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The accurate prediction of the decay heat is essential, especially for nuclear power plant6

safety purposes. However, it is known that the decay heat predicted by nuclear fuel bur-7

nup calculations is uncertain because of uncertainty of nuclear data employed in the8

calculations.9

If the decay heat uncertainty can be reduced, the safety margin of the predicted10

decay heat can also be reduced, and feasible design ranges of various types of equipments11

related to the decay heat can be extended. In the present study, we use the nuclear data12

adjustment method for the decay heat uncertainty reduction with several types of the13

experimental data. As a result, we clarify that the decay heat uncertainty with short and14

long-term cooling periods can be reduced by this method with appropriate experimental15

data.16
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1. Introduction19

The accurate prediction of the decay heat is essential, especially for nuclear power plant20

safety purposes, and the decay heat is predicted by nuclear fuel burn-up calculations. In21

the burn-up calculations, isotopic concentrations are calculated with time, and then the22

decay heat is evaluated from the isotopic concentrations at an arbitrary time. During23

the calculations, neutron transport and fuel depletion calculations are done alternately,24

and various nuclear data, such as neutron reaction cross sections, fission yields and decay25

constants of each nuclide, are used. Thus the accuracy of the predicted decay heat depends26

on the employed nuclear data largely. Actually, it is known that there is non-negligible27

nuclear data induced uncertainty in decay heat predicted by the burn-up calculations[1,2],28

so the design values of decay heat, which are used for engineering purposes, should include29

safety margin generally. If such a decay heat uncertainty can be reduced, the safety margin30

can also be reduced, and feasible design ranges of various types of equipments related to31

the decay heat can be extended.32

One of the major methods to reduce the nuclear data induced uncertainty is the33

nuclear data adjustment method[3]. This method has been mainly used for uncertainty34

reduction of neutronics parameters of fast neutron reactors. In this method, nuclear data35

are adjusted within a range of their own uncertainties to match calculation results with36

experimental data on integral quantities of nuclear reactors. With this process, the un-37

certainty of nuclear data can be reduced, so prediction of parameters which depend on38

the nuclear data can be performed with reduced uncertainty. In the present study, we39

apply the nuclear data adjustment method to the decay heat uncertainty reduction. We40

consider not only neutron reaction cross sections but also fission yields, decay constants41

and so on as the nuclear data to be adjusted. We employ fission pulse decay heat data and42

Post Irradiation Examination (PIE) data of nuclear fuel composition for the adjustment.43

If this method works well, we can reduce the decay heat uncertainty using the experi-44
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mental data. Since the decay heat measurement of the actual nuclear fuel is not easy, the45

proposed approach is considered effective.46

In the present study, first, we perform uncertainty propagation calculation from the47

nuclear data to the decay heat of spent nuclear fuels with short and long-term cooling48

periods, which are “target” decay heat whose uncertainties are attempted to be reduced. In49

this uncertainty propagation process, sensitivity coefficients of the decay heat with respect50

to the nuclear data are necessary, and these are calculated by a numerical procedure based51

on the generalized perturbation theory. Secondly, we perform the uncertainty propagation52

calculation from the nuclear data to the experimental data used for the nuclear data53

adjustment. Moreover, we calculate the correlation between the target decay heat and54

experimental data uncertainties. It is known that the stronger this correlation is, the55

more the uncertainty can be reduced with the nuclear data adjustment method. We can56

specify the effective experimental data for the adjustment method from this correlation57

information. Finally, we perform the nuclear data adjustment to reduce the uncertainty58

of the target decay heat using the experimental data.59

2. Theory60

In this section, we describe the theories of the generalized perturbation theory(GPT)-61

based burn-up sensitivity calculation in Subsection 2.1, the uncertainty propagation cal-62

culation in Subsection 2.2 and the nuclear data adjustment method in Subsection 2.3.63

