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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 a-particle
y-quanta from object under investigation are detected

ISINN-27, Dubna, 11jun2019  #/ouamanT



Advantage of TNM —time spectrum

Typical time distribution of a-y coincidences
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Energy spectrum — signal region
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Energy spectrum —random coincidence region
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RFA NAA TNM

Dramatic suppression of no no yes
environment background signal

What is the benefit? Signal-to-background ratio is 200 times better
No tagging | | With tagging
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Evaluation of concentrations of 25 elements

RFA NAA TNM
Evaluation of concentration of no No yes
light elements, C,N,O
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

Fit function for all elements j = C, O, Si, Mg, Ca, Fe, Al is as follows (parameters of the
fit are in bold):

SE)= 3 (NS oyPy(E)epn(E) + Conts(E)) + Ba(E)

j=C,0,Si... i=1

ki - number of peaks for the element j, Pj - fit function (response function) for
gamma-line / with energy E;, N; - parameter which determines the amount of the
element j in the spectrum , o;; - cross section of the gamma ray with the energy Ej;.
Cont;(E) - amplitude of the “ Continuum spectrum”. Since the production cross section
o; and total absorption peak efficiency(included in the Pj;) are given, the normalization
of the element is determined by a single parameter N;. Bg(E) - function of the
“background”. €,,(E;) - total absorption peak efficiency for the energy E; (from MC).
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Fit function

Fit function (response function) for gamma-line with energy E; are as follows (parameters of the fit are in

bold):
1 Rores(E;)
P(E) = —— G(E;, ™) + ———L G(E; — 511, 0%) +
"( ) marh ( ! 1 ) ‘\/2?0:35 ( 1 I )
Ror®(Ei)re*(E;
\/%Lesz( i) G(E; — 1022, 07°%) + NfRcompt C(E;, E)
i

x10°

180 MC 6.13 MeV h .
19 e (] crip - the energy resolution (depends as
160 VE).
140 ‘Compton’tail @ r*=(E) and r*?(E;) - define the
120 amplitudes of escape peaks, normalized
Photo- and escape peaks relatively to the amplitude of the

100 photopeak. Dependence from the energy

N is set by MC, but Rg is used to adjust
80:_ them.
60— @ C(E;, E) - Compton “tail” function.
40?— @ Rcompt - factor to adjust Compton “tail”

- amplitude.
2oL @ G(x, o) -Gauss function.
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Why phosphorus?
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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

Electronics cabinet

Neutron module 7 Analysis zone
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Neutron module of AGP

Dimensions
1200%x1176%1149 mm

ING-27 neutron
generator

9 tagged beams
|I=5x107 s1

12 BGO gamma-
detectors
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Neutron source

m ING-27 neutron generator produced
by Dukhov’s VNIIA, Moscow

|I=8 -107 st
Mass — 8 kg
Height — 300 mm

Alpha-detector - 3x3 matrix
(10x10mm)

m Actual lifetime:
617 hours 47 minutes
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Gamma-detector

m Scintillator - BGO
Scintillator size 76x65 mm

m Relative energy resolution at
line 4.44 MeV (*°C) 3.940.1%

Detectable energy range
0.5-11 MeV

Environment temperature range
from +5 to +50°C

Mass 3.4 kg
Dimensions 89x265 mm
R6233 Hamamatsu PMT
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Software

SE8

DiamaNT GUI

Copep»xaHue
P-Os: 28.6+ 0.7%

gooo__ Fe;0s3: 2.7+ 0.5%
- COz: 1.9+ 0.3%
geooo Si0,: 5.8+ 0.4%
20000 — Al:Os3: 5.4+ 0.7%
E TiOz: 1.4+ 0.2%
18000~ CaO: 46.4+ 1.0%
16000 — MgO: 2.5+ 0.2%
F Na;0O: 1.5 0.4%
14000 K.O: 3.8+ 0.4%
12000 — ae = 1.30, x* = 4.20
- E=6122, g =18
10000 r:(6129) = 3.5%
8000 — PexuM paboTsl
- Kanmbpoeka 00:10:00 |5 44:MM:cC
6000 :_ ®) M3mepeHne npobel 00:10:00 || yummice
4000— COCTOAHWE YCTaHOBKHM
- HeATpoHH: A
2000 reHepaTop
0 B o Anbtha-feTekTop
8000 raMMa-ﬂETEKTOph\
E‘-" keV CBA3b
LaHHele

