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- The first commercial nuclear power
stations started operation in the 1950s.

- There are over 440 commercial nuclear
power reactors operable in 31 countries,
with over 390,000 MWe of total capacity.
(about 65 more reactors are under
construction).

- They provide over 11% of the world's
electricity as continuous, reliable base-
load power, without carbon dioxide
emissions.

- 55 countries operate a total of about
245 research reactors, and a further 180
nuclear reactors power some 140 ships
and submarines



Nuclear Generation by Country 2015
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List of countries by uranium production in
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Uranium P'rndu::'mu";llll Percentage of
Rank Country/Region  production (2014) uction [2011) | 14 production
(tonnes U2 [thousands pounds (2014)
U,0, )l

Warld 56,217 139,513

Kazakhstan 23,127 46,284 41.1
Canada 9,134 25,434 16.2
Australia 5,001 15,339 ]

Miger 4057 10,914 7.2

Mamibia 3,255 11,689 5.8

Russia 2,990 1516 5.3
Uzbekistan 2,400 6,239 4.3

United States 1,519 4316 34

China 1,500 2,150 2.7

Ukraine 926 2,210 16

South Africa 573 2,210 1.0

India 385 1,040 0.7

Malawi 389 1,742 0.7

Brazil 231 385 0.4

Czech Republic 193 Ba0 0.3
Romania 7 200 0.1

Pakistan 45 117 0.1
Germany 33 52 0.1

France 3 18 0.0



Largest Uranium Reserves In The World

Uranium Reserves (metric

tons)

1 Australia 1,706,100
2 Kazakhstan 679,300
3 Russian Fed 505,900
4 Canada 493,900
5 Niger 404,900
6 Namibia 382,800
7 South Africa 338,100
8 Brazil 276,100
9 UsA 207,400
10 China 199,100
11 Mongolia 141,500
12 Ukraine 117,700
13 Uzbekistan 91,300
14 Botswana 68,800
15 Tanzania 58,500
16 Jordan 33,800



Accelerator Driven Systems
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EBpoOneicKknuit UCTOUYHUK HeMTpoHoB pacwennenus ESS

B 2009 r. 661110 NPUHATO peLUeHn
o cTpoutenbcTBe ESS Ha
Tepputopum LLiBeuun (Lund)

0 = 3anumaemas romans nox ESS 1 kM2
CHOBHbIE HanpasneHnAa uccnegoBaHun Croumocts ESS 1 550 000 000 Euro
MomHocTh myyka 10 MBt
Ve Life Sciences OHeprus my4ka 1.33 B
Materials Science. 3.6%  Engineering Science.
10.4% 2.9% MumienHas craHius (KOPOTKUE UMITYJIbChI)
e MomniHocTs Iyuka 5 MBt
JUIHTETbHOCTh UMITyJIbCA 1.4 Mxc
YacTtoTa NOBTOpEHHUs 50 I'y
Yuco KCI. yCTaHOBOK 22
MumeHnHas cTaHIUA (JUTMHHBIE UMITYJIbChI)
MomiHocTs Imyuka 5 MBt
- JUMTeNbHOCTh HMITYJIbCa 2 Mc
cmy S Yacrora noBTOpeHus 16 2/3 T’y
oI YHCIIO IKCII. YCTAHOBOK 22

O3KH1aeEMO€E YHCIIO TTOJIL30BATENEH B rOJ 4000-5000



China Spallation Neutron Source Project (CSNC)

Central Laboratory
and Office Complex

DHeprusi IpOTOHOB 1.6 I>B
Cp. MOILIHOCTB IyuKa 0.1 (0.5) MBT
YacToTa NOBTOpEHHS 25T
IIpoTOHOB B UMITYyJIbCE 1.6x10 "
JUinHa UMITyJIbCa HA MUILIEHH 0.8 mMkc

UctouHuk ISNS B ueHTpe nepenoBbix TexHonorun RRCAT B UHaMKM Ha 6a3e NpOTOHHOro
CUHXPOTPOHa ¢ 3Hepruen 1 MB, yactorton 25 'y u cpeaHnm Tokom ny4dka 100 MkA
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J-PARC KEK

MuweHHasi 30Ha kcnepumeHmarnbHbIl 3ar

B HacTtosiwee Bpemsa MLF pacnonaraet Hanbonee MHTEHCUBHBIMU UMMYTbCHBIMU NyYKaMu
HENTPOHOB U MOOHOB, KOTOpble npounssoasaTca 3-I3B npotoHamu ¢ Tokom ny4yka 0.33 MA
Ha Hg MuLieHu.