2.1 GPT-based burn-up sensitivity calculation64

We consider a parameter R depending on a nuclear data σ. We define a relative65

sensitivity coefficient of R to σ, SR
σ , as66

SR
σ =

∂R

∂σ
·

σ

R
. (1)

3



J. Nucl. Sci. & Technol. Article

This sensitivity is numerically calculated with GPT[4]. In this subsection, we briefly ex-67

plain the theory of the burn-up sensitivity calculation based on GPT.68

Let us calculate a sensitivity of nuclide number densities to a nuclear data σ. The69

burn-up equation can be written as70

dn(t)

dt
= An(t), (2)

where n(t) is a nuclide number density vector at t and A is a burn-up matrix. The vector71

n(t) can be written as the following equation which is the analytic solution of Eq.(2);72

n (t) = exp (At)n (0) . (3)

If σ is perturbed as σ +∆σ, the burn-up equation for the perturbed system can be73

written as74

d (n+∆n)

dt
= (A+∆A) (n+∆n) , (4)

where time dependence of n and ∆n are omitted here. If we assume the term ∆A∆n is75

negligible, the difference between Eq.(4) and Eq.(2) is76

d∆n

dt
= ∆An+A∆n. (5)

The both sides of Eq.(5) are multiplied by a time-dependent weight function w(t);77

wT
d∆n

dt
= wT∆An+wTA∆n, (6)

where the superscript T means transpose of a matrix or a vector. Time dependence of78

w is also omitted here. Suppose that the considering period is from 0 to P seconds. We79

integrate the both sides of Eq.(6) over this time period as80

∫

P

0

wT
d∆n

dt
dt =

∫

P

0

wT∆Andt+

∫

P

0

wTA∆ndt. (7)

We define the function w(t) as81

ATw(t) = −

dw (t)

dt
. (8)

The function w(t) is called adjoint number density and is written as the following equation82
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which is the analytic solution of Eq.(8);83

w (t) = exp
(

AT (P − t)
)

w (P ) . (9)

During the period [0,P], Eq.(9) is calculated from the end of the period to the beginning84

as if it goes back in time.85

Using Eq.(8), the second term of the right hand side of Eq.(7) can be written as86

∫

P

0

wTA∆ndt =

∫

P

0

∆nTATwdt = −

∫

P

0

∆nT
dw (t)

dt
dt, (10)

and then Eq. (7) can be rewritten as87

∫

P

0

wT
d∆n

dt
dt =

∫

P

0

wT∆Andt−

∫

P

0

∆nT
dw (t)

dt
dt,

∫

P

0

wT
d∆n

dt
dt+

∫

P

0

∆nT
dw (t)

dt
dt =

∫

P

0

wT∆Andt,

∫

P

0

d

dt

(

wT∆n
)

dt =

∫

P

0

wT∆Andt,

w (P)T ∆n (P)−w (0)T ∆n (0) =

∫

P

0

wT∆Andt,

w (P)T ∆n (P) =

∫

P

0

wT∆Andt (∵ ∆n (0) = 0) . (11)

We define that w (P ) is ei, where the element which corresponds to the nuclide i is unity88

and all other elements are zero. With this final condition, Eq.(11) is transformed as89

∆ni (P) =

∫

P

0

wT∆Andt, (12)

where ni is the number density of the nuclide i, and a sensitivity of ni to σ can be written90

as91

dni

dσ
≈

∆ni

∆σ
=

∫

P

0
wT∆Andt

∆σ
. (13)

In the burn-up sensitivity calculations, the forward nuclide number density is calculated92

first, and then the adjoint number density is calculated starting with the final adjoint93

number density ei at the end of the considering period with direction going back in time.94

Once the forward and adjoint number densities are obtained, the sensitivity of the number95

density to any nuclear data can be calculated with Eq.(13).96
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The decay heat H is calculated as97

