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Briefly about the creation of a new branch of science, technology and industry
based on nuclear physics in ~ the 1940s

Research reactor IRT MEPhI and its application

Research reactors IRT-T, IVVE-2M and SM-3 

About plan of State Corporation RosAtom: Center for Nuclear Science and Technology (CNST)

“Non-Power nuclear application” of Atomic Power Plant reactors: 
production of isotopes for industry, nuclear medicine and science (Co-60 and Ar-37 as example)
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1
Briefly about the creation of a new branch of science, technology and industry

based on nuclear physics in ~ the 1940s



Nuclear physics and technology: the situation by 1939 -1940 
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1933 : J. Chadwick. Discovery of the neutron.
D. Ivanenko and V. Heisenberg (independently) proposed a proton-neutron model of the nucleus.

1938 : Otto Hahn and Fritz Strassmann. Discovery of uranium fission.  
Niels Bohr and John Wheeler. The droplet model of the nucleus. 

1939 : Leo Szilard and, independently, Ya.B. Zeldovich, Yu.B. Khariton, A.I. Leipunsky. Uranium fission and chain reaction.
L. Szilard proved that secondary neutrons are emitted in the process of fission of uranium nuclei. 

Chain reaction on 235U: the idea of atomic weapons (USA and USSR) 

1941 : Berkeley Group (Glenn Seaborg et al.). Discovery of plutonium and the 239Pu isotope.

1941 : It was discovered that slow neutrons cause fission of the 239Pu isotope. Division releases up more
neutrons and, therefore, as well as 235U - can cause a nuclear chain reaction. 

1940 : Memorandum of Rudolf Peierls and Otto Frisch "On the construction of a" superbomb "(for a nuclear warhead
only 5 kg of 235U is needed, and the power of such a charge will be equivalent to two thousand tons of dynamite),
submitted to the British Department of War. 

The coming of Hitler and the Nazis to power. 
Mass emigration (including scientists) from Germany. 



1939: Uranium fission and chain reaction 
(Leo Szilard and, independently, Ya.B. Zeldovich, Yu.B. Khariton, A.I. Leipunsky) 
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In 1939 Leo Szilard and independently Ya.B. Zeldovich, Yu.B. Khariton, A.I. Leipunsky
substantiated the possibility of a self-sustaining nuclear reaction in uranium during the 
fission of uranium nuclei.
L. Szilard was also one of the first to prove that secondary neutrons are emitted in the 
process of fission of uranium nuclei. Together with V. Zinn, he obtained the value of the 
average number of secondary neutrons per fission event.
Experimental confirmation of spontaneous uranium fission: K.A. Petrzhak and G.N. Flerov
(1940) 

Chain reaction in 235U: the idea of atomic weapons (USA and USSR)

Q = 200 MeV
+ secondary neutrons 



August 2, 1939: Letter from Albert Einstein to US President F. 
Roosevelt as a "trigger" of Manhattan project
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Albert Einstein and Leo Szilard
Prepare the letter to Franklin Roosevelt
(atomicheritage.org)



Race of two superpowers for (against) monopoly over A-bomb 
weapons in the 40s of the 20th century
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The USA
October 1939
Einstein’s letter to President Roosevelt: Uranium Committee,
Since 1940 the Committee S-1 was transformed
to National Committee for Defense Research (science & development)

September 1942
Manhattan project (production of weapon)

16 July 1945
Test of A-charge (code name Trinity, nick name The Gadget) in Alamogordo, NM
the beginning of the Atomic Age

The USSR
October 1942
Lavrenty Beria’ note to Josef Stalin:
Committee No 1 devoted to atomic problem

20 August 1945
Special Committee under Government Committee for 
Defense of the USSR
L. Beria is a head of the Committee.

First Chief Directorate under Council of People's Commissars
of the USSR (Vannikov is a head of Directorate)

29 of August 1949
Test of 1st atomic bomb RDS-1 (based on Pu-239)



Production of fissile material for atomic bombs: 235U and 239Pu
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1. Isotopic composition of natural uranium: 235U (0.72%) and 238U (99.27%)

Enrichment of uranium in the 235U isotope is required from 0.72% to> 93% on an industrial scale (tens and hundreds of kg of the 
isotope 235U)

2. Plutonium does not exist in nature : 239Pu (𝑻𝟏/𝟐 = 2.41х104 лет)

Irradiation of uranium in an intense neutron flux is required (high-power nuclear reactors!) 

238U(n,γ)239U (23.5 мин) ՜
β

239Np (2.35 сут) ՜
β

239Pu

Uranium blocks unloaded after irradiation undergo chemical treatment in order to separate the formed plutonium (radiochemistry) 

Isotope
σtherm

(barns)
σfast (barns)

Number of 
neutrons
per fission

Critical
mass*,kg

Sphere 
radius *, 

сm

239Pu 742,5 1,8 2,871 6* 4.5*

235U 582,2 2,0 2,418 50* 9*



“Dawn” of big scale separation of isotopes:

from mg-scale to tons-scale

Manhattan (USA) project and Soviet A-project: separation of 235U (0.73%) and 238U (99.27%) for manufacture of the 
atomic bomb (235U up to 93.5%)

• Production of 239Pu with nuclear reactors: 238U(n,γ)239U →239Np→239Pu.

Hydrogen bomb

• Separation of 6Li (7.53%) and 7Li (92.47% ) for manufacture thermonuclear weapons (and future peaceful fusion 
application)

• Tritium production using nuclear reactors to make a thermonuclear bomb (and future uses in thermonuclear power) 
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The world's first nuclear reactors (USA and USSR) 
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On December 25, 1946, the first Soviet reactor started up under the leadership of 
Kurchatov. The body of this reactor was a ball of seven meters in diameter. The first 
reactors did not have a cooling system, and their power was minimal.

The Soviet reactor had an average power of 20 watts. 

The world's first nuclear reactor was launched on December 2, 1942, 
under the leadership of Enrico Fermi. The experiment to achieve a 
"supercritical" state took place in a former squash court under the 
stands of a football field on a densely populated university town in 
Chicago. The "woodpile" consisted of graphite blocks, which were 
neatly stacked, and in every second layer the blocks were hollow, and 
inside the nuclear fuel were pressed uranium oxides and metal ingots. 
Control rods are cadmium.

Average power - 1 Watt 

Goal: production of fissile isotope 239Pu for an atomic bomb 
239Pu (𝑻𝟏/𝟐 = 2.41х104 yr):

238U(n,γ)239U (23.5 min) ՜
β 239Np (2.35 days) ՜

β 239Pu

Unloaded after irradiation
uranium blocks exposed to

chemical treatment for the purpose
discharge of the formed
plutonium (radiochemistry) 



Industrial Reactor B of the DuPont company in Hanford (Washington, 
USA). September 1944 - February 1968.
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Power - 250 MW, productivity - 6 kg of plutonium per month.
The number of channels is 2002.
It contained about 200 tons of metallic unenriched (natural) uranium,
1200 tons of graphite and cooled with water at a rate of 5 m3/ min.
The arrangement of the fuel rods is horizontal.

This reactor produced Pu-239 for the "Fat Man" bomb dropped on Nagasaki
on August 9, 1945. 



Soviet industrial uranium-graphite reactor (type ADE) 
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Industrial uranium-graphite reactor type ADE
1. Reactor deck, 2 - Top shielding, 3 - Side
shielding, 4 - Bottom shielding, 5 - Active zone, 6 - Reactor vessel,
7 - Graphite stack, 8 - Pipelines supplying the coolant,
9 - Pipelines that remove the coolant 

Reactor Power In operation Quantity, tons
А 100/900 06.19.48/06.16.87 6,5
ИР-АИ 50/500 12.22.51/05.25,87 3,4
АВ-1 300/1200 04.01.50/12.08.89 8,9
АВ-2 300/1200 04.06.51/06.14.90 9,0
АВ-3 300/1200 09.15.52/11.01,90 6,3
И-1 600/1200 11.20.55/09.21.90 8,5
И-2 600/1200 09. .58/12.31.90 8,2
АДЕ-3 1600/1900 07. .61/08.14.90 11,9
АДЕ-4 1600/1900 02.26.64/ в работе 17,7
АДЕ-5 1600/1900 06.27.65/ в работе 17,1
АД 1600/1800 08.25.58/06.30.92 13,5
АДЕ-1 1600/1900 . .61/08.29.92 12,3
АДЕ-2 1600/1900 ,63/в работе 18,2
Всего 141,2

(under the leadership of I.V. Kurchatov and N.A. Dollezhal )



Nuclear reactor: definition
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Any nuclear reactor consists of the following parts:
❖ Nuclear fuel core;
❖ A neutron reflector surrounding the core;
❖ Coolant;
❖ Chain reaction control system, including emergency protection;
❖ Radiation shielding;
❖ Remote control system 

A nuclear reactor, formerly known as an atomic pile, is a device used to initiate and control 
a fission nuclear chain reaction.

Schematic device of a heterogeneous thermal 
reactor 

1 - Control rod; 

2 - Radiation shielding;

3 - Thermal insulation; 

4 - Moderator;

5 - Nuclear fuel; 

6 - Coolant. 

https://en.wikipedia.org/wiki/Nuclear_reactor

https://en.wikipedia.org/wiki/Nuclear_reactor


Classification of nuclear reactors 
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By the nature of their use, nuclear reactors are divided into: 
Power reactors designed to generate electrical and thermal energy used in the power industry, as well as for desalination of sea water.
Transport reactors designed to supply energy to engines of vehicles (marine transport reactors, submarines and various surface ships, as well as reactors used in space technology).
Experimental reactors designed to study various physical quantities, the importance of which is necessary for the design and operation of nuclear reactors.
Research reactors, in which the fluxes of neutrons and γ-quanta generated in the core are used for research in the field of nuclear physics, solid state physics, radiation chemistry, biology, 
for testing materials intended for operation in intense neutron fluxes, for the production of isotopes. Research reactor capacity does not exceed 100 MW. The released energy is usually not 
used.
Industrial (weapons, isotopic) reactors used to produce isotopes used in various fields, Including for the production of nuclear weapons materials, the isotope of plutonium 239Pu and tritium.
Multipurpose. For example, they can be both energetic and produce isotopes, often generate electrical and thermal energy.

According to the neutron spectrum, nuclear reactors are divided into:
Thermal (slow) neutron reactor ("thermal reactor")
Fast reactor ("fast reactor")
Intermediate neutron reactor
Mixed spectrum reactor

According to the placement of fuel, nuclear reactors are divided into: 
Heterogeneous reactors, where the fuel is placed in the form of blocks, between which there is a moderator; 
Homogeneous reactors where the fuel and moderator are a homogeneous mixture (homogeneous system). 

By type of fuel: uranium isotopes 235U, 238U, 233U; plutonium isotope 239Pu, also isotopes 239-242Pu in the form of a mixture with 238U (MOX fuel); thorium 232Th (when 
converted to 233U) 
By the degree of enrichment: natural uranium; poorly enriched uranium; highly enriched uranium
By chemical composition: metallic U; UO2 (uranium dioxide); UC (uranium carbide) etc.
By type of coolant: H2O (water), gas (graphite-gas reactor); D2O (CANDU); organic heat carrier; liquid metal coolant; melt of salts.
By the nature of the moderator: C (graphite, RBMK); H2O (water, VVER); D2O (heavy water, CANDU); Be, BeO; metal hydrides; without moderator (fast neutron 
reactor, BN-600) 



From a "military" atom to a peaceful atom! 
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In October 1945, the Technical Committee of the First Main Directorate under the USSR Council of 
People's Commissars (predecessor of the RosAtom) considered a note by Academician Pyotr Kapitsa 
"On the use of intra-nuclear energy for peaceful purposes.“

On May 16, 1949, the USSR government issued a decree on the creation of the first nuclear power 
plant. Kurchatov was appointed the scientific supervisor of the work, and Nikolai Dollezhal was the 
chief designer of the reactor. In Obninsk on June 26, 1954, for the first time in the world at a nuclear 
power plant, an energy start-up was carried out.
The NPP was equipped with an AM (Atom Mirny) uranium-graphite water-cooled channel reactor with 
a capacity of only 5 MW.

In June 1955 I.V. Kurchatov and A.P. Aleksandrov headed the development of a program for the 
development of nuclear power in the USSR, which provides for the widespread use of atomic energy 
for energy, transport and other national economic purposes.

In 1955, the world's first fast neutron reactor BR-1 with zero power was put into operation, and a year 
later - BR-2 with a thermal power of 100 kW. The experience of creating the first nuclear submarine 
was used in the construction of civil nuclear icebreakers, which ensured year-round navigation along 
the Northern Sea Route.
In 1958, on the initiative of the Academy of Sciences, the Councils of Ministers of the USSR adopted 
decisions on the construction of standard research nuclear reactors at the Academies of Sciences of 
the Union Republics and higher educational institutions, including MEPhI.
On December 5, 1959, the Lenin nuclear icebreaker was put into operation. Over 500 enterprises and 
organizations of the country took part in its creation. The first nuclear power plant.

IPPE (Obninsk, Kaluga region)
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2
Research reactor IRT MEPhI and its application



Research and university reactors of various capacities 
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➢ SM-3 (100 MW), HFIR (85 MW), MIR-M1 (100 MW) and BOR-60 (60 MW)

➢ IVV-2M (15 MW), BR-2, VVR-S (2 ÷ 10 MW), VVR-SM (15 MW), ..

➢ Pool reactors IRT MEPhI (2.5 MW), IRT-T (6 MW), IR-8 (8 MW), TRIGA (0.25 - Mark I, 
MARK II)….

➢ Critical and subcritical stands 



Water-pool nuclear reactors: history
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The construction of pool-type nuclear reactors seems extremely simple and even primitive - the core is simply immersed in a tank of water. 
During the operation of such a reactor at power, it is only necessary to maintain the temperature of the water in the reactor tank not 
higher than a certain level.

