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H I G H L I G H T S

• Prompt gamma neutron activation analysis (PGNAA) with a neutron generator can be used as an acceptable method to detect REE in the filtrate.

• The method of accounting for the effect of neutron self-shielding is analyzed.

• The minimum detection concentration (MDC) of gadolinium determined from aqueous samples was 11 ppm.
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A B S T R A C T

The determination of gadolinium in aqueous solution was carried out using a DT portable pulsed neutron gener­ 

ator and a ∅7.6 ×7.6 cm 𝐿𝑎𝐵𝑟 3 

 detector. The pulse mode of the acquisition process allows the separation of the 

registration of radiation capture, inelastic scattering and induced activity. The technique is based on the regis­ 

tration of secondary gamma radiation of the sample from the thermal neutron capture reaction. After correction 

of the neutron self-absorption effect, the nonlinear response between peak areas and Gd concentrations was con­ 

verted to a linear response, and calibration curves were used to determine the minimum detection concentration 

(MDC). Significant improvements in gadolinium detection are achieved, and the MDC of Gd in 300 ml of aqueous 

solution was 11 ppm.

1 . Introduction

The control of the rare-earth element (REE) content in leachate is 

important in manufacturing processes, such as metallurgy or refining, 

because the REE content in leachate can affect the quality of the final 

product. The excess or deficiency of these elements can lead to the dete­ 

rioration of material properties. REEs have a high economic value, and 

their utilization or recycling of leachates can be an important aspect of 

resource management. Control of the content can optimize extraction 

and recycling processes.

In work [1], REE in aqueous solutions were successfully determined 

using prompt gamma neutron activation analysis (PGNAA). The PGNAA 

facility, consisting of a neutron source 241 𝐴𝑚−𝐵𝑒 and an HPGe detector, 

was proposed for the determination of rare earth elements in samples 

containing gadolinium, samarium and neodymium. Gadolinium, samar­ 

ium and neodymium were dissolved in 50 liters of deionized water. The 

measurement time was 3600 s. The results showed that the minimum 

detectable concentrations were 27.94 mg/L (Gd), 4.77 mg/L (Sm) and 

1077 mg/L (Nd), respectively. Neutron sources in PGNAA are typically 

reactors and radioisotope sources. Most research facilities are located 

in research reactors because they can provide high thermal neutron 

fluxes. However, the costs and inconveniences associated with reac­ 

241tors limit their use. Radioisotope neutron sources such as  𝐴𝑚 − 𝐵𝑒, 
239 𝑃 𝑢 − 𝐵𝑒 252, and  𝐶𝑓  have also been widely used in PGNAA. To use 

a radioisotope as a means of irradiation, a suitable facility must be 

designed to localize the source and reduce radiation doses. Neutron gen­ 

erators have been widely used as neutron sources during the last four 

decades. Conventional neutron generators based on the D-T and D-D 

reactions can produce monoenergetic neutrons with approximate ener­ 

gies of 14 MeV and 2.5 MeV, respectively. The neutron generators can 

provide reliable neutron fluxes. With some electronic control systems, 

neutron generators can also provide pulsed neutron beams.
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2 . Materials and methods

The technique is based on the detection of the gamma-ray spectrum 

induced by thermal neutron capture (TNC) reactions in the sample. Fig. 1 

shows the experimental setup. The source of DT neutrons is the generator 

ING-07 T [2]. The yield of neutrons with 14 MeV energy was 10 

8  n/s. 

To slow down the fast neutrons, a 6 cm thick polyethylene disk and a 

bismuth cone were placed between the generator and the sample.

The scintillation crystal 𝐿𝑎𝐵𝑟 3 

 with dimensions ∅ 76x76 mm is used 

as a gamma detector. As shown in Fig. 1, the neutron source, detector, 

and sample are vertically arranged along one axis. The distance between 

the generator and the detector is 12 cm.