H =
∑

i

(Eiλini) , (14)

where Ei is total decay energy per a decay and λi is the decay constant of the nuclide98

i. In the case of decay heat sensitivity calculations, we should consider both the direct99

effect through the decay constant or decay energy change and the indirect effect through100

the number density change to the decay heat. The sensitivity of H to Ej is written as101

SH
Ej

=
dH

dEj

·

Ej

H
=

Ejλjnj

H
. (15)

According to Eq.(15), it suffices to consider only the direct effect for the sensitivity to102

the decay energy because n does not depend on the decay energy. On the other hand,103

the indirect effect should be taken into account when one calculates sensitivity of H to λ104

because n depends on λ. The sensitivity of H to λj is written as105

SH
λj

=
dH

dλj

·

λj

H
=

Ejλjnj

H
+
∑

k

(

∂H

∂nk

·

∂nk

∂λj

)

·

λj

H
=

Ejλjnj

H
+

{

∑

k

(Ekλk)
∂nk

∂λj

}

λj

H
. (16)

The second term on the right hand side of Eq.(16) is called the indirect sensitivity term106

which is calculated by using GPT. In such a case, the final condition of adjoint number107

density is not ei, but the product of the decay constant and the decay energy for every108

nuclides.109

Although sensitivity to the decay branching ratio can be calculated similarly, the110

sensitivity coefficient should be corrected so that the summation of the branching ratio is111

unity. In order to consider this normalization condition, we use the following equation[5];112

SH
bi,j

= SH
bi,j

− bi,j

Bi
∑

k=1

SH
bi,k

, (17)

where S is the corrected sensitivity coefficient considering the normalization condition,113

bi,j is the jth branching ratio of the nuclide i and Bi is the total number of branching114

channels of the nuclide i.115

In the above mentioned burn-up sensitivity, we consider only the effect of the burn-up116
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matrix element change caused by perturbation in nuclear data to the isotopic generation or117

the decay heat. However, since neutron transport calculation is also performed in spatially-118

dependent burn-up calculations, we should also consider the effect through neutron flux119

change caused by the nuclear data perturbation. Thus, in our calculations, the generalized120

adjoint neutron flux and the adjoint power are also calculated, and the obtained sensitivity121

coefficients include all these perturbation effects. The detail of the method how to calculate122

the sensitivity coefficients using the generalized adjoint neutron flux and the adjoint power123

is explained in our previous paper[6]. For the fission pulse decay heat cases, we can apply124

Eqs.(13), (15) and (16) to the sensitivity calculations since we do not have to consider125

the spatial dependence in such cases.126

2.2 Uncertainty propagation calculation127

The uncertainty propagation calculation is carried out as128

v = gTMg, (18)

where v is the variance of a parameter (e.g. decay heat), g is a vector which contains129

sensitivity coefficients of the parameter to the nuclear data, and M is a covariance matrix130

of the nuclear data. In the case of the plural parameters, a covariance matrix of the131

parameters V is obtained as132

V = GTMG, (19)

where G is a matrix which contains the plural g corresponding to each parameter in the133

form of vector. In this case, we can also calculate the correlation between the different134

parameter uncertainties as shown in Subsection 5.3.135

We quantify the decay heat uncertainty and correlation using these equations with136

the sensitivity coefficients and the covariance data of the nuclear data.137
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2.3 Nuclear data adjustment method138

The nuclear data adjustment is the method based on the Bayesian approach which139

adjusts nuclear data to maximize the probability of the nuclear data being true values140

under a condition that additional experimental data are obtained. According to Ref.[3],141

the basic equations of the nuclear data adjustment method are described as follows. First,142

a relative change in nuclear data through the adjustment is written as143

Dxs = MG
(

GTMG+Ve +Vm

)

−1

Dc/e−1, (20)

where Dxs is a vector containing relative change of the nuclear data, Ve and Vm are144

covariance matrices of the experimental and calculation uncertainties, respectively, and145