This simplicity became the basis for the creation of an entire class of nuclear research reactors designed and manufactured by General 
Atomics, called TRIGA (Training, Research, Isotopes, General Atomics). The TRIGA development team, which included the "father of the 
hydrogen bomb" Edward Teller. It is intended for scientific research in scientific institutions and universities for purposes such as 
undergraduate and graduate education, private commercial research, non-destructive testing, isotope production, etc. Over the next 
decades, about 60 TRIGA reactors were built around the world.

TRIGA was designed to be a reactor that, according to Edward Teller, "could be given to a group of high school students to 
'play' with without fear of unintended consequences.”

The prototype for the TRIGA nuclear reactor (TRIGA Mark I) entered service on May 3, 1958 at the General Atomics campus in San Diego 
and operated until its closure in 1997. It has been designated as a Historic Nuclear Landmark by the American Nuclear Society. The TRIGA 
reactor uses uranium-zirconium hydride (UZrH) fuel, which has a large negative temperature coefficient of reactivity, and natural 
circulation of the coolant, which increases with increasing power. 



Reactor TRIGA Mark I IPR-R1 (250 kW): 4 hours/day, 4 days/week and
40 weeks/year. Burn up~ 130 MW-days.
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Pool Reactor Tank 
TRIGA Mark I IPR-R1 (250 kW)

Cooling system of
TRIGA Mark I IPR-R1 (250 kW) reactor

For a typical 250 kW TRIGA reactor operating about 200 days a year, 8 hours a day, the consumption of 235U is 
approximately 20 grams per year. Reactor physics calculations show that for 1 MW-day (or 24,000 kWh) of 
heat generation, most reactors consume 1.25 grams of 235U. For the 250 kW TRIGA reactor, approximately one 
fuel cell needs to be added every two years to compensate for the loss of reactivity due to core burn-up. 



Atomic Center NRNU MEPhI: history

25 Feb 2021 Research reactors                                                                  V. Kornoukhov 20

In 1958, the Councils of Ministers of the USSR, on the initiative of the Academy of Sciences and the USSR Ministry of Higher Education,

decisions on construction of standard research nuclear reactors at the Academies of Sciences of the Union Republics and higher educational 

institutions, including MEPhI.

The atomic center of the Moscow Engineering Physics Institute - AC MEPhI was created on the basis of a research nuclear reactor,

as an educational, scientific and methodological complex for collective use.

For MEPhI, an IRT-1000 pool-type reactor with an ejector cooling system was chosen, which is still most fully meets the concept of safety of 

nuclear power plants, i.e. completely safe with failure of power supply and forced cooling systems.

The design and construction technology of the reactor was developed under the scientific supervision of the I.A. I.V. Kurchatov. 

Already in 1959 MEPhI began to receive equipment for the reactor, which was manufactured at the Gorky plant "Krasnoe Sormovo".

The construction of the reactor began in 1962 and was completed in December 1966.

In March 1966 a subdivision "Reactor IRT" was organized at the institute. 

In May 1967, commissioning work was completed.

On May 26, 1967 at 23:35 hours the reactor reached a critical state - a physical start-up!

Most of its systems and assemblies have been modernized so that it is still operational and safe.

The reactor is under the control of state regulatory authorities and the IAEA. 



Nuclear Center NRNU MEPhI: reactor IRT MEPhI
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IRT MEPhI is designed to carry out research and educational work in the following areas:

➢ physics and technology of reactors;

➢ nuclear physics;

➢ solid state physics;

➢ radiation physics;

➢ radiation materials science;

➢ neutron activation analysis;

➢ radiobiology;

➢ training and retraining of students and specialists for leading research centers. 



Nuclear Center NRNU MEPhI: building of IRT MEPhI
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The building of IRT MEPhI consists of three main volumes:

Physical hall with a span of 18 m and a height of 14.4 m to the floor beams

is a reinforced concrete frame with self-supporting brick walls.

The volume of the physical hall is 6600 m3. The hall contains an array of 

biological protection with a reactor pool. 

The hall is served by an overhead crane with a lifting capacity of 5 tons.

The laboratory part of the building is four-storey with a floor height of 3.9 m from

floor to floor with load-bearing exterior brick walls and interior

reinforced concrete frame.

The annexes are one-story with a height from the floor to the bottom of the ceiling 3.5 m with load-bearing

outside walls. At marks below 0.0, there are special ventilation filter chambers,

caissons of heat exchangers and ion-exchange filters of the 1st circuit.

On the floors of the building are located:

On the first floor there is a physical room, a pumping station of the 1st circuit, ventilation chambers for supply and special ventilation, a hot 

chamber with an operator's room, and a battery room.

On the second floor there is a power supply panel, a mine-storage of spent fuel assemblies, laboratory premises.

On the third - the reactor control room, the upper platform of the reactor, dry assemblies for storing radioactive parts and spent fuel 

assemblies, laboratory rooms.

On the fourth floor, there are general exhaust ventilation rooms, service rooms. 



IRT MEPhI reactor: characteristics (1)
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Reactor thermal power, MW 2,5

Moderator water

Coolant water

Thermal neutron flux, max, сm-2·s-1

- in Active Zone

- In reflector

4,8·1013

4,7·1013

Fust neutron flux (Е>0,8 MeV) in Active Zone, max, сm-2·s-1 4,3·1013 

Volume of Active Zone, L 59,3

Reactivity at the beginning of the campaign , % 4 ÷ 9

The change of the reactivity during the campaign , % до 5

Mass of 235U as load, kg 3,5

Burn up, %

- averaged over the core 

- averaged over FA
- max over FA

30

50

70

Energy generation per campaign, integral, MWh до 6000

Thermal flux, max, MW/m2 0,19

Temperature of the wall of fuel element, оС 72

Surface boiling point, 0С 123

Margin before the beginning of the boiling surface (ΔТкип=ТК -

ТС), оС

51

Water temperature at the inlet to the core , оС 45

Pressure drop across the core , MPa 0,09

Executive bodies Control and protection systems:

emergency protection /compensating /regulator 3/6/1



IRT MEPhI reactor: characteristics (2)
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Reactor power, MW 2.5

Number of FA type IRT-3M in reactor for one loading, pcs.:

8-tube

6-tubes with a channel with Executive bodies of Control and 

protection systems

16

6
10

Core heat transfer surface , m2 23.5

Mass of U-235 for a loading, kgs 3.0

CPS executive bodies, pcs .:

emergency protection

compensating

automatic regulator 

3

6
1

Maximum heat flux, kW/m2 280

The coefficient of non-uniformity of energy release over

core volume 2.2

Primary circuit water flow through heat exchangers , tons/hour 160

Pressure drop across the core, mm of water 900

Average velocity of coolant in the gaps of fuel assemblies, m/s:

FA IRT-2M

FA IRT-3M
1.4
0.95



IRT MEPhI reactor: reactor core vessel 
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The reactor IRT MEPhI core vessel 

The reactor core vessel consists of

- upper and lower cases,

- support grid and hopper and placed in the pool

7.8 m deep, filled with chemically purified water.

Both housings in plan are rectangular shells

with internal dimensions 429 × 572 mm.

All parts of the reactor vessel are made of aluminum alloys.

The lower body 1 is the base for the support grid and

upper casing 2 of the core, and is also used for

formation of the coolant flow through the core.

It has a blank bottom, an upper flange and a side cylindrical pipe 3 with 

a flange. The bottom of the lower body is fastened with six bolts to a 

base plate welded to the bottom of the pool lining.

With the help of a lateral cylindrical pipe with a flange, the lower body is 

connected to the ejector (water jet pump, which is used to create 

circulation of the coolant through the core). The upper flange of the lower 

casing is used for connection with the support grid 4 and the upper 

casing of the core. 

The Support grid is used to install and distance the fuel assemblies loaded into the upper body

and reflector blocks. It is made of alloy SAV-1 and has 48 (6 × 8) cells with holes for coolant 

passage. Between the support lattice and the flange of the lower body, the hopper flange 5 is 

fixed, which provides profiling of the coolant flow through the core. The upper body of the core 

is designed to accommodate fuel assemblies, reflector blocks and experimental devices.

The central plane of the core is at +0.94 m .



Core map of IRT MEPhI reactor
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IRT MEPhI reactor core map 

The reactor core is a neutron source and is designed to house fuel and other elements 

affecting the neutron multiplication factor (reactivity), and the removal of heat generated by

the fission process in a nuclear fuel.

The reactor core includes the following elements:

- reactor core vessel;

- fuel assemblies (IRT-3M fuel assemblies);

- reflector blocks;

- working bodies of the control and protection system (CPS);

- moderator and coolant.

The core can contain vertical experimental channels and "traps"

neutrons.

Chemically purified pool water serves as a retarder and partially reflector reactor, 

which is both a coolant and biological protection.



IRT MEPhI reactor core map
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8-t—8-tubes FA; 

6-t—6-tubes FA without CR;

AR—6-tubes FA with regulatory rods;

KC-1, KC-2 KC-3—6-tubes FA with control rod; 

AZ-1, AZ-2, AZ-3—6-tubes FA with с контрольными стержнями; 

Be—beryllium block; 

Al—aluminum block; 

Pb— lead block; 

H2O—water.

The numbers indicate the degree of burn-up of 235U in % in FA



IRT MEPhI reactor FA (fuel assemblies) IRT-2M and IRT-3M
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FA (fuel assemblies) intended for:

- placement of fissile materials in the core;

- protection of fissile materials from exposure

external environment;

- preventing the release of fissile materials and

radioactive materials into the coolant

- organization of heat removal;

- ensuring loading and unloading of fissile

material.

IRT MEPhI uses   IRT-2M and IRT-3M fuel assemblies with 

coaxial tubular fuel rods of square cross-section 

Наименование 

параметра, ед. изм.

IRT-2М

4-tubes

IRT-2М
3-tubes

IRT-3М

8-tubes

IRT-3М

6-tubes

Thickness of fuel 

element, mm

2.0 2.0 1.4 1.4

Thickness of fuel 

element shell, mm

0.8 0.8 0.5 0.5

Length of active layer, 

cm

58 58 58 58

Enrichment 235U, %  90 90 90 90

Fuel composition UAl UAl UO2 UO2

Content of 235U in FA, g 171 148 300 263.7

Uranium concentration 

in fuel element, g/сm3

1.22 1.22 1.07 1.07

Uranium concentration 

in the core , g/L

58 50 101 89

Fuel rod hydraulic 

diameter, mm

9.0 9.0 4.1 4.1

Volume fraction of 

water in the cell 

0.726 0.649 0.624 0.627

Surface of het-

exchange, m2

0.785 0.676 1.577 1.369

Specific heat transfer 

surface,  сm2/сm2

2.65 2.29 5.25 4.62

Ratio of nuclear 

concentration 

hydrogen and 235U

326 336 161 176

FA of IRT MEPhI reactor: 

l - shank;

2 - washer;

3 - fuel rods;

4 - displacer;

5 - head 



Reactor IRT MEPhI: operating elements of the control and protection system (CPS) 

25 Feb 2021 Research reactors                                                                  V. Kornoukhov 29

IRT MEPhI is equipped with 10 working bodies:

- three independent emergency protection rods (AZ);

- rod of the automatic regulator (AR);

- three groups of compensating rods (KS) (2 rods on one servo drive). 

In the critical operating mode of the reactor, the number of neutrons produced is equal to the sum of neutrons leaving the core

(AZ) and absorbed in it. To vary the neutron multiplication, especially in the case of thermal reactors,

the absorption method is used. The absorption method consists in changing the composition of the core, which leads to more or less

intense absorption of neutrons. This can be done using the absorbing rods of the control and protection system.

or the introduction of absorbing material into the coolant (boron regulation used in VVER reactors).

CPS rods can freely move along the core height individually or in groups. 

CPS rods, mainly, depending on the functions they perform, are divided into: 

1) emergency (AZ) - designed for emergency shutdown of the reactor;

2) Compensating (KS) - designed to compensate for the reactivity margin and rough setting power level adjustment;

3) Regulating (AR) - designed for smooth power level control.

One of the main parameters of the control rods is their efficiency (physical weight), which characterizes the change

reactivity in cases of presence and absence of an absorbing rod in the core. The efficiency value is influenced by

the absorbing capacity of the rod (macroscopic absorption cross section) and the value of the neutron flux density at its place

location. 



Reactor IRT MEPhI: operating elements of the control and protection system (CPS) 
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Physical characteristics of CPS working bodies 

The working bodies of the Control and Protection System (CPS) are designed to carry out the processes of starting, 

maintaining and changing the reactor power level, its emergency shutdown and maintaining the reactor in a subcritical 

state.
Working 

bodies of 
the CPS 

Number 

of rods in 
group

Effectiveness of group,
βэфф

Velocity od 

increasing of 

reactivity no more, 
βэф/s

Time of entering 

the active zone 

by the AZ signal,
no more , sNot less Not more

АZ-1 1 2,0 - 0,07 1,0

АZ-2 1 2,0 - 0,07 1,0

АZ-3 1 2,0 - 0,07 1,0

АR 1 - 3,0 0,03 100

КS-1 2 - 8,0 0,02 100

КS-2 2 - 8,0 0,02 100

КS-3 2 - 8,0 0,02 100

IRT MEPhI is equipped with 10 working bodies:

- three independent emergency protection rods (AZ);

- rod of the automatic regulator (AR);

- three groups of compensating rods (KS) (2 rods on one servo 

drive). 

The working bodies of the CPS are made in the form of an 

assembly of parts:

- displacer-weighting agent,

- the absorbing element and

- end displacer . 

- The displacer-weighting agent is made of stainless steel 1X18H9T;

- the absorbing element is made of boron carbide pellets enclosed in a stainless steel tube with a diameter of 23 mm;

- the end displacer is made of SAV-1 alloy. The mass of the CPS working body is 3.25 kg.

CPS working bodies are placed in channels made of aluminum alloy with an inner diameter of 26 mm.

The channels are fixed on brackets installed under the reactor platform and have swivel rollers, through which the cables pass, connecting the rods

to the servos.