JkcnepumeHT FEAT B LLEPH
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Top and side views of the FEAT assembly along the T7 beam line from the
CERN/PS.

Energy gain vs. kinetic energy
(Average from all counters & MonteCarlo)
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JkcnepumeHThbl B LLEPH ¢ kBa3an-6ecKkoHe4YHOU CBMHLOBOU MULLEHbLIO
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H3meHeHue (IroeHca HEHTPOHOB KaK (yHKLHUs PACCTOSHUS
OT LIEHTpa CBUHLIOBOTO OJI0Ka skcniepumenta TARC

MoaenupoBaHnue BTOPHYHOIO HEHTPOHHOTO JIMBHS, BEI3BAHHOIO
OJIMHOYHBIM NPOTOHOM C 3Heprueii 2.7 I'>B B CBUHIIOBOI MHIIEHH
D330%300 cm ycranoBku TARC

okcnepuMmeHT FEAT

W3mepenus ObUIH BBINOIHEHB! HA Tydke NpoToHOB 0.6-2.8 I'3B yckopurens PS/CERN npu untencuBHoctu 10 p/cek.
VYcraHoBka npezcTaBiIsIa co00i NOAKPUTHYECKYHO COOPKY U3 270 ypaHOBBIX CTEPKHEN, HIOMELIEHHBIX B BOJY, KOTOpast
Urpala pojib 3aMeIIUTEIIA.

Andriamonje S. et al. Phys. Lett. B. 1995. V.348. P.697

OkcnepumeHT TARC

Kanan T7 Ha nyuke npotoHoB yckoputesis PS/CERN cBuHI0Bast MumeHb D330x300 cM, uMiyibe mydka npotoHos 2.5 u 3.5 I'B/c

The TARC Collaboration The TARC Experiment (PS211) CERN 99-11. 1999



I"B. Kucenes, HayanbHuK peaktopHoro otaena (1982-1997 rr.) NHU PP UT3®,
Hoknag Ha «CeMeHOBCKMX YTeHnAx» (anpens 2014 r.)

30 uroHa 1947 r. oupektop WHctutyta xummuyeckoinr guamkm AH CCCP akapemuk H.H.Cemeros Hanpasun W.B.CtanuHy
NUCbMO C OMUCAHWEM WMIEM 3aLUNTLI OT aTOMHbIX 60MB, KOTOPOE NPUBOANTCS HIXKE

— Fny6okoyBaxaembin Mocudh BuccapnoHosuy,

MHe KaxeTcs, YTO HaxoxaeHue cneumduyeckoin n apdeKTUBHON 3alLMTbl OT aTOMHbIX 6oMO siBnsieTcs npobnemoit easa
N1 He Bonee BaXHOW, Yem npobrema M3roToBMNeHMst aTOMHbIX HOMO.

Mexay Tem npobnema aTa He TOMbKO He NOCTaBneHa nepes COBETCKUMW YYEHBIMU, HO M HaLUW yYeHble, Aa, BUOUMO, U
BOMbLUMHCTBO 3arpaHNYHbIX YYEHbIX CYUATAKOT, YTO 3PdekTMBHOrO Metoda 6opbbbl ¢ aTOMHbIMKM GOMBaMM MPUHLMNMANEHO
CYLLeCTBOBaTb HE MOXET. [...]