Dc/e−1 is a vector containing relative differences between the calculation and experimental146

values (C/E − 1). The nuclear data uncertainty can be reduced by the adjustment, and147

the posterior covariance matrix of nuclear data M′ is written as148

M′ = M−MG
(

GTMG+Ve +Vm

)

−1

GTM. (21)

The effect of the nuclear data adjustment to parameters which are not used in the149

adjustment procedure can be calculated by multiplying the nuclear data change and the150

sensitivity coefficients as151

Dpara = GT

paraDxs = GT

paraMG
(

GTMG+Ve +Vm

)

−1

Dc/e−1,

whereDpara is a vector containing relative changes of the parameters andGpara is a matrix152

containing sensitivity coefficients of the parameters to the nuclear data. A covariance153

matrix of the parameters Vpara is written as154

Vpara = GT

paraM
′Gpara

= GT

paraMGpara −GT

paraMG
(

GTMG+Ve +Vm

)

−1

GTMGpara. (22)

In the case of burn-up calculation, we should consider not only the cross section but155

also the fission yield, the decay constant (or the half life), the decay energy and the decay156
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branching ratio.157

According to Eqs.(20) and (21), covariance data of the experimental data and calcula-158

tion results should be quantified in order to perform the adjustment. Since the uncertainty159

of the experimental data is given redonly as a standard deviation in many cases, the cor-160

relation between the experimental data uncertainties should be assumed in some ways.161

Concerning the uncertainty of the calculation values, it is quite difficult to quantify it162

when one employs deterministic code systems. Since we use a deterministic code system163

in the present study, we employ sufficiently conservative values for the uncertainty.164

3. Problem specification165

In the present study, we perform burn-up uncertainty calculations for the target decay166

heat whose uncertainties are attempted to be reduced, and for the several experimental167

data which are used in the adjustment procedure. These specifications are described in168

this section.169

3.1 Target decay heat170

As the target decay heat, we perform pin-cell burn-up calculations of a 3.8% en-171

riched UO2 fuel with burn-up of 20 GWd/t and two different cooling periods: short-term172

(10−1
∼105 [s]) and long-term (10−1

∼103 [yr]). The irradiation power density is constant173

at 179[W/cm]; a complicated power history is not considered. Actually geometrical spec-174

ification, material composition and other physical conditions of this UO2 cell is the same175

as that of a UO2 fuel of the PIE data used for the adjustment.176

3.2 Experimental data used for the nuclear data adjustment177

For the nuclear data adjustment, we employ the two types of experimental data: the178

fission pulse decay heat data and the PIE isotopic concentration data. The employed179
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experimental data in the present study are summarized in Table 1.180

The fission pulse decay heat data are uranium-235 and plutonium-239 with the thermal181

neutron irradiation (LOWELL[7]), uranium-235, plutonium-239 and -241 with the thermal182

neutron irradiation (ORNL[8–10]) and uranium-238 with the fast neutron irradiation183

(YAYOI[11,12]).184

The PIE data are the UO2 and MOX fuels[13, 14]. Uranium enrichment of the UO2185

fuel is 3.8% and the plutonium enrichment of the MOX fuel is 5.07 wt%. The detailed186

informations such as geometrical specification, material composition and burnup condi-187

tions are provided in Refs.[13,14]. Conditions which are not described in these references188

are decided as general values from Refs.[15, 16].189

Concerning the uncertainty of the experimental data, we employ the standard devia-190

tions given in Refs.[7–14]. Unfortunately correlations between experimental data are not191

provided in any references even though strong positive correlations are expected among192

measurement data at different cooling time in the same series of decay heat measure-193

ments. We assume that the correlation between experimental data uncertainties is zero194

for the PIE data and 0.8 for the fission pulse data. This assumption of the correlation195

in the fission pulse data is discussed in a different paper written by one of the present196

authors[17], and it is shown in this paper that the strong correlation of 0.8 is not a bad197

assumption.198

[Table 1 about here.]199

4. Calculation methods and covariance data of nuclear data200

In this section, we describe the burn-up calculation methods and covariance data of201

nuclear data which are used in the uncertainty propagation and nuclear data adjustment202

calculations.203
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4.1 Burn-up calculation methods204