Permissible fluence of thermal neutrons on the operating elements of the CPS - no more than 1*1021 neutrons/cm2



Schematic diagram of the cooling system of the IRT MEPhI reactor 
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The technological scheme of reactor cooling is three-circuit.

The zero cooling circuit is closed in the reactor basin itself (core -

pool) due to the use of an ejector, which provides a coolant flow 

through the core three times greater than the coolant flow 

generated by the primary circuit pumps due to water suction 

directly from the reactor basin. This makes it possible to reduce 

the number of pumps, to reduce the diameters of pipelines and the 

dimensions of the primary circuit fittings.

The primary circuit includes four circulation pumps, a primary 

circuit pipeline, two heat exchange

apparatus, shut-off valves.

Forced circulation of water in the secondary circuit (heat 

exchangers - cooling tower) is carried out using two pumps (one in 

operation, one in reserve).

Chemically treated pool water serves as a moderator and partially 

as a reflector of the reactor, while at the same time it is a coolant 

and biological protection.



Core cooling system 
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1 - lower body of the core,

2 - active zone,

3 - ejector inlet cone,

4 - ejector nozzle,

5 - cylindrical body,

6 - outlet diffuser,

7 - base plate 

Primary ejector cooling circuit

Section of the IRT MEPhI reactor 

Primary circuit water consumption - 154 m3/h

Second circuit water consumption - 260 m3/h 



Arrangement of horizontal (HEC) and vertical (VEC) experimental 

channels of the IRT MEPhI reactor 

25 Feb 2021 Research reactors                                                                  V. Kornoukhov 33

IRT-MEPhI is equipped with 10 horizontal experimental channels (HEC), through which neutrons enter the experimental facilities. 

The fluxes through the HEC are 1010 ÷1011 neutron/s. Vertical experimental channels (VEC), mainly used for irradiation, pass through the reactor core, reflector, and 

thermal column. The maximum flux in the VEC is 5 × 1013 neutrons / (cm2s).

Some HECs serve as neutron sources for subcritical stands used in the reactor physics laboratory workshop. Students and postgraduates specializing in nuclear physics, 

solid state physics, etc. study and work at other GEC and VEC. Dozens of specialists are trained annually at IRT-MEPhI. 

Active zone

Reflector

Working body SPS



Arrangement of horizontal (HEC) and vertical (VEC) experimental 

channels of the IRT MEPhI reactor 
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The horizontal experimental channels (HEC), as well as the vertical channel (VEC) for the extraction of "very cold neutrons" are designed to output the reactor radiation 

beams to the facilities located in the experimental hall of the reactor. Eight HECs are made of a 110 × 5 mm pipe with a 6 mm thick welded bottom. HEC-4 with a diameter 

of 150 mm is made of a pipe 160 × 5 mm. On the basis of HEC-1, a specialized channel is being created for the purposes of neutron capture therapy of malignant tumors. 

The material for pipes and bottoms of HEC and VEC is an aluminum-based alloy. 



Application of IRT MEPhI reactor
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FUNDAMENTAL RESEARCH

Powder diffractometer

Time-of-flight spectrometer VCN

Beta-NMR spectrometry on polarized neutrons

Positron annihilation spectroscopy

APPLIED RESEARCH

Measuring complex for the study of functional and

metrological characteristics of CPS equipment

VVER subcritical stand

Research reactor fuel burnup control devices

Irradiation devices with a variable spectrum of neutrons andgamma radiation

Instrumental neutron activation analysis

Experimental complex NZT

Quantification of boron and gadolinium for NRT (neutron capture therapy)

EDUCATIONAL ACTIVITIES 
Literature:

Experimental installations of nuclear research reactor IRT of MEPhI
https://www.researchgate.net/publication/277952583

https://www.researchgate.net/publication/277952583


Fundamental Research at IRT MEPhI
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Powder diffractometer

Time-of-flight spectrometer VCN

Beta-NMR spectrometry on polarized neutrons

Positron annihilation spectroscopy

Literature:
Experimental installations of nuclear research reactor IRT of MEPhI
https://www.researchgate.net/publication/277952583

https://www.researchgate.net/publication/277952583


Powder diffractometer of the IRT MEPhI reactor (1) 
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The powder diffractometer at HEC-8 is an upgraded device from the British company "John Curren" with a superposition multi-detector system 

for detecting thermal neutrons for studying the atomic and magnetic structure, microinhomogeneities of condensed media with varying degrees of 

order in the crystalline, amorphous and ultra-dispersed states.

Neutrons are recorded by sixteen helium counters, which increases efficiency by an order of magnitude compared to the single-detector version.

Collimator

Shielding

paraffin

detector

Sample

Goniometr

Shielding:

paraffin

lead

monochromator

Cd shutter 



Powder diffractometer of the IRT MEPhI reactor (2)
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1 - collimator in the gate sections;

2 - crystal monochromator;

3 - second collimator;

4 - monitor neutron counter;

5 - test sample;

6 - a block of third collimators;

7 - block of neutron counters 

Monochromator .............................................................. Cu (111),

mosaic η = 20'

Outgoing beam aperture, mm ....................... ...............13×73

Divergence:

horizontal, min             ............................................................. 32

vertical, degree         ............................................................... 3,3

Maximum sample size, mm                ..................................10×70

Wavelength (constant) , А ......................................... 1,07

Second-order contribution , % ...................................................<1,0

Scattering angle range, degree   .................................... -10–135

Detector    ................................................................... 16 helium

counters СНМ-30

Background without sample, pulse/min channel   ................... 1

Distance:

core center - monochromator, m                ...................... 3,15

Sample- monochromator, m ..................................................... 2

Sample-detector, m ............................................................. 1,2

Monitor  ......................................................................... СНМ-14

Collimator divergence, min * deg.:

the first (multi-slot), Soller type                            ............. 16·3,3

the second is single-slot ................................................... 36·3,9

the third - single-slot       ................................................... 15·8,5

Helium cryostat 



Powder diffractometer of the IRT MEPhI reactor (3)
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a - perfect crystal;

b - real (partially disordered)

polycrystal;

c - ultrafine (nano-) material;

d - amorphous (partially

ordered) material;

e - perfectly amorphous 

(completely disordered)

substance 

The form of the atomic density function ρ (r) in solids with different

perfection of atomic structure:Advantages of neutron diffraction for structural analysis

1. Due to the commensurability of the amplitudes of coherent scattering

heavy and light atoms can separate the contributions to the interference maxima from the 

corresponding atoms. High sensitivity to light atoms (oxygen) makes it possible to localize 

their location, for example, superstoichiometric oxygen atoms in compounds with uranium 

atoms, and also to determine their root-mean-square displacements.

2. The absence of an angular dependence (form factor) of the amplitude of coherent 

scattering facilitates the measurement of diffraction maxima with large Miller indices, when 

their intensity decreases with increasing angle due to the absence or low degree of long-

range order.

3. The high penetrating power of neutrons makes it possible to study the structure of 

nanomaterials in its entire volume: a) it is possible to obtain data on the structure of a 

material in its entire volume, and not only on the surface (as in the case of radiography); 

b) it is possible to examine samples without interaction with the environment - air (for 

example, in hermetically sealed metal containers made of Ti-Zr alloy with zero neutron 

scattering matrix), which is methodologically convenient not only in the case of 

nanomaterials susceptible to oxidation, but also in the case of radioactive materials.

The facility has been used to study the peculiarities of the atomic-crystal 

structure of a large number of solids of various types (metals, alloys and 

compounds) at small (<100 nm) particle sizes of ultra-dispersed (nano-) 

powders. 



Time-of-flight spectrometer VCN (1)
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General view of the VCN spectrometer 

1 - cryostat chamber;
2 - monitor;
3 - gate;
4 - neutron guide;
5 - interrupter;
6 - converter;
7 - counter;
8 - sample;
9 - sample holder;
10 - low-temperature bath;
11 - nitrogen jacket 

The VCN time-of-flight spectrometer on VEC is designed to study ordered, quasi-ordered and 
disordered, magnetic and non-magnetic nanostructures of condensed media 



Time-of-flight spectrometer VCN  (2)
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Main characteristics
Wavelength range, nm ..................................... 4·1,2×102

Resolution, % ....................................................................... 8
Flux density at the neutron guide exit,
neutrons/cm2s ........................................................... 5×103

Neutron guide:
electropolished stainless steel tube
inner diameter, mm                  ......................................... 52
length, m        ..................................................................... 8
Neutron flux interrupter unit:
main cylindrical (breaker axis
perpendicular to the neutron flux):
diameter, mm .............................................................. 75
Number of slots     .................................................... 12
Width of slots, mm ................................................... 3,5
additional disk with a window for passing the neutron flux
(the chopper axis is parallel to the neutron flux):

diameter, mm             ............................................................. 356
Chopper speed ratio
(main / additional )   ............................................... 3
Path length, m        .................................................................... 6
Neutron pulse frequency, Hz                    ............................... 0,89
Neutron pulse duration, ms ....................... 30
Working proportion counter 
diameter, mm ........................................................................ 31
filling mixture                   ......................................... ЗНе + 28% Аr
pressure, Torr              ..................................................... 220
Number of loaded samples ..............  ............................... 14
Maximum distance from sample
to the working counter, cm ............................................. 14

The design of the cryostat chamber allows measurements with samples at various 
temperatures (up to helium), in magnetic fields (up to 103 Oersted), and placing containers 
with liquid and gaseous samples in it.

The VCN spectrometer is used to study nanostructures and dynamic features of polymer 
systems, liquid crystals, liquids, metal hydrides, semiconductors, magnets, high-temperature 
superconductors, composite materials, glasses, etc.

In the study of nanostructures, the developed techniques make it possible to determine the 
size and concentration of inhomogeneities, their geometric shape, the width of the 
transition layers from the inhomogeneity to the matrix, and density drops at the interface of 
two phases in nonmagnetic media. In the case of ordered, quasi-ordered media -
type of superlattice, order parameter, degree of disorder, characteristic sizes of coherence 
regions of the structure. In magnets, such parameters of magnetic inhomogeneities as 
fluctuations of magnetic induction and correlation lengths are determined.

In the study of the supramolecular structure and dynamics of crystallizing polymers, the 
parameters of the supramolecular structure of these polymers were determined, and the 
features of inelastic neutron scattering near the points of relaxation transitions were 
studied. 



Beta-NMR spectrometry on polarized neutrons 

25 Feb 2021 Research reactors                                                                  V. Kornoukhov 42

Method schematic diagram 
The beta-NMR method (nuclear magnetic resonance and polarization relaxation of beta-
active nuclei) arose following the discovery of parity nonconservation in weak 
interactions. The beta-NMR technique is an experimental study of the relaxation 
kinetics of polarization (longitudinal relative to the direction of the external magnetic 
field) and nuclear magnetic resonance of polarized beta-active nuclei (beta nuclei).
The beta-NMR spectrometer installed at the IRT MEPhI includes two main units:
a device for obtaining and analyzing a polarized thermal neutron beam and a device for 
measuring the polarization of an ensemble of β-nuclei (asymmetry of decay electrons).

The block for obtaining polarized neutrons includes: neutron collimators; neutron 
polarizers; analyzer of neutron polarization; polarized neutron beam chopper; a spin 
flipper for reorienting the polarization direction of the neutron beam incident on the 
sample; neutron detector.

The measuring unit for the asymmetry of the emission of electrons from the decay of β-
nuclei includes: an electromagnet; scintillation counters-telescopes for registration of 
decay electrons, counting electronics. The operation of the spectrometer and the 
collection of information is carried out under the control of a computer.
The parameters of the beam of polarized thermal neutrons are 1.5 cm wide, 10 cm high, 
flux density 8 × 105 neutrons/cm2s, polarization degree (92 +/- 2)%, polarization reversal 
efficiency (98 +/- 1)%. 

polarizer

Reactor
detectors

sample

The essence of the beta-NMR method is to cyclically create in the samples under study using the thermal field capture reaction of polarized 

neutrons from an ensemble of polarized beta-active nuclei with subsequent observation of the temporal evolution of their field analysis by 

measuring the angular (0-180) ° asymmetry of beta radiation of these nuclei.
Obtained in the (n,γ)-reaction, beta nuclei-probes used: 8Li (the lifetime of the nucleus is 1.21 s, equal to T1/2/ln2,), 12B (29 ms), 20F (16 s), 23Ne 

(54 s), 24mNa (29 ms), 28Al (3.2 min), 38Cl (54 min), 66Cu (7.4 min), 108Ag (3.5 min), 110Ag (35 s), 116In (20 s). 



Positron annihilation spectroscopy (PAS) 
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Angle Annihilation Spectrometer Positron annihilation spectroscopy (PAS) is a modern method of studying matter. Its essence lies in the 
implantation of positrons into the sample under study, which are formed as a result of beta decay of a 
source (for example, nuclei of the 64Cu isotope obtained in the VEC of IRT MEPhI), followed by registration 
of the characteristics of annihilation gamma radiation.
PAS methods are an informative tool for diagnosing the electronic and defective structure of a solid and are 
among the non-destructive research methods.
In positron spectroscopy, a positron acts as a probe, the annihilation characteristics of which are 
determined by the properties of its environment. In matter, the process of positron annihilation can 
proceed both in free collisions with electrons of the medium, and through the formation of bound states of 
positrons with electrons, atoms, molecules, and various defects, with each annihilation channel making its 
own specific contribution to the experimental annihilation spectrum. 

Currently, there are three main types of PAS: 

1) registration of the time distribution of annihilation photons (TDAP). It consists in measuring the lifetime 
of each positron (e+) implanted into the sample (that is, the time interval between the registration of the 
starting gamma quantum emitted by the radioactive nucleus - the positron source at the moment of beta + 
decay, and one of the annihilation photons with an energy of 511 keV) ;
2) measurement of the angular distribution of annihilation photons (ADAP). In this case, a deviation from 
180о of the angle of scattering of photons is recorded during 2γ-annihilation;
3) measurement of the Doppler broadening of the annihilation line (DBAL). Here the difference in the 
energy of annihilation photons (for 2γ-annihilation) from 511 keV is measured. 