Ye 0Komo nonyrofa s pasMblLLUs0 Hag BONPOCOM BO3MOXHbIX NyTeN CO34aHWS NPOTUBOATOMHOM 3awmThl. MHe cTan siceH
NPWHLMI, KOTOPbIN HAZOo NOMOXMTL B OCHOBY. CornacHo nogcyetam 3enbhoBuya, Ans NpakTUieckn NosHOM SIMKBMAALIMM B3pbIBa
[0CTaTOYHO, YTOBLI 2—3 MUNIMOHA HEMTPOHOB MOMasu B aKTUBHOE BeLLecTBO BOMObI B TeYeHne 1—2 cekyHp ee nafeHus Ha
Lernb. WTak, 3agava cBenach K CO3A4aHNi0 Ha3eMHOrO UCTOYHMKA HEMTPOHOB COOTBETCTBYIOLLEN MOLLHOCTW. Bbinn NnpogymaHb!
HECKOMbKO BapUaHTOB, U3 KOTOPbIX OAMH HAMEYaeT, N0 MOEMY MHEHUIO, MPaBUIbHbIN W NEPCTEKTUBHDINA NYTb PELLEHUS
npobnemsl.

OH OCHOBaH Ha TOM, YTO, COrNacHO BeCbMa JOCTOBEPHLIM NOACHETAM, MPOTOHbI C 3Heprien 1 Munnmapg BonbT MOryT B BUAE
HanpaBfIEHHOro Nyyka PacrnpoCTPaHATLCSA B BO3AYXE HA 3 KUIIOMETPa, a C dHeprien 2,7 munnnapaa — Ha pacctosiHue 10
kunomeTpos. [Nonagas B Teno 6omM6bI, NPOTOHLI 04EHL BOSBLION SHEPrM, HECOMHEHHO, ByayT BbIGMBATL HEATPOHDLI U3 SAep U
Np¥ 4OCTaTOYHON MHTEHCUMBHOCTM NOTOKA NMUKBUOMPYIOT BO3MOXHOCTb B3pbIBa.

7 nogenuncs csoummn coobpaxeHnsmm ¢ A.M.JTeinyHCKUM 1 NocTaBui Nepes HAM BOMPOC, HEMb3s N AN reHepauumn npoToHOB
MCMONb30BaThb HOBbIV MPUHLM YCKOPUTENS, HEAABHO UM BbIABUHYTLIN. JlernyHckuin ogobpun mon nnaH. MpeasaputenbHble
NOACYETbI, UM COENaHHbIE N0 MOEN Npocbbe, Nokasarnu, YTo HYXHbIA ANs HaWWX Lienei NOTOK NPOTOHOB NONYYKUTb XOTS U TPYAHO,
HO He NPeACTaBNAETCS HEBO3MOXHBIM. [...]

[Mpowwy Bac, Mocnd BuccaproHosmy, ans 6onee nogpobHOro coo6LLEHMS SIMYHO NPUHATL MEHS 1 T. JIeNnyHCKOro unu, ecnu Beol
HangeTe 370 HelenecoobpasHbIM, TO NOPYYUTb NOFOBOPUTL C HAMU NNYHO T. bepus.

H. CemeHos, 30 uoHst 1947 roga.



Phasotron and medical applications

Synchrocyclotron “Phasotron”

. The First Accelerator in Dubna
Constructed in frames of the Soviet Atomic Project,

commissioned in December 1949,
still in operation after a series of modernizations
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Quintatarget at extracted Nuclotron beam (LHEP JINR)




The “Quinta” target with the lead reflector
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Power gain as a function of energy (in units of fission numbers perl deuteron and per
1 GeV). Runs 2012-2015.
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neutrons/proton/GeV

Energy Gain, GeV/GeV
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Calculation of optimal energy for the
primary proton beam and the quasi-infinite
target “BURAN" (V.S.Pronskikh, et al.,
«Energy production demonstrator for
Megawatt proton beams», Fermilab-Conf-
14-177-APC-TD. June 2014) indicates that
the optimal primary beam energy for ADS
systems is about 2-3 GeV.

