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Based on a 

sealed DT-tube

http://www.vniia.ru/eng/production/neitronnie-generatory/neytronnye-generatory.php
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Double-side Si -particles detector 

Number of pixels: 64 (8x8 strips) 

Pixel area: 6x6 mm2

Distance between strips: 0.5 mm 

Voltage bias: −250V DC

Dark current: < 8A

n-tube life-time: > 800 h

< ING Duty time >: 18 months

TiT-to-front distance : 44.0 ± 1.4 mm 

TiT-to-−detector distance: 100 ± 2 mm 

Power supply voltage: 200 ± 5 V

Max Power Supply Current: 300 ± 30 mV 

Consumed Power: < 40 W

Continuous Mode: 14-MeV neutrons 

Initial Intensity: > 5.0 x 107 n/s/4

Final Intensity: > 2.5 x 107 n/s/4

TiT

Weight: ING-27: 7.5 ± 0.5 kg ; Power Supply and Operation Unit: 2.7 ± 0.3 kg

http://www.vniia.ru/eng/production/neitronnie-generatory/neytronnye-generatory.php


The 14-MeV neutron is tagged in time and direction by detecting the associated -particle,
emitted in opposite direction in CMS.
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Number of BGO detectors: 18
BGO crystals: cylinder (76 x 65 mm)
PMT type: Hamamatsu R1307
Gamma-ray Energy-resolution ~ 10.4% @ 0.662 MeV
Gamma-ray Energy-resolution ~ 4.0% @ 4.437 MeV
Gamma-ray Time-resolution ~ 4.1ns @ 4.437 MeV
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HPGe detector:

Type: Ortec®GMX 30-83-PL-S,  57.5 x 66.6 mm 
Gamma-ray Energy-resolution ~ 3.4% @ 0.662 MeV
Gamma-ray Energy-resolution ~ 0.3% @ 4.437 MeV 
Gamma-ray Time-resolution ~ 6.1 ns @ 4.4437MeV

Pb Al

Al

Bi
Fe

http://flnph.jinr.ru/en/facilities/tangra-project

http://flnph.jinr.ru/en/facilities/tangra-project
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https://blog.uclm.es/fernandocarrillo/files/2015/03/TABLAUSOS.jpg
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Rhenium (Re), chemical element, a very
rare metal of Group 7 (VIIb) of the periodic
table and one of the densest elements. Predicted by
the Russian chemist Dmitry Ivanovich
Mendeleyev (1869) as chemically related
to manganese, rhenium was discovered (1925) by
the German chemists Ida and Walter Noddack and
Otto Carl Berg. The metal and its alloys have found
limited application as turbine blades in fighter-
jet engines, fountain pen points, high-
temperature thermocouples (with platinum), cataly
sts, electrical contact points, and instrument-
bearing points and in electrical components, such
as in flashbulb filaments as an alloy with tungsten.

Rhenium does not occur free in nature or as
a compound in any distinct mineral; instead it is
widely distributed in small amounts in other
minerals, usually in concentrations averaging about
0.001 parts per million. Chile is the world leader in
rhenium recovery, followed by the United States,
Poland, Uzbekistan, and Kazakhstan.

https://www.britannica.com/science/chemical-element
https://www.britannica.com/science/metal-chemistry
https://www.britannica.com/science/periodic-table
https://www.britannica.com/biography/Dmitri-Mendeleev
https://www.britannica.com/science/manganese
https://www.britannica.com/technology/alloy
https://www.britannica.com/technology/fighter-aircraft
https://www.britannica.com/technology/thermocouple
https://www.britannica.com/science/platinum
https://www.britannica.com/science/catalyst
https://www.britannica.com/technology/alloy
https://www.britannica.com/science/tungsten-chemical-element
https://www.merriam-webster.com/dictionary/compound
https://www.britannica.com/science/mineral-chemical-compound
https://www.britannica.com/place/Chile
https://www.britannica.com/place/United-States




https://sci-hub.se/https://doi.org/10.1002/pssr.201800658

Schematic diagram of few-layer
ReS2 based photodetector

https://sci-hub.se/https:/doi.org/10.1002/pssr.201800658


https://www.e3s-conferences.org/articles/e3sconf/pdf/2021/34/e3sconf_uesf2021_12012.pdf

Rhenium is used in platinum-rhenium catalysts which in turn are primarily used in making lead-free, high-octane gasoline

and in high-temperature superalloys that are used to make jet engine parts. Other uses:

* Widely used as filaments in mass spectrographs and in ion gauges.

