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A.I. Akhiezer

I.Ya. Pomeranchuk 2001 2001 -- ITEP MoscowITEP Moscow

A.I. Akhiezer and I.Ya. Pomeranchuk “Introduction to the 
Theory of Neutron Multiplication Systems (Reactors)”, 1946

It was the fist monograph on reactor theory in the world !
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Lev Feoktistov (USSR, 1988):

Nuclear Burning Wave
L.P. Feoktistov. Preprint IAE-4605/4, 1988.
L.P. Feoktistov. Sov. Phys. Doklady, 34 (1989) 1071.
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Edward Teller (USA, 1997):        Traveling Wave Reactor Monte Carlo simulation

E.Teller. Preprint UCRL-JC-129547, LLNL,1997. Th-U fuel cycle
Hiroshi Sekimoto (Japan, 2001): CANDLE Deterministic approach

H.Sekimoto et al., Nucl. Sci. Eng., 139 (2001) 306. U-Pu fuel cycle, Stationary problem: x = z + Vt

238U (n,)  239U ()  239Np ()  239Pu (n,fission) ...
T1/2  2.35 days
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Goldin & Anistratov (USSR, 1992):  Nuclear Burning Wave Deterministic approach
V. Goldin, D. Anistratov. Preprint IMM RAS # 43, 1992. U-Pu fuel cycle         1d non-stationary problem



Edward Teller:  Nuclear Energy for the Third Millennium
Preprint UCRL-JC-129547, LLNL, 1997. - Th-U fuel cycle



Edward Teller (LLNL, USA) 1997:    Traveling Wave Reactor
E.Teller, 1997. Nuclear Energy for the Third Millennium. Preprint UCRL-JC-129547, LLNL.
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fresh fuel

burning 
regionCANDLE

Constant Axial Shape of Neutron Flux, 
Nuclide Densities and Power Shape 
During Life of Energy Production

where
・Solid fuels are fixed in the reactor core. 
(same as the conventional reactors)
・No burnup control mechanism 
(such as control rod, movable reflector)



Nuclide Number Densities along Core Axial 
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1.E+19

1.E+20

1.E+21

1.E+22

1.E+23

0 200 400 600 800

Axial position (cm)

Nu
cli

de
 nu

mb
er

 de
ns

itie
s (

cm
-3

) U-238

U-235

Pu-239

Pu-240

Pu-241

FP

1.E+19

1.E+20

1.E+21

1.E+22

1.E+23

0 200 400 600 800

Axial position (cm)

Nu
cli

de
 nu

mb
er

 de
ns

itie
s (

cm
-3

) U-238

U-235

Pu-239

Pu-240

Pu-241

FP



Nuclide Number Densities along Burnup
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Actinides nuclides chain

235U 236U 237U 238U

239Np

238Pu 239Pu 240Pu 241Pu 242Pu

241Am

242mAm
243Am

242gAm

242Cm 243Cm 244Cm 245Cm 246Cm

237Np

IT

β-decay

EC

(n,γ)(n,2n)

αdecay



FP nuclides chain (part 1)

(n, γ )

β
-decay

fission
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131 Xe

133 Cs

129 I 131 I 135 I
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105 Pd
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FP nuclides chain (part 2)
139 La

141 Ce

141 Pr

143 Nd
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147 Sm
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154 Gd
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Power density distributions in natural uranium fueled 
reactor



Reactor characteristics change for 
different fuel volume fractions

Fuel volume fraction 40% 50% 60%

Effective neutron multiplication factor 0.989 1.015 1.035

Speed of burning region shift (cm/year) 4.8 3.8 3.2

Average burnup of spent fuel (GWd/t) 427 426 427



Outline:Outline:

• Historical introduction
• Nuclear Burning Wave concept
• Mathematical approaches & calculation results
• U-Pu, Th-U & mixed Th-U-Pu fuel cycles
• Stability study of the NBW mode: specific mechanism 

of negative reactivity feedback (intrinsic safety)
• Transient processes study: smooth startup, forced 

shutdown and restart of the NBW Reactor
• Power control by radial reflector efficiency
• Main features of the NBW reactor & unsolved problems



1992 V.Goldin, D. Anistratov (Moscow Institute of Applied Mathemetics)
V. Goldin, D. Anistratov,. Preprint IAM, # 43, 1992; Mathematical Modelling, 7 (1995) 12.
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Dynamics of the FR nuclear composition
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The numeration of the nuclei in the U–Pu transformation chain  