KBa3nbeckoHe4yHas ypaHOBasi MULLEHb CO CMEHHOM
LeHTpanbHoON 30HoN «BypaH» («Buran»)

[podonbHoe ceyeHue MULEHU C yCMaHO8MeHHO
UeHmparnbHoli 30HOU U OeMeKMOpPHLIMU 30HOaMU Bud cnepedu (co cmopokbi ny4ka)

[eTekTOpHbIE
30HABI

Bud c3adu

Lleu'rpanhuan 30Ha
(U, Th, Pb)

OkHO BBOAA ~ 2
nyuka
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Basic goals of experiments with the
"Quinta" target

. Determination of the energy spectrum of the neutrons generated in
the uranium target with a beam of relativistic particles, comparison of
the experimental data with calculations based on different methods.

. Determination of the spatial distribution of neutron leakage, its
dependence on the energy of incident particles.

. Measuring the energy yield from deeply subcritical assembly, its
dependence on the energy of incident particles.

. Study of transmutation of minor actinides by neutrons generated in
deeply subcritical assembly.

. Optimization of beam parameters for ADS.



Neutron energy spectra in a common nuclear reactor and Qunita
irradiated by 0.66 GeV proton beam
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Fluence, cm®p™
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QUINTA target with Deuteron&Carbon beams 2AGeV
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Proton and ion (deuterons, tritium nuclei, ’Li, °Be, B,
12C,14N2°Ne, #*Mg, 32S, and 4°Ca) interaction with the quasi-
Infinite target was simulated using GEANT4.

In all calculations the cylindrical target from natural
uranium with a length of 160 cm and a radius of 60 cm was
considered.

The simulation was performed for beam energies from 0.3 to 10
GeV/nucleon. The parameterizations based on experimental data
ENDF (Evaluated Nuclear Data File) were used for simulation of
the well known neutron spectrum region below 20 MeV. Special
attention was paid to simulation of inelastic hadron interactions.
For particles with an energy above 50 MeV three cascade models
were used: Bertini cascade, Liege cascade u binary cascade (BC).
The BC model was used for comparative analysis of ion beams
with mass numbers up to 40.



Neutrons, particle™

Results of simulation of (a) the total number of produced neutrons
and (b) number of fissions of natural uranium normalized to one
beam ion for different mass numbers of the beam ions and the set
of energies in a range of 0.3-10 GeV/nucleon.
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Fissions, particle
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Integral energy release per one beam ion as a function of mass number of the
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Relative contribution of the energy released in the target in the uranium
fission reaction as a function of kinetic energy per nucleon
of the incident ion

(Efis=N*190MeV)
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Energy spent for magnetic field maintenance in the synchrotron

E pen=AP/Z,

where Z 1s the charge and A is the mass number,
P is the momentum of the accelerated ion.

Spent~(AP/Z)2.

For a linear accelerator Espent~AE /Z,
E, isthe Kinetic energy per nucleon of accelerated ion.

For an isochronous cyclotron E

Relative efficiency E'r
forion 2, as compared to ion 1, for different types of accelerators:

Edepz EEpEﬂtl

Ep =
Edepl EEpentz
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Relative (with respect to 1 GeV protons)
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Let-us-estimate-the-influence-of-beam-intensity-on-energy-consumption.
For-beam-intensities-above-10'-the-energy-spent-on-the -beam-acceleration-cannot-be neglected.
Etot = Espent +1-4 EkT
where- I- is- the- beam- intensity,- 4- is- the- 1on- mass- number, - E;- is- the- required- ion- kinetic- energy- per-nucleon. - The-parameter-n- characterizes- the-
acceleration-efficiency-(accelerator-efficiency):q
["A-E, =n"Et0e

- Weconsiderthe relative efficiency of-lightion-acceleration forthree fypes of-accelerators -with respect-to-protons -with-the kinetic-energy-E,=1-
GeV-and-equal-intensities-(number-of-ions-in-the -beam)-and-efficiency-for-the proton-beam-1p=0.1.-

+ Fora-synchrotron the energy spenton-acceleration of-a-beamof particles with the -charge Z -the mass number4, the required-energy per-nucleon-
E, -and-the-intensity-J-is-written-as:q
T
T

E 1p1l-
Em(Z,A,E,I):A-I-EO[—+—£ n"]
Eo Zpo Mo
where p-and-p,-are-the ion-and-proton-momenta, respectively.§
The relative-efficiency-for-a-synchrotron-is:q
1