* An additive to tungsten and molybdenum-based alloys to increase ductility in these alloys.

* An additive to tungsten in some x-ray sources.

* Rhenium catalysts are very resistant to chemical poisoning, and so are used in certain kinds of hydrogenation reactions.

* Electrical contact material due to its good wear resistance and ability to withstand arc corrosion.

* Thermocouples containing alloys of rhenium and tungsten are used to measure temperatures up to 2200 °C.

* Rhenium wire is used in photoflash lamps in photography.

* For use in booster rocket engine

https://www.refractorymetal.org/overview-of-the-refractory-metal-rhenium/

https://www.e3s-conferences.org/articles/e3sconf/pdf/2021/34/e3sconf_uesf2021_12012.pdf
https://www.refractorymetal.org/overview-of-the-refractory-metal-rhenium/
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Nipponium as a 
new element 

(Z=75) separated 
by the Japanese 

chemist, 
Masataka

Ogawa and  his 
son Eijiro

Ogawa: 1908.

→ 2NH4ReO4+7H2→2Re+8H2O+2NH3

First found  Rhenium in columbite and 
platinum ores, 1925.

Walter Noddack, Ida Tacke-Noddack, Otto Berg

https://www.youtube.com/watch?v=VRccwkEmOYg&t=3s

https://www.youtube.com/watch?v=VRccwkEmOYg&t=3s
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Ida Noddack Tacke (25 February 1896 in Wesel - 1978) was a German chemist and physicist. With her husband Walter Noddack she

discovered element 75 Rhenium. She correctly criticized Enrico Fermi's chemical proofs in his 1934 neutron bombardment experiments, from

which he postulated that transuranic elements might have been produced, and which was widely accepted for a few years. Her paper, "On

Element 93" suggested a number of possibilities, centering around Fermi's failure to chemically eliminate all lighter than uranium elements in

his proofs, rather than only down to lead. The paper is considered historically significant today not simply because she correctly pointed out

the flaw in Fermi's chemical proof but because she suggested the possibility that "it is conceivable that the nucleus breaks up into several

large fragments, which would of course be isotopes of known elements but would not be neighbors of the irradiated element." In so doing

she presaged what would become known a few years later as nuclear fission. However Noddack offered no theoretical basis for this

possibility, which defied the understanding at the time, and her suggestion that the nucleus breaks into several large fragments is not what

occurs in nuclear fission. The paper was generally ignored. Later experiments along a similar line to Fermi's, by Irene Joliot-Curie, and Pavel

Savitch in 1938 raised what they called "interpretational difficulties" when the supposed transuranics exhibited the properties of rare earths

rather than those of adjacent elements. Ultimately in 1939 Otto Hahn and Fritz Strassmann, working in consultation with long term

colleague Lise Meitner (who had been forced to flee Germany) provided chemical proof that the previously presumed transuranic

elements were isotopes of Barium. It remained for Meitner and her nephew Otto Frisch utilizing Fritz Kalckar and Neils Bohr's liquid drop

hypothesis (first proposed by George Gamow in 1935) to provide a theoretical model and mathematical proof of what they dubbed nuclear

fission ( Frisch also experimentally verified the fission reaction by means of a cloud chamber, confirming the massive energy release)

https://www.chemeurope.com/en/encyclopedia/Ida_Noddack.html https://physicstoday.scitation.org/doi/10.1063/PT.3.2817

https://www.chemeurope.com/en/encyclopedia/Chemist.html
https://www.chemeurope.com/en/encyclopedia/Walter_Noddack.html
https://www.chemeurope.com/en/encyclopedia/Rhenium.html
https://www.chemeurope.com/en/encyclopedia/Enrico_Fermi.html
https://www.chemeurope.com/en/encyclopedia/Transuranium_elements.html
https://www.chemeurope.com/en/encyclopedia/Uranium.html
https://www.chemeurope.com/en/encyclopedia/Irene_Joliot-Curie.html
https://www.chemeurope.com/en/encyclopedia/Otto_Hahn.html
https://www.chemeurope.com/en/encyclopedia/Lise_Meitner.html
https://www.chemeurope.com/en/encyclopedia/Transuranium_elements.html
https://www.chemeurope.com/en/encyclopedia/Lise_Meitner.html
https://www.chemeurope.com/en/encyclopedia/George_Gamow.html
https://www.chemeurope.com/en/encyclopedia/Nuclear_fission.html
https://www.chemeurope.com/en/encyclopedia/Ida_Noddack.html
https://physicstoday.scitation.org/doi/10.1063/PT.3.2817