The spectra were obtained using a CAEN DT5740D analyzer, and the 

measurement time was set equal to 1800 s. The data acquisition process 

is performed in pulse mode. Neutron pulse parameters: pulse duration 

27 𝜇s, period 128 𝜇s, number of pulses in one cycle - 48, pause after each 

cycle - 2048 𝜇s. This division allows for the separate registration of radi­ 

ation capture, inelastic scattering, and induced activity. The hardware 

data processing program generates energy spectra of thermal neutron 

capture after subtracting the induced activity. A detailed description of 

the experimental setup parameters and data processing is provided in 

the previous paper [3].

2.1 . Measurements of standard samples

Eight samples of aqueous solutions containing Gd of different con­ 

centrations according to Table 1 were prepared. Boric acid was added 

Fig. 1. Experimental PGNAA setup.

to the samples to create an internal standard. The concentration of boron 

in the solution was 5 g/L. In each sample, gadolinium nitrate was dis­ 

solved in 300 ml of deionized water. The characteristic thermal neutron 

capture gamma-ray energies of Gd and their cross sections are given in 

Table 2. Lines with close energies were converted to the average value 

taking into account their cross sections.

In accordance with the measurement process described above, the 

resulting spectra of the aqueous solution containing different concen­ 

trations of Gd obtained with the 𝐿𝑎𝐵𝑟 3 

 detector from the experiments 

are shown in Fig. 2. The gamma radiation resulting from the interac­ 

tion between neutrons and the structural materials of the setup and 

room leads to a complex and high background in the spectra. Therefore, 

peak identification was performed on the spectra after background 

subtraction.

Background subtraction was carried out using a baseline with asym­ 

metric least squares (ALS) smoothing [5]. The baselines for the back­ 

ground spectrum of water and the spectrum of the samples containing 

gadolinium are shown in Fig. 3. The final result is the difference between 

the sample and background spectra after subtraction of the baseline. 

Subsequently, the obtained peaks were fitted using a Gaussian curve 

Table 1 

Concentrations of Gd in standard 

aqueous solutions.

Sample Concentration of Gd, mg/L

1 2,32

2 17

3 68

4 137

5 293

6 450

7 613

8 941

Table 2 

Characteristic thermal neutron capture lines 

of Gd [4].

Isotope Energy, keV Cross-section, barn

157 𝐺𝑑 780 1010

897 2290

957 6580

1112 3010

1186 3978

1263 641

Fig. 2. Prompt gamma-ray spectra with different concentrations of gadolinium 

in the sample.
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Fig. 3. Baseline asymmetric least squares (ALS) (Left). Net counts in signature gamma-ray peaks of Gd in standard samples (Right).

Fig. 4. The net counts vs. concentration of Gd for 897, 957, 1112, 1186 keV.

to determine the area. Due to the presence of water, the background 

hydrogen peak with single and double escape peaks (SE, DE) is shown 

in Fig. 2. The DE peak is located in the region of the Gd peak with an 

energy of 1263 keV. Due to the subtraction between the sample and the 

background spectra after the difference of the baseline, the DE hydro­ 

gen peak is missing and the Gd peak at 1263 keV is identified in Fig. 3. 

However, because of its relatively low cross section, it was not used for 

quantitative analysis.

The concentrations of Gd in the unknown sample were determined 

using the calibration curves. For this purpose, it is necessary to perform 

experiments involving the irradiation of samples with different concen­ 

trations of the element under identical conditions. Next, the area under 

the peak of the element is measured and the calibration curve is plotted. 

Fig. 3 shows the spectra of samples containing different concentrations 

of Gd obtained after the subtraction of the background. The characteris­ 

tic Gd peaks at 897, 957, 1112, and 1186 keV can be clearly identified. 

The relationship between the area of the characteristic peaks and the 

concentration of Gd is shown in Fig. 4.

2.2 . Neutron self-shielding correction

Based on Fig. 4, due to the large Gd absorption cross sections shown 

in Table 2, there is no obvious linearity between the concentration and 

the original peak area. As the concentration of gadolinium increases, 

the peak area does not gradually increase, i.e., the original linear fitting 

coefficient R is 0.92 (at 897 keV). To take into account this effect, an 

internal standard method was used in this work. The internal standard 

method is a relative method and is used to estimate the neutron self-

absorption of the sample.

In works [1,6] an element with large and constant mass was chosen 

as the standard element. The change in neutron density inside the sample 

can be calculated from the change in gamma ray emission of the standard 

element. Hydrogen with constant mass and large volume was chosen as 

the standard element. 