CeefeHus ob usmepeHun
Hauano: 10:10:36, 24 ceHTR6pa 2018 rona
OnnTeneHocTe (44:MmM:cc): 00:10:00
WHTeHcmBHOCTL: 5.14x107 H/c
Homep npobsi:
‘7‘ S ——_——_—————— g VTV L M E

U3MEPEHME 100%| AHAJIU3 100%

m Place the sample in the bag to inspection tray.
m Turn on neutron generator.
m Start data taking.
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B 3

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
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P,O; content range:
1-40%

O, = 3,33%
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Red line —

linear dependence.
Blue line —
guadratic dependence.
Black line —
equal values
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Graduation curve

P,O. content, % RMS deviation of Relative RMS
P,O. content, % deviation of P,O¢
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

Ycena = 0.0041* (X1pm)? + 0.98*X1u + 0.9

Minimal detectable concentration of P,O; is 1.7%
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Transition curve
P,O. =0.98*P,0, +0.21
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Comparison with chemical analysis for =100 mm samples

P,Og content range: 2+25%, RMS=1.17, RMS,,=8,3%
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Hardware stability
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Energy resolution of gamma-detector system.
RMS,.=1,1% over 6 months of operation
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Graduation stability

Sample P,O; content, % Number of measurements| so(R), %
JIK 2-2 7.82 37 5.67
JIK 2-10 12.19 67 6.48
JK 3-9 21.99 65 6.39
K 4-10 33.40 36 2.22

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 argrcsZter I\Iurc?fber O o,/R, % Tr: o/R, %
" " R % | meas. /P05 T /P05 A
K 2-2 7.21 58 0.62 8.61 0.63 8.70
JIK 2-10 11.48 88 0.59 5.14 0.62 5.36
JIK 3-9 19.83 65 0.79 3.99 0.82 4.14
JIK 4-10 29.71 41 0.62 2.09 0.71 2.40
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Radiation dose control results

s menn s vecmonn o Qver 6 months of operation
e ) omrmaamsmomon somicnoc AGP-F operator dose was
p—— measured to be

2.101 mSv

B.H.Byaues

- e Maximum permissible

f HOUBUOYANLHO20 OZUMERPUHECKO20 KONMPOTA NEPCOHANd (hupe .
000 diavam, annual dose for population
3a 2018 200
No | ®damumna U. O. Homepa MuausuayateHas 3(dhexTnsHas IS 1 mSV
J0O3HMETPOB 1033, M3B
| | l])\"l\"!l-l ‘“‘,“‘p”,’,“f,. - 7-_;\7'7\7’7?7.'7(71
S s fnie e For Group-A personnel
H}I oB A.B. 203 2038 0.037 0.000 0.03
3] 1] B E.B 2933 2934 0.107 0.000 0.107
4 [ ] e B.: \ 2039 [ 2040 o 063 0.076 0139 -
pumm 1K {2555 2% 00000071 annual dose Is 20 mSyv
| 6Pa 8 E \ 293 2032 | 0.234 | 0498 | 0.732
7 Car kos M.I. | 2941 2942 [ 0.196 | 0.109 0.305
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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 kqg.
« Size grade —3 mm.
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Comparison of AGP-F with
chemical analysis
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Comparison of AGP-F with
chemical analysis
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Comparison of AGP-F with
chemical analysis
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Conclusions:

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

m  The system allows obtaining results on content of 10 element oxides, namely
CO,, P,Oq, Al,O;, MgO, SiO,, CaO, TiO,, Fe,0,, Na,O, K,O

m  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 P,O,

m Precision of P,O- content evaluation:
O, = 3,33% on graduational samples (-100 mm),
0, = 8,3% on routine samples (-3 mm)

m Graduation curve have been stable for 6 months.

m  AGP-F system proved to be stable and reliable.
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Carbon
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Magnesium
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Silicium
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Titanium

[ Ti, 4509, 30 min i
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There are elements without narrow lines
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Characterization of Spectrum of Sample

For one element the number of gamma rays entering the detector N is

N,'nO' NAVpIW
;A ,
Ni» - number of neutrons incident on the target, o - total cross section of the reaction (n, n"*y), Na, -

Avogadro's number, p - target density, / -target length, A - atomic weight of the element, W - the
probability of gamma ray detection.

Ny =

For the case of a target consisting of various elements j:

Nr = NialpW )~ njo;
J

oj - cross section for the element j, nj - the number of nuclei of element j in the target.
By measuring the spectrum of gamma rays and knowing the gamma production cross
sections o; for different elements one can restore the relative proportions of the elements
in the target.
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