Edep
Z,AE) = e
& ( ) Faepo Aot 20 q

Zpo
T 0 0 .
The relative-efficiency-for-a-cyclotron-is|
. T
1
e.(Z,AE) =% o
Edepa A[%E_‘}-I_H]

and-for-a-linear-accelerator,

&(Z,AE) = Paep ZBo e
e Egepo AEngZ+1-1g]

e (TN
1

Here,E,, -and--E,,; -is-the -energy-depositedin-the target-for-ions -and-protons, respectively.{

T
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The efficiency of 0.5-4 GeV proton and 0.25-1AGeV light ion
(“Li, °Be, !B, and !?C) beams for energy production in a large
subcritical enriched U target is analyzed using Geant4. The
possibility of increasing the energy deposited in the target
irradiated by ion beams with an energy below 0.5 AGeV by
using a converter from low Z materials is analyzed. It is shown
that 0.3—-0.4 AGeV light ion beams are advantageous for ADS
from the point of view of energy gain and accelerator size.



Beam and target parameters

0.5—-4 GeV proton and 0.25-1AGeV light ion (’Li, °Be, !B,
and 12C) beams;

subcritical enriched U target (criticality factor (k. = 0.96);
target radius up to 100 cm, target length up to 200 cm;

target design with the so called “converter” from low-Z
material.

Reference parameters: European Spallation Source (ESS)
project [https://europeanspallationsource.se].

In the ESS project, it is planned to accelerate protons to a final
energy of 2.5 GeV, with a beam power of 5 MW, which
correspond to a beam intensity of 1.25-10'® protons/s. The
total power consumption is estimated as ~30 MW.
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Neutron yield in the target

Converte |Converter Total Yield of | Deposited

neutron neutrons with|energy,
material {cm yield, E>100 MeV,
particle! particle!

34.39 1.492 2.394
15.18 4.022 5.064
8.15 3.249 3.065
10.15 2.823 2.781

14.51 2.116 1.929




Neutron fluence in the target
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Energy deposition in the target with Be
and C converters
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Energy deposited by 0.5 AGeV ’Li beam as a function of converter length in
enriched U target for Be and C converters.



Power production by p, “Li, °Be, 1B,
and ?C beams in the target with Be
and C converters
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Further numerical studies

Comparative simulations and verification of models
and codes for BURAN (the large U target) are under
way at JINR.

Integrated simulations including nuclear and thermal
processes in the large U target are planned in
collaboration of JINR (Dubna) and JIHT RAS (Moscow).

Measurements of neutron and temperature fields in
the upcoming experiment with BURAN.

The complex of experimental and numerical data
provide valuable information for validation of the
existing codes and data bases, which is essential for
ADS development.



Conclusions

The ADS-optimal energy depends on the accelerator type and the type of
accelerated ions.

The optimal proton energy for a synchrotron is ~3 GeV, for a Linac, ~1-1.5 GeV,
and for a cyclotron, ~1 GeV.

It was demonstrated that for light nuclei, beginning with ’Li, with energies > 1
GeV/nucleon, ion beams are considerably (several times) more efficient than a
proton beam with an energy of 1-3 GeV.

The optimal accelerator energy for carbon is 2 GeV/nucleon, while for °Ca ions, 4
GeV/nucleon.

The possibility of achieving energy release in a quasi-infinite uranium target
equivalent to that of 1 GeV protons with higher efficiency (and twice as small
accelerator size!) in the case of acceleration of light ions was demonstrated.

It was shown that “Li beam with an energy of 0.5 GeV/nucleon is equivalent to
proton beam with an energy of 2 GeV/nucleon, which allows one to obtain the
same energy production with the same or higher efficiency using “Li beams and an
accelerator with twice as small size. This is especially topical for the accelerator of
an ADS fast reactor.

The experimental studies on irradiation of "Quinta" uranium target at extracted
carbon beams of Nuclotron demonstrated the promising character of this research;
the future experimental studies with proton and light ion beams up to 4°Ca in an
energy range of 0.5-4 GeV/nucleon are anticipated.
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Kr 2,5 GeV/n
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