likely to vary at any time. This 

issue is addressed in reference work with the implementation of two-sensor compensation schemes. 

Aoyama et al. [65], for instance, introduced a two-Si semiconductor compensation scheme, in which 

two distinct covers are used: a 25-µm Gd foil for the first detector and a Sn cover, chosen for its 

atomic number (Z=50), which is reasonably close to that of gadolinium (Z=64), for the second 

detector. A 2-mm Lucite layer is used to isolate the electron responses of both sensors to incident 

radiations; the subtraction of both spectral responses aims at isolating the peak signature of 72–88 keV 

internal conversion electrons. Counts are integrated on both channels between 40 and 92 keV to 

highlight this contribution. The relatively high-efficiency of this scheme allows for real-time (3 s) 

compensation of gamma-background, which is why its sensitivity is expressed in count per second per 

thermal neutron flux unit: cps/(n. cm
−2

.s
−1

), cps/nv or equivalently c.n
−1

. cm
2
. On the basis of the same 

principle, Dumazert et al. [66] described the modeling and experimental study of a Gd/Tb-based 

compensation scheme, designed with the purpose of isolating the entire Gd (n,γ) photon and electron 

signature between 60 and 300 keV. With the purpose of maximizing the detection efficiency, the 

authors selected a CdZnTe semiconductor with high density (5.78 g. cm
−3

) and atomic number. The 

quantification of the prominent gamma-ray and X-ray signature is secured by the closest compensation 

available of the interactions between the Gd converter and background photon radiations 

(photoelectric effects, Compton diffusions). Now Tb presents a negligible cross-section for thermal 

neutron capture (σTb = 23.3 b to be compared with σGd = 48.8 kb), the closest electron stopping power 

and photon attenuation to the ones of Gd, in relation with relative densities (ρTb = 8.23 g.cm
-3 

 to be 

compared to ρGd = 7.901 g.cm
-3

) and atomic numbers (ZTb = 65 against ZGd = 64). The results of the 

first measurement campaign have confirmed the rejection of Cs-137 background, and detection of a 

neutron activity of a moderated Cf-252 source, with figures of merit reported in Table 8. The same 

scheme was transposed by the authors in the field of plastic scintillation [67], with the replacement of 
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CdZnTe sensors by 0.8 wt% Bi-loaded scintillators. Similar properties were described, although with 

an estimated thermal neutron sensitivity lowered by a half an order of magnitude. 

Back to the signature of internal conversion electrons from Table 6, Kandlakunta et al. [68] introduced 

a two head-to-tail Si-sensor scheme. One Si-sensor is coated with a 25-µm metal, Gd layer, while the 

other is left uncovered. A 350-µm thick high-density polyethylene (HDPE) layer stops the internal 

conversions from the Gd-covered sensor. The subtraction of both detector responses to a neutron field 

therefore isolates the Gd (n,γ) prompt electron signature between 40 and 200 keV. The feasibility on 

an online Co-57 background compensation has been established on the basis of spectral shape. 
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 Neutron 

sensitivity 

Gamma sensitivity n/γ ratio–detection 

limit 

Semiconductor Gd cover Linearity Background 

compensation 

Peak identification 

Lee 

et al. [58] 

25 mV.cGy
−1

 

(thermal) 

0.4 mV.cGy
−1

 Rejection ratio: 60 

(up to 210 Gy-300 

Gy.h
−1

 
60

Co) 

Boron-doped 

pMOSFET with 

gate oxide 

0.5 µm 

(Natural 

Gd) 

Up to 

10 Gy 

60
Co, with a 

priori on the 

dose 

No 

Vitale 

et al. [59] 

6.6 V.n
−1

. cm
2
 

(thermal) 

- Detection limit: 10
7
 

n. cm
−2

 (thermal) 

FDSOI 

MOSFET 

1 µm 

(
nat

Gd2O3) 

- - No 

Blasy [61] 1.36.10
11

 

c.n
−1

 (72 

keV) 

1.8 10
11

 c.n
−1

 

(79.5 keV) 

- Detection limit: 

2.10
14

 n.cm
−2

 

n-type Si 

heterojunction 

500 

µm(10 %-

doped 

HfO2) 

- Subtraction a 

posteriori 

Yes (72, 79.5) keV 

Miyake 

et al. [63] 

- - - p-type CdTe 25 µm 

(Natural 

Gd) 

- - Yes (43, 49, 79.5, 

88, 180, 199) keV 

Aoyama 

et al. [65] 

5.7.10
−2

 

cps/nv 

After compensation:-

1.6 cps.µSv
−1

.h (
60

Co),  

-1 cps.µSv
−1

.h (
241

Am),  

2.4 cps.µSv
−1

.h (
137

Cs) 

Detection limit: 9 10
2
 

n. cm
-2 

(25 µSv.h
−1

 γ-

background) 

2 Si-PIN 

photodiodes 

25 µm 

(Natural 

Gd) 

Up to 

500 nv 

Real-time 

(within 3 s) 

Significant 

contributions 

between 60 and 

90 keV 

Dumazert 

et al. [66] 

3.6 10
−1

 

cps/nv 

After compensation:-

9.8 10
−2

 cps.µSv
−1

.h 

(
137

Cs) 

- 2 p-type 

CdZnTe 

25 µm 

(Natural 

Gd) 

- Within 300 s Significant 

contributions 

between 60 and 

155 keV 

Kandlakunta 

et al. [68] 

- - Detection limit:8.6 

10
4
 n. cm

−2
.s

−1
 

(0.25 mSv.h
−1

 γ-

bacground) 

2 Si sensors 25 µm 

(Natural 

Gd) 

- Feasibility 

established 

(
57

Co) 

Yes (72, 131) keV 

Table 8. Figures of merit for Gd-covered semiconductor detectors. 
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5.2. Gd-loaded scintillators 

Compared to coating techniques, the interest of Gd loading lies within the maximization of the (n,γ) 

interaction rate, as well as the amplitude of the signature, for a given mass of the incorporated element. 