2NH4ReO4(s) + 7H2 =

2Re° + 2NH3 + 8H2O

(ΔG°298K = -37.16 kcal) Pb Re
1g

That is why such a small drop weight a 
whole gram and costs whopping 15 euros

NH4ReO4 is used 
for the direct 
production of 
rhenium-based 
catalysts used 
in petrochemical 
refining and as a 
precursor material 
for pure rhenium 
metal powder or 
pellets.

No primary Sources of 

Rhenium are at hand, 

but it is extracted as a 

by-product from 

Mo-concentrates, 

which themselves are 

a by-product of

mining Cu-ores.

Rhenium has a melting 

point of 3186 °C, which 

is the 3rd-highest

melting point among all 

elements after Carbon 

and Tungsten. Its boiling 

point is at top positions 

with 5627 °C.

Pure Ammonium Perrhenate, that metallic rhenium is extracted

from is obtained as a result of refining and concentration of the

ore which is later baked or melted into small drops

NH4ReO4

(189) Rhenium - A METAL 
WITHOUT WHICH THERE 
WOULDN'T BE GASOLINE! 
- YouTube

https://www.americanelements.com/oil-gas.html
https://www.youtube.com/watch?v=Duk20wEVgJQ
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(189) Dissolving a Super Rare Metal to make Ammonium Perrhenate - YouTube

https://www.youtube.com/watch?v=vEz5904IVBM


Реактор СМ-3 в НИИАР 
— наработчик изотопов 
для ядерной медицины

Reactor SM-3 at NIIAR 
— generator of isotopes 
for nuclear medicine

2022
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Abstract. To optimize the cost effectiveness of 186Re

and 188Re production, which have recently been used as

radio pharmaceuticals for therapeutic purposes, we

designed an artificial neural network (ANN) to evaluate

the activity of combined 186Re+ 188Re. One of the

production ways is the (n,γ) reaction of natural rhenium

which leads to combined 186Re + 188Re. Using the

counted activity of 186Re + 188Re mixtures by a well type

isotope calibrator, the precise activity of 186Re and 188Re

is obtained by the ANN. A back-propagation ANN was

trained using 30 activities of mixed 186Re + 188Re. The

performance of the ANN was tested by Early-Stopping

validation method, and the ANN was optimized with

respect to its architecture. The response of the ANN

shows significant precision that may be used for

medical application of 186Re + 188Re mixtures.

Prediction of the correct measured activity of 186Re and 188Re from reactor produced natural rhenium 

using an artificial neural network

https://doi.org/10.1016/j.anucene.2009.09.012

B. Leila Moghaddam, Saeed Setayeshi, 

Mohammad G. Maragheh, Reza Gholipour

188Re 186Re

Decay schemes

2009

https://doi.org/10.1016/j.anucene.2009.09.012
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Klystron 2

Neutron 

Producing 

target
http://flnp.jinr.ru/244/

http://flnp.jinr.ru/244/
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http://www.jinr.ru/posts/128935/

https://doi.org/10.3390/qubs1010006

http://www.jinr.ru/posts/128935/
https://doi.org/10.3390/qubs1010006


Abstract. Rhenium is a refractory metal with potential uses in nuclear reactor applications,

particularly those at very high temperatures. Measurements have been made using natural samples.

Natural rhenium consists of two isotopes: 185Re (37.40%) and 187Re (62.60%). The electron linear

accelerator (LINAC) at the Rensselaer Polytechnic Institute (RPI) Gaerttner LINAC Center was used

to explore neutron interactions with rhenium in the energy region from 0.01 eV to 1 keV. Neutron

capture and transmission measurements were performed by the time-of-flight technique. Two

transmission measurements were performed at flight paths of 15 m and 25 m with 6Li

glass scintillation detectors. The neutron capture measurements were performed at a flight path of