The TDAP method provides information on the electron density at the site of positron annihilation, while the ADAP and DBAL methods provide information on the distribution of 
momenta of electrons in the medium. Taken together, the use of these positron techniques makes it possible to extract unique information regarding vacancy point defects, as well as 
radiation-induced damage up to one cubic nanometer in size. The threshold for the sensitivity of PAS to such defects is approximately 1014 defects/cm3. Positron diagnostic methods are 
intensively used in the study of the electronic structure of metals and alloys. This is due to the fact that the positron annihilation method allows one to determine such important 
characteristics of metals as the momentum distribution of electrons, the energy of the Fermi level, the number of free electrons per metal atom, and their concentration in the 
conduction band. 



Applied research at IRT MEPhI reactor
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❖ Measuring complex for studying the functional and metrological characteristics of the control and safety system equipment

❖ VVER subcritical stand

❖ Research reactor fuel burnup control devices
❖ Fuel burn-out control unit.
❖ Determination of IRT fuel burnup by the method of re-irradiation of spent fuel assemblies
❖ Determination of fuel burnup by the intensity of 137Cs gamma radiation by scanning spent fuel assemblies
❖ Determination of the residual content of fissile materials in spent fuel assemblies of research and transport reactors
❖

❖ Irradiation devices with a variable spectrum of neutrons and gamma radiation
❖

❖ Instrumental neutron activation analysis

❖ Experimental complex of neutron capture therapy (NCT)

❖ Quantification of boron and gadolinium for NCT .. 



Measuring complex for the study of functional and metrological 
characteristics of control and protection system (CPS) equipment
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Control and protection system IRT MEPhI (UZOR system) 

Power control range, W             ......................... from 6·10-4 to 3,5·106

(from 1,2·10-8 to 140 % номинала)
Operating range of the self-starting and power control system, W:
in start mode     ...................................................... from 0,01 to 2,5·106

in stabilization mode .............................................. from 2 to 2,5·106

Linearity of power control characteristic
in the regulatory system is not worse, % ................................................... 1
The purpose of testing devices and channels of NFMM is determined in each case by the 
place of testing in the cycle of product development and release:
❖ research of characteristics of electronic devices in the process of their development;
determination of the sensitivity of neutron detectors to thermal neutrons;
❖ conducting interoperative control of the parameters of ionization chambers, 

suspension of ionization chambers in the process of their manufacture;
❖ investigation of the linearity of channels for monitoring the neutron flux from IR and 

PIK of different types.

Development, testing and implementation of the Mirage equipment and the UZOR system, carried out
1980-1990, laid the foundation for reactor tests of control equipment neutron flux for reactors of various 
types:
- testing of the safety channel "Mirage MB" intended for the CPS of the IRT-T and IRV-M2 reactors;
- testing of wide-range devices and channels for monitoring neutron flux for RP VVER, RBMK, etc.
- testing of new types of ionization chambers and IR suspensions (detecting assemblies);
- research and testing of elements and devices of promising new generation CPS;
- calibration of emission detectors of neutron flux for RBMK reactor plant;
- testing of new types of radiation-resistant cables. 



Subcritical stand SCS VVER 

25 Feb 2021 Research reactors                                                                  V. Kornoukhov 46

1 - hole for the technological channel for monitoring the neutron flux in the reflector (3 pcs.);
2 - external tank;
3 - active assembly zone;
4 - centering discs (2 pcs.);
5 - converter of the neutron beam from the HEC reactor;
6 - cover of the external tank;
7 - lid of the inner tank;
8 - equipment for placing the activation detectors in the specified positions in the reflector;
9 - threaded rod (4 pcs.) For attaching centering discs;
10 - experimental samples 

The VVER subcritical uranium-water test bench is installed in the physical hall of the reactor.
Physical start-up of the VVER subcritical test bench (SCS) - 04/06/1974

SCS VVR consists of a subcritical assembly, a neutron beam converter, biological shielding and equipment for 
monitoring the neutron flux. A neutron beam from the horizontal experimental channel of the reactor serves as 
a neutron source for assembly.

The subcritical assembly contains experimental fuel rods with an active part length of 125 cm, made of 
sintered uranium dioxide coated with a (Zr-Nb) -alloy with an outer diameter of 9.1 mm and a wall thickness of 
0.65 mm. The diameter of the fuel blocks is 7.65 mm; enrichment - 6.5% for isotope 235U. The maximum 
possible multiplication factor is 0.88. Achieving a critical state at the VVR SCS is impossible due to the absence 
of channels for the introduction of fuel elements of more than the permissible number. 
The thermal neutron flux density in the working area of the assembly is ~ 108 cm-2 s-1.

The subcritical assembly simulates a VVER-type reactor fuel assembly.
The experiments are carried out at fixed values of the fuel element spacing in the subcritical assembly: 10.2 
mm; 10.5 mm; 1.0 mm; 11.5 mm; 12.7 mm; 1Z, 6 mm; 15.0 mm; 16.0 mm; 19.0 mm. 



Research reactor fuel burnup control devices (1)
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Rotary device scheme (4):
1 - base; 2 - rotary ring; 3 - sliding contacts; 4 - leading
gear; 5 - reducer of the driving stepper motor; 6 - leading stepper
engine; 7 - rollers; 8 - holes for the drive gear; 9 - power blocks for stepper motors; 
10 - frame for fastening the clamping mechanisms of the gripper; 11 - stepper 
motors; 12 - gearboxes, stepper motors; 13 - clamping screws; 14 - limit switches 

An experimental setup for measuring gamma radiation from irradiated fuel assemblies 
consists of a standard reloading container, a system of collimators,
devices for rotating fuel assemblies during measurement and measuring spectrometric 
system.

The investigated fuel assembly 3 is placed in the transfer bucket 9 and through the 
transfer channel 5 is installed inside the transfer container 2 at a given height with an 
accuracy of 1 mm using a winch 1 located on the upper plane of the container. Gamma 
radiation from the fuel assembly through a system of collimators 6 in the wall of the 
reloading container and in the lead shield of the detector 7 enters the HPGe detector 8 
located at a distance of 7 m from the container.
To eliminate the uncertainty in the azimuthal position of the fuel assembly relative to 
the collimator, as well as the possible difference in the depth of fuel burnup on 
different sides of the spent fuel assembly, it was rotated during measurements using a 
special rotary device 4 with remote control. 



Research reactor fuel burnup control devices (2)
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The experimental setup for measuring gamma radiation from irradiated fuel 
assemblies consists of a standard reloading container, a system of collimators, a 
device for rotating fuel assemblies during the measurement, and a measuring 
spectrometric system.

The investigated fuel assembly 3 is placed in the transfer bucket 9 and through the 
transfer channel 5 is installed inside the transfer container 2 at a given height with 
an accuracy of 1 mm using a winch 1 located on the upper plane of the container. 
Gamma radiation from the fuel assembly through a system of collimators 6 in the 
wall of the reloading container and in the lead shield of the detector 7 enters the 
HPGe detector 8 located at a distance 7 m from the container.

To eliminate the uncertainty in the azimuthal position of the fuel assembly relative 
to the collimator, as well as the possible difference in the depth of fuel burnup on 
different sides of the spent fuel assembly, it was rotated during measurements 
using a special rotary device 4 with remote control. 



Determination of IRT fuel burnup by the method of re-irradiation of spent fuel 
assemblies (1)
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Experimental determination of the value of fuel burnup of spent fuel assemblies of the research reactor IRT MEPhI.
The technique is based on comparing the amount of 235U in spent and fresh fuel assemblies according to the relative 

activity of the fission product 140La in them after their short-term irradiation in the reactor core. A fresh fuel assembly 
with a known uranium mass was used as a standard.

The fuel assemblies were irradiated at the edge of the IRT core in a cell remote from the control rods and surrounded 
on three sides by beryllium blocks. Irradiation of each fuel assembly lasted about three days. The thermal neutron flux 
density at the site of irradiation was 2*1013 s-1cm-2. To monitor the neutron fluence over time, copper and cobalt 
monitor wires were placed at the center of the fuel assembly.

The burnup distribution was measured at 17 positions along the fuel assembly height. The duration of the experiment 
with one fuel assembly from loading into the core for irradiation until the end of measurements was 7 days.
From the ratio of the 140La radiation intensities in the fresh and spent fuel assembly, the residual content of 235U mass in 
the spent fuel assembly is calculated. Burnup is found as the difference between the initial (passport) content of 235U in 
the investigated spent fuel assembly and its residual content. Corrections for the difference in the depression of the flux 
of thermal neutrons in fresh and spent fuel assemblies were obtained by calculation. 



Determination of IRT fuel burnup by the method of re-irradiation of spent fuel 
assemblies (2)
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Linear density distribution of 235U in fresh (a) and in three spent fuel assemblies (b), obtained by measuring the radiation from 140La.

It should be noted that the data obtained characterize both the average fuel burnup and the maximum burnup depth in the central zone of the fuel assembly. 
The accuracy of the results of determining the burnup when using the method of repeated irradiation with a fresh fuel assembly as a standard can reach (1.0 
÷ 1.5)%, which is much higher than the capabilities of other non-destructive methods. The spent fuel assemblies measured with such an accuracy can 
themselves serve as standards for fast relative measurements of burnup using 137Cs γ-radiation or neutron radiation.
An important advantage of the described method for determining burnup is the absence of the need to take into account the history of irradiation of the 
spent fuel assembly.



Determination of fuel burnup by the intensity of 137Cs gamma radiation by 
scanning spent fuel assemblies 
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Distribution of 137Cs intensity over the height of spent fuel assemblies 

The basis of this passive method for determining the burnup of spent fuel 
assemblies is the determination of the total intensity of gamma radiation from the 
fission product of 137Cs, obtained as a result of scanning the spent fuel assembly 
over the entire height of the fuel column in the experimental device.

When measuring the activity of cesium, 26 positions were selected at the height 
of the fuel column, which allows us to speak about a fairly accurate representation 
of the distribution and, consequently, burnup along the height of the fuel 
assembly. To eliminate the uncertainty in the azimuthal position of the fuel 
assembly relative to the collimator, as well as the possible influence of the 
irregularity of the neutron flux incident on the surface of the fuel assembly from 
different directions, it was rotated during the measurement.

A spent fuel assembly was used as a standard in determining the burnup of the 
investigated fuel assemblies, the burnup of which was determined with high 
accuracy in experiments with its repeated irradiation in the IRT reactor core. 

To calculate the burnup of the investigated fuel assemblies, the following calculated corrections were made to the measurement results:
➢ correction for self-absorption during the passage of β-radiation from the layers of fuel elements in fuel assemblies;
➢ correction for the contribution from fission of 238U to the measured activities of 137Cs;
➢ a correction that takes into account the decay and accumulation of 137Cs during operation and subsequent holding of fuel assemblies.
The errors in determining the burnup using this technique, taking into account the error in the burnup value of the reference fuel assembly, were 4÷5%. 



Determination of the residual content of fissile materials in spent fuel assemblies 
of research and transport reactors (1)
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General view (a) and diagram (b) of a mobile test bench for determining the residual content of fissile 
materials in spent fuel assemblies at IRT MEPhI

A stand for experiments with spent fuel assemblies on IRT and a container for reloading fuel assemblies.

The stand includes:
- prism 3 made of polyethylene with dimensions of 

400 × 400 × 900 mm  with a cavity of D 190 mm;
- two AmLi neutron sources in an aluminum tube on
the edge of the cavity 4;
- lead protection 1 against gamma radiation, 100 mm thick;
- four 3He neutron counters in a plexiglass block 2;
- steel and aluminum frame;
- a personal computer with a pulse analyzer board
by CANBERRA and the GENIE-2000 control program.

Transfer of spent fuel assemblies from the storage to the cavity
the stand was carried out using a reloading container 5,
installed directly on the stand. 



Determination of the residual content of fissile materials in spent fuel assemblies 
of research and transport reactors (2)
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This method for determining the mass of fissile materials in spent fuel assemblies is based on active neutron measurements of stimulated fission 
neutrons in a spent fuel assembly placed in a neutron field from an external radioisotope source. 

To determine the mass of fissile materials in a spent fuel assembly, the dependence of the fissions neutron count rate from the mass of 235U is used. 
The calibration curve is constructed from measurements with reference samples of different weights, containing from 50 g to 300 g of 235U.

In experiments on IRT, spent fuel assemblies were placed in a cavity inside a neutron moderator - polyethylene, surrounded by a lead shield. To irradiate 
spent fuel assemblies, two AmLi neutron sources with a total power of 105 n/s were used, and for measurements four 3He neutron counters were used.

Advantages of the developed technique:
- to determine the content of nuclear materials in a spent fuel assembly, data on the history of its irradiation and exposure time are not required;
- simple design of the stand;
- simplicity and reliability of the equipment used to register neutrons;
- when analyzing small fuel assemblies, it is possible to immediately receive a response from all the fissile material contained in them, which simplifies and 
speeds up the measurement process.

The results obtained in preliminary experiments confirm the possibility of determining the content of fissile materials in spent fuel assemblies of research 
and transport reactors of various designs using the proposed measurement scheme.
The error in determining the residual mass of fissile materials will not exceed 5% (1σ) at a time consumption of 15 minutes. for experiments with one fuel 
assembly, not counting the time required to deliver fuel assemblies to the measuring stand. 