Inorganic Gd-scintillators, such as Ce
3+

-doped GdI3 crystals [69], have been described to have 

excellent light yield (expressed in photon per megaelectronvolt, ph/MeV) and neutron response under 

exposition to a moderated Cf-252 source, as reported in Table 9. Out of scalability, shape versatility 

and manufacturing cost considerations, however, the incorporation of Gd in plastic scintillators is 

more common, either by homogeneous or heterogeneous loading. 

Plastic loading with heavy elements, such as Gd, is mainly limited by the lack of solubility of such 

dopants into the hydrocarbon-based solvent [70]. This drawback may lead to the degradation of the 

material’s optical properties, notably through turbidity. For a homogeneous loading, the insertion of 

heavy elements in the form of organometallic compounds, with at least one covalent bond between the 

metal and the organic group (C, H, O), is required. Reference work by Czirr [71] presents the use of a 

Gd-benzoylacetonate (Gd (HBa)3) complex for the loading of a commercial, polyvinyltoluene (PVT) 

NE120 scintillator (Nuclear Enterprises). Research was then undertaken to overcome the maximum 

0.5 wt% load achieved by Czirr. Brudanin et al. [72] introduced the use of a 

hexamethylphosphotriamide (HMPT) co-dopant, which has enabled 3 wt% metal loading of 

polymethylmethacrylate (PMMA) under the form of Gd nitrate. A similar process has allowed 

Nemchenok et al. [73] to insert Gd up to 4 wt% with co-dopant hexamethylphosphoramide (HMPA) in 

PMMA. Expected registration efficiencies in both cases were estimated between 12% and 15% for 

neutrons below 500 meV. In recent work, preference was given to organometallic compounds with 

aromatic units, such as Gd-phenylcarboxylates investigated by Velmozhnaya et al. [74] in polystyrene 

(PS) matrices: gadolinium-5-phenylpentanate (Gd (COO (CH2)4 C6H5)3 or Gd (PhV)3) with solubilizer 

triphenylphosphine oxide (TPPO) was inserted up to 50 wt% complex. With the aim of lowering 

manufacturing costs, Watanabe et al. [75] also reported a 0.1 wt% Gd-doped plastic scintillator in the 

form of a bisphenol A resin, hardened by the addition of an amine-based curing agent, and mixed with 

fluorophores and dopants at low temperature (below 60 C). 

Reference work by Bell et al. [76] demonstrated the relevance of Gd-loaded PS for neutron detection. 

A PVT matrix was loaded up to 12 wt% with a tributylphosphate (TBP) complex of Gd nitrate  

(Gd (NO3)3), with satisfactory material (colorless samples) and optical (less than 50% light output 

degradation) features. Irradiation of 5 cm
3
 samples by a 100 n. cm

−2
.s

−1
 thermal neutron flux 

(6.10
5
 n.s

−1
 Am–Li source behind a W shield) resulted in a response spectrum with discriminable 

peaks centered at 38 keV and 80 keV. The peaks are identifiable with a convolution of the main 

photon and electron signatures below 100 keV presented in Fig. 4 and Table 6. Additionally, the Gd 

complex described in the paper was found incorporable in silicone rubber. 

A discriminable signal count rate attributable to a neutron emitter (moderated Cf-252 source) was also 

shown experimentally in the spectral response of 

- A Gd-isopropoxide (Gd [OCH (CH3)2]3)-loaded PS by Ovechnika et al. [77]; 

- A Gd-tétraméthylheptanedionate (Gd (TMHD)3)-loaded PS by Bertrand et al. [78]; 

with associated characteristics reported in Table 8. 

The Gd (TMHD)3 complex was initially introduced in the loading of high-scale (10 m
3
) liquid 

scintillators for neutron background suppression in power plants, and electron antineutrino detection 

experiments [79]. On the basis of the Gd-loaded samples described previously [78], the authors 

presented a two-scintillator scheme for online neutron detection [80] according to the principles 

exposed before [65], [66]. Count rate induced by background gamma rays, falling into the same [20–

200 keV] energy range as Gd (n,γ) signature, is compensated by the response of a 0.8 wt% Bi-loaded 

scintillator with same dimensions (Table 9), so that neutron sensitivity to a Cf-252 source may be 

computed. The compensation scheme was found efficient in the presence of high-energy gamma 

backgrounds (Cs-137, detection limit 0.15 n. cm
−2

.s
−1

) but unreliable for medium-energy backgrounds 

(Am-241), because of the discrepancy of Gd- and Bi-loaded scintillators’ photoelectric responses 

within this range. 
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To achieve high mass loading or diversified neutron signature in plastic scintillators, heterogeneous 

doping of the matrix with Gd crystals represents another powerful approach. Cai et al. [81] thus 

claimed as high a Gd-mass load as 27 wt% in the form of 9×9×1 nm Gd2O3 nanocrystals embedded in 

a PVT matrix, with excellent light yield and spectroscopic features up to 662 keV (γ). These modified 

polymers have, however, not been studied yet for thermal neutron detection. 