25 m with a 16-segment sodium iodide multiplicity detector. Resonance parameters were extracted

from the data using the multilevel R-matrix Bayesian code SAMMY. A table of resonance parameters

and their uncertainties is presented. The uncertainties in resonance parameters were propagated from a

number of experimental quantities using a Bayesian analysis. Uncertainties were also estimated from

fitting each Re sample measurement individually. The measured neutron capture resonance

integral for 185Re is (4 ± 1)% larger than ENDF/B-VII.1. The capture resonance integral

for 187Re is (3 ± 1)% larger than ENDF/B-VII.1. Other findings from these measurements include: a

decrease in the thermal capture cross section for 185Re of (2 ± 2)% from ENDF/B-VII.1; a

decrease in the thermal capture cross section for 187Re of (3 ± 4)% from ENDF/B-VII.1; a

decrease in the thermal total cross section for 185Re of (2 ± 2)% from ENDF/B-VII.1; and a

decrease in the thermal total cross section for 187Re of (6 ± 5)% from ENDF/B-VII.1.

Considering the uncertainties, none of the indicated changes in thermal cross sections represents

a statistically significant change from ENDF/B-VII.1.

Investigation of Rhenium by Neutrons

2017

https://doi.org/10.1016/j.pnucene.2017.04.015

https://www.sciencedirect.com/topics/engineering/rhenium
https://www.sciencedirect.com/topics/engineering/polytechnic
https://www.sciencedirect.com/topics/engineering/scintillation-detector
https://www.sciencedirect.com/topics/engineering/capture-cross-section
https://doi.org/10.1016/j.pnucene.2017.04.015
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https://doi.org/10.1051/epjconf/201817803005

The 187Re/187Os abundance ratio changing with the 187Re

half-life can be a good chronometer for the r-process.

However, slow neutron-capture process (s-process)

through an isomer state of 186Re (T1/2 = 0.2 Myr) may

contaminate the 187Re/187Os abundance ratio. It is

necessary to evaluate a contribution from 186mRe created

from the 185Re(n, γ) 186mRe reaction.

Persistent Quest Research Activities 2005 (jaea.go.jp)

2018

Abstract. The neutron capture cross section of 185Re was measured in the astrophysically important energy

region. Measurements were made using a neutron beam from a 7Li(p,n)7Be neutron source with energies ranging

from 3 to 90 keV. Two different experimental techniques, time-of-flight (TOF) and activation methods, were

employed. In the TOF experiments, the total neutron capture cross section of 185Re was determined by the

pulse-height weighting technique. In the activation method, the partial capture cross section leading to the

ground state of 186Re was measured by detecting decay γ-rays from neutron activated samples. The present

cross section values were compared with evaluated cross section data and previous measurements. The difference

between the TOF and activation results was smaller than experimental uncertainties. This suggests that the

production cross section of isomer states of 186Re is very small.

https://doi.org/10.1051/epjconf/201817803005
https://rdreview.jaea.go.jp/tayu/ACT05E/04/0403.htm


Production of the 186mRe isomer in nuclear reactor

Vladimir Koltsov

Khlopin Radium Institute Saint-

Petersburg

E-mail: vladimir-koltsov@yandex.ru

Koltsov, V.V. Production of the 186mRe Isomer in Nuclear 
Reactors. Phys. Atom. Nuclei 84, 1817–1820 (2021). 
https://doi.org/10.1134/S1063778821090209

mailto:vladimir-koltsov@yandex.ru
https://doi.org/10.1134/S1063778821090209


The 186mRe isomer is of interest for creating an isomeric energy source



1. The integral cross section for the formation of the 186m isomer Re: 

σ tot ≈ 300 mbar.

1. Excitation of the isomer during inelastic scattering of neutrons by 186Re 
nuclei is not significant (low concentration of 186Re).

2. Restriction on the integral cross section of σ(n,2n) < 10 mbar.

3. Therefore, the main isomer formation reaction is (n, γ).

Possible reactions for the formation of the 186mRe isomer



Образование изомера 186mRe в реакции ( n , 2n ) 

https://indico.cern.ch/event/839985/contributions/3985315/attachments/2125013/3577580/Koltsov_-_Production_of_Re_.pdf

1. For the (n, 2n) reaction, neutrons with 

an energy of more than 8 MeV are 

required.

2. 2. Assuming the neutron fission 

spectrum in this energy range, it can be 

considered that approximately 0.5% of 

neutrons have energy more than 8 MeV.

3. Total cross section ( n, 2n ) of the 

reaction < 2000 mbar → integral cross 

section less than 100 mbar.

4. In a similar reaction (n, 2n) on 191Ir, the 

isomer is formed with a probability of 

3% of reactions.