In the present study, all the calculations are done by CBZ, a multi-purpose reactor205

physics calculation code system which is under development at Hokkaido University.206

In the pin-cell burn-up calculations, resonance self-shielding, neutron transport and207

depletion calculations are done alternately during the whole cycle. The self-shielding cal-208

culation is based on the equivalence theory with the advanced Bondarenko model[18].209

The neutron transport calculation is done with the collision probability method for a210

two-dimensional square pin-cell model. 107-group cross section is used for the trans-211

port calculations. The depletion calculation is done by the matrix exponential method212

with the MMPA method[19]. The burn-up chain which we use includes 21 actinide nu-213

clides and 1284 fission product (FP) nuclides, which are all the nuclides provided in214

JENDL/FPD-2011[20]. We use JENDL-4.0[21] for the neutron reaction cross sections.215

Concerning europium-156, we use the updated one (JENDL-4.0u). JENDL/FPY-2011[20]216

and FPD-2011 are used for the fission yields and the decay data.217

In the fission pulse decay heat calculations, only the depletion calculations are done.218

In these calculations, the initial nuclide composition is the independent fission yields of219

the considering fissionable nuclide. The depletion calculation method is the same as the220

pin-cell burn-up calculation.221

We assume that the calculation uncertainty is 2% for the nuclide number densities222

which are evaluated by the pin-cell burn-up calculations and 0.01% for the decay heat223

which are evaluated by the fission pulse decay heat calculations. No correlations between224

these calculation result uncertainties are considered.225

4.2 Covariance data of nuclear data226

For the uncertainty propagation and nuclear data adjustment calculations, we employ227

the covariance data of nuclear data given in the evaluated nuclear data files. The origin228
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of the uncertainty data are summarized in Table 2.229

On the neutron reaction cross sections, we employ the covariance data of the actinide230

nuclides from JENDL-4.0. Since there is no covariance data of the FP nuclides in JENDL-231

4.0, we employ the data from TENDL-2014[22]. On the other nuclear data such as fission232

yields and decay constants of FP nuclides, we employ the uncertainty information given233

in JENDL/FPD-2011 and JENDL/FPY-2011. The uncertainty of the actinide decay data234

is not given in JENDL/FPD-2011. According to Ref.[23], the uncertainty of the actinide235

decay data is negligible for the decay heat uncertainty, so we do not consider it.236

For the fission yields and decay data, the uncertainty data are given in the nuclear237

data libraries as standard deviations, not covariance data. We assume that there are no238

correlations for the half life, the decay energy and the decay branching ratio. However,239

for the fission yield, it is known that one should consider the correlation between the FP240

nuclide uncertainties which belong to the same decay path[1]. Thus, we use the equation241

which is based on the Bayesian approach in order to calculate the correlation between242

the FP nuclide uncertainties, which is described in Ref.[1]. For some short half-lived243

nuclides, the standard deviations of their decay data are not provided in the libraries, so244

the uncertainties of these data are assumed 100%.245

[Table 2 about here.]246

5. Numerical Results247

In this section, numerical results of nuclear data induced uncertainties of the target248

decay heat and the experimental data, the correlation between them, and the uncertainty249

reduction of the target decay heat are shown.250
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5.1 Target decay heat uncertainty251

The target decay heat uncertainty curves of the UO2 fuel with contributions of each252

nuclear data uncertainty for the short and long-term cooling periods are shown in Figures253

