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Doppler Reactivity and Nuclear Data
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Fast breeder reactor calculationFast breeder reactor calculation

• Complicated inhomogeneous structure
(pellet,  cladding tube, wrapper tube etc.)

Uncertainty in prediction:
group structure, burning chain, 3D effect…
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Fast breeder reactor and nuclear dataFast breeder reactor and nuclear data

• Energy spectrum of fast breeder reactor

1 MeV10 eV

Nuclear data in wide neutron energy  (102 eV ~ 106 eV) 
also could be a source of uncertainty in prediction

2.8 keV
(Self-shielding
by 23Na)
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Reactor core parametersReactor core parameters

• Criticality (keff)  (+/- 3%, 1σ)
• Sodium void reactivity worth (+/- 20%, 2σ)
• Doppler reactivity worth (+/- 14%, 2σ)
• …

Doppler reactivity is an important safety parameter in 
self-regulation characteristics of reactors.
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Criticality and reactivity worth (Definition)Criticality and reactivity worth (Definition)

• Criticality (keff):
ratio of 

# of incoming neutron per unit time  (e.g. fission neutron)
to

# of expended neutron per unit time  (e.g. fission, capture)
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keff =1 (critical), <1 (subcritical),  >1 (supercritical)
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Criticality and reactivity worth (Definition)Criticality and reactivity worth (Definition)

• Reactivity worth (ρ) - change of reactivity:
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Sensitivity for a Sample Doppler Sensitivity for a Sample Doppler 
Reactivity (ZPPRReactivity (ZPPR--9)9)

(* Sample material: Natural uranium dioxide, app. 1 kg)(* Sample material: Natural uranium dioxide, app. 1 kg)

(by M.Ishikawa)
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Covariance Evaluation of α-value
for Doppler Reactivity Uncertainty 

N. Otuka, A. Zukeran, H. Takano, G. Chiba, M. Ishikawa,
J.Nucl.Sci.Technol.Vol.45 No.3 (in press)
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Temperature dependence of cross sectionTemperature dependence of cross section

• Doppler broadening (single-level Breit-Wigner)
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JENDL-3.3 238U(n,γ) 239Ucross section

6.7 eV resonance

Broadening
(0K →300K)
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Example: Example: 238238U(n,U(n,γγ) ) 239239U @ 800 degU @ 800 deg--KK

Cross section

Self-shielding 
factor (f-factor)

Temperature 
gradient of

f-factor (α-value):
α=(1/f)(∂f/∂

T)

Self-shielding effect at resonance peaks

f=1 (no self-sheilding)

6.7 eV
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Example of f and Example of f and α (238U capture, ~1 keV)

f (1000 K)

f (300 K, Exp: Oigawa et al.)

α
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Error of reactivity worth and nuclear dataError of reactivity worth and nuclear data

• Doppler reactivity worth: ρ=ρ(σeff (T0),  f (T), α (T),…)
Error propagation

from temperature gradient α to Doppler reactivity worthρ
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Uncertainty in temperature gradientUncertainty in temperature gradient

• Error propagation from nuclear data to 
temperature gradient α
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ρijΔxi Δxj : covariance of resonance parameter (Er, Γn, Γγ, 
Γf)
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Covariance of resonance parameter
(U, Np, Pu)

Γ
JENDL-3.3238U

JENDL-3.3238Pu

JENDL-3.3, JEFF-3.1233U

JENDL-3.3, ENDF-B/VI242Pu
JENDL-3.3241Pu
JENDL-3.3, ENDF-B/VI240Pu
JENDL-3.3239Pu

JENDL-3.3237Np

JENDL-3.3235U

LibraryNuclide
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Flow of calculation to obtain Flow of calculation to obtain Δα (ERRORF)
recent
sigma

E1, Γ1
E2, Γ2,…

σ(Tlow)
σ(Thigh)

f (Tlow)
f (Thigh)

njoy

α =
(1/f)(Δf/ΔT)

E1, Γ1+δΓ1
E2, Γ2,…

α+Δα1

… repeat for all resonances (561 s-wave levels for 238U)

Si =
(xi /α)(Δα/Δxi)
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(ρijΔxi Δxj are from covariance in JENDL)

A new system “ERRORF”
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Sensitivity Sg
i =(Γn /α) (Δα / ΔΓn)

tail effect
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ΔΓn and ΔΓγ of 238U in JENDL-3.3

Γ
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Δαg/αg (in JFS 60 group structures)(in JFS 60 group structures)

Δαg/αg

Δfg/fg

ΔΓ/Γ

Sensitive to FBR 
Doppler reactivity

from variance

from variance + covariance

T=800K, σb=37 barn
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Sensitive to FBR 
Doppler reactivity

Δαg/αg

varvar+cov

Δαg/αg (in JFS 60 group structures)(in JFS 60 group structures)

T=800K, σb=37 barn
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Sensitive to FBR 
Doppler reactivity

Covariance of α (in JFS 60 group structures)(in JFS 60 group structures)

T=800K, σb=37 barn

tSVSA =
A: covariance of α
S: sensitivity
V: covariance of (E, Γ)
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Doppler Reactivity Uncertainty Evaluation 