5. It can be assumed that the integral cross 

section for the formation of the 186m Re 

isomer is less than 10 mb.

Formation of the 186mRe isomer in the reaction ( n, 2n )

Total cross section for the 187Re (n, 2n) reaction 

as a function of the neutron energy.

Physics of Atomic Nuclei, vol. 84, no. 11, Dec. 2021, pp. 1817



https://pubs.rsc.org/en/content/articlepdf/2020/ja/c9ja00288j

https://pubs.rsc.org/en/content/articlepdf/2020/ja/c9ja00288j


Phytomining of Rhenium 

This study was the first to ever employ Scanning electron
microscopy (SEM) imaging analysis and Infrared (IR)
spectrometry to investigate the accumulation of Re in plants.

Rhenium is traditionally obtained as a by-product of roasting and hydrometallurgical treatment of 
molybdenum and copper concentrate

https://doi.org/10.1016/j.jclepro.2021.129534

IGIC

https://doi.org/10.1016/j.jclepro.2021.129534


Phytomining of Rhenium IGIC



Phytomining of Rhenium 
Rhenium is traditionally obtained as a by-product of roasting and hydrometallurgical treatment of 

molybdenum and copper concentrate

The presence of rhenium, copper, 

and molybdenum affected the 

productivity of Spirulina biomass 

and its biochemical composition 

(proteins, carbohydrates, lipids, 

phycobiliproteins, the content of 

chlorophyll &alpha: and &beta:-

carotene). 

With the growth of biomass in the 

presence of rhenium or rhenium 

and molybdenum, a pronounced 

increase in productivity and 

protein content was observed.

The content of Re, Cu, and Mo in 

Spirulina samples was determined 

using an inductively coupled 

plasma-optical emission 

spectrometer, PlasmaQuant 9000 

Elite (Analytik Jena, Jena, 

Germany).



https://ibr-2.jinr.ru/
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inga_zinicovscaia_thesis.pdf (cnaa.md)

IBR-2 pulsed (epi)thermal neutron reactor

Rhenium is a scarce and highly important 

metal for industry and technology.

https://ibr-2.jinr.ru/
http://www.cnaa.md/files/theses/2022/58703/inga_zinicovscaia_thesis.pdf
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Daqian Hei

Research progress on in situ on-line measurement technology of elemental composition of PGNAA.



2018



Investigation of Rhenium by Neutrons

2016
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2021

2022

2019



Fig. 1. (a) Schematic drawing of the sample setup for activation (not to scale).  

(b) Schematic drawing of the neutron fluence rate monitoring setup during an 

activation run (not to scale). 

2016









https://doi.org/10.1140/epja/i2019-12698-1

https://rdcu.be/cPi1X

https://doi.org/10.1140/epja/i2019-12698-1
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Junhua Luo & Li Jiang

https://doi.org/10.1140/epja/i2019-12698-1
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2,250

1,750

https://inspirehep.net/files/e8257ce01d5b9c

125482be7617ad93c9

13

https://inspirehep.net/files/e8257ce01d5b9c125482be7617ad93c9


Chinese Physics C Vol. 45, No. 7 (2021) 074101



Table 1. Reactions and associated decay data of activation products

C. M. Baglin, Nucl. Data Sheets 111, 275 (2010)

Chinese Physics C Vol. 45, No. 7 (2021) 074101



In general, our experimental cross-section values are

consistent, within experimental error, with those of

previous experiments and theoretical excitation curves at

the corresponding energies.

Comparison with these evaluation curves shows that the

theoretical excitation curves based on Talys-1.9 code agree

well with the experimental results.

The new measured results in the present study would

improve the quality of the neutron cross section database

and are expected to assist with new evaluations of cross

sections on rhenium isotopes in the incident neutron

energy range from the threshold to 20 MeV.

In addition, the theoretical excitation curves are relevant

for the design of fusion reactors and related applications.

Chinese Physics C Vol. 45, No. 7 (2021) 074101



Sahan, H., Sahan, M. & Tel, E. Cross-Section Calculation of (n,p) and (n,2n) Reactions for High Temperature Reactors Construction 

Materials Tungsten and Rhenium. Phys. Atom. Nuclei 84, 724–738 (2021). https://doi.org/10.1134/S1063778821050124.

https://doi.org/10.1134/S1063778821050124
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Thank you for your attention