𝑓 1 = 

𝐴 𝑠 − 𝐴 𝑏
𝐴 𝑑 

− 𝐴 𝑏
(1)
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Fig. 5. Reduction 10of  𝐵 1 and  𝐻  peaks due to the neutron self-shielding effect.

Table 3 

Neutron self-shielding factors and their linear fitting coefficients R.

Concentration of 

Gd, mg/L

𝑓 𝐻1 𝑓 𝐵1 𝑓 𝐻2 𝑓 𝐵2

2,32 1,00 1,00 1,00 1,00

17 1,00 0,99 1,00 0,99

68 0,96 0,94 0,99 0,94

137 0,84 0,87 0,96 0,87

293 0,55 0,75 0,89 0,71

450 0,35 0,68 0,83 0,60

613 0,24 0,65 0,81 0,537

941 −0,02 0,59 0,74 0,40

𝑅 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 0,92,172

𝑅 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 0,37,605 0,97,568 0,96,298 0,99,946

where 𝐴 , 𝐴 

 

 and 𝐴 

 

 are the net areas of the 2223 keV hydrogen peak for 𝑑 𝑏 𝑠
the water sample without impurities, empty container and sample with 

different Gd content, respectively. The areas of the elements should be 

divided by the correction factor 𝑓 1 

 to obtain the corrected calibration 

curves.

In works [7,8], the correction factor is calculated as a ratio: 

𝑓 2 = 

𝐴 𝑠
𝐴 𝑑

(2)

where 𝐴 

 

 and 𝐴 

 

 are the net areas of standard peaks (in some works the 𝑠 𝑑
hydrogen peak 2223 keV or the boron peak 478 keV) for a water sample 

without impurities and a sample with different Gd content, respectively. 

The relative change in the number of captured neutrons can be calcu­ 

lated through the counts of characteristic peak of the standard element. 

The measured counts of the characteristic peak, which are emitted from 

the element with large neutron absorption cross-section in the sample, 

can then be corrected with the correction factor f by using the following 

equation: 

𝐴 𝑐 = 

𝐴 𝑜
𝑓

(3)

where 𝐴  and 𝐴 

 

 are the original measured counts and the corrected 𝑜 𝑐
counts of the Gd peaks, respectively.

Both boron with a peak of 478 keV and hydrogen with a peak of 

2223 keV can be chosen as the standard element. Fig. 5 shows a com­ 

parison of the standard peaks of boron and hydrogen, from which the 

decrease in area due to the self-absorption effect is noticeable. To select 

a suitable correction factor, the coefficients calculated using the formu­ 

las 1 and 2 were compared, where the peaks 1 𝐻  2223 keV and 10 𝐵 

478 keV were used as the standard peaks. The results of the comparison 

of the coefficients for the peak with energy 957 keV are summarized in 

Table 3. Based on Table 3, the coefficient determined by formula 2 us­ 

ing the standard boron peak has the best correlation coefficient. Further 

Table 4 

Elemental analysis of the test sample.

Energy, keV Concentration 

Gd, mg/L

True concentration 

of Gd, mg/L

897 26±4

37
957 36±2

1112 20±4

1186 26±3

Table 5 

MDC values for different peaks.

Energy, keV MDC of Gd, mg/L

897 23 ± 7

957 11 ± 3

1112 19 ± 6

1186 24 ± 7

this correction factor 𝑓 𝐵2 

 is used to take into account self-absorption. 

A sample of aqueous solution containing 37 mg/L of Gd was selected 

as a test sample for elemental analysis. Table 4 summarizes the results 

of concentration determination according to the calibration curves for 

different peaks of Gd.

As shown in Table 4, the determined concentration coincides with 

the true concentration only for the 957 keV peak. The calibration curve 

method is not effective in the lower concentration range for the peaks 

897, 1112, and 1186 keV. In this area, the calibration curves for these 

peaks exhibit some divergence, which becomes less significant as the 

concentration increases. As a result, there is a discrepancy between the 

test and the calculated concentrations presented in Table 4. This could 

be attributed to the fact that the test value of 37 mg/L is close to the 

minimum detectable concentration (MDC) for these peaks, shown in 

Table 5. Therefore, the peak with the lowest MDC (957 keV) can provide 

a reasonably reliable result.