1 and 2, respectively.254

According to Figure 1, the dominant component of the short-term decay heat uncer-255

tainty is the decay energy uncertainty. The contribution of the fission yield uncertainty256

is around 0.4%, and those of the cross section, half life and branching ratio uncertainties257

are negligible. The total uncertainty is around 3% from 0.1 to 100 [s], then decreases with258

time, and becomes less than 1% after 1000 [s]. The dominant components of the uncer-259

tainty from 0.1 to 100 [s] are the decay energy uncertainties of various nuclides which are260

assumed 100%.261

According to Figure 2, the dominant components of the long-term decay heat un-262

certainty are the decay energy and cross section uncertainties. The contribution of the263

fission yield uncertainty is around 0.4%, and those of the half life and branching ratio264

uncertainties are negligible. There is an uncertainty peak (∼ 3%) at 10 [yr], and the cause265

of this peak is the beta decay energy uncertainty of barium-137m which is assumed 100%.266

Barium-137m is a daughter nuclide of cesium-137, and the γ component of its decay energy267

is much larger than the β component; the former is 59.48 keV and the latter is 6.36 keV268

redaccording to JENDL/FPD-2011. In this library, uncertainty of 1.0 keV is given to269

the γ component whereas no uncertainty information is provided in the β component.270

There is also an uncertainty peak (∼ 2.3%) at 300 [yr], and the cause of this peak is the271

capture cross section uncertainties of the several actinide nuclides, such as uranium-238,272

plutonium-239, -240 and -241.273

[Figure 1 about here.]274

[Figure 2 about here.]275
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5.2 C/E ratios and nuclear data induced uncertainty of experimental data276

Figure 3 shows C/E-1 values of the fission pulse decay heat data of uranium-235 with277

the thermal neutron irradiation (LOWELL and ORNL) with error bars of the measure-278

ment (1σ) and the nuclear data induced uncertainty. Other than this, various fission pulse279

decay heat data are also used for the adjustment calculations as mentioned in Subsection280

3.2, but numerical results of these data are omitted here.281

Figures 4 and 5 show C/E-1 values of the PIE data with error bars of the measure-282

ment and nuclear data induced uncertainty of the UO2 and MOX fuels, respectively.283

These C/E values are used in the following nuclear data adjustment calculations.284

[Figure 3 about here.]285

[Figure 4 about here.]286

[Figure 5 about here.]287

5.3 Correlation between target decay heat and experimental data288

Correlation matrices between the short-term target decay heat uncertainty and the fis-289

sion pulse decay heat uncertainty of the uranium-235 with the thermal neutron irradiation290

are shown in Figure 6. Matrices between the long-term target decay heat uncertainty and291

the fission pulse decay heat uncertainty are shown in Figure 7. Figure 6 shows strong292

positive correlations over the whole cooling period, so we can expect that the nuclear293

data adjustment using the fission pulse experimental data can reduce the short-term de-294

cay heat uncertainty efficiently. In contrast to the short-term decay heat case, Figure 7295

shows no correlation over the whole cooling period. Thus, we can expect that the nuclear296

data adjustment using the fission pulse experimental data cannot reduce the long-term297

decay heat uncertainty. The tendency of these results is the same as the results with the298

uranium-238, plutonium-239 and -241 fission pulse decay heat data.299

Correlation matrices between the short-term target decay heat uncertainty and the300
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PIE isotopic concentration data uncertainty are shown in Figure 8. Matrices between301

the long-term target decay heat uncertainty and the PIE data uncertainty are shown in302

Figure 9. Figure 8 shows weak positive correlations between the target uncertainty and303

the isotopic generation uncertainties of several nuclides. Thus, we can expect that the304

impact of the nuclear data adjustment using the PIE data on the short-term decay heat305

uncertainty is restrictive or little. On the other hand, Figure 9 shows strong positive or306

negative correlations between the target uncertainty and the isotopic generation uncer-307

tainties of several nuclides. Thus, we can expect that the nuclear data adjustment using308

the PIE data can reduce the long-term decay heat uncertainty efficiently.309

[Figure 6 about here.]310

[Figure 7 about here.]311

[Figure 8 about here.]312

[Figure 9 about here.]313

5.4 Reduction of target decay heat uncertainty314

The short and long-term target decay heat uncertainty curves before and after the315

nuclear data adjustment using the fission pulse decay heat data are shown in Figure316