A composite neutron dosimeter, formed by 300 to 500 µm, Ce
3+

-doped lithium gadolinium borate (Li6 

Gd (BO3)3 : Ce
3+

) inorganic scintillators, dispersed in a plastic scintillator matrix, was introduced by 

Williams et al. [82]. Gadolinium is natural, while lithium and boron are enriched up to 95% in Li-6 

and B-10 isotopes, respectively. Addressing neutron dosimetry requires the discrimination of pulses 

induced by neutrons interacting with the sensor according to the energy range of the particle. In this 

case, and according to our introduction: 

- Pulses with long rise time, followed by a large-area pulse within 10 µs, are attributed to fast  

(En  1 MeV) neutron-related 
1
H(n,n’) recoils in the PVT matrix, followed by 

6
Li(n,α) slowed 

neutron capture with 4.78 MeV Q-value; 

- Pulses with a short rise time and an area corresponding to more than 2 MeV deposited energy 

are attributed to thermal (hereby defined by En  500 meV i.e. below cadmium cut-off) 

neutron capture by Gd nuclei (with 8 MeV Q-value). 

Tests under monoenergetic {144 ; 250 ; 565 ; 1200 ; 2500 ; 5000} keV and slow neutron irradiation by 

Williams showed performant fast/thermal neutron separation and gamma rejection up to 1 MeV 

neutron-energy sources, with thermal neutron sensitivity reported in Table 9. Recent work by 

Slaughter et al. [83] described a similar 
6
Li6 

nat
Gd (

10
BO3)3 : Ce

3+
-based sensor. The active capacity 

was scaled up to 1.3 l, and the LGB:Ce microcrystal load inside the PVT matrix reached 10 wt%. Like 

previously, pulses are classified in a three-category typology (neutron diffusion event, neutron capture 

event and gamma-ray event), on the basis of pulse shape and time-to-capture (12 µs, in this case, 

between proton recoil and subsequent capture). The authors highlighted the ability of the detector to 

resolve neutron energies between 0.8 MeV to 150 MeV with regards to the respective contributions of 

so-discriminated events. 

https://www.sciencedirect.com/science/article/pii/S0168900217312421?via%3Dihub#b81
https://www.sciencedirect.com/science/article/pii/S0168900217312421?via%3Dihub#b82
https://www.sciencedirect.com/topics/physics-and-astronomy/neutron-irradiation
https://www.sciencedirect.com/science/article/pii/S0168900217312421?via%3Dihub#tbl9
https://www.sciencedirect.com/science/article/pii/S0168900217312421?via%3Dihub#b83
https://www.sciencedirect.com/topics/physics-and-astronomy/microcrystals
https://www.sciencedirect.com/topics/physics-and-astronomy/recoil-proton


 Matrix Dopant wt% Gd Dimensions Light yield Neutron response 

Glodo 

et al. [69] 

GdI3 :Ce
3+ 

- 29 (Matrix) 10×20×1 mm 58000 ph/MeV Peak at 86 ±25 keV :5000 

Ph/detected neutron 

Czirr [71] PVT Gd (HBa)3 

(homogeneous) 

0.1–0.5 2.54 (ø) × 

15.24 cm 

15%–42% of unloaded 

NE120 (0.1–0.2 wt% Gd) 

- 

Brudanin 

et al. [72] 

PMMA Gd (NO3)3 

(homogeneous) 

3 30 (ø) ×10 mm 51% of unloaded plastic 

scintillator 

- 

Nemchenok 

et al. [73] 

PMMA GdCl3 (homogeneous) 4 27 (ø) × 10 mm 67.6% of unloaded plastic 

scintillator 

- 

Velmozhnaya 

et al. [74] 

PS Gd (PhV)3 

(homogeneous) 

4 - 60% of unloaded plastic 

scintillator 

- 

Watanabe 

et al. [75] 

Bisphenol 

A resin 

Unknown dopant 0.1 20 × 200 × 3 mm 56.5% of unloaded plastic 

scintillator ~700 ph/MeV 

 

Bell 

et al. [76] 

PVT Gd (NO3)3 (TBP)3 1.5 2.5 (ø) × 1 cm 60% of unloaded plastic 

scintillator (1 wt% Gd) 

Peaks at 38 ± 10 keV and 

80 ± 15 keV 

Ovechnika 

et al. [77] 

PS Gd [OCH (CH3)2]3 

(homogeneous) 

2.5 14 (ø) × 6 mm 76% of unloaded plastic 

scintillator 

Peak at 70 ± 20 keV 

Bertrand 

et al. [78] 

PS Gd (TMHD)3 

(homogeneous) 

2 16 (ø) × 8 mm 50% of unloaded plastic 

scintillator ~ 5000 ph/MeV 

Signature distributed between 20 and 

200 keV Sensitivity (0.8 wt% Bi-

loaded compensator): 3.3.10
−1

 cps/nv 

Cai et al. [81] PVT Gd2O3 

(heterogeneous) 

27 14 (ø) × 3 mm 27000 ph/MeV - 

Williams 

et al. [82] 

PVT Li6 Gd (BO3)3 : Ce
3+

 

(heterogeneous) 

- 5.08 (ø) × 3.81 cm - 9.64 10
−2

 c.n
−1

. cm
−2

 from Gd 

(thermal) 

Slaughter 

et al. [83] 

PVT Li6 Gd (BO3)3 : Ce
3+

 

(heterogeneous) 