N 1 2 3 4 5 6 7 8 9 10 
Nucleus 238U 239U 239Np 239Pu 240Pu 241Pu 242Pu 243Am 241Am FP 
 



Goldin’s Solution for NBW in Fast Reactor
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Corrected Goldin’s Solution for NBW in Fast Reactor
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(a) scalar neutron flux  (1016 cm-2 s-1);             (b) power density (kW cm-3);  
(b) (c) concentration of 239Pu (1021 cm-3);        (d) depth of fuel burn-up (%)  
for 1 1t , 2 80t  , 3 100t  , 4 140t   and 5 170t  days.    (0 x  300 cm): 

 

Nuclear burning wave in FRNuclear burning wave in FR
S. Fomin et al.,  Annals of Nuclear Energy, 32 (20052005) 1435-1456.



Nuclear burning wave in cylindrical FR (buckling concept) 
S.P. Fomin, et al. Progress in Nuclear Energy, 50 (2008) 163 - 169.
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Results for the Results for the 5m length and 110 cm radius 5m length and 110 cm radius cylindrical FRcylindrical FR
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(a) scalar neutron flux  (1016 cm-2 s-1);        (b) power density (kW cm-3);  
(c) concentration of 239Pu (1021 cm-3);        (d) depth of fuel burn-up (%)  
for t1 = 5, t2 = 100, t3 = 2000, t4 = 4000 and t5 = 5000 days. 

 

(a) scalar neutron flux  (1016 cm-2 s-1);   (b) power density (kW cm-3); 
(c) concentration of 239Pu (1021 cm-3);  (d) depth of fuel burn-up (%) 
for for t1 = 5, t2 = 100, t3 = 2000, t4 = 4000 and t5 = 5000 days.



Fuel burnFuel burn--up  (Uup  (U--PuPu fuel cycle)fuel cycle)

238U

239Pu

Fission
products



Nuclear burning wave in Nuclear burning wave in 5m length cylindrical 5m length cylindrical FRFR
for different reactor radius for different reactor radius RR

S. S. FominFomin et al.,  et al.,  PProgress in Nuclear Energy, 50 (2008) 163-169.
NBW velocity V , cm/day   Integral neutron flux ФI , ×1017cm-1s-1

R = 150 cm (red line) ;  120 cm (green line) ;  R = 110 cm (blue line)
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232232ThTh 233Th

233Pa

233233UU 234U 235U 236U 237U

T½ = 22.2 min

T½ = 27 days

237Np
T½ = 6.75 days

238238UU 239U

239Np

239239PuPu 240Pu 241Pu 242Pu 243Pu

T½ = 23.5 min

T½ = 2,35 days

243Am

T½ = 4.98 hours

241Am

T½ = 14,3 years

ThTh--U fuel cycleU fuel cycle

UU--PuPu fuel cyclefuel cycle

Nuclear fuel reproductionNuclear fuel reproduction



Dynamics of the FR nuclear composition 
 

The numeration of the nuclei in the Th – U  transformation chain 

l 1 2 3 4 5 6 7 8 9 10 

Nucleus 232Th 233Th 233Pa 233U 234U 235U 236U 237U 237Np FP 

 

1
1 1a

N N
t


  

  
10

1,3 7,9
fl l

l

N N
t


 


 

   

   ( 1) ( 1) ( 1)
l

al l l c l l l
N N N
t

    


       

 ,     ( 2 9)l    

al cl fl    ,  1/ 2ln 2 / l
l T  , 0( , 0) ( )l lN z t N z   

 
 

Equations of nuclear kinetics for the precursor nuclei of delayed neutrons  
(approximation of one equivalent group of delayed neutrons)  
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l = 1, 3÷7, 9 – the fissile nucleus number.   



Nuclear Burning Wave in Pure Th-U medium
Cylindrical reactor:   R=350 cm,  L= 500 cm (Lig= 127 сm)

Scalar neutron flux Ф, 1017 cm-2s-1 ;      Uranium concentration N U , 1021 cm -3 

z, cm

Black – 233U

Red – total U

jjexex~~10101122 cmcm--22 ss--11

ttoffoff=365 days=365 days



No Wave in Th-U medium with 10% CM (Fe),  20% Coolant (He)
Cylindrical reactor   R = 400 cm,  L = 500 cm (Lig= 247 сm).

