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Megawatt Range Fusion Neutron Source
for Technology and Research

Give us a neutron source, and we’ll change the world! 
(Experts’ opinion)



OUTLINE

• Applications of powerful Neutron Sources (NS)

• NS State of the Art

• Demands and reachable NS parameters

• Classical and spherical tokamaks as Fusion NS(FNS)

• Coupling of FNS and active core in hybrid reactors 

• Conclusions
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Neutron Technology and Fusion = Femtotechnology

Two devices useful for potential applications of neu trons

I Hybrid reactors
- external neutron source
- sub-critical active core
- coupling of NS and active core
- fuel cycle

(Main topic of this Workshop)
see also B.V Kuteev and V.I. Khripunov (VANT, Fusion,  No. 1, 2009, in Russian)

II  Neutron sources for technology and research

- general physics
- nano- and biotechnology
- material science
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In this presentation we talk about research neutron  
sources and hybrids based on tokamak concept



Neutron applications

Numerous applications of fusion neutrons had been 
evaluated earlier by DOE-FESAC, ARIES etc.

Both research sources and hybrids are needed
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• Hydrogen fuels

• Transmutation

• Electric power

• Process heat

• Detection

• Radioisotopes

• Desalination

• Radiotherapy

• Activation analysis

• Radiography

• Tritium production

• Fission fuel breeding

ARIES Neutron Application Rating
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NS type Facility Power, ss(peak) Rate,ss(peak) Power, ss(peak)

MW(deposited) 1017 n/s MW(neutron)

1. Fission reactors ILL (Grenoble) 56 10 1.5

PIK              (Gatchina)       100 20 3
IBR-2 (Dubna) 2(1500) 0.6(500) 0.03(25)

2. Accelerators SNS (Oak Ridge) 1(30000) 1(30000) 0.3(10000)

LACSCE (Los Alamos) 0.1(10000) 0.1(10000) 0.03(3000)

IFMIF 9 1 1
3. Tokamaks JET (Abingdon) DT 0(16) 0(60) 0(13)

JT-60SA(Naka)       DD 0.01(0.5) 0.01(2) 0(0.4)

ITER (Cadarache) DT 500 1800 400

4. Stellarators LHD  (Toki)      DD 20 0.01 0.002

5. Muon-catalysis 1 1.8 1.4
6. Z-pinch (Albuquerque)   DT 30 70 24

7. LIFE (lasers) (Livermore)      DT 1000 2100 800

Most powerful neutron sources in the world

• In near term, Fusion DT could be the most powerful NS
• Tokamaks have high potential for development
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All fusion communities have declared application claims

• Here we’ll focus on low power tokamaks in classical (CL) and spherical (ST) 
geometry as neutron sources for research purposes and for hybrid reactors

• With hybrid (U238) neutrons boosting, these sources may cover the 
range of neutron production rate 1015-1019 n/s                    

NS type Facility Pow er, SS Rate, SS Pow er, SS 

  M W (supplied)  1017 n/s M W (neutron)  

FNS  -  DT 15 18 4 Tokamaks 
 
CL   &   ST FNS  -  DD 15 0.2 0.15 

 



Currently, the most powerful research NS in Grenoble, France    
Fission based, with supreme instrumentation

3 �
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The most intense 
spallation neutron 
source 

Oak Ridge, USA

1 GeV protons, 1 MW(SS), 1017 n/s
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Q – wave vector difference, E – energy of neutron

TokamakFNShas similar or better features for many applications
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Like reactor

Like reactor

Deceleration 
spectrum

Like both

14 MeV

~40 MeV
(1 fus. ®®®® 5 fiss.)

Tokamak FNS

+Tokamaks(R.Pynn, 2006)



Tokamak
FNS
(1019 n/s)

• Tokamak may 
become the 
leader among 
steady state NS 
in near future
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• Commercial neutron sources are readily available with fluxes up to 1013 n/s (e.g., 
AccSys Technology, Inc. model PL-11). 