10. Although the long-term decay heat uncertainty does not change by the adjustment317

completely, the short-term one is reduced by the fission pulse data efficiently. These results318

are consistent with the expectation from the correlation matrices in Subsection 5.3. It is319

considered that the dominant component of the reduced uncertainty is the decay energy320

uncertainties of the short half-lived nuclides which are assumed 100%. In other words, the321

adjustment with the fission pulse data can revise the assumed decay energy uncertainties322

of the short half-lived nuclides. Since the fission pulse data reflect the decay data of the323

short half-lived nuclides mainly, these are efficient in the short-term decay heat uncertainty324

reduction.325
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The short and long-term target decay heat uncertainty curves before and after the326

nuclear data adjustment using the PIE isotopic concentration data are shown in Figure327

11. The long-term decay heat uncertainty is reduced by the PIE data, and the short-328

term one is slightly reduced by the adjustment. This result is also consistent with the329

expectation in Subsection 5.3. The uncertainty peak at 300 [yr] in Figure 11(b) is reduced330

by around half, but the peak at 10 [yr] is not. The former peak is caused by the actinide331

cross section uncertainties, and it can be reduced by the adjustment with the PIE data.332

However, the latter peak is caused by the barium-137m decay energy uncertainty, and it333

cannot be reduced by the adjustment. Thus, if the barium-137m decay energy uncertainty334

can be reduced from 100%, we can reduce the long-term decay heat uncertainty around335

10 [yr] after the reactor shutdown.336

[Figure 10 about here.]337

[Figure 11 about here.]338

6. Conclusion339

We have performed the uncertainty propagation calculations of the decay heat, and340

have quantified the component-wise uncertainty of the target UO2 fuel with the short341

and long-term cooling periods. The JENDL nuclear data libraries have been used and342

the maximum uncertainties of both cases are around 3%. The dominant components of343

the uncertainty are the decay energy uncertainty for the short-term decay heat, and the344

decay energy and cross section uncertainties for the long-term decay heat. Additionally,345

we have calculated the correlation between the target decay heat and experimental data346

uncertainties, and have considered the effectiveness of the nuclear data adjustment method347

using the experimental data in the uncertainty reduction of the target decay heat. It has348

been expected that the fission pulse decay heat data are effective for the uncertainty349

reduction of the short-term decay heat, and the PIE data are for the long-term one.350
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We have applied the nuclear data adjustment method to the decay heat uncertainty351

reduction using various experimental data. As a result, the short-term target decay heat352

uncertainty can be reduced effectively by the fission pulse decay heat data, and long-353

term one can be reduced partially by the PIE data. These results are consistent with the354

expectations from the correlation information.355

We have proved that the decay heat uncertainty can be reduced by the nuclear data356

adjustment method using appropriate experimental data. There exist several experimen-357

tal data of long-term decay heat of spent fuels discharged from actual power reactors.358

Addition of such other experimental data enables us to further reduce the prediction359

uncertainty of the long-term decay heat.360
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Table 1 Employed experimental data for nuclear data adjustment.

Name Material Measured form

Fission pulse decay heat (LOWELL)
U-235 element

Beta decay radiation
Gamma decay radiation

Pu-239 element
Beta decay radiation

Gamma decay radiation

Fission pulse decay heat (ORNL)

U-235 element
Beta decay radiation

Gamma decay radiation

Pu-239 element
Beta decay radiation

Gamma decay radiation

Pu-241 element
Beta decay radiation

Gamma decay radiation

Fission pulse decay heat (YAYOI) U-238 element
Beta decay radiation

Gamma decay radiation

PIE data
UO2 fuel 38 FP & 17 actinide
MOX fuel 40 FP & 1 actinide
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Table 2 Employed covariance data of nuclear data.