10 (LGB:Ce) 12.7 (ø) × 10.2 cm - Neutron dosimetry between 0.8 and 

150 MeV with ±8% rate uncertainty 

Table 9. Figures of merit for Gd-loaded scintillators.
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6. High-energy gamma-ray signature (2–8 MeV) in large-scale liquid and 

solid detectors 

The detection schemes presented in Sections 4 Low-energy electron signature (4–200 keV) in gaseous 

detectors, 5 Medium-energy gamma-ray, X-ray, and electron signature (40–200 keV) in small-volume, 

solid-state detectors make use of the low- and medium-energy signature of thermal neutron captures in 

moderate-volume sensors (up to 75 cm
3
). The last reference by Williams et al. shows that, as the 

gamma-sensitive volume increases, the high-energy gamma-ray tail of the de-excitation spectra 

illustrated in Fig. 3, Fig. 4 becomes exploitable. A promising strategy then is to quantify the prompt 

de-excitation signal above the 2.614 MeV upper relevance threshold [84] of natural background 

radioactivity (Tl-208). To significantly attenuate photons above 3 MeV, the radiation sensor must be 

scaled up enough, with regards to a tradeoff between cost and detection efficiency. This last 

consideration tends to drive the solutions toward liquid- and plastic-based technologies. Orders of 

magnitude for the length scale required to capture a useful fraction of this high-energy gamma-ray 

signature are calculated with gamma attenuation coefficients from the National Institute of Standards 

and Technology database [85]. For liquid and plastic scintillators, typical range-absorption yield 

relations for a 3 MeV photon are: 33% in 10 cm, 50% in 17.5 cm, 67% in 28 cm, and 90% in 58 cm. 

6.1. Liquid detectors 

In the field of material characterization by (γ,n) photofission, Beil et al. [86] designed a very-large-

scale neutron counter based on a 0.5 wt% Gd-loaded commercial, xylene (C8H10) NE323 (Nuclear 

Enterprises) liquid scintillator. Monte Carlo calculations have shown 60% to 85% registration 

efficiency, in accordance to a tradeoff between neutron capture and gamma background. 

Xylene-based scintillators induce safety hazards because of potential toxic matter leakage and 

relatively low-temperature flash point (38 C for NE323). As a consequence, considerable effort went 

over the last decade into less flammable and less toxic chemical formulations, to work large-scale 

liquid scintillators into practical homogeneous detection media. This research was notably carried out 

in the framework of reactor antineutrino experiments. In this context, antineutrinos first interact with 

hydrogen, present in large amount inside the target, according to the inverse beta decay reaction 

equation: 

    
    

 
    

    
 
    (11) 

An antineutrino     
  is thus detected through the annihilation of the β

+
 positron and the delayed capture 

of the neutron   
 , with the temporal correlation of both signals increasing the ratio between 

antineutrino signature and random background. Loading Gd in the liquid scintillator devoted to 

neutron counting has been found to significantly reduce the mean time gap between antineutrino 

reaction and neutron capture, therefore increasing the correlation frequency rate and lowering the false 

detection background. We have mentioned, in paragraph 5.2, the use of a Gd (TMHD)3 organometallic 

compound to load high-scale liquid scintillators as introduced by Aberle et al. [79]. The preparation, 

developed in the frame of the Double Chooz reactor antineutrino experiment, was based on a linear 

dodecane (C12H26, 80%) solvent mixed with ortho-phenylxylylethane (o-PXE, C16H18, 20%), and 

showed high attenuation length at 430 nm (7.8 ± 0.5 m), a critical feature for the collection of the 

scintillation signal in a large-scale radiation sensor. Background is kept below 1% of the expected 

neutron signal by applying a frequency high-pass filter, with a threshold at 10 Hz, on the count rate. In 

the course of the Daya Bay reactor antineutrino experiment, Beriguete et al. [87] also reported the 

production and characterization of a 185-tonne, 0.1-wt% doped liquid scintillator based on a linear 

alkylbenzene (LAB, C6H5CnH2n+1,10n16) solvent and a trimethylhexanoic acid (TMHA) ligand to load 

Gd. Both preparations proved higher stability (investigated with help of Am–Be and Pu–C neutron 

sources for the second scintillator), lower toxicity, higher flash points (74 C for dodecane, 140 C for 

LAB), and producibility in larger quantities than xylene-based references. Recently, as part of the 

Neutrino Oscillation at Short baseline experiment, Kim et al. [88] introduced a 0.5-wt% Gd-loaded 

liquid scintillator with a composite solvent: 90% is LAB and 10% is di-isopropylnaphtalene (DIN, 

C16H20), that was shown to increase the light output compared to the original preparation in 

reference [87]. Another valuable feature from LAB/DIN scintillator with Gd (TMHA)3 is good 
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discrimination between neutron recoil and gamma discrimination above 500 photoelectrons collected 

from the interaction. We recall that this discrimination is based on different shapes of pulses in the 

time domain: proton recoil pulses from fast neutrons have a higher ratio of charge below the tail of the 

pulse over total charge of the pulse than electron recoil pulses from gamma rays. 