• Low-power neutron sources, with fluxes up to 1014 n/s, such as the Low Energy 
Neutron Source (LENS) facility, (under construction at Indiana University), require
advances in accelerator technology and engineering, and a capital investment in 
the range of $10M to $30M, with operating costs ~ 10 to 15% of the capital cost. 

• Medium-power pulsed neutron sources (e.g., ISIS in the UK, and the Lujan Center 
in the USA), with fluxes up to 1016 n/s, require substantial infrastructure. Costs
associated with a medium-power facility are an order of magnitude more than that 
of a low power facility.

• Neutron is a very 
expensive product!

• Tokamak FNS 
makes neutrons 
cheaper

IAEA-TECDOC-1439



Overall view of PIK reactor in Gatchina, Russia, start 2009-2012

100 MW, ~1018 n/s  
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Schematic of PIK reactor (http://nrd.pnpi.spb.ru/facilities/menu_pik.html)

Water 
level

Core

D2O reflector vessel

He in         
D in         
He out

Central experimental channel

Hot source

Safety rod

Control rod

Cryogenic 
loop

Core
Experimental 
channel
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Tokamak JT-60SA, year 2014, 2� 1017 n/s DD-fusion source
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M. Matsukawa et al. FT/P7-5 FEC2006



Options for fusion-fission demonstration 
experiment with 100 MW total FF-power
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• Auxiliary heating and magnetic systems set the cost  of 
a demonstration experiment

Constrains:            Heating power < 15 MW 
Dissipation in TF magnet    < 10 MW

• Superconducting coils are possible for classical 
tokamaks A > 2.5 providing high magnetic fields ~6 T

• Copper coils with water cooling are simpler for 
spherical tokamaks

Power dissipation constrains limit TF in ST to 1.5 T 



• Optimal fusion energy and neutron production are 
realized at different plasma conditions:

Beam-plasma fusion rate has maximum at lower n tttt E ~1013 cm -3 s
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Beam-plasma interaction is a good source of 
neutrons
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Basic parameters
Fusion power D+T          5 MW

Fission power U238, Th232 145 MW

Fuel production (Pu, U) 85 kg/y

Tritium consumption 275 g/y

Electric power < 50 MW

Neutron energy 14 MeV

Neutron load (14 MeV) 0.1 MW/m2

Neutron production rate 1.8 1018 1/s

Major radius 2.34 m

Minor radius 0.75 m

Elongation 2

Classical tokamak FNS (W.M. Stacey-like, fast spectr um core)

Technologies to be demonstrated:

• Fusion-fission energy production

• Fission fuel production

• Transmutation 

• Tritium production

Milestones

Conceptual design 2009

Engineering design 2010

Prototype  2015

Demonstration 2025

Central 
colenoid

Toroidal field 
coils

Vacuum vessel

Fission blanket

Plasma

Cryostat

10 m

Poloidal field coils
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Spherical tokamak FNS with fast spectrum core

Technologies to be demonstrated:

• Fission fuel production

• Fusion-fission energy production

• Transmutations

• Tritium production

Milestones

Conceptual design 2009

Engineering design 2010

Prototype    2013

Reflector

Toroidal field 
coils

Vacuum vessel

Plasma

Basic parameters
Fusion power D+T          1 MW

Fission Power U238, Th232 100 MW

Fuel production (Pu, U) 60 kg/y

Tritium consumption 55 g/y

Electric power <30 MW

Neutron energy 14 MeV

Neutron load (14 MeV) 0.1 MW/m2

Neutron production rate 3.8 1017 1/s

Major radius 0.47 m

Minor radius 027 m

Elongation 3

5 m

Active core
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< 0.2100.8
B$Cost

0.10.560.05Average

MW/m 2Neutron load (14 MeV)
155215Additional heating

1 / 5.1183Cryogenics/Resistive 

14005Neutron source

100500150Total thermal power
MWPower

11~1000100First wall

Square metersSurface

1.35 �5.3 �6.8 �Magnetic field (center)