Irradiation devices with a variable spectrum of neutrons and gamma radiation

25 Feb 2021 Research reactors                                                                  V. Kornoukhov 54

Research in the field of radiation physics of semiconductors and dielectrics is aimed at studying 
radiation effects in semiconductors, thin dielectric films on their surfaces, as well as in semiconductor 
devices and integrated circuits:
- study of radiation-stimulated aging of MOS integrated circuits at

low-intensity exposure to ionizing radiation;
- study of the radiation resistance of MOS integrated circuits at low-intensity irradiation 

The structure of the test bench based on IRT MEPhI:
1 - irradiation channel; 2 - mine-storage of spent nuclear fuel;
3 - spent fuel assemblies - sources of ionizing radiation (total 6 pcs.); 
4 - specimen fixation device; 5 – device positioning of samples; 
6 - universal dosimeter DKS-101 with ionization chamber BMK-50; 
7 - personal computer; 8 - the irradiated object; 
9 - cover of the irradiation channel 

The dose rate depends on the depth of lowering of the samples into the channel.
The process of positioning the samples in the irradiation channel and removing them 
upon reaching the required irradiation dose is automated using a software and 
hardware complex based on a personal computer, which controls a stepping motor 
that performs the descent and ascent of the samples. 

Work is being carried out in the IRT MEPhI storage mine at
installed channel D219 mm, equipped device for lowering 
and lifting samples.
The main source of gamma studies is isotope 137Cs. 

Height starting
The bottom of 

channel, cm

Dose rate, 
Gr/s



Instrumental neutron activation analysis 
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Preliminary calculations of the thermal neutron flux density and neutron spectrum in the range of 
0.5 eV - 19 MeV were performed using the MCNP-4a program.
Experimental studies were carried out at a reactor power of 2500 kW with a set of activation 
detectors (DND), which included:
✓ 7 capture reactions – 176Lu(n,γ), 45Sc(n,γ), 115In(n,γ), 197Au(n,γ), 139La(n,γ), 63Cu(n,γ), 23Na(n,γ);
✓ 5 fission reactions – 237Np(n,f), 238U(n,f), 238Pu(n,f), 239Pu(n,f), 241Am(n,f);
✓ 8 threshold reactions – 115In(n,n'), 111Cd(n,n'), 47Ti(n,x), 31P(n,p), 32S(n,p), 204Pb(n,n'), 56Fe(n,p), 

27Al(n,α).

At the IRT MEPhI, work has been developed on neutron activation analysis, while the elemental composition of technological, geological, biological and other 
samples is studied both by the yield of gamma radiation and by secondary heavy charged particles (up to 10-9 g/g) of the concentration of fissile materials using 
delayed neutron and fission fragment radiometry.
At the gamma-spectrometric complex in the spectrometric laboratory, metrological work is carried out to study the physical parameters and certification of 
neutron-activation detectors; methods of measuring the characteristics of neutron fields in the irradiation devices of the reactor are being developed; the 
assessment and refinement of the cross sections of nuclear reactions is carried out with inclusion in the libraries.
Full-scale measurements of reactor neutron spectra and spectral indices were carried out for a number of experimental devices of IRT.
The measurement error is 4÷7%. Including the spectrum of a medical channel based on HEC-4 for the purposes of neutron capture therapy. 



Instrumental neutron activation analysis 
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The main directions for the application of neutron activation analysis in the technological chain of IRT MEPhI:

- measurement of the flux density of thermal and fast neutrons in the experimental channels;
- measurement of the concentration of radionuclides in the coolant of the 1st circuit;
- measurement of the concentration of radionuclides (including the isotope 131I of iodine) in the ventilation discharge and air;
- measurement of the concentration of radioactive aerosols in the vent discharge;
- measurement of the radionuclide composition of aerosols on Petryanov filters;
- measurement of the radionuclide composition and specific activity of radioactive waste;
- analysis of soil samples to control the absence of radioactive effluent leaks;
- measurements of tracking detectors during testing of ionization chamber suspensions. 

The main directions for the application of neutron activation analysis in geological and environmental-medical
research:

- analytical support of the "World Ocean" program, analysis of bottom sediments and marine biota;
- high-precision analysis of ultra-low concentrations of Ir in rocks to identify space impact;
- analysis of drilling columns of Jurassic clays for the content of As and other toxic elements;
- analysis of samples of natural environments and vegetation for the content of heavy and toxic metals during environmental
geochemical research;
- analysis of solid biological materials for the content of heavy and toxic metals during medical biological research. 



Neutron capture therapy (example of BNCT) 
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< 0,1 eV

~ 5 μm

8 μm

Neutron capture therapy is a form of radiation therapy based on the ability of isotopes 10B or 157Gd to absorb thermal neutrons. The 
therapeutic effect is created due to the rupture of DNA strands by photons or heavy charged products of nuclear reactions of 
neutrons with radiosensitive drugs. 

Creation of radicals:
𝐻𝑂+, 𝑂2

∗−, 𝐻+….



Scheme of the medical channel NCT at the nuclear reactor IRT MEPhI
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Scheme of the NCT medical channel at the IRT MEPhI nuclear reactor

Transportation of the neutron beam to the patient, as well as reliable and safe overlap provides a gate, 
which is a rotary disk with a hole - a neutron guide.
The gate is placed in a steel stepped casing with wheels and mounted on a rail way in stationary protection 



External view of the irradiation box for neutron capture therapy (NCT) of 
the IRT MEPhI reactor 
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Main characteristics
- thermal neutron flux density, neutrons/cm2s                   5×108

- Fast neutron flux (>2,8 MeV), neutrons/cm2s                  2,9×106

- Gamma dose rate , Gy/s  ...................................             0,0006

Neutron beam extraction device in the irradiation box and a table for attaching the animal (a);
placing the dog in the box before irradiation (b)



External view of the irradiation box for neutron capture therapy (NCT) of 
the IRT MEPhI reactor 
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Main characteristics
- thermal neutron flux density, neutr. / cm2s 5×108

- Fast neutron flux (>2,8 MeV), нейтр./cm2s 2,9×106

- Gamma dose rate , Gy/s ...................................          0,0006

At the IRT MEPhI reactor, a tangent horizontal experimental channel GEC-4 was selected 
and modernized, on the basis of which an irradiation device for the purpose of NRT was 
created by means of a collimation and conversion system of a neutron beam. The 
protective composition of the channel provides the ability to conduct a therapy session 
under conditions of constant monitoring of the physical state of a biological object, as 
well as integral parameters of radiation exposure.
The channel characteristics were measured using NAA. The following set of reactions was 
used : 197Au(n, γ), 63Cu(n, γ) (w/o filter); 45Sc(n, γ), 115In(n,γ), 197Au(n, γ), 139La(n, γ), 63Cu(n,
γ), 23Na(n, γ), 239Pu(n,f), 238Pu(n,f), 241Am(n,f), 237Np(n,f), 238U(n,f), 115In(n,n’), 111Cd(n,n’), 
204Pb(n,n’), 47Ti(n,x), 31P(n,p), 32S(n,p), 56Fe(n,p), 27Al(n,α) (in Cd filter)

Neutron beam extraction device
in the irradiation box and the table for

animal attachment 

Placing the dog in the box in front
of irradiation 

The HEC - 4 spectrum is rather “soft”, which is important for the purpose of increasing the contribution of low energy 
neutrons to absorbed dose in a specific area of the body. In this case, the (n, γ) response to isotopes of Gd and B, and 
the side effect from exposure to fast neutrons is reduced.
As an assessment of the integral measure of impact on biological objects, they were calculated based on the measured
spectrum KERMA (K = 3.44E-03 Gy) and absorbed dose of neutrons (D = 1.09E-02 Gy), energy dependence

which is compiled from the reference. The dose rate of photon radiation was measured by TLD detectors
(for a reactor power of 2.5 MW, it is 0.40 mGy / s (± 20%)).
The NRT method has reasonable prospects for practical application. Further research in the field of creating installations
with an improved ratio of neutrons for groups of energies, as well as the maximum reduction in dose loads on the body
when exposed to side components of the radiation field. 



Schematic of the setup for neutron radiation analysis at HEC-9 IRT MEPhI
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Calibration curves for 10В and Gd.



Quantitative analysis of 10B on IRT MEPhI by the method of track 
neutron activation autoradiography 

25 Feb 2021 Research reactors                                                                  V. Kornoukhov 62

For the quantitative analysis of 10B on IRT MEPhI by the TNAA method, a solid-state track detector (TTD) based on CR-39 TASTRAK 
plastic (TRACK ANALYSIS SYSTEMS LTD) is used.
The test sample is brought into close contact with the CR-39 detector plate, the sample with the detector is irradiated in a thermal 
column, then the detector is etched, its surface is photographed, the track density on the detector surface is analyzed, followed by 
the calculation of the quantitative content of 10B.
For irradiation of the analyzed samples in the thermal column, a vertical experimental channel VEK-28 with a thermal neutron flux 
density of 1.6x1012 n/cm2s at a reactor power of 2.5 MW and a 198Au cadmium ratio of 13.5 was selected. After irradiation, the 
detectors are treated with a 6.25N KOH solution for two hours in a thermostatic cabinet at a temperature of 70 ° C.

Quantitative determination of 10B in vitro in biological tissue samples in the range from 0.2 μg/g for 10B. Measurement time is up to 12 hours for 
NATAR 10B. The measurement error is 5-15%, depending on the concentration of the element, uniformity of distribution and measurement time. A 
method for quantitative assessment of 10B in vitro in samples with non-uniform distribution of 10B using HPA is proposed. A method for visualizing 
thermal neutron fields and evaluating the distribution of the neutron flux density in them is also proposed. The developed and implemented 
methods for the quantitative determination of 10B were used to study the biodistribution of the 10B-containing preparation of aminobutyric acid 
cobalt bisdicarbollide, as well as to assess the absorbed doses received by dogs with spontaneous tumors during NRT sessions at the IRT MEPhI
reactor. 

1- 12,5 µg/mL, 2 – 8,33 µg/mL,             3 – 6,25 µg/mL,            4 – distilled water 
Autoradiograms (× 1000) of aqueous solutions of boric acid with a concentration of 10B



Quantitative instrumental NAA gadolinium
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For quantitative INAA of gadolinium, the 161Gd radionuclide was chosen as the analytical one, and gamma lines - 102.3 and 360.9 keV.
Determination of Gd is performed by a relative method. The samples are activated in the position of the VEC-28 channel irradiation for 3-7 minutes.
The thermal neutron flux density is 1.6 × 1011 n/cm2s (reactor power 2500 kW), and the cadmium ratio for 198Au is 13.5.
Each sample is irradiated together with a neutron flux monitor made of manganese-aluminum alloy from the certified kit
activation detectors AKN-T. Sample delivery systems allow measurements as early as 30 seconds after the end of irradiation.
The holding time of the sample before starting the spectrum measurement is 1.5 minutes. Measurement duration - from 420 to 600 seconds.
Neutron flux monitors are measured after 2-3 hours for 600 seconds. 
Измерения проводятся c помощью двух гамма-спектрометров. 

The first one includes a HPG CANBERRA from ultrapure germanium with εeff = 25% along the 1332.5 keV 60Co line and a processing system
spectrometric information, consisting of the amplitude analyzer INSPECTOR (CANBERRA) and a personal computer.
The spectrometer resolution is 1.9 keV along the 1332.5 keV 60Co line.
The second spectrometer: PPD DGDK-63V, spectrometer ruler and SBS-40 pulse analyzer from Green Star.
The spectrometer resolution is 3.5 keV along the 1332.5 keV line.
Measurement geometry (source-detector distance) - 52 mm.
The detection limit for Gd by this method is 1.0 μg.
The developed technique was used to study the dynamics of the distribution of the gadolinium-containing preparation Dipentast in the body of laboratory rats. It 
allows the quantitative determination of Gd in vitro in biological tissue samples in the range of 1 μg / g. 

The developed and implemented methods for the quantitative determination of Gd were used to study the biodistribution of gadolinium containing the drug 
Dipentast, as well as to assess the absorbed doses received by dogs with spontaneous tumors during NRT sessions at the IRT MEPhI reactor. 
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3
Research reactors IRT-T, IVVE-2M and SM-3 



Possibilities of using similar types of research reactors 
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➢ IRT-T (6 MW), TRIGA (0,25 - Mark I, MARK II)…

➢ IVV-2M (15 MW), VVR-C (2 ÷ 10 MW), ..

➢ High-flux vessel-type reactor SM-3 (100 MW) 



Pool-type research nuclear reactor IRT-T 
(Tomsk Polytechnic University, Tomsk) 
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Since its start-up in 1967, the reactor has undergone several reconstructions, its 
initial capacity has been increased from 2 MW to 6 MW. As a result of the 
reconstructions, the reactor has an authorized life of up to 2034. Currently, there are 
plans to transfer the reactor to a power of 12 MW.

The IRT-2M fuel assemblies are used, and since 1979 - the IRT-3M fuel assemblies 
with 90% enrichment in 235U and a beryllium reflector. At present, the core is formed 
from eight six-tube and twelve eight-tube fuel assemblies containing 309 g and 352 g 
of 235U, respectively. The total mass of 235U in the core is 6.7 kg. If the average 
operating time of the reactor at power per year is 3500 hours, then the annual 
requirement for 235U is 2.2 kg.

The IRT-T reactor is one of the six IR-type reactors in respect of which a preliminary 
study is underway on the possibility of converting the reactor to low enriched fuel. 

IRT-T (TPU) has a power of 6 MW.
The reactor is used to train specialists in the development and operation of nuclear installations, as well as to solve scientific and practical tasks in 
the field of nuclear physics, neutron activation analysis, radiation physics and chemistry, nuclear medicine.
The reactor is also used to fulfill orders for silicon alloying, the income from which is a significant part of the funds, necessary to maintain the 
normal operation of the reactor. 



Pool-type research nuclear reactor IRT-T (Tomsk Polytechnic University) 
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Average operating time at capacity per year - 4500 hours.

HEC - 10 pcs. with D 100 mm (8) and D 150 mm (2);

VEC - 14 pcs. (VEC-8 and VEC-7 - D52 mm and 4 central VECs 
D37 and D32 mm) in a beryllium "trap".

2 VECs in the center of the core in a beryllium "trap" - used to 
irradiate molybdenum targets in 98Mo (n, γ) 99Mo (σeff = 
700 mb).
Ud. activity of 99Mo for 100 h of irradiation: 2 Ci / g on 

natural molybdenum and 10 Ci / g on enriched 98Mo (98.6%)

All VECs were made curved, which made it possible to 
abandon the protective plugs in these channels and made it 
possible to load samples into the channels at power.