Scalar neutron flux Ф, 1017 cm-2s-1 ; uranium concentration N U , 1021 cm-3.

Black – 233U

Red – total U

z, cm

jjexex~~10101122 cmcm--22 ss--11

ttoffoff=365 days.=365 days.



NBW reactor with mixed NBW reactor with mixed ThTh--UU--PuPu fuelfuel
SS. . Fomin et al.,Fomin et al., ICAPP ICAPP 20102010 (San Diego, USA)(San Diego, USA) paper 10302.paper 10302.
SS. . Fomin et al.,Fomin et al., Progress in Nuclear Energy,Progress in Nuclear Energy, 52 52 ((20120111) 800) 800--805.805.

L z

r

R

L зап

Jext

Breeding zoneIgnition zone

238 U 50 %
238 U 
90 %

239 Pu
10 % 232Th 50 %

ExampleExample:      Metallic fuel :      Metallic fuel 232232Th (62%) + Th (62%) + 238238U (48%) volume fraction = 55%, U (48%) volume fraction = 55%, 
fuel porosity p = 0.35;fuel porosity p = 0.35; Coolant (Pb-Bi eutectic) vol. fracfrac. = 30%,. = 30%,

Constr. materials (Fe) vol. fracfrac. = 15%;   R = 390 cm. = 15%;   R = 390 cm



NBW reactor with mixed NBW reactor with mixed ThTh--UU--PuPu fuelfuel
ExampleExample:  Metallic fuel :  Metallic fuel 232232Th (62%) + Th (62%) + 238238U (48%) volume fraction = 55%, U (48%) volume fraction = 55%, fuel porosity p = 0.35fuel porosity p = 0.35;;
Coolant (Pb-Bi eutectic) vol. fracfrac. = 30%,. = 30%, Constr. materials (Fe) vol. fracfrac. = 15%;   R = 390 cm. = 15%;   R = 390 cm
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c)

FIG. 3. the axial distributions (z, cm) of the nbw
characteristics: (a) scalar neutron flux 
 (1015 cm-2 s-1); (b) concentration n (1021 cm-3) for 
239Pu (solid curves) and 233U (dots); (c) fuel burn-up 
depth b (%) for the fuel components 238U–Pu (solid 
curves) and 232Th (dots) for calculation variant 1 for 
time moments t1 = 4, t2 = 100 days, t3 = 10, t4 = 30, 
t5 = 45, t6 = 60 and t7 = 70 years.



Fuel burnFuel burn--upup for for ThTh--UU--PuPu cyclecycle
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Perturbation of integral neutron flux Fint (1022 cm/s) caused by an external neutron source 
via time t (days).  The source with intensity Qext = 21011 (cm-3 s-1) starts at t0 = 3650 days, 

lasts during 1 hour and is situated at 160 < z < 170 cm
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R = 230 cm

 ≈ 2.5 days

Stability of the NBW RegimeStability of the NBW Regime
S. Fomin et al.,S. Fomin et al., IC IC ““Fast ReactorsFast Reactors 20201313““ (Paris, France) (Paris, France) paper CNpaper CN--199199--457.457.



Evolution of the volume-averaged neutron flux Fav (1015 cм-2 с-1) and concentrations Nav (1017 cm-3)
of the main fissile and intermediate nuclides in the fuel of mixed Th-U-Pu cycle with time t (days) at 
the initial stage of the neutron flux perturbation t0 = 3650 days. The averaged nuclide concentrations: 
NNp is for 239Np, NPa = NPa - 53.1·1017 cm-3,                               is for 239Pu                            is for 233U.
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 ≈ 2.5 days

Stability of the NBW Regime: Negative Reactivity FeedbackNegative Reactivity Feedback
S. Fomin et al.,S. Fomin et al., IC IC ““Fast ReactorsFast Reactors 20201313““ (Paris, France) (Paris, France) paper CNpaper CN--199199--457.457.