(a 600 MWe-Class Sodium-Cooled FBR)
(from Ishikawa-san)
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Specification of a 600 MWeSpecification of a 600 MWe--class FBRclass FBR

A 600MWe-class FBR Core

Inner Core

Outer Core

SS Shield

B4C Shield

Primary CR

Backup CR

(Diameter(mm))

Total

Inner Core
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Axial Blanket

Axial Blanket

Thermal power : 
1,600MWt

Operating cycle: 365 days

Pu ratio (Inner/Outer core) : 
16.5/20.5 %

Pu composition (238/239 
/240/241/242) : 3/53/25/12/7

Burnup reactivity loss : 
2.5 %dk/kk’/cycle

Doppler Coefficient 
(BOEC) : -8.0E-3 Tdk/dT

Sodium void reactivity 
(whole core, BOEC): 4.6 $

Prompt neutron lifetime 
(BOEC) : 0.41 micro-sec

Beta effective (BOEC) : 
3.8E-3



JAEA Nuclear Data Centre

Sensitivity of Doppler Reactivity of a Sensitivity of Doppler Reactivity of a 
600MWe600MWe--class FBRclass FBR

-0.30

-0.20

-0.10

0.00

0.10

0.20

0.30

Neutron Energy [ev]

S
e
n
s
i
t
i
v
i
t
y
 
 
C
o
e
f
f
i
c
i
e
n
t

df/dT of U-238 capture

σ∞ of U-238 capture

σ∞ of Pu-239 fission

σ∞ of Oxygen elastic

Doppler ractivity
(normal operation temp.→

+500 delta-K)

(600MWe-FBR: Whole Core Region)
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Result of uncertainty in Doppler reactivityResult of uncertainty in Doppler reactivity

0 0.5 1 1.5 2 2.5 3 3.5 4

Pu-239  χ

O-16  Elastic

Na-23  Elastic

Fe(Nat.)  Inelastic

U-238  Inelastic

Pu-239  Capture

Pu-239  Fission

U-238   β

Pu-239  β

Pu-240  β

Pu-241  β

U-238 Capture F-grad. 

Total
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ΔR/R ( % )

No. Nuclide and Reaction ΔR/R ( % ) Contribution ( % )

1 Pu-239  χ 1.06 9.7
2 C-12  Capture 0 0.0
3 O-16  Elastic 0.56 2.7
4 O-16  Inelastic 0.01 0.0
5 O-16  μ 0.02 0.0
6 Na-23  Capture 0.26 0.6
7 Na-23  Elastic 0.63 3.4
8 Na-23  Inelastic 0.07 0.0
9 Na-23  μ 0.03 0.0
10 Cr(Nat.)  μ 0.01 0.0
11 Fe(Nat.)  Capture 0.14 0.2
12 Fe(Nat.)  Elastic 0.34 1.0
13 Fe(Nat.)  Inelastic 0.57 2.8
14 Fe(Nat.)  μ 0.05 0.0
15 Ni(Nat.)  μ 0.01 0.0
16 U-235  Capture 0.03 0.0
17 U-235  Fission 0.05 0.0
18 U-235  ν 0.01 0.0
19 U-235  Inelastic 0.01 0.0
20 U-238  Capture 0.24 0.5
21 U-238  Fission 0.11 0.1
22 U-238  ν 0.14 0.2
23 U-238  Elastic 0.11 0.1
24 U-238  Inelastic 1.15 11.4
25 U-238  μ 0.01 0.0
26 Pu-239  Capture 0.70 4.2
27 Pu-239  Fission 1.84 29.3
28 Pu-239  ν 0.15 0.2
29 Pu-239  Inelastic 0.27 0.6
30 Pu-239  μ 0 0.0
31 Pu-240  Capture 0.13 0.1
32 Pu-240  Fission 0.22 0.4
33 Pu-240  ν 0.14 0.2
34 Pu-241  Capture 0.08 0.1
35 Pu-241  Fission 0.26 0.6
36 Pu-241  ν 0.02 0.0
37 U-235  χ 0.02 0.0
38 FP(Pu-239)  Capture 0 0.0
39 U-235   β 0.04 0.0
40 U-238   β 1.00 8.7
41 Pu-239  β 0.74 4.7
42 Pu-240  β 0.35 1.1
43 Pu-241  β 1.36 16.0
44 Pu-242  β 0.23 0.5
45 U-238 Capture F-grad. 0.23 0.5

Total 3.40 100.0

(a 600 MWe FBR, 500 delta-K)
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C/E Values of Doppler Reactivity C/E Values of Doppler Reactivity 
MeasurementMeasurement

ZPPRZPPR--9 9 

Small Sample Small Sample 
Doppler ExperimentDoppler Experiment

WholeWhole--core core 
Doppler ExperimentDoppler Experiment

FCAFCA--XVIIXVII SEFORSEFOR
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Conclusion
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ConclusionConclusion

• “ERRORF” code is now available:
To evaluate covariance of temperature  
gradient of self-shielding factor (α)

• Covariance of temperature gradient was 
obtained for 238U neutron capture in the 
JFS-60 group structure. 

• Contribution of uncertainty of temperature 
gradient of self-shielding factor to a 600 
MWe FBR is about 0.23% (total:3.5%) 