HEC-4 is designed for silicon doping in containers with a 
diameter of up to 150 mm and a length of up to 750 mm .



Layout of the core of the pool-type research nuclear reactor IRT-T
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Since 1984 it has been operating at a design capacity of 6 MW
Power reserve without significant changes in its systems is 1.5,
the safety factor to surface boiling is 2.42.
10 horizontal experimental channels, 8 of which D100 mm and 2 have D150 
mm, 14 vertical channels, VEC-8
VEC-7 with D52 mm and 4 central VEC D37 and D32 mm
All VECs were made curved, which made it possible to refuse
protective plugs in these channels made it possible to load samples into the 
channels at power.
At a power of 6 MW, the thermal neutron flux of the central VEC was 
1.1 · 1014 n/cm2 s, In the vertical channels outside the core, the thermal 
neutron flux is on average 5 × 1012 n/cm2 s.

The closest world analogue: the reactor plant of the Massachusetts Institute 
of Technology (MIT, USA), operating at the same power level (6 MW). A 
specific feature of IRT-T is the use of a central beryllium trap, which allows, at 
the same power, to provide a thermal neutron flux density in the central 
experimental channels at a level of 1.7 × 1014 neutrons*s-1 • cm-2, which is an 
order of magnitude higher than in the MIT reactor ... 



The core of pool-type research nuclear reactor IRT-T (TPU) 
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Specifications:
Retarder - water;
Reflector - beryllium water;
Horizontal ducts - 10 pcs.;
Vertical channels - 14 pcs.;
Power - 6 MW (since 1984);
Thermal neutron density - 1.7 · 1014 n / cm2s;
Fast neutron density - 2.0 · 1013 n / cm2s;
Average operating time at capacity per year - 4500 hours.
10 horizontal channels with a diameter of 100-150 mm;
14 vertical channels - 30 mm, 2 of them in the center of the core in a beryllium "trap" -
are used for irradiation of molybdenum targets (σeff = 700 mb).
Ud. activity of 99Mo per 100 h of irradiation: 2 Ci / g on natural molybdenum and 10 
Ci/g on enriched 98Mo (98.6%)
All VECs were made curved, which made it possible to avoid  protective plugs in these 
channels made it possible to load samples into the channels at power. 

8-t—8-tubus FA;
6-t—6-tubes FA without AR road
AR—beryllium block with AR rod;
KC-1, KC-2 KC-3—6-tubes FA with control rod;
AZ-1, AZ-2, AZ-3—6-tubes FA with safety rod;
Be—beryllium block; Al—aluminum block;
Pb—lead block; H2O—water.
The numbers indicate the degree of burn-up of 235U in % in FA



Possibilities of isotope production in the IRT-T reactor
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Obtaining the isotope of molybdenum-99 and the synthesis of the radiopharmaceutical "Sodium pertechnetate 99mTc"

Obtaining the isotope of lutetium-177

Obtaining the isotope iridium-192

Obtaining the isotope of tungsten-188

Production of radionuclide nickel-63 



Global Radiopharmaceutical Diagnostic Market
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Diagnostics: PET (Positron emission tomography ) and 
SPECT (Single photon emission computed tomography)
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In SPECT, to obtain a volumetric image, a radionuclide is used, 
which accumulates in different organs and tissues of the patient in 
different ways, depending on the biological properties of the objects 
and the characteristics of metabolic features (metabolism) and 
emitting gamma quanta

PET uses isotopes that emit positrons, elementary 
particles equal in mass to an electron and positively charged.
Two gamma quanta with energy 0.511 MeV each are formed in 
the process of annihilation of a positron and an electron



Positron emission tomography (PET)
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PET used radionuclides – ultra short-lived positron emitters (18F, 15O, 13N, 11C)
produced by cyclotrons which are situated at/near hospitals

attached to proper biomolecule

β+ +β−→ γ (0,511 MeV)  + γ (0,511 MeV)

Coincidence detection

In form of 18F-fluorodeoxyglucose



SPECT scanner
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Radioactive tracers are injected into the blood to produce pictures of the heart. 
SPECT can show how well blood is flowing to the heart and how well the heart is working 
(to diagnose coronary artery disease and find out if a heart attack has occurred). 
The tracers are taken up by living heart tissue and produce gamma rays. A gamma camera
picks up these rays and a computer converts them into images of the heart. 

A SPECT scan of the heart is a 
noninvasive nuclear imaging test

These images are produced in “slices” that can be produced from different directions
and angles. The images can be used to create a 3-dimensional image. 
Areas of lightness or darkness or areas of 
colors represent the amount of tracers 
taken up by the heart and the relative 
blood flow reaching that tissue



99mTc isotope for medical diagnostics  

Global demand for 99Mo/99mTc ~ 40 million doses/yr

• 76,000 scans/day (>1 scan/second)

• Overall, about 5 government owned reactors supply >95% of global demand

• 30-40% of global 99Mo obtained from NRU in Canada

• Production of 99Mo with nuclear reactor:
235U fission and 98Mo(n,γ)99Mo-reaction

235U-targets: in form of HEU or LEU

• Current goals 

– to demonstrate routine, reliable, commercial-scale  cyclotron

production of 99mTc via 100Mo(p,2n) at each site in Canada and to obtain  regulatory 
approval

- Production of 99Mo via photonuclear reaction as well
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Schematic diagram of “a Mo/Tc cow”
[from Ehmann and Vance (1991)]

Decay scheme of 99Mo/99mTc



99mTc background (number of procedures)

• Hospital Imaging - Global demand 60M procedures/year (19M USA, 21M Europe, 20 M rest of 
World)

1. Computed Tomography
2. Nuclear Medicine (85% 99mTc)
3. MRI (Magnetic resonance imaging)

• Technetium-99m (99mTc) - is a daughter product of 99Mo and is the principal radioisotope used in 
medical diagnostics worldwide  used in ~ 32 million procedures per year globally and accounts for 
80 to 85% of all diagnostic investigations using Nuclear Medicine techniques. 

Investigation Procedures (million)

➢ Cardiac Imaging 12
Tc-99m, T- 201

➢ Bone Investigation 10
Tc-99m

➢ Lung Investigation 5
Tc-99m

➢ Thyroid, Imaging 5
I-131 / I-123, Tc-99m
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Production of 99Mo with nuclear reactor (235U fission)
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235U(n,f)99Mo…+ fission products…
σ = 530 barns and Yield = 6 %



99mTc Isotope for Medical Diagnostics 

Global demand for 99Mo / 99mTc ~ 40 million doses per year
76,000 scans per day (> 1 scan per second)

World market ~ $ 3.7 per year

Overall, about 5 reactors provide> 95% of global demand. 

99Mo production in a nuclear reactor:
- Fission 235U (235U target: in the form of HEU or LEU)
- Reaction 98Mo (n,γ) 99Mo 

Promising developments:
- demonstrate routine, reliable, industrial cyclotron 
production of 99mTc in 100Mo(p,2n) reaction (at every 
site in Canada and obtain regulatory approval)
- 99Mo production by photonuclear reaction 
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Schematic diagram «a Mo/Tc cow" 

Схема распада 99Mo/99mTc



Reactor IRT-T: Production of the isotope of molybdenum-99 and 99mTc 
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1) IRT-T production of Mo-99 isotope in the reaction
98Mo(n, γ)99Mo (section 0.136 barn)

2) Production department of radiopharmaceuticals for the 
production of diagnostic and therapeutic RFLP and the 
Department of quality control of radiopharmaceuticals: 
production of Sodium pertechnetate 99mTc
The Hot Cell with a complex that meets the GMP standard .

Virtually no radioactive waste is generated. The main 
disadvantage is the low specific activity of 99Mo: ~ 1 Ci/g 
when natural molybdenum targets are irradiated with 
thermal neutrons (24.13% 98 Mo) and ~ 6-8 Ci/g for targets 
enriched in 98 Mo (> 95%).

The use of such a low-level raw material in 99mТс generators 
requires the development of special technologies, which, 
first of all, include extraction technologies.
Higher activity, up to 200 Ci/g, can be obtained only in 

reactors with a thermal neutron flux of 5 × 1015 n/cm2s, but 
there are only two such reactors in the world (CM-3 and 
HFIR), and the construction of new ones requires very high 
costs.
There are more than 200 centers for single-photon emission 
computed tomography (SPECT) in Russia, which most often 
use 99mTc. 

Target for irradiation of MoO3.
Target - MoO3 of natural isotopic 
composition;
The body is a sealed ampoule 
made of quartz glass;
Sample weight - 7 g. 

Extraction generator technetium-99m with multiple
extraction cycle 

«Sodium pertechnetate 99mTc »



Reactor IRT-T: Production of the isotope of molybdenum-99 
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1) IRT-Т production of the Mo-99 isotope in 98Mo(n, γ)99Mo reaction
2) Production department of radiopharmaceuticals for the 
production of diagnostic and therapeutic radiopharmaceuticals and 
the Department of quality control of radiopharmaceuticals: 
production of Sodium pertechnetate 99mTc.
The Hot Cell with a complex that meets the GMP standard. 

- TPU daily produce the drug in a stationary 99mTc extraction 
generator type EGTD-1. One bottle can contain from 10 to 100 or 
more GBq of technetium-99m (20 GBq is enough for diagnostic 
studies of about 25 patients).
The 99mTc isotope is short-lived: T1/2 = 6 hours, the life of the drug 
itself does not exceed 24 hours.

From 4 to 8 o'clock in the morning every day - the production of the 
drug, and by 9-10 o'clock it arrives at the clinics of Tomsk.
Performance: over 1,000 GBq 99mTc per day

Three types of technetium generators:
Coaxial
Multiple extraction cycle
Extraction chromatographic (portable compact generator) 



IRT-T reactor: production of lutetium-177 isotope (1)
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The main type of radiation therapy is radionuclide therapy (RNT). Impact on
the tumor is carried out by targeted delivery of a radiopharmaceutical through the bloodstream
or by injection. It is used as a component of the complex treatment of malignant tumors, as well as 
in an independent form in 60% of cancer patients. The number of diagnostic and therapeutic 
procedures using radioactive isotopes is several tens of millions per year, with an annual increase 
of more than 10%. 

Radionuclide 177Lu, the most promising β-emitting radionuclide for the radionuclide therapy of 
cancer, due to its nuclear physical properties:
- most of the emitted β-particles (79.3%) have an energy of Emax = 0.497 MeV,
- low energy of γ-radiation (Eγ = 113 keV (6.4%) and 208 keV (11%)),
- the relatively short path length of the 177Lu β-particle in biological tissues (less than 2 mm),
All this, with the localization of a significant number of 177Lu atoms in the immediate vicinity of the 
tumor cell, ensures selective destruction of the tumor with minimal damage to the surrounding 
tissues.
In addition, 177Lu has an optimal half-life (T1/2 = 6.647 days), the decay product is the stable isotope 
177Hf.

176Lu(n,γ)177Lu

For the production of the lutetium-177 radionuclide of high specific activity, it is necessary to use 
raw materials with an enrichment of more than 82% in the lutetium-176 isotope as a target.

The accumulated specific activity of lutetium-177 is not less than 25 Ci/mg during irradiation in the 
central channel installed in the beryllium trap of the IRT-T reactor.

Simplified scheme of the decay of 177Lu
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IRT-T reactor: production of lutetium-177 isotope (2)
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The specific activity of lutetium-177 generated at the IRT-T is at least 25 Ci/mg during irradiation in the central 
channel installed in the beryllium trap of the IRT-T reactor.

Radionuclide 177Lu, the most promising β-emitting radionuclide for the radionuclide therapy of cancer, due to 
its nuclear physical properties:

- most of the emitted β-particles (79.3%) have an energy of Emax = 0.497 MeV,

- low energy of γ-radiation (Eγ = 113 keV (6.4%) and 208 keV (11%)),

- the relatively short path length of the 177Lu β-particle in biological tissues (less than 2 mm),

All this, with the localization of a significant number of 177Lu atoms in the immediate vicinity of the tumor cell, 
ensures selective destruction of the tumor with minimal damage to the surrounding tissues.

In addition, 177Lu has an optimal half-life (T1/2 = 6.647 days), the decay product is the stable isotope 177Hf.

The specific activity of lutetium-177 generated at the IRT-T is at least 25 Ci/mg during irradiation in the central 
channel installed in the beryllium trap of the IRT-T reactor.

A starting ytterbium enriched in the 176Yb isotope and with a minimum content of 174Yb is required, from 
which stable lutetium isotopes are formed by the reaction 174Yb(n, γ)175Yb(β–) → 175Lu(n,γ)176Lu during 
irradiation. 176Lu will affect the Specific Activity of 177Lu.

176Lu(n, γ)177Lu 
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Experiment at IRT-T reactor: production of lutetium-177 isotope (3)
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Methods for treating tumors of bone tissue and internal organs with radionuclide-based radiopharmaceuticals lutetium-177 is one of the latest   
developments in the field of nuclear medicine. Unlike others, this technique is different minimal toxicological effect on the patient's body. 

Direct production method of 177Lu in 176Lu(n, γ)177Lu reaction

In this regard, it is urgent to study the possibilities of obtaining highly active preparations (up to 25 Ci/mg) of lutetium-177 at medium-flux reactors of the 
IRT type.

Nuclear physical characteristics of some isotopes of lutetium 

The optimal irradiation time in the IRT neutron trap (1.4·1014 neutrons / cm2·s) is 9÷10 days.
Considering the high neutron capture cross section, during irradiation, weighed portions with a mass of not more than 1.0÷1.5 mg poly lutetium should be 
used, and the target substance should be “smeared” as much as possible over the ampoule surface.
Target with lutetium oxide (enrichment in 176Lu – 84.5%) weighing 1 mg by metal. Irradiation was carried out in a beryllium neutron trap (NT) of the IRT 
reactor for 97 hours.
After a week of "cooling", the specific activity of the formed 177Lu was measured using an activometer Dose Calibrator ISOMED 2010 (Germany).
The obtained value of the specific activity at the end of the irradiation (12.8 Ci / mg), which allows us to conclude that the production of the specified 
radionuclide with a specific activity of at least 25 Ci/mg is possible.