As an alternative to Gd-loaded scintillators, Dazeley et al. [89] investigated another high-scale liquid 

detector, in the form of a 250-L, 0.2-wt% GdCl3-doped water Cherenkov tank. A set of 8 UV-sensitive 

photomultiplier tubes allows for a resulting 10-% collection efficiency of Cherenkov photons. The 

signature above 3 MeV equivalent is filtered in the event-frequency space on the basis of an expected 

inter-neutron capture period of about 28 µs. This spectral treatment allows for a rejection of high-

energy fission gamma rays (such as the prompt gamma rays from Cf-252 spontaneous fissions, used in 

the experimental study) and background. Only spallation neutrons from the natural muon shower and 

undergoing capture form a background that cannot be discriminated in the frequency space from the 

Cf-252 source Gd (n,γ) signature. The concept of this very-large-scale neutron was transposed to the 

field of SNM passive detection by means of a GEANT4-based optimization study [90]. The aim of the 

study is to design 1-tonne water Cherenkov modules covering a large solid angle. The counting 

algorithm aims at detecting time-correlated neutrons, i.e. multiple neutrons from a single fission (or 

even subsequent neutrons from fission chains in a weakly multiplying source), to reduce the rate of 

false alarms. The complete design of a module includes nine PMTs, a segmentation between a Gd-

loaded region (1/5) and an unloaded region (4/5), and a top muon veto. A high-energy threshold (140 

photoelectrons, corresponding to 2.6 MeV gamma ray total absorption) accounts for gamma 

background without pile-up, and the detector segmentation serves the rejection of spallation neutron 

detection. With a frequency threshold at 130 Hz over triggering events, a 4-module water Cherenkov 

system with a 0.6 wt% GdCl3 load is expected to have a 25% registration efficiency and a detection 

limit of 75 g of plutonium within 20 s. The prescriptions of the authors were implemented in a full-

size module prototype by Dazeley et al. [91]: 8 PMTs with a 10-inch diameter were positioned on top 

of a 121.9 × 91.4 × 119.4 cm
3
 stainless steel tank containing 1 tonne of Gd-doped water. The increase 

by a factor of 3 in GdCl3 mass concentration from reference [89] lowers the mean neutron capture time 

from 28 µs down to 16 µs, and the inter-correlated neutron event period to 12.3 µs. For neutron 

coincidence counters, a specific figure of merit (noted FOM in Table 10) is defined [92] as the ratio 

between registration efficiency (here, 28% under low and medium-energy gamma-ray backgrounds) 

and the square root of the mean capture time, equal to 7%.MHz
1/2

 in the case of the reviewed paper. 

Neutron registration efficiency of 22% in presence of Cf-252 under a 4 MBq gamma-ray background 

and neutron/Co-60 rejection factor of 10
8
 below a 220 kBq gamma-ray background make the 

technology promising for SNM detection under real-life conditions. 
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 Radiation 

sensor 

Gd converter Dimensions Neutron response Detection limit/gamma rejection 

Beil 

et al. [86] 

Xylene-based 

liquid 

scintillator 

0.5 wt% Gd-

loaded 

500 dm
3
 ball 60% registration efficiency n/γ ratio: ~ 16 

Aberle 

et al. [79] 

Dodecane/o-

PXE-based 

liquid 

scintillator 

0.123 ± 0.002 wt% 

Gd-loaded 

20 m
3
 over 2 

scintillators 

>80% registration efficiency n/γ ratio :> 100  

Spectral filtering above 10 Hz 

Beriguete 

et al. [87] 

LAB-based 

liquid 

scintillator 

0.1 wt% Gd-

loaded 

185 tonnes 

over 8 

antineutrino 

detectors 

(AD) 

Stable over different ADs and over 

time 

Spectral filtering (28.5 ± 0.2 µs inter-

correlated event period) False count rate 

from radioactive impurities 

Kim 

et al. [88] 

90-% 

LAB/10-% 

DIN liquid 

scintillator 

0.54 ± 0.03 wt% 

Gd-loaded 

1000 L High registration efficiency Fast n/γ Pulse Shape Discrimination in 

the time domain 

Dazeley 

et al. [89] 

Ultra-pure, 

sterilized 

water 

0.1 wt% Gd-

loaded 

100 × 50 × 

50 cm
3
 

2.5.10
5
 n.s

−1
 Cf-252 source detected at 

1 m (5 cm lead shied) 

Spectral filtering (28 µs inter-correlated 

event period)  

False count rate from spallation 

neutrons and muons 

Dazeley 

et al. [90], 

[91] 

Pure 18 MΩ 

deionized 

water 

0.5 wt% GdCl3-

loaded 

1.02 m
3
 tank 28 ± 0.5% registration efficiency and 

FOM = 7.0%.MHz
1/2

 (Cf-252, Co-60 

background under 220 kBq)  

22 ± 1 % registration efficiency and 

FOM = 5.5 %.MHz
1/2

 (Cf-252, Co-60-

equivalent background up to 4 MBq) 

Minimum detectable neutron activity: 

3.1 n.s
−1

 (Cf-252) 

n/γ ratio: 10
8
 (Cs-137, Co-60 with 

activity below 220 kBq)  

Spectral filtering (12.3 µs inter-

correlated event period) Stable 

background from cosmic rays 

Table 10. Figures of merit for Gd-based large-scale liquid detectors.
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6.2. Solid detectors 

For detectors destined to be deployed in field applications, whether for radioprotection or security 

inspection, solid-state, mechanically robust, sealed and non-fusible media tend to be favored. As an 

illustration, RPMs set up to detect static or moving radio-emitters at critical checkpoints or in public 

places, must meet a double constraint: first, being as sensitive as possible to all potential radiations 

(gamma rays, neutrons), which requires a scale-up of smaller solid-state media, and, second, ensuring 

an acceptable tradeoff between registration efficiency and the cost of materials. These considerations 

have increasingly driven industrial solutions toward plastic scintillator-based monitors [93]. Because 

of the scale-up (up to 10 dm
3
) undergone by the plastic scintillator, and following the discussion in 

paragraph 5.2, no loading is accessible and Gd needs to be introduced as a bulk or covering foil 

neutron converter. A principle patented by Richard [94] and consisting in wrapping inorganic 

scintillators within gadolinium foils to enhance neutron sensitivity was thus adapted to the design of a 

high-scale system where plastic scintillators form the radiation sensors. De Vita et al. [95] introduced 

a detection scheme taking advantage of Gd (n,γ) reactions in the 25 µm, Gd2O3 internal coating of 50-

µm Mylar and 150-µm Tedlar foils, in which 200 × 6 × 6 cm
3
 plastic scintillator bars are wrapped. 