Variation of the reactivity ρ (dollars) with time t (days) 
along the variation of the volume-averaged neutron flux Fav (1015 cм-2 с-1)
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Stability of the NBW Regime: Negative Reactivity FeedbackNegative Reactivity Feedback
S. Fomin et al.,S. Fomin et al., IC IC ““Fast ReactorsFast Reactors 20201313““ (Paris, France) (Paris, France) paper CNpaper CN--199199--457.457.
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Smooth Startup of the NBW Reactor
O. O. FominFomin et al.,et al., Journal of KNU,  #104, Journal of KNU,  #104, ««Nuclei, Particles, FieldsNuclei, Particles, Fields»», issue 2 /58/  , issue 2 /58/  ((20132013)) 49-56.
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Smooth Startup of the NBW Reactor
O. Fomin et al., Journal of KNU,  #104, «Nuclei, Particles, Fields», issue 2 /58/  (20132013) 49-56.
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Shutdown and Restart of the NBW ReactorShutdown and Restart of the NBW Reactor
S. Fomin et al., S. Fomin et al., IC IC ““Global Global 20201515”” (Paris, France)(Paris, France),, paper paper 5254.5254.
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NBW Reactor NBW Reactor : : R=117 cm,  L = 500 cm ,  R=117 cm,  L = 500 cm ,  ttoffoff = 950 days= 950 days
S. Fomin et al., Global 2009Global 2009 (Paris, France) (Paris, France) paper 9456
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Dependence of the NBW velocity Dependence of the NBW velocity VV on the reactor radius on the reactor radius RR

S. Fomin et al., Global 2009Global 2009 (Paris, France) (Paris, France) paper 9456
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2D  Non2D  Non--Stationary  Theory of  Nuclear Burning Wave:Stationary  Theory of  Nuclear Burning Wave:
The reflectorThe reflector effects studyeffects study

Radial reflector Pb-Bi

Breeding zone 238U

Ignition zone 238U + 239Pu (10%) S. Fomin et al. ANE 148 (2020) 107699.



NBW reactor power vs radial reflector thickness 

52Керування потужністю перспективного швидкого реактора, 
що працює в самопідтримному режимі хвилі ядерного горіння

Malovytsia M.S.,Malovytsia M.S., ““Power control of an advancedPower control of an advanced
fast reactor operating in a selffast reactor operating in a self--sustained Nuclearsustained Nuclear
Burning Wave modeBurning Wave mode””, PhD thesis, PhD thesis, , 3030 JuneJune 20220211, , 
KarazinKarazin KharkivKharkiv National UniversityNational University,, KharkivKharkiv,, UkraineUkraine..
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- negative feedback on reactivity - intrinsic safety (!!!)

- long-term (decades!!) operation without refueling and external control

- possibility of 232Th and 238U utilization as a fuel 

- fuel burn-up depth for both 238U and 232Th ≈ 50%  (one through cycle !)

- neutron flux in active zone ≈ 2·1015 n/сm2s

- neutron fluence during the whole reactor campaign ≈ 3·1024 n/сm2

- energy production density in active zone ≈ 200 W/сm3

- total power at the steady-state regime ≈ 1.2 GWt

- wave velocity at the steady-state regime ≈ 2 сm/year

- possibility of nuclear waste burn out (expected)

Main features of NBW reactor with mixed Main features of NBW reactor with mixed ThTh--UU--PuPu fuel cyclefuel cycle
Reactor composition (vol. frac.):
Fuel = 55%  (FTh = 62%,  p = 0.20), Coolant = 30%, CM = 15%, R = 215 cm
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Various nuclear concepts require low void swelling of structural materials 
at very high exposures (>200 dpa), high temperatures (7000C) and at super 
high levels of helium and hydrogen:
Fusion: Не – 300 appm/y, Н - 800 appm/y
ADS“ Spallation”: Не – 3500 appm/y, Н - 4000 appm/y
Due to high swelling of austenitic steels (life-limited by swelling to 150 dpa) 
the nuclear materials community has moved toward ferritic and 
ferritic/martensitic alloys.
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Austenitic alloys were irradiated 
with ions about 25 years ago, but 
were not published in the West.

F/M alloys were irradiated in KIPT 
during several years.

What was done in KIPT on swelling of steelsWhat was done in KIPT on swelling of steels



Dose dependence of swelling of 
three ferritic-martensitic steels
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Denuded zone effect in very narrow grains depresses the overall 
swelling somewhat.     (ODS (ODS -- Oxide dispersionOxide dispersion--strengthened)strengthened)