3 (Copper)402(Nb3Sn)31.2 (Nb3Sn)Toroidal coils

5.93 
(ring 0.74-1.34, 1.5)316.838.65Active core/blanket

01227133.61Shield

2110052.57Plasma chamber
Cubic metersVolumes

FNS-ST
Copper coilsITER

FNS-SC
superconductor

Basic parameters FNS-SC, FNS-ST and  ITER

Fusion-Fission Hybrids Workshop at the University of Maryland, USA, 9-11 March,  2009



131.32.2Greenwald density, 1020 m - 3

23.50.67Bootstrap current, MA

3.94.274.0Current drive, up to MA

7.42-2.91.1Beta normalized

1.140.70.69Beta poloidal

0.60.030.009Beta toroidal

0.043.40.47Confinement time IPB98, s

3.5334.8q95

0.50.40.5Triangularity

31.71.7Elongation

71610Temperature, keV

21.10.5Density, 10**20 m-3

3154Current, MA

FNS-ST
Copper coilsITER

FNS-SC
superconductor

Basic parameters FNS-SC, FNS-ST and  ITER
(contd.)
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Plasma equilibrium in FNT-ST, DINA simulations
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density shape 
factor = 2
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Neutron production rate in FNS-ST,  shape factor = 2

Fusion rate DD Fusion rate D:T =1:1
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• Benchmarking on JET and TFTR experiments gives 50% accuracy

PMxwl = 3.1x1015 n/s
PTail = 2.7x1015 n/s
PTotal = 5.7x1015 n/s

PMxwl = 2.9x1017 n/s
PTail = 1.7x1017 n/s
PTotal = 4.5x1017 n/s



Neutron production rate in FNS including beam plasm a 
interaction (no beam ion orbit losses)

• Source strength is higher than 5x1015 n/s (DD) and 3x1017 n/s (DT)

D beam
100 keV

FNS-SC
aV/D=0.5

FNS-SC
aV/D=2

FNS-ST
aV/D=0.5

FNS-ST
aV/D=2

100% D
(no T)

9.04x1015 s-1 9.25x1015 s-1 5.10x1015 s-1 5.73x1015 s-1

50% D 50% T 6.54x1017 s-1 6.73x1017 s-1 3.77x1017 s-1 4.51x1017 s-1

100% T 2.03x1018 s-1 1.63x1018 s-1 8.40x1017 s-1 6.32x1017 s-1
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Shape factor aV/D = 0.5 corresponds to a broader density profile



• Spherical two-component tokamak with water cooled copper coils
R = 0.5 m, � = 0.3 m, k = 2-3, dddd = 0.5-0.6 
magnetic field B > 1.35 � , plasma current < 3 ��

• Steady state NBI 100-150 keV, < 15 � W

• Beam-plasma fusion Qb = 0.5-0.8 (Jassby optimized)

• Fusion power D+T < 7.5 MW;     D+D < 0.1 MW

• Neutron production rate up to 2 ́́́́ 1018 n/s

• Total power consumption            < 30 MW

• Cost < $ 0.2B

• Operation life > 30 years

How the simplest FNS should look like?
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The first one is similar to

M.Kotschenreuther (2009)

1.5 m

1 21
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Options for NS and active core coupling

3



• The active core (keff = 0.95) is outside magnetic field
• Fission power is 91 � W with 5 MW Fusion source
• Changing the active core by natural Uranium blanket (0.7% 235U) reduces the power 
by a factor of 10 
• Depleted Uranium fuel (0.35% 235U) reduces the power by a factor of 25 

First evaluations of the neutronics for classical to kamak
are optimistic

Coils

Plasma – source of primary 
neutrons

Active core

�� reflector-multiplier

Lead reflector 
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Conclusions
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• Fusion neutron sources with power up to 10 MW 
(DT) and 0.1 MW (DD) will be in the range of most 
powerful contemporary steady state neutron sources