These plastics bars play both roles of neutron moderators and detection medium sensitive to the 

prompt gamma-ray signature of thermal neutron captures up to 8 MeV. Both extremities of each 

plastic scintillator are coupled with a PMT to collect and convert the light output. Such coated blocks 

are concatenated in a 16 × 4 bar matrix, forming an overall 450 dm
3
 radiation monitor. 

Neutron/gamma discrimination in this scheme is based on hit multiplicity, i.e. the number of isolated 

bars registering a signal after a neutron capture or a gamma diffusion event. The GEANT4 model of 

the system shows that, by setting a n/γ threshold on hit multiplicity equal to 3, a 28% theoretical 

neutron registration efficiency and 145 gamma-rejection ratio may be obtained. This concept was 

subsequently implemented in a versatile n/γ two-portal prototype developed in the frame of the FP7 

SCINTILLA European project, according to a variant in which the scintillating blocks are interlined 

with similar Gd2O3-coated Mylar. Fanchini [96] has reported a 100-% detection rate for a Cf-252 

source moderated by 4 cm of HDPE, with activity of 2.10
5
 n.s

−1
, and 90-% rate for 8 cm of HDPE and 

with activity of 1.3 10
5
 n.s

−1
, in both cases at a distance of 2.5 m from the monitors. The false neutron 

alarm rate, evaluated in the absence of Cf-252, was certified as null over 1000 transits up to a Cs-137 

20 µSv.h
−1

 gamma dose rate. These test results are in compliance with the requirements of the ANSI 

N42.42 norm [97]. 

Large inhomogeneous-doped plastic scintillators have also received attention in the frame of 

fundamental research and laboratory experiments. Pawełczak et al. [98] reported a prototype of 

Neutron Sandwich Transmuter/Activation-γ Radiator (NSTAR) applied to the determination of 

neutron multiplicity in a deuterium–deuterium (DD), fusion-based neutron generator. The NSTAR 

module detects neutrons on the basis of a temporal correlation between first proton recoils along the 

neutron diffusion process and the delayed capture of thermalized neutrons by Gd-155 and Gd-157 

nuclei. The prototype takes the form of a PMT-coupled, high-scale stack of parallelepipedic 10 × 20 × 

2 cm
3
, fast-decay plastic scintillators (Saint-Gobain, BC-408), interleaved with 1 mm-thick, Gd2O3-

doped poly(-dimethyl-siloxane) (PDMS), i.e. a total 0.5 wt% inhomogeneous Gd load. With a 

temporal correlation window between 7 and 97 µs (for a mean neutron capture time, as defined in 

paragraph 6.1, of about 22 µs), and up to a 5 MeVee (MeV-electron equivalent) spectral signature, a 

neutron/gamma SNR of two to three orders of magnitude was obtained, advantageously comparing to 

SNR below half-an-order of magnitude by mere pulse height discrimination above 2.5 MeVee (i.e. the 

Tl-208 ray). The so-called multi-hit capability, i.e. the power of resolving multiple neutrons emitted in 

a burst, was tested with a 10 Hz-pulsed, MP320 small DD neutron generator: mean multiplicities of 

3.4 ± 0.5, 9.5 ± 1.2 and 13.7 ± 1.7, were estimated for 30, 60 and 80µA-beam currents respectively, 

thus verifying a proportionality relation of about 0.15 ± 0.03 µA
−1

 (under up to a 7.10
−4

 n.s
−1

 emission 

rate). Another noteworthy application once again relates to the counting of electron antineutrinos, this 

time as tool for the monitoring and control of nuclear power plant reactors. Indeed, unstable products 

from U-235 and Pu-239 fissions mostly decay through beta minus (β
-
) disintegration, with an average 

of 6 antineutrinos per fission product beta-decay chain [99]. As an illustration, these add up to a 

2.10
20

ν.s
−1

 electron antineutrino emission rate of about for an operating 1-GWt power plant. Aiming at 

this application, Kuroda et al.   [100] introduced a mobile and adaptable Plastic AntiNeutrino Detector 
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Array (PANDA), whose material and algorithmic design is similar to the one described in 

reference [95]. The detector is based on 10 × 10 × 100 cm
3
 plastic scintillator bars wrapped with Gd-

coated (4.9 mg. cm
−2

) Mylar films. The fine granularity of a several hundred-kg target built from the 

concatenation of such modules allows topological particle identification based on a hit-multiplicity 

gate. The detection algorithm discriminates antineutrino events on the basis of integral (over all 

modules) prompt energy above 3 MeV (i.e. above natural gamma-ray background energy), integral 

delayed energy between 3 and 8 MeV (hence targeting the background-discriminable gamma-ray 

signature of 
155

 Gd (n,γ) and 
157

 Gd (n,γ) capture reaction up their associated Q-values), and prompt-

delayed time interval between and 6 and 200 µs (related to the mean capture, as previously detailed). 

Additional gates depend on the first and second maximum energy laid down in individual modules. 