Name Nuclide Form Library

Capture cross section Actinide Covariance JENDL-4.0
Capture cross section FP Covariance TENDL-2014
Fission cross section Actinide Covariance JENDL-4.0
(n,2n) cross section Actinide Covariance JENDL-4.0
(n,2n) cross section FP Covariance TENDL-2014

Fission yield FP Covariance JENDL/FPY-2011
Half life FP Standard deviation JENDL/FPD-2011

Decay energy FP Standard deviation JENDL/FPD-2011
Decay branching ratio FP Standard deviation JENDL/FPD-2011

21



J. Nucl. Sci. & Technol. Article

Figure Captions418

Figure 1 Uncertainty curve of target decay heat in short-term cooling period419

(0.1∼105 [s]).420

Figure 2 Uncertainty curve of target decay heat in long-term cooling period421

(0.1∼103 [yr]).422

Figure 3 Relative differences of calculation values to experimental ones (C/E-1),423

measurement uncertainty and nuclear data induced uncertainty.424

Figure 4 Relative differences of calculation values to experimental ones (C/E-1),425

measurement uncertainty and nuclear data induced uncertainty in UO2 case.426

Figure 5 Relative differences of calculation values to experimental ones (C/E-427

1), measurement uncertainty and nuclear data induced uncertainty in428

MOX case.429

Figure 6 Correlation matrices between target decay heat uncertainty in short-430

term cooling period and uranium-235 fission pulse decay heat uncertainty.431

Figure 7 Correlation matrices between target decay heat uncertainty in long-432

term cooling period and uranium-235 fission pulse decay heat uncertainty.433

Figure 8 Correlation matrices between target decay heat uncertainty in short-434

term cooling period and PIE isotopic concentration uncertainty. The435

nuclides are the same as Figures 4and 5.436
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Figure 9 Correlation matrices between target decay heat uncertainty in long-437

term cooling period and PIE isotopic concentration uncertainty. The438

nuclides are the same as Figures 4and 5.439

Figure 10 Target decay heat uncertainty curves which are before and after ad-440

justment using fission pulse experimental data.441

Figure 11 Target decay heat uncertainty curves which are before and after ad-442

justment using PIE data.443

23



J. Nucl. Sci. & Technol. Article

  0

  1

  2

  3

  4

10-1 100 101 102 103 104 105

U
nc

er
ta

in
ty

 [%
]

Cooling time [s]

Total
CrossSection

Energy
Yield

HalfLife
BranchingRatio

Figure 1 Uncertainty curve of target decay heat in short-term cooling period (0.1∼105 [s]).
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Figure 2 Uncertainty curve of target decay heat in long-term cooling period (0.1∼103 [yr]).
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Figure 3 Relative differences of calculation values to experimental ones (C/E-1), measurement uncer-
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Figure 6 Correlation matrices between target decay heat uncertainty in short-term cooling period and

uranium-235 fission pulse decay heat uncertainty.
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Figure 7 Correlation matrices between target decay heat uncertainty in long-term cooling period and

uranium-235 fission pulse decay heat uncertainty.
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Figure 8 Correlation matrices between target decay heat uncertainty in short-term cooling period and

PIE isotopic concentration uncertainty. The nuclides are the same as Figures 4 and 5.
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(a) Long-term decay heat v.s. UO2 fuel PIE data
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Figure 9 Correlation matrices between target decay heat uncertainty in long-term cooling period and

PIE isotopic concentration uncertainty. The nuclides are the same as Figures 4 and 5.
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(b) Long-term decay heat

Figure 10 Target decay heat uncertainty curves which are before and after adjustment using fission

pulse experimental data.
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(b) Long-term decay heat

Figure 11 Target decay heat uncertainty curves which are before and after adjustment using PIE data.

38