• Demands on neutron sources with neutron 
production rate of 10 16-1019 n/s from industry, basic 
and applied science are clearly seen and indicate th at 
neutrons themselves may be the final product of a 
fusion device 

• At neutron production rate higher than 10 18 n/s both 
fission reactors and accelerator spallation sources 
are close to their upper rate limits, while fusion 
sources have development perspectives



• It is realistic to build a MW range tokamak FNS usin g both 
classical (< $ 1B) and spherical (< $ 0.2B) approac hes within 
the next decade using developed fusion technologies

• Spherical tokamak approach, being more risky, may tu rn 
out simpler and cheaper if the problems of fast ion  
confinement are solved and the magnetic field is in creased 
over 1.35 T

• ST approach may be recommended for research FNS and  
hybrid demonstration experiments (MW hybrid on DD!?)

• Superpower neutron sources with rates of 10 20 n/s (ITER 
level) will have a very strong influence on the glo bal energy 
production (see LLNL LIFE project) as well as on th e basic 
science and innovation technologies

Conclusions (contd.)
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“LIFE could meet U.S. electricity needs from two nuclear 
waste streams: spent nuclear fuel (SNF) and depleted uranium 
(DU). The nation currently has about 53,000 metric tons (MT) 
of SNF and about 550,000 MT of DU. In the LIFE base 
scenario, the waste generated by LWRs and and ALWRs 
grows to about 120,000 MT of SNF and 1 million MT of DU by 
about 2030.” (https://www.llnl.gov/)

LLNL forecast assuming 
appearance of 

1020 n/s neutron source

predicts total changing 
the existing power 
engineering
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MW power tokamak FNS is a necessary step towards the future
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Let us make 1023 fusion neutronsper year                         
working for Kurchatov’s challenge to get “one gram per day” !



Plasma major radius                        2.96 m
Plasma minor radius (vertical)        2.10 m
Plasma minor radius (horizontal)   1.25 m
ne central                                         0.4x1020 m-3

Ti central                                         20 keV

JET
C. Gormezano
High performance tokamak operation regimes
Plasma Phys. Control. Fusion, 41 (1999), B367–B380

Plasma major radius                        2.60 m
Plasma minor radius (vertical)        0.90 m
Plasma minor radius (horizontal) 0.90 m
ne central                                         0.8x1020 m-3

Ti central                                         30 keV

TFTR
R.J. Hawryluk et al.
Fusion plasma experiments on TFTR: A 20 year retrospective
Phys. Plasmas, 5 (1998), 1577

Benchmarking on experiments gives 50% accuracy

Simulated P(DD) = 6.1x1016 s-1

P(DT) = 4.3x1018 s-1

(Simulated 12 MW DT fusion power)

20 MW NBI 140 keV

30 MW NBI 120 keV

Experimental P(DD) = 4x1016 s-1

Experimental 9-10 MW DT fusion power
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Plasma major radius                        3.01 m
Plasma minor radius (vertical)        2.00 m
Plasma minor radius (horizontal)   1.14 m
ne central                                         1.0x1020 m-3

Ti central                                         10 keV

JT60-SA
M. Matsukawa et al.
(FT/P7-5) Engineering Feature in the Design of JT-60SA
21st IAEA Fusion Energy Conference, Chengdu, China, Oct. 2006

Plasma major radius                        6.20 m
Plasma minor radius (vertical)        3.40 m
Plasma minor radius (horizontal)   2.00 m
ne central                                         1.0x1020 m-3

Ti central                                         20 keV

ITER
M. Shimada et al., eds.
Progress in the ITER Physics Basis
Nucl. Fusion, 47 (2007), S1–S17

Design forecasts are more optimistic than our simulations

Simulated P(DD) = 1.3x1017 s-1

P(DT) = 1.4x1020 s-1

(Simulated 400 MW DT fusion power)

34 MW NBI 150 keV

(Maxwell-Maxwell)

Design P(DD) = 2x1017 s-1

Design 500 MW DT fusion power
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