Simulations announced a 4 to 11.6% antineutrino registration efficiency and an expected antineutrino 

rate between 15 and 270 event per day at 30 m from a 3 GWth reactor, for PANDA detectors ranging 

from 16 (160 kg) up to 100 (1 tonne) modules. A 360-kg prototype, said PANDA36, was then built 

and set at sea level within 36 m of the 3.4 GWth reactor of Ohi Power Station (Kansai Electric Power 

Co., Inc.), as reported by Oguri et al. [101]. A complex discrimination scheme, based on the topology 

of energy deposition, had to be implemented in these conditions of deployment. A muon veto is 

formed by the exclusion of events leading to more than 8 MeV deposited within 250 µs before the 

delayed event, which is identified with the capture of the neutron from Eq. (11) being captured in Gd. 

The prompt event, in the context of indirect antineutron detection, is caused by positron–electron 

annihilation of the first reaction product in Eq. (11). In the meantime, the capture by Gd nuclei of 

cosmogenic neutrons, generated by muon spallation, here forms a primary source time-correlated 

background, whenever fast neutron recoil followed by thermal neutron capture (correlated signature of 

a cosmogenic neutron) gets counted as positron annihilation followed by thermal neutron capture 

(correlated signature of an electron antineutrino). A discrimination is achieved by requiring an 

individual energy deposited in the second most sensitive bar below 520 keV (close to the 511-keV 

energy of a single annihilation ray) and a relation between the energy deposited in the first most 

sensitive bar (E1), the energy deposited in the third most sensitive bar (E3), and the total energy 

deposited in PANDA36 (Etot) as: 

  

    
 

  
    

    

 
  (12) 

Time window may be adjusted with respect to SNR maximization, with an upper boundary lying 

between 50 and 150 µs. A 22 ± 11 c.day
−1

 count rate difference was obtained experimentally when the 

reactor went from ON to OFF state, consistent with the theoretical 3.4% antineutrino detection 

efficiency calculated by the authors. 

We have previously seen that fixed, large-scale portal monitors based on plastic scintillators 

interleaved with Gd exhibit high neutron efficiency in realistic conditions of deployment. Dumazert 

et al. [102] studied the transposition of such a detection scheme to transportable systems, with 

dimensions ranging from 700 to 1300 cm
3
. This scale corresponds to the standard of bulky, He-3 

counters inserted at the center of HDPE’s so-called Bonner spheres [103], which can be used by 

radioprotection practitioners in the field. The authors introduced a detection scheme including a bulk, 

metal Gd core enveloped by a 11.8-cm-radius plastic scintillator sphere. Incident fast neutrons are 

thermalized by the plastic and then captured by Gd-155 and Gd-157 nuclei in the core. The attenuation 

of a fraction of the Gd (n,γ) Q-value carried by high-energy gamma rays in the surrounding scintillator 

then leads to a significant count rate above 5 to 6 MeVee thresholds, which minimize other 

contributions to the signal (muons, high-energy fission gamma rays). A first prototype was prepared 

with a cross-linked PS matrix and irradiated with a Cf-252 source, set at a distance of 60 cm and 

behind a 10-cm lead shield. The first estimations of sensitivity and detection limits are reported in 

Table 9 and found within the same order of magnitude and half-an-order of magnitude above the 

performance of a commercial He-3 Bonner sphere, respectively; hence, it is compatible with the 

constraints of real-time efficient radioactivity monitoring. Recent developments [104] have described 

an evolution of this concept toward a hollow Gd core and two plastic scintillators with different time 

constants, allowing for online n/g and neutron/muon (n/µ) discrimination depending on temporally 

coincident Gd (n,γ) events in both sensors. To address neutron spectrometry and counting in the range 
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of 20 MeV to 1 GeV, on the other side, Roecker et al. [105] designed a 1-tonne pickup truck-

transportable Multiplicity and Recoil Spectrometer (MARS). The counting of neutrons from 20 to 

100 MeV is based on a capture-gated algorithm similar to the ones described in references [95], [98]: 

MARS includes two 100 × 75 × 25 cm
3
 dual plastic scintillator/Gd blocks, each consisting of twelve 

12-cm thick BC-408 bars interleaved with Gd-Mylar sheets. To address the detection of higher energy 

neutrons, a 101 × 71 × 20 cm
3
 lead table is set between both blocks and acts a spallation target: very 

fast neutrons spall 1 to 2 MeV, lower-energy neutrons with a multiplicity depending on the incident 

energy. These secondary neutrons are then moderated in plastic and undergo Gd (n,γ) capture within a 

19 ± 3 µs time delay. A multiplicity-based algorithm with an expendable delay window, validated with 

a neutron source of known emission multiplicity (Cf-252, 3.77 ± 0.02 neutrons per average 

spontaneous fission [106]), was found to reach a detection efficiency of 12.8 ± 0.1%. The MARS 

detector was expected to have an effective area ranging from 1800 to 2500 cm
2
 for 20–100 MeV 

neutrons, and ranging from 500 to 5000 cm
2
 for 100 MeV-1 GeV neutrons on the basis of GEANT4 

simulations. 