The available heavy radiation protection equipment allows for manipulations of unpacking and reloading irradiated targets into transport kits for 
shipment to consumers. 

Isotope σ (0,0253 эВ), barn RI, barn

Lu-176 2090 1087

Lu-177(estimation) 1018 93000

Lu-177m 2,10 1,41



Reactor IRT-T: production of isotopes of tungsten-188 (rhenium-188), iridium-192, 
phosphorus-32, -33, nickel-63
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A distinctive feature of the production of isotopes: tungsten-188, iridium-192, nickel-63 is the large mass of the target, as a result of which it is necessary to take into account the 
physicochemical properties of the starting target material, the formation of its certain geometric configuration (for example, in the form of a hollow cylinder). Irradiation of such 
assemblies, as a rule, is carried out in experimental channels of large diameter with a high neutron flux (1.5÷1.7 1014 cm-2 s-1), in addition, due to radiation heating, it is necessary 
to cool the target, therefore, it is necessary to ensure its tightness.

The tungsten-188 / rhenium-188 pair is a generator. Tungsten-188 is produced by a second-order reaction of neutron capture by the starting isotope of tungsten-186 of natural 
isotopic composition (tungsten-186 content is 28.64%). The use of cheap natural raw materials as a starting target entails the use of concentrating technologies for the isolation of 
the daughter radioisotope rhenium-188, which, first of all, includes sublimation. The usage time of the tungsten-188 / rhenium-188 generator pair depends on the accumulated 
activity of tungsten-188 and ranges from one month to six months.

Iridium-192 is produced by the nuclear reaction 191Ir(n,γ)192Ir by irradiating an assembly containing 900÷1000 disks of metallic iridium with a total mass of about 14 g in the “wet” 
central channel of the IRT-T reactor.

The peculiarity of obtaining the phosphorus-32, -33 radionuclide is associated with the irradiation of the starting target of elementary sulfur with neutrons with an energy of 
more than 3.2 MeV, as well as with the subsequent isolation of phosphorus isotopes, their purification, and the synthesis of labeled compounds. For the production of these 
isotopes, a new "wet" vertical experimental channel was manufactured and installed in a six-tube fuel assembly (IRT-3M), which makes it possible to produce phosphorus-32 
radionuclide up to 2 Ci per month. Isolation and purification of target phosphorus radionuclides is carried out in a specialized sublimation unit located in the "heavy" box of a 
complex installation for the production and packaging of radionuclide products.

The nickel-63 radionuclide is produced by the 62Ni(n,γ)63Ni reaction from a nickel-62 metal target with an enrichment of more than 99%. The target mass is about 170 g. The target 
is installed directly in the center of the beryllium block located in the center of the IRT-T reactor core. For the production of 280÷20 Ci of nickel-63, the irradiation time is about 
3500÷4000 hours. 



Silicon doping complex at IRT-T (Tomsk) 

25 Feb 2021 Research reactors                                                                  V. Kornoukhov 85

The complex of nuclear doping of silicon is designed for processing with the thermal neutrons of various materials 
inside the reactor core       30Si(n,γ)31Si →(β-, 2.62 hours)31P. 

The complex is mainly used for processing monocrystalline silicon.
HEC-4 is intended for silicon doping in containers up to 150 mm in diameter and up to 750 mm in length.
HEC-4 together with HEC-3, HEC-5 is surrounded by a protection block that allows work in the physical room of IRT-T 
with open dampers on the operating reactor. Inside the shielding, there are devices for feeding containers to GEC-4, 
loading and unloading containers, and feeding containers to the irradiated silicon storage facility (RCS).

With neutron doping of silicon, it is necessary that the silicon ingots gain fluence up to 1018 cm-2, that is, the doping 
duration can be tens of hours. With such a long period of time, due to the "burnout" of 235U, the movement of 
compensating rods and control rods in the reactor core, a change in the distribution of the neutron flux occurs.
over the irradiation area (which will lead to irregularities in irradiation). Rotation and multiple back-and-forth 
movement of the container is necessary! 

Control room of the complex 

Annealing section of the Complex 

Installation diagram of NTL of silicon ingots at HEC-4 IRT-T:
1 - bench; 
2 - containers on the irradiator; 
3 - barbell;
4 - drive for moving the feed;
5 - container rotation drive;
6 - transport route; 7 - reloading device;
8 - transport cart;
9 - fission chambers KTV-4;
10 - active zone; 

11 - beryllium reflector;
12 - channel of the HEC-4 reactor;
13 - biological protection 



Reactor IVV-2M (Zarechny, Sverdlovsk region) 
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IVV-2M - research water-water pool reactor 
Thermal power 15 MW (17 MW)
Maximum neutron flux

- 5ˑ1014 cm-2 s-1 (thermal)
- 2ˑ1014 cm-2 s-1 fast, E> 0.1 Mev)

Fuel: uranium dioxide in Al matrix
Reflector: beryllium
Coolant: water chemically demineralized chemically 

Production: 192Ir, 14C, 131Cs, 177Lu-ca,
32P, 33P, 35S



IVV-2M water-pool reactor design 
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1– pump electric motor;

2 - pipeline of the second

cooling circuit;

3 - rod drives

regulation;

4 - concrete mass;

5 - heat exchanger;

6 - pump;

7 - active zone;

8 - horizontal

experimental channel 

1 - pipelines of the second
cooling circuit;
2 - heat exchanger;
3 - concrete mass;
4 - active zone;
5 - horizontal
experimental channels. 

Horizontal cross-section Vertical cross-section 



The core of the IVV-2M pool reactor 
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The reactor is equipped with 8 horizontal experimental channels with a diameter

from 100 to 230 mm, including: six radial and two tangent channels, two vertical experimental 

channels with a diameter of 150 and 200 mm.

In the lower part of the reactor pool, there is a base plate made of aluminum alloy, in which there 

are 186 mounting holes arranged in a triangular scheme with a pitch of 64 mm. The core is 

formed by installation into a base plate hexagonal fuel assemblies (from 36 to 42 pieces), 

hexagonal beryllium reflector blocks, experimental and irradiation devices.

The fuel assemblies mounted in the base plate form six sections. In a cavity is left in the center 

of each of the sections, intended for installation experimental and irradiation devices with an 

outer diameter of up to 60 mm. It is possible to form of shaped beryllium blocks of cavities with 

a diameter of 105 mm, 123 mm and 200 mm



IVV-2M reactor: Ir-192 production
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The production of Ir with high specific activity in significant commercial volumes is not an easy 

task for a medium-flow reactor.

In accordance with typical requirements, the specific activity of natural iridium and iridium 

enriched to 80% 191Ir on the day of delivery to the customer should be at least 18.5 and 33.3 TBq

/ g, respectively. The actual activity at the end of exposure should be at least 22 and 38 TBq/g, 

respectively. This specific activity is achieved only in high-flux traps in the central part of the 

core.

The cross section for the 191Ir(n, γ)192Ir reaction on thermal neutrons is about 950 barns, the 

density iridium 22.4 g/cm3. This causes, on the one hand, a high reaction rate, on the other, 

significant self-shielding of the neutron flux in irradiated iridium disks, significant mutual 

shielding of disks in the target.

Tubular targets are used, along the generatrix of which thin iridium disks with a thickness of 

0.125 mm ÷ 0.150 mm and a diameter of 2.00 mm to 4.0 mm are placed.

Annual production – up to 3.7*1016 Bq (1 MCi).

Kz = 1.4

Two-cycles irradiation in traps with different neutron flux 

ϕ1(z) > ϕ2(z)

A, TBq/g

t, weeks



IVV-2M reactor: production of 177Lu and production of 177LuCl3
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The production of 177Lu with a half-life of 6.65 days is carried out in 176Lu(n, γ)177Lu reaction using 

lutetium enriched in 176Lu to 82%. All neutron traps achieve the required specific activity of 1 TBq/mg. 

The optimal one is a neutron trap specially formed at the periphery of the core for irradiation of ampoules 

with lutetium, which introduces a minimal disturbance to the reactivity of the reactor. The central trap is 

used in cases when lutetium is irradiated with a break for inter-cycle reactor shutdown. 

Currently, there are continuous deliveries of 177Lu with a frequency of up to twice a week.

A technology for the production of 177LuCl3 for radiopharmaceutical research was developed. The main 

problem that was solved in the process of developing the technology was to ensure high chemical purity 

of the preparation with minimal time for its preparation. Analysis of the content of Ca, Zn, Al, Cu, Fe and 

Pb impurities in 177LuCl3 batches using an ELAN 9000 mass spectrometer from PerkinElmer (USA) 

shows that the obtained preparation corresponds to the content of impurities indicated by world famous 

suppliers of 177mLu in the final product does not exceed 0, 02%.

The volumetric activity of 177Lu is 37-100 GBq/mL.

Accumulation of 177Lu upon irradiation in water
neutron traps in the IVV-2M core:
1- central; 2- special; 3- side trap. 

t, days

A, TBq/g



The SM-3 high flux reactor (Dimitrovgrad, Russia)
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The SM-3 high flux reactor (Dimitrovgrad)
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Central neutron trap of the SM reactor for the production of
radionuclides
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Californium-252 and other isotopes 
of transplutonium elements,
Se-75, W-188, Sr-89, Lu-177, Ni-63, 

Cd-109, Sn-113, etc.

27 irradiation cells



Production of the 51Cr artificial neutrino source 3.5 MCi activity 
in 50Cr(n,γ)51Cr-reaction in the SM-3 reactor
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upper grid

discs made
of 50Cr        D88xd25 mm – 13 ps

D84xd6.5 mm – 13 ps

bearing axle

Housing of
Irradiation
Assembly

D91x2 mm
made of Al

spacer 
between discs
δ = 9.7 mm

lower grid

shank

Activity of 51Cr at 90 MW and 90/95 MW thermal power of SM-3
M(50Cr) = 3860 gr at ρ = 6.68 g/cm3

March 2019 – June 2019

MCi

T, days

3 MCi

Irradiation Assembly 



High Flux Irradiation Reactor (HFIR, Oak Ridge, USA)
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85 MW, HFIR

High Flux Isotope Reactor Core Cross Section

85 MW neutron flux graph for the High Flux Isotope Reactor

One of its original primary purposes was the production of Cf-252 and other transuranium isotopes 
for research, industrial, and medical applications.
Production of radioisotopes for
- industrial application (e.g., 252Cf, 75Se);
- medical application (e.g., 225Ac, 188W);
- 238Pu radioisotope thermoelectric generators (RTGs)  for NASA and national security
application
- actinides isotopes for super-heavy element (SHE) research (e.g., 249Bk, essential for discovery of 
new element 117)
- radioisotopes for nuclear forensics (e.g., 63Ni) and 
- heavy-Pu and other actinides isotopes for nuclear security R&D (e.g., 244Pu) 
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4
About plan of State Corporation RosAtom: Center for Nuclear Science and Technology (CNST)



CENTER FOR NUCLEAR SCIENCE AND TECHNOLOGY (CNST)
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https://rusatom-overseas.com/ru/cnst/

https://rusatom-overseas.com/ru/cnst/


Multipurpose pool-type research reactor of CNST (RosAtom)
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https://rusatom-overseas.com/ru/cnst/

https://rusatom-overseas.com/ru/cnst/


Laboratory complex of CNST (RosAtom)

25 Feb 2021 Research reactors                                                                  V. Kornoukhov 99

https://rusatom-overseas.com/ru/cnst/

https://rusatom-overseas.com/ru/cnst/


Scope of activities depending on type of RR at CNST (RosAtom)
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https://rusatom-overseas.com/ru/cnst/

https://rusatom-overseas.com/ru/cnst/


Diagnosis and therapy & radionuclides
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https://rusatom-overseas.com/ru/cnst/

https://rusatom-overseas.com/ru/cnst/
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5
“Non-Power nuclear application” of Atomic Power Plant reactors: 
production of isotopes for industry, nuclear medicine and science (Co-60 and Ar-37 as example)



Nuclear medicine could be divided into three main areas

• radionuclide diagnostics (SPECT and PET);
• radiation therapy (direct radiation of a cancerous tumor);
• radionuclide therapy (a radioactive isotope is injected into the tumor).

• Radioactive medicine consumes 50% of the world's supply of radioactive isotopes . These 
isotopes include, in particular, radiopharmaceuticals such as 18F-fluorodeoxyglucose: it is used in 
positron emission tomography (PET) in 95% of cancers. Nuclear medicine makes it possible to 
conduct research on all organs of the human body; it is used in cardiology, endocrinology, 
pulmonology and other areas of medicine.