3 . Results and discussion

In order to quantify the detection limits for Gd in aqueous sam­ 

ples, the minimum detection concentrations (MDC) were calculated. The 

MDC and its standard deviation error (𝜎 𝑀𝐷𝐶 

) were determined using the 

following equations [9]:

𝑀𝐷𝐶 =
4.65 ×

√

𝑁𝑏 + 2.71
𝑘

(4)

𝜎 𝑀𝐷𝐶 =

√

𝑁𝑏

𝑘
(5)

where k is the slope of the calibration curve of the corrected data, 𝑁 𝑏 

 is 

the integral of the background under the peak. The results are presented 

in Table 5.
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Table 6 

MDC values based on PGNAA setups.

Neutron 

source

Neutron 

emission, n/s

Detector Sample Measurement 

time, s.

MDC, ppm Ref.

241 𝐴𝑚 − 𝐵𝑒 1.0 × 10 

7 Large liquid

scintillation detector

35 × 35 × 8 cm 

of water

150 0.426 [10]

241 𝐴𝑚 − 𝐵𝑒 6.6 × 10 

5 HPGe 50 L of water 3600 27.49 [1]

DT 10 

8 𝐿𝑎𝐵𝑟3 0.3 L of water 1800 11 ± 3 Current work

Table 7 

Detection limit (DL) based on PGNAA setups.

Neutron 

source

Neutron emission, n/s Detector Sample Measurement 

time, s.

MDC, ppm Ref.

Reactor 

IRT MEPhI

Thermal neutron flux 
62.7×10  n/𝑐𝑚 

2 × s

HPGe 1.5 mL of 

water

54,000 1.33 [11]

DT 8Neutron emission 10  n/s 𝐿𝑎𝐵𝑟 3 

0.3 L of water 1800 6.93 Current work

Thus, the lowest MDC of Gd in a 300 mL aqueous solution sample, 

with a neuron emission of 10 

8  n/s and a measurement time of 1800 s, 

was found to be 11 ± 3 mg/L or 11 ppm for the 957 keV peak. This 

result may be related to the largest cross section for this line relative to 

the others.

The comparison of results in Table 6 shows that our PGNAA setup 

can detect Gd with a concentration not lower than 11±3 ppm, which is 

more precise than the 27.49 ppm reported in [1]. This is because in the 

study mentioned the neutron emission from the 241 𝐴𝑚 − 𝐵𝑒 source was 

smaller. The better result 0.426 ppm obtained in work [10] is due to the 

large size of the liquid scintillation detector.

In many works also used a different definition of detection limit:

𝐷𝐿 =
3 ×

√

𝑁𝑏

𝑘
(6)

The detection limit is shown in Table 7. The better result of 1.33 ppm 

obtained in work [11] is due to a longer measurement time and a higher 

portion of the thermal neutron component in the incident neutron spec­ 

trum of the reactor. The findings of our research suggest promising 

potential for the application of our PGNAA setup, which could be ex­ 

panded to analyze other rare earth elements. This is a promising premise 

for future research.

4 . Conclusions

In this paper, the gamma-ray energy spectra of the radiation cap­ 

ture of aqueous solutions containing Gd were obtained. After correction 

of the neutron self-absorption effect, the nonlinear response between 

peak areas and element concentrations was converted to a linear re­ 

sponse, and calibration curves were used to determine the composition 

of the test sample. The minimum detection concentration (MDC) of 

gadolinium in aqueous samples was determined through thermal neu­ 

tron capture reactions. The extracted MDC value for Gd in 300 ml of 

water is 11 ppm. The results show that better improvements in gadolin­ 

ium detection compared to previous studies are achieved. As a result of 

this work, a technique based on neutron-radiation analysis was devel­ 

oped to be able to detect REEs in aqueous leachate. Finally, the results 

obtained indicate that PGNAA with a neutron generator can be used as 

an acceptable method for the detection of REE in leachate generated 

from an industrial process.
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