The key properties (radiation sensor, Gd homogeneousor heterogeneous loading, dimensions) and 

figures of merit (neutron sensitivity, background-rejection scheme and ratio, detection limit) for the 

detectors reviewed in this section are presented in Table 10 (liquid-state detection media) and Table 11 

(solid-state detection media). 
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 Radiation sensor Gd converter Dimensions Neutron response Detection limit/gamma rejection 

De Vita 

et al. [95] / 

Fanchini [96] 

Standard plastic 

scintillators 

25 µm Gd2O3 

coating 

200 × 96 × 

24 cm
3 
RPM 

100 % detection of a 2.10
5
 n.s

−1
 Cf-252 

source at 2.5 m (1 cm steel and 0.5 cm 

lead shields) 

No false neutron alarm up to 

20 µSv.h
−1

 γ (Cs-137) 

Pawełczak 

et al. [98] 

Fast-decay plastic 

scintillators (BC-

408) 

1 mm Gd2O3-

doped PDMS 

films (total: 

0.5 wt%) 

10 × 20 × 50 cm
3 

planar slab stack 

26 ± 3% registration efficiency FOM = 

5.6 ± 0.7%.MHz
1/2

 Hit-multiplicity 

capability: 0.15 ± 0.03 µA
−1

(DD 

neutrons) 

n/γ ratio : between 10
2
 and 10

3
 for 

capture-gated (7–97 µs) counting 

Kuroda 

et al. [100] / 

Oguri 

et al. [101] 

Standard plastic 

scintillators 

(Rexon RP-408) 

25 µm Gd2O3 

coating of 

polyester 

36 modules of 10 

× 10 × 100 cm
3 

360 ± 18 kg 

(PANDA36) 

Electron antineutrino detection 

efficiency: 3.15 ± 0.93% 

Count rate difference over the shutdown 

of a 3.4 ± 0.1 GWth reactor at a distance 

of 35.9 ± 0.1 m: 21.8 ± 11.4 c.day
−1

 (7 

days) 

300 to 400 c.day
−1

background from 

cosmogenic muon and spallation fast 

neutrons 

Dumazert 

et al. [102] 

Cross-linked PS 8.4 g bulk Gd 6.88 dm
3
 ball Sensitivity: 0.08–0.14 c.n

−1
. cm

−2
 (Cf-

252 with 10 cm lead shield, counting 

thresholds 5–6 MeVee) 

Detection limit: 8–10 n. cm
−2

.s
−1

 

over 60 s (up to 30 µSv.h
-1

 Cs-137 

and Co-60) 

Roecker 

et al. [105] 

Fast-decay plastic 

scintillators (BC-

408) 

Gd-coated 

Mylar sheets 

Two 100 × 75 × 

25 cm
3
 PS/Gd 

blocks  

Central 101 × 71 

× 20 cm
3
 lead 

table 

Effective area between 1800 and 

2500 cm
2
 for 20–100 MeV neutrons  

Effective area between 500 and 

5000 cm
2
 for 100 MeV–1 GeV 

Fixed time delay (65 µs) capture-

gated discrimination (20–100 MeV 

neutrons) 

Adjustable time delay capture and 

multiplicity-gated discrimination 

(100 MeV–1 GeV) 

Table 11. Figures of merit for Gd-based large-scale solid detectors.
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7. Conclusion 

Gadolinium is a stable, naturally occurring element with the highest interaction probability with 

neutrons at thermal energy; the neutron capture is followed by a radiative rearrangement of nuclear 

and atomic structures. Depending on the nature and energy of the reaction products that a Gd-coated or 

loaded detector aims at isolating as the radiative signature of neutron captures, dedicated sensors and 

counting methods have been introduced over the last decades. Gd-covered gaseous detectors, with 

inherent low photon background vulnerability, have been designed to provide a localized detection, 

down to 100µm in two dimensions, of low-energy (4–200 keV) Auger and internal conversion 

electrons. Medium-energy (30–100 keV) internal conversion electrons have been highlighted as a 

neutron capture signature in Gd-covered semiconductors, notably Si, CdTe and CdZnTe, with 

sensitivities reaching  

10
-2

 – 10
-1

 cps/nv. However, these solid-state media sensors present higher gamma background than 

gas, Compton diffusion, and photoelectric electrons contributing to the signal over the same energy 

range. This issue is addressed in two-sensor compensation schemes, using a Sn, Tb or HDPE 

compensator of the 25 µm-Gd neutron converter, and detection limits in a mixed field lowered to 10
3
 – 

10
1
 n.cm

-2
. With similar compensation schemes for online background compensation, Gd-loaded and 

covered plastic scintillators have been described, which are more easily scalable and therefore suited 

for collecting the medium-energy (40–200 keV) X-ray and gamma-ray signature of Gd (n,γ) captures. 

Eventually, large-scale Gd-loaded liquid detectors, and plastic scintillators interlined or weighted with 

metal Gd have been deployed as sensitive media to the high-energy (3 MeV-8 MeV) component of the 

prompt emission following neutron capture. Ranging from 1 to 100 dm
3
 volumes, this type of plastic 

sensor has shown sensitivities equivalent to He-3 Bonner sphere standards and compliance with 

internationals norms related to RPM. Online gamma rejection forms a crucial technical issue, allowed 

by a temporal or spectral filtering of Gd-implemented radiation sensors exploiting discriminable 

signatures. The inventory drawn in this paper highlights that recent developments have proven to be 

compatible with the requirements of real-time, limited-dose (up to 100 mSv.h
−1

) background 

deployment, in terms of neutron sensitivity, neutron detection limit in a mixed n/γ field, and 

transportability, whether moderation is intrinsic or extrinsic. The next challenge that such solutions 

will have to address is to ensure real-time, unambiguous neutron detection is a gamma background 

exceeding 100 µSv.h
−1

 dose rate, and provide dosimetric information on the detected neutron spectrum 

according to the H*(10) norm definition [107]. For this purpose, promising paths for Gd-based neutron 

detection have been opened in contemporary instrumentation, and pursued through academic research, 

industrial collaborations and international projects. 
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