• The nuclear medical services market is divided into several segments, in particular,
1. the production of radioisotopes and radiopharmaceuticals,
2. the engineering of equipment for diagnostics and therapy, 
3. the construction of nuclear medicine facilities and 
4. the direct provision of services to the population (hospitals).
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Radionuclides for Nuclear Medicine
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DIAGNOSTICS Therapy with open sources
of radionuclides 

PET
Positrons emitters

T1/2 from seconds to
several hours

SPECT
gamma-emitters

100÷200 keV and T1/2

from minutes to hours 

Beta-emitters
100÷2000 keV

Alpha-emitters
with high LET
~ 100 keV/μm

Radionuclides:
EC-capture and
IC-conversion

Biochemical research 
(radioactive indicators in the physiology)

Therapy with sealed sources

Gamma- and Cyber-Knife

Boron Neutron 
Capture Therapy

Beta- and gamma applicators
(90Sr/90Y, 106Ru/106Rh..60Co, 137Cs)



Gamma therapy (Co-60)
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Gamma-Knife and Cyber-Knife
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Sterilization Centers

• Future trends for the sterilisation of biomaterials and medical devices

• Sterilization techniques for biotextiles for medical applications

• Sterilization of healthcare products by ionising radiation: principles and standards

• Radiation Biology and Radiation Safety

• Bone and Musculoskeletal Tissues

• Sterilization of Pharmaceuticals

• Sterilization techniques for polymers

• Radiation Therapy for Bone Marrow or Stem Cell Transplantation

• Sterilization of healthcare products by ionising radiation: sterilization of drug-device products and 
tissue allografts

➢ Radiation sterilization has a direct impact on a microbe’s DNA, and it leads to the destruction of microbes. In the British 
Pharmacopeia suitable sterilization method for sterilizing certain surgical materials and equipment, gamma radiation was 
proposed as per a dose of 25 kGy. In International atomic energy agency (IAEA) guidelines it was stated that a 25 kGy dose of 
radiation can be utilized as the actual dose for radiation sterilization of medical materials/devices.
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Sterilization Centers for medical, food and technical products
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source module
(contains up to 48
source pencils)

cobalt-60 slug

cobalt-60 source 
element

source pencil (contains 
2 source elements)

source rack
(contains modules in
different configurations,
depending on irradiator
design)

Application of ionizing radiation to prepackaged, enzyme-inactivated, 
deeply frozen foods at radiation doses sufficient to reduce the number 
and activity of viable microorganisms to such an extent that in the 
absence of postprocessing contamination no microbiological spoilage 
or toxicity of microbial origin occurs, no matter how long and under 
what conditions the food is stored (radiation sterilization)

MeV

MeV

MeV



Preservation of food and agricultural product by radiation

It is used to prolong the shelf life of many food and agricultural products, destroy bacteria 
and microorganisms in food (pre-packed or bulk) and grains(rice, corn..). Treated products 
can be used immediately, minimal rise in product temperature during the process, high 
penetrability (hence packaged product can be processed), very precise and reproducible 
treatment process, and easy to control the process (only dose to be controlled).
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Sotera Health LLC (Nordion & Sterigenics)



Effect of gamma irradiation treatment in delay ripening: 
pear delay in ripening and decaying of under ambient condition
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Source design capacity and installed activity
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Productivity: ~ 30% of the energy emitted is usefully absorbed by the product
Thus an irradiator with 1 MCi of 60Co would process ~ 4 tons of product/hour where the minimum  dose
requirement is 4 kGy (typically for food).
If the dose were 25 kGy (sterilization of health care product). The throughput would decrease to ~ 0.65 tonnes/hour

The 60Co market for sterilization is 55 MCi of 60Co per year or $ 171 million 

Target: cylinder d=6.3 mm x 
25,33 mm; a capsule contains 
8 cylinders with mass of 56 gr 

Capsule (pencil) Nordion C-188
RLS2089 or GIK-A6 D=11,1 mm x 451.6 mm

Activity 9000 ÷11000 Ci 

a - Irradiated targets - raw materials
in the form of tablets or cylinders

b - Two-capsules 60Co “pencils” –
finished products for irradiation installations, 
sterilizing medical devices, food, etc.



Type PHWR – CANDU (CANadian Deuterium Uranium) reactor
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Bruce Nuclear Generating Station, operating eight CANDU reactors
a generating capacity of up to 6400 MWe

Core Length (between Calandria tube sheets) 5.94m
Number of pressure tubes 380
Coolant flow (nominal) 24 kg/s
Length of Fuel bundle 495.3 mm
Outside diam. of fuel bundle 102.5 mm

Fuel material Natural UOZ
Fuel bundles in core 4560
Fuel bundles per channel     12

60Co production scheme uses 
the standard 21 adjuster rods in CANDU6 reactors 
which are fully inserted into the core during normal 
operation.
The stainless-steel adjuster rods are replaced with 
neutronically-equivalent 59Co (natural composition). 
60Co is obtained after the fuel bundle is discharged. 

Upgrade scheme of 60Co with CANDU 6 reactors:
The central fuel element is replaced by 59Co together 
with graphite or SiC.

In addition to electricity generation, 
CANDU6 reactors are used to produce 60Co



RBMK 1000 graphite reactors (11 units in Russia)
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Active zone
Hight 7 meters
Diameter 11.8 meters
Number of channels   1693
Fuel   192 tons
Enrichment on 235U  2.4%
Burn up     22.5 MW day/kg 
D of fuel rod         13.5 mm
Material of shell       Zr alloy 

Irradiation Assembly for 
60Co production at Kursk NPS

Up to 20  per unit

Active Zone

60Co isotope targets and capsules:
productivity up to 11 MCi per unit per year



Non-destructive testing (NTD) sources 
based on 192Ir and 75Se radioisotopes

09.03.2021 Research reactors                                                                  V. Kornoukhov 114

Non-destructive testing (NTD)  using gamma 
cameras is an important and growing 
application of radioactive isotopes.
The majority of the cameras use 192Ir 
(T1/2=73.82 d) and 75Se (T1/2=119.78 d) 
sources. 192Ir and 75Se are produced in (n,γ)-
reaction on the stable isotope precursors 
1912Ir and 74Se by irradiation in the high flux 
nuclear reactors.

A diagram of the S-shaped hole through a metal blockThis torch-type camera uses a wheel designThis torch-type camera uses a hinge



Production of 37Ar artificial neutrino source 
in 40Ca(α,n)37Ar-reaction in BN-600 fast breeder reactor (1) 
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Production of 37Ar artificial neutrino source 
in 40Ca(α,n)37Ar-reaction in BN-600 fast breeder reactor (2) 
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37Ar was extracted from acid solution by a He purge 
and then stored on charcoal at LN temperature



Development of prospects of Atomic Center MEPhI
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Prospects for the development of the AC are determined by the main goals facing both the entire

team of the Institute and the team of the reactor:

➢ ensuring conditions for the preservation of ongoing scientific research;

➢ attracting young people to nuclear science and technology and fostering a safety culture when
working in hazardous industries among students and specialists;

➢ restoring confidence in nuclear energy.
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Thanks for attention !
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Back up slides



Энергоемкость топлива
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https://www.rosatom.ru/production/production/
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http://www.rcp.ijs.si/ric/description-a.html

http://www.rcp.ijs.si/ric/description-a.html
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Реактор TRIGA 

Standard core of a TRIGA

Criticality of a typical TRIGA Mark II reactor is usually achieved with about 57 standard (low
enriched, < 20%) TRIGA fuel elements (about 2 kg 235U). To allow higher power operation
(>100 kW), more fuel elements and several graphite reflector elements are added in the outer
rings of the core grid plate. This added fuel produces a core excess reactivity which may be
limited to about 2 $ depending on the specific license of such a reactor. A typical core loading
diagram of a circular grid reactor is shown in Figure 1. More recent TRIGA core designs
will use a hexagonal, rather than a circular, design for better thermal and hydraulic
characteristics.



Реактор ИРТ-Т: наработка изотопа лютеций-177
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Радионуклид 177Lu, наиболее перспективный β-излучающий радионуклид для 
радионуклидной терапии онкозаболеваний, в силу своих ядерно-физических свойств:
– большинство испускаемых β-частиц (79,3 %) имеют энергию Eмакс = 0,497 MэВ,
– низкая энергия γ-излучения (Eγ = 113 кэВ (6,4 %) и 208 кэВ (11 %)),
– сравнительно небольшая длина пробега β-частицы 177Lu в биологических тканях (менее 2 
мм),
все это при локализации значительного количества атомов 177Lu в непосредственной близости 
от опухолевой клетки обеспечивает избирательное уничтожение опухоли при минимальном 
повреждении окружающих тканей.
Кроме того, 177Lu имеет оптимальный период полураспада (T1/2 = 6,647 суток), продуктом 
распада является стабильный изотоп 177Hf.

176Lu(n, γ)177Lu 

Для наработки радионуклида лютеций-177 высокой удельной активности необходимо
использовать 
в качестве мишени сырье с обогащением по изотопу лютеций-176 более 82%.

Нарабатываемая удельная активность лютеция-177 составляет не менее 25 Ки/мг при
облучении в центральном канале,  установленном в бериллиевой ловушке реактора ИРТ-Т.

В радиохимии известны несколько методов разделения редкоземельных элементов. Это жидкостная 
экстракция, экстракционная хроматография, ионообменная хроматография, электрохимические методы и т.д. 
Для отделения 177Lu, полученного непрямым методом, используются:
- метод экстракционной хроматографии (твердофазная экстракция), где в качестве экстрагента применяют 
Д2ЭГФК или другие соединения; 
- метод ионообменной хроматографии с катион-обменными смолами и комплексообразователем альфа-
гидроксиизобутиратом;
- электрохимические и комбинированные методы.

Упрощенная схема распада 177Lu



Непрямой метод наработки изотопа лютеций-177
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РФП, меченные 177 высокой удельной активности, близкой к теоретической (4,07 ТБк (110 Ки)/мг), используются в радиоимунотерапии и являются 
препаратами нового поколения (в основном это меченые антитела или пептиды). В этом случае реакции мечения, как правило, реализуются 
посредством бифункциональных хелатирующих агентов (БФХА), которые присоединяются к молекулам биологически активного соединения с одной 
стороны и, с другой стороны, имеют хелатирующие группировки, способные связывать катионы металлов. Концентрации биологически активных 
соединений в составе РФП крайне малы и составляют несколько микрограммов. Поэтому для получения высокого выхода в реакции мечения 
исходные растворы радионуклидов, в идеальном случае, не должны содержать примесей других элементов и стабильных изотопов целевого 
радионуклида. 

Непрямой метод производства 177Lu в реакции

176Yb(n, γ)177Yb(β-)177Lu 

Преимущества: 
- Самая высокая достижимая удельная активность > 2,96 ТБк (80 Ки)/ мг против теоретических 4,07 ТБк (110 Ки) / мг 177Lu. 
- Предполагается возможность обеспечить 177Lu с максимально возможной  радионуклидной чистотой. 
- Наличие долгоживущих радиоактивных примесей (например, 177mLu, <10–5%) исключено (ниже предела обнаружения) и поэтому связаны с минимальной радиационной 

защитой и вопросы удаления отходов. 
- Удельная активность не зависит от нейтронного потока. 
- Обеспечивает удовлетворительные характеристики по нанесению радиоактивной метки. 
- 177Lu, полученный этим методом, имеет более длительный срок хранения (до 2 недель) из-за отсутствия заметного снижения удельной активности. 

Однако этот способ также имеет следующие недостатки: 
- Низкий выход продукции из-за низкого сечения реакции на тепловых нейтронов (2,5 бар) по сравнению с 2090 барн для «прямого» производства из 176Lu. 
- Эффективное отделение микроколичеств 177Lu от макроколичество облученной Yb-мишени - это не только сложно, но также требует тщательно продуманного 

радиохимического разделение, а также процедура очистки. 
- Образует значительное количество радиоактивных отходов. Безусловно, этот метод производства считается наиболее дорогим вариантом получения 177Lu необходимой 
чистоты.
- Требуется не только обогащенная мишень 176Yb, но и ее восстановление и переработка. Несмотря на отмеченные выше недостатки, есть огромные перспективы, связанные 

с использованием NCA 177Lu в радиоимунотерапии. 



99Mo production with reactors. A 6-day Curie activity.
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99Mo/99mTc generator made by Karpovka Institute (Obninsk, Russia)
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Multi-mission radioisotope thermoelectric generator
based on Pu-238 isotope

09.03.2021 Research reactors                                                                  V. Kornoukhov 127

Multi-mission radioisotope thermoelectricgenerator - Wikipedia

SNAP-19s powered Pioneer 10 and Pioneer 11 missions as well as the Viking 1 and Viking 2 landers.
The MMRTG is powered by eight Pu-238 dioxide general-purpose  heat source (GPHS) modules, provided by 
the US Department of Energy (DOE). Initially, these eight GPHS modules generate about 2 kW thermal power.

The MMRTG design incorporates PbTe/TAGS thermoelectric couples (from Teledyne Energy Systems), where TAGS is 
an acronym designating a material incorporating tellurium (Te), silver (Ag), germanium (Ge) and antimony (Sb). 
The MMRTG is designed to produce 125 W  electrical  power at the start of mission, falling to about 100 W after 14 years.
With a mass of 45 kg the MMRTG provides about 2.8 W/kg of electrical  power at beginning of life.

The MMRTG design is capable of operating both in the vacuum of space and in planetary  atmospheres, such as 
on the surface of Mars. 
Design goals for the MMRTG included ensuring a high degree of safety, optimizing power levels over a minimum
lifetime of 14 years and minimizing weight.

Curiosity, the MSL rover that was successfully landed in Gale Crater on August 6, 2012, uses  one MMRTG to supply heat and
electricity for its components and science instruments. Reliable power from the MMRTG will allow it to operate for several years.

On February 20, 2015, a NASA official reported that there is enough plutonium available to NASA to fuel three more
MMRTG like the one used by the Curiosity rover. One is already committed to the Mars 2020 and its Perseverance rover. 

The other two have not been assigned to any specific mission or program, and could be available by late 2021.
A MMRTG was successfully launched into orbit on July 30, 2020 aboard the Mars 2020 mission, and is now being used to supply
the scientific equipment on the Perseverance rover with heat and power. The MMRTG used by this mission is the F-2 built by 

Teledyne Energy Systems, Inc. and Aerojet Rocketdyne under contract with the US Department of Energy (DOE) with 
a lifespan of up to 17 years.
The upcoming NASA Dragonfly mission to Saturn's moon Titan will use one of the two MMRTG's for which the Aerojet Rocketdyne/Teledyne Energy Systems team has recently 
received a contract. The MMRTG will be used to charge a set of lithium-ion batteries, and then use this higher-power-density supply to fly a quad helicopter in short hops above the 
surface of the moon.
Cost. The MMRTG cost an estimated US$109,000,000 to manufacture and US$83,000,000 to research and develop. For comparison, the production and deployment of the GPHS-
RTG was approximately US$118,000,000.

https://en.wikipedia.org/wiki/Multi-mission_radioisotope_thermoelectric_generator

