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Report review 

• TNM (tagged neutron method) and its 

advantages 

• Results of operation on apatite ore of 

Khibini deposit at Apatit JSC, Kirovsk 

• Results of tests on ore samples of 

Kovdor ore refinery 

• Conclusions 
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Object under investigation is irradiated 
with fast 14 MeV neutrons 

Neutron direction is tagged by α-particle 

-quanta from object under investigation are detected 
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Advantage of TNM – time spectrum  

Random 
coincidences 
(background) 

Prompt 
peak 
(signal) 

Typical time distribution of α-γ coincidences   
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Energy spectrum – signal region 
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Energy spectrum – random coincidence region 

Random coincidences 

ISINN-27, Dubna, 11jun2019 



  

RFA NAA TNM 

Dramatic suppression of 

environment background signal 

no no yes 

What is the benefit? Signal-to-background ratio is 200 times better 
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Evaluation of concentrations of 25 elements 

RFA NAA TNM 

Evaluation of concentration of 

light elements, C,N,O 

no No yes 

What is the benefit? • Direct evaluation of carbon concentration 

• Explosive substances detection 

Detectable elements: 

Na, Mg, C,N,O, F, Al, Si, P, S, Cl, K, Ca, Ti, Cr, 

Mn,  Fe, Ni, Cu, Zn, Zr, Pb, Sn, Bi, Sb 
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Spectrum of the sample 
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Fit function 
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Fit function 
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Why phosphorus? 2234 keV 367 mb 

1266 keV 180 mb 
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Test operation at Apatit JSC, Kirovsk 

 Problems of geologists 

 AGP-F had been 

operating ore of Khibini 

deposit for 6 months  

 1614 measurements 

was carried out 

 Remote control 
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AGP-F system 

Operator’s workplace 

Neutron module Analysis zone 

Electronics cabinet 
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Neutron module of AGP 

 Dimensions 

1200×1176×1149 mm 

 ING-27 neutron 

generator 

 9 tagged beams 

 I=5×107 s-1 

 12 BGO gamma-

detectors 
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Neutron source 

 ING-27 neutron generator produced 

by Dukhov’s VNIIA, Moscow 

 I= 8 107 s-1 

 Mass – 8 kg 

 Height – 300 mm 

 Alpha-detector - 3×3 matrix 

(10×10mm) 

 Actual lifetime:  

617 hours 47 minutes 
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Gamma-detector 

 Scintillator - BGO 

 Scintillator size 76×65 mm 

 Relative energy resolution at 

line 4.44 MeV (12C) 3.9±0.1% 

 Detectable energy range 

 0.5-11 MeV 

 Environment temperature range 

from +5 to +50оС 

 Mass 3.4 kg 

 Dimensions 89×265 mm 

 R6233 Hamamatsu PMT 
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Software 

 

 Place the sample in the bag to inspection tray. 

 Turn on neutron generator. 

 Start data taking. 
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Sampling 

-100 mm grade samples of 5 kg mass from mining site were 

measured as is, without any preparation. 
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Graduation curve 

P2O5  content range: 
1-40% 

σrel = 3,33% 

69 samples 

Red line –  

linear dependence. 

Blue line –  

quadratic dependence. 

Black line –  

equal values 

 

ISINN-27, Dubna, 11jun2019 



  

Graduation curve 

P2O5 content, % RMS deviation of 

P2O5 content, % 

Relative RMS 

deviation of P2O5 

content, % 

1.00-6.99 0.57 13.50 

7.00-14.99 0.43 4.05 

15.00-24.99 0.66 3.46 

25.00-40.00 0.62 1.95 

1.00-40.00 0.55 3.33 

YChA = 0.0041* (xTNM)2
 + 0.98*хTNM + 0.9 

Minimal detectable concentration of P2O5 is 1.7% 
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Transition curve 

58 measurements 
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Comparison with chemical analysis for –100 mm samples 

P2O5  content range: 2÷25%, RMS=1.17, RMSrel=8,3% 

AGP signal, P2O5% 
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Hardware stability 

Energy resolution of gamma-detector system. 

RMSrel=1,1% over 6 months of operation 
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Graduation stability 

Sample P2O5 content, % Number of measurements 

Measurement of control samples over 6 months. 

RMS of deviations from the first graduational 

measurement is less than 7% 
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Repeatability(r) and reproducibility (R) 

Sample 

AGP 

parameter, 

R % 

Number 

of  

meas. 

σr, 

%P2O5 
σr/R, % 

σR, 

%P2O5 
σR/R, % 

ДК 2-2 7.21 58 0.62 8.61 0.63 8.70 

ДК 2-10 11.48 88 0.59 5.14 0.62 5.36 

ДК 3-9 19.83 65 0.79 3.99 0.82 4.14 

ДК 4-10 29.71 41 0.62 2.09 0.71 2.40 
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Radiation dose control results 

• Over 6 months of operation 

AGP-F operator dose was 

measured to be  

2.101 mSv 

• Maximum permissible 

annual dose for population 

is 1 mSv 

• For Group-A personnel 

annual dose is 20 mSv 
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Trial run at Kovdor refinery 

• 75 samples with known chemical composition 
• 25 samples of apatite-staffelite ore 

• 50 samples of magnetite-apatite ore 

• Sample mass – 3-10 kg. 

• Size grade –3 mm. 
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Comparison of AGP-F with  
chemical analysis 

AGP signal, Fe2O3% 
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Comparison of AGP-F with  
chemical analysis 

AGP signal, CO2% 
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Comparison of AGP-F with  
chemical analysis 

AGP signal, CaO% 
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Conclusions: 

 AGP-F system has been field-operating for 6 months without any technical 

issues. 

 The system allows obtaining results on content of 10 element oxides, namely 

CO2 , P2O5, Al2O3, MgO, SiO2, CaO, TiO2, Fe2O3, Na2O, K2O  

 The system allows obtaining results on content of samples of large size grade  

(-100 mm) without any sample preparation.  

 Minimal detectable content – 1.7% of P2O5 

 Precision of P2O5 content evaluation:  

σrel = 3,33% on graduational samples (-100 mm), 

σrel = 8,3% on routine samples (-3 mm) 

 Graduation curve have been stable for 6 months. 

 AGP-F system proved to be stable and reliable. 
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Carbon 

4438 keV 187 mb 



  

Magnesium 

1369 keV 450 mb 

1809 keV 81 mb 

2770 keV 45 mb 

3867 keV 30 mb 

4239 keV 30 mb 

4640 keV 22 mb 



  

Silicium 

1589 keV 24 mb 

1779 keV 403 mb 

2839 keV 59 mb 

5100 keV 37 mb 

6879 keV 36 mb 



  

Titanium 

984 keV 666 mb 

1312 keV 238 mb 

1437 keV 49 mb 

1555 keV 32 mb 

1762 keV 23 mb 

2240 keV 32 mb 

2375 keV 54 mb 



  

There are elements without narrow lines 



  

Characterization of Spectrum of Sample 


